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EXECUTIVE SUMMARY

Effective functionalization with targeted molecules is certainly important for the
development of materials desirable for biotechnology-related applications ranging from
biosensor, biomaterials to biomedical devices. Polymer has become increasingly attractive
platform for functionalization because a variety of functional groups can conveniently be
incorporated and proportionally customized employing a combination of specific monomers in
the polymerization step. In particular, once introduced as surface-grafted polymer brushes, a
thin film of which the polymer chains have one end tethered to substrate surface by covalent
linkage, the polymer offers greater functional group density for binding per surface area in
three-dimensional fashion than a conventional and two-dimensional platform based on self-
assembled monolayer (SAM). This research features the development of surface-grafted
(co)polymers as functional materials for a number of biotechnology-related applications.

Chapter | describes the development of polymer-conjugated gold nanoparticles
(AuNPs) for protein/peptide identification. An array-based sensing platform for protein detection
by chemical nose approach based on fluorescence quenching of tricationic branched
phenylene-ethynylene fluorophore by AuNPs can be successfully developed from gold
nanoparticles stabilized by thermoresponsive poly(N-isopropylacrylamide) (PNIPAM-AuNPs).

Research work explained in Chapter Il is based on the application of surface-grafted
poly(acrylic acid) (PAA) brushes having in situ generated gold nanoparticles (AuNPs). The
developed substrate is capable of detecting both small (m/z < 600) and large (m/z 2> 1000)
peptides by surface-assisted laser desorption/ionization mass spectrometry (SALDI-MS) without
the interference from matrix signal. The AuNPs can also act as the capture probe for
selectively identify thiol-containing peptide from the peptide mixture.

Biomolecular probe immobilization is a key step in the development of biosensor. Since
most bioactive molecules (i.e. protein, antibody, enzyme, DNA) contain amino groups, the
polymeric platform is therefore designed to have either carboxyl (-COOH), amino (-NH5), or
hydroxyl (-OH) groups. However, conjugation with such amino-containing biomolecules usually
require an additional activation step using coupling agent to render them more active towards
nucleophilic attack by amino functionality. Here in this research, two precursor polymer has

been introduced as an alternative functional material that can bind directly with designated



nucleophilic modifier, particularly biomolecules, without having to undergo activation step.
Specific interactions with target molecules as opposed to the non-targeted components or the
ability to resist non-specific adsorption known as “anti-fouling” property is another key element
that determines the fate of the developed materials for biosensing applications, especially
under real physiological condition of which numerous types of biological components
concurrently exist. Taking this issue into consideration, selected biocompatible and highly
hydrophilic polymers have been incorporated along with the designated precursor polymer.

Chapter Il showcased a precursor copolymer of poly[(propargyl methacrylate)-ran-(2-
methacryloyloxyethyl phosphorylcholine)] (PPgMAMPC), as a platform for binding with
biomolecular probes for biosensing applications. The alkyne moiety of propargyl methacrylate
(PgMA) serve as an active site for binding azide-containing molecules via a click reaction, i.e.,
Cu-catalyzed azide/alkyne cycloaddition (CuAAC), and 2-methacryloyloxyethyl
phosphorylcholine (MPC), the hydrophilic monomeric unit, enables the copolymer to suppress
non-specific adsorption. After conjugating with azide-containing probes, namely biotin and
peptide nucleic acid (PNA) via CuAAC, the surface-attached PPgMAMPC was capable of
detecting specific target molecules, i.e., streptavidin (SA) and DNA, as monitored by surface
plasmon resonance.

DNA sequence determination is crucially important for clinical diagnosis, forensic
identification as well as pathogen detection in food and agricultural products, most of which
require advanced instruments and have to be done in well-equipped laboratories. The
development of highly sensitive and specific, yet simple and economical test kit/assays without
the demand for sophisticated instruments, suitable for point-of-care usages still remains a
challenge. Therefore, this research aims to develop a paper-based DNA sensor employing a
conformationally rigid pyrrolidinyl PNA derived from D-prolyl-2-aminocyclopentane carboxylic
acid (acpc) backbones (acpcPNA) as probes. The filter paper was grafted with another
precursor copolymer, poly[glycidyl methacrylate-co-poly(ethylene glycol)methacrylate] (P(GMA-
co-PEGMA). The epoxide group of the GMA unit can act as versatile active site for binding with
PNA capture probe via epoxide ring opening without having to use additional coupling agent.
The PEGMA unit was incorporated as hydrophilic entity to prevent non-specific adsorption of
non-target DNA as well as non-DNA components. Signal amplification used in this research
relies on sandwich-hybridization assay employing biotinylated acpcPNA probe (b-PNA) as

reporter probe together with horseradish peroxidase streptavidin (SA-HRP) and o-



vi

phenylenediamine (OPD) substrate can be visualized by an enzyme-based colorimetric assay.
Research in this part was described in Chapter IV.

Polymers carrying active pentafluorophenyl ester side chain, pentafluorophenyl
(meth)acrylate (PFP(M)A), have been recently recognized as potential and versatile precursor
polymers due to their solubility in many common organic solvents and higher hydrolytic stability
in water. Their ability to undergo tandem post-polymerization modification allows for multiple
functionalities to be conveniently and proportionally incorporated into the polymer structure. The
last part of research focused on a controlled synthesis of homo- and co-polymers from active
ester-containing monomer, pentaflorophenyl acrylate (PFPA) by a controlled radical
polymerization based on reversible addition-fragmentation chain transfer (RAFT). Light
responsive moieties of o-nitrobenzyl (ONB) were introduced to the copolymers of PFPA and N-
isopropylacrylamide (NIPAM) (P(PFPA-co-NIPAM)) via partial post-polymerization modification
with ONB-protected diamine. The ONB-containing copolymers could then be self-assembled or
fabricated into UV-crosslinkable micelles or electrospun fibers. The crosslinked micelles having
residual PFPA moieties in their cores are capable of not only chemically incorporating amino-
containing molecule, NBD via post-functionalization but also physically encapsulating
hydrophobic molecule, pyrene, suggesting their potential to be used as thermoresponsive
cargos for drug delivery. Detailed information is provided in Chapter V. Results from in vitro
cytocompatibility studies demonstrated that the GRGDS-immobilized crosslinked electrospun
fibers may serve as thermoresponsive 3D scaffold for cell culture and tissue engineering
applications. Studies were reported in Chapter VI. On the other hand, thermoresponsive
platform for cell sheet fabrication can also be developed from the surface-grafted PPFPA
brushes via the “grafting onto” and “grafting from” approaches via sequential post-
polymerization modification with isopropylamine and collagen type |, a cell adhesion promoter.
The detailed investigation is described in Chapter VIL.

Basic knowledge gained from this research allow us to explore further the use of
surface-grafted polymer brushes as multifunctional polymeric stabilizers for metal nanoparticles,
namely gold nanorods (AuNRs), quantum dots (QDs), and magnetic nanoparticles (MNPs). It is
our on-going investigation to develop these materials for advanced biotechnological
applications such as AuNRs as cancer drug carrier for synergistic photothermal and chemo

therapy, QDs for bioimging of targeted cells, and MNPs for separation and detection of bacteria.
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ABSTRACT

Effective functionalization with targeted molecules is certainly important for the development of
materials desirable for biotechnology-related applications ranging from biosensor, biomaterials to biomedical
devices. Polymer has become increasingly attractive platform for functionalization particularly when
introduced as surface-grafted polymer brushes because it can offer greater functional group density for
binding per surface area in three-dimensional fashion than a conventional and two-dimensional platform
based on self-assembled monolayer (SAM). This research features the development of surface-grafted
(co)polymers as functional materials for a number of biotechnology-related applications. An array-based
sensing platform for protein detection by chemical nose approach based on fluorescence quenching of
tricationic branched phenylene-ethynylene fluorophore by AuNPs can be successfully developed from gold
nanoparticles stabilized by thermoresponsive poly(N-isopropylacrylamide) (PNIPAM-AuNPs). Surface-grafted
poly(acrylic acid) (PAA) brushes having in situ generated gold nanoparticles (AuNPs) was capable of
detecting small/large peptide and selectively identify thiol-containing peptide from the peptide mixture by
surface-assisted laser desorption/ionization mass spectrometry (SALDI-MS). Two precursor copolymers were
successfully developed as platforms for conjugating with biomolecular probes in biosensing applications. One
is based on poly[(propargyl methacrylate)-ran-(2-methacryloyloxyethyl phosphorylcholine)] (PPgMAMPC).
After conjugating with azide-containing probes, namely biotin and peptide nucleic acid (PNA) via Cu-
catalyzed azide/alkyne cycloaddition, the surface-attached PPgMAMPC was capable of detecting specific
target molecules, i.e., streptavidin and DNA, as monitored by surface plasmon resonance. The other is
poly[glycidyl methacrylate-co-poly(ethylene glycol)methacrylate] (P(GMA-co-PEGMA). The epoxide group of
the GMA unit can act as versatile active site for binding with PNA capture probe via epoxide ring opening.
Enzyme-based and sandwich-hybridization colorimetric assay for DNA detection can be developed using
P(GMA-co-PEGMA)-grafted filter paper together with PNA probes. Multifunctional polymers were developed
from copolymers synthesized from active ester-containing monomer, pentaflorophenyl acrylate (PFPA) and
N-isopropylacrylamide (P(PFPA-co-NIPAM)). Light responsive moieties of o-nitrobenzyl introduced to the
copolymers could be self-assembled or electrospun into UV-crosslinkable micelles or fibers. The micelles
possess a great potential to be used as thermoresponsive cargos for drug delivery. GRGDS-immobilized
crosslinked electrospun fibers may serve as thermoresponsive 3D scaffold for cell culture and tissue
engineering applications. On the other hand, thermoresponsive platform for cell sheet fabrication can also be
developed from the surface-grafted PPFPA brushes via sequential post-polymerization modification with

isopropylamine and collagen type I.

Keywords: polymer brush, precursor polymer, biosensor, thermoresponsive, biomaterial, gold nanoparticles,

peptide, protein, DNA, nanofibers, micelles
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Chapter |

Poly(N-isopropylacrylamide)-stabilized Gold Nanoparticles in
Combination with Tricationic Branched Phenylene-ethynylene

Fluorophore for Protein Identification

INTRODUCTION

Gold nanoparticles (AuNPs) have been a focus of considerable interest due to their
potential applications for catalysis, diagnosis, and photoelectronic devices. Highly dispersed
AuNP solutions exhibit a red color with an absorption band around 520 nm due to the
excitation of surface plasmon by incident light. The association of the AuNPs in the
dispersed solution induces a color change from red to blue-purple, which can be applied for
the development of colloidal sensors.1_3 Considerable effort has been devoted to synthesis
of AuNPs, focusing on control over their size, shape, solubility, stability, and functionality. In
general, AuNPs in solution are susceptible to aggregation themselves. To improve their
dispersibility and introduce functionality to particle surfaces, the AuNPs may be coated with
a water-soluble polymer having a functionality that can interact with gold. It has been
reported that some polymers are effective stabilizing agents because they are capable of
providing both electrostatic and steric stabilizations to the gold particles.4' °

Intelligent polymers, also known as “stimuli-responsive” or “environmentally
sensitive” ponmers,B'gcan undergo relatively large and abrupt, physical or chemical
changes in response to small external stimuli in the environmental conditions.m_13 One of
the most recognizable polymer in the class is poly(N-isopropylacrylamide) (PNIPAM).
PNIPAM dissolves in water assuming a random coil conformation at room temperature, but
it separates from the aqueous phase when heated above 31-32 °C, its lower critical
solution temperature (LCST).M_”Such thermoresponsive behavior is also maintained for
PNIPAM grafted on AuNPs(PNIPAM-AuNPs) which can be evidenced from color transition

of AuNPs aqueous solution above and below the LCST. The solution would turn from red to



blue upon the collapse of extended brush-like PNIPAM chains above LCST and caused
AuNPs aggregation.

Recently, it has been reported that protein as a biomarker can be detected by
chemical nose approach based on fluorescence quenching of fluorophore by functionalized
AuNPs.23'26 The binding equilibrium between fluorophore and AuNPs would be altered
because of competitive binding of protein analyte. Upon an addition of protein analyte,
quenched fluorophore adsorbed on the AuNPs surface can be replaced by protein resulting
in the recovery of fluorescence signal from the fluorophore. The fluorescence response may
be positive or negative depending on the binding affinity of protein towards AuNPs and
fluorophore. Although the chemical nose approach relies very much on non-specific
interactions between protein and AuNPs, it is selective enough to be used for identifying
the type of individual protein based on the variation of quenching ability of AuNPs having
different functionality and the binding strength between the functionalized AuNPs and
different kind of protein.26

Taking advantage of the PNIPAM-AuNPs being capable of undergoing
thermoresponsive conformational transition of the surface-grafted PNIPAM between
extended brushes to collapsed chains upon heat treatment above or below the LCST, it is
anticipated that the distance between the core of AUNPs and fluorophore as well as protein
in solution and so the degree of fluorescent quenching/recovery and the binding strength
with the protein should be altered upon heat treatment. This would be highly beneficial if
these PNIPAM-AuNPs are to be put in an array-based protein detection following chemical
nose approach strategy because the other kind of AuNPs can be obtained by simply
heating the existing AuNPs. Considering that PNIPAM is a polymer, such distance may
also be varied as a function of PNIPAM molecular weight. In particular, reversible addition-
fragmentation chain transfer (RAFT) polymerization has been well recognized as an
effective controlled radical polymerization process for PNIPAM synthesis. Not only can a
precise control over molecular weight and polydispersity of PNIPAM be achieved, but the
terminal dithioester group at the PNIPAM chain end can also be converted to thiol group
which is readily available for grafting onto the surface of gold.27_31
This research aims to combine the thermoresponsive behavior of PNIPAM and the

fluorescence quenching properties of AuNPs to create hybrid materials to be used for



protein detection, a mode of biosensing application, to the best of our knowledge, has
never been described before. Together with phenylene-ethynylene tribranched fluorophores
having tunable charge characteristic, synthetic dyes successfully used for protein
discrimination based on chemical nose approach,32 an array-based chemical nose sensor
for protein detection was developed based on the concept of fluorescence quenching

schematically described in Scheme 1.1(a).
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Scheme 1.1 (a) Concept of sensor based on competitive binding of PNIPAM-AuNPs and
protein with fluorophore that has impact on fluorescence quenching, (b) four different types
of PNIPAM-AuNPs (NP1-NP4), and (c) chemical structures of four tribranched phenylene-

ethynylene fluorophores.
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Materials. Hydrogen tetrachloroaurate (HAuCl,.3H,0), 4,4'-azobis(4-cyanopentanoic acid)
(ACPA), 4-cyano-4-(thiobenzoylthio)pentanoic acid (CPD), tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), and N-isopropylacrylamide (NIPAM) were obtained from Aldrich
(USA). Bovine serum albumin (BSA), lysozyme (Lys), fibrinogen (Fib), concanavalin A (Con
A), hemoglobin (Hgb), holo-transferrin human (TF), dialysis bag (cut-off molecular weight of
3,500 g/mol), and phosphate buffered saline pH 7.4 (PBS) were bought from Sigma (USA).
2-Ethanolamine and tri-sodium citrate dihydrate (Na;CgHs0,.2H,O) were obtained from
Fluka (Switzerland). The above chemicals as well as all solvents used (1,4-dioxane,
tetrahydrofuran (THF), methanol (MeOH)) were analytical grade and used as received
without further purification except NIPAM which was recrystallized in a mixture of benzene
and n-hexane (3:7, v/v) prior to use. Four quorophores(COZN+, 3N+, 2C'N” and C_2N0)
having different charges were synthesized according to a published procedure reported by
Niamnont et al.32AII solutions were prepared using ultrapure distilled water that was
obtained after purification using a Millipore Milli-Q system (USA) that involves reverse

osmosis , ion exchange, and a filtration step (18.2 MQ cm resistance).

Characterization. Molecular weight of the synthesized PNIPAM were analyzed by GPC
using Waters 600 controller chromatograph equipped with HR1 and HR4 columns (Waters,
MW resolving range = 100-500,000) at 35 °C and refractive index detector (Waters 2414).
THF was used as an eluent with the flow rate of 1.0 mL/min. Five polystyrene standards
(996-188,000 Da) were used for generating a calibration curve. Fluorescence signals of the
fluorophores were recorded by a Perkin Elmer precisely (LS 45) luminescence
spectrometer (PerkinElmer Inc., UK) in a scanning wavelength range of 400-700 nm. The
presence of the polymer around the AuNPs was confirmed by a Seiko SPA 400 atomic
force microscope (Sl Nanotechnology Inc., Japan). Measurements were performed in air at
ambient temperature using tapping mode and silicon tips with a resonance frequency of
115-190 kHz. Surface plasmon resonance (SPR) measurements used for the determination
of PNIPAM coverage on gold surface were conducted using a double channel, AutoLab
ESPR (Eco Chemie, Netherlands). The morphology and actual size of AuNPs were
analyzed by a JEOL JEM-2010 transmission electron microscopy (Japan) operating at 80

keV. The average diameters of AuUNPs were reported from measurements of 30 random



particles for each sample using Semafore software. The zeta-potential (g) of AuNPs were
determined using Nanosizer Nano-ZS (Malvern Instruments, UK). The analysis was
performed at 25°C using a scattering angle of 173° The data were calculated using the

Helmholtz-Smoluchowski equation.

Synthesis of Thiol-terminated PNIPAM (PNIPAM-SH). PNIPAM having two different target
degree of polymerization (DP = 40 and 70) were prepared by RAFT polymerization.

According to a method modified from that of Yusa et a/.19, CPD (17.5 mg, 62.5 [Amol) and
ACPA (8.8 mg, 31.3 [Umol) were added to a NIPAM (565.8 mg, 5.0 mmol) solution in 1,4-

dioxane (5 mL). The solution was degassed by purging with nitrogen gas for 30 min, and
then heated at 70 °C for 24 h. After being cooled down in an ice bath, the reaction mixture
was dialyzed against DI water at 4°C for 3 days, before the PNIPAM was recovered by
lyophilization. To remove the terminal dithiobenzoate group, an aqueous solution of

PNIPAM was treated with 2-ethanolamine (30 mol equivalent of PNIPAM) and a trace

amount (3-5 mg) of tris(2-carboxyethyl)phosphine hydrochloride (TCEP) at 25°C for 24 h.
The solution was dialyzed against DI water at 4°C for 3 days. The PNIPAM-SH was then
obtained after lyophilization. The condition mentioned above was used to prepare PNIPAM

with targeted DP=40 (targeted molecular weight = 4805.78 g/mol). To prepare PNIPAM with
targeted DP= 70 (targeted molecular weight = 8200.58 g/mol), CPD (11.1 mg, 39.7 [imol)

and ACPA (4.5 mg, 15.9 lUmol) were used instead.

Preparation of AuNPs Stabilized by PNIPAM (PNIPAM-AuNPs). PNIPAM-AuNPs were
prepared by surface grafting of PNIPAM-SH onto citrate-stabilized AuNPs. In the first step,
citrate-AuNPs were synthesized according to a method modified from that of Hayat et al.?’3
An aqueous solution of tri-sodium citrate (1% w/v, 1.75 mL) was added to a boiling
aqueous solution of HAuCl, (0.01% w/v, 50 mL). Then, the mixture was heated for 30 min
and cooled down to ambient temperature. At this point, the color of the solution was
changed from gray to red. Finally, the synthesized AuNPs were stored at 4 °c prior to use.
It should be noted that all glasswares used for the synthesis of AuUNPs were washed with

freshly prepared aqua regia solution (HCI:HNO; = 3:1, v/v) and rinsed thoroughly with



distilled water prior to use. PNIPAM-AuNPs were obtained by grafting to method modified

from that of Zhu et aI.18 PNIPAM-SH (2.0 Umol) was dissolved in 10 mL of citrate-stabilized
AuNPs solution obtained from the first step and kept at 4°C for 48 h. After that, excess
PNIPAM-SH was removed from the PNIPAM-AuNPs by twice centrifugation (MIKRO 120,

Hettich, Germany) at 14,000 rpm for 15 min interval. After redispersion in Milli-Q water, a

red solution of PNIPAM-AuNPs was obtained and kept at 4 °c.

Determination of Fluorescence Quenching of Fluorophores by PNIPAM-AuNPs.
Quenching efficiency of four tribranched phenylene-ethynylene fluorophores having different
charges of which structures are shown in Scheme 1.1(c) was evaluated with PNIPAM-
AuNPs to find the fluorophores that can be highly quenched by AuNPs. The abbreviated
names of the fluorophores are assigned according to the number and types of the
functional groups on their peripheries in which CO, C, NO, and N stand for carboxylate
ester, carboxylic acid (or carboxylate anion in basic condition), amino, and quaternary
ammonium groups, respectively. For example, C02N+ possesses one carboxylate ester and
two quaternary ammonium groups on its periphery. To determine quenching efficiency, the
initial fluorescence signal of fluorophore was determined by diluting the fluorophore stock
solution (10.0 uM, 100 pL) in 2.9 mL of PBS solution and measured by a Luminescence
Spectrometer. The quenching efficiency of PNIPAM-AuNPs was determined by mixing the
fluorophore stock solution (10.0ptM, 100 pL) and 500 pL of PNIPAM-AuNPs solution in 2.4
puL of PBS solution in a cuvette. To assure that the equilibrium was attained, the mixture
was allowed to stand at ambient temperature for 30 min before the measurement of the

emission spectrum.

Determination of Fluorescence Response of Fluorophore by Proteins. All of

fluorophores were tested with BSA. The selected fluorophore (10.0LLM, 100 uL) was first
dissolved in 2.9 mL of PBS solution in a cuvette. After the solution was left for 30 min, the
initial fluorescence emission of fluorophore was analyzed by Luminescence Spectrometer.
BSA (10 pL, 1 mg/mL) was then added to the mixture obtained from the first step. To
assure that the equilibrium was attained, the mixture was analyzed by Luminescence

Spectrometer after leaving for 30 min. To maximize the fluorescence quenching effect of



the PNIPAM-AuNPs on the fluorophores, the fluorophores showing the least response to

proteins were selected for developing a sensor platform based on chemical nose approach.

Protein Detection Based on Fluorescence Quenching. The synthesized PNIPAM-AuNPs
were put in an array-based sensing platform. Six types of proteins (BSA, Lys, Fib, Con A,
Hgb, and TF) were analyzed by using four different types of PNIPAM-AuNPs having varied
PNIPAM molecular weight and conformation (induced by thermal treatment) together with
the selected phenylene-ethynylene fluorophore. There are four different types of PNIPAM-
AuNPs used for this investigation. Two types were obtained from the AuNPs stabilized by 4
kDa of PNIPAM-SH (4k PNIPAM-AuNPs). The first type is 4k PNIPAM-AuNPs at 25 °C
(NP1) which was obtained directly from section 2.3. The second type is 4k PNIPAM-AuNPs
at 40 °C (NP2) which was obtained by heating NP1 for 15 min and cool it down to 25 °C
and leave it for 30 min before conducting further experiment. Another two types were
obtained from AuNPs stabilized by 8 kDa of PNIPAM-SH (8k PNIPAM-AuNPs). The third
type is 8k PNIPAM-AuNPs at 25°C (NP3) and the forth type is 8k PNIPAM-AuNPs at 40°C
(NP4) obtained by a similar heat treatment as mentioned above of NP3. The detection of
protein was done as follows. In the first step, 0.5 mL of NP1 was dissolved in 2.4 mL of
PBS. After that, 3N+fluorophore (1><10_5 M, 100 uL) was then added and analyzed by
Luminescence Spectrometer after 30 min allowed for the equilibrium time. The second step,
BSA (10 pL, 1mg/mL) was added to the previous mixture and analyzed by Luminescence
Spectrometer again after the equilibrium time. BSA was subjected to the same analysis
with NP2, NP3, and NP4. To generate an array-based sensing platform, other types of
proteins were also tested with NP1, NP2, NP3, and NP4.

Data analysis. All data analysis program were written in-house using MATLAB version
R2011b. The software for Principal Component Analysis (PCA) and Linear Discriminant
Analysis (LDA) was programmed using the algorithm described elsewhere.34 In our case,
LDA was not directly performed to the original dataset where the number of variables
(wavelengths) exceeds the number of samples as the inverse of the pooled variance-
covariance matrix is impossible to be calculated.34’35 To avoid the problem, the procedure

called “PCA-LDA” was used to demonstrate the classification power.?’e'38 The approach is to



compress the dimension of the data into a low number of Principal component (PC) using
PCA and LDA is then performed on the resulting PC scores to quantify the discriminant

ability.

RESULTS AND DISCUSSION

Preparation and Characterization of PNIPAM-SH. Here in this research, PNIPAM was
synthesized by RAFT polymerization of which molecular weight and polydispersity can be
well controlled by using a chain transfer agent. Besides, the dithioester group at the
polymer chain end can be converted to a thiol group that is readily available for grafting
onto the gold surface.39 The chemical structure of the synthesized PNIPAM was verified by
1H-NMR (Figure 1.1). Its characteristic signals were consistent with those reported in the
Iiterature.40'41 As determined by 1H-NMR data, it was found that the % conversion and the
average M, of PNIPAM were 41% and 4,053 g/mol and 42% and 7,015 g/mol for targeted
DP of 40 and 70, respectively.
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Figure 1.1 1H-NMR spectra of (a) NIPAM monomer, (b) non-purified PNIPAM, and (c) purified
PNIPAM in D,O.



Cleavage of the terminal dithiobenzoate group at the PNIPAM chain end was
confirmed by UV-Vis analysis. Upon aminolysis by using 2-ethanolamine, the UV absorption
band around 300 nm corresponding to the dithiobenzoate group disappeared resulting in
the formation of thiol group and vyielded PNIPAM-SH (Figure 1.2). The success of
aminolysis was also confirmed by the appearance of PNIPAM which changed from pink-
orange to white as a result of dithiobenzoate group removal. Since the thiol-terminated
polymers can easily be oxidized by oxygen, internal disulfide linkage may be formed and

possibly yielded an overestimated molecular weight.
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Figure 1.2 UV-vis absorption spectra of PNIPAM and PNIPAM-SH in water. The inset
shows physical appearance of PNIPAM (left) and PNIPAM-SH (right).

To ensure that such incidence did not occur, the molecular weights of PNIPAM-SH were
also determined by GPC. The data shown in Table 1.1 indicated that the M, and PDI
(M,/M,) values of PNIPAM before aminolysis and those after aminolysis (PNIPAM-SH)
were closely resembled implying that the disulfide bond formation was absent.42 The fact
that all PDI values are very close to one verifies that the molecular weight distribution is

narrow and that the RAFT polymerization is well-controlled.
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Table 1.1 Molecular weight and polydispersity values of PNIPAM and PNIPAM-SH.

Target [MYIVICTA] a a b

Polymer M, PDI M,

DP M, (mmol)

40 4,526 1.600/0.01/0.020 3,816 1.09 4,053
PNIPAM

70 7,921 3.145/0.01/0.025 8,552 1.13 7,015

40 4,526 1.600/0.01/0.020 4,180 1.1 n/a
PNIPAM-SH

70 7,921 3.145/0.01/0.025 8,788 1.14 n/a

*determined by GPC analysis using THF as eluent

bcalcula’[ed from 1H-NMR data

Preparation and Characterization of PNIPAM-AuNPs. PNIPAM-SH obtained from
the previous section was directly grafted onto the surface of AuNPs through sulfur-gold
interaction. As compared with the FTIR spectrum of PNIPAM (Figure 1.3a), the FTIR
spectrum of the PNIPAM-AuNPs (Figure 1.3b) has characteristic peaks of N-H stretching
from secondary amide at 3,276 cm'1 and C-H deformation of isopropyl groups with a 1:1
intensity ratio at 1386 and 1367 cm_1 which indicated the success of PNIPAM-SH coating

on the surface of AuNPs.

C=0 stretching (1654 cm!) N-H stretching (1544 cm-!)
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Figure 1.3 FTIR spectra of (a) PNIPAM and (b) PNIPAM-AuNPs.
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The layer of PNIPAM shell surrounding the AuNPs can be visualized from AFM
image shown in comparison with that of the uncoated AuNPs stabilized by citrate ions in
Figure 1.4. In addition, the effects of molecular weight and concentration of PNIPAM-SH on
grafting efficiency were investigated. Apparently, the uncoated AuNPs were smaller than all
of the PNIPAM-AuNPs. For the AuNPs surrounded by PNIPAM-SH, the particle size was
increased with elevating molecular weight of PNIPAM (from 4 kDa to 8 kDa). As illustrated
in Figure 1.4d-e, the expansion of shell thickness was also evidenced as a function of
PNIPAM-SH concentration. It was found that the proper concentration of PNIPAM-SH was
0.2 mM because it was the minimum concentration that still gave AuNPs with
thermoresponsive property which can be realized from color transition of the AuNPs
solution upon thermal treatment, the detail of which will be described in the following

section.

100 (nm) 100 (nm) 100  (nm)

500

300
100  (nm) 100 (nm)

Figure 1.4 AFM images of (a) uncoated citrated-stabilized AuUNPs and AuNPs coated with
(b) 0.2 mM of 4k PNIPAM-SH, (c) 0.2 mM of 8k PNIPAM-SH, (d) 0.5 mM of 4k PNIPAM-
SH, and (e) 0.5 mM of 8k PNIPAM-SH.

Moreover, the grafting quantity of the two PNIPAM-SH having different molecular
weights (4 and 8 kDa) on flat gold surface was determined by using SPR analysis. In brief,

the bare cleaned gold-coated SPR disk was first seated in the SPR cell and the SPR angle
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was recorded. Then, the formation of PNIPAM brushes on the gold-coated SPR disk was
performed by immersing the bare disk in 0.2 mM PNIPAM-SH solution at 4°C for 48 h.
After that, excess PNIPAM-SH was removed from SPR disk by shaking in Milli-Q water for
12 h. Finally, the SPR angle of the SPR disk bearing PNIPAM brushes was recorded and
the angle shift between before and after polymer grafting was used to calculate the amount
of polymer by using a sensitivity factor of 120 mDegree of angle shift = 100 ng/cm2 of
molecule bound onto the gold surface. From the data shown in Table 1.2, 4k PNIPAM
could be grafted with higher density and more consistent than 8k PNIPAM.

Table 1.2 Amount of PNIPAM chains grafted on the surface of flat gold-coated SPR disk.

Molecular weight of PNIPAM 4k PNIPAM 8k PNIPAM
Channel 1 2 1 2
Amount of polymer (ng/cm?) 82425 82425 22942  373.83

Surface plasmon band of AuNPs is known to be sensitive to the size of the particles
and their surrounding environment. As demonstrated in Figure 1.5a, a solution of highly
dispersed citrated-stabilized AuNPs exhibit red color with an absorption band around 520
nm. According to TEM analysis, the particles were spherical in shape and showed uniform

size distribution around 13 nm (Figure 1.5b). In principle, PNIPAM chains should be

collapsed upon increasing temperature above its LCST of 32°C which is a consequence of
hydrogen bonding between water and PNIPAM being destroyed at elevated temperature.
Figure 1.5¢ shows UV-vis absorption spectra of 4k PNIPAM-AuNPs at 25°C (NP1) and
40°C (NP2) in PBS solution. The absorption maximum of the plasmon band of 530 nm at
25 °C shifted to 551 nm when the temperature was increased to 40°C. The color of the
solution changed from red to blue-purple (from NP1 to NP2) without precipitation. The
particles were still spherical in shape and consisted of 13 nm gold core and 1 nm PNIPAM
shell, as can be seen in TEM image (Figure 1.5d). Figure 1.5e shows UV-vis absorption
spectra of 8k PNIPAM-AuNPs at 25°C (NP3) and 40 °C (NP4) in PBS solution. The
absorption maximum of the plasmon band of 530 nm at 25 °C only slightly shifted to 541
nm after heating to 40 °C. This slightly red shift might be attributed to a high thickness of

PNIPAM shell which prevented an aggregation of the AuNPs. This result was consistent
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with the color of the solution in that the solution was altered from red to pink-purple (from
NP3 to NP4) without precipitation. It was found that the particles were spherical in shape
with well defined core/shell nanostructures having 13 nm gold core and 14-17 nm PNIPAM
shell (Figure 1.5f). The data depicted in Table 1.3 also suggested that the relative
dimension of the particles measured by AFM was larger than those analyzed by TEM. This

may be ascribed to the fact that AFM analysis was performed under semi-dried conditions.
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Figure 1.5 UV-vis spectra (a,c,e) and TEM images (b,d,f) of citrated-stabilized AuNPs (a,b),
4k PNIPAM-AuNPs (c,d), and 8k PNIPAM-AuNPs (e,f). The insets of ¢ and e show color

transition of PNIPAM-AuNPs solution upon heating from 25 to 40 °c.



14

Table 1.3 Particle size of AUNPs obtained from AFM and TEM analysis.

Size (nm)
Particles
AFM? TEMP
AuNPs 1986+59 13.98+0.091

4k PNIPAM-AuNPs 3939+ 149 1536+0.86

8k PNIPAM-AuNPs 59.90+451 42.08+6.30

2 measured from 10 particles of AuNPs by using Semafore program
b measured from 20 particles of AuNPs by using Semafore program

It should also be emphasized that the thermoresponsive property upon this thermal
treatment condition is not reversible. The solution color as well as absorption maxima of
plasmon bands of both NP2 and NP4 remained unaltered although their solutions were
quenched down to ambient temperature (25°C) for such a long period of time (up to 2h)
implying that both NP2 and NP4 maintained at their aggregated states and did not turn
back to their original NP1 and NP3, respectively, at least within a period of measurements.
This contradictory outcome is not completely unknown. In fact, it has been previously
reported on the system of magnetic nanoparticles coated with PNIPAM-containing
copolymers having relatively low graft density.43 Our PNIPAM-AuNPs were prepared by
grafting-to method so their graft density may not be that high which may be the reason of
their irreversible thermal transition.

It has also been reported by Yusa et al.19 that the thermoresponsive property of
PNIPAM-AuNPs in terms of color transition (shift in absorption maximum of surface
plasmon band) cannot be observed unless salt was added. They have explained that the
color transition, in principle, should be driven by both PNIPAM shrinkage upon heating
above its LCST and inter-particle aggregation of the PNIPAM-AuNPs. Thermal treatment
above LCST should cause PNIPAM shrinkage (which can be realized by change in
hydrodynamic radius usually determined by light scattering), however, the thermal energy is

apparently not enough to bring together the collapsed PNIPAM-AuNPs that should lead to
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aggregation and subsequent change in optical characteristic (color change). They have
rationalized this as a consequence of strong hydrogen bonding between water and the
PNIPAM particularly at the outer layer of the PNIPAM-AuNPs that prevent aggregation.
Introducing salt to the system helped increasing ionic strength so that such strong hydrogen
bonding can be destroyed and allows the aggregation to take place. For this reason, we
also conducted additional experiments by incorporating 50 mM NaCl to the PNIPAM-AuNPs
solution and performed 2 cycles of heating-quenching between 25 and 40°C and found that
the color transition from red to blue-purple can be promptly accelerated and the process
was also reversible as can be demonstrated in Figure 1.6. Such results have suggested
that whether or not the visible thermoresponsiveness is reversible truly depends on the

solution properties (i.e. ionic strength).
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Figure 1.6 Physical appearance of 4k PNIPAM-AuNPs solution in the presence of 50 mM
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NaCl upon 2 cycles of heating-quenching between 25°C and 40°C.

In this research, it is our intention not to add any salt to the solution which may
complicate the mode of protein classification that relies on the interactions among three
counterparts (PNIPAM-AuNPs, fluorophore, and protein). For this reason, the
thermoresponsive transition solely relied on thermal energy introduced to the system by
heating. Such treatment seems to be working except that the thermoresponsiveness of the
PNIPAM-AuNPs is not reversible which may presumably be caused by the relatively low
graft density of the PNIPAM as mentioned above. On the other hand, it may also be
possible that prolong heating (> 15 min in this research) caused extensive PNIPAM
collapse and dehydration making inter-particle aggregation a permanent process.

Nevertheless, the irreversibility is truly beneficial for the mode of detection proposed in this
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research work in that both NP2 and NP4 maintained their optical characteristic throughout

the experiment suggesting that the method is reliable.

Protein Identification. To put the synthesized PNIPAM-AuNPs in an array-based
sensing platform, a preliminary investigation on quenching efficiency of four tribranched
phenylene-ethynylene fluorophores having different charges (structure shown in Scheme
1.1¢c) by 4k PNIPAM-AuNPs at 25°C was performed. It should be emphasized that these
specific fluorophores were chosen because their charge characteristic can be tuned by
varying the peripheral groups of the branch in the fluorophore structure without affecting
their size. This is beneficial from the point that the impact of the charge on the
quenching/recovery of the fluorophore can be determined without having to be concerned
about the size and dimension variation of the fluorophore. As presented in Figure 1.7a-d,
when 4k PNIPAM-AuNPs was used as a quencher, the C2N° and 2C N fluorophores were
slightly quenched (5% and 11%, respectively), while the 3N" and COZN+quorophores were
largely quenched (44% and 46%, respectively). The C_2N0 fluorophore has one carboxylic
acid and two amino groups providing -1 net electronic charge whereas the 2CN'
fluorophore has two carboxylic acid groups and one quaternary ammonium group also
netting -1 electronic charge. Therefore, there should be the repulsive force between the
fluorophores and PNIPAM-AuNPs which have lone paired electrons of nitrogen and oxygen
in the repeating unit resulting in ineffective fluorescence quenching. On the other hand,
3Nand CO2N+ fluorophores have +3 and +2 net electronic charges. As a result, the
electrostatic attraction between these positively charged fluorophores and PNIPAM-AuNPs
yielded more effective quenching. For this reason, only 3N and C02N+ fluorophores were
selected for further investigation. Furthermore, to assure that the fluorescence response
would originate from quenching by the PNIPAM-AuNPs, the interactions between the
fluorophore and protein were investigated. In principle, the fluorophore having the least
response with proteins is more desirable to be used for the development of protein sensor

based on our designed fluorescence quenching.
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Figure 1.7 Emission spectra demonstrating quenching behavior of four phenylene-
ethynylene fluorophores: (a) C2N°, (b) 2C'N" (c) 3N", and (d) C*2N" by using 4k PNIPAM-
AuNPs (NP1) as a quencher.

As can be seen in Figure 1.8a-d, the emission intensity of 3N’ fluorophore was
minimally affected by BSA. Therefore, 3N° fluorophore was selected for further
investigation. The much lower fluorescence response of 3N" towards BSA than that
previously reported by Niamnont and coworkers32 could be described as a result of the
protein concentration used in this research (3.3 [lg/mL having Ay, = 0.0028) being lower
than that (A,gy = 0.01) used in the previous work. Such lower protein concentration used in
this sensing system was presumably not high enough for the BSA to act as effective
surfactant that help deaggregating the fluorophore (3N+) which should lead to fluorescence
signal enhancement, the principle determined quenching efficiency described in their work.
Nevertheless, we find this as a potential benefit given that the fluorescence response of
3N" is more sensitive to lower protein concentration when used in combination with
PNIPAM-AuNPs. To confirm that the 3N+ﬂuorophore was a proper dye, it was also tested
with other five different types of protein having different pl and MW (Lys, Fib, Con A, Hgb,
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and TF) and was found that all types of proteins did not enhance fluorescence intensity of
3N’ (Figure 1.8e).

To study the effect of polymer conformation grafted on AuNPs surface on the
quenching efficiency, NP1 and NP2 were compared and found that the quenching efficiency
of NP2 was higher than that of NP1 (Figure 1.9). This may be because the conformation of
PNIPAM changed from stretched to coil-like structure upon heating to above its LCST
resulting in the decreasing of distance between the gold core of NP2 and the fluorophore
that in turn enhanced the quenching efficiency. To determine the effect of polymer
molecular weight grafted on AuNPs surface on the quenching efficiency, NP1 and NP3
were compared. It was found that the quenching efficiency of NP1 was greater than that of
NP3. This may be explained as a result of the PNIPAM layer on the NP1 being thinner
than that on the NP3. The closer distance between the gold core and fluorophore in the

case of NP1 when compared to that of the NP3 thus promotes the quenching process.
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Figure 1.8 Emission spectra demonstrating the change in fluorescence intensity of four
tribranched phenylene-ethynylene fluorophores: (a) C'2N0, (b) 2C-N+, (c) 3N+, (d) C02N+
upon BSA addition, and (e) percentage of the change in emission intensity of 3N’

fluorophore when tested with six proteins.
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Figure 1.9 Quenching efficiency of four types of PNIPAM-AuNPs with 3N fluorophore.

The data shown in Table 1.4 demonstrated that all PNIPAM-AuNPs initially
possessed negative zeta potential values, all of which became less negative upon 3N
addition. These evidently supported the assumption that the quenching was driven by
electrostatic attraction between the positive charge of the 3N fluorophore and the lone
paired electrons of nitrogen and oxygen in the repeating unit of PNIPAM on the PNIPAM-
AuNPs. Taking NP1 as a representative of PNIPAM-AuNPs, an equilibrium constant of
association with the 3N fluorophore determined using Stern-Volmer analysis (Ksv) was
found to be 8.21 x 10° M (Figure 1.10).

To assure that the structures of PNIPAM-AuNPs maintained their physical
characteristic throughout the period of protein classification, UV absorption of NP1 and NP2
both before and after 3N addition and after protein addition (BSA was chosen as a
representative protein for this set of experiment). The results shown in Figure 1.11 truly
demonstrate that the fluorescence quenching/recovery event happened without causing any
changes in the PNIPAM-AuNPs characteristic (shift in absorption maximum of surface
plasmon band, aggregation). Similar outcome was also observed in the cases of NP3 and

NP4 (data not shown).
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Table 1.4 Zeta potential values of all PNIPAM-AuNPs both before and after 3N’ fluorophore

addition.
Particles Zeta-potential = SD (mV)
NP1 -14.1311.4
NP1 + 3N’ -10.60£1.2
NP2 -15.10£0.52
NP2 + 3N’ -11.90%+1.7
NP3 -9.0110.37
NP3 + 3N’ 0.25+0.78
NP4 -28.9010.45
NP4 + 3N’ -7.7110.58

Ksv=38.21 x 10 M1
R?=09719

151

To/l
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Concentration of PNIPAM-AuNPs (nM)

Figure 1.10. The Ksv plot between 3N and NP1.
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Figure 1.11 UV-vis absorption spectra of (a) NP1 and (b) NP2 during the process of protein

classification starting from fluorophore (3N+) addition followed by protein (BSA) addition.
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For the determination of protein based on fluorescence quenching, six types of
proteins were analyzed by using NP1-NP4 with the 3N’ fluorophore. The obtained results
are illustrated in Figure 1.12a. Each type of PNIPAM-AuNPs exhibited different responses
to different proteins. The fluorescence intensities of six proteins in response to NP1 were
larger than those in response to other three types of PNIPAM-AuNPs. Unlike NP1, NP2
with its thinner PNIPAM layer may provide stronger interactions with the fluorophore as
evidenced by its greater quenching efficiency when compared with NP1 (See Figure 1.9).
For this reason, it might be difficult for the fluorophore to be released from NP2 surface
upon the protein addition. It is believed that this outcome was influenced by protein
resistance property of the PNIPAM brushes which is more prominent at the collapsed state
as has been previously described by Xue et al.44 This may be explained as a result of the
collapsed PNIPAM layer of NP2 being denser than that of NP1 so that it is more difficult for
the protein to access the fluorophore situated within the PNIPAM layer. That is why the
signal responses were lower. In the case of NP3, of which PNIPAM layer was thicker than
that of NP1, the change in fluorescence response was proportionally smaller. We explained
this as a consequence of the quenching being initially low even before the protein addition
due to the long distance between the gold core and the fluorophore. After the addition of
protein, the fluorescence signal was not much affected and therefore gave the relatively low
response.

Despite the facts that the PNIPAM layer of NP4 was thinner than that of the NP3
and its initial quenching efficiency was as high as that of NP1, overall signal responses of
NP4 were relatively small and followed the same trend that observed in the case of NP3.
We suspect that the same explanation previously used for NP2 based on limited
accessability of the protein to the fluorophore in the condensed layer of PNIPAM can be
applied here. In addition, to demonstrate the protein detection profile of the developed
sensing array based on four types of PNIPAM-AuNPs, the histogram in Figure 1.12a was
replotted for each protein and shown in Figure 1.12b. It is obvious that the responsive
patterns of AuNPs were varied with the type of protein because of the difference in charge
and molecular weight of protein. At pH 7.4, the 3N fluorophore bound on the AuNPs
surface via charge-dipole interactions. Therefore, when the negatively charged proteins

(BSA, Fib, Con A, Hgb, and TF) were added, the release of 3N fluorophore from the
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AuNPs surface driven by the electrostatic interactions between negatively charged proteins
in solution and 3N fluorophore can take place so that the quenched fluorescence signal
can be recovered. Although being negatively charged proteins, Fib and TF did not provide

responses against some types of AuNPs.
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Figure 1.12 Histogram plot of fluorescence response (AI/IO) patterns of 3N’ fluorophore:
(a) in the presence of six proteins in PBS for each type PNIPAM-AuNPs and (b) in the
presence of PNIPAM-AuNPs for each type of proteins in PBS (responses are averages of

six measurements and error bars are standard deviations).
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These might be caused by their high molecular weight being obstacle for effective
binding with 3N’ fluorophore and thus hampering the fluorescence signal recovery. In the
case of Lys, a relatively small and positively charged protein, it was found that the signal
recovery did not happen. This may be attributed to the repulsive forces between Lys and
the 3N fluorophore. In fact, further quenching was also observed as can be realized from
the negative response of the signal. We describe the decrease of fluorescence signal as a
result of additional quenching of 3N+ in the solution that was initially unbound to the
PNIPAM-AuNPs. This is likely possible given that it was demonstrated earlier in Figure
1.8e that the 3N+fluorophore was slightly quenched by proteins. The explanation for the
impact of characteristic charge and molecular weight of protein on fluorescence signal

recovery is schematically summarized in Figure 1.13.
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Figure 1.13 Schematic representation of mechanism explaining the fluorescence signal

recovery upon the addition of proteins having different size and charge.
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Although the results demonstrated in Figure 1.12b suggested that the developed
sensing platform using the PNIPAM-AuNPs in combination with 3N’ fluorophore was
applicable for protein identification, the fact that the changes in fluorescence response
(AI/IO) determined from the maximum emission intensity independent of the wavelength
was not intuitively accurate. Such estimation also ruled out the possibility that the
wavelength of the emission maxima may be shifted upon protein addition which was found
to be the case in some systems. For more accuracy, the whole spectra obtained before
and after adding proteins were taken into consideration when performing subtraction. As
can be seen in Figure1.14a-d, the subtracted spectra of each protein apparently exhibited
different characteristic. The intensity values in wavelength range of 400-600 nm of spectra

were used to identify each protein as they show the highest variation of %Al and the

highest shifted Kmax towards the proteins. Although the histogram plot and characteristic
spectrum already showed different patterns of the fluorescence responses towards each
protein analyte, discrimination of these proteins based on this multi-dimensional data set (4
AuNPs x 6 proteins x 6 replicates) was further simplified using multivariate statistical
analyses. In this study, principal component analysis (PCA) was used to transform the data
set of fluorescence intensity differences (%AI) into principle component (PC) scores.45
Based on the data similarity, a two dimension PC score plot (PC1 and PC2) suitably
generated six clusters on the PC space corresponding to six types of proteins indicating an
encouraging level of protein classification (Figure 1.14e-h). To quantify the classification
accuracy, PCA-LDA was applied by performing LDA on the PC scores with a total variance
> 95% and then validate the discriminating ability using Leave-One-Out (LOO) cross
validation technique.34 After PCA/LDA routines performed on the data by using each type of
AuNPs (NP1-NP4), the results showed that the data which used NP3 gave the highest
classification accuracy of 97.22%. The data obtained implied that the aggregation of
PNIPAM layer induced by thermal treatment (NP2 and NP4) may deteriorate the efficiency
of protein classification. However, we found that the 100% of classification accuracy can be
obtained by combining NP1 data set with NP4 data set. The PCA score plot of NP1
associated with NP4 is shown in Figure 1.14i. These results strongly indicate the high
potential of the developed sensing platform given that proteins can be identified with 100%

accuracy by using only two types of PNIPAM-AuNPs.
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Figure 1.14 Characteristic emission spectra of 3N fluorophore in the presence of (a) NP1,
(b) NP2, (c) NP3, (d) NP4 for each type of proteins in PBS (obtained by the subtraction of
spectra before and after protein addition) and PCA score plot of %Al data set obtained
from 6 replicates of 6 proteins including fluorescence responses of 3N fluorophore using

(e) NP1, (f) NP2, (g) NP3, (h) NP4, and (i) NP1+NP4.

CONCLUSIONS

This investigation has demonstrated that the thermoresponsive AuNPs can be
prepared by using citrate-stabilized AuNPs grafted with PNIPAM-SH synthesized via RAFT
polymerization. The prepared PNIPAM-AuNPs have a spherical morphology and uniform
size distribution and their shell thickness depended on the PNIPAM-SH molecular weight.
Upon molecular weight variation and heat treatment, 4 types of PNIPAM-AuNPs (NP1-NP4)
having different quenching efficiency against 3N fluorophore were generated. After protein
addition, the fluorescence signal of 3N fluorophore can be recovered. The different pattern
of fluorescence signal recovery which is varied with the types of both proteins and
PNIPAM-AuNPs can be used to generate an array-based protein classification. Based on
LDA analysis using Leave One Out (LOO) approach, a 100% accuracy of protein
classification can be achieved using a combination of NP1 data set and NP4 data set. The
results have suggested that an array-based sensing platform based on chemical nose
approach can be developed from PNIPAM-AuNPs when combined with positively charged

phenylene-ethynylene fluorophore.
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Chapter Il

Patterned Poly(acrylic acid) Brushes containing Gold
Nanoparticles for Peptide Detection By Surface-Assisted Laser

Desorption/lonization Mass Spectrometry

INTRODUCTION

Separation and analysis of biomarkers such as peptides found in trace level
play crucial roles in medical diagnosis. A number of peptides have been proposed as
potential biomarkers. For example, bradykinin, des-Arg9-bradykinin, and Hyp3-
bradykinin are potential biomarkers of breast cancer.1 Glutathione (GSH), thiol-

containing peptides, are also recognized as important biomarkers in human.z’3 GSH is

an antioxidant and a tripeptide composed of L-cysteine, glycine, and Y-glutamic acid,
that can prevent damage to important cellular components caused by reactive oxygen
species such as free radicals and peroxides.4 An usual range of GSH concentrations in
healthy human is in a range of 684 -2525 and 2.22-11.36 mmoI.L'1 in blood and
plasma, respectively. ° Abnormal level of GSH is an indication of diseases such as
Alzheimer's, Parkinson's, Huntington's disease, cancers, aging, and heart problems.4
Cysteine (Cys) is the only amino acid with a thiol functional group that serves as a
unique unit in protein construction, enzyme active sites and cofactors.6 Cys is also an
amino acid component of GSH. Cys exists in almost all human proteins (89.3 % contain
at least one) and 17.2% of tryptic peptides contain one or more cysteine residues.s’7
Analysis of biomarker generally requires highly sensitive analytical tools such as
electrochemistry,8 fluorescence spectroscopy,9 UV-Vis spectrophotometry10 surface
plasmon resonance ' and mass spectrometry.12’13

Surface-assisted laser desorption/ionization mass spectrometry (SALDI-MS), in
particular, is a widely used technique for biomarker identification especially peptides due
to its high sensitivity and accuracy.g’14 The major benefit of this method lies in its ability
to be implemented in specific modification of chip surfaces, recently developed by using
nanomaterials as matrices to absorb the laser energy and transfer to analyte in

ionization step. This technique is capable of detecting analyte with low mass range (<
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500 m/z) without the interference from matrix signal. Metal nanoparticles, for example,
ZnS, TiO,, Fe;0, and Au are extensively used as matrices in SALDI-MS analysis.15’16
Unlike conventional organic matrices, metal nanoparticles provide low matrix
background, homogeneous sample and insignificant fragmentation. It was also found
that each type of nanoparticles have their own suitable range of analyte that can be
evaluated. For example, gold nanoparticles (AuNPs) are suitable for sample with a
mass range of 300-1300 m/z. TiO, and Fe,O; are appropriate for analyzing samples
with a mass range of 1,200-12,000 and 1,200-25,000, respectively.15 In addition, some
metal nanoparticles such as AuNPs and silver nanoparticles (AgNPs) can also function
as concentrating and selective probes for pre-concentration and separation of thiol-
containing peptide from the peptide mixture.m_19

Recently, polymer has been used together with nanoparticles for modifying chip
surface not only to improve nanoparticles dispersion that can enhance ionization
efficiency, but also help trapping the nanoparticles from coming off during ionization.
There are reports about modification of substrate with nanoparticles for SALDI-MS
analysis. Aminlashgari et al.20 utiized nanocomposite films based on polylactide
embedded with nanoparticles of TiO,, SiO,, MgO, hydroxyapatite, montmorillonite
nanoclay, halloysite nanoclay, silicon nitride and graphitized carbon black as matrices
for SALDI-MS analysis of small molecules, namely, acebutolol, propranolol and
carbamazepine. They found that the advantages of nanocomposite films as compared
to the free nanoparticles used in earlier studies are the ease of handling and reduction
of instrument contamination because the particles were immobilized within the polymer
matrix. Kawasaki et al.21 successfully modified silicon substrate with self-assembled
multilayer films of poly(allylamine hydrochloride) and ammonium citrate capped AuNPs
(AuNPs/PAHC), for analyzing peptides (angiotensin |, cytochrome C) by SALDI-MS. It
was found that the sensitivity of the peptide was increased with increasing number of
multilayer films. However, a small matrix background of the AuNPs still appeared in the
mass spectra. As demonstrated by Tarui et al., the silicon substrate modified with
nanocomposite film of cationic diblock copolymer micelles of poly(styrene-b-N-methyl-4-
vinyl pyridinium iodide) and ammonium citrate stabilized AuNPs, offered superior
performance to the AuNPs alone by providing high ionization efficiency of angiotensin |
and insulin with low matrix background from Au cIusters.22

Polymer brushes are one of interesting materials that can be used for chip

surface modification. Having chain ends attached covalently on surface, they are more
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stable than physically adsorbed polymer film. Polymer brushes with well-controlled
molecular weight and polydispersity index can be prepared via surface-initiated
polymerization based on a number of controlled radical polymerization such as atom
transfer radical polymerization (ATRP) and reversible addition-fragmentation chain
transfer (RAFT).23'24 Having multiple functional groups per surface area, polymer
brushes are quite attractive material for bioanalytical analysis. Bruening and co-
workerszs_27 have developed an efficient platform for phosphopeptide enrichment prior to
MS analysis. The platform is based on polymer brushes of poly(2-hydroxyethyl
methacrylate) (PHEMA) or poly(acrylic acid) immobilized with Fe(lll)-nitrilotriacetate
(NTA). The substrates offered higher recoveries with fewer interfering peaks than those
analysed by commercially-available Fe(lll)-containing materials. A femtomol-level
detection limit can also be reached even in the presence of as high as 10-fold molar
excess of non-phosphorylated peptides.za’27 Kim et al. 28 have employed surface-
immobilized polymer brushes of poly(oligo(ethylene glycol) methacrylate) (P OEGMA) as
non-biofouling polymeric platform for immobilizing peptide-conjugated AuNPs. A label-
free assay of matrix metalloproteinase (MMP) activity was evaluated from the peptide
segments cleaved from the peptide-conjugated AuNPs using time-of-flight secondary ion
mass spectrometry. The use of pPOEGMA together with AuNPs synergistically improved
the sensitivity of MMP activity assays in human serum, in which a number of interfering
proteins are present.

Poly(acrylic acid) (PAA) brushes have been recognized as versatile polymeric
entities often used for biosensing and analytical applications. Its greater density of
carboxyl groups provides active functionality for specific biomolecule immobilization and
detection as reported earlier by a number of research groups.zg_33 In particular, we have
previously demonstrated that the surface-grafted PAA brushes can serve as a three-
dimensional platform for attachment of biosensing probes. As determined by surface
plasmon resonance (SPR), their properties are superior to a SAM of a carboxyl-
terminated alkanethiol in terms of both signal enhancement and the ability to prevent
non-specific adsorption.29 The best performance for both the biotin-streptavidin and
BSA-anti-BSA systems was found on the sensor platform developed from the surface-
grafted PAA brushes with a 50% graft density.30

Here in this research, we are interested to develop a substrate for SALDI-MS
analysis based on surface-grafted PAA brushes containing AuNPs. Photolithography

was first used to generate the hydrophobic/hydrophilic pattern to provide a visible
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contrast between the analyte spot and prevent cross-contamination of sample solution
from one spot to another. PAA brushes were then grafted on the hydrophilic area of the
pattern via surface-initiated RAFT polymerization of acrylic acid (AA). Thereafter, AUNPs
were generated in situ within the PAA brushes by having carboxylate groups of PAA
acting as reducing moieties for gold ions (Au3+), without having to use an additional
reducing agent.34’35 The substrate modified with PAA brushes containing AuNPs
(AuNPs-PAA) were then used for SALDI-MS analysis of a number of peptides, such as
bradykinin which is a biomarker of breast cancer, thiol-containing peptides, namely
glutathione and ICNKQDCPILE. It is anticipated that this developed patterned platform
can be used for pre-concentration and separation of thiol-containing peptide from the

peptide mixture in a high throughput fashion.

EXPERIMENTAL
Materials

Hydrogen tetrachloroaurate (HAuCl,.3H,0), acrylic acid (AA), dimethyl
formamide (DMF), 4,4-bis(4-cyanovaleic acid) (ACVA), 4-(dimethylamino)pyridine
(DMAP), 4-cyano-4-(phenyl carbonothioylthio)pentanoic acid (chain transfer agent or
CTA), dicyclohexyl carbodiimide (DCC), hydrogen peroxide (H,0O,), dialysis bag (cut-off
molecular weight of 3,500 g/mol), phosphate buffered saline pH 7.4 (PBS), 3-
aminopropyltriethoxysilane (APTES), 1H,1H,2H,2H-perfluorooctyltrichlorosilane
(PFOTCS), a-cyano-4-hydroxycinnamic acid (CHCA), sucrose and cholesterol were
obtained from Sigma-Aldrich. Acetone, toluene, hexane, ethanol, dichloromethane, and
sulfuric acid were purchased from Merck (Germany). Positive photoresist S1813 and
developer MFTM-321 were purchased from Rohm and Hass (USA). Glass slides were
obtained from S.E. Supply (Thailand). AA was purified by vacuum distillation.
Glutathione (GSH), bradykinin, ICNKQDCPILE peptide were obtained from American
Peptide company. Citrate-stabilized gold nanoparticles were prepared according to a
method modified from that of Hayat et al.?’6 All solutions were made using ultrapure
distilled water that was obtained after purification using a Millipore Milli-Q system (USA)
that involves reverse osmosis, ion exchange, and a filtration step (18.2 MQ cm

resistance).

Surface Patterning by Photolithography
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A glass slide (i.d.= 1.8 cm) was cleaned in a plasma cleaner (Harrick Plasma
PDC-32G, Power 18 W) for 5 min before exposed to vapor of 100 yL APTES in a 50
mL vial sealed with a cap in an oven at 80°C for 72 h and rinsed sequentially with
toluene, acetone, and deionized water to yield Si-NH, (Scheme 2.1, Step I). Positive
photoresist S1813 was then spin-coated at 4,000 rpm for 3 min on the surface of Si-
NH, and cured at 115 °C for 1 min. A photomask was placed on the photoresist-coated
surface before irradiation with UV light (365 nm, 500W) for 15 sec. The irradiated
pattern was treated with developer MFTM-321 for 1 min and rinsed with deionized water
followed by treatment in the plasma cleaner for 5 min to destroy the APTES layer and
recover back the silanol groups on the unmasked area (Scheme 2.1, Step IlI). The
obtained patterned Si-NH,/OH was exposed to vapor of 100 yL PFOTCS in a 50 mL
vial sealed with a cap in the oven at 80 °C for 72 h and rinsed sequentially with
toluene, acetone, and deionized water. The recovered silanol groups of the patterned
Si-NH,/OH would react with PFOTCS to form patterned Si-NH,/O(CH,),(CF,)sCF5
(Scheme 2.1, Step Ill). At this point, the photoresist on the masked area was also
removed so that the amino groups of APTES were readily available for initiator

immobilization in the next step.

Grafting of PAA Brushes on Patterned Surface

The ACVA (0.21 g, 1 mmol), DCC (0.19 g, 1 mmol), and DMAP (0.01 g, 0.1
mmol) were dissolved in 20 mL DMF. The solution was stirred for 4 h at room
temperature before transferred to the glass slide having patterned Si-
NH,/O(CH,),(CF,)sCF5 in a vial then sealed with a rubber septum. The solution was
stirred under nitrogen atmosphere at room temperature for 20 h. Then, the glass slide
was taken out from the vial and rinsed with ethanol and deionized water to yield Si-
I/O(CH,)»(CF;)sCF5 (Scheme 2.1, Step IV). ACVA (0.014 g, 0.05 mmol) and CTA (0.056
g, 0.2 mmol) were dissolved in 20 mL PBS buffer (pH 7.4). AA (1.37 mL, 20 mmol) was
added to the mixture which was later transferred into a vial containing patterned Si-
I/O(CH,),(CF,)sCF5 then sealed with a rubber septum The surface-initiated RAFT
polymerization of AA was allowed to proceed under nitrogen atmosphere at 70°C for 20
h. The resulting patterned Si-PAA/O(CH,),(CF,)sCF; was then obtained after rinsing

with ethanol and deionized water (Scheme 2.1, Step V).
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In situ Synthesis of AUNPs on PAA brushes

The glass slide having patterned Si-PAA/O(CH,),(CF,)sCF; was subjected to 5
cycles of alternate dipping in aqueous solution of HAuCl, (5 mL, 1 mM) and deionized
water. Then, the glass slide was immersed in deionized water at 100 °C for 1 h followed
by an aqueous solution of HAuCl, (5 mL, 1 mM) at 100 °C for another 4 h. The glass
slide was then rinsed with deionized water and dried with stream of nitrogen to obtain

the patterned PAA brushes containing AuNPs (Scheme 2.1, Step VI).
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Scheme 2.1 Schematic representation of stepwise method demonstrating how to
prepare patterned PAA brushes containing AuNPs supported on glass slide: () reaction
with  APTES, (Il) surface patterning by photolithography, (lll) attachment of
perfluorooctylsilyl groups, (IV) attachment of initiator, (V) surface-initiated RAFT
polymerization of AA, and (VI) in situ synthesis of AUNPs on PAA brushes.

Characterization
PAA formed in solution during surface-initiated RAFT polymerization was
characterized by Varian, model Mercury-400 nuclear magnetic resonance spectrometer

(USA) operating at 400 MHz using D,O as a solvent. The FT-IR spectra of surface-
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modified silica particles prepared as KBr discs were recorded in a frequency range of
400-4000 cm'1 by a FT-IR spectrometer (Nicolet, USA), model Impact 410, with 32
scans at resolution 4 cm'1 using TGS detector. The morphology and size of gold
particles were analyzed by a JEOL JEM-2010 transmission electron microscopy (Japan)
operating at 200 keV. The TEM samples were prepared by first scrapping the glass
slide on the area covered with PAA brushes and AuNPs followed by adding a small
quantity of Milli-Q water on the scrapped area. Approximately 10 pyL of the generated
solution was taken then dropped on the carbon-coated copper grid before being dried in
a dessicator before analysis. The average diameters of the observed AuNPs were

reported from measurements of 30 random particles for each sample using Semafore

software. The dynamic advancing (GA) and receding (GR) water contact angles of
surface-modified glass substrates were measured using a contact angle goniometer
(Ramé-Hart, Inc., USA, model 100-00), equipped with a Gilmont syringe and a 24-
gauge flat-tipped needle. All of the measurements were carried out in air at ambient
temperature. The reported angle is an average of 5 measurements on different area of
each sample. Atomic compositions of the surface-modified glass substrates were
determined by x-ray photoelectron spectroscopy (XPS) on a Scienta ESCA 200
spectrometer (Uppsala, Sweden) with Al Ka x-rays at a takeoff angle of 90°. AuNPs
generated on the PAA brushes were digested by aqueous solution of aqua regia
(1HNO3:3HCI) at room temperature for 15 min before quantified by Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS; Thermo scientific, model iCAP 6500 ICP-OES),
using a calibration curve generated from Au3+ solutions having concentration in a range

of 107 = 10° M.

Analysis of Single Peptide

Each peptide sample was dissolved and diluted in Milli-Q water to a final
concentration of 500 nM. For SALDI-MS analysis, the samples (3 pL) were directly
deposited onto the glass slide modified with patterned PAA brushes containing AuNPs.
The modified glass slide was attached onto MALDI target plate by a two-side
conductive tape and then introduced into a Bruker Microflex/Autoflex 1l MALDI-TOF
mass spectrometer for SALDI-MS analyses. The N, laser (337 nM) with 50% laser
intensities and 100 laser shots were used for all analyses.

For MALDI-MS analysis, each peptide sample was mixed with CHCA matrix in a
ratio of 1:9 (v/v) of sample: CHCA matrix (CHCA dissolved in 1:1(v/v) of 0.1%
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trifluoroacetic acid (TFA) in acetonitrile: 0.1% TFA in Milli-Q) and then deposited onto
MALDI target plate. After solvent evaporation and sample crystallization, the target plate

was introduced into the mass spectrometer for MALDI-MS analysis.

Selective Analysis of Thiol-containing Peptide in a Mixture

A mixture of 500 nM thiol-containing peptide (GSH or ICNKQDCPILE) and 500
nM non thiol-containing peptide (sucrose and cholesterol or bradykinin) was deposited
onto the glass slide modified with patterned PAA brushes containing AuNPs. The
deposited mixture was incubated on the modified target plates at room temperature for
10 min. Then the unbounded peptides were rinsed out from the target for five times
each by PBS buffer (pH 7.4) followed by Milli-Q water. For each rinsing cycle, multiple
drops of washing solution were added on and promptly retracted back from the target
using a micropipette. After solvent evaporation, the target plate was introduced into the

mass spectrometer for both SALDI-MS and MALDI-MS analyses.

RESULTS AND DISCUSSION
Preparation and Characterization of Patterned PAA Brushes containing AuNPs
Water contact angle measurement was used as a tool to monitor the success of
stepwise surface modification of the glass substrate. The data are expressed in terms of
advancing/receding contact angle (GA/GR) as shown in Table 2.1. An extremely
hydrophilic glass substrate having generated silanol groups after cleaning by plasma
treatment (9A~ 0) became hydrophobic after reacting with APTES and yielded Si-NH,
with O A /GR of 84.7°/52.1°. The substrate turned slightly less hydrophobic when being
immobilized with initiator via the reaction with ACVA. Upon surface-initiated RAFT
polymerization, the water contact of the glass substrate was further decreased to 16.6°
implying that hydrophilic PAA brushes was grafted onto the surface. In contrast, the
glass surface was highly hydrophobic with contact angles of 127.6° 1745 after being

modified with perfluorooctylsilyl groups.
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Table 2.1 Water contact angles of the glass substrates after stepwise modification.

Surface Functionality 0, 0,
Si-OH 0 N/A
Si-NH, 847"+ 57 52.1°+ 26
Si-initiator 75.8° +2.9° 46.6° +6.3°
Si-PAA 16.6° N/A
Si-OSi(CH,),(CF,)sCF4 1276° £2.7° 745 £43°

N/A: Not measurable

Molecular weight (M ) and functional group of PAA simultaneously formed in
solution from the “added” initiator, ACVA were determined by 1H NMR analysis. As
depicted in Figure 2.1, the characteristic 1H NMR peaks of the methylene proton in the
AA unit (-CH(COOH)) and those aromatic protons of the dithiobenzoate group at the
chain end of PAA appeared at 2.1-2.3 and 7.2-7.9 ppm, respectively. The average M,
of PAA was calculated from the relative ratio between the peak integration of methylene
proton from the PAA backbone and the peak integration of protons from the
dithiobenzoate groups using eqn. 2.1. The fact that the calculated M, of 6,005 g/mol
closely resembled the anticipated value (6,158 g/mol) for the target degree of

polymerization (DP) of 100 suggested that the RAFT process was well controlled.

PAA
0 A
H;C
b.s !H >
HO R pa
N c=0 §
b
|
e |
I_Aﬂ \
o I | N —
H —t N ™
9.0 85 80 7.5 7.0 65 60 55 50 45 40 35 3.0 25 20 15 10 05 (ppm)

Figure 2.1 "H NMR spectrum of PAA formed in solution.
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(eq.2.1)

Mn(acry”c acid) = 72.06 g/m0|, Mn(CTA) = 279.38 g/m0|

The success of PAA surface grafting was confirmed by FT-IR analysis of silica
particles grafted with PAA brushes. Figure 2.2c reveals characteristic absorption bands
of C=O stretching at 1635 cm (Amide I), N-H bending at 1562 cm (Amide II)
suggesting that amide linkage has been formed between the terminal amino groups of
APTES and carboxyl groups of the initiator, ACVA. Strong signal of C=0 stretching of
carboxylic acid apparently emerged at 1718 cm_1 after surface-initiated RAFT
polymerization took place as an indication of PAA brushes formation as shown in

Figure 2.2d.

1635cml - — - — . |
C=0 stretching of amide | T 1562cm™
N-H bending of amide

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Figure 2.2 FT-IR spectra of silica particles (a) before and after functionalized with (b)

APTES, (c) ACVA initiator, and (d) PAA brushes.
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A number of alternate dipping cycle between HAuCI, solution and deionized
water was varied to determine its effect on AuNPs formation on the PAA-modified glass
substrate. As shown in Figure 2.3, the substrate became slightly darker upon increasing
the number of cycle from 1 to 5 implying that there was greater amount of AuNPs as a
function of dipping cycle. This may be explained as a consequence of pH-dependent
conformational change of the PAA.30 Because pKa of PAA is 4.2, PAA chains would
adopt extended conformation when being soaked in deionized water, having pH of
approximately 6.0, due to ionic repulsion of the carboxylate groups along the chains
(Scheme 2.2, Step 1,). Once the PAA-modified surface was immersed in HAuCI,
solution, having pH of 1.7 (Scheme 2.2, Step IlI), some carboxylate groups of the PAA
chains should electrostatically interact with Au3+ and may partially reduce it to Auo. At
the same time, the rest of carboxylate groups were protonated and became less
extended and more coil-like, therefore can trap Au3+ as well as the generated Auo. It is
quite unfortunate that exact mechanism on how carboxylate groups can reduce Au3+
has not yet been directly proven. To attain such information requires an additional
mechanistic study which is beyond a scope of our investigation. However, it can be
postulated that the reduction would follow a similar pathway as polyacid compounds
commonly used for AuNPs synthesis such as citrate and oxalate anions which involves
ligand exchange and simultaneously induction of a concerted decarboxylation and
reduction of Au(III).37 Another most relevant work that was found on the literature
suggested that PAA can undergo decarboxylation through radical mechanism in the
presence of Fe3+ which eventually leads to degradation. The process can be

38
accelerated especially at high temperature.

&Y
(a) {b)

Figure 2.3 PAA-modified glass slide containing AuNPs generated by (a) 1 cycle of
dipping and (b) 5 cycles of dipping in between 1 mM HAuCI, solution and deionized

water.
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By repetitive performing this cycle of dipping, the more Au3+ can associate with
the carboxylate groups and the more AuO can be generated upon subsequent heat
treatment (Scheme 2.2, Step Ill). It should be emphasized at this point that the carboxyl
groups can act as effective reducing moieties for Au3+ leading to the formation of
AuNPs. This would add simplicity to the method because the reduction can be done
without having to use additional reducing agent. According to ICP-MS analysis, a
surface coverage of the AuNPs was found to be 2.90><10'9 and 4.62><10'9 moI/cm2 for
the 1- and 5-cycled dipping, respectively. The calibration curve used for AuNPs
quantification is illustrated in Figure 2.4. Effect of number of dipping cycle on the
substrate efficiency in analysis of two single peptides (bradykinin and GSH) was
evaluated. Although increasing dipping cycle further to 10 yielded approximately 1.3
higher AuNPs coverage than that obtained from the 5-cycled dipping, %RSD values of
signal intensity detected on the substrate prepared by 10-cycled dipping was
significantly higher than those detected on the substrate prepared by 5-cycled dipping
(See Figure 2.5). For this reason, the 5-cycled dipping was therefore selected as the

optimal condition for substrate preparation to be used for further analysis.

Stepl, In DI | Step Il, In HAUCL, first time 1

PH 6.0 > pKa pH 1.7 < pKa

Heat

Scheme 2.2 Schematic representation of stepwise method showing that carboxyl groups
of PAA brushes can act as reducing moieties for in situ synthesis of AuNPs: (I) PAA-
modified surface in deionized water, (II) PAA-modified surface in HAuCl, (aq) first time,
(I PAA-modified surface in HAuCI, solution after 5 alternate dipping cycles between

deionized water and HAuCl, (aq) followed by Au3+ reduction to Au0 by heating.



45

400
350
300
> 250
€ 200
£ y=621.86x-0.9714
150 R? = 0.9989
100
S0 /
0 #
0 0.1 0.2 03 0.4 0.5 0.6 0.7
Au* concentration (M)

Figure 2.4 Calibration curve used for AuNPs quantification by ICP-MS generated from
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Figure 2.5 lon abundance of bradykinin and GSH measured on the AuNPs-PAA
substrate prepared by 5 and 10 cycles of dipping.

Formation of AuNPs on the patterned PAA brushes can be demonstrated in
Figure 2.6. The area covered with UV-sensitive resist after surface patterning by
photolithography using the pattern shown in Figure 2.6a to generate photomask (Step Il
in Scheme 2.1) can be seen as bright yellow spots. After surface grafting of PAA
brushes, the greater hydrophilicity of the PAA brushes than the surrounding area which
was covered with perfluorooctylsilyl groups can be demonstrated by the ability to

sustain water droplets as shown in Figure 2.6b. Subsequent AuNPs formation within
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the PAA brushes can be visualized as dark spots on the glass substrate appearing in
Figure 2.6c at the same positions as those previously covered with UV-sensitive resist
in Figure 2.6a and water droplets in Figure 2.6b. It should also be noted that the
diameter of each spot on the glass slide shown in Figure 2.6a-c is the same as that of
the individual spot on the MALDI target plate underneath the glass substrate appearing

in Figure 2.6d.

Figure 2.6 Patterned glass substrates with (a) coated positive UV-sensitive resist after
photolithography step, (b) grafted PAA brushes holding water droplets demonstrating
their higher hydrophilicity than the surrounding area, grafted PAA brushes having in situ
generated AuNPs (c) alone, and (d) together with the MALDI target plate.

Morphology of the immobilized AuNPs on the glass substrate was determined
from the material scrapped of the glass slide by TEM. As can be seen in Figure 2.7,
the AuNPs were not quite uniform in shape. This outcome agrees quite well with the
work previously reported by Hussain et al. % The diameter estimated from the AuNPs

that are quite spherical was in a range of 25.13+3.20 nm.

b

d

Figure 2.7 Representative TEM images (a, b) of AuNPs immobilized on PAA-modified

glass substrate
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The presence of AuNPs on the PAA-modified glass surface was also verified by
XPS measurement. Figure 2.8 shows XPS spectra of the PAA-modified glass surface
both before and after AuNPs immobilization. As shown in Figure 2.8b, besides the
signals of carbon (C4, binding energy of 287 eV) and oxygen (O,, binding energy of
533 eV) of PAA, trace signals of Ausm, and Augs, at binding energy of 84 and 88 eV,
characteristic binding energies of Au(0) % were also observed implying the success of
in situ synthesis of AuNPs on the PAA brushes modified on glass substrate with 0.67%
composition. It should also be emphasized that the ratio of C:O of approximately 3:2
matched very well with the theoretical value estimated from the repeat unit of PAA (-
CH,CCOOH-). Percentages of elemental composition of all samples are also shown in

Table 2.2.

Cls Ols Auaf
(a) (a)
275 280 285 290 295 300 520 525 530 535 540 545 75 80 85 a0
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 2.8 XPS spectra of (a) PAA-modified glass substrate and (b) PAA-modified glass

substrate containing AuNPs.

Table 2.2 Elemental composition of surface-modified glass substrates analyzed by XPS

PAA-modified glass surface

Element PAA-modified glass surface (%) containing AuNPs (%)
Cis 56.76 59.44
Oys 43.24 39.89

Al - 0.67

95
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SALDI-MS Analysis of Single Peptide on the AuNPs-PAA Substrate

To determine the applicability of the PAA-modified glass substrate immobilized
with AuNPs (AuNPs-PAA) as substrate for SALDI-MS analysis, bradykinin (MW =
1060.21 g/mol), a cancer biomarker, was chosen as a standard peptide for analysis in
comparison with the use of citrate-stabilized AUNPs as a MALDI matrix. As illustrated in
Figure 2.9, the citrate-stabilized AuNPs alone gave such a high background signal
which is probably caused by partial ionization of the AuNPs. Therefore, poor signal of
bradykinin was detected with relatively strong background when the analysis was done
in the presence of citrate-stabilized AuNPs as can be seen in Figure 2.9b. On the other
hand, a characteristic peak of bradykinin at m/z of 1060 was clearly observed without
signal interference from the AuNPs when the analysis was performed on a spot of PAA
brushes containing AuNPs (Figure 2.9c). This result strongly indicated that the PAA
brushes effectively trapped and prevented the AuNPs from coming off the substrate so
that their ionization was suppressed. The fact that the ion abundance of bradykinin was
relatively high in Figure 2.9c suggested that the ionization efficiency was also improved
perhaps by a better distribution of the AuNPs within the matrix of PAA and PAA itself
being a good proton source. To determine the stability of the mass spectrum, we have
also performed analysis of bradykinin on a number of modified targets and found that
%RSD of ion abundance is less than 5%. This relatively low %RSD suggests that the

mass spectra are quite stable.



49

lon abundance

200

1004

800 1000 1200 1400 1600
120- miz

100

lon abundance
8

800 1000 1200 1400 1600

lon abundance
3

0 T T r .
800 1000 1200 1400 1600
m'z

Figure 2.9 Mass spectra of (a) AuNPs, (b) bradykinin mixed with citrate-stabilized
AuNPs matrix, and (c) bradykinin on AuNPs-PAA substrate.

Besides the analysis of bradykinin peptide, the AuNPs-PAA substrate was also
subjected to analysis of low molecular weight peptide, GSH (MW 307.08 g/mol). As
revealed in Figure 2.10a, by using CHCA matrix, GSH was undetectable due to the
interference ion peaks from CHCA matrix at low mass region (m/z < 600). This
common phenomenon limits the application of MALDI-MS technique for small molecule
detection. Interestingly, when GSH was analyzed on our developed modified substrate,
it was readily detected without interference peak as shown in Figure 2.10b. There are
two dominant peaks in the mass spectrum, which represent [GSH+H]+ (m/z 308) and
[2GSH+H]+ (m/z 615). Dimerization of GSH caused by oxidation of the cysteine side

chain thiols, linking two chains together by a disulfide bridge, seems to be favorable at
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relatively high concentration, 500 nM in this case. This is the reason why [ZGSH+H]+
(m/z 615) was not detected in subsequent investigation where rinsing was involved for
selective analysis from mixture (Figure 2.11a) and LOD determination (Figure 2.13a) of
which GSH concentration was as low as 0.1 nM. Similar observation on GSH
dimerization was also reported by Cui and co-workers.40 Moreover, the lower laser
energy (50% laser 100 shots) was required in the detection on the AuNPs-PAA
substrate when compared to the unmodified substrate (using CHCA matrix), indicating
the potential of this substrate for low molecular weight compound detection. This newly
developed substrate provides an alternative approach for the analysis of small

molecules by SALDI-MS technique.
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Figure 2.10 Mass spectra of GSH (500 nM) analyzed (a) by using CHCA matrix and (b)
on AuNPs-PAA substrate.

Selective Detection of Thiol-containing Peptide on the AuNPs-PAA Substrate by
SALDI-MS

Based upon the inherently strong binding interactions between Au and thiol (-
SH) group,41 the selectivity of the AuNPs-PAA substrate towards thiol-containing
peptides (i.e. GSH, ICNKQDCPILE) was investigated. Firstly, a solution mixture of three
small molecules (m/z < 500) which are GSH (m/z 307.32), sucrose (m/z 342) and
cholesterol (m/z 386.65) was incubated on the AuNPs-PAA substrate and the substrate
was simply rinsed with PBS buffer and Milli-Q water before SALDI-MS analysis. The
result shown in Figure 2.11a indicates that only GSH was detectable on the modified
substrate, which may be explained as a consequence of selective binding between Au

on the modified substrate and the thiol group of GSH. Apparently, there was no non-
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specific adsorption of the non-thiol-containing peptides by either the AuNPs or the PAA
brushes. By using our modified substrate, the thiol-containing peptide can be directly
detected on the target plate without the requirement for separation by centrifugation as
employed by aforementioned research.16’42 This truly add simplicity by reducing cost
and time of sample preparation.

Then, the selectivity of the substrate was further evaluated with peptides having
higher mass (MW 2 1000 g/mol) from a solution mixture of ICNKQDCPILE (m/z 1274)
and bradykinin (m/z 1060.21). As can be seen in Figure 2.11b, only ICNKQDCPILE
that contains thiol groups on cysteine unit was selectively detected at m/z of 1275
[M+H]+. This high selectivity of the modified substrate towards thiol-containing peptide is
very useful for the applications that require high specificity for the detection of thiol-

containing peptides in complex biological samples (e.g. human serum, cell lysates).
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Figure 2.11 Mass spectra of (a) a mixture of 500 nM GSH, sucrose, cholesterol and (b)
a mixture of 500 nM bradykinin and ICNKQDCPILE analyzed on AuNPs-PAA substrate
by SALDI-MS.

To demonstrate that the substrate also works in biological matrices, a similar
analysis was conducted in human serum by spiking a solution mixture of
ICNKQDCPILE (m/z 1274), bradykinin (m/z 1060), and angiotensin | (m/z 1296) at a
concentration of 500 nM each into a 10x diluted human serum. After the high
abundance serum proteins (e.g. HSA, IgG) was removed using an antibody column, the
leftover of solution was incubated on the modified substrate for 15 min to selectively
bind with thiol-containing peptide. After washing with PBS (pH 7.0) and Milli-Q water,
the peptide attached on the modified target was directly analyzed by MS. As shown in a

Figure 2.12, only ICNKQDCPILE that contains thiol group on cysteine unit is selectively
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modified substrate for selective binding and direct MS detection of cysteine-containing

peptide in complex biological matrices.
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Figure 2.12 Mass spectra of ICNKQDCPILE spiked in 10x diluted human serum
analyzed on AuNPs-PAA substrate by SALDI-MS after depletion of high abundance

proteins in human serum.

The detection limit of thiol-containing peptides (GSH, ICNKQDCPILE) on these
substrates was also estimated. As shown in Figure 2.13, the limit of detection (LOD) of
GSH and ICNKQDCPILE were found to be 0.1 nM (S/N = 6.4) and 0.05 nM (S/N = 3.8),
respectively on the AuNPs-PAA substrate. Thus, by using our modified substrate, the

thiol-containing peptide can be selectively and sensitively detected without the use of

organic matrix.
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Figure 2.13 Mass spectra of (a) 0.1 nM GSH and (b) 0.05 nM ICNKQDCPILE analyzed
on AuNPs-PAA substrate.
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CONCLUSIONS

The present study has demonstrated that patterned PAA brushes can be formed
by photolithography and surface-initiated RAFT polymerization of AA. The AuNPs can
be generated in situ within the matrix of PAA brushes without the use of additional
reducing agent. The presence of AuNPs in the form of Au0 was verified by XPS. TEM
analysis suggested that the AuNPs were not quite uniform in shape and had estimated
diameter in a range of 25.13+3.20 nm. As determined by ICP-MS, a surface coverage
of up to 4.62><10'9 mol/cm2 was achieved upon using an optimal dipping cycle of 5 in
HAuCl, and Milli-Q water. The PAA brushes embedded with AuNPs can be used as
substrate for SALDI-MS analysis which was capable of detecting both small peptide
having m/z < 600 (GSH) and large peptides having m/z 2 1000 (bradykinin,
ICNKQDCPILE) without the interference from matrix signal. Moreover, by employing
AuNPs as the capture probe, the PAA-AuNPs substrate can selectively identify thiol-
containing peptides (GSH, ICNKQDCPILE) from the peptide mixtures with LOD as low
as 0.1 nM and 0.05 nM for GSH and ICNKQDCPILE, respectively. An ability to
selectively detect ICNKQDCPILE in diluted human serum strongly demonstrates the
potential of the developed substrate for peptide analysis in complex biological matrices.
In addition, the procedure of separation is simple, time-saving and efficient because
sample can be spotted and thiol-containing peptides can be separated directly on the
target plate by using micropipette without the requirement for tedious washing/rinsing
steps. It should also be emphasized that the analysis can be accomplished without the
requirement for extra proton source because carboxyl groups of PAA brushes can serve

as internal proton source.
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Chapter Il

Clickable and Anti-fouling Platform of Poly[(propargyl methacrylate)-
ran-(2-methacryloyloxyethyl phosphorylcholine)] for Biosensing
Applications

INTRODUCTION

Effective functionalization with biomolecules is important in the development of
materials for biotechnology-related applications such as biosensors, protein/cell
microarrays, microfluidic devices, and tissue engineering. Polymeric platforms are becoming
increasingly attractive for biomolecule immobilization because a variety of functional groups
can be conveniently incorporated and proportionally customized using combinations of
specific monomers in the polymerization step. The superiority of this approach, which
provides a three-dimensional platform and therefore offers a higher functional group density
for biomolecular probe binding per surface area than in the case of a conventional two-
dimensional platform based on self-assembled monolayers (SAMS)1-3 of end-functionalized
alkanethiols, for biosensing applications has been shown by our group4'5 and other
researchers.

Most biomolecules (e.g., proteins, antibodies, enzymes, and DNA) carry carboxyl
and/or amino groups. Polymers with versatile functionalities that can accommodate covalent
bond formation, particularly via hydrolytically stable amide linkages, including

12,13
ki

poly[oligo(ethylene glycol) methacrylate],” " poly(2-hydroxyethyl methacrylate), " and

poly(acrylic acid) (PAA),4’ o119 are therefore commonly used as platforms for biomolecule
conjugation. However, an additional activation step using an appropriate coupling reagent is
required for biomolecule conjugation to such polymers. PAA, in particular, suffers from non-
specific adsorption of positively charged components such as lysozyme (LYZ) because its
carboxyl groups (-COOH) can be ionized to negatively charged carboxylate ions (—COO_).5

This is problematic in the analyses of complex samples. Precursor polymers have recently
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emerged as alternative and ready-to-use functional materials that can directly bind with
designated nucleophilic modifiers such as an amino-containing biomolecules, without
having to undergo activation. Well-known precursor polymeric systems include polymers
bearing succimidyl esterzo_22 or pentafluorophenyl ester groups,23'24 poly[propargyl

27,28

(me)thacrylate] [PPg(M)AL>"? and poly(glycidyl methacrylate) (PGMA) From the
perspective of chemical robustness, PPg(M)A is a good choice because the alkynyl side
group in each repeat unit specifically undergoes a Huisgen 1,3-dipolar azide—alkyne
cycloaddition with azide-containing molecules, or thiol-yne reactions with thiol-containing
molecules; the reaction yields under mild conditions are high and no by-products are
generated. Socaci and coworkers25 prepared core—shell nanoparticles consisting of
magnetite cores and poly(O-propargyl acrylate) shells. They showed that acryloyl-containing
phosphonates or methacryloyl phosphates anchored to the magnetic nanoparticle (MNP)
surfaces acted as initiating sites for polymerization of a series of alkyne-terminated acrylate
monomers with different spacers between the carboxyl oxygen atom and the alkyne moiety.
The ability of the alkyne moieties on MNPs to form triazole linkages via azide—alkyne
cycloaddition was tested using azide-terminated biotin fluorescently labeled with dansyl
groups. Wang and co-workers26 successfully developed an alkyne-functionalized
microporous polypropylene membrane via a combination of plasma treatment and UV-
induced graft polymerization of 3-(trimethylsilyl)propargyl methacrylate. The PPgMA-
modified membrane obtained after trimethylsilyl removal can directly bind with a thiol-
containing carbohydrate ligand, 2,3,4,6-tetra-O-acetyl-3-D-glucopyranoside thiol, and yields
a glycosylated membrane via a thiol-yne click reaction. The glycosyl density of the
glycosylated membrane can be tuned based on the polymer graft density, and the
membrane showed specific adsorption of lectin concanavalin A over peanut agglutinin.
Specific detection of target molecules rather than the non-targeted components or
the ability to resist non-specific adsorption, known as anti-fouling, is another key element in
biosensor development, especially for the analysis of real biologically relevant samples in
which numerous types of interference exist concurrently. A number of copolymeric
platforms have therefore been designed to incorporate biocompatible and highly hydrophilic
polymers along with precursor polymers. Among the developed hydrophilic polymers,
zwitterionic polymers, which contain positively and negatively charged moieties within the

same structure, such as poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC),
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poly(carboxybetaine methacrylate) (PCBMA), and poly(sulfobetaine methacrylate) (PSBMA)
have received growing attention for use in new-generation anti-fouling materials.zg_31
Emmenegger and co-workers30 reported that plasma protein adsorption completely
suppressed on surface-immobilized PCBMA, whereas PMPC and PSBMA prevented
adsorption of the main plasma proteins (human serum albumin, 1gG, Fbg, and LYZ) from
single-protein solutions, but could not prevent plasma deposition. In this study, based on
our previous work using MPC-containing copolymer brushes between PMPC and
poly(methacrylic acid) (PMA) as precursor layers for biosensor applications,14 we used
PMPC as an anti-fouling zwitterionic polymer to prevent non-specific adsorption. It has
been proven that PMPC helps to suppress undesirable non-specific adsorption of proteins
and ceIIs,32'36 and also provides a suitable environment for preserving the stability and
activity of immobilized biomolecular probes.37_39 Ishihara and co-workers39 used monitoring
with a quartz crystal balance to show that poly[2-methacryloyloxyethyl phosphorylcholine
(MPC)-co-n-butyl methacrylate (BMA)-co-p-nitrophenyloxycarbonyl poly(ethylene glycol)
methacrylate (MEONP)] (PMBN), adsorbed on a gold-coated substrate and conjugated with
anti-C-reactive protein antibodies via nitrophenyloxycarbonyl active ester binding sites in the

MEONP unit can specifically bind with the respective antigens. The developed platform

simultaneously prevented adsorption of bovine serum albumin and Y-globulin. PMBN
physically adsorbed on poly(methyl methacrylate) microchips and polystyrene well plates
has also been used for antigen detection via ELISA-based assays, and for affinity-based
protein separation when deposited on poly(L-lactic acid) nanoparticles.‘w_43 Iwata et aI.44
generated block copolymer brushes of PGMA, another precursor polymer, and PMPC via
surface-initiated atom-transfer radical polymerization. An antibody fragment was conjugated
to the surface-grafted copolymer brushes via a thiol-disulfide interchange reaction with
pyridyl disulfide linkages, previously introduced by epoxide ring opening of GMA repeat
units in the copolymer. The activity of the conjugated antibody fragment in antigen detection
was better for the PMPC copolymer platform than those for platforms based on PGMA
alone or epoxysilane.

Inspired by the research described above, the aim of this study was to develop a
multifunctional copolymer platform based on clickable PPgMA and anti-fouling PMPC, a
combination that, to the best of our knowledge, has never been explored. The alkyne

moiety of the PgMA unit should serve as an active site for binding of azide-containing
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molecules via a Cu-catalyzed azide/alkyne cycloaddition (CuUAAC) click reaction, without the
need for activation. The hydrophilic monomeric unit, MPC, should enable the copolymer to
suppress non-specific adsorption. The copolymer poly[(propargyl methacrylate)-ran-(2-
methacryloyloxyethyl phosphorylcholine)] (PPgMAMPC) was first synthesized by reversible
addition-fragmentation chain-transfer (RAFT) polymerization. Thiol-terminated PPgMAMPC
(PPgMAMPC-SH), obtained by aminolysis of PPgMAMPC, was immobilized on a gold-
coated substrate using a “grafting to” method via Au—S bond formation between the thiol
end groups of the copolymer and the gold surface. Azide-containing biotin and peptide
nucleic acid (PNA) were used as model probes to demonstrate the potential of the surface-
attached PPgMAMPC for probe immobilization and subsequent detection of target
molecules, namely streptavidin (SA) and deoxyribonucleic acid (DNA), using a surface
plasmon resonance (SPR) technique. The parameters that may affect the sensitivity and
specificity, in terms of the signal-to-noise (S/N) ratio, in detecting SA in a complex sample
using a biotin-based sensor were also investigated. The hybridization efficiency (%HE) and
mismatch discrimination (%MD) for DNA detection were evaluated for the PNA-based

Sensor.

EXPERIMENTAL SECTION

Materials. MPC was purchased from the NOF Corp. (Japan). Methacrylic acid
(MA), 4,4'-azobis(4-cyanovaleric acid) (ACVA), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPADB), azide-PEGs;-biotin conjugate (biotin-Ns),
copper(l) acetate, bovine serum albumin (BSA), and LYZ were purchased from Aldrich. MA
was distilled under reduced pressure to remove monomethyl ether hydroquinone, a

polymerization inhibitor, prior to use. Phosphate-buffered saline (PBS; pH 7.4) was

purchased from Sigma. Hydrazine monohydrate and N,N'-diisopropylethylamine (DIEA)
were purchased from Sigma-Aldrich. SA was purchased from Thermo Fisher Scientific Inc.
PgMA was synthesized using the method reported He et al.45 DNA was purchased from the
Pacific Science Co., Ltd. PNA was synthesized by solid-phase peptide synthesis on
Tentagel S RAM resin (Fluka) preloaded with 9-fluorenylmethoxycarbonyl-L-lysine(tert-
butoxycarbonyl)-pentafluorophenyl (Fmoc-L-Lys(Boc)-oPfp) (CalbiochemNovabiochem Co.,
Ltd.) using a previously reported procedure.46 The PNA was modified at the N-terminus by

reductive alkylation with N3(CH,);CHO to prepare azide-terminated PNA (PNA-N3).47 After
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cleavage of PNA-N; from the solid support using trifluoroacetic acid, the crude PNA-N; was
purified using reverse-phase HPLC and analyzed by matrix assisted laser
desorption/ionization-time of flight (MALDI-TOF) mass spectrometry (Bruker Daltonik GmbH,
Germany) (see Figure 3.1 for chromatogram and mass spectra).
Ethylenediaminetetraacetic acid (EDTA) was purchased from Fluka. Human platelet-poor
plasma was donated by a healthy volunteer. Milli-Q water was purified using an ultrapure
water system with a Millipak-40 filter unit (0.22 ym, Millipore) and a Millipore Milli-Q system
that involved reverse osmosis followed by ion exchange and filtration steps (18.2 MQ). All
reagents and materials were analytical grade and used without further purification unless

specified.
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Figure 3.1 (a) HPLC chromatogram (260 nm) and (b) MALDI-TOF mass spectrum of PNA-
N3 (N5-TTT TTT TTT-LysNH,).

Synthesis of Thiol-terminated  Poly[(propargyl = methacrylate)-ran-(2-
methacryloyloxyethyl phosphorylcholine)] (PPgMAMPC-SH). MPC monomer (0.59 g,
2.0 mmol), ACVA (0.7 mg, 2.5 pmol), and CPADB (5.6 mg, 20 ymol) were dissolved in 2
mL of an EtOH:THF (1:1 v/v) mixture. PgMA (0.25 mL, 2.0 mmol) was added to the

solution under magnetic stirring. The clear pink solution was purged with nitrogen gas for
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30 min and then immersed in an oil bath at 70°C and polymerization was performed for a
set reaction time. The reaction was terminated in an ice bath. The resulting PPgMAMPC
was purified, using a dialysis membrane (molecular weight cut-off = 3500 g/mol), against
EtOH for 2 d, and then against deionized water for 2 d. An orange cotton-like material was
obtained after Iyophilization. The copolymer composition was varied by varying the molar
ratio of PgMA to MPC in the feed. PPgMAMPC was characterized using 1H NMR and FTIR
spectroscopies. The molar percentage contents of PgMA and MPC units in the copolymer
(PPgMA _MPC,) were denoted by m and n, respectively.

1H NMR (400 MHz, CD,;0D) 5(ppm): characteristic peaks of PgMA unit (-C=CH
3.10, —-O-CH,—C=CH 4.55-4.80), MPC unit [(-N(CH,); 3.25, -N-CH,CH,—O- 3.75 ppm, —
POCH,CH,;N—-, —-COOCH,, —CH,OP 4.0—4.4], and aromatic protons (—CgH5 7.40-7.95).

PPgMAMPC-SH was prepared by aminolysis of the dithioester groups at the chain
ends of the copolymer with hydrazine monohydrate (Scheme 3.1a).48 PPgMAMPC (0.2 g)
was dissolved in EtOH (3 mL) for PPgMA3;sMPCg,-SH and PPgMA,sMPC45-SH, or a mixture
of EtOH and THF (7:3 v/v) for PPgMAgsMPC35-SH, until the solution was clear. Hydrazine
monohydrate (30 mol equiv with respect to dithioester groups) was added to the copolymer
solution under magnetic stirring. When addition was complete, the solution was stirred for 2
h at ambient temperature and then added dropwise to aqueous 1.0 M HCI (10 mL) and
stirred for 1 h. The obtained PPgMAMPC-SH was purified using a dialysis membrane
(molecular weight cut-off = 3500 g/mol) against aqueous HCI, pH 3—4, for 2 d, and then
against deionized water for 2 d. A white cotton-like product was obtained after
lyophilization. The copolymer was characterized using 1H NMR, FTIR, and UV-vis

spectroscopies.

Immobilization of PPgMAMPC-SH on Gold-Coated SPR Chip. A gold-coated SPR
chip was cleaned with air plasma in a plasma cleaner (Harrick Plasma PDC-32G, Power 18
W) for 5 min, washed with Milli-Q water for 5 min, and dried under a nitrogen stream. The
cleaned SPR sensor chip was immersed in 3 mL of a 0.1 mM copolymer solution
[PPgMA3sMPCg-SH and PPgMA,sMPCss-SH in EtOH, PPgMAgMPCas-SH in EtOH/THF
(7:3 viv)] at ambient temperature for 48 h. The modified SPR chip was removed from the

solution and rinsed five times by constant agitation, for 5 min each time, in EtOH for Au-
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PPgMA;sMPCg, and Au-PPgMAsMPCss, and in EtOH/THF (7:3 v/v) for Au-PPgMAgsMPC3s.
The SPR sensor chip with the immobilized copolymer was dried under a nitrogen stream
and characterized using contact angle and SPR measurements and attenuated total

reflection (ATR)-FTIR spectroscopy.

Characterization. Dynamic advancing (eA) water contact angles were measured
using a contact angle goniometer equipped with a Gilmont syringe and a 24-gauge flat-
tipped needle (Ramé-Hart, model 200-F1). All measurements were performed in air at
ambient temperature. Data for each sample were collected from five different areas of the
substrate and analyzed using DROPimage standard 2.0 software. The characteristic
functional groups of the copolymer brushes on the SPR sensor chip were characterized
using ATR-FTIR spectroscopy (Nicolet 6700 FTIR spectrometer). Spectra were recorded in
the IR region (4000—650 cm_1) based on 32 scans, at a spectral resolution of 4 cm_1. 1H
NMR spectra were recorded in CD;OD using a Varian NMR spectrometer (Mercury-400;
USA) operated at 400 MHz. The disappearance of the dithioester groups of the copolymer
was monitored using UV-vis spectroscopy (CARY 100Bio UV-visible spectrophotometer,
Varian Inc., Palo Alto, CA, USA). Gel permeation chromatography (GPC) was performed
using a refractive index detector equipped with a Shodex Asahipak GF-1G guard column
and a 7.0 ym bead GF-7M HQ column (exclusion limit ~107) at 40 °C and a flow rate of 0.6
mL/min. A phosphate buffer (pH 9) containing 10 vol% acetonitrile was used as the eluent.
The M, and M,/M, values were calibrated with standard sodium poly(styrene sulfonate)
samples. The elemental composition on a selected SPR chip with an immobilized
copolymer was determined by X-ray photoelectron spectroscopy (XPS; AXIS Ultra DLD,
Kratos Analytical Ltd., Manchester, UK) using an Al Kou X-ray source. All XPS data were
collected at a take-off angle of 90°. Atomic force microscopy (AFM) images were obtained
using a scanning probe microscope (NanoScope®IV, Veeco, Plainview, NY, USA).
Measurements were performed in air in tapping mode with a silicon nitride tip at a
resonance frequency of 267-295 kHz and a spring constant of 20—80 N/m. The thickness
of the polymer brushes was measured using a spectroscopic ellipsometer (J. A. Woollam
Co., Lincoln, NE, USA) at an incident angle of 70-80° in steps of 5°. The calculation was
performed based on a Cauchy layer model with assumed refractive index of 1.34+0.09 for

gold-coated substrate at 632.8 nm.
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SPR Measurements. SPR measurements were performed using a double-channel
AutoLab ESPR instrument (Eco Chemie, Utrecht, The Netherlands) at 25 °C, with the plane
face of the prism coupled to the gold-coated glass via an index-matching fluid. The
instrument uses a laser diode at a wavelength of 670 nm and a vibrating mirror to modulate
the angle of incidence of the p-polarized light beam on the SPR substrate. An autosampler
was used to inject the test solution and the SPR angle shift measurements were performed
under non-flow liquid conditions. The SPR angle shift at the end-point of each step and
after baseline subtraction (angle shift) was used to calculate the density of molecules
bound to the surface or the target density, using a sensitivity factor of 120 mDegree, equal
to 100 ng/cmz. This sensitivity factor is specifically calibrated for the AutoLab ESPR, which
uses an N-BK 7 prism refractive index of 1.518, and incident light wavelength of 670 nm.
Each gold-coated SPR chip bearing PPgMAMPC was first seated in an SPR cell before
being stabilized with a running solution of 10 mM PBS (pH 7.4). When the equilibrium SPR

angle frequency in the buffer solution was obtained, the substrate was ready to be used.

Probe Conjugation on Copolymer-Modified SPR Chip by CUAAC Reaction. For
conjugation of biotin-N; (Scheme 3.1b), Cu(l) acetate (1.23 mg, 0.01 mmol) and biotin-N;
(0.5 M, 4.0 L, 2.0 umol) were dissolved in 10 mM PBS (pH 7.4, 2 mL) for 10 min to obtain
a final biotin-N; concentration of 1.0 mM. The PPgMAMPC-modified SPR chip was
immersed in the mixture, with constant agitation for 5 min. DIEA (1.71 uL, 0.01 mmol) was
added to the reaction mixture and the SPR chip was immersed in the mixture for 24 h
under constant agitation at ambient temperature. The modified SPR chip was removed from
the solution and then rinsed by constant agitation in 10 mM EDTA for 1 min and 10 mM
PBS (pH 7.4) five times for 5 min each. The azide-containing PNA (PNA-N;) probe was
immobilized on the PPgMAMPC-modified SPR chip (Scheme 3.1c) by dissolving Cu(l)
acetate (0.1 mg, 8.2 umol) and PNA-N; (10 nmol) in methanol (2 mL) for 10 min to obtain a
final PNA-N; concentration of 5.0 pM. The modified SPR chip was immersed in the solution
with constant agitation for 5 min. A solution of DIEA (50 uM, 1.0 mL) was added to the
reaction mixture and then the SPR chip was immersed in this mixture for 24 h under
constant agitation at ambient temperature. The modified SPR chip was removed from the

solution and rinsed by constant agitation in 10 mM EDTA for 1 min and in methanol five
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times for 5 min each. The SPR sensor chip was dried under a nitrogen stream and

characterized using contact angle and SPR measurements and ATR-FTIR spectroscopy.
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Scheme 3.1 Schematic Diagram of (a) Preparation of PPgMAMPC-SH, (b, c)
Immobilization of Biotin-N; and PNA-N; on PPgMAMPC-Modified SPR Chip, and (d, e)

Specific Binding between Conjugated Probe and Target Molecule

Specific Interactions between Conjugated Probes and Target Molecules. A
PPgMAMPC-modified SPR chip conjugated with the desired probe was seated in an SPR
cell and then rinsed with a running solution of 10 mM PBS buffer (pH 7.4). Once the
baseline SPR response was stable, the target molecule was applied to the chip. In the case

of the PPgMAMPC-modified SPR chip conjugated with biotin-N; (Scheme 3.1d), SA (0.1
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mg/mL, equivalent to 1.9 JM) in blood plasma solution (0.1 mg/mL, 0.14% in PBS buffer)
was applied to the surface and left for 15 min. Unbound SA was removed by washing with
10 mM PBS buffer (pH 7.4) for 5 min. The specific binding of SA was quantified from the
shift in the SPR response angle at the end-point of the washing step and after baseline
subtraction. Non-specific binding (binding in the absence of SA in blood plasma solution)
was also determined to quantify the specific binding of SA in blood plasma in terms of the

S/N ratio; this ratio was calculated using the following equation:

SEN _ SPR angle shift after exposure to blood plasma with streptavidin (eq31)

5PR angle shift after exposure to blood plasma without streptavidin

For the PPgMAMPC-modified SPR chip conjugated with a PNA-N; probe (Scheme
3.1e), DNA (50 pM) in 10 mM PBS (pH 7.4) containing 100 mM NaCl was applied to the
surface and left for 15 min. Unbound DNA was removed by washing with PBS for 5 min.
The specific binding of DNA was quantified from the shift in the SPR response angle at the
end-point of the washing step and after baseline subtraction. The sensor was regenerated
by washing with 50 mM NaOH for 5 min. The %HE and %MD were calculated using the
following equations:

target density

0%HE = X 100 (€q.3.2)

probe density

S HEof complementary DNA - @HEof mismatched DNA
& HEof complementary DNA

%MD = X 100 (€q.3.3)

RESULTS AND DISCUSSION

Synthesis and Characterization of Thiol-Terminated Poly[(propargyl methacrylate)-ran-
(2-methacryloyloxyethyl phosphorylcholine)] (PPgMAMPC-SH). A PPgMAMPC
copolymer was synthesized via RAFT polymerization using CPADB and ACVA as the chain
transfer agent (CTA) and radical initiator (In), respectively. The molar percentage contents
of PgMA and MPC units in the copolymer (PPgMA MPC ) are denoted by m and n,

respectively. Our survey suggested that the optimum [CTA]/[In] ratio for obtaining a
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copolymer with a well-controlled molecular weight was 8; the data are shown in Table 3.1.
The control over the copolymerization process was also demonstrated for a targeted
degree of polymerization (DP) of 200 based on the linear first-order relationship between
In[M]o/[M] and the polymerization time (Figure 3.2), suggesting that the polymeric radical
concentration remained unaltered throughout the polymerization. 1H NMR spectroscopy
(Figure 3.3) showed that the copolymer composition varied as a function of the monomer
ratio in the feed (Table 3.2). The molecular weight of the copolymer was close to the target
(35,375-46,327 kDa). We also attempted to determine the molecular weight and
polydispersity indices (PDIs) of the copolymers using GPC. The data are shown in Figure
3.4. It should be emphasized that it is not possible to dissolve the copolymers in a common
polar protic solvent (such as methanol) generally used for GPC analysis of MPC-based
copolymers. And it was rather difficult to dissolve them in the mobile phase used for GPC
analysis, phosphate buffer (pH 9) containing 10 vol% acetonitrile, especially the copolymer

having high PgMA composition, PPgMAgMPC,5, of which molecular weight information

cannot be obtained. The fact that the Mn determined by GPC analysis are underestimated
and proportionally decreased as a function of PgMA content suggested that the molecular
weight information obtained via GPC analysis is somewhat not reliable. Besides, PDI
values were high which may be ascribed to possible copolymer self-assembly in the
phosphate buffer solution. This is why 1H NMR spectroscopy was used as the main tool for
determining the molecular weight of the copolymer. Despite the relatively high PDI, the
unimodal distribution evidenced from GPC chromatograms (also shown in Figure 3.4) is
reasonable evidence of copolymer formation. The functional groups in the synthesized
copolymer were identified using FTIR spectroscopy (Figure 3.5). The characteristic peaks
for C=0O (ester) stretching, at 1725 cm'1, asymmetric O=P-O- stretching, at 1240 cm'1,
symmetric O=P-O stretching, at 1087 cm, and ~N"(CHs),, at 960 cm ' for the MPC units

were observed; a —C=C- stretching peak was observed at 2127 cm'1, and its intensity

increased proportionally with the PgMA content. These results confirm copolymer formation.



68

Table 3.1 Effect of [CTA]/[In] on molecular weight of PPgMAMPC synthesized by RAFT
polymerization for 24 h using PgMA:MPC molar ratio of 20:80 and targeted DP of 100

Monomer Monomer
composition composition Target M.
n
in feed (%) in copolymer [CTAY/[In] M
o/ \@ (kDa)
(%) (kDa)
PgMA MPC PgMA MPC
20 80 15 85 4 26.3 66.8
20 80 15 85 8 26.3 201

“Calculated from 'H NMR data
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Figure 3.2 Percentage of MPC conversion (®) and corresponding semi-logarithmic plot (O)

as function of time for PPgMA,sMPC;5 with targeted DP of 200.
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Figure 3.3 'H NMR spectra (CD,0D) of (a) PPgMAssMPCy, (40.0 kDa), (b) PPgMA,sMPCas
(46.7 kDa), and (c) PPgMAgMPCs; (38.4 kDa).

Table 3.2 Copolymer Compositions and Molecular Weights of PPgMAMPC (Target DP 200)
Synthesized by RAFT Polymerization

Monomer Monomer
composition composition —
in feed (mol%) in copolymer Mo DP’ SR T
(mol%)a (kDa) abbreviation
PgMA MPC PgMA MPC
70 30 65 35 384 208 PPgMAgsMPC35
50 50 45 55 46.7 213 PPgMA ;sMPCs
30 70 38 62 40.0 173 PPgMA;sMPCg,

? Calculated from 'H NMR data
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(a)
g (b)
g
g
13 14 15 16
Elution time (min)
Copolymer M, PDI (M,/M.)
(a) PPgMA3MPCq, 13,849 1.524
(b) PPgMA,5sMPCs5 6,048 1.520

Figure 3.4 GPC chromatogram (top) and molecular weight and polydispersity index (PDI)
(table below) determined by GPC of (a) PPgMA3;sMPCg, (40.0 kDa) and (b) PPgMA;sMPCs;s
(46.7 kDa).
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Figure 3.5 FTIR spectra of (a) PPgMA;sMPCq, (40.0 kDa), (b) PPgMA,sMPCs;s (46.7 kDa),
and (c) PPgMAgMPCa; (38.4 kDa).
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Aminolysis with hydrazine transformed the dithiobenzoate groups at the chain ends
of the PPgMAMPC copolymer into thiol groups, yielding PPgMAMPC-SH,48 as shown by

the disappearance after aminolysis of the aromatic proton signals at 7.40-7.95 ppm in the

1H NMR spectrum and the UV-vis absorption peak at 305 nm (Figure 3.6).
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Figure 3.6 (a) UV-vis absorption spectra and (b) 1H NMR spectra of PgMAgMPC55 (38.4

kDa) before and after aminolysis.
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Immobilization of PPgMAMPC-SH on Gold-Coated SPR Chip. Unlike
PPgMA3;sMPCg,-SH and PPgMA;sMPCss-SH, PPgMAgMPC35-SH, which has a higher
content of the more hydrophobic PgMA unit, is not soluble in EtOH but dissolves in a
mixture of EtOH and THF (7:3 v/v). Au-S bond formation between the gold layer of the
SPR chip and the thiol-terminated copolymer (PPgMAMPC-SH) via a “grafting to” approach
was performed at ambient temperature for 48 h. The presence of PPgMAMPC brushes on
the SPR chip was confirmed using water contact angle measurements, and SPR, ATR-

FTIR, and XPS analyses. The data in Table 3.3 show that the advancing (GA) water
contact angle of the SPR chip decreased from 71.9 £ 1.3° to 44.6 *+ 0.9° and 46.6 *

3.5° upon immobilization of PPgMA3;sMPCg,-SH and PPgMA,sMPCss-SH, respectively,
indicating their highly hydrophilic characters. The copolymer with the highest content of
hydrophobic PgMA, i.e., PPgMAgMPC35-SH, yielded a gold surface with a contact angle

(87.9 4.20) higher than that of the pristine gold surface. Chemisorption of the copolymer
brushes on the gold-coated SPR chip was monitored using an SPR technique. The SPR
angle shift upon PPgMAMPC-SH immobilization was used to calculate the amount of
copolymer bound to the surface, using a sensitivity factor of 120 mDegree, which is

equivalent to 100 ng/cm2 (Table 3.3).49’ %
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Table 3.3 Water Contact Angle and SPR Data for Gold-Coated SPR Chips after
PPgMAMPC-SH Immobilization and Subsequent Conjugation with Biotin-N;

SPR data
Amount
Advancing water adsorbed for
Sample o Angle shift
contact angle (7) each
(mDegree)
modification
step (ng/cmz)
Au 7191+ 13 - -
Au-PPgMA;sMPCg, 4461+ 0.9 1024.8 £ 81.8  854.0 = 68.1
Au-PPgMA4sMPCss 466 + 35 882.1 +166.6  735.0 = 138.9
Au-PPgMAgsMPCg5 879142 13231 £ 56.1  1102.0 *+ 46.8
Au-PPgMA;sMPCg,-biotin 327t27 152+ 7.4 12.7 £ 6.1
Au-PPgMA ,sMPCss-biotin 4161+ 13 229.5 £ 504 191.2 £ 42.0
Au-PPgMAgsMPC4s-biotin 622+ 1.7 2095 £ 6.7 1745 + 5.6

Figures 3.7 shows the XPS atomic spectra of the gold-coated substrate with
immobilized PPgMA,sMPCss-SH and the substrate before immobilization (bare gold). At a
take-off angle of 90°, phosphorus (P,,) and nitrogen (Ni) signals attributed to the
phosphorylcholine group of the MPC units were observed on the substrate, indicating that
the copolymer is bound to the gold-coated substrate. The S,, signal of the bound thiol, at a
binding energy of 163 eV, was also detected, implying that the copolymer was strongly
adsorbed on the substrate by interactions between the thiol groups of the copolymer and
the gold surface. The characteristic absorption peaks of the MPC unit, i.e., C=0 stretching
(ester) at 1725 cm’, O=P-0-,¢nm stretching at 1264 cm’ 0=P-0O-,,, stretching at 1091
cm_1, and -N+(CH3)3 stretching at 968 cm_1, were observed in the ATR-FTIR spectra

(Figure 3.8), but the characteristic absorption peak of the PgMA unit, i.e., —-C=C-
stretching at 2127 cm_1, was not clearly observed because of overlap with the characteristic

peak of diamond (in the region 1500-2650 cm_1), which is the reflectance material used for



ATR-FTIR measurements. This signal

74

from diamond dominates the other signals,

particularly when the adsorbed material to be characterized is very thin, 1.89-3.12 nm in

our case (estimated by ellipsometry).
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Figure 3.7 XPS atomic spectra of gold-coated substrate (a) before and (b) after adsorption

of PPgMAsMPCs5-SH and PPgMA,sMPC5s-SH platform after (c) biotin immobilization and

(d) PNA immobilization.
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Figure 3.8 ATR-FTIR spectra of gold-coated SPR chips (a) before immobilization, and after
immobilization of (b) PPgMA;sMPCg,-SH (40.0 kDa), (c) PPgMA,sMPCs5-SH (46.7 kDa),
and (d) PPgMAgMPC55-SH (38.4 kDa).

Surface grafting of PPgMAMPC brushes on the gold-coated substrate was
confirmed using AFM. The surface roughness before and after grafting with PPgMAMPC
brushes were similar (1.5 vs 1.3 nm), suggesting that the gold surface was smooth and
homogeneously covered with the copolymer. The thicknesses (f), measured using
ellipsometry, of PPgMA;sMPCg,, PPgMA,sMPCs5, and PPgMAgsMPC45 were 1.89 + 0.12,

2.66 *+ 0.26, and 3.12 £ 0.19 nm, respectively. The thickness can be used to calculate the

graft density (O) as follows:

o=1"A 3.4
Mn (89 )

where p is the mass density (1.1 g/cm3 for PPgMAgMPC35 and 1.2 g/cm3 for

PPgMA,sMPCs5 and PPgMA3;sMPCg,), M, is the molecular weight of the free polymer, and

N, is Avogadro’s number. The copolymer mass densities were estimated proportionally
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using Peypc = 1.3 g/cm3 % and Pepgua = 1.085 g/cm3, on the assumption that they are
equal to that of poly(propyl methacrylate),51 which has the same number of carbon atoms.
For the copolymer synthesized with MT in the range 38.4-46.7 kDa (DP 173-213), the
calculated graft densities of surface-grafted PPgMA3;sMPCg,, PPgMA,MPCgs, and
PPgMAgMPC55 were 0.04, 0.04, and 0.05 chain/nmz, respectively. These values are below
0.08 chains/nmz,52 which suggests that the PPgMAMPC brushes can be categorized as

being in the “mushroom regime.”

Biotin Conjugation on Copolymer-Modified SPR Chip by CuUAAC Reaction and
Subsequent Binding with Streptavidin. Biotin was used as the first sensing probe model.
It has a high binding affinity with SA (dissociation constant Kp = 10_4 M).53 Biotin-N; was
immobilized on the PPgMAMPC-modified SPR chip outside the SPR instrument by
CuAAC.54' % The data in Table 3.3 show that the water contact angles of the PPgMAMPC-
modified SPR chip decreased after biotin attachment, indicating that the hydrophobic alkyne
moieties from the PgMA repeat units were consumed and bound with biotin with three

repeat units of the hydrophilic PEG spacer. The amounts of immobilized biotin increased

significantly, from 12.7 = 6.1 to 191.2 + 42.0 ng/cmz, when the PgMA content of the
copolymer was increased from 38% to 45%. However, further increasing the PgMA
composition to 65% reduced the quantity of bound probe, implying that biotin may have
limited access to the alkyne moieties of copolymers with high PgMA contents, in which the

swellability would be suppressed because of the inherent hydrophobicity. This is confirmed
by the water contact angle (87.9 T 4.20) being much higher than those of the
PPgMAMPC-modified SPR chips with PgMA contents of 38% and 45% (44.6 *+ 0.9° and

466 t 3.5° respectively). As shown in Figure S6 in supporting information, similar
characteristic atomic spectra of the PPgMAMPC-modified SPR chips were observed after
biotin and PNA immobilization but with much better signal especially for Nys, S,,, P, peaks
in comparison with those before probe immobilization. A Cu peak appears in the Au-
PPgMAMPC spectra after probe immobilization (both biotin and PNA), suggesting that Cu
remained after the click reaction, although the surface was thoroughly rinsed with 10 mM
EDTA and 10 mM PBS (pH 7.4). However, we believe that the Cu contamination should

not affect the target molecule detection efficiency.
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Non-specific adsorption of the biotin-modified PPgMAMPC copolymer platform with
different copolymer compositions on gold-coated SPR chips was investigated by
comparison of adsorption of non-targeted proteins, bovine serum albumin (BSA; 69 kDa, pl
= 4.8), LYZ (14 kDa, pl = 12), and 0.14% blood plasma (equivalent to 0.1 mg/mL of protein
in PBS buffer, pH 7.4) with that of a targeted analyte, SA (60 kDa, pl = 5). BSA and LYZ
were selected as model proteins with negative and positive charges, respectively, at pH 7.4
in PBS. Blood plasma is a complex biological-mimic medium comprising about 7% (70 mg
of proteins per milliliter of plasma) of different proteins, e.g., fibrinogen, albumin, and
globulin, and other components such as water, inorganic ions, and organic compounds.56
As anticipated, the biotin-conjugated PPgMAMPC platform was specifically bound to the
targeted SA (Figure 3.9). The bound content of SA increased with increasing PgMA
content in the copolymer and increasing biotin content (Table 3.3). Non-specific adsorption
of the non-targeted proteins (BSA, LYZ, 0.14% blood plasma) was greatly suppressed on
the biotin-conjugated PPgMAMPC platform compared with that on the bare gold surface.
These results indicate that the MPC units in the PPgMAMPC copolymer are of paramount
importance in suppressing non-specific protein adsorption. This agrees well with reported
studies of other MPC—containing (co)polymers.14' 3431 o1 Although the copolymer platform
with the highest PgMA content, i.e., 65%, had the greatest bound SA content, it also gave

the highest non-specific adsorption of blood plasma.
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Figure 3.9 Protein adsorption on biotin-conjugated PPgMAMPC platforms with various

copolymer compositions.

In principle, the biotin/SA binding ratio should be four if all biotin molecules can be
bound to SA. However, the biotin/SA binding ratios, listed in Figure 3.10, were much higher
than the theoretical values, indicating that not all of the conjugated biotin molecules were
bound to SA. The biotin/SA binding ratios were extremely high for the Au-PPgMAMPC
platforms with high contents of hydrophobic PPgMA (45% and 65%). This may be because
of the limited accessibility of SA, which is a large protein (MW = 60 kDa), to the
immobilized biotin embedded inside the inner layer of the polymer brushes. Au-
PPgMA;sMPCg, had the lowest immobilized biotin content, because it had the lowest
content of PgMA, which provides active binding sites for biotin immobilization, and because
its assembled layer on the gold-coated SPR chip was very thin (1.89 + 0.12 nm). Although
the amount of biotin bound on the Au-PPgMAgMPC;5 platform (0.78 + 0.02 nmoI/cmz) was
lower than that on the PPgMA,sMPCs5 platform (0.85 + 0.19 nmoI/cmZ), it had a higher
content of bound SA. To verify this contradictory outcome, we performed additional
experiments to determine the non-specific adsorption of SA (0.1 mg/mL SA in 10 mM PBS)

on Au-PPgMA,sMPCss and Au-PPgMAgsMPC45 before biotin immobilization, using an SPR
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technique. The data shown in Figure 3.11 in the Supporting Information indicate that non-
specific adsorption of SA on the Au-PPgMAgMPC5;5 platform was approximately three times
higher than that on the PPgMA,sMPCs5; brushes. This helps to explain why the Au-
PPgMAgMPC55 platform (with the highest PGMA content) bound the most SA, although it
bound slightly less biotin than did the Au-PPgMA,sMPCss platform. SA can bind to the
biotin-conjugated Au-PPgMAMPC platform not only by specific interactions with biotin
probes but also by non-specific interactions with the PgMA units of the copolymers.

The amount of SA adsorbed on the biotin-modified PPgMAMPC was low,
particularly on the Au-PPgMA;sMPCg,-biotin platform. The adsorbed quantity of SA, 149.8 +
12.3 ng/cmz, was less than that in the SA monolayer adsorbed on a mixed monolayer
containing 10% thiol-terminated biotin and 90% thiol-terminated ethylene glycol (379.7
ng/cmz), as reported by Su et al.50 This seems reasonable because the amount of biotin
immobilized on the Au-PPgMA;sMPCg, platform was lower than the amounts adsorbed on
the platforms based on PPgMA,sMPCs5 and PPgMAgMPC,s. Nevertheless, the amounts of
SA adsorbed on Au-PPgMA,;sMPCss-biotin and Au-PPgMAgsMPCas-biotin, i.e., 457.8 + 28.6
and 5495 + 14.8 ng/cmz, respectively, were well above that in the monolayer, suggesting

three-dimensional character of the deposited copolymer in binding with the biotin probes.
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Figure 3.10 SPR angle shifts corresponding to the amounts of immobilized biotin, and
subsequent SA (0.1 mg/mL) binding in PBS solution (10 mM, pH 7.4) on SPR chip modified
with PPgMAMPC copolymers of various compositions. Biotin/SA binding ratio is shown on

each set of bar charts.
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Figure 3.11 Amounts of SA (0.1 mg/mL in 10 mM PBS) adsorbed on PPgMAMPC

platforms with various copolymer compositions.
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The biotin-modified PPgMAMPC platforms with different copolymer compositions
were further investigated to determine the lowest SA concentration detectable in a complex
protein sample (blood plasma). The SA concentration was varied in the range 0.19—-190 nM
(equivalent to 0.01 to 0.1 mg/mL) in 0.14% blood plasma (0.1 mg/mL). Non-specific binding
with 0.14% blood plasma (in the absence of SA) was also measured to evaluate the sensor
efficiency in terms of the S/N ratio, as shown in Figure 3.12. The S/N ratio can be
calculated from eq 3.1.8’ " The SPR angle shift obtained for the complex sample containing
SA is considered to be the signal, whereas that obtained from the sample without SA, i.e.,
the target molecules, is considered to be background or noise. The results shown in Figure
3.12 indicate that the SPR chip modified with a copolymer platform containing 65% PgMA
(PPgMAgsMPC35-SH) showed the highest non-specific binding with blood plasma in a
control experiment (absence of SA in 0.14% blood plasma). This may be the result of non-
specific adsorption between the remaining alkyne moieties on the copolymer platform and

non-targeted proteins in the blood plasma. The limits of detection (LODs) of the sensor

platforms that can discriminate between target and non-targeted binding signals (SIN = 3)
were 190, 0.95, and 190 nM for PMA3;sMPCq¢,-SH, PMA;sMPCs5-SH, and PMAgMPCj35-SH,
respectively. These results suggest that the platform based on a copolymer containing 45%
PgMA was the most efficient for detecting SA in blood plasma solution. The LOD of this
PPgMA,sMPCs5 platform (0.95 nM) was even lower than that (1.5 nM) obtained for a
platform based on poly[(methacrylic acid)-ran-(2-methacryloyloxyethyl phosphorylcholine)]
(PMAMPC), previously developed by our group, and approximately 158 times lower than
that of a platform based on a SAM of mercaptoundecanoic acid.14 The fact that the
PPgMAMPC sensor platform can directly immobilize an azide-containing biotin probe via a
click reaction, without a functional group activation step, as required for the PMAMPC
platform, makes it an attractive copolymer platform for probe binding in biosensing

applications.
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Figure 3.12 SPR angle shifts corresponding to SA binding on Au-PPgMAMPC-biotin
platforms from SA solutions of various concentrations in 0.14% blood plasma. S/N ratios

are shown as number above each bar graph.

The developed PPgMAMPC platforms with clickable PgMA units for probe binding
and MPC anti-fouling units were also used to immobilize a PNA-N; probe to explore its
applicability as a DNA sensor. PNA is a DNA mimic with a peptide-like backbone, first
introduced by Nielsen and coworkers in 1991.58 Because it is uncharged, PNA-DNA hybrids
are more stable than DNA-DNA hybrids, because electrostatic repulsion between negatively
charged phosphate groups in the DNA backbone are absent. This, together with its greater
specificity for complementary DNA than mismatched DNA, makes PNA an attractive
nucleotide probe with potential applications as a DNA sensor. In this study, a
conformationally restricted pyrrolidinyl PNA with D-prolyl-2-aminocyclopentanecarboxylic
acid backbones (acpcPNA), developed by Vilaivan and coworkers, was selected as a
model nucleic acid probe. It has been reported that its binding affinity and sequence
specificity toward DNA are higher than those of Nielsen’s PNA.46'59’60 We previously
showed that acpcPNA can act as an effective probe for DNA detection when immobilized
on a gold-coated SPR chip either by Au-S bond formation between thiolated PNA (PNA-
SH) and the gold surface’ or by biotin-SA—biotin linkage between biotinylated PNA (PNA-

biotin) and an SA layer assembled on a biotin-functionalized gold substrate.59 Besides,
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blocking which is a necessary step in most SAM-based sensors, the longer and greater
hydrophilicity of the spacer between the PNA part and the thiol end of the thiolated PNA
has a positive impact on the %HE of the platform developed by direct immobilization of
thiolated PNA. Both %HE and %MD were significantly improved for the platform later
developed by indirect PNA conjugation via biotin—SA-biotin linkage, which yielded PNA with
a reasonably well-controlled density and orientation (see Table 3.4 for comparison). The
results of these two studies suggest that the clickable and anti-fouling PPgMAMPC
platforms developed in the current study should meet all the above-mentioned criteria for
developing an effective PNA-based sensor for DNA detection. Anchoring the copolymer to
the gold surface prior to PNA binding should provide a reasonable distance between the
immobilized PNA probes and the gold substrate, and allow the PNA molecules to interact
freely with the incoming DNA targets. PMPC provides a hydrophilic environment for the
platform so that non-specific adsorption of non-targeted DNA can be suppressed. It is
anticipated that good control of the content of clickable PgMA units in the copolymer will
enable the density of immobilized PNA to be tailored using efficient CuAAC-based

reactions.

Table 3.4 Values of %HE_,, and %MD for DNA Detection by Surface-Modified Gold-Coated
SPR Chips Conjugated with PNA

Sample %HE com %MD
Au-PPgMA_MPC_-PNA 20 32
Au-PPg MA45M PC55-PNA 61 52
Au-PPgMA_MPC_-PNA 71 58

Au-S-PNA” 20 >54
Au-biotin-SA-biotin-PNA"’ 58 >90

In this work, azide-terminated PNA with a Ty sequence (PNA-N;), selected as a
PNA probe model, was immobilized by the alkyne moieties of sensing platforms with
various copolymer compositions, i.e., PPgMA;sMPCg,-SH, PPgMA,sMPCs5-SH, and
PPgMAgMPC45-SH, via CuAAC reactions. Specific binding of 50 yM DNA in 10 mM PBS
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was monitored using an SPR technique. The %HE and %MD were calculated using egs 2
and 3, respectively, to evaluate the efficiency of the sensor. As shown in Figure 3.13, the
sensing platform based on Au-PPgMAgMPC,5-PNA, which had the highest amount of

PgMA units, gave the greatest detectable signal, corresponding to binding of the

complementary DNA sequence, Aq (85.5 £ 10.9 mDegree), with a %HE of 71%, which is
higher than those for sensing platforms based on Au-S-PNA61 and Au-biotin-PNA,59 as
shown in Table 3. However, this copolymer platform still showed high non-specific
interactions toward a single mismatched DNA sequence (AAAATAAAA), therefore its %MD
was not satisfactorily high compared with that for a platform based on Au-biotin-SA-biotin-
PNA. Despite this limitation, a %HE as high as 71% may be suitable for other DNA-based
applications, such as affinity-based DNA separation, in which the mismatch discrimination
efficiency is not a critical issue. There is also room for improvement in terms of %MD. For
example, possible non-specific interactions between the remaining unreacted alkyne
moieties of PgMA and mismatched DNA may be decreased by blocking the unreacted
PgMA with hydrophilic molecules, enabling %HE of mismatched DNA to be minimized.
Stable triazole linkages between the PNA probe and the sensing platform should have the
additional advantage of being more robust to the regeneration conditions than Au-S or Au-
biotin-SA-biotin linkages. This should enable probe recycling, making the process

economically viable.
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Figure 3.13 SPR angle shifts corresponding to DNA binding to Au-PPgMAMPC-PNA
platforms in 10 mM PBS.

Conclusions

Clickable and anti-fouling PPgMAMPC copolymer platforms were successfully
synthesized by RAFT polymerization. The dithioester end groups of the copolymer were
converted to thiol groups before surface immobilization on a gold-coated SPR chip via a
“grafting to” approach. The alkyne moieties of PgMA bound azide-containing molecules
(biotin-N; and PNA-N;) via a CuAAC reaction, and the hydrophilic monomeric MPC unit
suppressed non-specific adsorption of non-targeted analytes, namely BSA, LYZ, and blood
plasma. Specific detection of SA by biotin probes conjugated with the PPgMAMPC
platforms in 0.14% blood plasma was investigated using an SPR technique. Among all the
platforms investigated, copolymer brushes of PPgMA,;MPCs; performed best, giving the
lowest detection limit, i.e., 0.95 nM. The potential of the surface-attached PPgMAMPC as a
sensing layer for DNA detection was investigated by conjugating a PNA-N; probe with
PPgMAMPC platforms with various copolymer compositions. The sensor platform based on
Au-PPgMAgMPC35-PNA detected the highest amount of complementary DNA sequence,
with 71%HE, and a reasonable degree of mismatch discrimination (58%MD) between the
fully complementary DNA and single-mismatched DNA. These results suggest that

substrate-modified PPgMAMPC brushes are potential copolymer platforms for azide-
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containing probe immobilization for detecting target molecules in diagnostic and related

applications. Both types of probe functioned effectively, which shows the versatility of the

developed platform, and suggests that it can be used for both antibody-based and DNA-

based biosensors.
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Chapter IV

Filter Paper Grafted With PNA-Conjugated Copolymer Brushes for

Colorimetric DNA Sequence Determination

INTRODUCTION

DNA sequence determination is crucially important for clinical diagnosis, forensic
identification as well as pathogen detection in food and agricultural produc;ts.1 Basic
principle for DNA detection is generally based on the concept that DNA target is
detected via specific binding to complementary nucleic acid probe, following Watson-
Crick base-pairing ruIe.2 Peptide nucleic acid (PNA), firstly introduced by Nielsen and
co-workers in 19913 is a synthetic DNA analogue having an uncharged peptide-like
backbone. The suppressed electrostatic repulsion between the neutral PNA and the
negatively charged DNA bring about a number of favorable DNA binding characteristics
including high thermal stability, greater sequence specificity and mismatch discrimination
sensitivity, and less salt-dependent affinity. Among PNA variants being investigated so
far, a conformationally rigid pyrrolidinyl PNA derived from D-prolyl-2-aminocyclopentane
carboxylic acid (acpc) backbones (acpcPNA) developed by Vilaivan and co-workers4

truly stands out as potential and effective nucleic acid probe for DNA biosensor in that it

can form a PNA-DNA duplex with even higher affinity and specificity than the original
Nielsen’s aminoethylglycyl PNA. The success of using acpcPNA as probe for DNA
sequence determination have been continuously demonstrated by many techniques
including MALDI-TOF mass spectrometry,S’6 quartz crystal microbalance (QCM),7

8,9 . 10-12 . .
,  electrochemistry most of which require

surface plasmon resonance (SPR)
advanced instruments and have to be done in well-equipped laboratories. The
development of highly sensitive and specific, yet simple and economical test kit/assays
without the demand for sophisticated instruments, suitable for point-of-care usages still
remains a challenge.

Inspired by research work firstly reported by Whitesides and coworkers on

paper-based microfluidic devices13 and a number of relevant publications following

thereafter,14 paper-based DNA sensing platforms employing acpcPNA as probes have
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been recently developed. The first assay is based on the concept of “Dot blot
hybridization” in which filter paper grafted with quaternized poly(2-(dimethylamino)ethyl
methacrylate) (QPDMAEMA) brushes was used as positively charged platform that can

selectively capture PNA-DNA hybrids and prevent non-specific adsorption of non-target
analytes. The hybridization event can then be visualized by an enzyme-based
calorimetric assay employing horseradish peroxidase streptavidin (SA—HRP) conjugate
and a chromogenic substrate.15 Although quite an impressive detection limit (10 fmol,
equivalent to 1 mL of 10 nM of DNA) can be reached by naked eye detection, the
technique has a limitation for detection of DNA mixtures because the DNA was
deposited on the membrane via non-specific electrostatic interactions. There will most
likely be binding competition among different DNA sequences so it may not be possible
to detect the desired target. To overcome the above-mentioned problem, the second
platform most recently reported relies on direct immobilization of the acpc PNA probes
on cellulose paper. Upon contacting with DNA analyte via capillary method, cationic
dyes were introduced to electrostatically intereact with negatively charged hybridized
DNA to monitor the PNA-DNA binding event. A lowest detectable DNA concentration of
200 nM or 3.3 pmol per spot has been achieved.16

The information gained from this latest development is very fruitful in that
acpcPNA covalently immobilized directly onto the paper still functions efficiently in
binding with the DNA targets. Together with our well-established strategy to enhance
active binding sites per surface area of material by using surface-grafted polymer
brushes,w_19 this research aims to develop another paper-based DNA sensor that can
bind directly to the PNA probes. The filter paper was first grafted with poly[glycidyl
methacrylate-co-poly(ethylene glycol)methacrylate] (P(GMA-co-PEGMA) via surface-
initiated reversible addition fragmentation chain transfer polymerization (SI-RAFT). This
copolymeric system was chosen to generate active layer for PNA binding due to the
following reasons: (1) the epoxide group of the GMA unit can act as versatile active site
for binding with PNA capture probe via epoxide ring opening without having to use
additional coupling agent so that no by-product would be released.ﬂ'm'zo-22 Hydroxyl
group generated as an outcome of epoxide ring opening is well known as non-charged
hydrophilic entity under neutral pH, a general DNA hybridization condition, that should
not interfere, but synergistically facilitate the detection. (2) the PEGMA unit incorporated
as hydrophilic entity should prevent non-specific adsorption of non-target DNA as well

as non-DNA components that may deteriorate the detection sensitivity. This latter issue



93

is extremely important because it determines the fate of the developed platform when
subjected to analysis of real biological samples. Signal amplification used in this
research relies on sandwich-hybridization assay employing biotinylated acpcPNA probe
(b-PNA) as reporter probe together with horseradish peroxidase streptavidin (SA-HRP)
and o-phenylenediamine (OPD) substrate can be visualized by an enzyme-based
colorimetric assay.23 The concept for this developed filter paper-based DNA sequence

determination is demonstrated in Scheme 4.1.

Reporter PNA probe

P(GMA-co-PEGMA)-grafted filter paper Sandwich hybridization assay
conjugated with PNA capture probe

Scheme 4.1. Schematic representation of enzymatic amplified colorimetric detection of
DNA following sandwich-hybridization assay employing biotinylated acpcPNA probe (b-
PNA) as reporter probe and filter paper-grafted (P(GMA-co-PEGMA) brushes

conjugated with acpcPNA capture probe as substrate.

MATERIALS AND METHODS
Materials

Whatman No. 1 filter paper was used as the membrane. PEGMA (98%), GMA
(99%), dimethylformamide (DMF), 4,4-azobis(4-cyanovaleic acid) (ACVA), 4-cyano-4-
(phenylcarbonothio) pentanoic acid (CPD), 4-(dimethylamino)pyridine (DMAP), N,N*-
Dicyclohexylcarbodiimide (DCC), O-phenylene- diamine (OPD), bovine serum albumin
(BSA), urea—hydrogen peroxide (urea—H,0,) and streptavidin—horseradish peroxidase
conjugate (SA—HRP) were bought from Aldrich (USA). PEGMA and GMA were purified
through a column filled with basic alumina to remove the inhibitor prior to use. All

reagents and materials are analytical grade and used without further purification.
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Oligonucleotides were purchased from Bioservice Unit, National Science and
Technology Development Agency (Thailand). Ultrapure distilled water was obtained after
purification using a Millipore Milli-Q system (USA) that involves reverse osmosis, ion

exchange, and a filtration step.

Instrumentation

1H NMR spectra of the copolymer formed in solution were recorded in solution
of CDCIl; or DMSO-dg¢ on a Varian Mercury-400 nuclear magnetic resonance
spectrometer operating at 400 MHz. Chemical shifts were reported in part per million
(ppm) relative to tetramethylsilane (TMS). Infrared spectra of materials scraped from
the surface-modified filter paper and prepared as KBr disks were obtained from a FT-IR
spectrometer (Nicolet, USA), model Impact 410, with 32 scans at resolution 4 cm'1, in a
frequency range of 400-4000 cm_1 using TGS detector. The surface morphology of the
filter paper before and after modification was examined by scanning electron
microscopy (SEM) on a JEOL (JSM-6610LV) instrument. The elemental compositions of
the surface-modified filter paper were characterized by x-ray photoelectron spectroscopy
(XPS) on a Physical Electronics Quantum 2000, using monochromatic Al K-OL x-rays,
and standard dual ion-electron neutralization.

The crude acpcPNA was purified by reversed-phase HPLC with UV detection at

260 nm. A Varian Polaris C18 analytical HPLC column (3 mm particle size 4.6 X 50
mm) was used and eluted with a gradient of 0.1% TFA in MeOH and 0.1% TFA in
water. MALDI-TOF mass spectra of acpcPNAs were obtained on Microflex MALDI-TOF

mass spectrometer (Bruker Daltonics, Germany). The samples (1 yL) were mixed with

10 pL of the matrix solution consisting of Ol-cyano-4-hydroxycinnamic acid (CCA) in
0.1% trifluoroacetic acid (TFA) in acetonitrile:water (1:1) solution. This mixture (1 pL)
was spotted onto the target, allowed to dry, and analyzed in positive ion linear time-of-
fight mode with an accelerating voltage +20 kV. All spectra were processed by
averaging between 20 and 30 individual laser shots. Melting temperature (T,,)
measurements of PNA-DNA complex was performed on a CARY 100 Bio UV-Visible
spectrophotometer (Varian, Inc., USA) equipped with a thermal melt system.

The scanned images of the tested results on filter papers were recorded on an
Epson Perfection V33 scanner in 24 bits Professional mode. The
brightness/contrast/resolution was set to 128/128/300. The images were saved as TIFF-

files. The intensity of each spot was determined using Scion Image software by first
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converting to gray scale at 300 dpi. Intensity measurements were carried out using the

Line tool to select an area for analysis to obtain profile images.

Preparation of P(GMA-co-PEGMA)-grafted filter paper
The filter paper was first immobilized with initiator (Step I, Scheme 4.2). The
initiator, ACVA (0.21 g, 1 mmol), DMAP (9.14 mg, 0.1 mmol) and DCC (0.19 g, 1 mmol)

were dissolved in 20 mL DMF. The solution was stirred for 4 h at room temperature

under nitrogen atmosphere before transferred to a vial containing filter paper (4X8 sz)
. After the reaction proceeded for 20 h, the filter paper was removed from the solution
and thoroughly rinsed with DMF and ethanol for three times each and dried under
nitrogen gas flow. The obtained initiator-immobilized filter paper was then placed in a
vial containing ACVA (3.5 mg, 0.05 mmol) and CPD (14 mg, 0.0125 mmol) in 5 mL of
DMF. GMA (0.928 mL, 7 mmol or 0.4 mL, 3 mmol) and PEGMA (2.28 mL, 3 mmol or
0.98 mL, 7 mmol) were then added into the mixture. The vial was then sealed with a
rubber septum. The solution was deoxygenated by purging with nitrogen gas for 30 min.
The SI-RAFT was then performed at 70 OC for 4 h (Step Il, Scheme 4.2). The filter

paper was removed from the vial and rinsed thoroughly with DMF and ethanol.

Synthesis of acpcPNA probes

acpcPNA Probes were synthesized using solid phase peptide synthesis
according to procedures previously reported in Iiteratures.24 For the reporter probe,
biotin was attached at the N-termini of acpcPNA while still on the solid support via two
successive aminoethoxyethoxyacetyl (egl) linkers employing biotin pentafluorophenyl
ester in the presence of hydroxyl-7-azabenzotriazole/N-ethyldiisopropylamine. For
pentafluorobenzenesulfonyl-labeled PNA (penta-TTTTTTTTT-LysNH,), acpcPNA (T9)
oligomer was capped with pentafluorobenzenesulfonyl chloride at room temperature for
5 days. For the fluorescence-labeled PNA (flu-o-TTTTTTTTT-LysNH,) was synthesized.
After nucleobase side-chain deprotection and cleavage from the solid support, the crude
acpcPNA was purified by reversed-phase HPLC. After purification, the solution of PNA
was lyophilized and the identity of the acpcPNA oligomers was verified by MALDI-TOF
mass spectrometry and thermal denaturation experiments (after hybridization with

complementary DNA sequences) (Table 4.1).
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Table 4.1 Characteristics of acocPNA oligomers synthesized by solid phase method.

m/z
Name Sequence m/z (observed) | T,_(°C)
(calculated)
PNA (Cap) | N-Ac-GGAACCTGCGCG-
4259.55 4259.38 77.6
LysNH,-C
N-biotin-(egl),-
b-PNA(Ser) 4630.02 4630.99 62.2
AACACACAGACT- SerOH -C
N-biotin-(egl),- not
b-PNA(Lys) 4670.12 4669.21
AACACACAGACT- LysNH, -C measured
penta- not
N-penta-TTTTTTTTT-LysNH,-C 3368.47 3368.63
PNA(T9) measured
N-flu-(egh)-TTTTTTTTT-
PNA(T9) - - -

LysNH,-C
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Immobilization of PNA capture probe on the P(GMA-co-PEGMA)-grafted filter paper

P(GMA-co-PEGMA)-grafted filter paper was incubated in an aqueous solution
containing PNA capture probe (Ac-GGAACCTGCGCG-LysNH,, 2 nmol) in 2 mL 0.1 M
phosphate buffered saline (PBS, pH 7.4) and a designated quantity of triethylamine
(TEA) was added into the mixture. The solution was shaken for 24 h at room
temperature and washed with 0.1 M PBS buffer, pH 7.4 and Milli-Q water, dried with
nitrogen gas flow to obtain the P(GMA-co-PEGMA)-filter paper conjugated with PNA
capture probe (Step Ill, Scheme 4.2). A biotinylated PNA (b-0-0-AACACACAGACT-
LysNH,, b-PNA, 2 nmol) as a positive control was also immobilized on P(GMA-co-

PEGMA)-filer paper using the same procedure.

Determination of immobilization efficiency of PNA capture probe

This investigation was performed to determine the effect of triethylamine (TEA)
concentration or buffer having different pH on immobilization efficiency of PNA capture
probe. Firstly, the fluorescence-labeled PNA (flu-o-TTTTTTTTT-LysNH,) was used as a
model for PNA capture probe. The aqueous PNA solution having designated quantity of
TEA (0.1, 0.2 and 0.3 JM) was added into 0.1 M PBS pH 7.4. 0.5 ML (200 JUM) of the
PNA was spotted on the marked P(GMA-co-PEGMA)-grafted filter paper and dried for
24 h at room temperature. The P(GMA-co-PEGMA)-grafted filter paper was then rinsed
by acetonitrile: Milli-Q water (1:1) , 0.1 M phosphate buffer pH 7.4 and Milli-Q water
three times each, then blow-dried with nitrogen gas. A similar procedure was applied for
the investigation on the effect of pH of buffer (8.0, 9.0 and 10.0) by using the
designated buffer to dissolve PNA without TEA addition (0.1 M phosphate buffer pH 8.0,
0.1 M carbonate-bicarbonate buffer pH 9.0, 0.1 M carbonate-bicarbonate buffer pH
10.0). The extent of fluorescence-labeled PNA immobilization was monitored under
fluorescence microscope.

To determine immobilization efficiency of PNA capture probe on P(GMA-co-
PEGMA)-grafted filter paper by XPS analysis, the pentafluorobenzenesulfonyl-labeled
PNA (penta-TTTTTTTTT-LysNH,) was employed as a probe. P(GMA-co-PEGMA)-
grafted filer paper was incubated in an aqueous solution containing PNA (3.58 ML, 2
nmol) dissolved in 2 mL of 0.1 M PBS pH 7.4 with designated quantity of TEA (0.1 and
0.3 UM TEA) or 0.1 M carbonate-bicarbonate buffer pH 10.0.
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Colorimetric detection for DNA sequence by sandwich-hybridization assay
All PNA and DNA sequences used in this study are displayed in Table 4.2. The
P(GMA-co-PEGMA) grafted filter paper immobilized with PNA capture probe was cut

into 1X4.9 cm2 piece and spot positions were marked with a pencil. Description of DNA
and PNA sequences used for each spot positions of the test are listed in Table 4.3. 2
pL of the DNA sample (1 uM in 0.5 mM phosphate buffer, pH 7.0) was spotted on the
marked filter paper on position 2, 3, and 4. The filter paper was rinsed with 0.1% Tween
20 in 0.1 M phosphate buffer pH 7.4, 0.1 M phosphate buffer pH 7.4 and Milli-Q water
three times each followed by incubation in a blocking solution (1% w/v BSA in 0.1 M
PBS pH 7.4) for 30 min. A 2 pL of the biotinylated acpcPNA probe, as reporter probe
(b-0-0-AACACACAGACT-SerOH), (1 pyM in 0.1 M phosphate buffer, pH 7.4) was
spotted on filter paper at position 3, 4 and 5. After that the filter paper was rinsed with
0.1% Tween 20 in 0.1 M phosphate buffer pH 7.4, 0.1 M phosphate buffer pH 7.4 and
Milli-Q water three times each and incubated in the blocking solution for 30 min again.
A 2 uL of SA-HRP was spotted on the filter paper at all positions followed by rinsing
with 0.1 M phosphate buffer (pH 7.4), Milli-Q water and 0.1 M citrate buffer (CTB, pH
5.0) three times each. 5 pL of a solution consisting of 250 yL of OPD substrate (1.6
mg/mL) and 250 pL of urea-H,0O, (1.6 mg/mL) was spotted on the filter paper at all

positions for 1 min and was finally washed with Milli-Q water.

Table 4.2 PNA and DNA sequences used in this study.

Code Sequence Description
PNA (Cap) Ac-GGAACCTGCGCG-LysNH, Capture probe
b-PNA (Lys) b-0-0-AACACACAGACT-LysNH, Positive control
b-PNA (Ser) b-0-0-AACACACAGACT-SerOH Reporter probe
b-DNA d(5-CGCGCAGGTTCC-b-3’) Positive control
d(5’-CGCGCAGGTTCCGCTAAGT
DNA 1 Complementary to PNA(Cap)

CTGTGTGTT-3)

d(5-CGCGCTGGTTCCGCTAAGTC Single mismatch to
TGTGTGTT-3) PNA(Cap)

DNA 2

d(5-TATATCAAGGTTGCTACAGT Non-complementary
GAGAGAGG-3) PNA(Cap)

DNA 3
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Table 4.3 Description of DNA and PNA sequences used for each spot on the P(GMA-co-
PEGMA)-grafted filter paper conjugated with PNA capture probe of the test results shown
in Figure 4.6-4.8.

Spot position DNA PNA Remark’
1 - b-PNA(Lys) (+)
2 b-DNA HLA-B*1502 - (+)
3 DNA 1 HLA-B*1502 b-PNA (Ser) (+)
4 DNA 3 b-PNA (Ser) (-)
5 b-PNA (Ser) (-)
6 - - ()

a e .
(+) = positive result, (-) = negative result

Results and Discussion
Preparation and characterization of P(GMA-co-PEGMA)-grafted filter paper

The initiator was immobilized on filter paper via esterification of hydroxyl groups
on the filter paper with ACVA using DCC as coupling agent and DMAP as catalyst. The
P(GMA-co-PEGMA) was then grafted on filter paper via SI-RAFT polymerization to
insure that the molecular weight and copolymer composition can be well manipulated. In
this research, a target degree of polymerization was set at 200 and the copolymer
composition was varied from GMA:PEGMA of 30:70 to 70:30. 1H NMR spectra of the

copolymers formed in solution from ACVA also added in solution are displayed (Figure

4.1). As determined by 1H NMR analysis (Table 4.4), the molecular weight (M) of
P(GMA-co-PEGMA) formed in solution closely resembled the theoretical value for the
feed composition GMA:PEGMA 70:30, but was much lower than expected for the feed
composition GMA:PEGMA 30:70. The copolymer composition also coincides well with
the monomer feed ratio suggesting that the copolymerization was reasonably under

control.
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Figure 4.1 1H NMR spectra of P(GMA-co-PEGMA) in solution prepared by RAFT
polymerization having GMA:PEGMA of (a) 30:70 and (b) 70:30.

Table 4.4 Characteristics of P(GMA-co-PEGMA) synthesized by RAFT polymerization.

GMA:PEGMA GMA:PEGMA
Mn Mn
Entry mole ratio mole ratio
(calculated) (observed)
(target) (observed)
1 30:70 21:79 59199 51921
2 70:30 74:26 41759 43883

The success of stepwise surface modification of filter paper was confirmed by
FT-IR as displayed in Figure 4.2. The FT-IR spectrum of the initiator-immobilized filter
paper (Figure 4.2b) shows a band at 1738 cm'1 (C=0 stretching) which does not
appear in the unmodified filter paper (Figure 4.2a) suggesting that ester linkage was
formed between the filter paper and carboxyl-containing initiator. The spectrum of
P(GMA-co-PEGMA)-grafted filter paper (Figure 4.2c) exhibits a band at the same
position which is also a characteristic C=0 stretching of ester groups in the copolymer
and a band at 910 cm'1 corresponding to C-O-C stretching of epoxide group of GMA.
The relative peak intensity ratio between C-O-C stretching (910 cm'1) and C=0
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stretching (1738 cm'1) was found to be correspondingly increased as a function of GMA
content in the copolymer (Figure 4.2c and 4.2d). The intensity decrease of C-O-C
stretching at 910 cm'1 found in the spectrum of P(GMA-co-PEGMA)-grafted filter paper
after being conjugated with PNA capture probe (Figure e) suggested that the epoxide

groups were consumed by reacting with the PNA capture probe via epoxide ring

opening.
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(b)
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Figure 4.2 FT-IR spectra of the filter paper: (a) unmodified, (b) immobilized with
initiator, grafted with P(GMA-co-PEGMA) having GMA:PEGMA of (c) 30:70 and (d)
70:30, and (e) grafted with P(GMA-co-PEGMA) having GMA:PEGMA = 70:30 and
conjugated with PNA capture probe.

As illustrated in Figure 4.3, there were no noticeable microscopic changes in
morphology of the filter paper undergoing initiator immobilization and copolymer grafting
suggesting that the coated polymer layer is relatively thin. Nevertheless, the filter paper
grafted with P(GMA-co-PEGMA) exhibits better tearing resistance as opposed to the
unmodified filter paper, especially after repetitive exposure to variety of solutions during

PNA probe conjugation and DNA hybridization studies.
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Figure 4.3 SEM images of the filter paper: (a) unmodified, (b) immobilized with initiator,

and (c) grafted with P(GMA-co-PEGMA) having GMA:PEGMA = 70:30.

Immobilization of PNA capture probe on the P(GMA-co-PEGMA)-grafted filter paper

In principle, the epoxide ring opening can be promoted under basic condition.
To be able to monitor the effect of a base (TEA in this particular case) addition or pH of
buffer on immobilization efficiency by fluorescence microscopy, the fluorescence-labeled
PNA (flu-o-PNA(T9)-LysNH,) was used as a model for PNA capture probe. Firstly,
different TEA concentration (0.1, 0.2 and 0.3 yM) was introduced to PNA solution
dissolved in 0.1 M phosphate buffer. According to the fluorescence images shown in
Figure 4.4, an intensity of green illumination of the spots became stronger as a function
of TEA concentration indicating that the PNA conjugation was quantitatively improved
upon base addition. It should be noted that pH of the PNA solution was not altered after
TEA addition. Alternatively, the enhancement of PNA conjugation was much more
pronounced once buffer solution was used instead of the 0.1 M phosphate buffer
(Figure 4.5). The strongest fluorescence intensity which indicated the maximum
immobilization quantity, was achieved for the conjugation in buffer solution having pH
10.0 (0.1 M NaCO3;-NaHCO; buffer). Notably, low background illumination was also
found on most of the controlled unmodified filter paper implying a certain level of

nonspecific adsorption of the flu-o-PNA(T9)-LysNH,.
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Figure 4.4 Fluorescence images of filter paper after flu-o-PNA(T9)-LysNH, conjugation
in 0.1 M phosphate buffer with added TEA of (a,d) 0.1, (b,e) 0.2, and (c,f) 0.3 uM : (a-c)
unmodified filter paper; (d-f) P(GMA-co-PEGMA)-grafted filter paper (GMA:PEGMA =
70:30)

Figure 4.5 Fluorescence images of filter paper after flu-o-PNA(T9)-LysNH, conjugation
in buffer solution having pH of (a,d) 8.0, (b,e) 9.0, and (c,f) 10.0: (a-c) unmodified filter
paper; (d-f) P(GMA-co-PEGMA)-grafted filter paper (GMA:PEGMA = 70:30).

To further chemically identify whether the PNA capture probe can be bound
onto the P(GMA-co-PEGMA)-grafted filter paper, XPS analysis of the P(GMA-co-
PEGMA)-grafted filter paper after conjugation with another model of PNA capture probe,
the pentafluorobenzenesulfonyl-labeled PNA (penta-PNA(T9)-LysNH,) using the
selected solutions previously employed for fluorescence studies: 0.1 M phosphate buffer

with added 0.1, 0.2, and 0.3 mm TEA and buffer solution of pH 10 was performed. This
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fluorine-tagged PNA provides additional fluorine atoms in its structure enabling a
convenient identification of its existence from fluorine composition. From the XPS
atomic composition data presented in Table 4.5, the fluorine content of ~0.6 %. was
detected on all substrates after conjugation verifying that the top most surface (< 5 nm,
the sampling depth of XPS technique) of the P(GMA-co-PEGMA)-grafted filter paper
were saturatedly covered with relatively same amount of penta-PNA(T9)-LysNH,,
independent of conjugation condition. From application viewpoint, fluorescence
technique is therefore more appropriate to probe the extent of PNA conjugation than the
highly surface sensitive technique like XPS, given that the detection relies not only on
solution adsorption on top of the surface but also absorption to a certain depth within
the paper-based platform.

This investigation suggested that the attachment of PNA probe is apparently
more efficient under basic condition so that the conditions with added 0.1 uyM TEA in
0.1 phosphate buffer and in buffer solution of pH 10 were selected for the step of PNA
capture probe immobilization on P(GMA-co-PEGMA)-grafted filter paper to be further
analyzed for DNA detection.
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Table 4.5 Atomic composition of surface-modified filter paper as determined by XPS

analysis.
Atomic composition (%)
Sample
Cc o N F S
Immobilized with initiator 53.41 43.45 3.15 - -
Grafted with P(GMA-co-PEGMA) 57.00 41.15 1.58 - 0.27

Immobilized with penta-PNA(T9)-

LysNH, in 0.1 M PBS pH 7.4

Immobilized with penta-PNA(T9)-

LysNH, in 0.1 M PBS pH 7.4 with 61.14 36.41 1.53 0.59 0.34
0.1 uM TEA

Immobilized with penta-PNA(T9)-

LysNH, in 0.1 M PBS pH 7.4 with 64.09 33.73 1.23 0.65 0.29
0.3 uM TEA

Immobilized with penta-PNA(T9)-

LysNH, in 0.1 M NaCO3-NaHCO, 61.84 3572 1.51 0.62 0.31
pH 10.0

57.20 39.98 1.95 0.60 0.28

Colorimetric detection for DNA sequence by sandwich-hybridization assay

The P(GMA-co-PEGMA)-grafted filter paper was tested for its efficiency as a
sensing  platform for DNA sequence analysis by sandwich-hybridization assay
employing two PNA probes of which sequences are designed in response to DNA
sequences in human leukocyte antigen (HLA) alleles. In particular, this research
focuses on HLA-B*1502 alleles having strong correlation with a severe skin disorder
called Stevens-Johnson syndrome in response to carbamazepine (a drug used to treat
seizures).25 PNA(Cap) of a 12-base sequence of Ac-GGAACCTGCGCG-LysNH, was
used as the capture probe to be immobilized on the surface of P(GMA-co-PEGMA)-
grafted filter paper for capturing the DNA target. b-PNA (Ser), a biotinylated PNA probe
having a sequence of b-0-0-AACACACAGACT-SerOH was used as a reporter probe to
generate a signal upon enzymatic amplification using the optimal condition (in terms of

substrate/enzyme concentration and activation time) previously identified by Laopa et

al.”” Two formats of the test results are displayed: scanned images (column A) and
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profile images as analyzed by Scion Image (column B). The profile image provides the
semi-quantitative intensity of the colorimetric readout. Details of DNA and PNA
sequences and the description of samples/probes applied in each spot (1-6) are shown
in Table 4.2 and 4.3, respectively. A biotinylated PNA (b-PNA(Lys)) having the same
sequence as the reporter probe (b-PNA(Ser)) was immobilized on the position 1 as a
positive control to illustrate the maximum signal generated by the enzymatic reaction. A
biotinylated DNA (b-DNA) was spotted on the position 2 as another positive control to
demonstrate that enzymatic signal amplification via hybridization can be achieved once
the PNA is complementary with the DNA.

From the results shown in Figure 4.6, the position 3 with DNA 1 which is
complementary to the PNA capture probe (PNA(Cap)) shows yellow spots visible by the
naked eyes with similar intensity to that of the positive control on the position 2 but with
much stronger intensity than that of the position 4 with the non-complementary DNA 2.
Apparently, the filter paper grafted with the copolymer with greater composition of
PEGMA (GMA:PEGMA = 30:70) shows a much better signal readout implying that the
ability to suppress non-specific adsorption by hydrophilic PEGMA entities are very

important for the detection efficiency.
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Figure 4.6 Representative images (column A: scanned image and column B: profile
image) of the test results demonstrating the copolymer composition of GMA:PEGMA (a)

30:70, (b) 70:30.

Another test was conducted on the P(GMA-co-PEGMA)-grafted filter paper
conjugated with PNA(Cap) in 0.1 phosphate buffer containing 0.1 DJI TEA to
determine an impact of ionic strength of DNA binding solution on DNA hybridization
efficiency. As revealed in Figure 4.7, very strong signal readout on position 1 and 2
which was spotted with b-PNA(Lys) as a control for reporter probe indicated that the

signal amplification through biotin-SA-HRP conjugation function efficiently. A relatively
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strong signal appearing at position 3 spotted with the complementary DNA sequence
preliminarily signify the specificity of the test. Upon increasing ionic strength of DNA
hybridization step by NaCl addition from 10 mM to 100 mM NaCl not only can increase
the signal intensity, but also suppressed non-specific adsorption from non-
complementary DNA sequence [(-4)], reporter probe [(-5)], and SA-HRP [(-6)], allowing
more effective discrimination. It was found that 0.5 mM phosphate buffer pH 7.4 with
added 100 mM NaCl (row C, Figure 4.7) gave highest signal. For this reason, it was

chosen as the hybridization buffer for all subsequent experiments.
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Figure 4.7 Representative images (column A: scanned image and column B: profile
image) of the test results demonstrating the effect of salt addition to the hybridization
buffer (0.5 mM phosphate buffer) : (a) 10 mM NaCl, (b) 50 mM NacCl, and (c) 100 mM
NaCl.

To compare the effect of PNA capture probe bound quantity and binding
efficiency, three conditions for PNA(Cap) conjugation on the P(GMA-co-PEGMA)-grafted
filter paper were employed: in 0.1 PBS pH7.4 with added 0.1 or 0.3 yM TEA and in
buffer solution of pH 10, which supposedly yielded varied quantity of bound PNA(Cap)
from low to high as previously identified by fluorescence microscopic analysis. The
results shown in Figure 4.8 demonstrate that the detection efficiency which can be
judged from the ability to provide high intensity signal to the complementary DNA 1[(+3)]
as opposed to the non-complementary DNA3[(-4)] and simultaneously suppress non-
specific adsorption of b-PNA(Ser) [(-5)] and SA-HRP [(-6)] seems to be inversely

proportional to the immobilized PNA(Cap) quantity. This unexpected outcome may be
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described as a result of the high probe density that restricts the accessibility of the
target DNA. Therefore, the quantity of PNA(Cap) immobilized on the P(GMA-co-
PEGMA)-grafted filter paper which was obtained from the immobilization in 0.1 M PBS

pH 7.4 containing 0.1 yM TEA was optimal for DNA hybridization.
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Figure 4.8 Representative images (column A: scanned image and column B: profile

image) of the test results demonstrating the effect of PNA(Cap) immobilization

condition: in 0.1 M PBS pH 7.4 with added TEA of (a) 0.1 and (b) 0.3uM , and (c) in
buffer solution pH 10.

DNA 2, another DNA sequence having one base mismatch from the

complementary DNA, DNA1 was subjected to the test. Detail of DNA and PNA
sequences and description of samples/probes applied in each spot (1-7) of this
particular test are illustrated in Table 4.6. From the results shown in Figure 4.9, the
DNA 1[(+3)] which is complementary to the PNA(cap) show green spots visible by the
naked eyes with similar intensity to that of the positive control b-PNA(Lys) [(+1)] and b-

DNA [(+2)]. This illustrated an excellent specificity to distinguish single base mismatches

[(-4)] and non-complementary [(-5)] in the DNA targets.
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Table 4.6 Description of DNA and PNA sequences used for each spot of the test results

shown in Figure 4.9

Spot position
Sequence
1 2 3 4 5 6 7
DNA - b-DNA DNA 1 DNA 2 DNA 3 - -
b-
PNA - b-PNA(Ser) b-PNA(Ser)  b-PNA (Ser)  b-PNA (Ser) -
PNA(Lys)
“Remark (*+) *+) (+) ) ) ¢) )
a(+) = positive result, (-) = negative result
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Figure 4.9 Representative images (column A: scanned image and column B: profile
image) of the test results demonstrating the specificity and efficiency of PNA(Cap) and
b-PNA(Ser) to distinguish complementary, single mismatched and non-complementary
DNA targets. The positive results are shown at b-PNA(Lys) [(+1)], b-DNA [(+2)] and
DNA 1 [(+)3].

To determine the minimal quantity of DNA targets that can still allow a clear
differentiation between fully complementary and single-mismatched DNA, the
immobilized PNA(Cap) probe was hybridized with DNA1 and DNA2 at different
concentrations ranging from 2 pmol to 10 fmol and detected using 2 pmol of b-
PNA(Ser) probe. As presented in Figure 4.10, the detection limit of this colorimetric
method is at least down to 100 fmol (equivalent to 1 yL of 100 nM DNA). Although this
platform is 10 times less sensitive than the previously developed platform based on filter
paper grafted with QPDMAEMA brushes (10 fmol detection limit), the inferior

performance can be forgiven considering that the limitation of detection of DNA mixtures
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can be overcome. Besides, the fact that the discrimination power was not sacrified via
sandwich-hybridization assay of which the use of two PNA probes was required truly
highlights the specificity of this acpcPNA system. It should be emphasized that the
assay developed in this research does not at all require stringent washing condition (i.e.
20% acetonitrile in PBS buffer) to remove non-specific binding. This outcome suggested
that the grafting of copolymer having ability to resist non-specific adsorption is also

another key to the success of this developed assay.
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Figure 4.10 Representative images (column A: scanned image and column B: profile
image) of the test results demonstrating detection limit of complementary DNA 1 and
single mismatched DNA 2 using 2 pyL of 1 yM b-PNA(Ser) as probe: (a) 2 pmol (2 uL of
1 uM), (b) 1 pmol (1 pL of 1 pM), (c) 100 fmol (1 pL of 100 nM), and (d) 50 fmol (0.5

pL of 100 nM).

CONCLUSIONS

In this work, it has been demonstrated that the P(GMA-co-PEGMA)-grafted filter
paper can be prepared by SI-RAFT as characterized by FT-IR. Upon PNA capture
probe immobilization, the developed paper-based platform can be used for DNA
sequence determination using sandwich-hybridization assay. Immobilization of PNA
capture probe in 0.1 M PBS pH 7.4 with added 0.1 uM TEA was the optimal condition.
The best hybridization efficiency could be achieved at pH 7.0 in 0.5 mM phosphate
buffer having added 100 mM NaCl. The enzymatic signal amplification by SA-HRP and

OPD can discriminate complementary from single-mismatched and non-complementary
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DNA targets at a detection limit of at least 100 fmol that can be observed by naked eye.

It is anticipated that this P(GMA-co-PEGMA)-grafted filter paper can potentially be

developed into an alternative paper-based platform for DNA sequence determination in

a high throughput format.
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Chapter V

Formation of Thermo-Sensitive and Cross-Linkable Micelles by Self-
Assembly of Poly(pentafluorophenyl acrylate)-containing Block

Copolymer

INTRODUCTION

Amphiphilic block copolymer micelles assembled from thermo-responsive polymers
have been extensively investigated for various applications in the field of controlled
drug/gene delivery and biotechnology.1'5 Poly(N-isopropylacrylamide) (PNIPAM) is one of
the most investigated temperature-sensitive component to be incorporated into block
copolymers due to its lower critical solution temperature (LCST) of approximately 32°C in
aqueous solution, being close to human body temperature.6 When combined with a
hydrophobic block, PNIPAM vyields copolymer that would self-assemble into micelles having
thermo-responsive shell, which is capable of encapsulating hydrophobic molecules within
the core. Upon heating above the LCST, the micellar structure should be deformed and
released the hydrophobic molecules. Okano’s research team has performed pioneering
work on polymeric micelles with temperature-triggered drug release mechanisms using
block copolymers comprising PNIPAM and various hydrophobic polymers.7'8 Temperature-
responsive micelles with biodegradable cores have been also developed.g’10 Similar works
have been studied by Liu et a/.11 and Zhu et aI.12 for the release of doxorubicin and
paclitaxel, respectively.

However, a major drawback of these self-assembled micelles is their instabilities
under certain changes in biological systems. Stabilization has often been achieved by
chemical cross-linking of the shell or the core of the micelles.3’13’14 One of the most
effective methods is to incorporate reactive functional groups onto the backbone of the
copolymers. The constructed micelles undergo cross-linking upon an addition of a
bifunctional reagent. In 2007, Zhang and co-workers fabricated double hydrophilic block

copolymer micelles from  poly(ethylene  oxide)-b-poly(N-isopropylacrylamide-co-N-
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acryloxysuccinimide) (PEO-b-P(NIPAM-co-NAS), which formed micelles by heating a
copolymer solution above its LCST. Stabilization of the P(NIPAM-co-NAS) cores was
accomplished via the reaction of NAS residues with cystamine.15 Similarly, Li and co-
workers prepared thermally responsive micelles by self-assembly of triblock copolymer of
poly(ethylene oxide)-block-(N,N ’-dimethylacrylamide-stat—N-acronxysuccinimide)—block—
poly(N-isopropylacrylamide) (PEO-b-(DMA-s-NAS)-b-NIPAM). Incorporation of the NAS
units into the triblock copolymer allows for shell cross-linked (SCL) micelles by reaction with
difunctional primary amines. These SCL micelles swell when the solution temperature is
lower than the LCST. of the NIPAM block.16 Despite its high reactivity, N-
acryloxysuccinimide (NAS) suffers from its hydrolytic instability and limited solubility in
organic media (only soluble in dimethylformamide or dimethyl sulfoxide) that restrict their
applications. Monomer having active pentafluorophenyl ester, pentafluorophenyl
(meth)acrylate (PFP(M)A), has been recently introduced as alternative to NAS due to its
better solubility in many common organic solvents and higher hydrolytic stability in water
and air than NAS.”’18 Additional advantage lies on the fact that the reaction of the
pentafluorophenyl ester groups can be conveniently monitored by 19F NMR spectroscopy.19
Duong and co-workers prepared well-defined functional nanoparticles from
poly(oligo(ethylene glycol) methyl ether acrylate)-block-poly(vinylbenzyl chloride-co-
pentafluorophenyl acrylate) (P(OEG-A)-b-P(VBC-co-PFPA)). The nanoparticles were
subsequently stabilized by a reaction of active pentafluorophenyl moieties with diamine.
The polymer nanoparticles were found to be suitable for hydrophobic drug encapsulation.20
Recently, Zhuang and co-workers have developed water-dispersible nanogels based on

random copolymer of pentafluorophenyl acrylate and poly(ethylene glycol methacrylate)

having diamine as a cross-linker. Isopropylamine and N,N ’-dimethylethylene diamine were
incorporated onto the core-cross-linked nanogel to demonstrate the possibility of surface
engineering. These nanogels can encapsulate lipophilic guest molecules during the cross-
linking step of the nanogel synthesis.21

Another interesting approach to obtain stable micelles is using photo/UV-labile
linker. In general, a light-responsive behavior of polymer can either be reversible or
irreversible, depending on the chromophore that is attached to the polymeric backbone or
to the chain end. Recently, an irreversible light-responsive moiety of ortho-nitrobenzyl

(ONB) derivatives has attracted increasing interest in biochemistry and synthetic chemistry
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as photo-labile protecting groups and has been introduced to polymer structure as photo-
cleavable units.zz’23 Jiang and co-workers nicely demonstrated the use of ONB as a side
chain functionality to prepare light-responsive block copolymeric micelles of poly(ethylene
oxide) (PEO) and poly(2-nitrobenzyl methacrylate) (PNBM). The micelles were capable of
entrapping dyes with the intention of releasing them at a defined time and Iocation.24
However, controlling the polymerization of ONB-containing monomers is still difficult
because nitroaromatic compounds can act as inhibitors/retardants during the radical
polymerization process.25 Post-polymerization modification is a versatile method for the
introduction of such chemical functionality that would otherwise interfere with the
polymerization process.25

Reversible addition-fragmentation chain transfer (RAFT), a commonly used
controlled radical polymerization process, provides a versatile route to the generation of
amphiphilic block copolymer with controllable features, such as block length, structure, and
molecular weight.%'28 It is compatible with a wide range of functional monomers and does
not require the use of (transition metal) catalyst. One can achieve precisely defined reactive
polymer structures. This procedure enables the synthesis of polymeric architectures, which
cannot be realized by the classical way of radical copolymerization.29

This research aims to develop thermo-responsive micelles of which cores are cross-
linkable via light-trigger process from block copolymers consisting of pentafluorophenyl
acrylate (PFPA) and N-isopropylacrylmide (NIPAM), to the best of our knowledge, has
never been reported before. It is anticipated that RAFT polymerization under optimized
conditions can yield well-defined block copolymers with controlled molecular weights and
narrow polydispersities. Subsequent post-polymerization modification of the copolymers is
performed to incorporate light-responsive moieties of ortho-nitrobenzyl (ONB) into the PFPA
block of the copolymers. Finally, the ONB-containing copolymers are self-assembled into
micelles. The stabilization of core is subsequently induced by UV irradiation. It is
anticipated that the residual PFPA moieties in the copolymers should be available for
further chemical modification with bioactive species and allow for physical encapsulation of
desired hydrophobic molecules. These should make the developed core-cross-linked (CCL)

micelles of PNIPAM-containing copolymers more useful in many advanced applications.
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EXPERIMENTAL
Materials

All solvents used for reactions are reagent grade and used as received, unless
otherwise specified. Anhydrous 1,4-dioxane (99.9%) were obtained from Merck. Anhydrous
tetrahydrofuran (THF, 99.9%) was obtained from Sigma-Aldrich. Dichloromethane was dried
over CaH, under reflux and nitrogen atmosphere. Solutions were made with Milli-Q water
purified by Millipore Milli-Q system that involves reverse osmosis, ion exchange, and
filtration steps (18.2 MQ). The NMR solvents such as CDCl; (99.8% D), DMSO-d6 (99.9%),
and D,O (99.9% D) were obtained from Cambridge Isotope Laboratories, Inc. (USA). 4-
Cyanopentanoic acid dithiobenzoate (CPADB, 97%), triethylamine (TEA, 99.5%), 4-Nitro-7-
piperazino-2,1,3-benzoxadiazole (NBD) (99.0%), pyrene (98%), 2-nitrobenzyl bromide

(98%), and N,N’-dimethylethylenediamine (85%) were purchased from Sigma-Aldrich and
used as received. N-isopropylacrylamide (NIPAM, 97%) was obtained from Sigma-Aldrich
and recrystallized twice in hexane before use. Pentafluorophenol (99%) was commercially
available from Merck and used as received. Azobisisobutyronitrile (AIBN, 98%) was
obtained from Fluka and used as received. Acryloyl chloride was purchased from Acros and

used as received.

Instrumentation

1H NMR spectra were recorded on a Varian, model Mercury-400 nuclear magnetic
resonance spectrometer (USA) operating at 400 MHz, and 19F NMR spectra were recorded
on a Bruker DRX 400 FT-NMR spectrometer. Chemical shifts () were reported in part per
million (ppm) relative to tetramethylsilane (TMS) signal as a reference. FT-IR spectra were
recorded with a Nicolet Impact 6700 FT-IR spectrometer with 32 scans at a resolution of 4
cm'1 in a frequency range of 400-4000 cm'1. Samples were pressed into potassium bromide
(KBr) pellets. UV-vis spectra were recorded on an Agilent 8453 UV-vis spectroscopy.
Molecular weight and molecular weight distribution of synthesized (co)polymers were
analyzed by gel permeation chromatography (GPC) using Waters 600 controller
chromatograph equipped with HR1 and HR4 columns (Waters, MW resolving range =100-
500,000 g/mol) at 35°C and refractive index (RI) detector (Waters 2414). THF was used as
an eluent with the flow rate of 1.0 mL/min. Sample injection volume was 80 pL. Five

polystyrene standards (996-188,000 g/mol) were used for generating a calibration curve.
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The hydrodynamic diameters of micelles were measured using a dynamic light scattering
(DLS) instrument (Zetasizer Nano ZS, Malvern Instrument Ltd., U.K. equipped with a He-Ne

laser beam at 658 nm) at a fixed scattering angle of 173°. The sample refractive index (RI)

was set at 1.59 for polystyrene. The dispersant viscosity and RI were set to 0.89 Ns-m2
and 1.33, respectively. All samples (1.0 mg/mL) were filtered through a 0.45 pum syringe
filter prior to analysis, and each measurement was repeated at least ten times to obtain the
average value with an equilibrium time of 5 min before each measurement. Transmission
electron microscopy (TEM) studies were performed on a JEOL Model JEM-2100 electron
microscope operating at an acceleration voltage of 100 kV. Samples were prepared by
drop-casting of a given micelle solution onto carbon-coated copper grid and excess solution
was carefully blotted off using filter paper. The samples were then air-dried at room

temperature before measurement.

Synthesis of ortho-nitrobenzyl (ONB) protected diamine

ONB-protected diamine was synthesized according to a method modified from that

of Zhao et al.25 2-Nitrobenzyl bromide (1.0 g, 4.6 mmol), N,N ’-diethylethylenediamine (4
mL, 37.2 mmol), and dry dichloromethane (20 mL) were added into a round bottom flask.
The reaction mixture was stirred in the dark place at room temperature overnight. After that,
the solution was extracted with distiled water for 3 times. The filtrate was dried over
anhydrous sodium sulfate (Na,SO,) and dichloromethane was then removed using rotary
evaporator. The pure yellow liquid was obtained (0.69 g (3.2 mmol, 70% vyield). 1H NMR
(400 MHz, CDCls): O/ppm: 7.89-7.27 (m, 4H), 3.79 (d, 2H), 2.63-2.52 (m, 4H), 2.46 (s, 3H),
2.04 (s, 3H).

Synthesis of pentafluorophenyl acrylate (PFPA)

Pentafluorophenyl acrylate (PFPA) was synthesized according to the method of
Jochum et al.?’0 Pentafluorophenol (40.0 g, 0.22 mol) was dissolved in 250 mL of dry
dichloromethane in round bottom flask. Triethylamine (TEA) (36.2 mL, 0.26 mol) was slowly
added to the reaction mixture on ice bath, and acryloyl chloride (21.1 mL, 0.26 mol) was
then slowly added. After being removed from the ice bath, the reaction mixture was stirred
at room temperature overnight. The precipitate of triethylamine hydrochloride salt was

filtered, washed thoroughly with dichloromethane. The filtrate was extracted twice with
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acidic water (pH=2.0), and twice with basic solution (Na,COs3), and finally twice with DI
water. The organic phase was dried over anhydrous sodium sulfate (Na,SO,), and
dichloromethane was removed using rotary evaporator. The crude product was further
purified by column chromatography (column material: silica gel; solvent: petroleum ether).
The pure colorless liquid was obtained (26.3 g, 0.16 mol, 75% yield) and stored in
refrigerator at -20°C. 1H NMR (400 MHz, CDCl,): &/ppm: 6.70 (d, 1H), 6.35 (dd, 1H), 6.16
(d, 1H); “F NMR (CDCl): O/ppm: -162 (d, 2F), -157 (t, 1F), -153 (d, 2F); FT-IR (ATR-

mode): 1772 cm ' (C=0 reactive ester band), 1516 cm ' (C=C aromatic band).

Synthesis of poly(pentafluorophenyl acrylate) (PPFPA)

PPFPA was synthesized according to the method published recently.30 Briefly,
PFPA monomer (4.80 g, 20 mmol), CPADB (11 mg, 0.04 mmol), and AIBN (0.65 mg, 0.004
mmol) were added to a vial followed by 10 mL of dry 1,4-dioxane. The vial was sealed with
a rubber septum and the solution was purged with argon gas for 30 min. The vial was then
immersed into a thermo-stated oil bath at 70°C for 2 h. After immersing for 2 h, the polymer
solution was precipitated in methanol, centrifuged, and dried under vacuum at room
temperature. The dried polymer was then dissolved in THF and precipitated again in
methanol. This procedure was repeated two times. The product was obtained as pink
powder in 65% vyield (3.10 g, 13 mmol). 1H NMR (400 MHz, CDCl,): O/ppm: 3.10 (br,
CH,CH), 2.51 (br, CH,CH), 2.13 (br, CH,CH); " F NMR (CDCl,): &/ppm: -163, -159, -153,
FT-IR (ATR-mode): 1782 cm'1 (C=0 reactive ester band), 1515 cm'1 (C=C aromatic band),
1090 cm_1 (C-O ester band). The resulting PPFPA homopolymer was subsequently used as

a macro chain transfer agent (macro CTA) for the polymerization of NIPAM.

Synthesis of poly(PFPA)-block-poly(NIPAM) (PPFPA-b-PNIPAM)

For the synthesis of diblock PPFPA-b-PNIPAM copolymer using RAFT
polymerization, it is advisable to start with the monomer that shows higher transfer ability
for the selected CTA.31'32 In this case, PPFPA was first synthesized and used as a macro
CTA for PNIPAM synthesis (Scheme 5.1). The purified PPFPA (0.32 g, 0.05 mmol), NIPAM
(0.57 g, 5.04 mmol), and AIBN (0.5 mg, 0.003 mmol) were added to a vial followed by 6
mL of dry 1,4-dioxane. The vial was sealed with a rubber septum and the solution was

purged with nitrogen gas for 30 min. Polymerization was conducted under nitrogen
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atmosphere at 70°C for 12 h. The polymer solution was precipitated in hexane, centrifuged,
and finally dried under vacuum at room temperature. The dried copolymer was then
dissolved in THF and precipitated again in hexane. This procedure was repeated two times.
The product was obtained as pink powder in 72% yield (1.29 g, 3.66 mmol). 1H NMR (400
MHz, CDCl,): O/ppm: 4.10 (br, NHCH(CH )2), 3.10 (br, CH,CH), 2.51-1.50 (m, protons in
backbone), 1.13 (br, -NHCH(CH,),): F NMR (DMSO-d6): &/ppm: -172, -166, -162. FT-IR
(ATR-mode): 1782 cm™ (C=0 reactive ester band), 1645 cm (C=O of amide), 1515 cm
(C=C aromatic band), 1090 cm'1 (C-O ester band).

AIBN
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Scheme 5.1 Synthetic pathway of PPFPA-b-PNIPAM by RAFT polymerization.

Post-polymerization modification of PPFPA-b-PNIPAM with ONB-protected diamine

Light-responsive moieties in the form of an ONB-protected diamine were introduced
to PPFPA-b-PNIPAM via post-polymerization modification of the PFPA part in the block
copolymer (Scheme 5.2). The copolymer (0.5 g, 1 equiv. of PFPA unit) was dissolved in 5
mL of dry THF under nitrogen atmosphere for 30 min. Separately, ONB-protected diamine
(0.5 equiv.) and TEA (0.1 equiv) was dissolved in 1 mL of dry THF. The ONB-protected
diamine solution was quickly added to the polymer solution and continued purging with
nitrogen gas for 20 min. The solution was stirred in the dark at room temperature for 24 h.
The resulting copolymer was purified by precipitation in diethyl ether, centrifuged, and
vacuum dried at room temperature overnight. The product was obtained as pale yellow
powder in 67% yield (0.55 g, 0.95 mmol). 1H NMR (400 MHz, CDCl,) O/ppm: 7.52-8.09 (br,
protons in o-nitrobenzene), 4.10 (br, -NHCH(CH,),), 3.2-1.5 (m, protons in backbone and
linker of ONB), 1.13 (br, ~NHCH(CHs),). ' F NMR (DMSO-d6): &/ppm: -170, -165, -162. FT-
IR (ATR-mode): 1782 cm'1 (C=0 reactive ester band), 1645 cm'1 (C=0 of amide band),
1515 cm ' (C=C aromatic band), 1090 cm ' (C-O ester band).
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Scheme 5.2 Synthetic pathway for the preparation of ONB-containing PPFPA-b-PNIPAM
via post-polymerization modification and cross-linked PPFPA-b-PNIPAM induced by UV

irradiation.

Preparation of non-cross-linked (NCL) and core-cross-linked (CCL) micelles
Non-cross-linked (NCL) micelles were formed by gradually adding DI water into a
solution of PPFPA-b-PNIPAM in THF (50 mg/mL). THF was evaporated by stirring the
solution in air to yield a micellar solution of NCL. For core-cross-linked (CCL) micelles, a
micellar solution was first prepared from ONB-containing PPFPA-b-PNIPAM using a similar
procedure as mentioned above for the NCL micelles followed by exposure to UV light (365
m) for 2 h. After irradiation, the solution was dialyzed consecutively against THF for 2
days and DI water for 1 day to remove by-products (non-cross-linked polymer and
nitrosobenzaldehyde) and THF, respectively. The aqueous solution in the dialysis tube was
collected and filtered with a 0.45 um pore-sized syringe filter and then lyophilized yielding a

pale yellow powder of dry CCL micelles.

Chemical incorporation of amino-containing dye into micelles

NBD as an amino-functionalized fluorescent dye was selected as a model
compound that can chemically bind with unreacted PFPA in the core of micelles via post-
functionalization. The dry CCL micelles (5 mg, 1 equiv. of residual PFPA unit) were
dispersed in 5 mL of dry THF. The micellar solution was purged with nitrogen gas for 30
min. Separately, TEA (0.1 equiv) and NBD (2 equiv.) were dissolved in 1 mL of dry THF.
The mixed solution of TEA and NBD was quickly added to the micellar solution and

continued purging with nitrogen gas for 20 min. The solution was stirred in the dark at room
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temperature for 24 h. The solution was then purified by dialysis consecutively against THF
for 2 days and DI water for 1 day to remove free NBD and THF, respectively. The aqueous
solution in the dialysis tube was collected and filtered with a 0.45 um pore-sized syringe
filter and lyophilized yielding an orange powder of dry micelles.

For comparison, NBD incorporation was also performed prior to micelles formation
and UV-induced cross-linking to compare loading contents of NBD from the two methods.
Briefly, the mixed solution of TEA and NBD having the same concentration as above was
added directly to 5 mL of ONB-containing PPFPA-b-PNIPAM solution in THF (1 mg/mL).
The solution was purged with nitrogen gas for 20 min and stirred in the dark at room
temperature for 24 h. The solution was then purified by dialysis against THF for 2 days to
remove free NBD. Core-cross-linked (CCL) micelles incorporated with NBD were then
formed using the same procedure as that for the preparation of CCL micelles as mentioned

above.

Physical encapsulation of hydrophobic dye into micelles

To determine the ability to encapsulate hydrophobic molecule into the core of the
micelles, pyrene was selected as a model. The dry CCL micelles (5 mg) were dispersed in
2 mL of THF. Pyrene solution in THF (2 mg/mL) was added dropwise into the micellar
solution and stirred vigorously for 1 h. DI water was gradually added dropwise to the
solution and then THF was evaporated by stirring the solution in air. The solution was then
dialyzed against DI water at room temperature for 2 days to remove THF. The aqueous
solution in the dialysis tube was collected and filtered with a 0.45 um pore-sized syringe
filter and lyophilized to yield a white powder of dry micelles.

For comparison, pyrene encapsulation into the ONB-containing PPFPA-b-PNIPAM
was also performed prior to micelles formation and UV-induced cross-linking to compare
loading contents of pyrene from the two methods. Briefly, the ONB-containing PPFPA-b-
PNIPAM (5 mg) was dissolved in 2 mL of THF. Pyrene solution in THF (2 mg/mL) was
added directly to the polymer solution and stirred vigorously for 1 h. CCL micelles
encapsulated with pyrene were then formed using the same procedure as that for the
preparation of CCL micelles as mentioned above except that the dialysis was only

performed against DI water after UV-irradiation.
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Determination of dye loading content

The contents of NBD chemically incorporated and pyrene physically encapsulated into the
micelles were determined by dissolving the micelles in THF before analyzed by UV
spectroscopy at 478 and 336 nm, respectively using standard calibration curves
experimentally obtained with NBD/THF or pyrene/THF solutions (Figure 5.1). The dye
content was calculated according to the following equation:

Dye loading content (mg/g)
weight of dye loaded in micelles (mg)
weight of dye — loaded micelles (g)

(eq.5.1)
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Figure 5.1 Calibration curves of (A) NBD and (B) pyrene absorbance as a function of dye
concentration in THF.

RESULTS AND DISCUSSION
Preparation of PPFPA-b-PNIPAM by RAFT polymerization
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For the synthesis of diblock copolymers of PPFPA-b-PNIPAM using RAFT
polymerization, it is advisable to start with the monomer that shows higher transfer ability
for the selected CTA.31’32 Comparative polymerization kinetics of PFPA and NIPAM are
shown in Figure 5.2. In this case, PPFPA was first synthesized and used as a macro CTA
for the PNIPAM synthesis (Scheme 5.1). The PPFPA macro-CTAs with two molecular
weights of 6.5 and 22.1 kDa were prepared (see Table 5.1). GPC chromatograms of the
PPFPA and diblock copolymers are shown in Figure 5.3. A single peak was observed for
each of the copolymers. A decrease in retention time as well as progressive peak
broadening is seen with each block addition. The PPFPA with the two molecular weights of
6.5 and 22.1 kDa yielded block copolymer of the PPFPA-b-PNIPAM with molecular weights
of 11.5 kDa and 30.4 kDa, respectively. The slight shoulder appearing in the GPC traces of
the resulting block copolymers especially in the case of higher molecular weight one (30.4
kDa) implied that there was a significant amount of the inactive PPFPA macro CTA which
did not participate in chain extension of the PNIPAM block. This may be described as a
result of the PFPA polymerization being allowed to proceed to a rather high conversion
(74%). This would raise a chance of chain termination. It is also likely that the PPFPA
macro-CTA with higher molecular weight (22.1 kDa) would possess lower mobility so as the
rate of chain transfer than that of the 6.5 kDa, resulting in the potential loss of

polymerization controllability.
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Figure 5.2 Kinetics of RAFT polymerization of (A) PFPA and (B) NIPAM using 4-

cyanopentanoic acid dithiobenzoate (CPADB) and azobisisobutyronitrile (AIBN) as CTA and

initiator, respectively in 1,4-dioxane at 70°C.

Table 5.1 Molecular weight information of PPFPA-b-PNIPAAmM copolymers synthesized by

RAFT polymerization.

First block (PPFPA-CTA) PPFPA-b-PNIPAM
M| M, % M| M, NIPAM® | PFPA°
PDI b PDI
(kDa) | (kDa) conversion (kDa) | (kDa) (mol-%) (mol-%)
6.5 7.1 1.10 61 11.5 149 | 1.30 74 26
221 | 287 |1.30 74 304 413 | 1.36 77 23

*The molecular weights were determined by GPC in THF, PS standard.

° %conversion and copolymer compositions were determined by "H NMR
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Figure 5.3 GPC traces of PPFPA molecular weights of 6.5 kDa (A) and 22.1 kDa (B) and

their corresponding block copolymers.

Additionally, Table 5.1 gives an overview of the molecular weight information of the
block copolymers prepared by RAFT polymerizations. The molecular weight (M,)) of the
block increased with increasing [monomer]/[PPFPA macro-CTA] ratio. The content of the
NIPAM in the block copolymer was determined from 1H NMR data by selecting the area of
the signal at 4.10 ppm (for methine proton of NIPAM) in relation to the area of the signal at
3.10 ppm of the PPFPA polymer backbone. The contents of NIPAM in the block
copolymers were 74 and 77 mol% for the PPFPA-CTA with M, of 6.5 and 22.1 kDa,
respectively. 1H NMR measurement showed the appearance of a new signal at 4.10 ppm
attributed to -CH(CHs;),, the methine proton of NIPAM (Figure 5.4). The characteristic
proton signals of PPFPA at 3.10, 2.50, and 2.12 ppm attributed to CH and CH, groups of
polymer backbone. The combination of a single GPC peak (Figure 5.3) and the presence
of characteristic protons of both PPFPA and PNIPAM led to the assumption that diblock
copolymers were successfully synthesized. Apparently, the RAFT process enables the
synthesis of well-defined block copolymer of PPFPA-b-PNIPAM with predetermined

molecular weight and narrow molecular weight distribution.
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Figure 5.4 1H NMR spectra of PPFPA-b-PNIPAM in CDCI; having PPFPA:PNIPAM
compositions of (A) 23:77 and (B) 71: 29.

Post-polymerization modification of PPFPA-b-PNIPAM with ONB-protected diamine
Herein, light-responsive moieties of ONB were prepared via post polymerization
modification of PFPA moieties with a mono ONB-protected diamine.25 Upon UV irradiation
at 365 nm for 2 h, a new peak of nitrosobenzaldehyde appeared at around 350 nm (Figure
5.5) confirming the formation of the cleaved by-product.23'25’33 In addition, FT-IR spectrum
showed the appearance of C=0 peak of nitrosobenzaldehyde at 1725 cm_1. (Figure 5.6).
The ONB-protected diamine group should be released, which can subsequently induce
cross-linking via activated ester-amine chemistry resulting in network formation as shown in

Scheme 5.2.
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Figure 5.5 UV spectra of ONB-containing PPFPA-b-PNIPAM before and after UV irradiation
at 365 nm.
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Figure 5.6 FT-IR spectrum of cross-linked PPFPA-b-PNIPAM after UV irradiation at 365

nm.

A successful reaction can be demonstrated by the results from 1H NMR and FT-IR

analysis. Figure 5.7(A) represents 1H NMR spectrum of the ONB-containing PPFPA-b-
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PNIPAM. The signals of the four aromatic protons of the ONB moieties in a range of
0=7.52-8.09 ppm clearly confirmed the attachment of the ONB groups to the block
copolymer. The amount of incorporated ONB-protected diamine in the copolymer can be
calculated by 1H NMR from the relative ratio between the peak integration of the four
aromatic protons around & = 7.52-8.09 ppm and the peak integration of one proton around
O = 3.10 ppm of the PPFPA polymer backbone. As reported earlier by Zhao et aI.25, the
percentage of ONB incorporation (%ONB) can be varied as a function of the amount of
ONB-protected diamine. Here in this research, the %ONB in the block copolymer of
approximately 20% were chosen to assure that a certain portion of PFPA were cross-linked
via incorporated ONB-protected diamine and allowed for the majority of the unreacted
PFPA to be available for subsequent post functionalization with other active species of
which we chose NBD in this case. Additionally, the successful conversion of the parent
PPFPA in the copolymer to the corresponding ONB-protected group was also confirmed by
FT-IR analysis from the decrement of C=0 peak at 1782 cm'1 of PPFPA and the increment
of the amide carbonyl group at 1645 cm'1 (Figure 5.7(B)). After the post- polymerization
modification, the molecular weight of the ONB-containing block copolymer was slightly
shifted to higher value in comparison to the GPC trace of the precursor block copolymer

due to the increment of molecular weight per repeating unit (Figure 5.8).
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Figure 5.7 1H NMR spectra in CDCI; (A) and FT-IR spectra (B) of (a) PPFPA-b-PNIPAM,
(b) ONB-containing PPFPA-b-PNIPAM, and (c) NBD-incorporated CCL micelles.
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Preparation of core-cross-linked (CCL) micelles of PPFPA-b-PNIPAM

In this part, we introduce a new methodology for polymeric micelles preparation
from diblock copolymer having PPFPA as hydrophobic part, PNIPAM as hydrophilic part,
and ONB-protected diamine as a photo-induced cross-linker molecule of which the strategy
is shown in Scheme 5.3. The molecular weight of PPFPA-b-PNIPAM and the %ONB were
fixed at around 30 kDa and 20%, respectively, while the copolymer composition of
PPFPA:PNIPAM was varied from 23:77 to 71:29. Micellization of the diblock copolymers in
aqueous solution was confirmed by DLS and TEM. DLS studies (Table 5.2) revealed that
the sizes of both NCL and CCL micelles above LCST became smaller than those below the
LCST due to the outer shell of PNIPAM dehydrated and collapsed. After UV irradiation at
365 nm for 2 h, the average sizes of the CCL micelles were found to be smaller than those
of the NCL micelles implying that covalently cross-linked network of ONB-protected diamine
with the PFPA part in the core were formed. It should be emphasized at this point that
complete cross-linking via the reaction between PFPA moieties and ONB can be achieved
upon the UV-irradiation at 365 nm for 2 h as monitored by UV-vis spectroscopy. This
agrees well with the report by Zhao et a/.25 Moreover, the average size of the micelles
having a copolymer composition of 71:29 PPFPA:PNIPAM is smaller than that with the ratio
of 23:77 PPFPA:PNIPAM implying that the size of the micelles corresponds with the block
length of the PNIPAM outer shell. In addition, size distribution profiles measured by DLS
showed that all of the micelles have a unimodal size distribution. The micelles did not
precipitate above the LCST because the DLS measurement was carried out at a very low
concentration (1 mg/mL) allowing us to determine their size by DLS. TEM images revealed
well-defined spherical shapes with slightly smaller diameters than those observed in DLS,
which is attributed to the shrinkage of the micelles after solvent evaporation during TEM

sample preparation as shown in Figure 5.9.
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NBD.

Table 5.2 Summary of average sizes of the NCL and CCL micelles of PPFPA-b-PNIPAM

and NBD-incorporated CCL micelles determined by DLS measurement in aqueous media.

PPFPA:PNIPAM

(% mol ratio)

Average size (nm)

PPFPA-b-PNIPAM

NCL micelles

PPFPA-b-PNIPAM

CCL micelles

NBD-incorporated

CCL micelles

o o

o o

10C 40C 10C 40C 10C 40C
23:77
257 t5 178 £ 2 146 + 3 97 +1 182+2 1359103
(M, = 30.4 kDa)
71:29
122+3 812*X02 58Fx2 421F02 671 414+07

(M, = 32.5 kDa)
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0.5 um) and (B) 71:29 (scale bar 100 nm). DLS measurements were carried out at 10°C

with a micelle concentration of 1 mg/mL.
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Furthermore, we have performed DLS and TEM measurements of the CCL micelles
after placing them in THF, a good solvent for both PPFPA and PNIPAM blocks, to
demonstrate that the synthesized CCL micelles were stable. From the DLS data, the
average sizes of the CCL micelles having PPFPA:PNIPAM composition of 23:77 and 71:29
were 189 and 80 nm, respectively. These average sizes of the CCL micelles in THF are
larger than those determined in aqueous media (See Table 5.2 for comparison) as a result
of THF being a good solvent and thus causing the CCL micelles to swell. According to TEM
images shown in Figure 5.10, the CCL micelles maintained their spherical shape with their
diameters around 82 and 38 nm for the copolymer having PPFPA:PNIPAM composition of
23:77 and 71:29, respectively. The size measured by the DLS is larger than that observed
by TEM because the size measured by DLS is based on the swollen micelles in solution

whereas that observed by TEM is for the dried micelles.
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Figure 5.10 Size distribution profiles evaluated by DLS and TEM images (scale bar 100
nm) of the CCL micelles after UV irradiation for 2 h, formulated from the ONB-containing
PPFPA-b-PNIPAM with PPFPA:PNIPAM compositions of (A) 23:77 and (B) 71:29 after
placing them in THF.
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Chemical incorporation and physical encapsulation of dyes into micelles

NBD was covalently incorporated onto the residual PFPA moieties in the core of the
CCL micelles to demonstrate the possibility for additional post-functionalization, as shown in
Scheme 5.3. A successful incorporation of NBD was confirmed by FT-IR, 1H NMR, 19F
NMR, and UV-vis spectroscopy. The disappearance of ester carbonyl group of activated
PFPA at 1782 cm'1 and appearance of amide carbonyl group at 1646 cm'1 suggest that the
PFPA units were fully converted to amide upon reacting with NBD (Figure 5.7(B)). Similar
explanation can also be applied for the 1H NMR spectrum that showed the disappearance
of the proton at & = 3.10 ppm of the PPFPA backbone (Figure 5.7(A)). Complementary 19F
NMR analysis confirmed that the three signals at -170, -165, and -162 ppm attributed to the
pentafluorophenyl ester groups in the block copolymer completely disappeared when 2
equiv. of NBD dye was reacted, suggesting that all residual PFPA groups in the core of the

micelles were totally consumed upon chemical incorporation of NBD (Figure 5.11).
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Figure 5.11 19F NMR spectra in DMSO-d6 of (A) PPFPA-b-PNIPAM, ONB-containing
PPFPA-b-PNIPAM having PPFPA:PNIPAM compositions of 71:29 (B) before and (C) after
reacting with NBD.

UV-vis spectroscopy was also used to confirm the incorporation of NBD into the
core of micelles via post-functionalization modification of the residual PFPA units. As seen

in Figure 5.12 (A), an absorbance of NBD-incorporated CCL micelles, which corresponds

to an absorbance of free NBD appears at 7\.max= 478 nm indicating the presence of NBD in
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the micelles. The loading content of NBD into the CCL micelles after UV-induced cross-
linking (Scheme 5.3, Route 1) of the copolymer having PPFPA:PNIPAM composition of
23:77 and 71:29 was found to be 3.8 and 7.7 mg/g (NBD/copolymer), respectively.
Furthermore, the physical encapsulation of pyrene into the CCL micelles was also
determined (Scheme 5.4, Route 1). The typical UV-vis spectrum of pyrene-encapsulated
CCL micelles is similar to that of free pyrene Figure 5.12 (B), suggesting no significant
change of pyrene structure when being encapsulated within the CCL micelles. The loading
content of pyrene into the CCL micelles after UV-induced cross-linking of the copolymer
having PPFPA:PNIPAM composition of 23:77 and 71:29 was 1.2 and 2.9 mg/g
(pyrene/copolymer), respectively. We have also performed additional experiments by
conducting UV-induced cross-linking after dye loading (Route 2 of both Scheme 5.3 and
5.4). It was found that the loading content of NBD into the CCL micelles formulated from
the copolymer having PPFPA:PNIPAM composition of 23:77, and 71:29 was 3.9 and 8.0
mg/g (NBD/copolymer), respectively. Whereas, the loading content of pyrene into the CCL
micelles formulated from the block copolymer having PPFPA:PNIPAM composition of
23:77, and 71:29 was 3.7 and 4.8 mg/g (pyrene/copolymer), respectively. Apparently, the
loading contents of both NBD and pyrene into the core of micelles can be elevated as a
function of the PPFPA composition in the block copolymer. The fact that the loading
content of NBD prior to UV-induced cross-linking was essentially the same as that after UV-
induced cross-linking indicated that enthalpic gain via chemical reactions between the
residual PFPA groups and NBD was so powerful that it can overcome the restriction of dye
permeability through the cross-linked polymeric network. The procedure based on the
sequence of cross-linking/self-assembly followed by encapsulation should provide a better
stability to micelles. This also gives additional benefit from practical perspective because
any designated molecules can be chemically incorporated into ready-to-use cross-linked
micelles which are quite stable. However, this seems not to be the case for pyrene of which
physical encapsulation is mainly driven by weaker hydrophobic interactions. Cross-linking
exhibited a significant impact on pyrene encapsulation so that its loading was more

effective if being performed prior to cross-linking.
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CONCLUSIONS

In this research, well-defined block copolymer consisting of PFPA and NIPAM were first
synthesized by RAFT polymerization. The kinetic analysis and gel permeation
chromatography (GPC) measurements confirmed that polymerization was well controlled.
The cross-linked amphiphilic polymeric micelles of PPFPA-b-PNIPAM were prepared via
post- polymerization modification of PFPA moieties with the ONB protected diamine. The
ONB groups can be released upon UV irradiation which subsequently induced an in situ
cross-linking by a spontaneous reaction with the remaining PFPA and yielded cross-linked
micelles. Micellization of the copolymers was confirmed by DLS and TEM. The sizes of the
NCL and CCL micelles can be controlled by changing the external temperature above or
below their LCSTs. Our results have demonstrated that the copolymer micelles having
residual PFPA moieties in their cores are capable of not only chemically incorporating
amino-containing molecule, NBD via post-functionalization but also physically encapsulating
hydrophobic molecule, pyrene, suggesting their potential to be used as alternative cargos

for biomedical applications.
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Chapter Vi

Thermo-Responsive and Active Functional Fibers for Cultured Cell

Recovery

INTRODUCTION

Tissue engineering has gained much popularity because of its use in repair and
replacement of damaged tissues or part by providing 3D scaffolds for cell growth and
subsequent tissue organization. The cells inside body attach to extracellular matrix
(ECM) in order to proliferate, migrate and differentiate into specific tissue. It is generally
known that the process of cell culture requires a method to recover cells from the
culture surface. Trypsin is an enzyme commonly used to digest cells. This agent would
cleave off the cells adhered to the cultured material and unavoidably destroy cell-to-cell
junctions as well as ECM which may affect cell viability.1’2

The use of thermo-responsive polymers has attracted considerable attention in
the field of tissue engineering. Poly(N-isopropylacrylamide) (PNIPAM), in particular, is a
well-known and best studied thermo-responsive polymer featuring a phase separation in
aqueous media below its lower critical solution temperature (LCST) at 32°C. It exhibits a
reversible phase transition between hydrophilicity (below LCST) and hydrophobicity
(above LCST) because of intermolecular and intramolecular hydrogen bonding.3
Accordingly, cells can attach and grow on the PNIPAM surface above the LCST and
can be spontaneously released by simply cooling the cell culture medium below the
LCST and without requiring enzymes.4’5 Okano's research team has performed
pioneering work on grafting PNIPAM chains onto tissue culture polystyrene dish
(TCPS).2’6_11 However, cell detachment from PNIPAM-grafted TCPS is a relatively slow
process which might have negative impact on cell functions.2 The use of porous
membranes grafted with PNIPAM as culture substrates have recently been reported to
facilitate the rapid cell sheet detachment.m'16 Recently in 2014, Oh et al. prepared
thermo-responsive polystyrene (PS) nanofibrous mats by grafting thermo-sensitive
PNIPAM chains onto PS nanofibrous mats via electron beam irradiation. Cells were well

attached and proliferated more on the PNIPAM-grafted PS nanofibrous mats than on
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the flat PS dish surfaces. Moreover, cells cultured on the PNIPAM-grafted PS mats
were detached more rapidly than those on the PNIPAM-grafted PS dishes. These
results demonstrated that thermo-responsive nanofibrous mats are attractive substrates
for recovery of cultured ceIIs.17

Functional polymer nanofibers produced via electrospinning are very attractive
materials for diversified applications. It is recognized as one of the most promising and
versatile method for preparing 3D porous nanofibers with high porosity and high surface
area.18 The ECM-mimic structure render electrospun fibrous material an excellent
candidate for using in tissue engineering.w_22 However, electrospun nanofibers of
PNIPAM homopolymer are not stable in water and disperse easily which limits its
application in some bio-related areas, especially in tissue engineering and regenerative
medicine.”>**

Copolymerizing NIPAM with comonomers having active functionalities that can
undergo crosslinking is a promising strategy to obtain stable nanofibers in an aqueous
medium. Monomers having active pentafluorophenyl ester, pentafluorophenyl
(meth)acrylate (PFP(M)A), are quite desirable choices for copolymerization with NIPAM
due to their resulting copolymers are hydrolytically stable is water.zs’26 Moreover, these
active PFP functional groups are readily available for further chemical modification with
bioactive molecules via activated ester-amine chemistry. Designing and producing three-
dimensional (3D) of PFP-containing functional nanofibrous structure via electrospinning
have been recently reported. Gentsch and coworkers27 successfully prepared reactive
fiber meshes based on pentafluorophenyl methacrylate (PFPMA) for the first time. The
fiber mesh is a versatile platform for simple immobilization of sugar molecules via post-
polymerization modification. The sugar-functionalized fiber meshes enhance the
cytokine production of macrophages which triggered specific interaction with biological
systems.

Here is this research, random copolymer of P(PFPA-r-NIPAM) is introduced as
electrospinnable and crosslinkable polymeric material that could combine
thermoresponsiveness and active functionality for further biofunctionalization. Partial
post-polymerization modification of the copolymer was firstly performed to incorporate
light responsive moieties of ortho-nitrobenzyl (ONB) group into the PFPA part. The ONB
group is known to undergo irreversible transformation upon irradiation with UV. Finally,
the ONB-containing copolymers were then electrospun into fibers. Cross-linked and

stable fibers were then formed after UV irradiation. The cross-linked copolymer fibers
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were utilized as functional fibers to immobilize GRGDS peptide, a well-known cell
adhesive peptide sequence, which could promote cell growth. It is strongly believed that
the nanofibrous structure of the copolymer should accelerate the recovery process of

intact cultured cells which is highly beneficial for tissue engineering applications.

EXPERIMENTAL SECTION

Materials. Triethylamine (TEA, 99.5%), 2-nitrobenzyl bromide (98%), N,N’-
dimethylethylenediamine (85%), 4-cyanopentanoic acid dithiobenzoate (CPADB, 97%),
and bovine serum albumin-fluorescein isothiocyanate conjugate (BSA-FITC) were
purchased from Sigma-Aldrich and used as received. N-isopropylacrylamide (NIPAM,
97%) was obtained from Sigma-Aldrich and recrystallized twice in hexane before use.
Acrylic acid (AA, 99%) was obtained from Sigma-Aldrich and purified by distillation
under reduced pressure prior to use. Pentafluorophenol (99.0%) was commercially
available from Merck and used as received. Azobisisobutyronitrile (AIBN, 98%) was
obtained from Fluka and used as received. Acryloyl chloride (98%) was purchased
Acros and used as received. H-Gly-Arg-Gly-Asp-Ser-OH (GRGDS) was purchased from
Genscript (USA). Fetal bovine serum (FBS) and RPMI 1640 medium were purchased
from InVitromex. Fibroblast (L929) cell line was obtained from ATCC. All solvents used
for reactions are reagent grade and used as received, unless otherwise specified.
Anhydrous 1,4-dioxane (99.9%) were obtained from Merck. Anhydrous tetrahydrofuran
(THF, 99.9%) was obtained from Sigma-Aldrich. Dichloromethane was dried over CaH,
under reflux and nitrogen atmosphere. Phosphate buffered saline (PBS) pH 7.4 was
purchased from Sigma-Aldrich. The NMR solvents such as CDCl; (99.8% D) and
DMSO-d6 (99.9%) were obtained from Cambridge Isotope Laboratories, Inc. (USA).
ONB-protected diamine was synthesized according to a method of Graisuwan et al.28

and PFPA was synthesized according to the method of Jochum et aI.29

Methods. 1H NMR spectra were recorded on a Varian, model Mercury-400
nuclear magnetic resonance spectrometer (USA) operating at 400 MHz. Chemical shifts
(0) were reported in part per million (ppm) relative to tetramethylsilane (TMS) signal as
a reference. FT-IR spectra were recorded with a Nicolet Impact 6700 FT-IR
spectrometer with 32 scans at a resolution of 4 cm'1 in a frequency range of 400-4000
cm_1. Molecular weight and molecular weight distribution of synthesized polymers were

analyzed by gel permeation chromatography (GPC) using Waters 600 controller


http://www.rsc.org/suppdata/tb/c2/c2tb00194b/c2tb00194b.pdf

143

chromatograph equipped with HR1 and HR4 columns (Waters, MW resolving range
=100-500,000 g/mol) at 35°C and refractive index (RI) detector (Waters 2414). THF was
used as an eluent with the flow rate of 1.0 mL/min. Sample injection volume was 80 pL.
Five polystyrene standards (996-188,000 g/mol) were used for generating a calibration
curve. The surface morphology of electrospun fibers was observed using a JEOL Model
JSM-6610/LV scanning electron microscope (SEM) and analyzed with an accelerating
voltage of 15 kV. A small piece of electrospun fibers on aluminum foil was cut and
placed on SEM stub using a double-sided adhesive carbon tape. Sample was sputter-
coated with gold prior to imaging. The fiber diameters were measured by using a
SemAfore 5.21 for 50 fibers per sample. A contact angle goniometer model 100-00
equipped with a Gilmont syringe and a 24-gauge flat-tipped needle (Ramé-Hart, Inc.,
USA) was used for the determination of water contact angles. A droplet of Milli-Q water
was placed on the tested surface by bringing the surface into contact with a droplet
suspended from a needle on the syringe. The measurements were carried out in air at
room temperature. The reported angle is an average of 10 measurements on different

areas of each sample.

Synthesis of poly(PFPA-ran-NIPAM) (P(PFPA-r-NIPAM)). PFPA (2.38 g, 10
mmol), NIPAM (1.13 g, 10 mmol), CPADB (2.79 mg, 0.01 mmol), and AIBN (0.21 mg,
1.28x10_3 mmol), were added to a vial followed by 10 mL of dry 1,4-dioxane. The vial
was sealed with a rubber septum and the solution was purged with nitrogen gas for 30
min under stirring. Polymerization was conducted under nitrogen atmosphere at 70°C
for 24 h. The polymer solution was precipitated in diethyl ether, centrifuged, and finally
dried under vacuum at room temperature. The dried copolymer was then dissolved in
THF and precipitated again in diethyl ether. This procedure was repeated two times.
The product was obtained as pink powder in 80% vyield (2.81 g, 8 mmol). 1H NMR (400
MHz, CDCl,): &/ppm: 4.10 (br,~NHCH(CHg3),), 3.10 (br, CH,CH), 2.51-1.50 (m, protons
in backbone), 1.13 (br, -NHCH(CHs),). FT-IR (ATR-mode): 1782 cm'1 (C=0 reactive
ester band), 1645 cm™' (C=0 of amide), 1515 cm ' (C=C aromatic band), 1090 cm" (C-
O ester band). GPC (THF) : M,, = 47 kDa; PDI = 1.62 and M,, = 60 kDa; PDI = 1.98.

Post-polymerization modification of P(PFPA-r-NIPAM) with ONB-protected
diamine. Light-responsive moieties in the form of an ONB-protected diamine were

introduced to the PFPA part of P(PFPA-r-NIPAM) via post-polymerization modification.28
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The P(PFPA-r-NIPAM) (1.0 g, 1 equiv. of PFPA unit) was dissolved in 10 mL of dry
THF under nitrogen atmosphere for 30 min. Separately, ONB-protected diamine (0.5
equiv.) and TEA (0.1 equiv) were dissolved in 1 mL of dry THF. The ONB-protected
diamine solution was quickly added to the polymer solution and continued purging with
nitrogen gas for 20 min. The solution was stirred in the dark at room temperature for 24
h. The resulting copolymer was purified by precipitation in diethyl ether, centrifuged, and
vacuum dried at room temperature overnight. The product was obtained as pale yellow
powder in 71% yield (1.16 g, 2.02 mmol). 1H NMR (400 MHz, CDCl,): 0/ppm: 7.52-8.09
(br, protons in o-nitrobenzene), 4.10 (br, -NHCH(CH,;),), 3.2-1.5 (m, protons in
backbone and linker of ONB), 1.13 (br, -NHCH(CHs),). FT-IR (ATR-mode): 1782 cm_1
(C=0 reactive ester band), 1645 cm'1 (C=0 of amide | band), 1515 cm'1 (C=C aromatic
band), 1090 cm ' (C-O ester band).

Electrospinning of P(PFPA-r-NIPAM), ONB-containing P(PFPA-r-NIPAM) and
Polystyrene (PS) fibers. Electrospinning technique was employed to fabricate the
P(PFPA-r-NIPAM), ONB-containing P(PFPA--NIPAM) and PS as fibers. The
electrospinning apparatus consisted of a variable syringe pump (ProSense B.V.
Laboratory & process equipment model NE1000, Netherlands) and a high voltage
power supply (Gamma High Voltage Research, model ES30P, USA).

The copolymers of P(PFPA-r-NIPAM) and ONB-containing P(PFPA-r-NIPAM)
with different concentrations (10-30% wi/v) were dissolved in a mixture of THF/DMF
(3:1, v/v). The polymer solutions were then stirred at room temperature for 24 h. The
polymer solution was loaded in a 5 mL plastic syringe equipped with a metallic needle
of 0.7 mm inner diameter. The syringe was fixed horizontally on the syringe pump and
an electrode of high power supply was clamped to the metal needle tip. A grounded
stationary rectangular metal collector covered with a piece of clean aluminum foil was
used for the fiber collection. The distance between the needle tip and the collector was
set to 20 cm. The flow rate of polymer solution was fixed at 3 mL/h, and the applied
voltage was set at 20 kV. The electrospun fibers were collected on a flat aluminum foil
and then vacuum dried at room temperature overnight prior to further studies.

For preparation of cross-linked P(PFPA-r-NIPAM) fibers, the electrospun fibers
of ONB-containing P(PFPA-r-NIPAM) fibers were exposed to UV light for 2 h to

generate cross-linked networks.
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For preparation of PS fibers, 0.2 g of PS was dissolved in a mixture of
THF/DMF (3:2, v/v) 2 mL to generate a 10% wt of PS solution. The electrospinning
process was then performed using the same procedure as that for the preparation of
the P(PFPA-r-NIPAM) as mentioned above. The PS fibers were then plasma treated in

air for 5 min prior to use for cell study.

Immobilization of GRGDS peptide on the electrospun fibers. GRGDS peptide
was dissolved in PBS buffer pH 7.4. The electrospun fibers of P(PFPA--NIPAM), and
cross-linked P(PFPA--NIPAM) were cut into small circle pieces with diameter of 15 mm
and placed into the bottom of 24-well tissue culture polystyrene (TCPS) plates. The
GRGDS peptide solution was then pipetted into each well of the electrospun fibers.
After immobilization for 24 h, the samples were rinsed twice with PBS and DI water,

respectively. The electrospun fibers were then air dried overnight.

Cell viability using MTT Assay. Fibroblast (L929) cell line was used to study
cell adhesion and proliferation of the electrospun fibers. The L929 cells were cultured in

RPMI 1640 medium supplemented with 5% fetal bovine serum (FBS), penicillin
(100,000 U/L) and streptomycin (100 mg/mL). They were incubated at 37°C in

atmosphere containing 5% CO, where the culture medium was changed every 3 days.
For cell culture, the electrospun fibers in 24-well TCPS plates were sterilized with UV
light overnight prior to use. Eight replicated samples were used for each condition.
Approximately 2x104 of the L929 cells in 200 UL culture medium were pipetted into

each well containing the substrates as well as into the bottom of TCPS plates as a

control and then incubated under 5% CO, at 37°C. MTT assay was used to investigate
cell adhesion and proliferation. After cell culture for a set of incubation time, the culture
medium was removed to discard the unattached cell and the 200 pL of fresh culture
medium was pipetted into each well followed by 10 pyL of 0.5 mg/mL of MTT in normal
saline solution. After incubation for 1 h, the supernatant solution was removed and 150
puL of DMSO was pipetted into each well to dissolve the purple crystals of formazan.
Next, 25 pyL of 0.1 M glycine (pH 10.5) was added. The optical density of sample was
measured using a microplate reader at the wavelength at 540 nm. For the cell adhesion
studies, the cells were allowed to attach on the surfaces for 6 h. For the cell

proliferation studies, the cells after having been allowed to attach on the surfaces for 6
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h, were cultured for either 1, 3, and 5 days. The viability of the attached and proliferated

cells was quantified by MTT assay.

Recovery of cultured cells. Detachment of single cells was achieved by
lowering temperature after incubation for 5 days. For lowering temperature, spread cells
on each surface were transferred to a controlled temperature incubator fixed at 20°C.
The morphology and detachment rate were observed with SEM and MTT assay as a

function of lowering temperature treatment time.

Statistical Analysis. For the cell adhesion and proliferation tests, the data are
expressed as the mean istandard deviation (S.D.) Statistical analysis to test for
significant differences between means was performed using the Statistical Package for
the Social Science (SPSS) version 17.0 software, using One-Way Analysis of Variance
(ANOVA) with the Least Square Difference (LSD) tests were used for post hoc
evaluations of differences between groups. The threshold level for accepting statistical

significance was set at p < 0.05.

RESULTS AND DISCUSSION

Preparation of P(PFPA-r-NIPAM) by RAFT polymerization. The success of
P(PFPA-r-NIPAM) synthesis was confirmed by 1H NMR and FT-IR analyses as shown
in Figure 6.1 and 6.2, respectively. The characteristic proton signal of NIPAM appeared
at 4.10 ppm which can be assigned to the methine proton of NIPAM part. The
characteristic proton signal at 3.10 ppm assignable to the CH group from PFPA part.
The signals around & = 2.51-1.13 ppm can be attributed to the protons of polymer
backbone from both of PFPA and NIPAM units. In addition, FT-IR spectra also showed
the characteristic peaks of both of PFPA (C=0 of ester at 1782 cm'1) and NIPAM (C=0
of amide | at a 1645 cm_1) as shown in Figure 6.2 (a). The comonomer composition
(mol%) of PFPA to NIPAM in the copolymer was determined from 1H NMR data based
on relative integration of the peak at 4.10 ppm (for methine proton of NIPAM) to that of
the peak at 3.10 ppm of the PFPA. The comonomer ratio of PFPA to NIPAM was found
to be 28:72.
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Figure 6.1 1H NMR spectra in CDCl; of (a) P(PFPA-r-NIPAM), (b) ONB-containing
P(PFPA-r-NIPAM).
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Figure 6.2 FT-IR spectra of (a) P(PFPA-r-NIPAM), ONB-containing P(PFPA-r-NIPAM)
(b) before and (c) after crosslinking by UV irradiation, and (d) cross-linked P(PFPA-r-
NIPAM) fibers after GRGDS immobilization.

Post-polymerization modification of P(PFPA-r-NIPAM). Light responsive
ONB-containing P(PFPA-r-NIPAM) were prepared via post-polymerization modification
of PFPA units in the copolymer with a mono ONB-protected diamine. Upon UV
irradiation at 365 nm, the ONB-protected diamine group should be released, which can
subsequently induce cross-linking via activated ester-amine chemistry resulting in a

network formation as shown in Scheme 6.1. A successful reaction can be demonstrated
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by the results from 1H NMR and FTIR analyses. Figure 6.1 (b) represents 1H NMR
spectrum of ONB-containing P(PFPA-r-NIPAM). The signals of the four aromatic protons
of the ONB moieties in a range of 0=7.52-8.09 ppm clearly confirmed the attachment of
the ONB groups to the P(PFPA-r-NIPAM). The amount of incorporated ONB-protected
amine in the copolymer can be calculated by 1H NMR from the relative ratio between
the peak integration of the four aromatic protons (0=7.52-8.09 ppm) and the peak
integration of one proton at 3.10 ppm of the PPFPA polymer backbone. The percentage
of ONB incorporation (%ONB) was found to be 20%. Here in this research, the %ONB
in the copolymer of 20% were chosen to assure that a certain portion of PFPA were
cross-linked via incorporated ONB-protected diamine and allowed for the majority of the
unreacted PFPA to be available for subsequent post-functionalization with biomolecules
of which we chose GRGDS peptide in this case. Additionally, the successful conversion
of the parent PPFPA in the copolymer to the corresponding ONB-protected group was
also confirmed by FT-IR analysis from the decrement of C=0 peak at 1782 cm_1 of
active ester group in the PPFPA and the increment of the amide carbonyl group at 1645
cm_1 (Figure 6.2 (b)). After UV irradiation, a new peak of C=0 of nitrosobenzaldehyde
appeared at 1725 cm'1 confirming the formation of the cleaved by-product as shown in

Figure 6.2 (c).
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Scheme 6.1 Synthetic pathway for the preparation of ONB-containing P(PFPA-r-NIPAM)

via post-polymerization modification and cross-linked reaction induced by UV irradiation.

Fiber fabrication by electrospinning process. The P(PFPA-r-NIPAM) was
fabricated into fibers by electrospinning technique. The effects of solvent, molecular
weight and polymer solution concentration were investigated in order to get optimal

conditions that yield fibers with uniform size distribution.
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Effect of solvent. The P(PFPA-r-NIPAM) having M, of 47 kDa was electrospun
from THF and a binary mixtures of THF/DMF (3:1 v/v) to study the effect of solvent on
fibers formation (Figure 6.3). For each solvent system, the polymer solution
concentration was varied from 10 to 30% (w/v). The fibers electrospun from THF
showed only beads and beads with some fibers on the collector at polymer
concentration of 10 and 20% w/v, respectively. The average diameter of the fibers
electrospun from THF at 30% (w/v) was 2.02 + 0.84 um. The fibers electrospun from
the binary mixtures of THF/DMF (3:1 v/v) formed beads with fibers at a polymer
concentration of 30% (w/v). Moreover, the average diameter of fibers electrospun from
the THF/DMF had smaller diameter than that of the fibers electrospun from THF. DMF
with relatively high dielectric constant (36.4) as compared with that of THF (7.6), DMF
can increase elongational force within the solution jet so that fibers electrospun from
THF/DMF became smaller in diameter.30 Therefore, the binary mixtures of THF/DMF

(3:1 v/v) was selected and used for further investigation.

M, (kDa)  Solvent 10% wiv 20% wiv 30% wiv
& | . i Y % =

47

60 (3:1 viv)

0.16 £ 0.05 pm

0.33£0.13 pm 0.62+0.16 um

Figure 6.3 SEM micrographs of P(PFPA-r-NIPAM) fibers electrospun from two
molecular weights (47 and 60 kDa) in THF and binary mixture of THF/DMF (3:1(v/v))
with different polymer concentrations from 10 to 30% w/v at a constant voltage of 20
kV, a flow rate of 3 mL/h. Number appearing below each micrograph is an average

diameter of the electrospun fibers (scale bar 10 Lum).
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Effect of molecular weight and polymer solution concentration. The
molecular weight and polymer solution concentration are the important parameters that
pose strong impact on fiber formation. Figure 6.3 shows SEM micrographs of the
P(PFPA-r-NIPAM) electrospun fibers fabricated from two molecular weights (47 kDa and
60 kDa) with different polymer concentrations (10-30% (w/v)) at a constant voltage of 20
kV and a flow rate of 3 mL/h. For the copolymer with M, of 47 kDa, a concentration of
10% (w/v) was too low to provide reasonable chain entanglement and viscosity so that
only beads were formed Under the same concentration, beads with some fibers were
observed for the copolymer with M, of 60 kDa. At 20% (w/v), beaded fibers with
diameter of 0.18 + 0.07 m were formed for the copolymer with M, of 47 kDa. In
contrast, the copolymer with M, of 60 kDa vyielded fibers with fewer beads. As the
concentration of polymer in solution was increased to 30%(w/v), chain entanglement
and viscosity were high enough to give a well-defined fibers without beads especially in
the case of copolymer with high molecular weight. Moreover, the fiber diameter of the
P(PFPA-r-NIPAM) was correspondingly increased as a function of polymer
concentration. Therefore, the optimal molecular weight and polymer concentration of the
P(PFPA-r-NIPAM) were 60 kDa and 30 %(w/v), respectively.

Following the optimal condition formerly identified for the electrospinning of
P(PFPA-r-NIPAM) fibers, ONB-containing P(PFPA-r-NIPAM) fibers were fabricated
using a polymer solution concentration of 30% w/v, a constant voltage of 20 kV, and a
flow rate was 3 mL/h. The average fiber diameter of ONB-containing P(PFPA-r-NIPAM)
was 0.78 + 0.21 um. After UV irradiation, the average fiber diameter of cross-linked
(CL) fibers was found to be slightly smaller than those of uncross-linked (UCL) fibers
implying that the covalently cross-linked network of the ONB-protected diamine with

PFPA part were formed as shown in Figure 6.4.
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Figure 6.4 SEM micrographs of ONB-containing P(PFPA-r-NIPAM) fibers electrospun
from a binary mixture of THF/DMF (3:1) at a constant voltage of 20 kV, a flow rate of 3
mL/h. Number appearing below each micrograph is an average diameter of the

electrospun fibers (scale bar 10 um).

Stability of of P(NIPAM-r-PFPA) fibers. The stability of UCL and CL fibers of
P(PFPA-r-NIPAM) were evaluated in BSA-FITC solution and phosphate-buffered saline
(10 mM PBS, pH 7.4). Samples were immersed in the solutions for 24 h at room
temperature and then washed with distilled water twice, followed by drying overnight
under ambient condition and then vacuum dried for another 24 h. The morphological
changes of the samples were observed by SEM. The fiber diameters were measured on
at least 50 samples to evaluate swelling of the fibers. The morphological changes and
the diameters of the electrospun fibers before and after treatment with the solutions are
shown in Figure 6.5. Before immersion, all the samples were of similar diameters
(around 600-700 nm). After immersion in the solutions for 24 h, both of the UCL and CL
electrospun fibers could maintain their fibrous structure, although the diameters of both

fibers slightly increased as a result from swelling of PNIPAM.
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in PBS in PBS in BSA-FITC
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Figure 6.5 SEM micrographs of uncross-linked and cross-linked P(PFPA-r-NIPAM)

fibers before and after immersion in PBS and BSA-FITC for 24 h (scale bar 10 lm).

Immobilization of GRGDS peptide on the P(PFPA-r-NIPAM) fibers. Prior to
immobilization of GRGDS peptide on both UCL and CL fibrous mats, Bovine serum
albumin-fluorescein isothiocyanate conjugate (BSA-FITC) was used as a fluorescent-
labeled biomolecule model to prove whether or not amino-containing molecules can
react with the active ester groups of PFPA units in the copolymer. Figure 6.6 shows
fluorescence images of uncross-linked and cross-linked P(PFPA-r-NIPAM) fibers both
before and after conjugation. The green illumination of both UCL and CL fibers on the
right column indicated the successful immobilization of the BSA-FITC onto the fibers.
Even dye distribution along the fibers also implies a homogeneous distribution of
PPFPA moieties on the fiber surface. Change in wettability of the fibrous surfaces was
monitored by water contact angle measurements (shown in Table 6.1). The UCL fibers
exhibited much higher water contact angle than the CL fibers which is a strong
indication of hydrophobic PFP groups being greater in composition at the fiber surface
before crosslinking. The water contact angle became significantly decreased after
reacting with GRGDS peptide, indicating that some of hydrophobic moieties of PFPA
units have been replaced by the more hydrophilic GRGDS peptide.
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BSA-FITC with BSA-FITC

Uncross-linked
P(PFPA-r-NIPAM)
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Figure 6.6 Fluorescence micrographs of UCL and CL P(PFPA-r-NIPAM) fibers before
and after immobilization with BSA-FITC (scale bar 200 pim).

Table 6.1 Water contact angles of UCL and CL fibers of P(PFPA-r-NIPAM) before and

after immobilization of GRGDS peptide.

Water contact angle (degree)

Sample
before GRGDS
after GRGDS immobilization
immobilization
UCL fibers 157.6 + 8.33 105.6 + 4.16
CL fibers 129.2 £ 6.29 80.3 + 2.93

Cytocompatibility test. In this research, in vitro cytocompatibility of both
uncross-linked and cross-linked P(PFPA-r-NIPAM) fibers after GRGDS immobilization
which is designated as GRGDS-UC and GRGDS-C fibers, respectively was carried out
against mice L929 fibroblast cell line. To investigate the mitochondrial functions of the
cultured L929, reduction of MTT reagent was used as an assay of mitochondrial redox
activity. MTT reagent is a pale yellow substance that is reduced to a dark blue
formazan product when incubating with viable cells by mitochondrial succinate
dehydrogenase in complex Il, which plays a critical role in both oxidative

phosphorylation and tricarboxylic acid cycle. Therefore, the production of formazan can
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reflect the level of cell viability. The cell adhesion was determined at 6 h and cell
proliferation was evaluated at 1 day, 3 days and 5 days of cell culture. The results are
reported in terms of the cell adhesion and proliferation ratio (% relative to TCPS) which
is directly correlated to the number of viable cells.

After 6 h of cell culture, the cell adhesion ratios (% relative to TCPS) on UC and
C fibers were 35 and 49%, respectively whereas much higher cell adhesion ratios of 60
and 109% were found on GRGDS-UC, and GRGDS-C fibers respectively. Such an
outcome strongly suggested that the immobilized GRGDS peptide can efficiently support
cell adhesion at 6 h (Figure 6.7 (a)). We explain the inferior cellular adhesion in both
the UC and C fibers before peptide immobilization as a consequence of the
hydrophobic nature of the fibers as opposed to the TCPS and the fibers after peptide
immobilization. Apparently, the degree of cell adhesion corresponded quite well with the
hydrophobicity of the fibers (See water contact angle data in Table 6.1). Besides, initial
cell attachment on the plasma treated-polystyrene (abbreviated as t-PS) fibers was
higher than TCPS surface. This truly emphasizes the positive influence of material
porosity on cell adhesion.

Cell proliferation was observed on 1 day, 3 days, and 5 days of cell culture. The
data of cell proliferation ratio (% relative to TCPS) are displayed in Figure 6.7(b). The
percentage of live cells increases with an increase in cell culture time. The percentage
of live cells for GRGDS-C fibers was higher than those of GRGDS-UC fibers. This
outcome suggested that not only the immobilized peptide but also the hydrophilicity of
the surfaces are important parameters that dictate cell growth. Once again, the
percentage of live cells on t-PS fibers was the highest and higher than that of TCPS,
emphasizing the fact that three dimensional fibrous structure of t-PS fibers are superior

substrate for supporting cell growth than the flat TCPS.
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Figure 6.7 Responses of L929 cells (% relative to TCPS) with a seeding density of
2.0x104 cells/well on uncross-linked (UC), cross-linked (C), GRGDS-immobilized
uncross-linked (GRGDS-UC) and cross-linked (GRGDS-C) fibers, t-PS fibers and TCPS
in terms of (A) the cell adhesion ratios at 6 h and (B) the cell proliferation ratios at 1, 3

and 5 days. Statistical significance with p < 0.05 is compared with the control (TCPS).

For cell detachment treatment, spread cells were transferred to an incubator
equipped with a cooling unit fixed at 20°C. The morphology of both attached and
detached cells were observed by SEM. When the culture temperature was reduced to
20°C after incubation at 37°C for 5 days, the spread cells became rounded and
detached from both GRGDS-UC and GRGDS-C fibers. Spread cells were more slightly
detached from the GRGDS-C fibers than the GRGDS-UC fibers. This may be ascribed
to the GRGDS-C fibers being more hydrophilic than the GRGDS-UC fibers. In addition,
Ebara et al.,31 reported that at temperatures below the grafted polymer’'s LCST, integrin-

RGDS association decreases due to loss of cell tension and surface anchoring,
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prompting cells to round and then detach. This surface property changes obviously
weakened cellular adhesion, resulting in spontaneous cell detachment as shown in

Figure 6.8.

Culture GRGDS-UC fibers GRGDS-C fibers
time 37°C 20°C FTE 200C

6h

1 day

3 days

5 days

Figure 6.8 SEM micrographs of fibroblasts on the GRGDS-UC fibers (left column) and
GRGDS-C fibers (right column): cell attachment at 37°C for a set culture time and cell

detachment at 20°C for 30 min (scale bar 50 um).

As demonstrated in Figure 6.9, the percentage of attached cells on the surfaces
after temperature reduction from 37 to 20 °C decreased rapidly on both GRGDS-UC and
GRGDS-C fibrous mats (decrease around 45% within 30 min), while there were no cells
detached from t-PS fiber and TCPS of which surfaces are lack of thermo-responsive
property. The cell detachment was almost complete within 90 min of incubation. The
prompt cell detachment from both GRGDS-UC and GRGDS-C fibrous mats may be
explained as a result of water molecules being capable of efficiently reaching PNIPAM
chains within the fiber through pores from both underneath and side. Therefore,
hydration of PNIPAM molecules happened so quickly and thus accelerated detachment

of the attached cells.
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Figure 6.9 The percentage of remaining cells on GRGDS-immobilized uncross-linked
(GRGDS-UC) and cross-linked fibers (GRGDS-C), t-PS fibers and TCPS as a function

of incubation time at 2OOC.

Biocompatibility is the main requirement for any polymeric synthetic materials to
be useful in tissue engineering. It should not leach any toxic substances that may cause
harm to cells or otherwise interfere with the physiological responses of the cells that
come in contact with these substances. Moreover, initial cell attachment, rapid
proliferation, and rapid intact cell recovery are important to maintain biological functions
and viability of cell source for the fields of regenerative medicine. From this view point,
the GRGDS-C fibers could be a promising biomaterial to recover intact cultured cells for

cell culture and tissue engineering applications.

CONCLUSIONS

In this research, random copolymer of P(PFPA-r-NIPAM) was successfully
synthesized by RAFT polymerization having relatively high molecular weights (M, of 47
and 60 kDa). The ONB groups introduced via post-polymerization modification of PFPA
moieties in P(PFPA-r-NIPAM) with the ONB-protected diamine can be released upon
UV irradiation which subsequently induced an in situ cross-linking by spontaneous
reaction with the remaining PFPA and yielded cross-linked fibers. GRGDS peptide was
then grafted onto the surface of cross-linked fibers via post-functionalization. From the
cell study results, cells were well attached and proliferated on GRGDS-grafted cross-

linked fibers more than that on GRGDS-grafted uncross-linked fibers. Moreover, cells
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were spontaneously detached on both GRGDS-grafted uncross-linked and cross-linked
fibers. From this point of view, GRGDS-grafted cross-linked fibers could be a promising

material to recover intact cultured cells.
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Chapter VI

Thermoresponsive Polymer Brushes Prepared by Post-
Polymerization Modification of Poly(pentafluorophenyl acrylate)

for Tissue Engineering Applications

INTRODUCTION

Thermoresponsive polymers belong to a class of smart materials that have the
ability to alter their physical properties in response to temperature change. Poly(N-
isopropylacrylamide) (PNIPAM) is the most well-known in its class, exhibiting a lower
critical solution temperature (LCST) of about 32°C in water. Below the LCST, PNIPAM
forms an expanded structure and soluble in solution. In contrast, PNIPAM forms denser
globular structure and becomes insoluble in the solution once the temperature is raised
above the LCST.1'2 Since its LCST is close to body temperature, PNIPAM is currently
recognized as valuable materials for a variety of biomedical applications e.g. drug
delivery, biomolecules separation, and tissue engineering.?"5

A tissue-like cellular monolayer or cell sheet has become one of the most
effective platforms for tissue engineering because they can be directly transplanted to
host tissues without the demand for biodegradable scaffolds which are often the cause
of inflammatory response. The direct transplantation has been recently applied to
several diseased organs e.g. eye, heart and kidney.6 To prepare this platform, the
thermoresponsive PNIPAM has been developed as cell-culture substrates for cell sheet
preparation. At above the LCST, cultured cells can adhere and proliferate on PNIPAM
surface. When reducing temperature below the LCST, cell sheet can be harvested
intact with associated extracellular matrix (ECM) without EDTA or enzymatic treatment.r
9

To improve properties of the thermoresponsive brushes, terminal
functionalization and synthesis of PNIPAM containing more active functional group such
as carboxyl group have been reported by Okano and coworkers.S'm'11 They have found
that modification of PNIPAM chain end with hydrophilic maleimide derivatives

demonstrated can improve cell adhesion property of thermoresponsive surfaces. In
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particular, the maleimide derivative containing carboxyl group enhanced the ability to
promote cell sheet detachment within 30 min after low temperature treatment. In
addition, the immobilization of biomolecules for enhance cell adhesion property through
carbodiimide chemistry of carboxyl groups in PNIPAM brushes has been reported. 3-
Mercaptopropionic acid was used as chain transfer agent for polymerization of NIPAM
providing carboxyl group at chain end. It was reported that the terminal carboxyl groups
of PNIPAM brushes showed the ability to immobilize protein and promote cell adhesion
and detachment of surfaces.

Immobilizing cell-specific biomolecules is one of effective ways to improve cell
adhesion property of materials. Such strategy cannot be directly applied to PNIPAM, of
which its amide side chains are hydrolytically stable, unless complicated synthetic
techniques are employed.5'11'12 Poly(pentafluorophenyl acrylate) (PPFPA) is an attractive
precursor polymer containing active pentafluorophenyl (PFPA) moieties in its side
chains. The active PPFPA also provide a good hydrolytic stability and good solubility in
a wide range of organic solvents.m'14 The active PFPA groups can react with hydrophilic
amine compounds including isopropylamine (IPA) under mild conditions via post-
polymerization modification yielding the thermoresponsive PNIPAM.15 In principle, these
highly reactive ester groups should readily available for interacting with N-terminus of
protein/peptide rendering effective biomolecule immobilization.m'17

Here in this research, active PPFPA grafted substrates were prepared by either
“grafting from” or “grafting to” methods via RAFT polymerization and converted to
thermoresponsive PNIPAM brushes by post-polymerization modification with IPA The
composition of P(PFPA-co-NIPAM) can be controlled by IPA concentration and reaction
time. The resulting surface-grafted copolymer brushes of P(PFPA-co-NIPAM) were then
immobilized with collagen type |, a cell adhesion promoter (CAPs). PAA brushes have
been shown to have the capacity to resist cell adhesion and promote cell detachment
property.s'18 Because the pentafluorophenyl esters can be transformed to acrylic acid
under suitable hydrolytic condition, another series of surface-grafted polymer brushes
based on poly(acrylic acid-co- N-isopropylacrylamide) or P(AA-co-NIPAM) were also
prepared by hydrolysis of P(PFPA-co-NIPAM). Both collagen type | immobilized
P(PFPA-co-NIPAM) and P(AA-co-NIPAM) brushes were investigated as
thermoresponsive substrates for cell sheet fabrication. This research aims to
demonstrate the versatility of active-ester containing PPFPA as precursor polymer

capable of undergoing tandam post-polymerization with the right choice of active
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molecules and vyield multifunctional polymeric platform for tissue engineering

applications.

EXPERIMENTAL SECTION

Materials. Acrylic acid (AA), 4-dimethylaminopyridine (DMF), 4,4'—azobis(4-
cyanovaleric acid) (ACVA), and 4-cyanopentanoic acid dithiobenzoate (CPD) (chain
transfer agent or CTA) were obtained from Aldrich (USA). AA was purified by vacuum
distillation. Pentafluorophenol, acetone, toluene, hexane, ethanol, dichloromethane, 1,4-
dioxane and tetrahydrofuran (THF) were purchased from Merck (Germany).
Dicyclohexyl carbodiimide (DCC), phosphate buffered saline pH 7.4 (PBS), 3-
aminopropyltriethoxysilane (APTES), triethylamine (TEA), isopropylamine (IPA) were
obtained from Sigma-Aldrich (USA). Glass slides were supplied by S.E. SUPPLY LTD
PART. Pentafluorophenyl acrylate (PFPA) was synthesized according a published
procedure.[1] Keratinocyte cells and collagen type | were purchased from STEMCELL
Technologies. Ultrapure distilled water that was obtained after purification using a
Millipore Milli-Q system (USA) that involves reverse osmosis, ion exchange, and a

filtration step (18.2 MQ cm resistance).

Preparation of P(PFPA-co-NIPAM) by post-polymerization modification

PPFPA was first synthesized via RAFT polymerization. PFPA (1.48mL, 1 M),
CPD (2.5, 5, 20 mM) and ACVA (0.31, 0.62, 2.5 mM) were dissolved in 1,4-dioxane (9
mL). The solution was heated up to 70°C for 20 h and then cooled down to room
temperature before precipitated in methanol. Purified PPFPA was obtained as pink
powder after re-precipitation twice from polymer solution in 1,4-dioxane into methanol.

P(PFPA-co-NIPAM) was then prepared by post-polymerization modification of
PPFPA with IPA at 45°C. The mole equivalent of IPA to PFPA unit in the PPFPA was
varied in a range of 0.25-1. The reaction time was also varied to determine the kinetics
of post-polymerization modification. At the end of modification period, the obtained

(co)polymer product was precipitated in hexane or diethyl ether.

Preparation of surface-grafted (co)polymer Brushes
Glass coverslips were cleaned by air plasma cleaner (Harrick, USA, model
PDC-32G) with power of 18 W for 5 min prior to use. APTES was immobilized on the

cleaned glass substrates via vapor-phase deposition method. APTES (100 uL) was
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added to a reaction vial containing the cleaned glass substrates and then heated to 80
°C. After 72 h, the APTES-modified substrates were rinsed with toluene, acetone and DI
water, respectively.

The active PPFPA were grafted on glass surfaces via “grafting from” or “grafting
onto” methods (Scheme 7.1). For the “grafting from” method, the APTES-modified
substrates were immersed in DMF containing ACVC (37.5 mM), DCC (47.0 mM) and
DMAP (3.74 mM) at room temperature for 20 h under nitrogen atmosphere to yield
initiator-immobilized substrates. The substrates were rinsed thoroughly with DMF and
ethanol. The initiator-immobilized substrates were immersed in 1,4-dioxane containing
PFPA (1 M) and CTA (2.5, 5, 20 mM) and then heated to 70 °C for 20 h under nitrogen
atmosphere. The resulting surface-grafted PPFPA were rinsed thoroughly with 1,4-
dioxane. Free PPFPA formed simultaneously in solution was also recovered by
precipitation with methanol. The surface-grafted PNIPAM and P(PFPA-co-NIPAM) were
then obtained by post polymerization modification of the surface-grafted PPFPA. Briefly,
the surface-grafted PPFPA were immersed in THF containing IPA (10 mM) and TEA
(10 mM) at room temperature for 5, 10, 30 and 60 min then rinsed with THF and
acetone, respectively.

For the “grafting onto” method, APTES-modified substrates were immersed in
1,4-dioxane containing 0.5 M of P(PFPA-co-NIPAM) synthesized by post-polymerization
modification of PPFPA at room temperature. After 16 h, the substrates were rinsed with
1,4-dioxane. For the surface-grafted P(AA-co-NIPAM) brushes, P(PFPA-co-NIPAM)
brushes obtained from both “grafting from” and “grafting onto” method were immersed in
Milli-Q water containing 0.5 M of TEA at room temperature. After 20 h, the substrates

were rinsed thoroughly with Milli-Q water.
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Scheme 7.1 Preparation of surface-grafted polymer brushes by “grafting from” and

“grafting onto” methods followed by collagen type | immobilization.

Characterization of surface-grafted (co)polymer brushes

Molecular weight and PDI of PPFPA grafted on glass substrates were analyzed
from free PPFPA in solution using a NMR spectrophotometer (Varian, USA, model
Mercury-400) operating at 400 MHz and gel permeation chromatography (GPC) using
Waters 600 controller chromatograph equipped with HR1 and HR4 columns (Waters,
USA) at 35°C and refractive index (RI) detector (Waters, USA, model 2414). THF was
used as mobile phase with a flow rate of 1.0 mL/min. A calibration curve was obtained
using polystyrene standards. Wettability of the modified surfaces were determined by
water contact angle measurement using a contact angle goniometer (Ramé-Hart, Inc.,
USA, model 100-00), equipped with a Gilmont syringe and a 24-gauge flat-tipped
needle. All of measurements were carried out in air at ambient temperature. Advancing
(6,) and receding (0g) were recorded and averaged from a measurements of different
area of each sample. The composition of the copolymer grafted on substrates was
determined by attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectrometer (Thermo Scientific Nicolet, USA, model 6700). Surface elemental
composition was characterized by an x-ray photoelectron spectroscopy (XPS) (Scienta,
Sweden, model ESCA 200) with Al Kg x-rays. All the XPS data were collected at
takeoff angles of 90°. Thickness of samples was analyzed by atomic force microscopy
(AFM) recorded with Scanning Probe Microscope (Veeco, USA, model NanoScope®IV).
Measurements were performed in air using tapping mode. Silicon nitride tips with a

resonance frequency of 267-295 KHz and a spring constant 20-80 N/m were used.
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Protein immobilization
The P(PFPA-co-NIPAM) brushes with various %PNIPAM composition were
immersed in PBS buffer (pH 7.4) containing collagen type | (10 ug/mL) and stirred for

12 h at 4°C. The substrates were rinsed with PBS buffer and Milli-Q water, respectively.

Cell sheet preparation

Keratinocyte cells were cultured in keratinocyte Growth Medium on tissue
culture dishes at 37°C, 5% CO, After 10 days, keratinocyte cells were trypsinized and
seeded at 1x104 cells/cm2 onto the desired substrates, followed by incubation at 37 °C.
After reaching confluency, the adherent cells were observed by optical microscope
(ZEISS, Germany, model Axio Oserver Z1 Motorized) and harvested by decreasing
temperature from 37°C to 25°C.

RESULTS AND DISCUSSION
Preparation of P(PFPA-co-NIPAM) by post-polymerization modification

PPFPA with different MW was synthesized via RAFT polymerization. The MW
and polydispersity index (PDI) were characterized by 1H NMR and GPC, respectively.
The data shown in Table 7.1 indicated that the polymerization was well-controlled for
the targeted degree of polymerization (DP) of 50 and 200 with narrow MWD and the
MW being close to the expected MW. Less control over the polymerization of higher

targeted DP (400) was observed as indicated by the PDI being deviated from 1.0.

Table 7.1 Molecular weight information of PPFPA synthesized by RAFT polymerization

M, determined PDI determined by
Targeted DP Theoretical M .
by HNMR GPC
50 11,905 10,238 1.37
200 47,622 50,003 1.24
400 95,244 112,507 1.72

Effects of IPA concentration and reaction time on the extent of post-
polymerization modification of PPFPA in solution were determined in order to obtain
appropriate conditions that gave P(PFPA-co-NIPAM) with varied PNIPAM composition.
PPFPA having MW of 112,507 was used for this investigation. As evaluated by FT-IR
(Figure 7.1), %conversion from PPFPA to PNIPAM or %PNIPAM composition in the




166

resulting P(PFPA-co-NIPAM) can be calculated from a relative intensity ratio of amide
C=0 stretching of PNIPAM at 1650 cm_1 to that of ester C=0 stretching of PPFPA. For
example, treating PPFPA with 0.25 eq. IPA for 16 h gave 30% conversion meaning that
30% of PPFPA was converted to PNIPAM whereas 70% PPFPA remained unreacted.
In other words, such condition yielded P(PFPA-co-NIPAM) with 30%PNIPAM
composition. As demonstrated in Figure 7.2, %PNIPAM composition can be varied as a

function of both IPA concentration and reaction time.

f
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Figure 7.1 FTIR spectra of PPFPA (a) before and (b) after a reaction with 0.25 eq. IPA
for 16 h.
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Figure 7.2 %Conversion from PPFPA to PNIPAM in solution upon post-polymerization
modification with IPA as determined by FT-IR as a function of: (a) IPA concentration for

16 h, (b) reaction time using 1 eq. IPA.
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Preparation and Characterization of Surface-grafted (Co)polymer brushes
Surface-grafted P(PFPA-co-NIPAM) brushes were fabricated by two methods
(See Scheme 7.1 for detail). The first method was based on “grafting from” approach
which began with surface-initiated RAFT polymerization of PFPA from initiator-
immobilized substrates (having 0,/0 of 80.1°/43.7°) that resulted in surface-grafted
PPFPA followed by post-polymerization modification with IPA. Formation of the surface-
grafted P(PFPA-co-NIPAM) brushes was monitored by water contact angle
measurements. As shown in Figure 7.3, the water contact angle rapidly decreased from
98°/67° of the surface-grafted PPFPA to 90/56° after 5 min of exposure to 10 mM of
IPA. Decreasing of water contact angle still continued and reached a minimum of 84/52°
after 20 min. The water contact angle remained unchanged despite the longer reaction
time suggesting that the PPFPA was completely transformed into PNIPAM. This set of
data have demonstrated that the surface-grafted P(PFPA-co-NIPAM) brushes with
varied PNIPAM composition can be prepared by post-polymerization modification of the

surface-grafted PPFPA brushes initially prepared by “grafting from” approach.
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Figure 7.3 Kinetics of post-polymerization modification of the surface-grafted PPFPA

brushes prepared by “grafting from” approach after exposure to 10 mM of IPA.

The ability to control the extent of post-polymerization modification of PPFPA by
IPA in solution by varying IPA concentration (as shown in Figure 7.2(a)) allows for the
preparation of P(PFPA-co-NIPAM) with varied %PNIPAM via the second method based
on “grafting onto” approach. This can be accomplished by a reaction between remaining
PFP groups in the copolymers after the first post-polymerization modification with IPA

and amino groups on the surface of the APTES-modified substrates. A series of
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P(PFPA-co-NIPAM) having of 40, 60, 75 %PNIPAM obtained from post-polymerization
modification described earlier were selected for this investigation.

As shown in Table 7.2, the surface-grafted P(PFPA-co-NIPAM) brushes
became more hydrophilic with lower water contact angles as a function of %PNIPAM.
Notably, similar water contact angle values were observed for both the surface-grafted
PPFPA and PNIPAM prepared by the “grafting onto” method suggesting their
comparable surface properties to those prepared by “grafting from” method despite their

different preparation methods.

Table 7.2 Water contact angle data of the surface-grafted (co)polymer brushes

prepared by “grafting onto” approach.

Surfaces Water contact angle (Degree)

APTES-modified 84.7/50.4
PPFPA brushes 99.5/64.0
P(PFPA-co-NIPAM) brushes

- 40% PNIPAM 92.4/50.1
- 60% PNIPAM 89.7/46.1
- 75% PNIPAM 82.4/52.3
PNIPAM brushes 77.1/133.9

The surface grafted P(PFPA-co-NIPAM) brushes prepared by this “grafting onto”
approach were also characterized by FT-IR analysis (Figure 7.4). The characteristic
peaks assigned to ester C=0 stretching of PPFPA and amide C=O stretching of
PNIPAM appeared at 1786 and 1650 cm'1, respectively. The relative intensity between
the former and latter peak became correspondingly decreased as the %PNIPAM in the

copolymer increased from 40 to 75%.
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Figure 7.4 FTIR spectra of the surface-grafted (co)polymer brushes prepared by
“grafting onto” approach: (a) PPFPA, P(PFPA-co-NIPAM) with %PNIPAM of (b) 40 and
(c) 75, and (d) PNIPAM.

To identify the varied copolymer composition (PPFPA vs PNIPAM) on the
surface-grafted P(PFPA-co-NIPAM) brushes, XPS analysis has been performed on two
series of substrates: one prepared by the “grafting from” approach and the other
prepared by “grafting onto” approach. In the case of “grafting from” approach of which
XPS data are shown in Table 7.3, fluorine composition correspondingly decreased as a
function of reaction time with IPA suggesting the PFP groups were eliminated as a
result of post polymerization modification. The decreasing F/N ratio indicated the greater
%PNIPAM as the reaction time increased. As anticipated, the %F as well as F/N ratio
also decreased as the %PNIPAM in the copolymer used for “grafting onto” the APTES-

modified substrates increased as demonstrated in Table 7.4.
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Table 7.3 Atomic composition of the surface-grafted P(PFPA-co-NIPAM) brushes
prepared by “grafting from” approach by post-polymerization modification of the surface-

grafted PPFPA in 10 mM of IPA for different period of time.

Reaction Atomic
Atomic composition (%)
time ratio
with IPA
C N (0] F Si S F/N
(min)
0 61.10 2.59 23.79 5.67 6.39 0.46 2.189
5 60.06 3.66 25.87 2.55 7.41 0.46 0.697
10 61.42 4.77 25.30 1.43 6.78 0.30 0.300
30 61.35 3.95 26.15 0.55 7.6 0.33 0.140
60 58.59 4.93 27.02 0.46 8.43 0.57 0.093

Table 7.4 Atomic composition of the surface-grafted P(PFPA-co-NIPAM) brushes
prepared by “grafting onto” approach from P(PFPA-co-NIPAM) obtained from post-

polymerization modification of PPFPA with varied equivalence of IPA for 16 h

Atomic
Atomic composition (%)
%PNIPAM ratio
Cc N o F Si S F/IN
30 62.22 2.31 25.87 1.44 7.69 0.48 0.623
45 56.71 3.15 28.69 1.63 9.00 0.82 0.517
59 61.53 2.64 25.39 1.21 8.84 0.38 0.458
78 54.92 4.03 30.21 1.05 9.08 0.72 0.261

Determination of Graft Density and Thickness of the Surface-grafted (Co)polymer
Brushes

It has been reported by Okano and co-workers19 that the thickness of surface-
grafted PNIPAM exhibits a strong influence on its thermo-responsiveness and therefore
determines its success in subsequent application for cell sheet fabrication. Grafting
quantity of PPFPA on glass substrates can be first determined by FT-IR. As the base
substrate was glass, a strong adsorption of Si—-O was observed at 1000 cm_1 and the

characteristic C=0 stretching peak of PPFPA appeared at 1786 cm'1. The peak intensity
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ratio of Si-O and C=0 can be used to determine the amount of PPFPA grafted onto
surfaces using a calibration curve prepared by a known amount of PPFPA cast on

APTES-modified glass surfaces (Figure 7.5).
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Figure 7.5 Calibration curves of PPFPA casted on glass substrates for grafted amount

determination; DP of (a) 50, (b) 200, and (c) 400.

As outlined in Table 7.5, the grafted quantity of PPFPA on the glass surface
proportionally increased as a function of molecular weight of PPFPA. Apparently,
grafting amount of the surface-grafted PPFPA prepared by “grafting onto” approach was
smaller and less dependent on the PPFPA molecular weight than that obtained via
“grafting from” approach. The “grafting onto” method is known to yield low graft density.
This is mainly because the incoming polymer chains usually suffer entropic barrier due
to the crowding of the initially grafted polymer chains that inhibits further insertion of the
polymer chains. The limitation becomes more problematic for polymer with high
molecular weight. As determined by AFM, the thickness values of the surface-grafted
PNIPAM obtained after post-polymerization modification agree well with the PPFPA
grafted amount previously quantified by FT-IR. The greater the grafted quantity of
PPFPA vyielded thicker PNIPAM layer. The thickness of the PNIPAM can be more
broadly and efficiently tuned by the “grafting from” method than the “grafting onto”

method.
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Table 7.5 Grafting amount of the surface-grafted PPFPA and thickness of the surface-
grafted PNIPAM prepared by both “grafting from” and “grafting onto” approach

Grafted amount of PPFPA’ (ug/cm’) |  Thickness of PNIPAM® (nm)
Targeted
P Grafting from Grafting onto Grafting from Grafting onto
50 1.18+0.23 1.28+0.07 3.76+0.09 5.05+0.48
200 3.54+0.20 1.66+0.05 20.89+3.54 8.18+1.45
400 4.48+0.20 1.95+0.14 34.6417.14 12.50+3.10

*estimated by FT-IR analysis

"determined by AFM measurements

Hydrolysis and Collagen immobilization of the Surface-grafted P(PFPA-co-NIPAM)
To highlight the benefit of having active PFP groups available in the grafted
copolymer structure that are capable of undergoing tandem post-polymerization
modification, two reactions were performed. Firstly, the surface-grafted P(PFPA-co-
NIPAM) brushes obtained from both “grafting from” and “grafting onto” methods were
subjected to hydrolysis to convert the PFP to carboxyl groups. The extent of this
subsequent modification was monitored by water contact angle measurements. Data
shown in Table 7.6 indicated that the hydrolyzed surface-grafted P(PFPA-co-NIPAM)
was more hydrophilic with lower water contact angle than its counterpart, P(PFPA-co-
NIPAM) implying the presence of more hydrophilic carboxyl groups in the copolymer
structure after hydrolysis. It was also found that the grafted P(PFPA-co-NIPAM) with
greater PPFPA composition would give the copolymer with higher carboxyl group
content upon hydrolysis. The second modification which is quite relevant to the
application of this developed thermoresponsive platform for cell sheet fabrication is
based on collagen type | immobilization. Collagen type | is known to promote cell
adhesion and growth. Upon collagen immobilization, all substrates became highly
hydrophilic with advancing water contact angles in a range of 42-67° depending on the
initial PPFPA composition. The larger content of active PPFPA apparently allows for

more of collagen type | to be immobilized.
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Table 7.6 Water contact angle data of the surface-grafted P(PFPA-co-NIPAM) brushes

after hydrolysis and collagen immobilization.

Advancing Water contact Angle (Degree)

Grafting - Collagen Type |
Conditions ~ P(PFPA-co- Hydrolyzed
Methods immobilized
NIPAM) P(PFPA-co-NIPAM)
P(PFPA-co-NIPAM)
Reaction time
with IPA(min)
0 96.49 + 1.75 84.32 + 3.72 59.14 + 6.28
Grafting
88.05 + 1.97 73.87 + 1.99 46.82 + 6.06
From
10 84.20 £ 2.33 74.33 £+ 4.46 53.63 £ 2.50
30 87.40 £ 2.09 68.01 £ 0.69 61.24 + 4.50
60 78.33 £ 3.04 7191 £ 0.33 63.27 + 7.62
IPA Concentration
(eq)
Grafting 0.2 94.07 £ 1.25 54.00 £ 5.31 41.74 + 3.33
Onto 0.4 92.36 + 4.07 63.89 £ 4.40 48.85 + 1.31
0.6 89.43 + 1.92 57.19 + 5.59 56.91 + 1.45
0.8 84.80 + 1.55 77.88 £ 1.92 66.73 £ 0.72

The success of hydrolysis was also confirmed by FT-IR analysis. As shown in
Figure 7.6, the characteristic peak assigned to ester C=0O stretching of PPFPA
completely disappeared and replaced by C=0 stretching of COOH of PAA at 1710 cm_1.
The relative intensity between the peak at 1710 cm'1 and amide C=0O stretching of
PNIPAM became correspondingly decreased as the %PNIPAM in the copolymer

increased.
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Figure 7.6 FTIR spectra of hydrolyzed P(PFPA-co-NIPAM) with %PNIPAM of (a) 78, (b)
59, (c) 45, and (d) 30.

Cell sheet fabrication

Because the thickness of thermoresponsive brushes is an important factor for
cell adhesion and cell detachment properties, different MW of PNIPAM brushes
prepared by post-polymerization modification of PPFPA brushes both “grafting from”
and grafting onto” methods were investigated. In cell culture process, the
thermoresponsive substrate which is generally based on PNIPAM has to be coated with
CAPs such as collagen, laminin or fibronectin before cell seeding to promote cell
adhesion and growth. After incubated at 37°C, the adherent cells were observed to
study cell adhesion property of polymer brushes. PNIPAM brushes prepared via
“grafting onto” method showed the impressive result for cell adhesion property. Because
of the smaller thickness, keratinocyte cells easier adhere and reach confluency on
PNIPAM brushes prepared via “grafting onto” method (having thickness of 5.1-12.5 nm)
than the surface-grafted PNIPAM brushes prepared via “grafting from” method (having
thickness of 3.8-34.6 nm). Although all of PNIPAM brushes prepared via “grafting onto”
method exhibited the good property for cell adhesion, cell sheet could be harvested with
DP of 400 only (entry 3, last column, Table 7.7). Since swelling and mobility of the
PNIPAM chains of the surface-grafted PNIPAM brushes with DP 50 and 200, having
low thickness were limited (5.1 and 8.2 nm, respectively), the adherent cells could not
detach from these surfaces as a cell sheet. A similar behaviour was also observed for

the surface-grafted PNIPAM brushes prepared by “grafting from” approach having DP of
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50 with the thickness of 3.8 nm. These results strongly suggest that there is a minimum

thickness of PNIPAM layer required for this cell sheet harvesting application.

Table 7.7 Microscopic photographs of keratinocyte cells sheet preparation on PNIPAM
brushes with various MW obtained from post-polymerization modification of “grafting

from” and “grafting onto” PPFPA brushes.

Grafting From Grafting Onto

DP
Adhesion Detachment Adhesion Detachment

In contrast, the surface-grafted PNIPAM brushes prepared by “grafting from”
method showed the good property for cell sheet detachment. Although keratinocyte
cells were difficultly adhere and reach confluency when the thickness of PNIPAM
increased, the cell sheet can easily detach after low temperature treatment because of
the mobility of long PNIPAM chains on the surface-grafted PNIPAM of higher DP with
thicker PNIPAM layer. As shown in Table 7.7, the surface-grafted PNIPAM brushes with
DP of 400 fabricated by “grafting from” and “grafting onto” approach could be used to
provide the keratinocyte cell sheets. Therefore PPFPA with DP of 400 was selected for

next investigation.
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To further investigate the potential use of the developed thermoresponsive
platform for cell sheet preparation, the surface-grafted P(PFPA-co-NIPAM) brushes with
various PNIPAM composition prepared by “grafting from” and “grafting onto” approach
were used for collagen type | immobilization. The active PFP ester groups in the
copolymer are readily available for covalent immobilization with collagen type |I.
Because collagen type | was covalently immobilized on P(PFPA-co-NIPAM) brushes,
keratinocyte cells could easily adhere without CAPs coating step. As shown in Table
7.8, the collagen type | immobilized P(PFPA-co-NIPAM) brushes with various PNIPAM
composition prepared by “grafting from” method demonstrated that PPFPA brushes
immersed in IPA solution with less reaction time showed more amount of adherent cell
because there were more collagen type | on the surfaces. Therefore the PPFPA
brushes reacted with IPA for 5 minutes that yielded P(PFPA-co-NIPAM) brushes with
highest remaining PFP moieties and thus highest immobilized collagen type | quantity
showed the best property for cell adhesion while the smallest amount of adherent cells
were observed on PPFPA surfaces reacted with IPA for 60 minutes that gave P(PFPA-
co-NIPAM) brushes with lowest remaining PFP moieties and thus lowest immobilized
collagen type | quantity (Table 7.8). For cell sheet harvesting step, the keratinocyte cell
sheet could be obtained from all of collagen type | immobilized P(PFPA-co-NIPAM)
substrates but cell sheet on the PPFPA brushes reacted with IPA for 5 minutes
difficultly detach as a cell sheet from the surface. Moreover, the residual cells were
observed on cell culture substrates because thermoresponsive property of substrates
was limited by a little PNIPAM composition in copolymer. PPFPA brushes reacted with
IPA for the longer reaction time provided more composition of PNIPAM in copolymer.
Thus cell sheet could be easily harvested without the residual cells from PPFPA

brushes reacted with IPA for 60, 30 and 10 minutes, respectively.
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Table 7.8 Microscopic photographs of keratinocyte cells adhesion and detachment on
collagen type | immobilized P(PFPA-co-NIPAM) brushes fabricated via “grafting from

method”.

Reaction time in 10mM [PA

5 min in IPA 10 min in IPA 30 min in IPA 60 min in IPA

" - - -
” - - -
Day:” - - ’ | | .-' .

cell sheet : ' X

The similar results were observed from the collagen type | immobilized P(PFPA-
co-NIPAM) brushes prepared by “grafting onto” method (Table 7.9). Thermoresponsive
substrates containing less %PNIPAM composition exhibited the ability to promote cell
adhesion property while cell sheet detachment process was slow. On the other hand,
the substrates containing more % PNIPAM composition showed the detachment of cell
sheet in a short time after low temperature treatment. As shown in Table 7.9, there are
more adherent cells on collagen type | immobilized P(PFPA-NIPAM) with 20% PNIPAM
surfaces than copolymer surface with 40, 60 and 80% PNIPAM, respectively. Although,
the adhesion of cells on the surface-grafted P(PFPA-co-NIPAM) with 78% PNIPAM
surfaces was slow, the detachment of cell sheet rapidly occurred without residual cells

on substrates.



178

Table 7.9 Microscopic photographs of keratinocyte cells adhesion and detachment on

collagen type | immobilized P(PFPA-co-NIPAM) brushes fabricated via “grafting onto

method”.
P(PFPA-NIPAM P(PFPA-NIPAM P(PFPA-NIPAM P(PFPA-NIPAM
with 20% PNIPAM with 40% PNIPAM with 60% PNIPAM with 80% PNIPAM
Dayl
Day2
Day3
cell sheet

This study indicated that the amount of collagen type | immobilized on
copolymer surface through active PFP groups, improved cell adhesion property of the
thermoresponsive surfaces. However, the % PNIPAM composition in copolymer was
importance for cell sheet detachment after temperature reducing.

In addition, the resulting P(AA-co-PNIPAM) brushes with various %PAA in
copolymer obtained from hydrolysis of P(PFPA-co-NIPAM) were investigated to study
the effect of hydrophilic groups for cell sheet preparation. The hydrolyzed P(PFPA-co-
NIPAM) brushes prepared by “grafting from” and “grafting onto” method showed the
poor property of cell adhesion (Table 7.10 - 7.11). The process of cell growth and
confluency reaching apparently consumed much longer time when compared with
collagen type | immobilized P(PFPA-co-NIPAM) surfaces. For P(AA-co-PNIPAM)
brushes prepared via “grafting from” method, the composition of PAA in copolymer was
controlled by reaction time of PPFPA brushes with IPA solution. Thus PPFPA brushes
reacted with IPA for a short time provided high density of PAA in the copolymer

surfaces. The difficulty of cell adhesion and spreading is shown in Table 7.10 and the
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hydrolyzed P(PFPA-co-NIPAM) brushes obtained from reaction of PPFPA with IPA for 5

minutes also showed the worst cell adhesion property.

Table 7.10 Microscopic photographs of keratinocyte cells adhesion and detachment on

hydrolyzed P(PFPA-co-NIPAM) brushes fabricated via “grafting from method”.

Reaction time in 10mM IPA

5 min 10 min 30 min 60 min

cell sheet

For the hydrolyzed copolymer brushes obtained from reaction of the surface-
grafted PPFPA with IPA for 60 min, cells could easier adhered and spread on the
surfaces because the PPFPA brushes were almost completely converted to PNIPAM
brushes. In this experiment the keratinocyte cell sheet was obtained from the copolymer
brushes prepared by reaction of PPFPA in IPA solution with reaction time 30 and 60
min only because there was much PNIPAM composition enough to perform
thermoresponsive property. Adherent cells on other surfaces could be detached but not
as a cell sheet. Hydrolyzed P(AA-co-PNIPAM) brushes prepared via “grafting onto”
method were investigated for cell sheet preparation and the result demonstrated in
Table 7.11 that cell sheet couldn’'t detach from all % PAA composition of copolymer
brushes. Although keratinocyte cells could adhere onto the substrates, it couldn’t detach
after low temperature treatment because the “grafting onto” method provided low

polymer film thickness.
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Table 7.11 Microscopic photographs of keratinocyte cells adhesion and detachment on

hydrolyzed P(PFPA-co-NIPAM) brushes fabricated via “grafting onto method”.

P(PFPA-NIPAM P(PFPA-NIPAM P(PFPA-NIPAM P(PFPA-NIPAM
with 20% PNIPAM with 40% PNIPAM  with 60% PNIPAM  with 80% PNIPAM

Day6

cell sheet

CONCLUSIONS

PPFPA with well-controlled molecular weight was synthesized by RAFT
polymerization. As monitored by FT-IR, post-polymerization modification of PPFPA
yielded P(PFPA-co-NIPAM) of which PNIPAM composition can be varied as a function
of both IPA concentration and reaction time. Surface-grafted P(PFPA-co-NIPAM)
brushes were fabricated by two methods. The first method relied on “grafting from”
approach, involving surface-initiated RAFT polymerization of PFPA from initiator-
immobilized substrates followed by post-polymerization modification with IPA. The
second method was based on “grafting onto” approach which was accomplished by a
reaction between PFP groups in P(PFPA-co-NIPAM) previously obtained from post-
polymerization modification of PPFPA and amino groups on the surface of the APTES-
modified substrates. The success of grafting by both methods was verified by contact
angle measurements, FT-IR and XPS analyses. Results from FT-IR and AFM analyses
indicated that the “grafting onto” approach gave the surface-grafted polymer brushes
with lower grafted amount and thickness than those prepared by “grafting from”

approach.
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The remaining PFP units on the surface-grafted P(PFPA-co-NIPAM) brushes
prepared by both methods were readily available for tandem post-polymerization
modification. Hydrolysis of the surface-grafted P(PFPA-co-NIPAM) brushes yielded
surface-grafted P(AA-co-NIPAM) brushes. Whereas the attachment of collagen type | to
the surface-grafted P(PFPA-co-NIPAM) brushes can be effectively done without having
to use coupling agent. An optimum targeted DP that gave surface-grafted PNIPAM
having the ability to prepare keratinocyte cell sheet was 400. Both hydrolyzed- and
collagen type |-immobilized surface-grafted P(PFPA-co-NIPAM) brushes with the same
targeted DP prepared by both “grafting from” and “grafting onto” were also tested for
their applicability for cell sheet preparation. It was found that cell adhesion property
was proportionally improved on collagen type | immobilized P(PFPA-co-NIPAM) as a
function of %PPFPA composition. On the other hand, the substrates containing lower
%PPFPA composition showed better characteristic for cell detachment. While the
hydrolyzed surface-grafted P(PFPA-co-NIPAM) brushes with high %PPFPA were not
suitable for cell sheet preparation because their highly hydrophilic surfaces resisted the
adhesion and proliferation of cells. This study has demonstrated that multifunctional
thermoresponsive platform for cell sheet fabrication can be developed from the surface-

grafted PPFPA brushes via the “grafting from” and “grafting onto” approach.
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ABSTRACT: Gold nanoparticles stabilized by thermoresponsive polymer,
poly(N-isopropylacrylamide) (PNIPAM-AuNPs) were prepared by surface grafting
of thiol-terminated PNIPAM onto citrate-stabilized AuNPs. The color change of
the PNIPAM-AuNPs solution from red to blue-purple without precipitation when
the solution was heated to 40 °C, above the lower critical solution temperature
(LCST) of PNIPAM, indicated the thermoresponsive property of the synthesized
AuNPs. PNIPAM-AuNPs were used to detect proteins by chemical nose approach
based on fluorescence quenching of fluorophore by AuNPs. An array-based sensing
platform for detection of six proteins, namely bovine serum albumin, lysozyme,
fibrinogen, concanavalin A, hemoglobin, holo-transferrin human can be
successfully developed from the PNIPAM-AuNPs having different molecular
weights (4 and 8 kDa) and conformation (varied heat treatment from 25 to 40 °C)
in combination with a tricationic branched phenylene-ethynylene fluorophore.
From principal component analysis (PCA) followed by linear discriminant analysis
(LDA), 100% accuracy of protein classification using a leave-one-out (LOO) approach can be achieved by using only two types
of PNIPAM-AuNDPs.

Phenyleneeihynylone Bacrophore

Thermeres) ponsive PNIPAM-AuNPs

B INTRODUCTION

Gold nanoparticles (AuNPs) have been the focus of
considerable interest due to their potential applications for

surfaces, the AuNPs may be coated with a water-soluble
polymer having a functionality that can interact with gold. It has
been reported that some polymers are effective stabilizing

catalysis, diagnosis, and photoelectronic devices. Highly
dispersed AuNP solutions exhibit a red color with an
absorption band around 520 nm due to the excitation of
surface plasmon by incident light. The association of the
AuNPs dispersed in the solution induces a color change from
red to blue-purple, which can be applied for the development of
colloidal sensors.' > Considerable effort has been devoted to
synthesis of AuNDPs, focusing on control over their size, shape,
solubility, stability, and functionality. In general, AuNPs in
solution are susceptible to aggregation themselves. To improve
their dispersibility and introduce functionality to particle

-4 ACS Publications  © 2013 American Chemical Society

agents because they are capable of providing both electrostatic
and steric stabilizations to the gold particles.”>

Intelligent polymers, also known as “stimuli-responsive” or
“environmentally sensitive” polymers,® °can undergo relatively
large and abrupt, physical, or chemical changes in response to
small external stimuli in the environmental conditions."’”"

One of the most recognizable polymers in the class is poly(N-
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Scheme 1¢

heat
_—

LCST =32°C

“(a) Concept of sensor based on competitive binding of PNIPAM-AuNPs and protein with fluorophore that has an impact on fluorescence
quenching, (b) four different types of PNIPAM-AuNPs (NP1-NP4), and (c) chemical structures of four tribranched phenylene-ethynylene

fluorophores.

isopropylacrylamide) (PNIPAM). PNIPAM dissolves in water
assuming a random coil conformation at room temperature, but
it separates from the aqueous phase when heated above 31-32
°C, its lower critical solution temperature (LCST)."*”"” Such
thermoresponsive behavior is also maintained for PNIPAM
grafted on AuNPs (PNIPAM-AuNPs) which can be evidenced
from color transition of a AuNPs aqueous solution above and
below the LCST. The solution would turn from red to blue
upon the collapse of extended brushlike PNIPAM chains above
LCST and caused AuNPs aggregation.'® >

Recently, it has been reported that protein as a biomarker
can be detected by chemical nose approach based on
fluorescence quenching of fluorophore by functionalized
AuNPs.*"?° The binding equilibrium between fluorophore
and AuNPs would be altered because of competitive binding of
protein analyte. Upon an addition of protein analyte, quenched
fluorophore adsorbed on the AuNPs surface can be replaced by
protein resulting in the recovery of fluorescence signal from the
fluorophore. The fluorescence response may be positive or
negative depending on the binding affinity of protein toward
AuNPs and fluorophore. Although the chemical nose approach
relies very much on nonspecific interactions between protein
and AuNDs, it is selective enough to be used for identifying the
type of individual protein based on the variation of quenching
ability of AuNPs having different functionality and the binding
strength between the functionalized AuNPs and different kind
of protein.*®

Taking advantage of the PNIPAM-AuNPs being capable of
undergoing thermoresponsive conformational transition of the

surface-grafted PNIPAM between extended brushes to
collapsed chains upon heat treatment above or below the
LCST, it is anticipated that the distance between the core of
AuNPs and fluorophore as well as protein in solution and so
the degree of fluorescence quenching/recovery and the binding
strength with the protein should be altered upon heat
treatment. This would be highly beneficial if these PNIPAM-
AuNPs are to be put in an array-based protein detection
following chemical nose approach strategy because the other
kind of AuNPs can be obtained by simply heating the existing
AuNPs. Considering that PNIPAM is a polymer, such distance
may also be varied as a function of PNIPAM molecular weight.
In particular, reversible addition—fragmentation chain transfer
(RAFT) polymerization has been well recognized as an
effective controlled radical polymerization process for PNIPAM
synthesis. Not only can a precise control over molecular weight
and polydispersity of PNIPAM be achieved, but the terminal
dithioester group at the PNIPAM chain end can also be
converted to thiol group which is readily available for grafting
onto the surface of gold.”” ™'

This research aims to combine the thermoresponsive
behavior of PNIPAM and the fluorescence quenching proper-
ties of AuNPs to create hybrid materials to be used for protein
detection, a mode of biosensing application, to the best of our
knowledge, that has never been described before. Together
with phenylene-ethynylene tribranched fluorophores having
tunable charge characteristic, synthetic dyes successfully used
for protein discrimination based on a chemical nose
approach,® an array-based chemical nose sensor for protein
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detection was developed based on the concept of fluorescence
quenching schematically described in Scheme 1la.

B EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate (HAuCl,-3H,0), 4,4'-
azobis(4-cyanopentanoic acid) (ACPA), 4-cyano-4-(thiobenzoylthio)-
pentanoic acid (CPD), tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), and N-isopropylacrylamide (NIPAM) were obtained from
Aldrich. Bovine serum albumin (BSA), lysozyme (Lys), fibrinogen
(Fib), concanavalin A (Con A), hemoglobin (Hgb), holo-transferrin
human (TF), dialysis bag (cut-off molecular weight of 3500 g/mol),
and phosphate buffered saline pH 7.4 (PBS) were bought from Sigma.
2-Ethanolamine and trisodium citrate dihydrate (Na;C¢H;0,-2H,0)
were obtained from Fluka (Switzerland). The above chemicals as well
as all solvents used (1,4-dioxane, tetrahydrofuran (THF), methanol
(MeOH)) were analytical grade and used as received without further
purification except NIPAM which was recrystallized in a mixture of
benzene and n-hexane (3:7, v/v) prior to use. Four fluorophores
(C%2N*, 3N*, 2C"N*, and C™2N°) having different charges were
synthesized according to a published procedure reported by Niamnont
et al.** All solutions were prepared using ultrapure distilled water that
was obtained after purification using a Millipore Milli-Q _system that
involves reverse osmosis, ion exchange, and a filtration step (18.2 MQ
cm resistance).

Characterization. Molecular weight of the synthesized PNIPAM
was analyzed by GPC using a Waters 600 controller chromatograph
equipped with HR1 and HR4 columns (Waters, MW resolving range =
100—500 000) at 35 °C and refractive index detector (Waters 2414).
THF was used as eluent with a flow rate of 1.0 mL/min. Five
polystyrene standards (996—188 000 Da) were used for generating a
calibration curve. Fluorescence signals of the fluorophores were
recorded by using a Perkin-Elmer precisely (LS 45) luminescence
spectrometer (PerkinElmer Inc., UK) in a scanning wavelength range
of 400—700 nm. The presence of the polymer around the AuNPs was
confirmed by using a Seiko SPA 400 atomic force microscope (SII
Nanotechnology Inc., Japan). Measurements were performed in air at
ambient temperature using tapping mode and silicon tips with a
resonance frequency of 115—190 kHz. Surface plasmon resonance
(SPR) measurements used for the determination of PNIPAM coverage
on gold surface were conducted using a double channel, AutoLab
ESPR (Eco Chemie, Netherlands). The morphology and actual size of
AuNPs were analyzed by using a JEOL JEM-2010 transmission
electron microscope (Japan) operating at 80 keV. The average
diameters of AuNPs were reported from measurements of 30 random
particles for each sample using Semafore software. The zeta ()
potential of AuNPs were determined using Nanosizer Nano-ZS
(Malvern Instruments, UK). The analysis was performed at 25 °C
using a scattering angle of 173°. The data were calculated using the
Helmholtz-Smoluchowski equation.

Synthesis of Thiol-Terminated PNIPAM (PNIPAM-SH).
PNIPAM having two different target degrees of polymerization (DP
= 40 and 70) were prepared by RAFT polymerization. According to a
method modified from that of Yusa et al,'> CPD (17.5 mg, 62.5 umol)
and ACPA (8.8 mg, 31.3 umol) were added to a NIPAM (565.8 mg,
5.0 mmol) solution in 1,4-dioxane (S mL). The solution was degassed
by purging with nitrogen gas for 30 min, and then heated at 70 °C for
24 h. After being cooled down in an ice bath, the reaction mixture was
dialyzed against DI water at 4 °C for 3 days, before the PNIPAM was
recovered by lyophilization. To remove the terminal dithiobenzoate
group, an aqueous solution of PNIPAM was treated with 2-
ethanolamine (30 mol equiv of PNIPAM) and a trace amount (3—5
mg) of TCEP at 25 °C for 24 h. The solution was dialyzed against DI
water at 4 °C for 3 days. The PNIPAM-SH was then obtained after
lyophilization. The condition mentioned above was used to prepare
PNIPAM with targeted DP = 40 (targeted molecular weight = 4805.78
g/mol). To prepare PNIPAM with targeted DP = 70 (targeted
molecular weight = 8200.58 g/mol), CPD (11.1 mg, 39.7 ymol) and
ACPA (4.5 mg, 15.9 umol) were used instead.

Preparation of AuNPs Stabilized by PNIPAM (PNIPAM-
AuNPs). PNIPAM-AuNPs were prepared by surface grafting of
PNIPAM-SH onto citrate-stabilized AuNPs. In the first step, citrate-
AuNPs were synthesized according to a method modified from that of
Hayat.>® An aqueous solution of trisodium citrate (1% w/v, 1.75 mL)
was added to a boiling aqueous solution of HAuCl, (0.01% w/v, S0
mL). Then, the mixture was heated for 30 min and cooled down to
ambient temperature. At this point, the color of the solution was
changed from gray to red. Finally, the synthesized AuNPs were stored
at 4 °C prior to use. It should be noted that all glassware used for the
synthesis of AuNPs was washed with freshly prepared aqua regia
solution (HCI/HNO; = 3:1, v/v) and rinsed thoroughly with distilled
water prior to use. PNIPAM-AuNPs were obtained by grafting to
method modified from that of Zhu et al.'"® PNIPAM-SH (2.0 mol)
was dissolved in 10 mL of citrate-stabilized AuNPs solution obtained
from the first step and kept at 4 °C for 48 h. After that, excess
PNIPAM-SH was removed from the PNIPAM-AuNPs by centrifuga-
tion twice (MIKRO 120, Hettich, Germany) at 14 000 rpm for 15 min
intervals. After redispersion in Milli-Q water, a red solution of
PNIPAM-AuNPs was obtained and kept at 4 °C.

Determination of Fluorescence Quenching of Fluorophores
by PNIPAM-AuNPs. Quenching efficiency of four tribranched
phenylene-ethynylene fluorophores having different charges of which
structures are shown in Scheme 1lc was evaluated with PNIPAM-
AuNPs to find the fluorophores that can be highly quenched by
AuNPs. The abbreviated names of the fluorophores are assigned
according to the number and types of the functional groups on their
peripheries in which C° C~, N° and N* stand for carboxylate ester,
carboxylic acid (or carboxylate anion in basic condition), amino, and
quaternary ammonium groups, respectively. For example, C°2N*
possesses one carboxylate ester and two quaternary ammonium
groups on its periphery. To determine quenching efficiency, the initial
fluorescence signal of fluorophore was determined by diluting the
fluorophore stock solution (10.0 M, 100 uL) in 2.9 mL of PBS
solution and measured by using a luminescence spectrometer. The
quenching efficiency of PNIPAM-AuNPs was determined by mixing
the fluorophore stock solution (10.0 xM, 100 uL) and S00 uL of
PNIPAM-AuNPs solution in 2.4 uL of PBS solution in a cuvette. To
ensure that the equilibrium was attained, the mixture was allowed to
stand at ambient temperature for 30 min before the measurement of
the emission spectrum.

Determination of Fluorescence Response of Fluorophore by
Proteins. All of the fluorophores were tested with BSA. The selected
fluorophore (10.0 M, 100 uL) was first dissolved in 2.9 mL of PBS
solution in a cuvette. After the solution was left for 30 min, the initial
fluorescence emission of fluorophore was analyzed by using a
luminescence spectrometer. BSA (10 yL, 1 mg/mL) was then added
to the mixture obtained from the first step. To ensure that the
equilibrium was attained, the mixture was analyzed by using a
luminescence spectrometer after leaving for 30 min. To maximize the
fluorescence quenching effect of the PNIPAM-AuNPs on the
fluorophores, the fluorophores showing the least response to proteins
were selected for developing a sensor platform based on the chemical
nose approach.

Protein Detection Based on Fluorescence Quenching. The
synthesized PNIPAM-AuNPs were put in an array-based sensing
platform. Six types of proteins (BSA, Lys, Fib, Con A, Hgb, and TF)
were analyzed by using four different types of PNIPAM-AuNPs having
varied PNIPAM molecular weight and conformation (induced by
thermal treatment) together with the selected phenylene-ethynylene
fluorophore. There are four different types of PNIPAM-AuNPs used
for this investigation. Two types were obtained from the AuNPs
stabilized by 4 kDa of PNIPAM-SH (4k PNIPAM-AuNPs). The first
type is 4k PNIPAM-AuNPs at 25 °C (NP1) which was obtained
directly from the subsection “Preparation of AuNPs Stabilized by
PNIPAM (PNIPAM-AuNPs)” above. The second type is 4k
PNIPAM-AuNPs at 40 °C (NP2) which was obtained by heating
NP1 for 1S min and cool it down to 25 °C and leave it for 30 min
before conducting further experiment. Another two types were
obtained from AuNPs stabilized by 8 kDa of PNIPAM-SH (8k
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PNIPAM-AuNPs). The third type is 8k PNIPAM-AuNPs at 25 °C
(NP3) and the forth type is 8k PNIPAM-AuNPs at 40 °C (NP4)
obtained by a similar heat treatment as mentioned above of NP3. The
detection of protein was done as follows. In the first step, 0.5 mL of
NP1 was dissolved in 2.4 mL of PBS. After that, 3N* fluorophore (1 X
1075 M, 100 pL) was then added and analyzed via luminescence
spectrometer after 30 min allowed for the equilibrium time. The
second step, BSA (10 uL, 1 mg/mL), was added to the previous
mixture and analyzed via luminescence spectrometer again after the
equilibrium time. BSA was subjected to the same analysis with NP2,
NP3, and NP4. To generate an array-based sensing platform, other
types of proteins were also tested with NP1, NP2, NP3, and NP4.

Data Analysis. All data analysis program were written in-house
using MATLAB version R2011b. The software for principal
component analysis (PCA) and linear discriminant analysis (LDA)
was programmed using the algorithm described elsewhere.** In our
case, LDA was not directly performed to the original data set where
the number of variables (wavelengths) exceeds the number of samples
as the inverse of the pooled variance-covariance matrix is impossible to
be calculated.***> To avoid the problem, the procedure called “PCA-
LDA” was used to demonstrate the classification power.**>* The
approach is to compress the dimension of the data into a low number
of principal component (PC) using PCA and LDA is then performed
on the resulting PC scores to quantify the discriminant ability.

B RESULTS AND DISCUSSION

Preparation and Characterization of PNIPAM-SH. Here
in this research, PNIPAM was synthesized by RAFT polymer-
ization of which molecular weight and polydispersity can be
well controlled by using a chain transfer agent. Besides, the
dithioester group at the polymer chain end can be converted to
a thiol group that is readily available for grafting onto the gold
surface.”” The chemical structure of the synthesized PNIPAM
was verified by "H NMR (Figure S1, Supporting Information).
Its characteristic signals were consistent with those reported in
the literature.***" As determined by 'H NMR data, it was
found that the percent conversion and the average M, of
PNIPAM were 41% and 4053 g/mol, and 42% and 7015 g/mol
for targeted DP of 40 and 70, respectively.

Cleavage of the terminal dithiobenzoate group at the
PNIPAM chain end was confirmed by UV—vis analysis. Upon
aminolysis by using 2-ethanolamine, the UV absorption band
around 300 nm corresponding to the dithiobenzoate group
disappeared resulting in the formation of thiol group and
yielded PNIPAM-SH (Figure S2 in the Supporting Informa-
tion). The success of aminolysis was also confirmed by the
appearance of PNIPAM which changed from pink-orange to
white as a result of dithiobenzoate group removal. Since the
thiol-terminated polymers can easily be oxidized by oxygen,
internal disulfide linkage may be formed and possibly yielded
an overestimated molecular weight. To ensure that such
incidence did not occur, the molecular weights of PNIPAM-SH
were also determined by GPC. The data shown in Table 1
indicated that the M, and PDI (M, /M,) values of PNIPAM
before aminolysis and after aminolysis (PNIPAM-SH) were
closely resembled implying that the disulfide bond formation
was absent.** The fact that all PDI values are very close to one
another verifies that the molecular weight distribution is narrow
and that the RAFT polymerization is well-controlled.

Preparation and Characterization of PNIPAM-AuNPs.
PNIPAM-SH obtained from the previous section was directly
grafted onto the surface of AuNPs through sulfur—gold
interaction. As compared with the Fourier transform infrared
(FTIR) spectrum of PNIPAM (Figure S3a, Supporting
Information), the FTIR spectrum of the PNIPAM-AuNPs

Table 1. Molecular Weight and Polydispersity Values of
PNIPAM and PNIPAM-SH

target

[M]/[1]/[CTA]
(mmol) M PDI* M,

1.600/0.01/0.020 3816 1.09 4053
3.145/0.01/0.025 8552 113 701S

polymer DP M,

PNIPAM 40 4526
70 7921

PNIPAM- 40 4526
SH

1.600/0.01/0.020 4180 1.11 n/a

70 7921 3.145/0.01/0.025 8788 114 n/a

“Determined by GPC analysis using THF as eluent. bCalculated from
'H NMR data.

(Figure S3b, Supporting Information) has characteristic peaks
of N—H stretching from secondary amide at 3276 cm™" and
C—H deformation of isopropyl groups with a 1:1 intensity ratio
at 1386 and 1367 cm™' which indicated the success of
PNIPAM-SH coating on the surface of AuNPs.

The layer of PNIPAM shell surrounding the AuNPs can be
visualized from atomic force microscopy (AFM) images shown
in comparison with that of the uncoated AuNPs stabilized by
citrate ions in Figure 1. In addition, the effects of molecular

500 soof
300 oo 300

(nm) 100 (nm) {nm)
500
300 300
(nm) 100 (nm)

Figure 1. AFM images of (a) uncoated citrated-stabilized AuNPs and
AuNPs coated with (b) 0.2 mM 4k PNIPAM-SH, (c) 0.2 mM 8k
PNIPAM-SH, (d) 0.5 mM 4k PNIPAM-SH, and (e) 0.5 mM 8k
PNIPAM-SH.

weight and concentration of PNIPAM-SH on grafting efficiency
were investigated. Apparently, the uncoated AuNPs were
smaller than all of the PNIPAM-AuNPs. For the AuNPs
surrounded by PNIPAM-SH, the particle size was increased
with elevating molecular weight of PNIPAM (from 4 to 8 kDa).
As illustrated in Figure 1d and e, the expansion of shell
thickness was also evidenced as a function of PNIPAM-SH
concentration. It was found that the proper concentration of
PNIPAM-SH was 0.2 mM because it was the minimum
concentration that still gave AuNPs with thermoresponsive
property which can be realized from color transition of the
AuNPs solution upon thermal treatment, the detail of which
will be described in the following section. Moreover, the
grafting quantity of the two PNIPAM-SH having different
molecular weights (4 and 8 kDa) on a flat gold surface was
determined by using SPR analysis (detailed experimental
procedure is included along with the data shown in Table S1
in the Supporting Information). Apparently, 4k PNIPAM could
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Figure 2. UV—vis spectra (a,c.e) and TEM images (b,d,f) of citrated-stabilized AuNPs (a,b), 4k PNIPAM-AuNPs (c,d), and 8k PNIPAM-AuNPs
(e,f). The insets of (c) and (e) show the color transition of PNIPAM-AuNPs solution upon heating from 25 to 40 °C.

be grafted with higher density and more consistently than 8k
PNIPAM.

The surface plasmon band of AuNPs is known to be sensitive
to the size of the particles and their surrounding environment.
As demonstrated in Figure 2a, a solution of highly dispersed
citrated-stabilized AuNPs exhibits red color with an absorption
band around 520 nm. According to transmission electron
microscopy (TEM) analysis, the particles were spherical in
shape and showed uniform size distribution around 13 nm
(Figure 2b). In principle, PNIPAM chains should be collapsed
upon increasing temperature above its LCST of 32 °C which is
a consequence of hydrogen bonding between water and
PNIPAM being destroyed at elevated temperature. Figure 2c
shows UV—vis absorption spectra of 4k PNIPAM-AuNPs at 25
°C (NP1) and 40 °C (NP2) in PBS solution. The absorption
maximum of the plasmon band of 530 nm at 25 °C shifted to
551 nm when the temperature was increased to 40 °C. The
color of the solution changed from red to blue-purple (from
NP1 to NP2) without precipitation. The particles were still
spherical in shape and consisted of 13 nm gold core and 1 nm
PNIPAM shell, as can be seen in the TEM image (Figure 2d).
Figure 2e shows UV—vis absorption spectra of 8k PNIPAM-
AuNPs at 25 °C (NP3) and 40 °C (NP4) in PBS solution. The
absorption maximum of the plasmon band of 530 nm at 25 °C
only slightly shifted to 541 nm after heating to 40 °C. This
slight red shift might be attributed to a high thickness of
PNIPAM shell which prevented an aggregation of the AuNPs.
This result was consistent with the color of the solution in that
the solution was altered from red to pink-purple (from NP3 to
NP4) without precipitation. It was found that the particles were

12321

spherical in shape with well-defined core/shell nanostructures
having 13 nm gold core and 14—17 nm PNIPAM shell (Figure
2f). The data depicted in Table S2 in the Supporting
Information also suggested that the relative dimension of the
particles measured by AFM was larger than those analyzed by
TEM. This may be ascribed to the fact that AFM analysis was
performed under semidried conditions.

It should also be emphasized that the thermoresponsive
property upon this thermal treatment condition is not
reversible. The solution color as well as absorption maxima
of plasmon bands of both NP2 and NP4 remained unaltered
although their solutions were quenched down to ambient
temperature (25 °C) for a long period of time (up to 2 h),
implying that both NP2 and NP4 maintained at their
aggregated states and did not turn back to their original NP1
and NP3, respectively, at least within the period of measure-
ments. This irreversibility is not completely unknown. In fact, it
has been previously reported on the system of magnetic
nanoparticles coated with PNIPAM-containing copolymers
having relatively low graft density.*> Our PNIPAM-AuNPs
were prepared by grafting-to method so their graft density may
not be that high which could be the reason of their irreversible
thermal transition.

It has also been reported by Yusa et al.'’ that the
thermoresponsive property of PNIPAM-AuNPs in terms of
color transition (shift in absorption maximum of surface
plasmon band) cannot be observed unless salt was added. They
have explained that the color transition, in principle, should be
driven by both PNIPAM shrinkage upon heating above its
LCST and interparticle aggregation of the PNIPAM-AuNDPs.
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with six proteins.

Thermal treatment above LCST should cause PNIPAM thermal energy is apparently not enough to bring together the
shrinkage (which can be realized by change in hydrodynamic collapsed PNIPAM-AuNPs that should lead to aggregation and

radius usually determined by light scattering), however, the subsequent change in optical characteristic (color change). This
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may be rationalized as a consequence of strong hydrogen
bonding between water and the PNIPAM particularly at the
outer layer of the PNIPAM-AuNDPs that prevent aggregation.
Introducing salt to the system helped increasing ionic strength
so that such strong hydrogen bonding can be destroyed and
allows the aggregation to take place. For this reason, we also
conducted additional experiments by incorporating 50 mM
NaCl to the PNIPAM-AuNPs solution and performed two
cycles of heating-quenching between 25 and 40 °C and found
that the color transition from red to blue-purple can be
promptly accelerated and the process was also reversible as can
be demonstrated in Figure S4 (Supporting Information). Such
results have suggested that whether the visible thermores-
ponsiveness is reversible truly depends on the solution
properties (i.e., ionic strength).

In this research, it is our intention not to add any salt to the
solution which may complicate the protein classification that
relies on the interactions among three counterparts (PNIPAM-
AuNPs, fluorophore, and protein). For this reason, the
thermoresponsive transition solely relied on thermal energy
introduced to the system by heating. The thermoresponsive-
ness of the PNIPAM-AuNPs was not reversible which was
presumably caused by the relatively low graft density of the
PNIPAM as mentioned above. On the other hand, it was also
possible that prolonged heating (>15 min in this research)
caused extensive PNIPAM collapse and dehydration, making
interparticle aggregation a permanent process. Nevertheless, the
irreversibility is truly beneficial for the mode of detection
proposed in this research work in that both NP2 and NP4
maintained their optical characteristic throughout the experi-
ment, suggesting that the method is reliable.

Protein Identification. To put the synthesized PNIPAM-
AuNPs in an array-based sensing platform, a preliminary
investigation on quenching efficiency of four tribranched
phenylene-ethynylene fluorophores having different charges
(structure shown in Scheme 1c) by 4k PNIPAM-AuNPs at 25
°C was performed. It should be emphasized that these specific
fluorophores were chosen because their charge characteristic
can be tuned by varying the peripheral groups of the branch in
the fluorophore structure without affecting their size. This is
beneficial from the point that the impact of the charge on the
quenching/recovery of the fluorophore can be determined
without having to be concerned about the size and dimension
variation of the fluorophore. As presented in Figure 3, when 4k
PNIPAM-AuNPs were used as a quencher, the C"2N° and
2C™N* fluorophores were slightly quenched (5% and 11%,
respectively), while the 3N* and C°2N* fluorophores were
largely quenched (44% and 46%, respectively). The C 2N’
fluorophore has one carboxylic acid and two amino groups
providing —1 net electronic charge, whereas the 2C™N*
fluorophore has two carboxylic acid groups and one quaternary
ammonium group also netting —1 electronic charge. Therefore,
there should be the repulsive force between the fluorophores
and PNIPAM-AuNPs which have lone paired electrons of
nitrogen and oxygen in the repeating unit resulting in
ineffective fluorescence quenching. On the other hand,
3N*and C°2N* fluorophores have +3 and +2 net electronic
charges. As a result, the electrostatic attraction between these
positively charged fluorophores and PNIPAM-AuNPs yielded
more effective quenching. For this reason, only 3N* and C°2N*
fluorophores were selected for further investigation. Further-
more, to ensure that the fluorescence response would originate
from quenching by the PNIPAM-AuNPs, the interactions

between the fluorophore and protein were investigated. In
principle, the fluorophore having the least response with
proteins is more desirable to be used for the development of
protein sensor based on our designed fluorescence quenching.

As can be seen in Figure 4, the emission intensity of 3N*
fluorophore was minimally affected by BSA. Therefore, 3N*
fluorophore was selected for further investigation. The much
lower fluorescence response of 3N* toward BSA than that
previously reported by Niamnont and co-workers®> could be
described as a result of the protein concentration used in this
research (3.3 ug/mL having Ayg = 0.0028) being lower than
that (A, = 0.01) used in the previous work. Such lower
protein concentration used in this sensing system was
presumably not high enough for the BSA to act as effective
surfactant that help deaggregating the fluorophore (3N*) which
should lead to fluorescence signal enhancement, the principle
determined quenching efficiency described in their work.
Nevertheless, we find this as a potential benefit given that the
fluorescence response of 3N™ is more sensitive to lower protein
concentration when used in combination with PNIPAM-
AuNPs. To confirm that the 3N*fluorophore was a proper
dye, it was also tested with other five different types of protein
having different pI and MW (Lys, Fib, Con A, Hgb, and TF)
and was found that all types of proteins did not enhance
fluorescence intensity of 3N* (Figure 4e).

To study the effect of polymer conformation grafted on
AuNPs surface on the quenching efficiency, NP1 and NP2 were
compared and found that the quenching efficiency of NP2 was
higher than that of NP1 (Figure SS in the Supporting
Information). This may be because the conformation of
PNIPAM changed from stretched to coil-like structure upon
heating to above its LCST, resulting in the decreasing of
distance between the gold core of NP2 and the fluorophore
that in turn enhanced the quenching efficiency. To determine
the effect of polymer molecular weight grafted on AuNPs
surface on the quenching efficiency, NP1 and NP3 were
compared. It was found that the quenching efficiency of NP1
was greater than that of NP3. This may be explained as a result
of the PNIPAM layer on the NP1 being thinner than that on
the NP3. The closer distance between the gold core and
fluorophore in the case of NP1 when compared to that of the
NP3 thus promotes the quenching process. The data shown in
Table S3 in the Supporting Information demonstrated that all
PNIPAM-AuNPs initially possessed negative zeta potential
values, all of which became less negative upon 3N* addition.
These evidently supported the assumption that the quenching
was driven by electrostatic attraction between the positive
charge of the 3N" fluorophore and the lone paired electrons of
nitrogen and oxygen in the repeating unit of PNIPAM on the
PNIPAM-AuNPs. Taking NP1 as a representative of PNIPAM-
AuNPs, an equilibrium constant of association with the 3N*
fluorophore determined using Stern—Volmer analysis (Kgy)
was found to be 821 x 10° M™' (Figure S6, Supporting
Information).

To ensure that the structures of PNIPAM-AuNPs maintained
their physical characteristic throughout the period of protein
classification, UV absorption of NP1 and NP2 both before and
after 3N* addition and after protein addition (BSA was chosen
as a representative protein for this set of experiment) was
measured. The results shown in Figure S7 (Supporting
Information) truly demonstrate that the fluorescence quench-
ing/recovery event happened without causing any changes in
the PNIPAM-AuNPs characteristic (shift in absorption
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maximum of surface plasmon band, aggregation). Similar
outcome was also observed in the cases of NP3 and NP4
(data not shown).

For the determination of protein based on fluorescence
quenching, six types of proteins were analyzed by using NP1-
NP4 with the 3N fluorophore. The obtained results are
illustrated in Figure Sa. Each type of PNIPAM-AuNPs exhibited
different responses to different proteins. The fluorescence
intensities of six proteins in response to NP1 were larger than
those in response to other three types of PNIPAM-AuNPs.
Unlike NP1, NP2 with its thinner PNIPAM layer may provide
stronger interactions with the fluorophore as evidenced by its
greater quenching efficiency when compared with NP1 (See
Figure S$ in Supporting Information). For this reason, it might
be difficult for the fluorophore to be released from NP2 surface
upon the protein addition. It is believed that this outcome was
influenced by protein resistance property of the PNIPAM
brushes which is more prominent at the collapsed state as has
been previously described by Xue et al.** This may be explained
as a result of the collapsed PNIPAM layer of NP2 being denser
than that of NP1 so that it is more difficult for the protein to
access the fluorophore situated within the PNIPAM layer. That
is why the signal responses were lower. In the case of NP3, of
which PNIPAM layer was thicker than that of NP1, the change
in fluorescence response was proportionally smaller. We
explained this as a consequence of the quenching being initially
low even before the protein addition due to the long distance
between the gold core and the fluorophore. After the addition
of protein, the fluorescence signal was not much affected and
therefore gave the relatively low response.

12324

Despite the facts that the PNIPAM layer of NP4 was thinner
than that of the NP3 and its initial quenching efficiency was as
high as that of NP1, overall signal responses of NP4 were
relatively small and followed the same trend that observed in
the case of NP3. We suspect that the same explanation
previously used for NP2 based on limited accessability of the
protein to the fluorophore in the condensed layer of PNIPAM
can be applied here. In addition, to demonstrate the protein
detection profile of the developed sensing array based on four
types of PNIPAM-AuNPs, the histogram in Figure Sa was
replotted for each protein and shown in Figure 5b. It is obvious
that the responsive patterns of AuNPs were varied with the
type of protein because of the difference in charge and
molecular weight of protein. At pH 7.4, the 3N* fluorophore
bound on the AuNPs surface via charge—dipole interactions.
Therefore, when the negatively charged proteins (BSA, Fib,
Con A, Hgb, and TF) were added, the release of 3N*
fluorophore from the AuNPs surface driven by the electrostatic
interactions between negatively charged proteins in solution
and 3N" fluorophore can take place so that the quenched
fluorescence signal can be recovered. Although being negatively
charged proteins, Fib and TF did not provide responses against
some types of AuNPs. These might be caused by their high
molecular weight being obstacle for effective binding with 3N*
fluorophore and thus hampering the fluorescence signal
recovery. In the case of Lys, a relatively small and positively
charged protein, it was found that the signal recovery did not
happen. This may be attributed to the repulsive forces between
Lys and the 3N™ fluorophore. In fact, further quenching was
also observed as can be realized from the negative response of
the signal. We describe the decrease of fluorescence signal as a
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result of additional quenching of 3N" in the solution that was
initially unbound to the PNIPAM-AuNPs. This is likely
possible given that it was demonstrated earlier in Figure 4e
that the 3N*fluorophore was slightly quenched by proteins.
The explanation for the impact of characteristic charge and
molecular weight of protein on fluorescence signal recovery is
schematically summarized in Figure 6.
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Figure 6. Schematic representation of mechanism explaining the
fluorescence signal recovery upon the addition of proteins having
different size and charge.

Although the results demonstrated in Figure Sb suggested
that the developed sensing platform using the PNIPAM-AuNPs
in combination with 3N* fluorophore was applicable for protein
identification, the fact that the changes in fluorescence response
(AI/I,) determined from the maximum emission intensity
independent of the wavelength was not intuitively accurate.
Such estimation also ruled out the possibility that the
wavelength of the emission maxima may be shifted upon
protein addition which was found to be the case in some
systems. For more accuracy, the whole spectra obtained before
and after adding proteins were taken into consideration when
performing subtraction. As can be seen in Figure 7a—d, the
subtracted spectra of each protein apparently exhibited different
characteristic. The intensity values in wavelength range of 400—
600 nm of spectra were used to identify each protein as they
show the highest variation of %AI and the highest shifted 4,,,,
toward the proteins. Although the histogram plot and
characteristic spectrum already showed different patterns of
the fluorescence responses toward each protein analyte,
discrimination of these proteins based on this multidimensional
data set (4 AuNPs X 6 proteins X 6 replicates) was further
simplified using multivariate statistical analyses. In this study,
principal component analysis (PCA) was used to transform the
data set of fluorescence intensity differences (%AI) into
principle component (PC) scores.*” Based on the data
similarity, a two-dimensional PC score plot (PC1 and PC2)
suitably generated six clusters on the PC space corresponding
to six types of proteins indicating an encouraging level of
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Figure 7. Characteristic emission spectra of 3N* fluorophore in the
presence of (a) NP1, (b) NP2, (c) NP3, and (d) NP4 for each type of
proteins in PBS (obtained by the subtraction of spectra before and
after protein addition) and PCA score plot of %AI data set obtained
from 6 replicates of 6 proteins including fluorescence responses of 3N*
fluorophore using (e) NP1, (f) NP2, (g) NP3, (h) NP4, and (i)
NP1+NP4.

protein classification (Figure 7e—h). To quantify the
classification accuracy, PCA-LDA was applied by performing
LDA on the PC scores with a total variance of >95% and then
validate the discriminating ability using leave-one-out (LOO)
cross validation technique.** After PCA-LDA routines were
performed on the data by using each type of AuNPs (NP1-
NP4), the results showed that the data which used NP3 gave
the highest classification accuracy of 97.22%. The obtained data
implied that the aggregation of PNIPAM layer induced by
thermal treatment (NP2 and NP4) may deteriorate the
efficiency of protein classification. However, we found that
the 100% of classification accuracy can be obtained by
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combining NP1 data set with NP4 data set. The PCA score plot
of NP1 associated with NP4 is shown in Figure 7i. These
results strongly indicate the high potential of the developed
sensing platform given that proteins can be identified with
100% accuracy by using only two types of PNIPAM-AuNPs.

B CONCLUSIONS

This investigation has demonstrated that the thermoresponsive
AuNPs can be prepared by using citrate-stabilized AuNPs
grafted with PNIPAM-SH synthesized via RAFT polymer-
ization. The prepared PNIPAM-AuNPs have a spherical
morphology and uniform size distribution and their shell
thickness depended on the PNIPAM-SH molecular weight.
Upon molecular weight variation and heat treatment, four types
of PNIPAM-AuNPs (NP1-NP4) having different quenching
efficiency against 3N* fluorophore were generated. After
protein addition, the fluorescence signal of 3N" fluorophore
can be recovered. The different pattern of fluorescence signal
recovery which is varied with the types of both proteins and
PNIPAM-AuNPs can be used to generate an array-based
protein classification. Based on LDA analysis using the LOO
approach, a 100% accuracy of protein classification can be
achieved using a combination of NP1 data set and NP4 data
set. The results have suggested that an array-based sensing
platform based on chemical nose approach can be developed
from PNIPAM-AuNPs when combined with a positively
charged phenylene-ethynylene fluorophore.
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ABSTRACT: Poly(pentafluorophenyl acrylate)-block-poly(N-isopro-
pylacrylamide) (PPFPA-b-PNIPAM) is synthesized by reversible
addition-fragmentation chain transfer (RAFT) polymerization.
Light-responsive moieties of ortho-nitrobenzyl (ONB)-protected
diamine are partially introduced to the PFPA moieties via post-
polymerization modification. The amphiphilic block copolymers
are assembled into micelles in water. The ONB-protected dia-
mine group in the micelle core is released upon UV irradiation,
which subsequently induces an in situ cross-linking by a sponta-
neous reaction with the remaining PFPA groups in the core and
yields stable cross-linked micelles. Micellization of the copoly-
mers is confirmed by dynamic light scattering (DLS) and trans-

INTRODUCTION Amphiphilic  block  copolymer micelles
assembled from thermo-responsive polymers have been
extensively investigated for various applications in the field
of controlled drug/gene delivery and biotechnology.'™
Poly(N-isopropylacrylamide) (PNIPAM) is one of the most
investigated temperature-sensitive component to be incorpo-
rated into block copolymers due to its lower critical solution
temperature (LCST) of approximately 32 °C in aqueous solu-
tion, being close to human body temperature.® When com-
bined with a hydrophobic block, PNIPAM yields copolymer
that would self-assemble into micelles having thermo-
responsive shell, which is capable of encapsulating hydro-
phobic molecules within the core. Upon heating above the
LCST, the micellar structure should be deformed and
released the hydrophobic molecules. Okano’s research team
has performed pioneering work on polymeric micelles with

mission electron microscopy (TEM). 4-Nitro-7-piperazino-2,1,3-
benzoxadiazole (NBD) and pyrene are loaded in the core of
cross-linked micelles to demonstrate the possibility for addi-
tional post-functionalization of residual PFPA moieties and
hydrophobic molecule encapsulation, respectively. It is antici-
pated that these micelles can be alternative cargos for incorpo-
rating active compounds that may be useful for advanced
applications. © 2015 Wiley Periodicals, Inc. J. Polym. Sci., Part
A: Polym. Chem. 2015, 53, 1103-1113

KEYWORDS: block copolymers; crosslinking; micelles;
functionalization; PPFPA; RAFT polymerization

post-

temperature-triggered drug release mechanisms using block
copolymers comprising PNIPAM and various hydrophobic
polymers.”® Temperature-responsive micelles with biode-
gradable cores have been also developed.”'® Similar works
have been studied by Liu et al'’ and Zhu et al.'? for the
release of doxorubicin and paclitaxel, respectively.

However, a major drawback of these self-assembled micelles
is their instabilities under certain changes in biological sys-
tems. Stabilization has often been achieved by chemical
cross-linking of the shell or the core of the micelles.>'*'*
One of the most effective methods is to incorporate reactive
functional groups onto the backbone of the copolymers. The
constructed micelles undergo cross-linking upon an addition
of a bifunctional reagent. In 2007, Zhang et al. fabricated
double  hydrophilic block copolymer micelles from

Additional Supporting Information may be found in the online version of this article.

© 2015 Wiley Periodicals, Inc.
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poly(ethylene oxide)-b-poly(N-isopropylacrylamide-co-N-
acryloxysuccinimide) (PEO-b-P(NIPAM-co-NAS), which formed
micelles by heating a copolymer solution above its LCST.
Stabilization of the P(NIPAM-co-NAS) cores was accom-
plished via the reaction of NAS residues with cystamine.'®
Similarly, Li et al. prepared thermally responsive micelles by
self-assembly of triblock copolymer of poly(ethylene oxide)-
block-(N,N’-dimethylacrylamide-stat-N-acryloxysuccinimide)-
block-poly(N-isopropylacrylamide) (PEO-b-(DMA-s-NAS)-b-
NIPAM). Incorporation of the NAS units into the triblock
copolymer allows for shell-cross-linked (SCL) micelles by
reaction with difunctional primary amines. These SCL
micelles swell when the solution temperature is lower than
the LCST of the NIPAM block.'® Despite its high reactivity, N-
acryloxysuccinimide (NAS) suffers from its hydrolytic instability
and limited solubility in organic media (only soluble in dime-
thylformamide or dimethyl sulfoxide) that restrict their applica-
tions. Monomer having active pentafluorophenyl ester,
pentafluorophenyl (meth)acrylate (PFP(M)A), has been recently
introduced as alternative to NAS due to its better solubility in
many common organic solvents and higher hydrolytic stability
in water and air than NAS.”*® Additional advantage lies on the
fact that the reaction of the pentafluorophenyl ester groups can
be conveniently monitored by '°F NMR spectroscopy.'® Duong
et al. prepared well-defined functional nanoparticles from pol-
y(oligo(ethylene glycol) methyl ether acrylate)-block-poly(vinyl-
benzyl chloride-co-pentafluorophenyl acrylate) (P(OEG-A)-b-
P(VBC-co-PFPA)). The nanoparticles were subsequently stabi-
lized by a reaction of active pentafluorophenyl moieties with
diamine. The polymer nanoparticles were found to be suitable
for hydrophobic drug encapsulation.?® Recently, Zhuang et al.
have developed water-dispersible nanogels based on random
copolymer of pentafluorophenyl acrylate and poly(ethylene gly-
col methacrylate) having diamine as a cross-linker. Isopropyl-
amine and N,N'-dimethylethylene diamine were incorporated
onto the core-cross-linked nanogel to demonstrate the possibil-
ity of surface engineering. These nanogels can encapsulate lipo-
philic guest molecules during the cross-linking step of the
nanogel synthesis.?!

Another interesting approach to obtain stable micelles is
using photo/UV-labile linker. In general, a light-responsive
behavior of polymer can either be reversible or irreversible,
depending on the chromophore that is attached to the poly-
meric backbone or to the chain end. Recently, an irreversible
light-responsive moiety of ortho-nitrobenzyl (ONB) deriva-
tives has attracted increasing interest in biochemistry and
synthetic chemistry as photo-labile protecting groups and
has been introduced to polymer structure as photo-cleavable
units.*>?* Jiang et al. nicely demonstrated the use of ONB as
a side chain functionality to prepare light-responsive block
copolymeric micelles of poly(ethylene oxide) (PEO) and
poly(2-nitrobenzyl methacrylate) (PNBM). The micelles were
capable of entrapping dyes with the intention of releasing
them at a defined time and location.?* However, controlling
the polymerization of ONB-containing monomers is still
difficult because nitroaromatic compounds can act as inhibi-
tors/retardants during the radical polymerization process.?®
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Post-polymerization modification is a versatile method for
the introduction of such chemical functionality that would
otherwise interfere with the polymerization process.?®

Reversible addition-fragmentation chain transfer (RAFT), a
commonly used controlled radical polymerization process,
provides a versatile route to the generation of amphiphilic
block copolymer with controllable features, such as block
length, structure, and molecular weight.?72® It is compatible
with a wide range of functional monomers and does not
require the use of (transition metal) catalyst. One can
achieve precisely defined reactive polymer structures. This
procedure enables the synthesis of polymeric architectures,
which cannot be realized by the classical way of radical
copolymerization.?’

This research aims to develop thermo-responsive micelles of
which cores are cross-linkable via light-trigger process from
block copolymers consisting of pentafluorophenyl acrylate
(PFPA) and N-isopropylacrylmide (NIPAM), to the best of our
knowledge, has never been reported before. It is anticipated
that RAFT polymerization under optimized conditions can
yield well-defined block copolymers with controlled molecular
weights and narrow polydispersities. Subsequent post-
polymerization modification of the copolymers is performed to
incorporate light-responsive moieties of ortho-nitrobenzyl
(ONB) into the PFPA block of the copolymers. Finally, the ONB-
containing copolymers are self-assembled into micelles. The
stabilization of core is subsequently induced by UV irradiation.
It is anticipated that the residual PFPA moieties in the copoly-
mers should be available for further chemical modification
with bioactive species and allow for physical encapsulation of
desired hydrophobic molecules. These should make the devel-
oped core-cross-linked (CCL) micelles of PNIPAM-containing
copolymers more useful in many advanced applications.

EXPERIMENTAL

Materials

All solvents used for reactions are reagent grade and used as
received, unless otherwise specified. Anhydrous 1,4-dioxane
(99.9%) were obtained from Merck. Anhydrous tetrahydrofu-
ran (THF 99.9%) was obtained from Sigma-Aldrich.
Dichloromethane was dried over CaH, under reflux and
nitrogen atmosphere. Solutions were made with Milli-Q
water purified by Millipore Milli-Q system that involves
reverse osmosis, ion exchange, and filtration steps (18.2
MQ). The NMR solvents such as CDCl; (99.8% D), DMSO-d6
(99.9%), and D,0 (99.9% D) were obtained from Cambridge
[sotope Laboratories, Inc. (USA); 4-cyanopentanoic acid
dithiobenzoate (CPADB, 97%), triethylamine (TEA, 99.5%),
4-nitro-7-piperazino-2,1,3-benzoxadiazole (NBD) (99.0%),
pyrene (98%), 2-nitrobenzyl bromide (98%), and N,N'-dime-
thylethylenediamine (85%) were purchased from Sigma-
Aldrich and used as received. N-isopropylacrylamide (NIPAM,
97%) was obtained from Sigma-Aldrich and recrystallized
twice in hexane before use. Pentafluorophenol (99%) was
commercially available from Merck and used as received.
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Azobisisobutyronitrile (AIBN, 98%) was obtained from Fluka
and used as received. Acryloyl chloride (98%) was pur-
chased from Acros and used as received.

Instrumentation

'H NMR spectra were recorded on a Varian, model Mercury-
400 nuclear magnetic resonance spectrometer (USA) operat-
ing at 400 MHz, and '°F NMR spectra were recorded on a
Bruker DRX 400 FT-NMR spectrometer. Chemical shifts (J)
were reported in part per million (ppm) relative to tetrame-
thylsilane (TMS) signal as a reference. FT-IR spectra were
recorded with a Nicolet Impact 6700 FT-IR spectrometer
with 32 scans at a resolution of 4 cm ™! in a frequency range
of 400 to 4000 cm '. Samples were pressed into potassium
bromide (KBr) pellets. UV-Vis spectra were recorded on an
Agilent 8453 UV-Vis spectroscopy. Molecular weight and
molecular weight distribution of synthesized (co)polymers
were analyzed by gel permeation chromatography (GPC)
using Waters 600 controller chromatograph equipped with
HR1 and HR4 columns (Waters, MW resolving range = 100-
500,000 g/mol) at 35 °C and refractive index (RI) detector
(Waters 2414). THF was used as an eluent with the flow
rate of 1.0 mL/min. Sample injection volume was 80 pL. Five
polystyrene standards (996-188,000 g/mol) were used for
generating a calibration curve. The hydrodynamic diameters
of micelles were measured using a dynamic light scattering
(DLS) instrument (Zetasizer Nano ZS, Malvern Instrument
Ltd., UK. equipped with a He-Ne laser beam at 658 nm)
at a fixed scattering angle of 173°. The sample refractive
index (RI) was set at 1.59 for polystyrene. The dispersant
viscosity and RI were set to 0.89 Ns m? and 1.33, respec-
tively. All samples (1.0 mg/mL) were filtered through a
0.45 pm syringe filter before analysis, and each measure-
ment was repeated at least 10 times to obtain the average
value with an equilibrium time of 5 min before each mea-
surement. Transmission electron microscopy (TEM) studies
were performed on a JEOL Model JEM-2100 electron
microscope operating at an acceleration voltage of 100 kV.
Samples were prepared by drop-casting of a given micelle
solution onto carbon-coated copper grid and excess solu-
tion was carefully blotted off using filter paper. The sam-
ples were then air-dried at room temperature before
measurement.

Synthesis of Ortho-Nitrobenzyl (ONB) Protected Diamine
ONB-protected diamine was synthesized according to a
method modified from that of Zhao and Theato.*® 2-
Nitrobenzyl bromide (1.0 g, 4.6 mmol), N,N'-diethylethylene-
diamine (4 mL, 37.2 mmol), and dry dichloromethane
(20 mL) were added into a round bottom flask. The reaction
mixture was stirred in the dark place at room temperature
overnight. After that, the solution was extracted with dis-
tilled water for three times. The filtrate was dried over anhy-
drous sodium sulfate (Na,SO,) and dichloromethane was
then removed using rotary evaporator. The pure yellow lig-
uid was obtained (0.69 g (3.2 mmol, 70% yield). '"H NMR
(400 MHz, CDCl3): 8/ppm: 7.89-7.27 (m, 4H), 3.79 (d, 2H),
2.63-2.52 (m, 4H), 2.46 (s, 3H), 2.04 (s, 3H).
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Synthesis of Pentafluorophenyl Acrylate (PFPA)

PFPA was synthesized according to the method of Jochum
and Theato®® Pentafluorophenol (40.0 g, 0.22 mol) was dis-
solved in 250 mL of dry dichloromethane in round bottom
flask. Triethylamine (TEA) (36.2 mL, 0.26 mol) was slowly
added to the reaction mixture on ice bath, and acryloyl chlo-
ride (21.1 mL, 0.26 mol) was then slowly added. After being
removed from the ice bath, the reaction mixture was stirred
at room temperature overnight. The precipitate of triethyl-
amine hydrochloride salt was filtered, washed thoroughly
with dichloromethane. The filtrate was extracted twice with
acidic water (pH=2.0), and twice with basic solution
(NazCO0s3), and finally twice with DI water. The organic phase
was dried over anhydrous sodium sulfate (Na,SO,), and
dichloromethane was removed using rotary evaporator. The
crude product was further purified by column chromatogra-
phy (column material: silica gel; solvent: petroleum ether).
The pure colorless liquid was obtained (26.3 g, 0.16 mol,
75% yield) and stored in refrigerator at —20 °C.

'H NMR (400 MHz, CDCl5): 6/ppm: 6.70 (d, 1H), 6.35 (dd,
1H), 6.16 (d, 1H); '°F NMR (CDCl3): 6/ppm: —162 (d, 2F),
—157 (t, 1F), —153 (d, 2F); FT-IR (ATR-mode): 1772 cm !
(C=0 reactive ester band), 1516 cm ' (C=C aromatic band)

Synthesis of Poly(pentafluorophenyl acrylate) (PPFPA)
PPFPA was synthesized according to the method published
recently.®° Briefly, PFPA monomer (4.80 g, 20 mmol), CPADB
(11 mg, 0.04 mmol), and AIBN (0.65 mg, 0.004 mmol) were
added to a vial followed by 10 mL of dry 1,4-dioxane. The
vial was sealed with a rubber septum and the solution was
purged with argon gas for 30 min. The vial was then
immersed into a thermo-stated oil bath at 70 °C for 2 h.
After immersing for 2 h, the polymer solution was precipi-
tated in methanol, centrifuged, and dried under vacuum at
room temperature. The dried polymer was then dissolved in
THF and precipitated again in methanol. This procedure was
repeated two times. The product was obtained as pink pow-
der in 65% yield (3.10 g, 13 mmol).

'H NMR (400 MHz, CDCl3): 6/ppm: 3.10 (br, CH,CH), 2.51
(br, CH,CH), 2.13 (br, CH,CH); 'F NMR (CDCls): J/ppm:
—163, —159, —153. FT-IR (ATR-mode): 1782 cm ' (C=0
reactive ester band), 1515 cm ' (C=C aromatic band),
1090 cm ™~ * (C—O ester band). The resulting PPFPA homopol-
ymer was subsequently used as a macro chain transfer agent
(macro-CTA) for the polymerization of NIPAM.

Synthesis of Poly(PFPA)-block-poly(NIPAM)
(PPFPA-b-PNIPAM)

For the synthesis of diblock PPFPA-b-PNIPAM copolymer
using RAFT polymerization, it is advisable to start with the
monomer that shows higher transfer ability for the selected
CTA3'32 In this case, PPFPA was first synthesized and used
as a macro-CTA for PNIPAM synthesis (Scheme 1). The puri-
fied PPFPA (0.32 g, 0.05 mmol), NIPAM (0.57 g, 5.04 mmol),
and AIBN (0.5 mg, 0.003 mmol) were added to a vial followed
by 6 mL of dry 1,4-dioxane. The vial was sealed with a rubber
septum and the solution was purged with nitrogen gas for
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PPFPA-b-PNIPAM

SCHEME 1 Synthetic pathway of PPFPA-b-PNIPAM by RAFT polymerization. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

30 min. Polymerization was conducted under nitrogen atmos-
phere at 70 °C for 12 h. The polymer solution was precipi-
tated in hexane, centrifuged, and finally dried under vacuum
at room temperature. The dried copolymer was then dis-
solved in THF and precipitated again in hexane. This proce-
dure was repeated two times. The product was obtained as
pink powder in 72% yield (1.29 g, 3.66 mmol).

'H NMR (400 MHz, CDCl3): 6/ppm: 4.10 (br, —NHCH(CH3),),
3.10 (br, CH,CH), 2.51-1.50 (m, protons in backbone), 1.13
(br, —NHCH(CHs)2); F NMR (DMSO0-d6): &/ppm: —172,
—166, —162. FT-IR (ATR-mode): 1782 cm ™! (C=0 reactive
ester band), 1645 cm™ ! (C=0 of amide), 1515 cm ' (C=C
aromatic band), 1090 cm~ ! (C—O ester band).

Post-Polymerization Modification of PPFPA-b-PNIPAM
with ONB-Protected Diamine

Light-responsive moieties in the form of an ONB-protected
diamine were introduced to PPFPA-b-PNIPAM via post-
polymerization modification of the PFPA part in the block
copolymer. The copolymer (0.5 g, 1 equiv. of PFPA unit) was
dissolved in 5 mL of dry THF under nitrogen atmosphere for
30 min. Separately, ONB-protected diamine (0.5 equiv.) and
TEA (0.1 equiv) was dissolved in 1 mL of dry THF. The ONB-
protected diamine solution was quickly added to the poly-
mer solution and continued purging with nitrogen gas for 20
min. The solution was stirred in the dark at room tempera-
ture for 24 h. The resulting copolymer was purified by pre-
cipitation in diethyl ether, centrifuged, and vacuum dried at
room temperature overnight. The product was obtained as
pale yellow powder in 67% yield (0.55 g, 0.95 mmol).

'H NMR (400 MHz, CDCl3) 6/ppm: 7.52-8.09 (br, protons
in o-nitrobenzene), 4.10 (br, —NHCH(CHs);), 3.2-1.5 (m,
protons in backbone and linker of ONB), 1.13 (br
—NHCH(CHs)2). '°F NMR (DMS0-d6): §/ppm: —170, —165,
—162. FT-IR (ATR-mode): 1782 cm™ ! (C=0 reactive ester
band), 1645 cm ™' (C=0 of amide band), 1515 cm ™! (C=C
aromatic band), 1090 cm ™! (C—O ester band).

Preparation of Noncross-Linked (NCL) and Core-Cross-
Linked (CCL) Micelles

Noncross-linked (NCL) micelles were formed by gradually
adding DI water into a solution of PPFPA-b-PNIPAM in THF
(50 mg/mL). THF was evaporated by stirring the solution in
air to yield a micellar solution of NCL. For core-cross-linked
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(CCL) micelles, a micellar solution was first prepared from
ONB-containing PPFPA-b-PNIPAM using a similar procedure
as mentioned above for the NCL micelles followed by expo-
sure to UV light (365 nm) for 2 h. After irradiation, the solu-
tion was dialyzed consecutively against THF for 2 days and DI
water for 1 day to remove by-products (noncross-linked poly-
mer and nitrosobenzaldehyde) and THE respectively. The
aqueous solution in the dialysis tube was collected and fil-
tered with a 0.45 pm pore-sized syringe filter and then lyophi-
lized yielding a pale yellow powder of dry CCL micelles.

Chemical Incorporation of Amino-Containing Dye into
Micelles

NBD as an amino-functionalized fluorescent dye was selected
as a model compound that can chemically bind with
unreacted PFPA in the core of micelles via post-functionaliza-
tion. The dry CCL micelles (5 mg, 1 equiv. of residual PFPA
unit) were dispersed in 5 mL of dry THF. The micellar solu-
tion was purged with nitrogen gas for 30 min. Separately,
TEA (0.1 equiv) and NBD (2 equiv.) were dissolved in 1 mL
of dry THE. The mixed solution of TEA and NBD was quickly
added to the micellar solution and continued purging with
nitrogen gas for 20 min. The solution was stirred in the dark
at room temperature for 24 h. The solution was then puri-
fied by dialysis consecutively against THF for 2 days and DI
water for 1 day to remove free NBD and THF, respectively.
The aqueous solution in the dialysis tube was collected and
filtered with a 0.45 pm pore-sized syringe filter and lyophi-
lized yielding an orange powder of dry micelles.

For comparison, NBD incorporation was also performed
before micelles formation and UV-induced cross-linking to
compare loading contents of NBD from the two methods.
Briefly, the mixed solution of TEA and NBD having the same
concentration as above was added directly to 5 mL of ONB-
containing PPFPA-b-PNIPAM solution in THF (1 mg/mL). The
solution was purged with nitrogen gas for 20 min and stirred
in the dark at room temperature for 24 h. The solution was
then purified by dialysis against THF for 2 days to remove
free NBD. Core-cross-linked (CCL) micelles incorporated with
NBD were then formed using the same procedure as that for
the preparation of CCL micelles as mentioned above.

Physical Encapsulation of Hydrophobic Dye into Micelles
To determine the ability to encapsulate hydrophobic mole-
cule into the core of the micelles, pyrene was selected as a
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TABLE 1 Molecular Weight Information of PPFPA-b-PNIPAM Copolymers Synthesized by RAFT Polymerization

PPFPA-b-PNIPAM

First block (PPFPA-CTA)
M2 (kDa) M,? (kDa) PDI % Conversion® M,? (kDa) M,? (kDa) PDI NIPAM® (mol %) PFPAP (mol %)
6.5 7.1 1.10 61 11.5 14.9 130 74 26
22.1 28.7 1.30 74 30.4 41.3 136 77 23

@ The molecular weights were determined by GPC in THF, PS

standard.

model. The dry CCL micelles (5 mg) were dispersed in 2 mL
of THE. Pyrene solution in THF (2 mg/mL) was added drop-
wise into the micellar solution and stirred vigorously for 1 h.
DI water was gradually added dropwise to the solution and
then THF was evaporated by stirring the solution in air. The
solution was then dialyzed against DI water at room temper-
ature for 2 days to remove THF. The aqueous solution in the
dialysis tube was collected and filtered with a 0.45 um pore-
sized syringe filter and lyophilized to yield a white powder

of dry micelles.

For comparison, pyrene encapsulation into the ONB-
containing PPFPA-b-PNIPAM was also performed before
micelles formation and UV-induced cross-linking to compare
loading contents of pyrene from the two methods. Briefly,
the ONB-containing PPFPA-b-PNIPAM (5 mg) was dissolved
in 2 mL of THE Pyrene solution in THF (2 mg/mL) was
added directly to the polymer solution and stirred vigorously
for 1 h. CCL micelles encapsulated with pyrene were then
formed using the same procedure as that for the preparation
of CCL micelles as mentioned above except that the dialysis
was only performed against DI water after UV irradiation.

Determination of Dye Loading Content
The contents of NBD chemically incorporated and pyrene
physically encapsulated into the micelles were determined by

b %Conversion and copolymer compositions were determined by 'H
NMR.

dissolving the micelles in THF before analyzed by UV-Vis spec-
troscopy at 478 and 336 nm, respectively using standard cali-
bration curves experimentally obtained with NBD/THF or
pyrene/THF solutions (Fig. S1 in Supporting Information). The
dye content was calculated according to the following equation:

Dye loading content (mg/g)

_ weight of dye loaded in micelles (mg)
weight of dye—loaded in micelles (g)

RESULTS AND DISCUSSION

Preparation of PPFPA-b-PNIPAM by RAFT Polymerization

For the synthesis of diblock copolymers of PPFPA-b-PNIPAM

using RAFT polymerization, it is advisable to start with the
monomer that shows higher transfer ability for the selected
CTA.2%3% Comparative polymerization kinetics of PFPA and
NIPAM are shown in Figure S2 (Supporting Information). In
this case, PPFPA was first synthesized and used as a macro-
CTA for the PNIPAM synthesis (Scheme 1). The PPFPA
macro-CTAs with two molecular weights of 6.5 and 22.1 kDa
were prepared (see Table 1). GPC chromatograms of the
PPFPA and diblock copolymers are shown in Figure 1. A sin-
gle peak was observed for each of the copolymers. A
decrease in retention time as well as progressive peak

/PPFPA-b-PNIPAM
4 \ ‘/PPFPA-CTA A ;‘\‘I/PPFPA-CTA
J 1 ALY ‘:E;) ]
(A) AT A A
I % I [
M \
@ | \ | | \
[ /I Y @ ~ /I?PFPA-b-PNIPAM
=] 1 \ { i‘ g / [N I“.
% J \/ { aQ | J N\ A
8 R $ ’ \
= f = .
o [ I = F O\
:f" N I‘-I‘ ‘li (|‘
‘,",\, /
/ 4 e » S—— - - R — >
14 15 16 17 18 19 14 15 16 17 18 19

Retention time (min)

PPFPA, M_=6.5 kDa, PDI = 1.10
PPFPA-b-PNIPAM, M = 11.5 kDa, PDI = 1.30

Retention time (min)

PPFPA, M, = 22.1 kDa, PDI =1.30
PPFPA-b-PNIPAM, M, = 30.4 kDa, PDI = 1.36

FIGURE 1 GPC traces of PPFPA molecular weights of 6.5 kDa (A) and 22.1 kDa (B) and their corresponding block copolymers.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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SCHEME 2 Synthetic pathway for the preparation of ONB-containing PPFPA-b-PNIPAM via post-polymerization modification and
cross-linked PPFPA-b-PNIPAM induced by UV irradiation. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

broadening is seen with each block addition. The PPFPA
with the two molecular weights of 6.5 and 22.1 kDa yielded
block copolymers of the PPFPA-b-PNIPAM with molecular
weights of 11.5 kDa and 30.4 kDa, respectively. The slight
shoulder appearing in the GPC traces of the resulting block
copolymers especially in the case of higher molecular weight
one (30.4 kDa) implied that there was a significant amount
of the inactive PPFPA macro-CTA which did not participate
in chain extension of the PNIPAM block. This may be
described as a result of the PFPA polymerization being
allowed to proceed to a rather high conversion (74%). This
would raise a chance of chain termination. It is also likely
that the PPFPA macro-CTA with higher molecular weight
(22.1 kDa) would possess lower mobility so as the rate of
chain transfer than that of the 6.5 kDa, resulting in the
potential loss of polymerization controllability. Additionally,
Table 1 gives an overview of the molecular weight informa-
tion of the block copolymers prepared by RAFT polymeriza-
tions. The molecular weight (M,,) of the block increased with
increasing [NIPAM]/[PPFPA macro-CTA] ratio. The content of
the NIPAM in the block copolymer was determined from 'H
NMR data by selecting the area of the signal at 4.10 ppm
(for methine proton of NIPAM) in relation to the area of the
signal at 3.10 ppm of the PPFPA polymer backbone. The con-
tents of NIPAM in the block copolymers were 74 and 77 mol
% for the PPFPA-CTA with M, of 6.5 and 22.1 kDa, respec-
tively. '"H NMR measurement showed the appearance of a
new signal at 4.10 ppm attributed to —CH(CHs3),, the
methine proton of NIPAM (Fig. S3 in Supporting Informa-
tion). The characteristic proton signals of PPFPA at 3.10,
2.50, and 2.12 ppm attributed to CH and CH; groups of poly-
mer backbone. The combination of a single GPC peak and
the presence of characteristic protons of both PPFPA and
PNIPAM led to the assumption that diblock PPFPA-b-PNIPAM
copolymers were successfully synthesized. Apparently, the
RAFT process enables the synthesis of well-defined block
copolymer of PPFPA-b-PNIPAM with predetermined molecu-
lar weight and narrow molecular weight distribution.

Post-Polymerization Modification of PPFPA-b-PNIPAM
with ONB-Protected Diamine

Herein, light-responsive moieties of ONB were prepared via
post-polymerization modification of PFPA moieties with a

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2015, 53, 1103-1113

mono ONB-protected diamine.”® Upon UV irradiation at
365 nm for 2 h, a new peak of nitrosobenzaldehyde
appeared at around 350 nm (Fig. S4 in Supporting Informa-
tion) confirming the formation of the cleaved by-
product.?>?>3% In addition, FT-IR spectrum showed the
appearance of C=0 peak of nitrosobenzaldehyde at
1725 cm™ ! (Fig. S5 in Supporting Information). The ONB-
protected diamine group should be released, which can sub-
sequently induce cross-linking via activated ester-amine
chemistry resulting in network formation as shown in

Q*ﬁ@*’“ﬁ

THF “ ‘|

methanol
a H It:
H ' (C) jl \ b

I

=

86 80 765 70 665 60 65 50 45 40 36 30 25

chemical shift [ppm)

20 15 1.0 056

B €=0 of ester - -
-

( ) (1782 cm) r = -C=0 of amide

(1646 em 1)

T T T T T
4000 3500 3000 2500 2000 1500 1000 500
‘Wavenumbers (cm™)

FIGURE 2 '"H NMR spectra in CDCl; (A) and FT-IR spectra (B) of
(a) PPFPA-b-PNIPAM, (b) ONB-containing PPFPA-b-PNIPAM,
and (c) NBD-incorporated CCL micelles. [Color figure can be
viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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Scheme 2. A successful reaction can be demonstrated by the
results from 'H NMR and FT-IR analysis. Figure 2(A) repre-
sents "H NMR spectrum of the ONB-containing PPFPA-b-PNI-
PAM. The signals of the four aromatic protons of the ONB
moieties in a range of § = 7.52-8.09 ppm clearly confirmed
the attachment of the ONB groups to the block copolymer.
The amount of incorporated ONB-protected diamine in the
copolymer can be calculated by 'H NMR from the relative
ratio between the peak integration of the four aromatic pro-
tons around J = 7.52-8.09 ppm and the peak integration of
one proton around 6 = 3.10 ppm of the PPFPA polymer back-
bone. As reported earlier by Zhao and Theato.?® the percent-
age of ONB incorporation (%ONB) can be varied as a
function of the amount of ONB-protected diamine. Here in
this research, the %ONB in the block copolymer of approxi-
mately 20% were chosen to assure that a certain portion of
PFPA were cross-linked via incorporated ONB-protected dia-
mine and allowed for the majority of the unreacted PFPA to
be available for subsequent post-functionalization with other
active species of which we chose NBD in this case. Addition-
ally, the successful conversion of the parent PPFPA in the
copolymer to the corresponding ONB-protected group was
also confirmed by FT-IR analysis from the decrement of C=0
peak at 1782 cm™ ' of PPFPA and the increment of the amide
carbonyl group at 1645 cm ' [Fig. 2(B)]. After the post-
polymerization modification, the molecular weight of the
ONB-containing block copolymer was slightly shifted to
higher value in comparison to the GPC trace of the precursor
block copolymer due to the increment of molecular weight
per repeating unit (Fig. S6 in Supporting Information).

Preparation of Core-Cross-Linked (CCL) Micelles of
PPFPA-b-PNIPAM

In this part, we introduce a new methodology for polymeric
micelles preparation from diblock copolymer having PPFPA
as hydrophobic part, PNIPAM as hydrophilic part, and

MALQ‘%»} WWW.MATERIALSVIEWS.COM
|

ONB-protected diamine as a photo-induced cross-linker mol-
ecule of which the strategy is shown in Scheme 3. The
molecular weight of PPFPA-b-PNIPAM and the %ONB were
fixed at around 30 kDa and 20%, respectively, while the
copolymer composition of PPFPA:PNIPAM was varied from
23:77 to 71:29. Micellization of the diblock copolymers in
aqueous solution was confirmed by DLS and TEM. DLS stud-
ies (Table 2) revealed that the sizes of both NCL and CCL
micelles above LCST became smaller than those below the
LCST due to the outer shell of PNIPAM dehydrated and col-
lapsed. After UV irradiation at 365 nm for 2 h, the average
sizes of the CCL micelles were found to be smaller than
those of the NCL micelles implying that covalently cross-
linked network of ONB-protected diamine with the PFPA
part in the core were formed. It should be emphasized at
this point that complete cross-linking via the reaction
between PFPA moieties and ONB can be achieved upon the
UV irradiation at 365 nm for 2 h as monitored by UV-Vis
spectroscopy. This agrees well with the report by Zhao and
Theato.?> Moreover, the average size of the micelles having a
copolymer composition of 71:29 PPFPA:PNIPAM is smaller
than that with the ratio of 23:77 PPFPA:PNIPAM implying
that the size of the micelles corresponds with the block
length of the PNIPAM outer shell. In addition, size distribu-
tion profiles measured by DLS showed that all of the
micelles have a unimodal size distribution. The micelles did
not precipitate above the LCST because the DLS measure-
ment was carried out at a very low concentration (1 mg/
mL) allowing us to determine their size by DLS. TEM images
revealed well-defined spherical shapes with slightly smaller
diameters than those observed in DLS, which is attributed to
the shrinkage of the micelles after solvent evaporation dur-
ing TEM sample preparation as shown in Figure 3.

Furthermore, we have performed DLS and TEM measure-
ments of the CCL micelles after placing them in THF, a good
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TABLE 2 Summary of Average Sizes of the NCL and CCL Micelles of PPFPA-b-PNIPAM and NBD-Incorporated CCL Micelles Deter-

mined by DLS Measurement in Aqueous Media

Average Size (nm)

PPFPA-b-PNIPAM NCL

PPFPA-b-PNIPAM CCL NBD-Incorporated CCL

Micelles
PPFPA:PNIPAM (% Mol Ratio) 10 °C 40 °C
23:77 (M, = 30.4 kDa) 257 +5 178 =2
71:29 (M, =32.5 kDa) 122+3 81.2+0.2

solvent for both PPFPA and PNIPAM blocks, to demonstrate
that the synthesized CCL micelles were stable. From the
DLS data, the average sizes of the CCL micelles having

(A)

Micelles Micelles
10 °C 40 °C 10 °C 40 °C
146 = 3 97 £ 1 182 +2 135.9+0.3
58 +2 42.1+0.2 67 =1 41.4+0.7

PPFPA:PNIPAM composition of 23:77 and 71:29 were 189
and 80 nm, respectively. These average sizes of the CCL
micelles in THF are larger than those determined in aqueous

15 LAY W Ty
| PPFPA-b-PNIPAM NCL micelles e 4 e
g 8!
2
@
c
)
£
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| PPFPA-b-PNIPAM NCL micelles
9 0l
5 o il
» L il
e i
2
£ 57 1 ‘
3 - ol Errm O v
1 10 100 1000 10000 94111 nm
Size (nm)
12
t NBD-incorporated CCL micelles
g 10»
2 8
E
E g
2l
0 : ot e
1 10 10000 48116 nm

1000
Size (nm)

FIGURE 3 Size distribution profiles evaluated by DLS (left column) and TEM images (right column) of the PPFPA-b-PNIPAM NCL
micelles and the NBD-incorporated CCL micelles formulated from the copolymer with PPFPA:PNIPAM composition of (A) 23:77 (scale
bar 0.5 pum) and (B) 71:29 (scale bar 100 nm). DLS measurements were carried out at 10 °C with a micelle concentration of 1 mg/mL.
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FIGURE 4 Normalized absorbance of (A) NBD and the NBD-
incorporated CCL micelles and (B) pyrene and the pyrene-
encapsulated CCL micelles. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

media (see Table 2 for comparison) as a result of THF being
a good solvent and thus causing the CCL micelles to swell.
According to TEM images shown in Figure S7 of Supporting
Information, the CCL micelles maintained their spherical
shape with their diameters around 82 and 38 nm for the
copolymer having PPFPA:PNIPAM composition of 23:77 and
71:29, respectively. The size measured by the DLS is larger
than that observed by TEM because the size measured by
DLS is based on the swollen micelles in solution whereas
that observed by TEM is for the dried micelles.

PPFPA PNIPAM

pyrene

ONB-containing PPFPA-b-PNIPAM [ foute s J
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Chemical Incorporation and Physical Encapsulation of
Dyes into Micelles

NBD was covalently incorporated onto the residual PFPA
moieties in the core of the CCL micelles to demonstrate the
possibility for additional post-polymerization, as shown in
Scheme 3. A successful incorporation of NBD was confirmed
by FT-IR, 'H NMR, '°F NMR, and UV-Vis spectroscopy. The
disappearance of ester carbonyl group of activated PFPA at
1782 cm ! and appearance of amide carbonyl group at
1646 cm ™' suggest that the PFPA units were fully converted
to amide upon reacting with NBD [Fig. 2(B)]. Similar expla-
nation can also be applied for the 'H NMR spectrum that
showed the disappearance of the proton at ¢ = 3.10 ppm of
the PPFPA backbone [Fig. 2(A)]. Complementary '°F NMR
analysis confirmed that the three signals at —170, —165,
and —162 ppm attributed to the pentafluorophenyl ester
groups in the block copolymer completely disappeared when
2 equiv. of NBD dye was reacted, suggesting that all residual
PFPA groups in the core of the micelles were totally con-
sumed upon chemical incorporation of NBD (Fig. S8 in Sup-
porting Information).

UV-Vis spectroscopy was also used to confirm the incorpo-
ration of NBD into the core of micelles via post-functionali-
zation modification of the residual PFPA units. As seen in
Figure 4(A), an absorbance of NBD-incorporated CCL
micelles, which corresponds to an absorbance of free NBD
appears at Ap.x =478 nm indicating the presence of NBD
in the micelles. The loading contents of NBD into the CCL
micelles after UV-induced cross-linking (Scheme 3, Route 1)
of the copolymers having PPFPA:PNIPAM composition of
23:77 and 71:29 were found to be 3.8 and 7.7 mg/g
(NBD/copolymer), respectively. Furthermore, the physical
encapsulation of pyrene into the CCL micelles was also
determined (Scheme 4, Route 1). The typical UV-Vis spec-
trum of pyrene-encapsulated CCL micelles is similar to that
of free pyrene Figure 4(B), suggesting no significant change
of pyrene structure when being encapsulated within the

&

N

pyrene-encapsulated

\‘.a‘)"
CCL micelle

)

SCHEME 4 Schematic representation of pyrene-encapsulated CCL micelles preparation by performing cross-linking/self-assembly
before (Route 1) or after (Route 2) physical encapsulation of pyrene. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

MJ‘(T%H} WWW.MATERIALSVIEWS.COM
|

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2015, 53, 1103-1113

1M1


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

1112

ARTICLE

CCL micelles. The loading contents of pyrene into the CCL
micelles after UV-induced cross-linking of the copolymers
having PPFPA:PNIPAM composition of 23:77 and 71:29
were 1.2 and 2.9 mg/g (pyrene/copolymer), respectively.
We have also performed additional experiments by conduct-
ing UV-induced cross-linking after dye loading (Route 2 of
both Schemes 3 and 4). It was found that the loading con-
tents of NBD into the CCL micelles formulated from the
copolymers having PPFPA:PNIPAM composition of 23:77,
and 71:29 were 39 and 8.0 mg/g (NBD/copolymer),
respectively. Whereas, the loading contents of pyrene into
the CCL micelles formulated from the copolymers having
PPFPA:PNIPAM composition of 23:77, and 71:29 were 3.7
and 4.8 mg/g (pyrene/copolymer), respectively. Apparently,
the loading contents of both NBD and pyrene into the core
of micelles can be elevated as a function of the PPFPA com-
position in the block copolymer. The fact that the loading
content of NBD before UV-induced cross-linking was essen-
tially the same as that after UV-induced cross-linking indi-
cated that enthalpic gain via chemical reactions between
the residual PFPA groups and NBD was so powerful that it
can overcome the restriction of dye permeability through
the cross-linked polymeric network. The procedure based
on the sequence of cross-linking/self-assembly followed by
encapsulation should provide a better stability to micelles.
This also gives additional benefit from practical perspective
because any designated molecules can be chemically incor-
porated into ready-to-use cross-linked micelles which are
quite stable. However, this seems not to be the case for
pyrene of which physical encapsulation is mainly driven by
weaker hydrophobic interactions. Cross-linking exhibited a
significant impact on pyrene encapsulation so that its load-
ing was more effective if being performed before cross-
linking.

CONCLUSIONS

In this research, well-defined block copolymer consisting of
PFPA and NIPAM were first synthesized by RAFT polymer-
ization. The kinetic analysis and gel permeation chromatog-
raphy (GPC) measurements confirmed that polymerization
was well controlled. The cross-linked amphiphilic polymeric
micelles of PPFPA-b-PNIPAM were prepared via post-
polymerization modification of PFPA moieties with the ONB
protected diamine. The ONB groups can be released upon
UV irradiation which subsequently induced an in situ cross-
linking by a spontaneous reaction with the remaining PFPA
and yielded cross-linked micelles. Micellization of the
copolymers was confirmed by DLS and TEM. The sizes of
the NCL and CCL micelles can be controlled by changing the
external temperature above or below their LCSTs. Our
results have demonstrated that the copolymer micelles hav-
ing residual PFPA moieties in their cores are capable of not
only chemically incorporating amino-containing molecule,
NBD via post-functionalization but also physically encapsu-
lating hydrophobic molecule, pyrene, suggesting their
potential to be used as alternative cargos for biomedical
applications.
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ABSTRACT: Patterned poly(acrylic acid) (PAA) brushes was
successfully generated via photolithography and surface-
initiated reversible addition—fragmentation chain transfer
(RAFT) polymerization of acrylic acid as verified by water
contact angle measurements and FT-IR analysis. The carboxyl
groups of PAA brushes can act as reducing moieties for in situ
synthesis of gold nanoparticles (AuNPs), without the use of
additional reducing agent. The formation of AuNPs was
confirmed by transmission electron microscopy and X-ray
photoelectron spectroscopy. The glass surface-modified by
PAA brushes and immobilized with AuNPs (AuNPs-PAA) can
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be used as a substrate for SALDI-MS analysis, which is capable of detecting both small peptides having m/z < 600 (glutathione)
and large peptides having m/z > 1000 (bradykinin, ICNKQDCPILE) without the interference from matrix signal suggesting that
AuNPs were stably trapped within the PAA brushes and the carboxyl groups of PAA can serve as internal proton source. By
employing AuNPs as the capture probe, the AuNPs-PAA substrate can selectively identify thiol-containing peptides from the
peptide mixtures with LOD as low as 0.1 and 0.05 nM for glutathione and ICNKQDCPILE, respectively. An ability to selectively
detect ICNKQDCPILE in a diluted human serum is also demonstrated. The patterned format together with its high sensitivity
and selectivity render this newly developed substrate a potential platform for high-throughput analysis of other biomarkers,
especially those with low molecular weight in complex biological samples.

eparation and analysis of biomarkers such as peptides

found in trace levels play crucial roles in medical diagnosis.
A number of peptides have been proposed as potential
biomarkers. For example, bradykinin, des-Arg9-bradykinin,
and Hyp3-bradykinin are potential biomarkers of breast
cancer." Glutathione (GSH), thiol-containing peptides, are
also recognized as important biomarkers in human.”® GSH is
an antioxidant and a tripeptide composed of L-cysteine, glycine,
and y-glutamic acid, that can prevent damage to important
cellular components caused by reactive oxygen species such as
free radicals and peroxides." The usual range of GSH
concentrations in a healthy human is in a range of 684—2525
and 2.22—11.36 mmol L™ in blood and plasma, respectively.’
An abnormal level of GSH is an indication of diseases such as
Alzheimer’s, Parkinson’s, Huntington’s disease, cancers, aging,
and heart problems.” Cysteine (Cys) is the only amino acid
with a thiol functional group that serves as a unique unit in
protein construction, enzyme active sites, and cofactors.’ Cys is
also an amino acid component of GSH. Cys exists in almost all
human proteins (89.3% contain at least one), and 17.2% of
tryptic peptides contain one or more cysteine residues.””
Analysis of biomarker generally requires highly sensitive
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analytical tools such as electrochemistry,” fluorescence spec-
troscopy,” UV—vis spectrophotometry,' surface plasmon
resonance,11 and mass spectrometry.lz’13

Surface-assisted laser desorption/ionization mass spectrom-
etry (SALDI-MS), in particular, is a widely used technique for
biomarker identification, especially peptides due to their high
sensitivity and accuracy.”’* The major benefit of this method
lies in its ability to be implemented in specific modification of
chip surfaces, recently developed by using nanomaterials as
matrices to absorb the laser energy and transfer to analyte in
the ionization step. This technique is capable of detecting
analyte with a low mass range (<500 m/z) without the
interference from matrix signal. Metal nanoparticles, for
example, ZnS, TiO,, Fe;0,, and Au, are extensively used as
matrices in SALDI-MS analysis.">'® Unlike conventional
organic matrices, metal nanoparticles provide low matrix
background, homogeneous sample, and insignificant fragmen-
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tation. It was also found that each type of nanoparticle has their
own suitable range of analyte that can be evaluated. For
example, gold nanoparticles (AuNPs) are suitable for samples
with a mass range of 300—1300 m/z. TiO, and Fe,O; are
appropriate for analyzing samples with a mass range of 1200—
12000 and 1200—25000, respectively.'® In addition, some metal
nanoparticles, such as AuNPs and silver nanoparticles (AgNPs),
can also function as concentrating and selective probes for
preconcentration and separation of thiol-containing peptide
from the peptide mixture.'*™""

Recently, polymer has been used together with nanoparticles
for modifying the chip surface not only to improve nano-
particles dispersion that can enhance ionization efficiency, but
also help trapping the nanoparticles from coming oft during
ionization. There are reports about modification of substrate
with nanoparticles for SALDI-MS analysis. Aminlashgari et al.”’
utilized nanocomposite films based on polylactide embedded
with nanoparticles of TiO,, SiO,, MgO, hydroxyapatite,
montmorillonite nanoclay, halloysite nanoclay, silicon nitride,
and graphitized carbon black as matrices for SALDI-MS
analysis of small molecules, namely, acebutolol, propranolol,
and carbamazepine. They found that the advantages of
nanocomposite films as compared to the free nanoparticles
used in earlier studies are the ease of handling and reduction of
instrument contamination because the particles were immobi-
lized within the polymer matrix. Kawasaki et al.*' successfully
modified silicon substrate with self-assembled multilayer films
of poly(allylamine hydrochloride) and ammonium citrate
capped AuNPs (AuNPs/PAHC), for analyzing peptides
(angiotensin I, cytochrome C) by SALDI-MS. It was found
that the sensitivity of the peptide was increased with increasing
number of multilayer films. However, a small matrix back-
ground of the AuNPs still appeared in the mass spectra. As
demonstrated by Tarui et al,, the silicon substrate modified with
nanocomposite film of cationic diblock copolymer micelles of
poly(styrene-b-N-methyl-4-vinylpyridinium iodide) and ammo-
nium citrate stabilized AuNPs offered superior performance to
the AuNPs alone by providing high ionization efficiency of
angiotensin I and insulin, with a low matrix background from
Au clusters.””

Polymer brushes are one of the interesting materials that can
be used for chip surface modification. Having chain ends
attached covalently on the surface, they are more stable than
physically adsorbed polymer film. Polymer brushes with well-
controlled molecular weight and polydispersity index can be
prepared via surface-initiated polymerization based on a
number of controlled radical polymerization such as atom
transfer radical polymerization (ATRP) and reversible
addition—fragmentation chain transfer (RAFT).>** Having
multiple functional groups per surface area, polymer brushes
are quite an attractive material for bioanalytical analysis.
Bruening and co-workers”>~ >’ have developed an efficient
platform for phosphopeptide enrichment prior to MS analysis.
The platform is based on polymer brushes of poly(2-
hydroxyethyl methacrylate) (PHEMA) or poly(acrylic acid)
immobilized with Fe(Ill)-nitrilotriacetate (NTA). The sub-
strates offered higher recoveries with fewer interfering peaks
than those analyzed by commercially available Fe(III)-
containing materials. A femtomol-level detection limit can
also be reached, even in the presence of as high as 10-fold
molar excess of nonphosphorylated peptides.”*>” Kim et al.**
have employed surface-immobilized polymer brushes of
poly(oligo(ethylene glycol) methacrylate) (pOEGMA) as

nonbiofouling polymeric platform for immobilizing peptide-
conjugated AuNPs. A label-free assay of matrix metal-
loproteinase (MMP) activity was evaluated from the peptide
segments cleaved from the peptide-conjugated AuNPs using
time-of-flight secondary ion mass spectrometry. The use of
pOEGMA, together with AuNPs, synergistically improved the
sensitivity of MMP activity assays in human serum, in which a
number of interfering proteins are present.

Poly(acrylic acid) (PAA) brushes have been recognized as
versatile polymeric entities often used for biosensing and
analytical applications. Its greater density of carboxyl groups
provides active functionality for specific biomolecule immobi-
lization and detection, as reported earlier by a number of
research groups.”” >’ In particular, we have previously
demonstrated that the surface-grafted PAA brushes can serve
as a three-dimensional platform for attachment of biosensing
probes. As determined by surface plasmon resonance (SPR),
their properties are superior to a SAM of a carboxyl-terminated
alkanethiol in terms of both signal enhancement and the ability
to prevent nonspecific adsorption.”” The best performance for
both the biotin—streptavidin and BSA—anti-BSA systems was
found on the sensor platform developed from the surface-
grafted PAA brushes with a 50% graft density.*

Here, in this research, we are interested in developing a
substrate for SALDI-MS analysis based on surface-grafted PAA
brushes containing AuNPs. Photolithography was first used to
generate the hydrophobic/hydrophilic pattern to provide a
visible contrast between the analyte spot and prevent cross-
contamination of sample solution from one spot to another.
PAA brushes were then grafted on the hydrophilic area of the
pattern via surface-initiated RAFT polymerization of acrylic
acid (AA). Thereafter, AuNPs were generated in situ within the
PAA brushes by having carboxylate groups of PAA acting as
reducing moieties for gold ions (Au’"), without having to use
an additional reducing agent.””*> The substrate modified with
PAA brushes containing AuNPs (AuNPs-PAA) were then used
for SALDI-MS analysis of a number of peptides, such as
bradykinin, which is a biomarker of breast cancer, thiol-
containing peptides, namely, glutathione and ICNKQDCPILE.
It is anticipated that this developed patterned platform can be
used for preconcentration and separation of thiol-containing
peptide from the peptide mixture in a high-throughput fashion.

B EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate (HAuCl,-3H,0),
acrylic acid (AA), dimethylformamide (DME), 4,4-bis(4-
cyanovaleic acid) (ACVA), 4-(dimethylamino)pyridine
(DMAP), 4-cyano-4-(phenyl carbonothioylthio)pentanoic acid
(chain transfer agent or CTA), dicyclohexyl carbodiimide
(DCC), dialysis bag (cutoff molecular weight of 3500 g/mol),
phosphate buffered saline pH 7.4 (PBS), 3-aminopropyltrie-
thoxysilane (APTES), 1H,1H,2H,2H-perfluorooctyltrichlorosi-
lane (PFOTCS), a-cyano-4-hydroxycinnamic acid (CHCA),
sucrose, and cholesterol were obtained from Sigma-Aldrich.
Acetone, toluene, hexane, ethanol, and dichloromethane were
purchased from Merck (Germany). Positive photoresist S1813
and developer MFTM-321 were purchased from Rohm and
Hass (U.S.A.). Glass slides were obtained from SE. Supply
(Thailand). AA was purified by vacuum distillation. Glutathione
(GSH), bradykinin, ICNKQDCPILE peptide were obtained
from American Peptide company. Citrate-stabilized gold
nanoparticles were prepared according to a method modified
from that of Hayat et al.*® All solutions were made using
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Scheme 1. Schematic Representation of Stepwise Method Demonstrating How To Prepare Patterned PAA Brushes Containing

AuNPs Supported on a Glass Slide”
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(1) reaction with APTES, (II) surface patterning by photolithography, (III) attachment of perfluorooctylsilyl groups, (IV) attachment of initiator,
(V) surface-initiated RAFT polymerization of AA, and (VI) in situ synthesis of AuNPs on PAA brushes.

ultrapure distilled water that was obtained after purification
using a Millipore Milli-Q system (U.S.A.) that involves reverse
osmosis, ion exchange, and a filtration step (182 MQ cm
resistance).

Surface Patterning by Photolithography. A glass slide
(i.d. = 1.8 cm) was cleaned in a plasma cleaner (Harrick Plasma
PDC-32G, Power 18 W) for 5 min before exposure to vapor of
100 L of APTES in a 50 mL vial sealed with a cap in an oven
at 80 °C for 72 h and rinsed sequentially with toluene, acetone,
and deionized water to yield Si-NH, (Scheme 1, step I).
Positive photoresist S1813 was then spin-coated at 4000 rpm
for 3 min on the surface of Si-NH, and cured at 115 °C for 1
min. A photomask was placed on the photoresist-coated surface
before irradiation with UV light (365 nm, S00 W) for 15 s. The
irradiated pattern was treated with developer MFTM-321 for 1
min and rinsed with deionized water followed by treatment in
the plasma cleaner for 5 min to destroy the APTES layer and
recover back the silanol groups on the unmasked area (Scheme
1, step II). The obtained patterned Si-NH,/OH was exposed to
vapor of 100 uL of PFOTCS in a 50 mL vial sealed with a cap
in the oven at 80 °C for 72 h and rinsed sequentially with
toluene, acetone, and deionized water. The recovered silanol
groups of the patterned Si-NH,/OH would react with
PFOTCS to form patterned Si-NH,/O(CH,),(CF,)CF,
(Scheme 1, step IIT). At this point, the photoresist on the
masked area was also removed so that the amino groups of
APTES were readily available for initiator immobilization in the
next step.

Grafting of PAA Brushes on Patterned Surface. The
ACVA (0.21 g, 1 mmol), DCC (0.19 g, 1 mmol), and DMAP
(0.01 g, 0.1 mmol) were dissolved in 20 mL of DMF. The
solution was stirred for 4 h at room temperature before being

transferred to the glass slide having patterned Si-NH,/
O(CH,),(CF,);CF,; in a vial then sealed with a rubber septum.
The solution was stirred under nitrogen atmosphere at room
temperature for 20 h. Then, the glass slide was taken out from
the vial and rinsed with ethanol and deionized water to yield
Si—I/O(CH,),(CF,)sCF; (Scheme 1, step IV). ACVA (0.014
g, 0.05 mmol) and CTA (0.056 g, 0.2 mmol) were dissolved in
20 mL of PBS buffer (pH 7.4). AA (1.37 mL, 20 mmol) was
added to the mixture, which was later transferred into a vial
containing patterned Si—1/O(CH,),(CF,);CF; then sealed
with a rubber septum. The surface-initiated RAFT polymer-
ization of AA was allowed to proceed under a nitrogen
atmosphere at 70 °C for 20 h. The resulting patterned Si-PAA/
O(CH,),(CF,)sCF; was then obtained after rinsing with
ethanol and deionized water (Scheme 1, step V).

In Situ Synthesis of AuNPs on PAA Brushes. The glass
slide having patterned Si-PAA/O(CH,),(CF,);CF; was sub-
jected to five cycles of alternate dipping in aqueous solution of
HAuCl, (S mL, 1 mM) and deionized water. Then, the glass
slide was immersed in deionized water at 100 °C for 1 h,
followed by an aqueous solution of HAuCl, (5 mL, 1 mM) at
100 °C for another 4 h. The glass slide was then rinsed with
deionized water and dried with a stream of nitrogen to obtain
the patterned PAA brushes containing AuNPs (Scheme 1, step

Characterization. PAA formed in solution during surface-
initiated RAFT polymerization was characterized by Varian,
model Mercury-400 NMR spectrometer (U.S.A.) operating at
400 MHz using D,O as a solvent. The FT-IR spectra of surface-
modified silica particles prepared as KBr discs were recorded in
a frequency range of 400—4000 cm™' by a FT-IR spectrometer
(Nicolet, U.S.A.), model Impact 410, with 32 scans at
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resolution 4 cm™" using TGS detector. The morphology and
size of gold particles were analyzed by a JEOL JEM-2010
transmission electron microscopy (Japan) operating at 200 keV.
The TEM samples were prepared by first scrapping the glass
slide on the area covered with PAA brushes and AuNPs
followed by adding a small quantity of Milli-Q water on the
scrapped area. Approximately 10 uL of the generated solution
was taken then dropped on the carbon-coated copper grid
before being dried in a desiccator before analysis. The average
diameters of the observed AuNPs were reported from
measurements of 30 random particles for each sample using
Semafore software. The dynamic advancing (,) and receding
(6g) water contact angles of surface-modified glass substrates
were measured using a contact angle goniometer (Ramé-Hart,
Inc, U.S.A., model 100—00), equipped with a Gilmont syringe
and a 24-gauge flat-tipped needle. All of the measurements
were carried out in air at ambient temperature. The reported
angle is an average of five measurements on different areas of
each sample. Atomic compositions of the surface-modified glass
substrates were determined by X-ray photoelectron spectros-
copy (XPS) on a Scienta ESCA 200 spectrometer (Uppsala,
Sweden) with Al Ka X-rays at a takeoff angle of 90°. AuNPs
generated on the PAA brushes were digested by aqueous
solution of aqua regia (IHNO,/3HCI) at room temperature for
1S min before quantified by Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS; Thermo scientific, model iCAP 6500
ICP-OES), using a calibration curve generated from Au®"
solutions having concentration in a range of 107/—107° M.

Analysis of Single Peptide. Each peptide sample was
dissolved and diluted in Milli-Q water to a final concentration
of 500 nM. For SALDI-MS analysis, the samples (3 pL) were
directly deposited onto the glass slide modified with patterned
PAA brushes containing AuNPs. The modified glass slide was
attached onto MALDI target plate by a two-side conductive
tape and then introduced into a Bruker Microflex/Autoflex III
MALDI-TOF mass spectrometer for SALDI-MS analyses. The
N, laser (337 nM) with 50% laser intensities and 100 laser
shots were used for all analyses.

For MALDI-MS analysis, each peptide sample was mixed
with CHCA matrix in a ratio of 1:9 (v/v) of sample/CHCA
matrix (CHCA dissolved in 1:1 (v/v) of 0.1% trifluoroacetic
acid (TFA) in acetonitrile/0.1% TFA in Milli-Q) and then
deposited onto MALDI target plate. After solvent evaporation
and sample crystallization, the target plate was introduced into
the mass spectrometer for MALDI-MS analysis.

Selective Analysis of Thiol-Containing Peptide in a
Mixture. A mixture of S00 nM thiol-containing peptide (GSH
or ICNKQDCPILE) and S00 nM nonthiol-containing peptide
(sucrose and cholesterol or bradykinin) was deposited onto the
glass slide modified with patterned PAA brushes containing
AuNPs. The deposited mixture was incubated on the modified
target plates at room temperature for 10 min. Then the
unbounded peptides were rinsed out from the target for five
times each by PBS buffer (pH 7.4), followed by Milli-Q water.
For each rinsing cycle, multiple drops of washing solution were
added on and promptly retracted back from the target using a
micropipette. After solvent evaporation, the target plate was
introduced into the mass spectrometer for both SALDI-MS and
MALDI-MS analyses.

B RESULTS AND DISCUSSION

Preparation and Characterization of Patterned PAA
Brushes Containing AuNPs. Water contact angle measure-
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ment was used as a tool to monitor the success of stepwise
surface modification of the glass substrate. The data are
expressed in terms of advancing/receding contact angle (6,/
0r) as shown in Table S-1 (Supporting Information). An
extremely hydrophilic glass substrate having generated silanol
groups after cleaning by plasma treatment (6, ~ 0) became
hydrophobic after reacting with APTES and yielded Si-NH,
with 6,/6, of 84.7°/52.1°. The substrate turned slightly less
hydrophobic when being immobilized with initiator via the
reaction with ACVA. Upon surface-initiated RAFT polymer-
ization, the water contact of the glass substrate was further
decreased to 16.6°, implying that hydrophilic PAA brushes were
grafted onto the surface. In contrast, the glass surface was
highly hydrophobic with contact angles of 127.6°/74.5° after
being modified with perfluorooctylsilyl groups.

Molecular weight (M,) and functional group of PAA
simultaneously formed in solution from the “added” initiator,
ACVA were determined by '"H NMR analysis. As depicted in
Figure S-1 (Supporting Information), the characteristic 'H
NMR peaks of the methylene proton in the AA unit
(—CH(COOH)) and those aromatic protons of the
dithiobenzoate group at the chain end of PAA appeared at
2.1-2.3 and 7.2—7.9 ppm, respectively. The average M, of PAA
was calculated from the relative ratio between the peak
integration of methylene proton from the PAA backbone and
the peak integration of protons from the dithiobenzoate groups
using eq SI (Supporting Information). The fact that the
calculated M, of 6005 g/mol closely resembled the anticipated
value (6158 g/mol) for the target degree of polymerization
(DP) of 100 suggested that the RAFT process was well
controlled.

The success of PAA surface grafting was confirmed by FT-IR
analysis of silica particles grafted with PAA brushes. Figure 1c
reveals characteristic absorption bands of C=O stretching at
1635 cm™" (amide I) and N—H bending at 1562 cm™" (amide
II), suggesting that amide linkage has been formed between the
terminal amino groups of APTES and carboxyl groups of the

1635 cmed — -

C=0 stretching of amide 1562cm?

N-H bending of amide

1000

1500
Wavenumbers (cm-1)

4000 3500 3000 2500 2000 500

Figure 1. FT-IR spectra of silica particles (a) before and after
functionalization with (b) APTES, (c) ACVA initiator, and (d) PAA
brushes.
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Figure 2. Patterned glass substrates with (a) coated positive UV-sensitive resist after photolithography step, (b) grafted PAA brushes holding water
droplets demonstrating their higher hydrophilicity than the surrounding area, grafted PAA brushes having in situ generated AuNPs (c) alone, and

(d) together with the MALDI target plate.

initiator, ACVA. A strong signal of C=O stretching of
carboxylic acid apparently emerged at 1718 cm™' after
surface-initiated RAFT polymerization took place as an
indication of PAA brushes formation, as shown in Figure 1d.

A number of alternate dipping cycles between HAuCl,
solution and deionized water was varied to determine its effect
on AuNPs formation on the PAA-modified glass substrate. As
shown in Figure S-2 (Supporting Information), the substrate
became slightly darker upon increasing the number of cycles
from 1 to S, implying that there was a greater amount of AuNPs
as a function of dipping cycle. This may be explained as a
consequence of pH-dependent conformational change of the
PAA.” Because pK, of PAA is 4.2, PAA chains would adopt
extended conformation when being soaked in deionized water,
having a pH of approximately 6.0 due to ionic repulsion of the
carboxylate groups along the chains (Scheme S-1, step I,
Supporting Information). Once the PAA-modified surface was
immersed in HAuCl, solution, having pH of 1.7 (Scheme S-1,
step 11, Supporting Information), some carboxylate groups of
the PAA chains should electrostatically interact with Au** and
may partially reduce it to Au’. At the same time, the rest of the
carboxylate groups were protonated and became less extended
and more coil-like, therefore, trapping Au’* as well as the
generated Au’. It is quite unfortunate that the exact mechanism
on how carboxylate groups can reduce Au®* has not yet been
directly proven. To attain such information requires an
additional mechanistic study which is beyond a scope of our
investigation. However, it can be postulated that the reduction
would follow a similar pathway as polyacid compounds
commonly used for AuNPs synthesis such as citrate and
oxalate anions, which involves ligand exchange and simulta-
neous induction of a concerted decarboxylation and reduction
of Au(Ill).”” Another relevant work that was found on the
literature suggested that PAA can undergo decarboxylation
through radical mechanism in the presence of Fe®*, which
eventually leads to degradation. The process can be accelerated
especially at high temperature.”

By repetitive performing this cycle of dipping, the more Au’*
can associate with the carboxylate groups and the more Au’ can
be generated upon subsequent heat treatment (Scheme S-1,
step III, Supporting Information). It should be emphasized at
this point that the carboxyl groups can act as effective reducing
moieties for Au®" leading to the formation of AuNPs. This
would add simplicity to the method because the reduction can
be done without having to use additional reducing agent.
According to ICP-MS analysis, a surface coverage of the AuNPs
was found to be 2.90 X 107 and 4.62 X 10~° mol/cm? for the
1- and S-cycled dipping, respectively. The calibration curve
used for AuNPs quantification is illustrated in Figure S-3,
Supporting Information. Effect of the number of dipping cycles
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on the substrate efficiency in analysis of two single peptides
(bradykinin and GSH) was evaluated. Although increasing
dipping cycle further to 10 yielded approximately 1.3 higher
AuNPs coverage than that obtained from the S-cycled dipping,
%RSD values of signal intensity detected on the substrate
prepared by 10-cycled dipping was significantly higher than
those detected on the substrate prepared by S-cycled dipping
(see Figure S-4, Supporting Information). For this reason, the
S-cycled dipping was therefore selected as the optimal
condition for substrate preparation to be used for further
analysis.

Formation of AuNPs on the patterned PAA brushes can be
demonstrated in Figure 2. The area covered with UV-sensitive
resist after surface patterning by photolithography using the
pattern shown in Figure 2a to generate photomask (step II in
Scheme 1) can be seen as bright yellow spots. After surface
grafting of PAA brushes, the greater hydrophilicity of the PAA
brushes than the surrounding area, which was covered with
perfluorooctylsilyl groups, can be demonstrated by the ability to
sustain water droplets, as shown in Figure 2b. Subsequent
AuNPs formation within the PAA brushes can be visualized as
dark spots on the glass substrate appearing in Figure 2c at the
same positions as those previously covered with UV-sensitive
resist in Figure 2a and water droplets in Figure 2b. It should
also be noted that the diameter of each spot on the glass slide
shown in Figure 2a—c is the same as that of the individual spot
on the MALDI target plate underneath the glass substrate
appearing in Figure 2d.

Morphology of the immobilized AuNPs on the glass
substrate was determined from the material scrapped of the
glass slide by TEM. As can be seen in Figure 3, the AuNPs were
not quite uniform in shape. This outcome agrees quite well
with the work previously reported by Hussain et al.”> The
diameter estimated from the AuNPs that are quite spherical was
in a range of 25.13 + 3.20 nm.

d

L'

<

50 nm

Figure 3. Representative TEM images (a, b) of AuNPs immobilized
on PAA-modified glass substrate:.
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The presence of AuNPs on the PAA-modified glass surface
was also verified by XPS measurement. Figure S-S in
Supporting Information shows XPS spectra of the PAA-
modified glass surface both before and after AuNPs
immobilization. As shown in Figure S-5b, besides the signals
of carbon (C,, binding energy of 287 eV) and oxygen (O,
binding energy of 533 eV) of PAA, trace signals of Au,/, and
Auyg), at binding energies of 84 and 88 eV, characteristic
binding energies of Au(0)* were also observed, implying the
success of in situ synthesis of AuNPs on the PAA brushes
modified on glass substrate with 0.67% composition. It should
also be emphasized that the ratio of C/O of approximately 3:2
matched very well with the theoretical value estimated from the
repeat unit of PAA (CH,CHCOOH). Percentages of elemental
composition of all samples are also shown in the table below
Figure S-S (Supporting Information).

SALDI-MS Analysis of Single Peptide on the AuNPs-
PAA Substrate. To determine the applicability of the PAA-
modified glass substrate immobilized with AuNPs (AuNPs-
PAA) as substrate for SALDI-MS analysis, bradykinin (MW =
1060.21 g/mol), a cancer biomarker, was chosen as a standard
peptide for analysis in comparison with the use of citrate-
stabilized AuNPs as a MALDI matrix. As illustrated in Figure
4a, the citrate-stabilized AuNPs alone gave such a high
background signal which is probably caused by partial
ionization of the AuNPs. Therefore, a poor signal of bradykinin
was detected with relatively strong background when the
analysis was done in the presence of citrate-stabilized AuNPs, as
can be seen in Figure 4b. On the other hand, a characteristic
peak of bradykinin at m/z of 1060 was clearly observed without
signal interference from the AuNPs when the analysis was
performed on a spot of PAA brushes containing AuNPs (Figure
4c). This result strongly indicated that the PAA brushes
effectively trapped and prevented the AuNPs from coming off
the substrate so that their ionization was suppressed. The fact
that the ion abundance of bradykinin was relatively high in
Figure 4c suggested that the ionization efliciency was also
improved perhaps by a better distribution of the AuNPs within
the matrix of PAA and PAA itself being a good proton source.
To determine the stability of the mass spectrum, we have also
performed analysis of bradykinin on a number of modified
targets and found that %RSD of ion abundance is less than 5%.
This relatively low %RSD suggests that the mass spectra are
quite stable.

Besides the analysis of bradykinin peptide, the AuNPs-PAA
substrate was also subjected to analysis of low molecular weight
peptide, GSH (MW 307.08 g/mol). As revealed in Figure Sa,
by using CHCA matrix, GSH was undetectable due to the
interference ion peaks from CHCA matrix at low mass region
(m/z < 600). This common phenomenon limits the
application of MALDI-MS technique for small molecule
detection. Interestingly, when GSH was analyzed on our
developed modified substrate, it was readily detected without
interference peak as shown in Figure Sb. There are two
dominant peaks in the mass spectrum, which represent [GSH +
H]* (m/z 308) and [2GSH + H]* (m/z 615). Dimerization of
GSH caused by oxidation of the cysteine side chain thiols,
linking two chains together by a disulfide bridge, seems to be
favorable at relatively high concentration, S00 nM in this case.
This is the reason why [2GSH + H]* (m/z 615) was not
detected in subsequent investigation where rinsing was involved
for selective analysis from mixture (Figure 6a) and LOD
determination (Figure 8a) of which GSH concentration was as
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Figure 4. Mass spectra of (a) AuNPs, (b) bradykinin mixed with
citrate-stabilized AuNPs matrix, and (c) bradykinin on AuNPs-PAA
substrate.

low as 0.1 nM. Similar observation on GSH dimerization was
also reported by Cui and co-workers.** Moreover, the lower
laser energy (50% laser 100 shots) was required in the
detection on the AuNPs-PAA substrate when compared to the
unmodified substrate (using CHCA matrix), indicating the
potential of this substrate for low molecular weight compound
detection. This newly developed substrate provides an
alternative approach for the analysis of small molecules by
SALDI-MS technique.

Selective Detection of Thiol-Containing Peptide on
the AuNPs-PAA Substrate by SALDI-MS. Based on the
inherently strong binding interactions between Au and the thiol
(—SH) group,” the selectivity of the AuNPs-PAA substrate
toward thiol-containing peptides (i.e, GSH, ICNKQDCPILE)
was investigated. First, a solution mixture of three small
molecules (m/z < 500), which are GSH (m/z 307.32), sucrose
(m/z 342), and cholesterol (m/z 386.65) was incubated on the
AuNPs-PAA substrate and the substrate was simply rinsed with
PBS buffer and Milli-Q water before SALDI-MS analysis. The
result shown in Figure 6a indicates that only GSH was
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Figure 6. Mass spectra of (a) a mixture of 500 nM GSH, sucrose, cholesterol and (b) a mixture of S00 nM bradykinin and ICNKQDCPILE analyzed

on AuNPs-PAA substrate by SALDI-MS.

detectable on the modified substrate, which may be explained
as a consequence of selective binding between Au on the
modified substrate and the thiol group of GSH. Apparently,
there was no nonspecific adsorption of the nonthiol-containing
peptides by either the AuNPs or the PAA brushes. By using our
modified substrate, the thiol-containing peptide can be directly
detected on the target plate without the requirement for
separation by centrifugation as employed by aforementioned
research.'®*” This truly adds simplicity by reducing cost and
time of sample preparation.

Then, the selectivity of the substrate was further evaluated
with peptides having higher mass (MW > 1000 g/mol) from a
solution mixture of ICNKQDCPILE (m/z 1274) and
bradykinin (m/z 1060.21). As can be seen in Figure 6b, only
ICNKQDCPILE that contains thiol groups on the cysteine unit
was selectively detected at m/z of 1275 [M + H]*. This high
selectivity of the modified substrate toward thiol-containing
peptide is very useful for the applications that require high
specificity for the detection of thiol-containing peptides in
complex biological samples (e.g., human serum, cell lysates).

To demonstrate that the substrate also works in biological
matrices, a similar analysis was conducted in human serum by
spiking a solution mixture of ICNKQDCPILE (m/z 1274),
bradykinin (m/z 1060), and angiotensin I (m/z 1296) at a
concentration of 500 nM each into a 10x diluted human serum.
After the high abundance serum proteins (e.g,, HSA, IgG) were
removed using an antibody column, the leftover of solution was
incubated on the modified substrate for 15 min to selectively
bind with thiol-containing peptide. After washing with PBS
(pH 7.0) and Milli-Q water, the peptide attached on the
modified target was directly analyzed by MS. As shown in
Figure 7, only ICNKQDCPILE that contains a thiol group on
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Figure 7. Mass spectra of ICNKQDCPILE spiked in 10X diluted
human serum analyzed on AuNPs-PAA substrate by SALDI-MS after
depletion of high abundance proteins in human serum.

the cysteine unit is selectively detected at m/z of 1275 [M +
H]*. This result truly verifies the powerfulness of our modified
substrate for selective binding and direct MS detection of
cysteine-containing peptide in complex biological matrices.

The detection limit of thiol-containing peptides (GSH,
ICNKQDCPILE) on these substrates was also estimated. As
shown in Figure 8, the limit of detection (LOD) of GSH and
ICNKQDCPILE were found to be 0.1 nM (S/N = 6.4) and
0.05 nM (S/N = 3.8), respectively, on the AuNPs-PAA
substrate. Thus, by using our modified substrate, the thiol-
containing peptide can be selectively and sensitively detected
without the use of an organic matrix.
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B CONCLUSIONS

The present study has demonstrated that patterned PAA
brushes can be formed by photolithography and surface-
initiated RAFT polymerization of AA. The AuNPs can be
generated in situ within the matrix of PAA brushes without the
use of additional reducing agent. The presence of AuNPs in the
form of Au® was verified by XPS. TEM analysis suggested that
the AuNPs were not quite uniform in shape and had estimated
diameter in a range of 25.13 + 3.20 nm. As determined by ICP-
MS, a surface coverage of up to 4.62 X 10~ mol/cm? was
achieved upon using an optimal dipping cycle of S in HAuCl,
and Milli-Q_ water. The PAA brushes embedded with AuNPs
can be used as substrate for SALDI-MS analysis which was
capable of detecting both small peptide having m/z < 600
(GSH) and large peptides having m/z > 1000 (bradykinin,
ICNKQDCPILE) without the interference from matrix signal.
Moreover, by employing AuNPs as the capture probe, the PAA-
AuNPs substrate can selectively identify thiol-containing
peptides (GSH, ICNKQDCPILE) from the peptide mixtures
with LOD as low as 0.1 and 0.05 nM for GSH and
ICNKQDCPILE, respectively. An ability to selectively detect
ICNKQDCPILE in diluted human serum strongly demon-
strates the potential of the developed substrate for peptide
analysis in complex biological matrices. In addition, the
procedure of separation is simple, time-saving and efficient
because sample can be spotted and thiol-containing peptides
can be separated directly on the target plate by using
micropipette without the requirement for tedious washing/
rinsing steps. It should also be emphasized that the analysis can
be accomplished without the requirement for an extra proton
source because carboxyl groups of PAA brushes can serve as an
internal proton source.
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ABSTRACT: A functional copolymer platform, namely, poly-
[(propargyl methacrylate)-ran-(2-methacryloyloxyethyl phosphoryl-
choline)] (PPgMAMPC), was synthesized by reversible addition—
fragmentation chain-transfer polymerization. In principle, the alkyne
moiety of propargyl methacrylate (PgMA) should serve as an active
site for binding azide-containing molecules via a click reaction, i.e.,
Cu-catalyzed azide/alkyne cycloaddition (CuAAC), and 2-methacry-
loyloxyethyl phosphorylcholine (MPC), the hydrophilic monomeric

unit, should enable the copolymer to suppress nonspecific . mmion .
adsorption. The copolymers were characterized using Fourier "™  %ow
transform infrared (FTIR) and 'H NMR spectroscopies. Thiol-

terminated, PPgMAMPC-SH, obtained by aminolysis of

PPgMAMPC, was immobilized on a gold-coated substrate using a

“grafting to” approach via self-assembly. Azide-containing species,

namely, biotin and peptide nucleic acid (PNA), were then immobilized on the alkyne-containing copolymeric platform via
CuAAC. The potential use of surface-attached PPgMAMPC in biosensing applications was shown by detection of specific target
molecules, i.e., streptavidin (SA) and DNA, by the developed sensing platform using a surface plasmon resonance technique. The
copolymer composition strongly influenced the performance of the developed sensing platform in terms of signal-to-noise ratio
in the case of the biotin—SA system and hybridization efficiency and mismatch discrimination for the PNA—DNA system.

Au-PPGMAMPC

Bl INTRODUCTION (PAA),">'*™" are therefore commonly used as platforms for
biomolecule conjugation. However, an additional activation
step using an appropriate coupling reagent is required for
biomolecule conjugation to such polymers. PAA, in particular,
suffers from nonspecific adsorption of positively charged
components such as lysozyme (LYZ) because its carboxyl
groups (—COOH) can be ionized to negatively charged
carboxylate ions (—COO~).” This is problematic in the
analyses of complex samples. Precursor polymers have recently
emerged as alternative and ready-to-use functional materials
that can directly bind with designated nucleophilic modifiers
such as amino-containing biomolecules, without having to

Effective functionalization with biomolecules is important in the
development of materials for biotechnology-related applications
such as biosensors, protein/cell microarrays, microfluidic
devices, and tissue engineering. Polymeric platforms are
becoming increasingly attractive for biomolecule immobiliza-
tion because a variety of functional groups can be conveniently
incorporated and proportionally customized using combina-
tions of specific monomers in the polymerization step. The
superiority of this approach, which provides a three-dimen-
sional platform and therefore offers a higher functional group
density for biomolecular probe binding per surface area than in

the case of a conventional two-dimensional platform based on undergo activation. Well-known precursorzopglzymeric systems
self-assembled monolayers (SAMs)' > of end-functionalized include polymers bearinzg’) ZSBCCimile ester” ~ or pentafluor-
alkanethiols, for biosensing applications has been shown by our ophenyl ester2 BTOuPs, 7" poly[propargyl (me)thacrylate]
group™ and other researchers.””” [PPg(M)A],”"" and poly(glycidyl methacrylate)

Most biomolecules (e.g., proteins, antibodies, enzymes, and (PGMA).””** From the perspective of chemical robustness,

DNA) carry carboxyl and/or amino groups. Polymers with PPg(M)A is a good choice because the alkynyl side group in
versatile functionalities that can accommodate covalent bond

formation, particularly via hydrolytically stable amide linkages, Received: July 23, 2015
including poly[oligo(ethylene glylczollz methacrylate],”'”"" poly- Revised:  December 8, 2015
(2-hydroxyethyl methacrylate), ' and poly(acrylic acid) Published: December 22, 2015
ACS Publications  © 2015 American Chemical Society 1184 DOI: 10.1021/acs.langmuir.5b02727
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each repeat unit specifically undergoes a Huisgen 1,3-dipolar
azide—alkyne cycloaddition with azide-containing molecules, or
thiol—yne reactions with thiol-containing molecules; the
reaction yields under mild conditions are high, and no
byproducts are generated. Socaci and co-workers™ prepared
core—shell nanoparticles consisting of magnetite cores and
poly(O-propargyl acrylate) shells. They showed that acryloyl-
containing phosphonates or methacryloyl phosphates anchored
to the magnetic nanoparticle (MNP) surfaces acted as initiating
sites for polymerization of a series of alkyne-terminated acrylate
monomers with different spacers between the carboxyl oxygen
atom and the alkyne moiety. The ability of the alkyne moieties
on MNPs to form triazole linkages via azide—alkyne cyclo-
addition was tested using azide-terminated biotin fluorescently
labeled with dansyl groups. Wang and co-workers”® successfully
developed an alkyne-functionalized microporous polypropylene
membrane via a combination of plasma treatment and UV-
induced graft polymerization of 3-(trimethylsilyl)propargyl
methacrylate. The PPgMA-modified membrane obtained after
trimethylsilyl removal can directly bind with a thiol-containing
carbohydrate ligand, 2,3,4,6-tetra-O-acetyl-f-p-glucopyranoside
thiol, and yields a glycosylated membrane via a thiol—yne click
reaction. The glycosyl density of the glycosylated membrane
can be tuned based on the polymer graft density, and the
membrane showed specific adsorption of lectin concanavalin A
over peanut agglutinin.

Specific detection of target molecules rather than the
nontargeted components or the ability to resist nonspecific
adsorption, known as antifouling, is another key element in
biosensor development, especially for the analysis of real
biologically relevant samples in which numerous types of
interference exist concurrently. A number of copolymeric
platforms have therefore been designed to incorporate
biocompatible and highly hydrophilic polymers along with
precursor polymers. Among the developed hydrophilic
polymers, zwitterionic polymers, which contain positively and
negatively charged moieties within the same structure, such as
poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC),
poly(carboxybetaine methacrylate) (PCBMA), and poly-
(sulfobetaine methacrylate) (PSBMA) have received growin%
attention for use in new-generation antifouling materials.”” >
Emmenegger and co-workers™ reported that plasma protein
adsorption completely suppressed on surface-immobilized
PCBMA, whereas PMPC and PSBMA prevented adsorption
of the main plasma proteins (human serum albumin, IgG, Fbg,
and LYZ) from single-protein solutions, but could not prevent
plasma deposition. In this study, based on our previous work
using MPC-containing copolymer brushes between PMPC and
poly(methacrylic acid) (PMA) as precursor layers for biosensor
applications,'* we used PMPC as an antifouling zwitterionic
polymer to prevent nonspecific adsorption. It has been proven
that PMPC helps to suppress undesirable nonspecific
adsorption of proteins and cells,””° and also provides a
suitable environment for preservin§ the stability and activity of
immobilized biomolecular probes.”’ ™" Ishihara and co-work-
ers’” used monitoring with a quartz crystal balance to show that
poly[2-methacryloyloxyethyl phosphorylcholine (MPC)-co-n-
butyl methacrylate (BMA)-co-p-nitrophenyloxycarbonyl poly-
(ethylene glycol) methacrylate (MEONP)] (PMBN), adsorbed
on a gold-coated substrate and conjugated with anti-C-reactive
protein antibodies via nitrophenyloxycarbonyl active ester
binding sites in the MEONP unit can specifically bind with
the respective antigens. The developed platform simultaneously
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prevented adsorption of bovine serum albumin and y-globulin.
PMBN physically adsorbed on poly(methyl methacrylate)
microchips and polystyrene well plates has also been used for
antigen detection via ELISA-based assays, and for affinity-based
protein separation when deposited on poly(L-lactic acid)
nanoparticles.**~*’ Twata et al.** generated block copolymer
brushes of PGMA, another precursor polymer, and PMPC via
surface-initiated atom-transfer radical polymerization. An anti-
body fragment was conjugated to the surface-grafted copolymer
brushes via a thiol—disulfide interchange reaction with pyridyl
disulfide linkages, previously introduced by epoxide ring
opening of GMA repeat units in the copolymer. The activity
of the conjugated antibody fragment in antigen detection was
better for the PMPC copolymer platform than those for
platforms based on PGMA alone or epoxysilane.

Inspired by the research described above, the aim of this
study was to develop a multifunctional copolymer platform
based on clickable PPgMA and antifouling PMPC, a
combination that, to the best of our knowledge, has never
been explored. The alkyne moiety of the PgMA unit should
serve as an active site for binding of azide-containing molecules
via a Cu-catalyzed azide/alkyne cycloaddition (CuAAC) click
reaction, without the need for activation. The hydrophilic
monomeric unit, MPC, should enable the copolymer to
suppress nonspecific adsorption. The copolymer poly-
[(propargyl methacrylate)-ran-(2-methacryloyloxyethyl phos-
phorylcholine)] (PPgMAMPC) was first synthesized by
reversible addition—fragmentation chain-transfer (RAFT)
polymerization. Thiol-terminated PPgMAMPC
(PPgMAMPC-SH), obtained by aminolysis of PPgMAMPC,
was immobilized on a gold-coated substrate using a “grafting
to” method via Au—S bond formation between the thiol end
groups of the copolymer and the gold surface. Azide-containing
biotin and peptide nucleic acid (PNA) were used as model
probes to demonstrate the potential of the surface-attached
PPgMAMPC for probe immobilization and subsequent
detection of target molecules, namely, streptavidin (SA) and
deoxyribonucleic acid (DNA), using a surface plasmon
resonance (SPR) technique. The parameters that may affect
the sensitivity and specificity, in terms of the signal-to-noise (S/
N) ratio, in detecting SA in a complex sample using a biotin-
based sensor were also investigated. The hybridization
efficiency (%HE) and mismatch discrimination (%MD) for
DNA detection were evaluated for the PNA-based sensor.

B EXPERIMENTAL SECTION

Materials. MPC was purchased from the NOF Corp. (Japan).
Methacrylic acid (MA), 4,4’-azobis(4-cyanovaleric acid) (ACVA), 4-
cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPADB), azide-
PEG;-biotin conjugate (biotin-N,), copper(I) acetate, bovine serum
albumin (BSA), and LYZ were purchased from Aldrich. MA was
distilled under reduced pressure to remove hydroquinone mono-
methyl ether, a polymerization inhibitor, prior to use. Phosphate-
buffered saline (PBS; pH 7.4) was purchased from Sigma. Hydrazine
monohydrate and N,N’-diisopropylethylamine (DIEA) were pur-
chased from Sigma-Aldrich. SA was purchased from Thermo Fisher
Scientific Inc. PgMA was synthesized using the method reported by
He et al.*® DNA was purchased from the Pacific Science Co., Ltd.
PNA was synthesized by solid-phase peptide synthesis on Tentagel S
RAM resin (Fluka) preloaded with 9-fluorenylmethoxycarbonyl-L-
lysine(tert-butoxycarbonyl)-pentafluorophenyl ester (Fmoc-L-Lys-
(Boc)-oPfp) (CalbiochemNovabiochem Co., Ltd.) using a previously
reported procedure.*® The PNA was modified at the N-terminus by
reductive alkylation with N3(CH,);CHO to prepare azide-terminated
PNA (PNA-N;).*” After cleavage of PNA-N; from the solid support
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Scheme 1. Schematic Diagram of (a) Preparation of PPgMAMPC-SH, (b,c) Immobilization of Biotin-N; and PNA-N; on
PPgMAMPC-Modified SPR Chip, and (d,e) Specific Binding between Conjugated Probe and Target Molecule
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using trifluoroacetic acid, the crude PNA-N; was purified using
reverse-phase high performance liquid chromatography (HPLC) and
analyzed by matrix-assisted laser desorption/ionization-time-of-flight
(MALDI-TOF) mass spectrometry (Bruker Daltonik GmbH,
Germany) (see Figure S1 in the Supporting Information for
chromatogram and mass spectra). Ethylenediaminetetraacetic acid
(EDTA) was purchased from Fluka. Human platelet-poor plasma was
donated by a healthy volunteer. Milli-Q water was purified using an
ultrapure water system with a Millipak-40 filter unit (0.22 um,
Millipore) and a Millipore Milli-Q system that involved reverse
osmosis followed by ion exchange and filtration steps (18.2 M). All
reagents and materials were analytical grade and used without further
purification unless specified.

Synthesis of Thiol-Terminated Poly[(propargyl methacry-
late)-ran-(2-methacryloyloxyethyl phosphorylcholine)]
(PPgMAMPC-SH). MPC monomer (0.59 g, 2.0 mmol), ACVA (0.7
mg, 2.5 ymol), and CPADB (5.6 mg, 20 ymol) were dissolved in 2 mL
of an ethanol/tetrahydrofuran (EtOH:THF) (1:1 v/v) mixture. PgMA
(025 mL, 2.0 mmol) was added to the solution under magnetic
stirring. The clear pink solution was purged with nitrogen gas for 30
min and then immersed in an oil bath at 70 °C, and polymerization
was performed for a set reaction time. The reaction was terminated in
an ice bath. The resulting PPgMAMPC was purified, using a dialysis
membrane (molecular weight cutoff = 3500 g/mol), against EtOH for
2 d, and then against deionized water for 2 d. An orange cotton-like
material was obtained after lyophilization. The copolymer composition
was varied by varying the molar ratio of PgMA to MPC in the feed.
PPgMAMPC was characterized using "H NMR and Fourier transform
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infrared (FTIR) spectroscopies. The molar percentage contents of
PgMA and MPC units in the copolymer (PPgMA,MPC,) were
denoted by m and n, respectively.

'"H NMR (400 MHz, CD;0D) & (ppm): characteristic peaks of
PgMA unit (—~C=CH 3.10, —O—CH,—~C=CH 4.55—4.80), MPC
unit [(—N(CH,); 3.25, -N—CH,CH,—O— 3.75, —-POCH,CH,N—,
—COOCH,, —CH,OP 4.0—4.4], and aromatic protons (—C4H 7.40—
7.95).

PPgMAMPC-SH was prepared by aminolysis of the dithioester
groups at the chain ends of the copolymer with hydrazine
monohydrate (Scheme 1a).** PPgMAMPC (0.2 g) was dissolved in
EtOH (3 mL) for PPgMA;;MPCg,—SH and PPgMA ,;MPC—SH, or
a mixture of EtOH and THF (7:3 v/v) for PPgMAMPC,,—SH, until
the solution was clear. Hydrazine monohydrate (30 mol equiv with
respect to dithioester groups) was added to the copolymer solution
under magnetic stirring. When addition was complete, the solution
was stirred for 2 h at ambient temperature and then added dropwise to
aqueous 1.0 M HCI (10 mL) and stirred for 1 h. The obtained
PPgMAMPC-SH was purified using a dialysis membrane (molecular
weight cutoff = 3500 g/mol) against aqueous HCl, pH 3—4, for 2 d,
and then against deionized water for 2 d. A white cotton-like product
was obtained after lyophilization. The copolymer was characterized
using 'H NMR, FTIR, and UV—vis spectroscopies.

Immobilization of PPgMAMPC-SH on Gold-Coated SPR
Chip. A gold-coated SPR chip was cleaned with air plasma in a
plasma cleaner (Harrick Plasma PDC-32G, Power 18 W) for 5 min,
washed with Milli-Q water for 5 min, and dried under a nitrogen
stream. The cleaned SPR sensor chip was immersed in 3 mL of a 0.1
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mM copolymer solution [PPgMA;MPC¢,—SH and
PPgMA,;MPCy,—SH in EtOH, PPgMA(MPC,—SH in EtOH/
THF (7:3 v/v)] at ambient temperature for 48 h. The modified
SPR chip was removed from the solution and rinsed five times by
constant agitation, for 5 min each time, in EtOH for Au—
PPgMA3sMPCg, and Au—PPgMA,MPCg;, and in EtOH/THF (7:3
v/v) for Au—PPgMA,MPC,;. The SPR sensor chip with the
immobilized copolymer was dried under a nitrogen stream and
characterized using contact angle and SPR measurements and
attenuated total reflection (ATR)-FTIR spectroscopy.

Characterization. Dynamic advancing (6,) water contact angles
were measured using a contact angle goniometer equipped with a
Gilmont syringe and a 24-gauge flat-tipped needle (Ramé-Hart, model
200-F1). All measurements were performed in air at ambient
temperature. Data for each sample were collected from five different
areas of the substrate and analyzed using DROPimage standard 2.0
software. The characteristic functional groups of the copolymer
brushes on the SPR sensor chip were characterized using ATR-FTIR
spectroscopy (Nicolet 6700 FTIR spectrometer). Spectra were
recorded in the IR region (4000—650 cm™") based on 32 scans, at a
spectral resolution of 4 cm™. 'H NMR spectra were recorded in
CD;0OD using a Varian NMR spectrometer (Mercury-400; USA)
operated at 400 MHz. The disappearance of the dithioester groups of
the copolymer was monitored using UV—vis spectroscopy (CARY
100Bio UV—visible spectrophotometer, Varian Inc.,, Palo Alto, CA,
USA). Gel permeation chromatography (GPC) was performed using a
refractive index detector equipped with a Shodex Asahipak GF-1G
guard column and a 7.0 ym bead GF-7 M HQ column (exclusion limit
~107) at 40 °C and a flow rate of 0.6 mL/min. A phosphate buffer
(pH 9) containing 10 vol % acetonitrile was used as the eluent. The
M, and M,/M, values were calibrated with standard sodium
poly(styrenesulfonate) samples. The elemental composition on a
selected SPR chip with an immobilized copolymer was determined by
X-ray photoelectron spectroscopy (XPS; AXIS Ultra DLD, Kratos
Analytical Ltd., Manchester, UK) using an Al Ka X-ray source. All XPS
data were collected at a takeoff angle of 90°. Atomic force microscopy
(AFM) images were obtained using a scanning probe microscope
(NanoScopeIV, Veeco, Plainview, NY, USA). Measurements were
performed in air in tapping mode with a silicon nitride tip at a
resonance frequency of 267—295 kHz and a spring constant of 20—80
N/m. The thickness of the polymer brushes was measured using a
spectroscopic ellipsometer (J. A. Woollam Co., Lincoln, NE, USA) at
an incident angle of 70—80° in steps of 5°. The calculation was
performed based on a Cauchy layer model with assumed refractive
index of 1.34 + 0.09 for gold-coated substrate at 632.8 nm.

SPR Measurements. SPR measurements were performed using a
double-channel AutoLab ESPR instrument (Eco Chemie, Utrecht, The
Netherlands) at 25 °C, with the plane face of the prism coupled to the
gold-coated glass via an index-matching fluid. The instrument uses a
laser diode at a wavelength of 670 nm and a vibrating mirror to
modulate the angle of incidence of the p-polarized light beam on the
SPR substrate. An autosampler was used to inject the test solution, and
the SPR angle shift measurements were performed under nonflow
liquid conditions. The SPR angle shift at the end-point of each step
and after baseline subtraction (angle shift) was used to calculate the
density of molecules bound to the surface or the target density, using a
sensitivity factor of 120 mdeg, equal to 100 ng/cm?®. This sensitivity
factor is specifically calibrated for the AutoLab ESPR, which uses an N-
BK 7 prism refractive index of 1.518, and incident light wavelength of
670 nm. Each gold-coated SPR chip bearing PPgMAMPC was first
seated in an SPR cell before being stabilized with a running solution of
10 mM PBS (pH 7.4). When the equilibrium SPR angle frequency in
the buffer solution was obtained, the substrate was ready to be used.

Probe Conjugation on Copolymer-Modified SPR Chip by
CuAAC Reaction. For conjugation of biotin-N; (Scheme 1b), Cu(I)
acetate (1.23 mg, 0.01 mmol) and biotin-N; (0.5 M, 4.0 4L, 2.0 umol)
were dissolved in 10 mM PBS (pH 7.4, 2 mL) for 10 min to obtain a
final biotin-N; concentration of 1.0 mM. The PPgMAMPC-modified
SPR chip was immersed in the mixture, with constant agitation for S
min. DIEA (1.71 uL, 0.01 mmol) was added to the reaction mixture,
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and the SPR chip was immersed in the mixture for 24 h under
constant agitation at ambient temperature. The modified SPR chip was
removed from the solution and then rinsed by constant agitation in 10
mM EDTA for 1 min and 10 mM PBS (pH 7.4) five times for S min
each. The azide-containing PNA (PNA-N;) probe was immobilized on
the PPgMAMPC-modified SPR chip (Scheme 1c) by dissolving Cu(I)
acetate (0.1 mg, 8.2 ymol) and PNA-N; (10 nmol) in methanol (2
mL) for 10 min to obtain a final PNA-N; concentration of 5.0 uM.
The modified SPR chip was immersed in the solution with constant
agitation for S min. A solution of DIEA (50 4M, 1.0 mL) was added to
the reaction mixture, and then the SPR chip was immersed in this
mixture for 24 h under constant agitation at ambient temperature. The
modified SPR chip was removed from the solution and rinsed by
constant agitation in 10 mM EDTA for 1 min and in methanol five
times for S min each. The SPR sensor chip was dried under a nitrogen
stream and characterized using contact angle and SPR measurements
and ATR-FTIR spectroscopy.

Specific Interactions between Conjugated Probes and
Target Molecules. A PPgMAMPC-modified SPR chip conjugated
with the desired probe was seated in an SPR cell and then rinsed with
a running solution of 10 mM PBS buffer (pH 7.4). Once the baseline
SPR response was stable, the target molecule was applied to the chip.
In the case of the PPgMAMPC-modified SPR chip conjugated with
biotin-N; (Scheme 1d), SA (0.1 mg/mL, equivalent to 1.9 uM) in
blood plasma solution (0.1 mg/mL, 0.14% in PBS buffer) was applied
to the surface and left for 15 min. Unbound SA was removed by
washing with 10 mM PBS buffer (pH 7.4) for S min. The specific
binding of SA was quantified from the shift in the SPR response angle
at the end-point of the washing step and after baseline subtraction.
Nonspecific binding (binding in the absence of SA in blood plasma
solution) was also determined to quantify the specific binding of SA in
blood plasma in terms of the S/N ratio; this ratio was calculated using
the following equation:

SPR angle shift after exposure to blood plasma with streptavidin

" SPR angle shift after exposure to blood plasma without streptavidin
(1)
For the PPgMAMPC-modified SPR chip conjugated with a PNA-N;
probe (Scheme le), DNA (50 gM) in 10 mM PBS (pH 7.4)
containing 100 mM NaCl was applied to the surface and left for 15
min. Unbound DNA was removed by washing with PBS for 5 min.
The specific binding of DNA was quantified from the shift in the SPR
response angle at the end-point of the washing step and after baseline
subtraction. The sensor was regenerated by washing with 50 mM
NaOH for S min. The %HE and %MD were calculated using the
following equations:

S/N

target density
%HE = ——— X 100
probe density (2)
%HE of complementary DNA — %HE of mismatched DNA
%MD =

%HE of complementary DNA

©)

X 100

B RESULTS AND DISCUSSION

Synthesis and Characterization of Thiol-Terminated
Poly[(propargyl methacrylate)-ran-(2-methacryloylox-
yethyl phosphorylcholine)] (PPgMAMPC-SH). A
PPgMAMPC copolymer was synthesized via RAFT polymer-
ization using CPADB and ACVA as the chain transfer agent
(CTA) and radical initiator (In), respectively. The molar
percentage contents of PgMA and MPC units in the copolymer
(PPgMA,,MPC,) are denoted by m and n, respectively. Our
survey suggested that the optimum [CTA]/[In] ratio for
obtaining a copolymer with a well-controlled molecular weight
was 8; the data are shown in Table S1 in the Supporting
Information. The control over the copolymerization process
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was also demonstrated for a targeted degree of polymerization
(DP) of 200 based on the linear first-order relationship
between In[M],/[M] and the polymerization time (Figure S2,
Supporting Information), suggesting that the polymeric radical
concentration remained unaltered throughout the polymer-
ization. '"H NMR spectroscopy (Figure S3 and explanation in
the Supporting Information) showed that the copolymer
composition varied as a function of the monomer ratio in the
feed (Table 1). The molecular weight of the copolymer was

Table 1. Copolymer Compositions and Molecular Weights
of PPgMAMPC (Target DP 200) Synthesized by RAFT
Polymerization

monomer monomer
composition composition
in feed in copolymer
(mol %) (mol %)“
M," copolymer
PgMA MPC PgMA MPC (kDa) DP“ abbreviation
70 30 65 35 384 208 PPgMA4MPC;;
S0 S0 45 55 467 213 PPgMA,MPCj;
30 70 38 62 400 173 PPgMA,MPCy,

“Calculated from 'H NMR data.

close to the target (35 375—46 327 kDa). We also attempted to
determine the molecular weight and polydispersity indices
(PDIs) of the copolymers using GPC. The data are shown in
Figure S4 (Supporting Information). It should be emphasized
that it is not possible to dissolve the copolymers in a common
polar protic solvent (such as methanol) generally used for GPC
analysis of MPC-based copolymers. And it was rather difficult
to dissolve them in the mobile phase used for GPC analysis,
phosphate buffer (pH 9) containing 10 vol % acetonitrile,
especially the copolymer having high PgMA composition,
PPgMA4MPCs;, of which molecular weight information

cannot be obtained. The fact that the M, determined by

GPC analysis are underestimated and proportionally decreased
as a function of PgMA content suggested that the molecular
weight information obtained via GPC analysis is somewhat not
reliable. Additionally, PDI values were high, which may be
ascribed to possible copolymer self-assembly in the phosphate
buffer solution. This is why "H NMR spectroscopy was used as
the main tool for determining the molecular weight of the
copolymer. Despite the relatively high PDI, the unimodal
distribution evidenced from GPC chromatograms (also shown
in Figure S4) is reasonable evidence of copolymer formation.
The functional groups in the synthesized copolymer were
identified using FTIR spectroscopy (Figure 1). The character-
istic peaks for C=O (ester) stretching, at 1725 cm™},
asymmetric O=P—O-— stretching, at 1240 cm™}, symmetric
O=P—0O- stretching, at 1087 cm™', and —N*(CHj);, at 960
cm™! for the MPC units were observed; a —C=C— stretching
peak was observed at 2127 cm™’, and its intensity increased
proportionally with the PgMA content. These results confirm
copolymer formation.

Aminolysis with hydrazine transformed the dithiobenzoate
groups at the chain ends of the PPgMAMPC copolymer into
thiol groups, yielding PPgMAMPC-SH,* as shown by the
disappearance after aminolysis of the aromatic proton signals at
7.40—7.95 ppm in the '"H NMR spectrum and the UV—vis
absorption peak at 305 nm (Figure SS, Supporting
Information).

Immobilization of PPgMAMPC-SH on Gold-Coated
SPR Chip. Unlike PPgMA;MPC4,—SH and
PPgMA,MPCy,—SH, PPgMAMPC,—SH, which has a
higher content of the more hydrophobic PgMA unit, is not
soluble in EtOH but dissolves in a mixture of EtOH and THF
(7:3 v/v). Au—S bond formation between the gold layer of the
SPR chip and the thiol-terminated copolymer (PPgMAMPC-
SH) via a “grafting to” approach was performed at ambient
temperature for 48 h. The presence of PPgMAMPC brushes on
the SPR chip was confirmed using water contact angle

(c)
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Figure 1. FTIR spectra of (a) PPgMA;MPCg, (40.0 kDa), (b) PPgMA,sMPC; (46.7 kDa), and (c) PPgMA¢MPCs; (38.4 kDa).

1188

DOI: 10.1021/acs.langmuir.5b02727
Langmuir 2016, 32, 1184—1194


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b02727/suppl_file/la5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b02727/suppl_file/la5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b02727/suppl_file/la5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b02727/suppl_file/la5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b02727/suppl_file/la5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b02727/suppl_file/la5b02727_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.5b02727

Langmuir

measurements, and SPR, ATR-FTIR, and XPS analyses. The
data in Table 2 show that the advancing (6,) water contact

Table 2. Water Contact Angle and SPR Data for Gold-
Coated SPR Chips after PPgMAMPC-SH Immobilization
and Subsequent Conjugation with Biotin-N;

SPR data
amount adsorbed
advancing for each
water contact angle shift modification step
sample angle (deg) (mDegree) (ng/cm?)
Au 719 £ 1.3 - -
Au— 44.6 + 0.9 1024.8 + 81.8 854.0 + 68.1
PPgMA;3MPCg,
Au— 46.6 + 3.5 882.1 + 166.6 735.0 + 1389
PPgMA,;sMPCy;
Au— 879 + 4.2 1323.1 + 56.1 1102.0 + 46.8
PPgMAMPC,;
Au— 32.7 +£2.7 152 + 74 12.7 £ 6.1
PPgMA,MPC,—
biotin
Au— 41.6 + 1.3 229.5 + 50.4 1912 + 42.0
PPgMA,MPC,—
biotin
Au— 622 + 1.7 209.5 + 6.7 174.5 + 5.6
PPgMAMPC;s—
biotin

angle of the SPR chip decreased from 71.9 & 1.3° to 44.6 +
0.9° and 46.6 + 3.5° upon immobilization of PPgMA;3MPCy,—
SH and PPgMA,;MPCs—SH, respectively, indicating their
highly hydrophilic characters. The copolymer with the highest
content of hydrophobic PgMA, ie., PPgMAMPC;—SH,
yielded a gold surface with a contact angle (87.9 + 4.2°)
higher than that of the pristine gold surface. Chemisorption of
the copolymer brushes on the gold-coated SPR chip was
monitored using an SPR technique. The SPR angle shift upon
PPgMAMPC-SH immobilization was used to calculate the
amount of copolymer bound to the surface, using a sensitivity
factor of 120 mDegree, which is equivalent to 100 ng/ cm?
(Table 2).*°

Figure S6 (Supporting Information) shows the XPS atomic
spectra of the gold-coated substrate with immobilized
PPgMA,sMPCs;—SH and the substrate before immobilization
(bare gold). At a takeoff angle of 90°, phosphorus (PZP) and
nitrogen (Ny,) signals attributed to the phosphorylcholine
group of the MPC units were observed on the substrate,
indicating that the copolymer is bound to the gold-coated
substrate. The S, signal of the bound thiol, at a binding energy
of 163 eV, was also detected, implying that the copolymer was
strongly adsorbed on the substrate by interactions between the
thiol groups of the copolymer and the gold surface. The
characteristic absorption peaks of the MPC unit, i.e, C=0
stretching (ester) at 1725 cm™', O=P—O~—,,, stretching at
1264 cm™, O=P-0-—,,, stretching at 1091 ecm™!, and
—N*(CH,); stretching at 968 cm™', were observed in the
ATR-FTIR spectra (Figure S7, Supporting Information), but
the characteristic absorption peak of the PgMA unit, ie, —C=
C— stretching at 2127 cm™’, was not clearly observed because
of overlap with the characteristic peak of diamond (in the
region 1500—2650 cm™"), which is the reflectance material used
for ATR-FTIR measurements. This signal from diamond
dominates the other signals, particularly when the adsorbed
material to be characterized is very thin, 1.89—3.12 nm in our
case (estimated by ellipsometry).
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Surface grafting of PPgMAMPC brushes on the gold-coated
substrate was confirmed using AFM. The surface roughness
before and after grafting with PPgMAMPC brushes were
similar (1.5 vs 1.3 nm), suggesting that the gold surface was
smooth and homogeneously covered with the copolymer. The
thicknesses (t), measured using ellipsometry, of
PPgMA;MPCy,, PPgMA,sMPCss, and PPgMAMPCsg were
1.89 + 0.12, 2.66 + 0.26, and 3.12 + 0.19 nm, respectively. The
thickness can be used to calculate the graft density (o) as
follows:

tpN,
o= ———
M, (4)

where p is the mass density (1.1 g/cm® for PPgMA¢MPCj
and 1.2 g/cm® for PPgMA,sMPCss and PPgMA;MPCy,), M,
is the molecular weight of the free polymer, and N, is
Avogadro’s number. The copolymer mass densities were
estimated proportionally using ppypc = 1.3 g/cm>® and
Progua = 1.085 g/ cm’, on the assumption that they are equal to
that of poly(propyl methacrylate),”" which has the same
number of carbon atoms. For the copolymer synthesized with
M, in the range 38.4—46.7 kDa (DP 173-213), the calculated
graft densities of surface-grafted PPgMA;3MPCq,,
PPgMA,sMPCg;, and PPgMAMPC;s were 0.04, 0.04, and
0.05 chain/nm?, respectively. These values are below 0.08
chains/nmz,52 which suggests that the PPgMAMPC brushes
can be categorized as being in the “mushroom regime.”

Biotin Conjugation on Copolymer-Modified SPR Chip
by CuAAC Reaction and Subsequent Binding with
Streptavidin. Biotin was used as the first sensing probe
model. It has a high binding affinity with SA (dissociation
constant K, ~ 107* M).>* Biotin-N; was immobilized on the
PPgMAMPC-modified SPR chip outside the SPR instrument
by CuAAC.>**> The data in Table 2 show that the water
contact angles of the PPgMAMPC-modified SPR chip
decreased after biotin attachment, indicating that the hydro-
phobic alkyne moieties from the PgMA repeat units were
consumed and bound with biotin with three repeat units of the
hydrophilic PEG spacer. The amounts of immobilized biotin
increased significantly, from 12.7 + 6.1 to 191.2 + 42.0 ng/cmz,
when the PgMA content of the copolymer was increased from
38% to 45%. However, further increasing the PgMA
composition to 65% reduced the quantity of bound probe,
implying that biotin may have limited access to the alkyne
moieties of copolymers with high PgMA contents, in which the
swellability would be suppressed because of the inherent
hydrophobicity. This is confirmed by the water contact angle
(879 + 4.2°) being much higher than those of the
PPgMAMPC-modified SPR chips with PgMA contents of
38% and 45% (44.6 + 0.9° and 46.6 + 3.5°, respectively). As
shown in Figure S6 in the Supporting Information, similar
characteristic atomic spectra of the PPgMAMPC-modified SPR
chips were observed after biotin and PNA immobilization but
with much better signal, especially for Ny, Sy, P,, peaks in
comparison with those before probe immobilization. A Cu peak
appears in the Au—PPgMAMPC spectra after probe immobi-
lization (both biotin and PNA), suggesting that Cu remained
after the click reaction, although the surface was thoroughly
rinsed with 10 mM EDTA and 10 mM PBS (pH 74).
However, we believe that the Cu contamination should not
affect the target molecule detection efficiency.

DOI: 10.1021/acs.langmuir.5b02727
Langmuir 2016, 32, 1184—1194


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b02727/suppl_file/la5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b02727/suppl_file/la5b02727_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b02727/suppl_file/la5b02727_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.5b02727

Langmuir

Nonspecific adsorption of the biotin-modified PPgMAMPC
copolymer platform with different copolymer compositions on
gold-coated SPR chips was investigated by comparison of
adsorption of nontargeted proteins, bovine serum albumin
(BSA; 69 kDa, pI = 4.8), LYZ (14 kDa, pI = 12), and 0.14%
blood plasma (equivalent to 0.1 mg/mL of protein in PBS
buffer, pH 7.4) with that of a targeted analyte, SA (60 kDa, pI =
5). BSA and LYZ were selected as model proteins with negative
and positive charges, respectively, at pH 7.4 in PBS. Blood
plasma is a complex biological-mimic medium comprising
about 7% (70 mg of proteins per milliliter of plasma) of
different proteins, e.g., fibrinogen, albumin, and globulin, and
other components such as water, inorganic ions, and organic
compounds.”® As anticipated, the biotin-conjugated
PPgMAMPC platform was specifically bound to the targeted
SA (Figure 2). The bound content of SA increased with
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Figure 2. Protein adsorption on biotin-conjugated PPgMAMPC
platforms with various copolymer compositions.

increasing PgMA content in the copolymer and increasing
biotin content (Table 2). Nonspecific adsorption of the
nontargeted proteins (BSA, LYZ, 0.14% blood plasma) was
greatly suppressed on the biotin-conjugated PPgMAMPC
platform compared with that on the bare gold surface. These
results indicate that the MPC units in the PPgMAMPC
copolymer are of paramount importance in suppressing
nonspecific protein adsorption. This agrees well with reported
studies of other MPC-containing (co)polymers.'*>**7*7
Although the copolymer platform with the highest PgMA
content, i.e, 65%, had the greatest bound SA content, it also
gave the highest nonspecific adsorption of blood plasma.

In principle, the biotin/SA binding ratio should be 4 if all
biotin molecules can be bound to SA. However, the biotin/SA
binding ratios, listed in Figure 3, were much higher than the
theoretical value, indicating that not all of the conjugated biotin
molecules were bound to SA. The biotin/SA binding ratios
were extremely high for the Au—PPgMAMPC platforms with
high contents of hydrophobic PPgMA (45% and 65%). This
may be because of the limited accessibility of SA, which is a
large protein (MW = 60 kDa), to the immobilized biotin
embedded inside the inner layer of the polymer brushes. Au—
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Figure 3. SPR angle shifts corresponding to the amounts of
immobilized biotin, and subsequent SA (0.1 mg/mL) binding in
PBS solution (10 mM, pH 7.4) on SPR chip modified with
PPgMAMPC copolymers of various compositions. Biotin/SA binding
ratio is shown on each set of bar charts.

PPgMA;3sMPCy, had the lowest immobilized biotin content,
because it had the lowest content of PgMA, which provides
active binding sites for biotin immobilization, and because its
assembled layer on the gold-coated SPR chip was very thin
(1.89 + 0.12 nm). Although the amount of biotin bound on the
Au—PPgMA(MPC;; platform (0.78 + 0.02 nmol/cm?) was
lower than that on the PPgMA,sMPC,; platform (0.85 + 0.19
nmol/cm?), it had a higher content of bound SA. To verify this
contradictory outcome, we performed additional experiments
to determine the nonspecific adsorption of SA (0.1 mg/mL SA
in 10 mM PBS) on Au—PPgMA,MPC,;; and Au—
PPgMA¢MPC;5 before biotin immobilization, using an SPR
technique. The data shown in Figure S8 in the Supporting
Information indicate that nonspecific adsorption of SA on the
Au—PPgMA(MPC;; platform was approximately 3 times
higher than that on the PPgMA,sMPCgs brushes. This helps
to explain why the Au—PPgMAMPC;; platform (with the
highest PgMA content) bound the most SA, although it bound
slightly less biotin than did the Au—PPgMA,MPC;; platform.
SA can bind to the biotin-conjugated Au—PPgMAMPC
platform not only by specific interactions with biotin probes
but also by nonspecific interactions with the PgMA units of the
copolymers.

The amount of SA adsorbed on the biotin-modified
PPgMAMPC was low, particularly on the Au-—
PPgMA;sMPC,—biotin platform. The adsorbed quantity of
SA, 149.8 + 123 ng/cmz, was less than that in the SA
monolayer adsorbed on a mixed monolayer containing 10%
thiol-terminated biotin and 90% thiol-terminated ethylene
glycol (379.7 ng/cm?), as reported by Su et al.>® This seems
reasonable because the amount of biotin immobilized on the
Au—PPgMA;sMPCy, platform was lower than the amounts
adsorbed on the platforms based on PPgMA,MPCs; and
PPgMAMPC;;. Nevertheless, the amounts of SA adsorbed on
Au—PPgMA ;sMPC;—biotin and Au—PPgMAMPC;s—Dbiotin,
ie, 457.8 & 28.6 and 549.5 + 14.8 ng/ cm?, respectively, were
well above that in the monolayer, suggesting three-dimensional
character of the deposited copolymer in binding with the biotin
probes.
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The biotin-modified PPgMAMPC platforms with different
copolymer compositions were further investigated to determine
the lowest SA concentration detectable in a complex protein
sample (blood plasma). The SA concentration was varied in the
range 0.19—190 nM (equivalent to 0.01 to 0.1 mg/mL) in
0.14% blood plasma (0.1 mg/mL). Nonspecific binding with
0.14% blood plasma (in the absence of SA) was also measured
to evaluate the sensor efficiency in terms of the S/N ratio, as
shown in Figure 4. The S/N ratio can be calculated from eq
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Figure 4. SPR angle shifts corresponding to SA binding on Au—
PPgMAMPC—biotin platforms from SA solutions of various
concentrations in 0.14% blood plasma. S/N ratios are shown as the
number above each bar graph.

1.%"* The SPR angle shift obtained for the complex sample
containing SA is considered to be the signal, whereas that
obtained from the sample without SA, i.e., the target molecules,
is considered to be background or noise. The results shown in
Figure 4 indicate that the SPR chip modified with a copolymer
platform containing 65% PgMA (PPgMAMPC;—SH)
showed the highest nonspecific binding with blood plasma in
a control experiment (absence of SA in 0.14% blood plasma).
This may be the result of nonspecific adsorption between the
remaining alkyne moieties on the copolymer platform and
nontargeted proteins in the blood plasma. The limits of
detection (LODs) of the sensor platforms that can discriminate
between target and nontargeted binding signals (S/N > 3)
were 190, 0.95, and 190 nM for PMA;MPC,—SH,
PMA,MPCss—SH, and PMAGMPC;—SH, respectively.
These results suggest that the platform based on a copolymer
containing 45% PgMA was the most efficient for detecting SA
in blood plasma solution. The LOD of this PPgMA,MPCg;
platform (0.95 nM) was even lower than that (1.5 nM)
obtained for a platform based on poly[(methacrylic acid)-ran-
(2-methacryloyloxyethyl phosphorylcholine)] (PMAMPC),
previously developed by our group, and approximately 158
times lower than that of a platform based on a SAM of
mercaptoundecanoic acid."* The fact that the PPgMAMPC
sensor platform can directly immobilize an azide-containing
biotin probe via a click reaction, without a functional group
activation step, as required for the PMAMPC platform, makes it
an attractive copolymer platform for probe binding in
biosensing applications.
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The developed PPgMAMPC platforms with clickable PgMA
units for probe binding and MPC antifouling units were also
used to immobilize a PNA-Nj; probe to explore its applicability
as a DNA sensor. PNA is a DNA mimic with a peptide-like
backbone, first introduced by Nielsen and co-workers in
1991.°° Because it is uncharged, PNA-DNA hybrids are more
stable than DNA-DNA hybrids, because electrostatic repulsion
between negatively charged phosphate groups in the DNA
backbone are absent. This, together with its greater specificity
for complementary DNA than mismatched DNA, makes PNA
an attractive nucleotide probe with potential applications as a
DNA sensor. In this study, a conformationally restricted
pyrrolidinyl PNA with p-prolyl-2-aminocyclopentanecarboxylic
acid backbones (acpcPNA), developed by Vilaivan and co-
workers, was selected as a model nucleic acid probe. It has been
reported that its binding affinity and sequence specificity
toward DNA are higher than those of Nielsen’s PNA." 5950 We
previously showed that acpcPNA can act as an effective probe
for DNA detection when immobilized on a gold-coated SPR
chip either by Au—S bond formation between thiolated PNA
(PNA-SH) and the gold surface®’ or by biotin—SA—biotin
linkage between biotinylated PNA (PNA—biotin) and an SA
layer assembled on a biotin-functionalized gold substrate.””
Besides blocking, which is a necessary step in most SAM-based
sensors, the longer and greater hydrophilicity of the spacer
between the PNA part and the thiol end of the thiolated PNA
has a positive impact on the %HE of the platform developed by
direct immobilization of thiolated PNA. Both %HE and %MD
were significantly improved for the platform later developed by
indirect PNA conjugation via biotin—SA—Dbiotin linkage, which
yielded PNA with a reasonably well-controlled density and
orientation (see Table 3 for comparison). The results of these

Table 3. Values of %HE_,,, and %MD for DNA Detection by
Surface-Modified Gold-Coated SPR Chips Conjugated with
PNA

sample %HE ., %MD
Au—PPgMA;;MPC,,—PNA 20 32
Au—PPgMA sMPC—PNA 61 52
Au—PPgMAgMPC;s—PNA 71 58
Au—S—PNA®! 20 > 54
Au—biotin—SA—biotin—PNA®’ 58 > 90

two studies suggest that the clickable and antifouling
PPgMAMPC platforms developed in the current study should
meet all the above-mentioned criteria for developing an
effective PNA-based sensor for DNA detection. Anchoring
the copolymer to the gold surface prior to PNA binding should
provide a reasonable distance between the immobilized PNA
probes and the gold substrate, and allow the PNA molecules to
interact freely with the incoming DNA targets. PMPC provides
a hydrophilic environment for the platform so that nonspecific
adsorption of nontargeted DNA can be suppressed. It is
anticipated that good control of the content of clickable PgMA
units in the copolymer will enable the density of immobilized
PNA to be tailored using efficient CuAAC-based reactions.

In this work, azide-terminated PNA with a T, sequence
(PNA-N3;), selected as a PNA probe model, was immobilized
by the alkyne moieties of sensing platforms with various
copolymer compositions, i.e., PPgMA;sMPC4,—SH,
PPgMA,;MPCy—SH, and PPgMAgMPCy—SH, via CuAAC
reactions. Specific binding of 50 #M DNA in 10 mM PBS was
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monitored using an SPR technique. The %HE and %MD were
calculated using eqs 2 and 3, respectively, to evaluate the
efficiency of the sensor. As shown in Figure S, the sensing

PNA probe
Complementary DNA

N,-TTT TTT TTT-LysNH,
| 5_AAA AAA AAA3’

Single mismatch DNA 5’-AAA ATA AAA-3’
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mcomplementary DNA
100 + msingle mismatch DNA
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0_

PPgMA,MPC,, PPgMA,MPC_, PPgMA MPC,,

Figure 5. SPR angle shifts corresponding to DNA binding to Au—
PPgMAMPC—PNA platforms in 10 mM PBS.

platform based on Au—PPgMAMPC;s—PNA, which had the
highest amount of PgMA units, gave the greatest detectable
signal, corresponding to binding of the complementary DNA
sequence, Ay (85.5 + 10.9 mdeg), with a %$HE of 71%, which is
higher than those for sensing platforms based on Au—S—PNA®'
and Au—biotin—PNA,*® as shown in Table 3. However, this
copolymer platform still showed high nonspecific interactions
toward a single mismatched DNA sequence (AAAATAAAA),
therefore its %MD was not satisfactorily high compared with
that for a platform based on Au—biotin—SA—biotin—PNA.
Despite this limitation, a %HE as high as 71% may be suitable
for other DNA-based applications, such as affinity-based DNA
separation, in which the mismatch discrimination efficiency is
not a critical issue. There is also room for improvement in
terms of %MD. For example, possible nonspecific interactions
between the remaining unreacted alkyne moieties of PgMA and
mismatched DNA may be decreased by blocking the unreacted
PgMA with hydrophilic molecules, enabling %HE of mis-
matched DNA to be minimized. Stable triazole linkages
between the PNA probe and the sensing platform should
have the additional advantage of being more robust to the
regeneration conditions than Au—S or Au—biotin—SA—Dbiotin
linkages. This should enable probe recycling, making the
process economically viable.

B CONCLUSIONS

Clickable and antifouling PPgMAMPC copolymer platforms
were successfully synthesized by RAFT polymerization. The
dithioester end groups of the copolymer were converted to
thiol groups before surface immobilization on a gold-coated
SPR chip via a “grafting to” approach. The alkyne moieties of
PgMA bound azide-containing molecules (biotin-N; and PNA-
N;) via a CuAAC reaction, and the hydrophilic monomeric
MPC unit suppressed nonspecific adsorption of nontargeted
analytes, namely BSA, LYZ, and blood plasma. Specific
detection of SA by biotin probes conjugated with the
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PPgMAMPC platforms in 0.14% blood plasma was investigated
using an SPR technique. Among all the platforms investigated,
copolymer brushes of PPgMA,sMPCs; performed best, giving
the lowest detection limit, ie., 0.95 nM. The potential of the
surface-attached PPgMAMPC as a sensing layer for DNA
detection was investigated by conjugating a PNA-N; probe with
PPgMAMPC platforms with various copolymer compositions.
The sensor platform based on Au—PPgMA MPC;—PNA
detected the highest amount of complementary DNA sequence,
with 71%HE, and a reasonable degree of mismatch
discrimination (58%MD) between the fully complementary
DNA and single-mismatched DNA. These results suggest that
substrate-modified PPgMAMPC brushes are potential copoly-
mer platforms for azide-containing probe immobilization for
detecting target molecules in diagnostic and related applica-
tions. Both types of probe functioned effectively, which shows
the versatility of the developed platform, and suggests that it
can be used for both antibody-based and DNA-based
biosensors.
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TaslameuuaiiSewnsuuan (Gram positive bacteria) uiiulassad1eitlawulusadvosngud tovlwsid
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1a Tnevialueynnausl wEnuuiidenldtnduiuuruniulng (Fes0,) wiouwundlud (y-Fe,0,) e R
asorsvaueddeauLdindnasusnlfedisina MsaudBidinanivilieyamauimanuily

° & o ' ' & 2 ves
asnthanldlunisusnidenuafiFelaenismunuriuaundminatguen WenuailiFenuenunlede




10

15

20

25

Wi 3 Y0994 8 N

£ o Ql g d. L 1
finuuians wasdrwdanisnsaaiadlu wasiliollunsesuuuideniiu (selective filtration)
do o & o = - 1 ' 1 1 . 1 2
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=) = oal [ 7 J = =t &4 2 1)
TneUiunamesavsenaveynafiduiviewuafiSsasudsdunsafuanatduvesduuusiummusy 3

amunsadesyimidewuafiBulisySnalddenilan (semi-quantitative analysis)

favsUnsTsnumsnaneymauindnulusiueufveiunlilumsiuiuideuuafide Taean
eMuRUIINNsREnsHreymawsindnuilusiuevivedi pynmasnIndufudauuaitiEels
muAnERsUsEmmanisauBnuai 8,883,455 uasiavi 9,201,066 wigdlsifanuidelnAndudeaty
nssiEmsnanreymaklminuiluiiaunsassisinuiuandedunud amsulanenle Tasldeyane
wiwdnmnlufaiulasiduiumlueeduenauliiounen fwmavesmsnsrvimuandeiianunsald
Ussnountsussiiuarandsamsiinlseifuslé

=

faidefistsnunisanatauiuiuveatesialuuaan Iniindeu (Salmonella
typhimurium) Tae@inssuidnisuaaveseumeusininunlusidguauiveififianudumeianzaaty
Fa iunsataiuszswimsvendavuiuiiveseymeauiluwsivdn wavwyesiiluvaueuived
Taeld 14efia-3-Glalnfaadulnsdia) arfludlaludlalnsnaalsd (1-ethyl-3-(3-
dimethylaminepropyl) carbodiimide hydrochloride; EDC) 1uSioiaudgaau egnalsfinueide
sundmdszauiygmmsanatadesainmmuiduduiiigaveswusiieftannsansaafalidiinge
FethuSamsiinsniimantanedwesadluuuiuinveseunniielildeynauivdnunTufiananse
arsadelutinasilduarannsansintadeldogneiiuseaniniw (Anal. Chem., Vol 406, p 406-

866, 2014)

wennifeiserumstitnemediuefurisuuiuisveseyniawminunly iediesili
pynAliaaARbsINTY ‘szLﬁmmiLmsnq’maqm}mﬂLLazmmmni:ﬂmaﬁaagﬂuaqsazawlﬁﬁﬁﬁu il
miteiSeudievandinsnszaies uasarmatiosveseyniawimdnunlufinde uadlilénwed
wa Ingldduaseieyniauhminulusdieneiozaddnuedn (polylacrylic acid)) viewedidlaiu
(polystyrene) asuuRuA7 L%?'m'mﬁﬂaqmﬂmiuuﬁmé‘ﬂmﬁqﬂﬁﬁ%mﬁ’u‘lﬂiﬁu LﬁaLﬁwsgLUa%aan"Lsué
(peroxide group) VuuAY Fsagimihdiuans3iBnufite waeld 1-wiflaedialalnlewlsien (1-
phenylethyl dithiobenzoate; PVB) smthifuansdralould (chain transfer agent) Wluviufisen
wodlwelswdunuuaiuan  (controlled  polymerization)  faBnalnuuy reversible  addition-

. . i ' o 3 a aa P = =
fragmentation chain transfer (RAFT) agldoymawimdnunlufisisneneiesaitnuadavioneddln
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WA 4 999U 8 WA

3u udnhlunagevantinianssareiuaseumeaies  wuleymausimdnunlufinimedwefacuy
Y o ar i ' M M Y e a < S a
#ulansansgeda  wazfinnuiadesdindreyaraniminuiiuildlded wmediwedasuuiiubi
(Macromolecules, Vol 27, p 1665-1669, 2006)

wvmmisiiadlalunisufugaiuinvestagdeweiwesde nswduudunediuefuisy
(polymer brushes) Saflunedwesiivaravesddsumilsdndnuuiuiafetussiaiaud (covalent
bond) VihliTiafesnmlunsBafnuuiuinginiinisgadumsnienmm (physical absorption) n1s
wFsunedesuiafiouintsudieuiAfemedinnlnadusifuaniiuia (surface-initiated
polymerization) faiirienvadlawedimesaunsonuaulimnliujizomedmelsetuuuununy
(controlled polymerization) 14w atom transfer radical polymerization (ATRP) uag reversible
addition-fragmentation chain transfer (RAFT) (Prog. Polym. Sci, Vol 25, p 677-710, 2000 uds
Chem. Rev., Vol 109, p 5437-5527, 2009) Tngautinaaiuasmenmysmedmeiuisiuiuriinvas

LoUBDS (monomer) AdanldlunsduaTE

myvseivglaulafasdinedimeiuivrameliosaiinueda (polylacrylic acid); PAA) aduu

& = 1 1 o s . -y 0 .
wuw’maﬂaqmmmmﬁﬂuﬂu HuUfsen wae reversible addition-fragmentation chain  transfer

LA |

polymerization Teglassairsvasnedinesusaiivyaiiuanda (carboxyl group) %‘l\‘]ﬁ'm'l‘iﬂﬁﬂﬁﬂﬁ’umé

¢l (amino eroup) vastmaiiviutiidufunifasad (cell wall binding domain; CWBD) ehunns
Rewuszielad  @mide bond) I Feannsadnlaundlduiinamnn dwaliansuszneveyninad
UsravsamlumsasreTadefiaty

4

anvazLasa U gvaIMsUTEieg

Lo

o 4 :J - o (=3 = = _F ar d” '
nsUseRugiliAndecfunssuitnisndnmasensueyniafianunsadufividenslsailuy
IgpgndunizdmiulfluniswenuazasiviadenslsaftumdeisdTinalaiemivan Ussnousiudig
nssuisnswisslasmmeseulvdivhnihAduiuniavadveuterelsaflugedisding uagnssuisns

o 1 = o = o e v odw ar ar g
kAnsumaiminuily nssulrensihlauwvsueulnlaslafmeluledunimihiduivmingad 1
o  a ' o o ¢ 1 ¢ o 1 a o a an a
Fadnfusymeuivdnunlunieieneduasfitinygilaidulunyarivendavienefozasdnuadnmiu

o

= A LJ a ar 2{’ = L
uozwlud naduansuszneveymafiilanusunglunsiuiudedivd awmsulanenala Inglauu

o 9 v oo

s - L ‘ﬁlvnl a 1 4!.! = & =f ) at 4’ A:’ 3
PV TRUVAUNUR UG RAUN AU WIEHDLTD I ILVIUE ﬁLmiﬂiﬁﬂaﬂlﬂ ﬂﬁﬂﬂﬁ?iﬂhﬁ@ﬂ%ilLQW']%L‘?IEI‘LJ‘L&‘]
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] (=3 o’q.l’ P L= o = = & o8 o
ﬁ".]’]lli{\?'Wi.l"l?J‘U’ENﬂW‘SU'iSWEEULW'é)Nﬁ91ﬂ?iﬂi%ﬂﬂU@Hﬂ’]ﬂWﬂiﬁﬂ?ﬂWﬂﬁLEJ’Q‘B'LLE‘.B‘EJWGW]I@LMU‘UEN

= o < Qs ar ¥ ¥ o =, a
wulwissladmsluladudaamnseduiuidenslsafiuglasgrsdung Tnenssdflunisuinasussney

aynAlEBnsniounmawimdnuilutenediuesifuyilsidudunansvendavienefiozaitnusdn

U

o

yldasnsainfalauiianifduaundasadladusnuauunn daalimdiuusgansanlunisduiu

\nlams sty
Afurgglitoulaede

o - o ] | o s at '3
UM 1 uarewanalingnranidiuduifiawdimiglunsiusiagad (cell wall binding

dornain; CWBD) anteululesleilinzluladu Wensaiunamas pColdil

midawenisusshvglavsuysal

173
L]

o = i o aal = P o ot 3 1
nsUszivgilifsadesiunssuitnisninaisussneveyniaiianunsaduiuivenelsailuy
4 ] 9 o at ar Jl’ 1 a o L=y 3/ 2 ! ﬂc’j
Ihegresdunzdwiuldlunisusnuazasiindenslsailugiieiasdualddigandan dupeu

2 o o oo as .t ¢ = o o A 1
Ussneushemsthlamuvessulasdivimihiiduiuslueed Swanunsaduiuidenelinfluslundgy ans

Tomenlaldegedumnzundafnriniussisludiuveymanindnuilunniehenefiuesafiuyilaidudu

a

' ¢ a o a an a . . a & o ey °
wAIUBNTa nianedayAIaNLaRA (poly(acrylic acid)) Lﬂﬂmuaﬁﬂssnauaqmﬂwmmmmmw‘lu

g

a4 at A) 1 ] e ] 2/ 5 1 1 ﬁ’"
msfuiuenalsaflunlunguewnsulanenla TaenssudBiindnissnausumedunoutoysiil

ogadume ddusaulssnausag

(1) nsadananadingnras (recombinant plasmid) ftuveddamuivimihfduiu aduvad
(cell wall binding domain; CWBD) annweulwsieslsdonzluladu Taasuanmsesnuuulwswasly
dranth wazdioundy (forward and reward primers) 9néwufiandlsing (nucleotide sequence) vas
ulgfealndnyluladuiifieglugrudoyaveauuued s¥a 189253514 (GenBank accession
AB253514) Tnafauladiinistane 5 vaslwswedludramindiadlelnadeaansodnlddeioulss
xho! Tnsiigrdudandlelngfil 52 AMAACTCGAGGATGAGCAAMATS  wagdiauvadlimisvane 5°
sedlnnweidsunduitindlelvsdeansadalddoeulss BomH  Tnefidruiadlalnasail
5’ AMMAGGATCCTGGCAGAGCAACAGCY  anntufindundulagldlaslulenannifeansulnnonda
fuvud DuiiBuouduuy (DNA template) fremalinufizengnlelndiueisa (polymerase chain

reaction; PCR) wdndenduduidriuianiees pColdil Agndinudadliilduihnilelndvesdaifu
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(histidine) sgfngludfufiidule (DNA sequence) ieldludunounsvhlilusiiuusgys uasiifuios
81UAT o RTAY (ampicillin resistant gene) Lﬁa'l‘zﬂumiﬁﬂLﬁam%aﬁ%’uwa’lﬂﬁ%ﬂmu
3 ve o P T a & ow o o
iihluluwadladuia (Ui 1) nthnedeuewanalingnuaniidngWowaivedide lala aneiug BL-21
(Escherichia coli BL-21) (transformation) fimenitediiu wanafingnuaniidinlulédiialnensides
3 n‘l’ d‘l’ oy = = . . o ol e b
Wouwomaiduaderiinuds gi¥e-uesil (Luria Bertani agar) fillenUfTnsuonii@au @mpicitlin)

(2) mndnlusiuantaeawesiie Tala (Escherichia coli; E. coli) ﬁ%‘uwmaﬁﬂqnmamﬁ’ﬂﬂ
dnge wazn1svililusiuusand Teeduananadsade £ coli aevug BL-21 flnaraiingnaay
(recombinant plasmid) vesduedlaumiiviiuifidususiuead (cell wall binding domain; CWBD)
nnevlesoslafinsluladulusmsisatomarge-weinill (Luria Bertani; LB) Aiflanffauy
waufidau (ampicillin) irlusufiguugfl 37 ssmvaidea Wuardndu (12-16 d2luq)
drelourndodlaluuiuing dinusanasuemaisademan LB AflerujTrusuenidan
hivauldesieauldrnisgandunasil 600 uiluuns oglurnssezusimina (log phage; 0.4-0.6)
mntuthlueufiguundl 15 ssnwaiBea um 3045 il uddafuasazaislelelwsiia-wusn--
Tvlanuanliled (isopropyl-p-D-thiogalactoside; IPTG) 0.5-1 fiadluan$ ewmfisnhnsadralusiv
ntuilveuiiguund 15 swmeadea 1unan 2024 dhlue wdwinsfuwadsenisiu
AL IE dwaditldazareTulada drited (ysis  buffe)  waztihluvilviwadunning
Mindesilldndumanuiigs Gonicaton  iileflaslfinlusfuiignairanigluieadluvinliuign?
Tnokureduiiuenasauaudnmg  Gffinity column) dsneduifnenoy driwes (wash buffer)
wazuenlusiiuesnainaeduiidodadu Tines (elusion buffen) Tnausniulusiufildoandudiug
(fractions) thudazanuuenfildluiieseiiemaiianedozadanludinadianlnsinida uuuieafion-ina
(polyacrylamide gel electrophoresis; SDS-PAGE) iioudendruuendiil Usinalusituunnilan (active
fraction) 11uiu wasihlUlneylada (dialysis) Turediavwinesendu (phosphate buffer saline;
PBS) ydeniuvhmsiassiuinalusiuisuieutunnududuresusiunasgu
fui 4 PRI

(1) Fuaswioumaudmdnuiludieiflelaume fuea (solvothermal) Tneddlasounaslsdian
glawmsn (ron chloride hexahydrate) 0.01-0.05 luan$ avanglue®idu lnanea (ethylene glycol)
nanasarasiiiniulasmsararsasianisdsudduidmady nndusulefouesden (sodium

acetate) Aududy 0.3-0.7 Twand aslulumaufiudnuansavatelidnfuniuan 30-50 wnfl - wén
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Juheansasansiingisanuaaiituiaefountasuioniveulinudoutigamall 150-300 samn
waidya Wunan 14-18 7las ndsnduahluusneynawivinuiluiifesnseensmnaisavanslae
Tauuwimdnnguen Sreynafsenueaudniiveulinuiouigungd 50-80 asrneaidua
wldneymaudmdnunlusuitfesms

(2) theyaausimdnunluiiuaseilsnemyeriludaumiFulunsfofizelaeld
symausimdnmnluiwouldann (1) Tunefunaufiussqomues wduduse  3-esfilulnsfalnaie
nenglwau (3-aminopropyltriethoxysitane; APTES) uasansazatsuenluile waransazaneliidniui
oungiivios wuian 10-14 d1lus mndutheyniawimdnuiluludeseeniuea Téoymeauindn

wiluiiingerfiludunyidulunsifaufisomioussiluldlunisdranssiu (initaton) Tutuns
duneinediueidaly

(3) ¥nmsnalsmedoza3anuadauuiuiveseymaudivinuily Tagazans  4.4-Oaleenlu
edn wadn (4,4-bis(d-cyanovaleic acid; ACVA) 0.1-0.3 Tuans, lalelralendanistud lalud 0.02-
0.05 Tuand, (N,N’-dicyclohexylcarbodimide; DCO) wag d-laufiauefilulwifiu (4-dimethylamino
pyridine; DMAP) 0.01-0.04 Tuans Tulawiiawesunlug (dimethyl formamide; DMPF) muldensazane
dnfulunm 36 dlu Agamgiiesneliussemilulasiou mndutemsasansifludanaudnd
ussgeumauiminuiluiitingesilufivdedliaon (2 mseuiigamgiveaduna  20-24 dalus
ntutheymensimdnunlundrdslasianesuluduazienea auddy dduduiiasldoynn
wimdnuilufifnans3isy

(@) avany 4,4-Odleeluriadn wadn (4,4-bis (d-cyanovaleic acid; ACVA) 0.03-0.06 Tuand
wag d-laenlu-d-idiianisiululnlodalnlamuniludn weda (4-cyano-d-phenyl  carbonothioylthio)
pentancic acid) dwhuithilluansareleuls (chain transfer agent; CTA) 0.3-0.7 Tuans Tuvloawn
Urilpdenduiiiifiion 7.4 (PBS buffer) wosifunauamaiitvilsidudungemivenda wie oxa3an
Ledn 0.050.1 Tuand nauasazanelidudsudielsuasesaatiludanaufafiussgeymauaivin
wlufiRras3Fuudwvhujiseweduelsietuiigamgil 60-80 swmiwaidea Tugnadhsudunan 2024
Hilae theymawiminuituilldundrefsenuen wasih mudidy sheymausimdnulubiuia Tu
HuilaelFoumanimdnuluisieihonedwesitingansuendaviensiosaiinueda ethluldluns

- at d‘ o ﬁl ar ) af «
faulauivhwihfduiuntaead
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uyjﬁaﬁ%’mﬂuwyjﬂﬁuaf}%a vSanadera3dnuadadunnulsznaudis

(1) agang 1-e¥ia-3-(3-lawiaiedulnsfia) asludleludlalasraslsd (1-ethyl-3-(3-dimethyl
aminepropyt) carbodiimide hydrochloride; EDC) Anusdiudu 0.1-0.3 Tuand wazidulensonddndilus
(N-hydroxysuccinimide; NHS) ansdiudu 03-0.6 luans  Tuweaatviesendudis
iy auansasanelidiy mndudieasasmedilufauffussgeumauiinnunuiisdeine

' 3 = =]

o a‘n‘nl =} =, e o :l\ll o at L3 q'dd
waRlNeINHARYAISUINTa Visanedayasanuedauuiuila azasluneanadWineseaundaey 7.

W

~

> v o ow o ot al
wihaumsazaneidiuiiguvgiivieatung 20-50 wail

@) wilawuiimhiduiusiusadanududu 0.1-0.3 fadnfu/deddng Ui 1-3 fiaddns
Rafdlifigaumgd 2 - 10 esmwaiFea Wunmn 20-24 Halas winhoymaivdnululludee
soamarivosuFuiiien 7.4 uasih audidy heymausivdnuiluliuds avlfeyniaulivinu
Tusasnewefiesiiimiesuendavienefosadanuedaidadnfulamuivhmiiisufuniusaddmsu
iililumstufudeiouud ansularonladely

a a e o4 2
ABmslunsusefugninga

willoududlsinaniliudiluidonslamenisuseivsineeauysal
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% 4’ 1 - q! £y 24 o 1 =l q’j i -]
wazaTaenslsaflundeisudunalddgnndar fdunoulsznaumenisilauuves

el o o o ar o = v oo 4 ] [V o
wulsimvhmhdutuntaeaddenmaduiudenelsaitunlunguamsulnnenlaliedneduny

o a w -] e v a ol € & [ = = a oo
ndaRafvaynawimanuilunismeweiiue iy Haiduduniasuenda wianodesasan
=y = [ oo o L] a‘(’ 1 1
weda alluarsusenoveymaniianudumslunsfuiudenslsailuglunguainsulnaonala
oo = n: A &’ ] ir 1 o 3 -
nssuIsmawIenansUssnaveynafiansafuiudernslinfiuyliedrduwzdmiuldlunns
wenuasmIviadenelsaitugdaisSunaldfeaua mudeliedvs 1 ATamaeSuulauuves
¢ o v aler w 2 ¢t w & 1 ] e ]
ulgdvimihiduiuniueaddeanunsafuiuidenelsaflunlungu ansulanealaldedns

e dTunaulssnausie
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al

2t a . . = o o v o e
(1) msainnanadingnuau (recombinant  plasmid) ilguvealawuivimtihfiduiu

&5 v

atfgad (cell wall binding domain; CWBD) 9inteulusieslafineluladu IneWerduduil 1
funawes pColdil fignfinuvadisiiidrdivinedleluduasdaniiu (histidine) agngluddudidy
19 (DNA sequence) iigldlutumeunisvilalusiuudans uasiifufiedetnuiiiug (antibiotic
resistant  gene)  tisldlunnsdndenifeiiiunaraiagnranidilulueadlddnga sndu

1
2 1

\ndoudhanarafingnuaniidigiieloaiveiife Tala (Escherichia  coli) (transformation)
wdanthihnsdmdendefifunanatingnrauiidrluly Tnsdsadoluemadoatodiien
Uiugsiadeatuilunaalinadifuiodesni

(2) nswanTUsAundeoaeside Tela (Escherichia coli: E. coli) ﬁ%’uwmaﬁﬂqﬂ
wasn U IFduSe wosnsvinlilusfuuiand leduanimadsadeieanenide Tela Tlde
msganAunadl 600 uluwns sglutressezutaimign (log phage) Mntunilueudigangd
15 serwardea Wuaa 3045 Wil udRuduarsavanalelelnsfia-tusin-f-lvlanuanlalyd
(isopropyl-R-D-thiogalactoside; IPTG) ifiamilgnimsadnelusiiu mmﬁuﬂﬂﬂavﬁqmmﬁ 15
ssrmeadea lune 20-24 $alua udwhmsifueadsanisthufeanudige vdmnduads
Tustuneluead Tnamsvinlfieadunn dlusAudld lvinliuamilaeruneduiitenatsa
AMUSIHTE (affinity column) uenifiulusiufildeandudaue (fractions) tudazdrnmeniils
Tmseishamaiianedozaianlunaadanlnslnsda wuueafiea-twa (polyacrylamide gel

electrophoresis; SDS-PAGE) L‘ﬁ:aLﬁaﬂ?i'mLLEJﬂﬁﬁﬂ?umﬂﬂiﬁumnﬁ@ (active fraction) ¥
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sfiu uasihlUleovlada (dialysis) TuWeamvintiWiweseondu (phosphate buffer saline; PBS)

nianntinihnsiemsvimuTinallsiu Wisuieuiuanududuredlysiunnsgu

nssAsmsiieuasUsvneveynafianansaduiuienelsafugldagnduwzdmivldlunis

w A a d - 12 | P . < b
uwenuavmsivindenslsaiugdenasiualdfaena smudefiednd 1 MfamsieSonayaa

Il b r
&alal o o o)

whwmdnunluiisssaenedwesfifimifsdduBunyasuendansonadoseianusdnidunay
Usenaume

(1) wisulosoumanlsdanglainsn amududu 0.01-0.05 luans Twedidulnanea ud
Fuleienevdwaninududu 0.3-0.7 Tuas auansavanalidrfudunan 30-50 il iy
suliinnuioudlaamgi 150300 ssameadea Wuna 14-18 F2lus wdsantuuenayne
wimdnuluiideanisiagldaunuwiminaiguan dweyniadisionusaudnilvsuliany
Youfigamgdl 50-80 esrniwadiua axldnseynausimdnuly

(2)  daenuea avlulueyniawiindaunlufnisuldann (1) udanfudae
3-pzilulwshalnsionandloiau (3-aminopropyltriethoxysilane;  APTES)  wasansazany
werlindls weasazanelidnfuiigaumgives iuan 10-14 dalus andunhoyniawivin
wluludnade tovuen IWeunaulmnuluiiimjosiuduni3sulumaiAnufizemien
wthiilunsfinans$iBy (nitiator) Tufumsduansinedimedsoly

(3) avane 4,4-Oalwenluiadnueda 0.1-0.3 Tuans, lalelraendansludlslud  0.02-
0.05 Tuansuas d-lawianeflulwidululawfianasuilud 0.01-0.04 luand aildieansasaneidh
fuduaa 36 dlue Aigauugiivesmeliussennidlulpsiau sesnauarsazanofvoyni
wimdnunly vinnsaufigemgiiveaduiam 2024l sathnireyneuindnuilunds
Helmdiavedunluduazieniuoa mudiu fudasldoymausiminuluiifnas3Ey

(4) azane 4,4-Tdlwgnluruasn wedm 0.03-0.06 Tuats was a-leglu-d-wiiamslulu
uledalnlowumiudnuedn 0.3-0.7 Tuanf Turoawistvesmauiiifies 7.4 uazifuuous
wesidmilaidudummivendavieesaianueda 0.05-0.1 Tumd sanasavmeliidhiundy
dneasazansilunaufuuoynawlmdnunluiiinans$ise e jisemediuelsiedud
gamgfl 60-80 asrwadea lughaisudunan 2024 Flue theymewimdmnludildunda
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Wumesuenda wlewedozaidnuedn fduneuusznaume
(1) asane  1-9%ia-3-G-lawdaeiiulnsia) asludlolustalasaaslsd Anududy
0.1-0.3 Tua ¥ wasidulonsenddndilud aududu 0.2-0.6 Tuanf lursawndwinesordunil

- 6w & < w 1 o = v o sl
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) ' = = a aa F a ar ¢ = doa
Hardudumiarsuendanienadesaidnuedauuiiui avarglureamadumessduififioy

7.4 udrausnsavangidnfufigamgiviewduan 20-50 wndl

u

(2) Wulmmuivimthfidudurdasadniinnumdudu 0.1-0.3 Tadniu/laddas U
1-3 fiadans dialifigungi 2-10 sernwm@es \Wuan 20-24 Flas shaynipudmnuilui
Ioldemeneawaiwinasandunifey 7.4 wasth sudiv wdvheymawdimdnualuliuis
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	EXECUTIVE SUMMARY
	Basic knowledge gained from this research allow us to explore further the use of surface-grafted polymer brushes as multifunctional polymeric stabilizers for metal nanoparticles, namely gold nanorods (AuNRs), quantum dots (QDs), and magnetic nanoparti...
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	In situ Synthesis of AuNPs on PAA brushes 
	Based upon the inherently strong binding interactions between Au and thiol (-SH) group,41 the selectivity of the AuNPs-PAA substrate towards thiol-containing peptides (i.e. GSH, ICNKQDCPILE) was investigated. Firstly, a solution mixture of three small molecules (m/z ≤ 500) which are GSH (m/z 307.32), sucrose (m/z 342) and cholesterol (m/z 386.65) was incubated on the AuNPs-PAA substrate and the substrate was simply rinsed with PBS buffer and Milli-Q water before SALDI-MS analysis. The result shown in Figure 2.11a indicates that only GSH was detectable on the modified substrate, which may be explained as a consequence of selective binding between Au on the modified substrate and the thiol group of GSH. Apparently, there was no non-specific adsorption of the non-thiol-containing peptides by either the AuNPs or the PAA brushes. By using our modified substrate, the thiol-containing peptide can be directly detected on the target plate without the requirement for separation by centrifugation as employed by aforementioned research.16,42 This truly add simplicity by reducing cost and time of sample preparation.
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