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ABSTRACT

Project Code: RSAS5580011

Project Title: Development and Application of Analytical Method for Investigation of
Particle Size Distribution of Nanoparticles in Food Samples to Gain an
Insight into Their Bioavailability and Toxicity

Investigator: Atitaya Siripinyanond
Department of Chemistry, Faculty of Science, Mahidol University

Email Address: atitaya.sir@mahidol.ac.th

Project Period: July 2012 — July 2015

The works in this study are divided into three chapters. Chapter one is related to the study of
particle size distribution of silver nanoparticles (AgNPs) in consumer product. Two field-flow
fractionation (FFF) subtechniques with electrothermal atomic absorption spectrophotometry (ETAAS)
were employed to characterize silver nanoparticles (AgNPs) in consumer products, i.e., cotton textile
and cleaning products. Size characterization of silver leached from the cotton textile was carried out.
Nearly 100% of the silver released was found to be silver ions, whereas only 1% was AgNPs. Further,
size distribution of AgNPs in cleaning products, i.e., detergent and shampoo, was examined. Silver
nanoparticles were not detectable in those samples by SAFFF. The known size of AgNPs (47 nm)
were then spiked into the cleaning products and found that approximately 75% of AgNPs transformed
into silver ion after exposure to the cleaning products.

Chapter two discusses about the application of flow field-flow fractionation for particle size
characterization of selenium nanoparticles incubated in gastrointestinal conditions. Various types of
selenium nanoparticles were examined, including those stabilized by pectin, mixed alginate/pectin,
ovalbumin, and B-lactoglobulin. Upon incubation of selenium nanoparticles in gastrointestinal
conditions, both in enzymatic and non-enzymatic media, particle size distributions and the surface of
selenium nanoparticles changed differently. Nonetheless, more than 90 % of selenium was still
presented in nanometer range after gastrointestinal digestion for the nanoparticles prepared by all types
of stabilizers.

Chapter three describes the application of flow field-flow fractionation coupled with
inductively coupled plasma mass spectrometry (FIFFF-ICP-MS) for investigation of AgNPs and

plasma protein association. In this work, bovine serum albumin (BSA), globulin, and fibrinogen were



the model proteins studied. The apparent association constants between BSA and AgNPs of various
sizes were determined. Factors influencing protein-AgNPs association were investigated including
effect of incubation time and effect of AgNPs concentration. Association between protein and AgNPs
increased as incubation time and concentration of AgNPs increased. Further, the binding

stoichiometry between BSA and AgNPs was determined.

Keywords: size characterization, field-flow fractionation, silver nanoparticles,

selenium nanoparticles, protein association
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Executive Summary

Project Title: Development and Application of Analytical Method for Investigation of Particle Size
Distribution of Nanoparticles in Food Samples to Gain an Insight into Their
Bioavailability and Toxicity

Investigaor: Atitaya Siripinyanond
Department of Chemistry, Faculty of Science, Mahidol University

Email Address: atitaya.sir@mahidol.ac.th

Project Period: July 2012 — July 2015

This research focused on the development and application of an efficient analytical method
based on the use of field-flow fractionation (FFF) to perform size characterization of nanoparticles in
complex samples. The developed method was used for investigation of particle size distribution of
silver nanoparticles in consumer products, e.g., cotton textile, cleaning products. Further, the method
was develop to examine changes of selenium nanoparticles in gastrointestinal conditions to offer a
systematic in vitro approach to gain more understanding in the nanoparticle properties when they enter
human body. Further, when the nanoparticles enter into human body, they will interact with proteins
in biological fluid. Therefore, an efficient method based on the use of field-flow fractionation coupled
with inductively coupled plasma mass spectrometry was applied to examine the association between
silver nanoparticles and proteins. The benefits of this research work are two folds. One is to obtain a
new analytical approach for detection of nanoparticles in complex samples. The second is to gain
more understanding of how nanoparticles interact with biological system. The results of this study can
be considered as an updated scientific evidence of bioavailability and toxicity of nanoparticles, which

should be of great concern.

Three papers have been published in the international journals as follows:

1. Wimuktiwan, P., Shiowatana, J., Siripinyanond, A., “Investigation of silver nanoparticles and
plasma protein association using flow field-flow fractionation coupled with inductively coupled
plasma mass spectrometry (FIFFF-ICP-MS)” (2015) Journal of Analytical Atomic

Spectrometry, 30 (1), pp. 245-253. (impact factor 2013 = 3.396)
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2. M-M, P., Somchue, W., Shiowatana, J., Siripinyanond, A., “Flow field-flow fractionation for
particle size characterization of selenium nanoparticles incubated in gastrointestinal conditions”
(2014) Food Research International, 57, pp. 208-209. (impact factor 2013 = 3.05)

3. M-M, P, Siripinyanond, A., “Field-flow fractionation with inductively coupled plasma mass
spectrometry: Past, present, and future” (2014) Journal of Analytical Atomic Spectrometry, 29

(10), pp. 1739-1752. (impact factor 2013 = 3.396)

One manuscript has been published as a book chapter as follows:

1. Suwanpetch, R., Techarang, T., Ornthai, M., M-M, P., Siripinyanond, A., “Field-flow
fractionation with atomic spectrometric detection for characterization of engineered
nanoparticles”, in Encyclopedia of Analytical Chemistry, John Wiley & Sons, Ltd., DOI:
10.1002/9780470027318.29427.

Four papers have been presented at the international conferences during the past three years as follows:

1. Field-Flow Fractionation for Engineered Nanoparticles Characterization, The 2" Taiwan-
Thailand Bilateral Mini-Symposium: Chemistry for Creative Economy 17 - 18 January, 2013,
Stang Mongkolsuk Building, Faculty of Science, Mahidol University, Thailand

2. Field-Flow Fractionation with Atomic Spectrometric Detection for Characterization of
Engineered Nanoparticles, 2013 European Winter Conference on Plasma Spectrometry, 10 — 15
February, 2013, The Auditorium Maximum of Jagiellonian University, Krakow, Poland

3. Field-Flow Fractionation for Engineered Nanoparticles Characterization, The 1" Academic
Science and Technology Conference (ASTC), 18 March, 2013, Ambassador Hotel Bangkok,
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4. Hyphenated Inductively Coupled Plasma Mass Spectrometry Approaches for Bioaccessibility
Study and Size-Based Fractionation, The 4" Asia Oceania Mass Spectrometry Conference and
10" Taiwan Society for Mass Spectrometry Annual Conference (4th AOMSC & 10"TSMS
Annual Conference), 10 — 12 July, 2013, Taipei International Convention Center, Taipei,

Taiwan
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Field-Flow Fractionation (FFF) with Electrothermal Atomic Absorption
Spectrophotometric Detection for Particle Size Characterization of

Silver Nanoparticles in Consumer Product
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1.2 Experimental
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1.2.2 Chemicals and samples
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1.3 Results and discussion
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1.4 Summary

1.5 References



1.1 Introduction

Owing to the rapid growth of nanotechnology, nanoparticles (NPs) have been widely used in many
area, including catalysis [1], sensor application [2], cosmetic [3], and pharmaceutics [4-5]. In biomedical
application the use of silver nanoparticles (AgNPs) is generally known to improve antibacterial property
[6-10]. Therefore, AgNPs have been applied in many commercial products such as room sprays, laundry
detergents, water purificants, and wall paint [11-12]. Silver nanoparticles are also incorporated into
textiles for manufacture of clothing, underwear, and socks [13-14]. Chances of AgNPs discharge into the
environment are increasing which can exhibit ecotoxicity [15], and also greatly increase the risk of human
exposure. Therefore, it is crucial to quantify and characterize the release of AgNPs from commercial
products.

The information on concentration and physicochemical properties (size, shape, surface area etc.) of
AgNPs under realistic conditions are important to gain understanding in their fate, behavior, toxicity, and
stability in the natural aquatic environment. Their toxicity is related to particle size and size distribution,
surface area, charge, solubility, reactivity, state of aggregation, elemental composition as well as structure
and shape [16]. Moreover the information on particle size and size distribution are useful for prediction of
AgNPs transport behavior. Owing to the importance of particle size of AgNPs, several analytical
techniques have been applied to investigate their particle size such as transmission electron microscopy
(TEM) [17-19], scanning electron microscopy (SEM) [20], dynamic light scattering (DLS) [20], field-flow
fractionation (FFF) [21-23], and other related techniques [24-25].

In this work, two FFF subtechniques, i.e., flow FFF (FIFFF) and sedimentation FFF (SAFFF), were
employed for characterization of AgNPs in consumer products. Field-flow fractionation offers wide
window for particle size detection ranging from 2 nm to 20 [lm, and hence is suitable for nanoparticle
characterization. Further, FFF can be used with elemental detectors such as ETAAS [25], ICP-OES [26],
ICP-MS [27], etc. to provide information on elemental concentration as a function of diameter or size-
based distribution of elements. This work aims to demonstrate the applicability of FFF for
characterization of AgNPs. Two FFF subtechniques were chosen to demonstrate their novel applications.
The first part presents an application of on-channel FIFFF preconcentration coupled off-line with ETAAS
for quantification and characterization of AgNPs release from cotton textile. Large volume introduction
based on an on-channel FIFFF preconcentration was developed for two purposes. One was for the
characterization of silver released from cotton fabric by using various washing solutions, i.e., doubly
deionized water; tap water; and detergent in tap water. Another was for the classification of silver as

AgNPs or silver ions released in detergent. The second part presents the application of SAFFF for size
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characterization of AgNPs in cleaning products, which were detergent and shampoo. Also, changes in the

particle size of AgNPs in the medium of cleaning products were investigated.

1.2 Experimental

1.2.1 Instrumentation

Two types of field-flow fractionation (FFF) were used. These included a flow FFF
(FIFFF), which was used for size characterization of AgNPs from the cotton textile, and a
sedimentation FFF (SAFFF), which was used for size characterization of AgNPs in cleaning
products. A FIFFF system (Model PN-1021-FO, Postnova Analytics, Landsberg,
Germany) with the dimension of 27 cm long, 2.0 cm wide, and 0.0254 cm thick was used.
This FIFFF channel was equipped with a 1,000 Da molecular weight cut-off regenerated
cellulose acetate membrane (Postnova Analytics). Two high-pressure liquid
chromatography (HPLC) pumps (Model PN 2101, Postnova Analytics) were employed to
deliver the flows, one for the channel (forward) flow and another one for the cross flow or
the focusing (backward) flow. The operating conditions of FIFFF are summarized in Table
1. The SAFFF system used in this study was the model S-101 Particle/Colloid Fractionator
purchased also from Postnova Analytics. The SAFFF channel was 89.5 cm long, 2.0 cm
wide, and 0.0254 cm thick, with a rotor radius of 15.1 cm. The channel volume was
calculated to be 4.45 mL. The carrier solution was introduced into the SAFFF channel by
an HPLC pump (model PN1122, Postnova Analytics). Light attenuation by the eluted
particles was monitored by a UV detector at the fixed wavelength of 400 nm (model
UV2075, Jasco, Tokyo, Japan). Samples of 50 uL were introduced into a Rheodyne model
77251 loop injector. A carrier liquid was deionized water containing 0.02% (v/v) FL-70
detergent (Fisher Scientific, USA) and 0.02% (w/v) NaN, (Merck, Germany) to prevent
bacterial growth, with the final pH of 10.5. The SAFFF instrument operating parameters

are also summarized in Table 1.



Table 1 FFF operating conditions

FIFFF Model PN-1021-FO (Postnova Analytics, Landsberg, Germany)

FIFFF channel dimensions 27.7 cm long x 2.0 cm wide x 0.02 cm thick

Carrier liquid

0.02% FL-70 and 0.02 NaN, (pH 9.5)

FIFFF with conventional sample introduction

Channel flow rate

Cross flow rate

Equilibration time

1.0 mL min"'

2.0 mL min’'

1.0 min

FIFFF with large volume sample introduction

Channel flow rate (forward)

Cross flow rate (backward)

Focusing time

0.24 mL min"'
3.0 mL min_

7.0 min

SAFFF Model S-101 (Postnova Analytics, Landsberg, Germany)

SAFFF channel dimensions/

SAFFF rotor radius

Carrier liquid

Channel flow rate

Equilibration time

Power field programming

89.5 cm long x 2.0 cm wide x 0.0254 c¢cm thick

15.1 cm

0.02% FL-70 and 0.02 NaN, (pH 9.5)

0.5 mL min"

15 min

Initial field strength of 1200 RPM, predecay time for 8 min,
field decay parameter of -64 min and final field strength of 150

RPM
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A Perkin—Elmer Analyst 100 atomic absorption spectrophotometer equipped with a
deuterium arc background corrector and a Perkin—-Elmer HGA-800 heated-graphite
atomizer was employed for silver determination. The Perkin—Elmer Model AS-72
autosampler was used to introduce standard and necessary solutions into the graphite tube.
Pyrolytically coated graphite tubes with integrated platforms from the same manufacturer
were used throughout and measurements were based on peak area. A silver hollow-cathode
lamp was operated at 4 mA and the wavelength 328.1 nm was used. The spectral
bandwidth was 0.7 nm. The furnace operating conditions for silver measurement are given

in Table 2.

Table 2 Electrothermal atomic absorption spectrometer operating condition for silver detection

ETAAS: Perkin Elmer Analyst 100-HGA-800

Step Temperature (°C) Ramp time (sec) Hold time (sec)
1 Drying 130 20 30
2 Ashing 800 20 30
3 Atomization 1800 0 8
4 Clean up 2600 1 5

1.2.2 Chemicals and samples

AgNPs were purchased from Fluka (Buchs, Switzerland), Fisher Scientific
(Leicestershire, UK), and Merck (Darmstadt, Germany), respectively. Silver nanoparticles
(80 mg L") were prepared by the following method. 100 mL of 0.1% (w/v) alginate was
dissolved in 50 mL of 1 M ascorbic acid. The mixture was stirred for 3 min.
Consequently, 50 mL of 2 M AgNO, was added and also stirred for 3 min by vortex. Then,
0.3 M of NaOH was added into the mixture until yellow solution of AgNPs was obtained.

To perform particle size characterization by FIFFF, gold colloidal standard of 10 nm
(Sigma-Aldrich, Missouri, USA) was used for checking the FIFFF channel. With the large

volume sample introduction method, the standard was diluted with carrier liquid 25 times
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before introduction into FIFFF channel. FL-70 detergent and NaN, for the preparation of
carrier liquid were from Fisher Scientific and Merck, respectively. In this case, the test
sample was a nanosilver cotton textile purchased from a local company in Thailand.

To perform particle size characterization by SAFFF, polystyrene standards of various
sizes including 0.2, 0.35, 0.53, and 0.72 pum purchased from Postnova Analytics were used
for SAFFF calibration. In this case, the test samples were commercial detergent and
shampoo purchased from a local supermarket, which were labeled to contain AgNPs.

To quantify the total amount of silver in the test samples, concentrated HCI,
concentrated HNO,, and 30% H,0O, were used to aid the digestion of the samples. All types

of acid were from Merck.

1.2.3 Application of flow field-flow fractionation (FIFFF) for AgNPs

characterization in cotton textile

The applicability of FIFFF for characterization of AgNPs was demonstrated for the
nanosilver cotton textile sample. The leaching of AgNPs from the textile sample upon
washing was investigated and the particle size was characterized. Experimental details are

given as follows:

Washing of cotton fabric in various media

The modified ISO 105-method for washing procedure was applied [28]. A 50 mL
centrifuge tube was used to contain the sample and the washing solution of 50 mL.
Mechanical stress was exerted by three ceramic balls at approximately 0.6 cm. diameters.
Three types of washing solution (doubly deionized water, tap water, and 4% AgNPs free
detergent dissolved in tap water) were used for leaching study of AgNPs from cotton
fabric. An accurately weighed 0.9 g sample (4 cm wide and 10 ¢cm long) was placed in the
centrifuge tube with ceramic balls, followed by addition of 50 mL of washing solution into
the centrifuge tube. The centrifuge tube was then screw tightened with a lid. The
centrifuge tube was agitated for 1-h contact time at room temperature on a horizontal
platform shaker (IKA-Horizontal Shaker, Model HS 250 Basic, Germany) with the speed

of approximately 250 RPM. Three washing cycles were applied. After the specified
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contact time of 1-h, the fabric sample was removed and the sample was placed in a new
centrifuge tube for the next washing cycle. The supernatant part was kept for particle size
characterization by FIFFF and silver detection by ETAAS. Before introducing the sample
to FIFFF, the obtained solution was filtered through a 0.45 pum nitrocellulose-cellulose
acetate membrane filter (Lubitech, Shanghi, China) to remove some debris and big particles

which can clog FIFFF tubings.

Acid digestion of cotton fabric sample

Acid digestion was performed before ETAAS determination of the amount of silver in
the sample. Three pieces of cotton fabric were cut from various parts of the cotton fabric
shirt including the front, back, and arm. A known amount of sample (approximately 0.5 g)
was digested using 8.0 mL concentrated HNO, and 24.0 mL concentrated HCI mixture at
approximately 100°C to obtain clear solution. The solution was allowed to cool, and then 3
mL of 30% H,O, was added to complete the digestion process. The accurately weighed
digested samples were diluted with deionized water and the total Ag contents were

determined by ETAAS.

Particle size characterization of silver released from cotton fabric in various washing
media

In order to improve the signal of AgNPs for a very diluted sample, sample
preconcentration is necessary. Opposing-flow large-volume sample introduction (500 pL)
was used for on-channel FIFFF preconcentration and size characterization. The system set
up was similar to that reported by Hassellov et al. [29] and Lyvén et al. [30]. This
approach consists of three steps, which are sample loading and focusing; equilibration; and
fractionation. In the sample loading and focusing step, the sample was introduced into the
FIFFF channel and two opposing flow streams were used to focus the sample zone into a
narrow band near the inlet of FIFFF channel. After a suitable focusing time, by which the
whole sample volume was loaded and focused in the FIFFF channel, the forward and
backward flow pumps were disengaged and the cross flow stream was introduced, so that
the sample could reach steady state equilibrium. After that the sample was fractionated by
applying cross and channel flows. The diagram of FIFFF set up for fractionation is

depicted in Figure 1.
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Figure 1 Schematic diagram illustrating FIFFF setup for AgNPs size characterization.

Classification of silver as AgNPs or silver ion release from the cotton fabric in
detergent medium

To classify silver as AgNPs or silver ions released from the cotton shirt in various
media, opposing-flow large-volume sample introduction (3.0 mL) was used for an on-
channel FIFFF preconcentration and collection for silver determination by ETAAS. The
system set up was similar to that reported by Sangsawong et al [31]. This approach
consists of two steps, including sample loading and focusing; and collection.

In the sample loading and focusing step, the sample was introduced into the FIFFF
channel and two opposing flow streams were used to focus the sample zone into a narrow

band near the outlet of FIFFF channel. During sample loading and focusing step, silver
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ions were removed through membrane whereas AgNPs or particles of larger size than the
membrane pore size (1,000 Da or 1 nm) were retained. After a suitable focusing time, the
sample was eluted and collected in a PTFE bottle. In the collection step, only AgNPs not
silver ions were collected at the channel outlet. The diagram of FIFFF set up for
classification of silver as AgNPs or silver ions from the cotton shirt in various media is

shown in Figure 2.
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Figure 2 Schematic diagram illustrating FIFFF setup for separation of silver as AgNPs or silver ions.

1.2.4 Application of sedimentation field-flow fractionation (SdFFF) for AgNPs in

detergent and shampoo

The applicability of SAFFF for characterization of AgNPs in the commercial detergent
and shampoo was demonstrated. Changes of AgNPs in those media were examined.

Experimental details are given as follows:

Preparation of detergent and shampoo for SAFFF analysis
Detergent and shampoo containing AgNPs were examined in this study. Detergent was

weighed and dissolved in deionized water to obtain the concentration of 10% (W/v).
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Shampoo was weighed and dissolved in deionized water to obtain the concentration of 10%
(v/v). Then the detergent and shampoo solutions were shaken using a platform shaker for
30 minutes and left until settle. Only the supernatant part was used for subsequent analysis,
which was shaken again using a platform shaker for 30 minutes before use. A 50 pL-

volume of these samples was introduced into SAFFF for size characterization of AgNPs.

Preparation of AgNPs spiked detergent and shampoo

Silver nanoparticles were added into detergent and shampoo to the final concentration
of 64 mg L' in 0.5, 1, and 2% (W/v) detergent and in 0.5, 1, 2% (v/v) shampoo. A 50 pL-
volume of these samples was introduced into SAFFF for size characterization of AgNPs

after thorough mixing by vortex.

Observation of changes in the form of AgNPs in the spiked detergent and shampoo

To examine if the spiked AgNPs are converted into silver ion upon in contact with
detergent and shampoo, the mixture was filtered through a 1,000 Da regenerated cellulose
acetate membrane for separation of silver ion from AgNPs [32]. The filtrate contained only

the silver ion and was determined for their silver content using ETAAS.

Determination of total silver concentration of AgNPs spiked cleaning products using
ETAAS

The concentrations of silver in AgNPs spiked cleaning products were determined by
using ETAAS after acid digestion of the samples using aqua regia. The samples were
mixed with aqua regia at the ratio of 1:1, and the mixture was left at room temperature until

the colorless solution was obtained.

1.3 Results and discussion

1.3.1 AgNPs characterization in cotton fabric
Quantification of silver released from cotton fabric in various washing media
For the cotton textile sample used in this study, the total amount of silver was found to

be 52.1 + 8.3 pg g_l. By subjecting this textile sample into various washing solutions,
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including doubly deionized water, tap water, and 4% detergent dissolved in tap water, the
released amounts of silver from the textile were determined by ETAAS. A comparison of
cotton fabric based on the released amount of silver in Table 3 indicates that the silver
release in tap water was higher than in doubly deionized water. After one washing cycle,
the released amounts of silver were 0.73 + 0.03 pg g_1 (1.4 % of the total amount) and 0.26
+ 0.01 nug g_1 (0.5% of the total amount) by tap water and doubly deionized water,
respectively. Clearly, the silver released by detergent medium, calculated as 66% from the
total silver content in cotton fabric, was significantly higher than by the other two washing
solutions. This may be due to the complexity of detergent composition such as
hypochlorite, oxygen bleaching etc., which can oxidize silver [33] in cotton fabric causing
the leaching of silver into the washing solution. This result indicates that non-detergent is
less aggressive than the detergent media at stripping silver from the cotton fabric. The
study suggests that silver from cotton fabric could be leached into domestic wastewater

upon washing with detergent, which mimicked the real situation.

Table 3 The release amount and particle size of the AgNPs from the cotton fabric using various washing

solutions (n = 3)

washing solution released silver % release* diameter (nm)**
(ngg)

Deionized water 0.26 +£0.01 0.5 1.2+0.02,2.5+0.07

Tap water 0.73 +£0.03 1.4 1.2+0.04,2.4 +0.05

Detergent in tap water 346+14 66 1.5+0.01

* The concentration of Ag in the cotton fabric is 52.1 £ 8.3 pg g%.

** The particle diameter was determined by FIFFF.

Moreover, three consecutive washing cycles were designed to study the silver content
released from cotton fabric sample into washing media. Figure 3 shows that doubly
deionized and tap water gradually leached silver from the fabric sample whereas detergent
medium leached silver more effectively in the first washing and dramatically decreased as a
function of washing times. Approximately after three washing cycles with detergent

medium, most of silver could be leached out from the cotton fabric sample. Assuming
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constant leaching efficiency by doubly deionized and tap water, approximately 200 and 70

washing cycles, respectively, are required to completely leach silver from the sample.
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Figure 3 Silver contents released in various washing media: doubly deionized water (solid bar); tap water

(grey bar); and detergent in tap water (white bar) using three consecutive washing cycles.

Characterization of silver leached by various washing media

In this study, FIFFF was used to obtain particle size information of the released silver
from the fabric sample. However, as AgNPs were present in very low concentration in
washing solution and dilution occurs along fractionation step, sample preconcentration step
is important. Thus, FIFFF was adapted for preconcentration and fractionation to
characterize particle size of AgNPs release from the washing process. A raw fractogram of
AgNPs was obtained, as shown in Figure 4(a). The raw fractogram was translated into
particle size distribution, using the method described earlier [34], as shown in Figure 4(b).
With this plot, the particle size at peak maximum (dp) was measured. The effect of
washing media (doubly deionized water, tap water, and 4% detergent dissolved in tap
water) on particle size of the released silver was examined as summarized in Table 3. For
AgNPs leached by doubly deionized and tap water media bimodal distributions were
observed (Figures 4(a) and 4(b)), whereas a distinct monomodal distribution was obtained
for AgNPs leached by detergent medium. The peak at retention time of approximately 3
min disappeared which might be due to the fact that AgNPs were oxidized to silver ions in

detergent medium.
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Figure 4 (A) Raw fractograms by FIFFF and (B) the corresponding particle-size distribution of AgNPs
obtained from the cotton sample washed in doubly deionized (LD, tap water ( [ 1), and 4% detergent in tap
water (L),

To attain more information, size based fractionation of silver was examined by FIFFF
coupled off-line with ETAAS. The fractions collected from tap and doubly deionized
water did not show any observable silver signal with ETAAS detection because of the
small amount of silver being leached from the cotton shirt sample. Thus, only the fractions
collected from the sample washed with detergent were subjected to ETAAS detection of
silver. With ETAAS detection as shown in Figure 5, silver was mostly found in sub-
fraction 4, corresponding to the retention time of 2 min. The UV fractogram of the retained
nanoparticles in Figure 4 showed similar profiles to that of the size based distribution of

silver in Figure 5.
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Figure 5 Ag distribution in various size fractions collected from FIFFF of the sample leached by 4%

detergent in tap water. Each sub-fraction corresponds to the consecutive times of 0.5 minute.

Classification of silver as AgNPs or silver ions from the cotton fabric in detergent
medium

Classification of silver as AgNPs or silver ions from the cotton shirt in detergent
medium was carried out using FIFFF. As the FIFFF comprises the membrane having a
1,000 Da molecular-weight inside the FIFFF channel, it can be used to classify form of
silver as AgNPs or silver ions after being released from cotton shirt sample. In this study,
the soluble silver ions were removed by filtering off through the FIFFF membrane whereas
AgNPs retained in the FIFFF channel owing to their larger size than the pore size of
membrane cut-off. After washing the cotton sample with 4% detergent in tap water, large-
volume sample introduction (3.0 mL) with the opposing-flow on-channel FIFFF
preconcentration and collection for off-line silver determination by ETAAS was performed.
The soluble silver ion was calculated by subtracting the value between total silver and the
AgNPs concentrations. Nearly 100% of the silver released was silver ions, whereas only
1% was AgNPs, suggesting that AgNPs from the cotton fabric studied herein were oxidized

into a dissolved ionic form when exposed to detergent medium.

1.3.2 AgNPs characterization in detergent and shampoo

Observation of SAFFF capability for characterization of AgNPs size distribution
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To apply SAFFF for size characterization of AgNPs, various experimental conditions
were examined to demonstrate the reproducibility and reliability of SAFFF. Various initial
field strengths (1200, 1500, and 1800 RPM) were applied to fractionate AgNPs as
illustrated in Figure 6a with the resulting particle size distributions shown in Figure 6b. To
transform the fractogram to particle size distribution, the average density of AgNPs of
10.490 g mL" was used. The particle size distributions in Figure 6b obtained from various
experimental conditions were all similar showing the particle size range of 30 — 70 nm with
the peak maximum at around 47 nm. This suggests that the particle size determination of
AgNPs is possible with SAFFF. Moreover, the reliability of particle size information from
SAFFF was confirmed by comparing the information with those obtained from FIFFF, by
which the results were presented in another manuscript [35]. The particle size distributions
from the two techniques were similar. For SAFFF in this work, therefore, the initial field
strength of 1200 RPM was selected for further use as it was sufficient to separate the
particles from the void fraction with minimal analysis time. SAFFF can be successfully
used to determine the particle size distributions of AgNPs with diameter as low as 10 nm

because the density of AgNPs was high.

Characterization of AgNPs in detergent and shampoo

With the selected SAFFF operating conditions, fractionation of AgNPs in detergent and
shampoo of various concentrations was carried out. Raw fractograms of AgNPs in
detergent and shampoo of various concentrations showed only one peak at approximately 9
min of elution time (void fraction), suggesting that if AgNPs were present in the detectable

level, their particle sizes were relatively small.
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Figure 6 Effect of SAFFF field strength on fractionation of AgNPs: (A) raw fractograms; and (B) particle
size distributions of AgNPs, obtained from various initial field strengths as 1200 (<>), 1500 (O), and 1800
RPM (A). The SAFFF operating condition was as follows: initial field strength hold time 8 min; field
decay parameter -64; final field strength 50 rpm, and Ap =9.490 g mL". The channel flow rate was

constant at 0.5 mL min .

As the detergent contains hypochlorite which can oxidize silver [33], it was questioned
whether AgNPs could be oxidized into silver ions. To evaluate this, the AgNPs of known
particle size (47 nm) was spiked into the detergent and shampoo samples. Raw
fractograms of AgNPs spiked detergent (2%, w/v) and shampoo (2%, v/v) are illustrated in
Figure 7. Obviously, the signals at the peak of AgNPs were decreased significantly in
detergent and shampoo media comparing to that in deionized water, suggesting the changes
in AgNPs size in detergent and shampoo. This is consistent with the report by Impellitteri
[33] that AgNPs could convert to silver ion and silver chloride after exposure to the
hypochlorite/detergent solution and in the presence of an oxidizer. Therefore the next
experiment was then performed to examine the changes of AgNPs in these cleaning

products.
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To examine the change of AgNPs in these cleaning products, ETAAS was applied to
determine silver concentrations after two sample preparation approaches as follows: direct
detection of silver in the acid digested samples; and detection of silver in the filtrate of the
AgNPs spiked detergent (2%, w/v) and shampoo (2%, v/v) from a filtration unit with 1,000
Da regenerated cellulose acetate membrane. The silver concentrations from all approaches
are presented in Figure 8. Approximately 75% of AgNPs compared with their original
concentrations detected in the digested samples were found in the filtrates, suggesting that
AgNPs were transformed into silver ion and silver chloride after exposure to the

hypochlorite/detergent solution and in the presence of an oxidizer.
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Figure 7 Fractograms of spiked-AgNPs in cleaning products by SAFFF: (A) detergent; and (B) shampoo,
where (<>), (O), and (A) represent 64 mg L AgNPs standard addition to 2% (w/v) detergent, and 2%

(w/v) shampoo, respectively.
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Figure 8 Silver concentration (mg L—I) with ETAAS determination: (A) 64 mg L' AgNPs in 0.5, 1, and
2% (w/v) detergent; and (B) 64 mg L' AgNPs in 0.5, 1, and 2% (v/v) shampoo, where black and white

bars represent silver concentration from acid digestion and released fraction after filtration, respectively.

1.4 Summary

The applicability of FFF for investigation of AgNPs in consumer products was investigated. Two
FFF subtechniques, i.e., FIFFF and SAFFF, were employed to characterize AgNPs in various types of
samples. FIFFF was successfully used in the characterization of very low concentration of AgNPs in the
leaching study of AgNPs from the cotton fabric during washing process. The finding that AgNPs could be
leached during washing is useful for the cotton shirt manufacturer, and also suggests that FIFFF may be
used as an efficient tool in the quality control and research and development processes in the garment
industry.

Further, SAFFF was effectively used to investigate size distribution of AgNPs in the larger size
scale. Detergent and shampoo, which were labeled to contain AgNPs, were used as samples. Silver
nanoparticles were not detectable in those samples by SAFFF, which might be due to their smaller size (<
10 nm) than the observable size range by SAFFF or their presence in very low amount and therefore not
detectable. Further, it was proven that in those cleaning products, approximately 75% of AgNPs

transformed into silver ion after exposure to the hypochlorite/detergent solution and in the presence of an
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oxidizer. The information obtained from SAFFF can be useful for quality control of the finished cleaning

products.
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2.1 Introduction

Selenium is considered as an essential element and it can also be toxic. The recommended dietary
allowances (RDAs) and maximum level of daily nutrient intake of selenium for both man and woman are
55-400 pg/day as specified by The Food and Nutrition Board of US National Academy of Sciences
(Monsen, 2000). Selenium is essential as it is an important component in many functional selenoproteins
required for normal health (Combs Jr & Combs, 1986; Dumont, Vanhaecke, & Cornelis, 2006; Navarro-
Alarcon & Cabrera-Vique, 2008; Rayman, Infante, & Sargent, 2008; Thomson, 2004). Selenium
nanoparticles show benefits as antioxidant and anticancer agents with low toxicity (Chen, Wong, Zheng,
Bai, et al., 2008; Jia, Li, & Chen, 2005; Peng, Zhang, Liu, & Taylor, 2007; Wang, 2009; Wang, Zhang, &
Yu, 2007; Zhang, Gao, Zhang, & Bao, 2001; Zhang, Wang, Bao, & Zhang, 2004; Zhang, Wang, Yan, &
Zhang, 2005). At nutritional dose levels in mice, selenium nanoparticles (20-60 nm) were reported to
have similar bioavailability to that of selenite, but the toxicity of selenium nanoparticles was 7-fold lower
than sodium selenite considering from the LD50 of 113 and 15 mg Se/kg body weight for selenium
nanoparticles and selenite, respectively (Zhang, Gao, Zhang, & Bao, 2001). In case of selenium
nanoparticles ingestion into human gastrointestinal tract, the absorption, translocation, and excretion of
nanoparticles in human body are controlled by various parameters including size and surface properties
(Teow, Asharani, Prakash Hande, & Valiyaveettil, 2011).

The interaction with proteins influences the surface chemistry of nanoparticles and lead to changes in
their charge and agglomeration state (Chithrani, Ghazani, & Chan, 2006; Kittler, Greulich, Gebauer,
Diendorf, et al., 2010; Zook, MacCuspie, Locascio, Halter, et al., 2011). Change in pH under the
gastrointestinal condition may trigger agglomeration of nanoparticles inside the gastrointestinal tract
(Wang, Feng, Wang, Jia, et al., 2006), and the particle size influenced on efficiency of particle uptake
(Desai, Labhasetwar, Amidon, & Levy, 1996). Size characterization of silver nanoparticles in
gastrointestinal tract was reported (Mwilu, El Badawy, Bradham, Nelson, et al., 2013; Walczak, Fokkink,
Peters, Tromp, et al., 2013). The rate of dye and dextran nanoparticle diffusion across the mucus layers to
the enterocyte surface was determined (Hoet, Briiske-Hohlfeld, & Salata, 2004; Szentkuti, 1997).
Particles with 14 nm diameter permeated within 2 min, while 415 nm particles took 30 min, whereas 1000
nm particles were unable to translocate this barrier. Until now the information about size characterization
of selenium nanoparticles on human digestive conditions are still lacking. Therefore, changes in the
particle size of selenium nanoparticles in gastrointestinal condition should be examined.

Selenium nanoparticles can be prepared by various methods. The most widely used method for

synthesis of selenium nanoparticles is the chemical reduction approach. Several exogenous reducing
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agents can be used such as ascorbic acid, glutathione, and sodium thiosulfate (Lin & Chris Wang, 2005;
Mees, Pysto, & Tarcha, 1995; Zhang, Gao, Zhang, & Bao, 2001; Zhang, Wang, Bao, & Zhang, 2004). To
control the formation and the dispersion of nanoparticles, stabilizing agents are normally required. Many
reagents have been used for stabilizing selenium nanoparticles such as polyvinyl alcohol (Barnaby,
Frayne, Fath, & Banerjee, 2011; Shah, Kumar, & Bajaj, 2007), chitosan (Bai, Wang, Zhou, Li, et al.,
2008; Zhang, Wang, Bao, & Zhang, 2004; Zhang, Wang, Yan, & Zhang, 2005), surfactant (Li & Hua,
2009; Mehta, Chaudhary, Kumar, Bhasin, et al., 2008; Min-Hsiung, 2004), and bovine serum albumin
(Zhang, Gao, Zhang, & Bao, 2001). In this work, stabilizing agents, which are generally recognized as
safe (GRAS), were used for the preparation of selenium nanoparticles. These included pectin, mixed
alginate/pectin, ovalbumin, and B-lactoglobulin, as these reagents have been characterized and used as
thickening, emulsifying, and stabilizing agents in food technology (Akhtara, Dickinson, Mazoyer, &
Langendorft, 2002; Matto, & Husain, 2006; Medina-Torres, Calderas, Gallegos-Infante, Gonzalez-Laredo,
et al., 2010; Dickinson, 2010; respectively).

Several analytical techniques have been used for size characterization of nanoparticles. These include
transmission electron microscopy (TEM) (Lin & Chris Wang, 2005; Li & Hua, 2009; Min-Hsiung, 2004),
scanning electron microscopy (SEM) (Chen, Wong, Zheng, Bai, et al., 2008; Lee, Choi, Myung, Kim, et
al., 2008), and UV-Visible spectrophotometry (UV-Vis) (Lin & Chris Wang, 2005; Mees, Pysto, &
Tarcha, 1995). With UV-Vis absorption spectrophotometry, some researchers showed that the absorption
peak of selenium nanoparticles was only observed when the particle size was larger than 100 nm (Lin &
Chris Wang, 2005). Alternatively, flow field-flow fractionation (FIFFF) has been reported for
characterization of several particles with nano scale range (Kammer, Legros, Hofmann, Larsen, et al.,
2011; Poda, Bednar, Kennedy, Harmon, et al., 2011). The FIFFF provides not only a relatively gentle
separation process, but also it allows for collection of the fractionated samples for further analysis by other
techniques.

Although size characterization of selenium nanoparticles has been documented, most publications
focused on size in the as synthesized condition medium (Ingole, Thakare, Khati, Wankhade, et al., 2010;
Lin & Chris Wang, 2005). None has reported size characterization of selenium nanoparticles in more
complex gastrointestinal fluids. With these, the objectives of this work were two-fold. The first was to
examine the feasibility of FIFFF for size characterization of selenium nanoparticles with subsequent ICP-
MS to provide element specific detection of selenium, and the second was to examine the changes in
particle size distribution of selenium under gastrointestinal conditions, both without and with digestive

enzymes.
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2.2 Experimental

2.2.1 Instrumentation

A symmetrical flow field-flow fractionation (FIFFF) system (Model PN-1021-FO;
Postnova Analytics, Landsberg, Germany) coupled to an inductively coupled plasma
quadrupole mass spectrometer (ICP-MS, Elan 6000 Perkin Elmer/Sciex, Toronto, Canada)
was employed. The FIFFF system equipped with a 1 kDa molecular weight cut-off
regenerated cellulose acetate membrane (RC) from Postnova Analytics was used for size
characterization of selenium nanoparticles. The FIFFF channel was rectangular in shape
with the dimensions being 27 cm long, 2.0 cm wide, and 0.0254 cm thick. Sample volume
of 20 pL was introduced into FIFFF via the Rheodyne injector valve. A high-pressure
liquid chromatography (HPLC) pump (Model PN 2101, Postnova Analytics, Germany) was
used to deliver the channel flow. The cross flow rate was delivered by another HPLC
pump of the same model. The optimum operating conditions of FIFFF-ICP-MS are listed
in Table 1. A UV-Visible detector (Model S3210, Postnova Analytics) was set at 410 nm
for detection of the fractionated selenium nanoparticles samples, considering from the
absorption spectra of the synthesized selenium nanoparticles. The ICP-MS was used as an
element detector sequentially after the UV-Visible absorption detector. Owing to the
similarity of the FIFFF channel and ICP-MS sample flow rates typically used for analysis,
the ICP-MS cross-flow nebulizer was connected directly to the UV-Visible detector outlet
with a 60 cm length of poly(tetrafluoroethylene) tubing (PTFE, 0.58 mm id).

Zeta potential measurements were carried out using the Zetasizer Nano ZS (Malvern
Instruments Zetasizer1000 Hs, Worcestershire, UK). A transmission electron microscope
FEI model TECNAI T20 GZ, (FEI Company Corporate, Hillsboro, Oregon, USA was used

to observe the size and morphologies of selenium nanoparticles.
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Table 1 FIFFF-ICP-MS operating condition

FIFFF: PN-1021-FO

Channel dimension/cmXcmXcm 27.7 long x 2.0 wide x 0.02 thick

Carrier liquid 0.02% -FL-70 and 0.02 NaN, (pH 11.7)

Channel flow rate/ mL min" 1.4

Cross flow rate/ mL min' 0.8

Equilibration time/ min 2.4

Membrane 1 kDa MWCO poly(regenerated cellulose acetate)

ICP-MS: Perkin Elmer ELAN 6000

Torch Fassel type with alumina ceramic injector
Rf generator frequency 40 MHz

Rf power 1,100 W

Nebulizer gas flow rate 0.9 L/min

Coolant gas flow rate 15 L/min

Auxiliary gas flow rate 0.9 L/min

Scanning mode peak hopping

Isotopes monitored (m/z) 77Se, 7886, 80Se, “Se (7SSe for quantification)

2.2.2 Chemicals

The chemicals used in this study include sodium selenite, pectin from apples (30-100
kDa) with 70-75% degree of esterification, alginic acid sodium salt from brown algae (100
— 200 kDa), albumin from chicken egg white (ovalbumin) with molecular weight of 44.3
kDa, B—lactoglobulin from bovine milk (90% PAGE), pepsin (P-7000, porcine stomach
mucosa), pancreatin (P-1750, porcine pancreas) and bile extract (B-6831, porcine). All
aforementioned chemicals were purchased from Sigma-Aldrich, Inc., MO, USA. L-
ascorbic acid was purchased from Fisher Scientific UK Limited, Leicestershire, UK. De-

ionized water (18.2 MQ cm_]) obtained from a water-purification system (Barnstead
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International, Dubuque, 1A, USA) was used to prepare all chemical reagents. For the
preparation of selenium nanoparticles, 2.5% (w/w) of stabilizers (pectin, alginate,
ovalbumin, and B—lactoglobulin) and 300 mM ascorbic acid reducing agent were dissolved
in de-ionized water. FL-70, a mixture of anionic and non-ionic compounds, was purchased
from Fisher Scientific UK Limited, Leicestershire, UK. A 0.02% (v/v) solution of FL-70
was prepared by diluting concentrated FL-70 with de-ionized water and was used as a
carrier liquid. A commercial gold nanoparticle of 10 nm used for checking the

performance of FIFFF channel was purchased from Sigma, St. Louis, MO, USA.

2.2.3 Preparation of selenium nanoparticles

Ascorbic acid was used as a reducing agent for synthesis of selenium nanoparticles.
For the preparation of pectin, ovalbumin, and B—lactoglobulin stabilized selenium
nanoparticles, 1 mL of 2.5% (w/w) stabilizing agent was mixed with 8 mL of 300 mmol L
ascorbic acid reducing agent under magnetic stirring at the speed of 1,000 rpm. With the
stirring speed reduced to 100 rpm, 1 mL of 30 mmol L' aqueous sodium selenite solution
was slowly added into the mixtures to initiate the reaction (Chen, Wong, Zheng, Bai, et al.,
2008). For mixed alginate/pectin stabilized selenium nanoparticles, 0.5 mL of 2.5% (w/w)
alginate solution was mixed with 300 mmol L ascorbic acid. Then, 1 mL of 30 mmol L'
aqueous sodium selenite solution was slowly added into the mixtures to initiate the
reaction, and 0.5 mL of 2.5% (w/w) pectin was added after 15 min incubation time. The
reaction solution therefore contained 3 mmol L sodium selenite, 0.25% (w/w) stabilizers,
i.e., pectin; mixed alginate/pectin; ovalbumin; or B—lactoglobulin, and 240 mmol L’
ascorbic acid. Upon mixing all reagents together at room temperature, the solutions
converted from colorless into red immediately with pH approximately 2.8-2.9. The
obtained selenium nanoparticles were stored at 4°C for 2 hours (at least) before size

characterization by FIFFF and TEM.

2.2.4 Gastrointestinal incubation of selenium nanoparticles
A pepsin solution was prepared by dissolving 0.16 g of pepsin in 1 mL of 0.1 mol L'
HCIl. A pancreatin-bile extract (PBE) mixture was prepared by dissolving 0.004 g of

pancreatin and 0.025 g of bile extract in 5 mL of 0.001 mol L' NaHCO,. Enzymatic
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digestion was performed according to the procedure of Miller (Miller, Schricker,
Rasmussen, & Van Campen, 1981). 7.5 g of de-ionized water were added to 5 g of
selenium nanoparticles as synthesized, adjusted to pH 2.0 with 6 mol L' HCL To carry out
pepsin-HCl digestion (gastric digestion), 375 AL of pepsin solution was added. The
mixture was then incubated for 2 h at 37°C in a shaking water bath. For intestinal
digestion, a portion of the mixture after gastric digestion (5 g) was adjusted to pH 7.0 by 5
M NaOH solution. Then 625 L of PBE mixture was added into the solution. The
solution (intestinal fraction) was incubated for 2 h at 37 °c. Non-enzymatic digestion of
selenium nanoparticles was also performed with the same procedure described above but
without addition of pepsin and PBE mixture solution. These selenium nanoparticles after
incubation in the gastrointestinal conditions were directly introduced into FIFFF channel
for particle size characterization. Duplicate experiments were performed for each type of

selenium nanoparticles.

2.2.5 Quantification of fractionated selenium nanoparticles by ICP-MS

A fractogram from FIFFF experiment was plotted between the intensity of selenium (y-
axis) as a function of retention time (x-axis). The quantification of fractionated selenium
from FIFFF was performed by an external calibration with sodium selenite standards using
the peak height data from ICP-MS peak profile. Therefore, the intensity of selenium in the
fractogram was then translated into the concentration. With the fixed flow rate used in the
FIFFF experiment, the retention time was then translated into the retention volume. The
total concentration of selenium in the fractionated selenium nanoparticles was calculated by
area integration of graph which was plotted between the concentration of Se and retention

volume.

2.3 Results and discussion

2.3.1 Size characterization of selenium nanoparticles by FIFFF
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In our work, selenium nanoparticles were prepared by using ascorbic acid to reduce
selenite to selenium with zero valent as shown in the following chemical reaction (Lin &
Chris Wang, 2005):

Se0,” +2CH,0, +2H — Se+2CH,0, +3H,0

Various stabilizing agents were employed in the synthesis to control the formation and
dispersion stability, and to prevent nanoparticles from aggregation (Donati, Travan, Pelillo,
Scarpa, et al., 2009). In this study, two types of stabilizing agents, which are generally
recognized as safe (GRAS), were used. Those included the polysaccharide and protein
types. The former included pectin and mixed alginate/pectin and the latter included
ovalbumin and B-lactoglobulin. The reactive hydroxyl, carboxyl, and amino groups in
polysaccharides and proteins show great potential for facilitating the formation and
stabilization of selenium nanoparticles (Zhang, Zhang, Wang, & Chen, 2004). Without
stabilizing agents, nanoparticles in solution are more susceptible to either oxidation or
attractive interparticle Van der Waal’s forces which cause them to aggregate and precipitate
(Cozzoli & Manna, 1996).

Particle size distributions of selenium nanoparticles prepared by ascorbic acid reducing
agent with the use of various stabilizing agents are illustrated in Figure 1. Two types of
detector were used including UV-Visible (410 nm) and ICP-MS detectors, as illustrated in
Figure 1a and 1b, respectively. The peak profiles obtained from the two detectors were
similar. Selenium nanoparticles stabilized with pectin yielded the peak maximum at 64 nm
(Figure 1, blue) and those stabilized with mixed alginate/pectin showed the peak maximum
at 37 nm (Figure 1, red). For protein based selenium nanoparticles, the peaks appeared at
30 nm (Figure 1, green) and 23 nm for selenium nanoparticles with ovalbumin and B-
lactoglobulin stabilizers (Figure 1, purple), respectively. Nonetheless, the ICP-MS was
used as a detector for further investigation as it provided element specific information. It is
clear that the type of stabilizers shows significant effect on the obtained particle size, as
different stabilizers resulted in different degrees of steric repulsion and charge stabilization
or electrostatic interaction. Steric repulsion is normally governed by the molecular mass of
the stabilizing agent. The differences in electrostatic interaction from various stabilizing
agents are due to the differences in amino, hydroxyl, or carboxyl groups in different
proteins and polysaccharides (Zhang, Zhang, Wang, & Chen, 2004).

FIFFF-ICP-MS provides not only particle size information, but it can also give

quantitative information. To demonstrate this, the amount of selenium detected during
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fractionation was compared with the amount introduced into FIFFF. (The amount of
selenium detected during fractionation was calculated based on the method described in
Section 2.5, and the amount introduced into FIFFF was calculated based on the injection
volume of 20 ]JL.) It was found that 88.4%, 102.5%, 100.5%, and 88.5% were detected
during fractionation for pectin, mixed alginate/pectin, ovalbumin, and B-laotoglobulin,
respectively.

In addition to the results observed by FIFFF, TEM was also used to monitor the size of
selenium nanoparticles. Figure 2a and 2b show the TEM images of pectin stabilized- and
ovalbumin stabilized-selenium nanoparticles, respectively. The results show good
agreement between the particle size observed from the two techniques, considering by
comparing Figure 1 (blue line) with Figure 2a (as synthesized) for pectin stabilized
selenium nanoparticles, and Figure 1 (green line) with Figure 2b (as synthesized) for
ovalbumin stabilized selenium nanoparticles. With FIFFF, the particle size at peak was 64
nm and 30 nm for pectin stabilized- and ovalbumin stabilized-selenium nanoparticles,
respectively. TEM images also show that pectin gave larger particle size than that with

ovalbumin.

2.3.2 Selenium nanoparticles in gastrointestinal conditions: effect of pH (without

enzyme addition)

To gain an insight into changes in selenium nanoparticles in gastrointestinal conditions,
selenium nanoparticles were incubated in the gastric (pH = 2) and intestinal pH (pH = 7),
both with and without addition of enzyme. These particles were subjected to FIFFF-ICP-
MS, TEM characterization, and zeta potential measurement. The zeta potential values of

selenium nanoparticles in various conditions are summarized in Table 2.
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Figure 1 Particle size distributions of selenium nanoparticles synthesized with various stabilizing agents:
i.e.,, pectin (blue); mixed alginate/pectin (red); ovalbumin (green); and B-lactoglobulin (purple),

characterized by FIFFF with a) UV-visible detector and b) ICP-MS.

as synthesized at pH 7 st pH 2 with pepsin at pH 7 with PBE

Figure 2 TEM images of selenium nanoparticles under various conditions: a) pectin stabilized selenium

nanoparticles; and b) ovalbumin stabilized selenium nanoparticles. (PBE is pancreatin bile extract)
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Table 2 Zeta potential values of selenium nanoparticles in various conditions

Zeta potential (mV)

Selenium nanoparticles with various stabilizing agents

pectin mixed alginate/pectin ovalbumin B-lactoglobulin

as synthesized -17.2 -27.6 33.3 24.3
-14.2 -28.4 37.9 25.8
-20.4 -33.0 -20.4 -35.0

at pH 2 with pepsin (gastric) -11.4 -11.0 1.9 3.0

at pH 7 with PBE (intestinal) -50.1 -47.0 -48.2 -43.1

Selenium nanoparticles with polysaccharide-based stabilizing agents

Two types of polysaccharide-based stabilized selenium nanoparticles were examined
with the particle size distributions shown in Figure 3.

By adjusting the solution pH from 2 to 7, the zeta potential values of selenium
nanoparticles with all stabilizers were more negatively charged. For polysaccharide
stabilized selenium nanoparticles, increasing pH value from 2 to 7 changed the zeta
potential values from -14.2 mV to -20.4 mV and -28.4 mV to -33.0 mV, for pectin
stabilized and mixed alginate/pectin stabilized selenium nanoparticles, respectively. It can
be realized that free carboxylic groups were deprotonated and changed to carboxylate
anions at pH value of 7 (pKa of pectin is between 3 to 4, and pKa of alginic acid is between
1.5 to 3.5). The more negative charge at pH 7 than at pH 2 indicates more electrostatic
repulsion with increasing pH, which can inhibit the agglomeration of nanoparticles.
Therefore, the particle size at peak of pectin stabilized selenium nanoparticles was smaller
at pH 7 (72 nm as shown in Figure 3a, brown) than that at pH 2 (84 nm as shown in Figure
3a, purple). The TEM images of pectin stabilized selenium nanoparticles are illustrated in

Figure 2a, which show the same trend as the results from FIFFF.
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Figure 3 Particle size distributions of a) pectin stabilized selenium nanoparticles and b) mixed
alginate/pectin stabilized selenium nanoparticles, under various conditions: i.e., at pH 2 (purple); at pH 7
(brown); at pH 2 with pepsin (red); and at pH 7 with pancreatin-bile extract (green), characterized by

FIFFF with ICP-MS.

Although selenium nanoparticles with mixed alginate/pectin stabilizer also exhibited
slightly higher negative charge at pH of 7, the particle size at peak was slightly larger than
at pH of 2 (46 nm at pH 2 as shown in Figure 3b, purple and 53 nm at pH 7 as shown in
Figure 3b, brown). This may be due to the nature of alginate that at pH below 4 alginate is
likely to form a high-viscosity acid gel (Bu, Kjoniksen, Knudsen, & Nystrom, 2004;
Dentini, Rinaldi, Barbetta, Risica, et al., 2006). Therefore, at pH 2, the solution was highly

viscous, resulting in the decrease in the collision rate of molecule. At pH 7, however, the
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lowering in viscosity of the solution promoted the possibility for particle-particle collision,

leading to larger particle size.

Selenium nanoparticles with protein-based stabilizing agents

Ovalbumin and B-lactoglobulin were selected to be a model study of protein stabilized
selenium nanoparticles. Gastrointestinal digestion of selenium nanoparticles with protein-
based stabilizing agent was also performed in both non-enzymatic and enzymatic media.
Two types of protein-based stabilized selenium nanoparticles were examined with the
particle size distributions shown in Figure 4. To understand the effect of pH on selenium
nanoparticles, experiment without addition of enzymes is first considered.

By adjusting the solution pH from 2 to 7, the zeta potential values of selenium
nanoparticles stabilized with proteins switched from the positive values to the negative
values, as 37.9 to -20.4 and 25.8 to -35.0 mV for ovalbumin and B—lactoglobulin stabilized
selenium nanoparticles, respectively (Table 2). This is due to the fact that the isoelectric
points (pI) of both proteins are higher than 2 and lower than 7. The pI of ovalbumin is 4.75
and that of B—lactoglobulin is 5.2. Therefore, at pH 2, both proteins carry a net positive
charge. At pH 7, both proteins exhibit a net negative charge.

Considering the particle size observed for ovalbumin stabilized selenium nanoparticles,
increasing the pH from 2 to 7 caused the particle size at peak shifted from 52 nm (Figure
4a, purple) to disappearance from the observable size range (1 to 160 nm) as shown in
Figure 4a (brown). Nonetheless, the signal of selenium showed up after stopping the cross
flow indicating the particle of larger than 160 nm (results not shown). This may be caused
by the precipitation of ovalbumin during the pH adjustment from 2 to 7, causing
agglomeration of selenium nanoparticles. The TEM image in Figure 2b also implies that
ovalbumin stabilized nanoparticles were agglomerated to larger size.

Considering the particle size observed for B—lactoglobulin stabilized selenium
nanoparticles, particle size distribution exhibited a peak maximum at 46 nm with a shoulder
at around 30 nm (Figure 4b, purple). This bimodal characteristic may be arisen from the
fact that B-lactoglobulin is normally found as dimers and other larger aggregates.
However at pH below 3 and above pH 8, the dimers can be dissociated into monomers
(Kuwata, Era, Hoshino, Forge, et al., 1999; Sakurai, Oobatake, & Goto, 2001). Therefore,
at pH 2 B-lactoglobulin was presented as both monomer and other non-native larger

aggregates causing the selenium nanoparticles to be stabilized by two different groups of
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stabilizer, leading to bimodal distribution. At pH 7, however, the shoulder peak at
approximately 30 nm disappeared showing only monomodal peak at 46 nm (Figure 4b,

brown).

2.3.3 Selenium nanoparticles in gastric conditions: pH 2 with and without pepsin

addition

In gastric condition, not only that the pH should be adjusted to 2, but also pepsin
should be added to better mimic the digestive system. Pepsin is enzyme produced in the
mucosal lining of the stomach that acts to degrade protein. Pepsin is negatively charged at
pH of 2 (pI of pepsin = 1) (Sepelyak, Feldkamp, Moody, White, et al., 1984). With pepsin
addition, the surface charge of all types of selenium nanoparticles studied herein changed in
such a way that the zeta potential values were less negative and less positive for
polysaccharide stabilized and protein stabilized selenium nanoparticles, respectively (Table

2).

Selenium nanoparticles with polysaccharide-based stabilizing agents

Adding pepsin into polysaccharide stabilized selenium nanoparticles cannot digest
pectin or mixed alginate/pectin to the smaller unit. Although pepsin addition caused the
zeta potential values of polysaccharide stabilized selenium nanoparticles become less
negative (-14.2 to -11.4 mV and -28.4 to -11.0 mV for pectin stabilized and mixed
alginate/pectin stabilized selenium nanoparticles, respectively), the particle size at peak of
pectin stabilized selenium nanoparticles shifted to the smaller particle size (84 nm without
pepsin as shown in the purple line to 72 nm with pepsin as shown in the red line of Figure
3a) whereas that of the mixed alginate/pectin remained unchanged (48 nm in the purple and
red line of Figure 3b). The decrease in particle size and the unchanged particle size, despite
the less negatively surface charge, suggested that under this condition the particle stability
of polysaccharide stabilized selenium nanoparticles was governed by steric stabilization
rather than electrostatic repulsion. The TEM images of pectin stabilized selenium
nanoparticles are illustrated in Figure 2a, which show the same trend as the results from

FIFFF.
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Selenium nanoparticles with protein-based stabilizing agents

Addition of pepsin at stomach pH of 2 caused the zeta potential values of both protein
stabilized selenium nanoparticles become less positively charged (37.9 to 1.9 mV and 25.8
to 3.0 mV for ovalbumin and B-lactoglobuin stabilized selenium nanoparticles,
respectively). This can be realized that at this pH both ovalbumin and B—lactoglobulin
carry a net positive charge whereas pepsin carries a net positive charge. Therefore,
addition of negatively charged pepsin caused charge neutralization of the positively
charged proteins resulting in the overall reduction in the zeta potential values.

Ovalbumin is known to be resistant to pepsin digestion (Martos, Contreras, Molina, &
L(’)pez-FandiItIO, 2010). Considering ovalbumin stabilized selenium nanoparticles, the
particle size was shifted to larger size (52 nm without pepsin as shown in the purple line
and 64 nm with pepsin as shown in the red line of Figure 4a). This may be due to the
decrease in electrostatic repulsion between the particles (as evidenced by the decrease in
zeta potential values) causing particle agglomeration. The TEM images of ovalbumin
stabilized selenium nanoparticles are illustrated in Figure 2b, which show the same trend as
the results from FIFFF.

Considering B—lactoglobulin stabilized selenium nanoparticles, the bimodal
distribution at pH 2 without pepsin addition (30 and 46 nm as shown in Figure 4b, purple)
became monomodal at 30 nm with pepsin addition (Figure 4b, red). The disappearance of
the peak at 46 nm may be realized from the fact that the high-molecular weight nonnative
aggregates were digested rapidly, whereas the dimers and monomer were resistant to peptic
digestion (Peram, Loveday, Ye, & Singh, 2013). The resistance of native B—lactoglobulin
to pepsin hydrolysis is attributed to its particular folded calyx structure where the target
amino acid residues are buried in the protein core (Malaki Nik, Wright, & Corredig, 2010).
Therefore, the peak at 46 nm which is believed to be the selenium nanoparticles stabilized
by the high-molecular weight nonnative aggregates, was shifted to the smaller particles

stabilized by only the dimeric and monomeric forms of B-lactoglobulin.
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Figure 4 Effect of ZnCl, concentration on encapsulation efficiency of O-TOC (50 mM) in 4.0% (w/v)

HEW particles.

2.3.4 Selenium nanoparticles in intestinal conditions: pH 7 with and without

pancreatin bile extract addition

In intestinal condition, not only that the pH should be adjusted to 7, but also pancreain
bile extract should be added to better mimic the intestinal system. Pancreatin is a mixture
of several digestive enzymes produced by the exocrine cells of pancreas. It is composed of
amylase, trypsin, lipase, ribonuclease and protease. The amylase found in pancreatin works
to hydrolyze carbohydrate into oligosaccharides and the disaccharide maltose. Moreover,
bile solution is hydrophilic on one side and hydrophobic on the other side. The hydrophilic
sides are negatively charged, and this charge can prevent nanoparticles from aggregation.

With pancreatin bile extract addition, the surface charge of all types of selenium
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nanoparticles studied herein became more negatively charge as evidenced by the zeta
potential values shown in Table 2.

At pH 7, selenium nanoparticles stabilized with all types of stabilizing agents
studied herein carry overall negative charge. Addition of pancreatin bile extract, which
consists of a group of negatively charged molecules, results in the overall increase in
electrostatic repulsion of the same charge molecules. Therefore, the particles shifted to
smaller size as depicted in Figures 3 and 4 (the brown lines and the green lines, without and
with pancreatin bile extract, respectively). The TEM images of pectin and ovalbumin

stabilized selenium nanoparticles show the same trend as the results from FIFFF.

2.4 Summary

Flow field-flow fractionation was found effective for size characterization of selenium
nanoparticles. With the use of an on-line ICP-MS detection, element specific information was obtained
and the quantification of selenium indicated that the total of approximately 88-103% of the original
selenium nanoparticles were detected during fractionation. Upon incubation of selenium nanoparticles in
gastrointestinal conditions, particle size distributions shifted differently depending on the type of
stabilizing agent used in the preparation of selenium nanoparticles. The changes in particle size are
governed by the resulting particle surface charge and the monomeric/dimeric nature of the stabilizing
molecules at different pH values. Ionic strength and the presence of enzyme also affected on the particle
surface charge and electrostatic interaction. Despite the shift in particle size distribution, more than 90 %

of selenium was still presented in nanometer range after gastrointestinal digestion.
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3.1 Introduction

Many consumer products nowadays are claimed to contain engineered nanoparticles. Owing to its
strong antimicrobial activity, silver nanoparticles (AgNPs) have been used in several applications, such as
food packing materials; textile; cosmetic; household items; and wound dressing. However, the wide usage
of AgNPs increases the possibility for these nanomaterials to enter into environment and human body.
Human exposure to AgNPs can be from various routes, including ingestion; inhalation; dermal contact;
and through therapeutic applications [1, 2].

Some researchers reported different transdermal penetration rates of AgNPs through the intact and
damaged skins, which were controlled by intrinsic parameters of the skin [3]. Once entering the body,
AgNPs were rapidly in contact with biological fluids such as saliva, mucus, lung lining fluid, and plasma
protein [4, 5]. Therefore, the assessment of the interactions between AgNPs and plasma proteins is a very
important issue. Considering the plasma proteins, the majority is albumin (55%), followed by globulin
(38%) and fibrinogen (7%). Various analytical techniques were exploited to examine plasma protein-
nanoparticles association in order to gain an insight into the binding between plasma proteins and AgNPs.
Those techniques include ultraviolet-visible spectroscopy (UV-Vis) [6], fluorescence spectroscopy [7],
dynamic light scattering (DLS) [8], atomic force microscopy (AFM) [9], and size exclusion
chromatography (SEC) [10]. In this work, we proposed the use of flow field-flow fractionation (FIFFF)
online with inductively coupled plasma mass spectrometry (ICP-MS) as an alternative technique for
investigation of AgNPs-plasma protein association. This hyphenated technique has been successfully
applied to examine freshwater oligochaete exposure to AgNPs [11], study the effects of particle size and
the coating on the bioaccumulation and depuration of AgNPs within the gut cavities of aquatic
invertebrates [12], investigate the effect of UV irradiation on the stability of AgNPs [13], analyze AgNPs
in chicken meat [14], and examine the association of AgNPs with HepG2 cells [15].

The aim of this work was to apply a conventional symmetrical flow field-flow fractionation (FIFFF)
with online inductively coupled plasma mass spectrometry (ICP-MS) for investigation of plasma protein-
silver nanoparticles (AgNPs) association. Plasma proteins studied herein included bovine serum albumin
(BSA), globulin, and fibrinogen. The key parameters affecting the association between plasma proteins
and AgNPs were examined, including incubation time and AgNPs concentration. The novel finding from

this technique also includes the information on stoichiometric binding between AgNPs and BSA.
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3.2 Experimental

3.2.1 Instrumentation

A symmetrical FIFFF system (Model PN-1201-FO, Postnova Analytics, Landsberg,
Germany) equipped with a 1,000 Da molecular weight cut-off regenerated cellulose acetate
membrane (Postnova) was used. The geometry of the FIFFF channel is 27.7 cm long, 2.0
cm wide, and 0.0254 c¢m thick. Sample volume of 20 pL was introduced into FIFFF via the
Rheodyne® injector valve. Two high pressure liquid chromatography (HPLC) pumps
(Model PN 2101, Postnova Analytics, Germany) were used to regulate the channel flow
and the cross flow, respectively. In our experiment, a channel flow was set at 1 mLmin"
and a cross flow of 2 mLmin " was used. After fractionation, the effluent was directed
through a UV detector (Model Water 2487 Dual A Absorbance Detector, Waters, Milford,
MA, USA) which was set at 280 nm for detection of the plasma proteins. The UV detector
outlet was coupled to an ICP-MS instrument (Sciex/Elan 6000, PerkinElmer Instruments,
Shelton, CT, USA) using a cross-flow nebulizer with 50-cm poly (tetrafluoroethylene)
tubing (PTFE, 0.58 mm id). The eluted fraction from FIFFF was introduced into the ICP-
MS sample introduction system for further determination of element. Both silver isotopes
(107Ag and 109Ag) were monitored and an integration dwell time of 25 ms was set for each
isotope. The total number of readings per replicate was chosen such that data were
collected for the entire fractograms. To assure no drift of instrument, 20 pg L' AgNPs was
used for checking the stability of the signal once after every five run. The FIFFF-ICP-MS
operating conditions are given in Table 1.

A UV/Visible spectrophotometer (Model V-530, Jasco, Easton, Maryland, USA) was
used for acquisition of the UV/Visible absorption spectra of AgNPs, plasma protein, and

protein-AgNPs association.
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Table 1 FIFFF-ICP-MS operating conditions

FIFFF: Model PN-1021-FO

Channel flow rate/mL min ' 1.0

Cross flow rate/mL min ' 2.0

Equilibration time/min 1.1

Carrier liquid 30 mM Tris-HNO, (buffered at pH 9)

Membrane 1 kDa MWCO, poly(regenerated cellulose acetate)

ICP-MS: Sciex/Elan 6000 Perkin Elmer

RF generator frequency/MHz 40

RF power/W 1100-1300
Nebulizer gas flow rate/L min | 0.90-0.95
Coolant gas flow rate/L min’ 15.0

Auxiliary gas flow rate/L min ' 0.90

Mode Peak hopping
Dwell time/measurement/isotope 25

Torch Fassel type
Torch injector Ceramic alumina
Spray chamber Ryton" Scott-type
Nebulizer Gem-tip® cross flow
Isotopes monitored 107Ag, 109Ag

3.2.2 Chemicals

Bovine serum albumin (BSA) and tannic acid were purchased from Fluka (Buchs,
Switzerland). Y- globulin and fibrinogen were purchased from Sigma-Aldrich (Steinheim,
Germany). Silver nitrate, sodium azide and nitric acid (65%) were from Merck (Darmstadt,
Germany). Tris (hydroxymethyl aminomethane) and FL-70® detergent (AR 98% assay)
were from Fisher Scientific (Leicestershire, UK.). De-ionized water (18.2 MQ cm_l)
obtained from a water purification system (Barnstead International, Dubuque, IA, U.S.A.)
was used throughout the experiment. All glassware was washed and soaked overnight in

30% HNO,, and rinsed again with de-ionized water before use.
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Two types of carrier liquid were used in the experiment. A 0.02% (w/v) FL-70 with
0.02% (w/v) sodium azide was used for size characterization of AgNPs. Another carrier
liquid was a 30 mM tris (hydroxymethyl aminomethane), Tris, buffered at pH 9, which was
used for investigation of AgNPs-plasma protein association.

Silver nanoparticles were prepared by using the method described by Sivaraman et al.
[16]. While stirring, 25 mL of 0.3 mM tannic acid adjusted pH by K,CO, and 5 mL of 3
mM silver nitrate were mixed in a conical flask. Three pH conditions were used, including
pH of 8, 9, and 10 to prepare AgNPs of various sizes. A brown yellow solution appeared
immediately, indicating the formation of tannic stabilized AgNPs. Albumin of 5.2 x 10"

M, Y- globulin of 6.2 x 10° M, and fibrinogen of 5.8 x 10° M were prepared in Tris-buffer.

3.2.3 Calculation of AgNPs concentration
The concentration of the synthesized AgNPs was calculated by the method described
by Mariam et al. [7]. By assuming that AgNPs are spherical in shape, the number of silver
atoms was calculated by considering that the volume ratio of silver atom to AgNPs is
74.1% in the cubic structure. The radius of silver atom is 0.144 nm, and therefore its

volume is 0.0125 nm’. For AgNPs with the diameter of d nm, its volume is (7'[:/6)af3 nm’.
Tiomoga. 1

Thus, the number of silver atoms (N) in each AgNPs is equal to 182 ™ & o126 |

which is calculated to be 31 d’ [7]. The concentration of the AgNPs was then calculated by
taking the ratio of the total number of silver atoms added to the reaction solution (N )
and the product between the number of silver atoms present in each nanoparticle (N) and
the volume of the reaction solution in liters (V) and the Avogadro’s constant (N,). By
assuming that all silver atoms were converted to AgNPs completely, therefore, the
concentrations of various AgNPs sizes of 2.6, 10, 23 nm were calculated to be 9.2 x 10_7,

1.6x 10", 1.3 x 10” M, respectively.

3.2.4 Observation of incubation time and concentration of AgNPs with plasma

proteins

Two parameters influencing protein-nanoparticles association were investigated.
These included the effects of incubation time and AgNPs concentration on protein binding.
To examine the effect of incubation time, 2.6 nm tannic stabilized AgNPs of 4.6 x 10" M

was incubated with either 2.6 x 10" M BSA, 3.1 x 10° M globulin, or 2.9 x 10° M
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fibrinogen at 37 °C for 5 min, 2, and 24 h. To examine the effect of AgNPs concentration
on its binding with proteins, 2.6 nm tannic stabilized AgNPs of various concentrations as
92x10%,2.7x 10", and 4.6 x 10" M were incubated with either 2.6 x 10" M bovine serum
albumin, 3.1 x 10> M globulin, or 2.9 x 10° M fibrinogen at 37°C for 24 h. After
incubation, the mixture was introduced into FIFFF for characterization. After fractionation,

the effluent was directed through a UV detector and sequentially to ICP-MS.

3.2.5 Observation of stoichiometric binding between AgNPs and BSA
The stoichiometric binding between AgNPs with BSA was investigated by incubating
different concentrations of bovine serum albumin with 2.6 nm tannic stabilized AgNPs of
9.2 x 10° M at 37 °C for 5 min. To confirm the stoichiometric binding between AgNPs
with BSA, various concentrations of tannic stabilized AgNPs were incubated with BSA of
1.5x 10° M. After incubation, the mixture was introduced into FIFFF-ICP-MS. The mole
ratio between AgNPs and BSA was examined by keeping AgNPs and BSA constant as

shown in Table 2 and 3, respectively.

Table 2 Mole ratio method for determination of stoichiometric binding between BSA and AgNPs. The

concentration of AgNPs was kept constant.

Concentration of AgNPs (M) Concentration of BSA (M)

1.49x 10°
7.46 x 107
1.49x 10"
92x 10" 1.79x 10"
2.08x 10"
2.38x 10"

2.98x10"
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Table 3 Mole ratio method for determination of stoichiometric binding between BSA and AgNPs. The

concentration of BSA was kept constant.

Concentration of BSA (M) Concentration of AgNPs (M)

1.84x 10"
3.68x10°
4.60x10°
1.49x 10° 552x 10"
598x10”
6.44x 10"
7.36x 10”
8.28x 10~
9.20x 10°

1.10x 10"

3.3 Results and discussion

3.3.1 Characterization of silver nanoparticles

Characterization of the synthesized AgNPs was performed using UV-visible absorption
spectrophotometry and FIFFF. With UV-visible absorption spectrophotometry, the blank
solution containing tannic acid at the same pH as the tannic stabilized AgNPs was filled in
a reference cuvette for background subtraction. The absorption spectra of AgNPs
displayed the surface plasmon resonance bands at 400, 410, and 420 nm for tannic
stabilized AgNPs at pH 8, 9, and 10, respectively, as displayed in Figure la. These peaks
indicated the formation of AgNPs. With FIFFF, the particle size distributions showed the
peaks at 23.0 £ 0.2, 10.0 + 0.3, and 2.6 £ 0.1 nm for tannic stabilized AgNPs at pH 9, 10,
and 11, respectively, as illustrated in Figure 1b. The large void peaks observed in the
fractograms shown in Figure 1b were due to the incomplete removal of the negatively
charged tannic acid through the negatively charged cellulose acetate membrane during a
very short time equilibration step (1.1 min, Table 1). The trends of particles sizes obtained

from UV-visible absorption spectrophotometry and FIFFF were in good agreement. As can
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be seen, the smaller particles size of AgNPs exhibited plasmon resonance peak at shorter

wavelength as compared to the bigger particle. These AgNPs were used in further

experiments to observe the association between these particles and proteins.
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Figure 1 (a) UV-visible absorption spectra and (b) fractograms of tannic stabilized AgNPs synthesized at

pH 8 (blue), 9 (green), 10 (red).

As reported by other investigators [7, 17], the complex formation of BSA and AgNPs

could be characterized by UV-visible absorption spectrophotometry. The absorption

spectrum of BSA displayed a peak maximum at 278 nm (Figure 2). In the presence of

AgNPs as illustrated in Figure 2a, 2b, 2¢ for AgNPs of 2.6, 10, and 23 nm, respectively, the

absorbance at 278 nm of BSA increased with increasing in AgNPs concentrations,

suggesting the formation of the ground state complex between BSA and AgNPs [7]. The

apparent association constant (K, ) for the complex formation between BSA and AgNPs
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was then calculated using the method reported by Benesi and Hildebrand [17], as illustrated

in Figure 2d. The slope of the graph represents the reciprocal of K, | (A-A,) and the
intercept represents the reciprocal of (A -A,), where A_ is the absorbance of the AgNPs-
BSA complex and A, is the absorbance of BSA. Therefore, the values of K, for AgNPs
size of 2.6, 10, and 23 nm were calculated to be 5.2 x 107, 8.8 x 107, and 9.8 x 10° L mol_l,
respectively. This trend suggests that the bigger the particle size, the higher the value of
the apparent association constant. The increase of the K, o value was found to linearly

depend on the increase of the particle volume (Kapp X ).

2 2
a b
1.5 A 15
] ]
< c
] ]
2 14 o 1
2 g
-2 o
05 1 < o5 |
0 T T T T T T T T T T 0
250 260 270 280 290 300 310 320 330 340 350 j ! ' " ' j ' ' J '
250 260 270 280 290 300 310 320 330 340 350
Wavelength (nm)
Wavelength (nm)
2 1
c 18 d
16 A
15 4 14 1 y = 2E-08x - 2.1175
® R? = 0.99341
Q > 12 A y = 2E-00x - 2.4239
< < 10 R? = 0.99324
o 14 '
s 2 g y = 1E-08x - 0.5186
@ e R? = 0.99994
3 < 6l
o5 4 3
0.5 2
21 [u}
0 . . . . . T . . . : 0 T T T ,
250 260 270 280 290 300 310 320 330 340 350 0 2E+09 4E+09 6E+09 8E+09
Wavelength (nm) 1/[AgNPs, M]

Figure 2 UV-visible absorption spectra of 2.6 x 10" M BSA (black) and BSA in the presence of AgNPs of
(a) 2.6 nm with the concentration of 9.2 x 10" M (blue), 2.7 x 10” M (green), and 4.6 x 107 M (red); (b)
10 nm with the concentration of 1.6 x 10° M (blue), 4.8 x 10° M (green), and 8.0 x 10° M (red); and (c)
23 nm with the concentration of 1.3 x 10" M (blue), 3.9 x 10" M (green), and 6.5 x 10" M (red). [Note

— increasing concentration of AgNPs resulted in higher absorbance] (d) Linear plots for calculation of

K,,, between BSA and AgNPs of 2.6 nm (O), 10 nm (A), and 23 nm (L),

3.3.2 FIFFF-ICP-MS for observation of protein-AgNPs association
The effects of incubation time and AgNPs concentration on the binding of the protein
to AgNPs were examined using FIFFF-ICP-MS. The proteins investigated were BSA,

globulin, and fibrinogen. The particle size of AgNPs was 2.6 nm. In order to understand if
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the binding was due to the binding between the proteins and AgNPs, or the free dissolved
Ag ions which were not converted into AgNPs, the remaining dissolved Ag ions were
estimated. The estimation was performed by calculating the amount of Ag detected under
the fractogram compared with the amount of Ag from AgNPs suspension, which was
nebulized directly into the ICP-MS without flowing through the FIFFF channel. By taking
into consideration that the sample recovery of AgNPs fractionation in the FIFFF channel
was approximately 80%, the remaining dissolved Ag ion in the AgNPs were estimated to
be approximately 5%. Therefore, the binding behavior discussed hereafter is mainly due to

the binding between the protein and AgNPs.

Effect of incubation time

The fractograms of tannic stabilized AgNPs are illustrated in Figure 3a (with UV
detection at 400 nm) and Figure 3b (with ICP-MS detection). Two peaks were observed in
Figure 3a, by which the first peak (1.6 min) was assigned to the excess tannic acid whereas
the second peak (4.8 min) was assigned to AgNPs, which was confirmed by one distinct
peak at 5.5 min as observed in Figure 3b with ICP-MS detection. With UV detection, the
large void peak was observed (1.6 min), owing to the incomplete removal of negatively
charged tannic acid through the negatively charged cellulose acetate membrane during a
1.1 min equilibration step. The fractograms of BSA are illustrated in Figure 3¢ (with UV
detection at 280 nm) and Figure 3d (with ICP-MS detection). One distinct peak was
observed at 3.4 min with UV detection (Figure 3¢, red) and this was clearly the peak of
BSA. No signal was observed with the ICP-MS detection (Figure 3d, red). Different
incubation times at 5 min, 120 min, and 24 h were given to allow BSA to interact with
AgNPs. For the mixture, the fractograms with varying incubation times are shown in
Figure 3¢ (with UV detection at 280 nm) and Figure 3d (with ICP-MS detection). With
ICP-MS detection, it was clearly seen that the peaks illustrating the signal of Ag were
shifted from 5.5 min (Figure 3b) to approximately 3 min retention time (Figure 3d),
indicating the interaction between AgNPs and BSA. The association between AgNPs and
BSA can be the formation of a “nanoparticle-protein corona” which has been documented
in many published articles [18, 19]. The formation of a "protein-corona" would affect the
interactions with the membrane, resulting in shift of the retention times [14, 20].
Nonetheless, the formation of a “nanoparticle-protein corona” was unlikely as it should

result in larger particle formation. Alternatively, the peak at 3 min might be due to the
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binding between BSA with the released Ag ion from the AgNPs, as reported by other

investigators [21].
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Figure 3 Fractogram of 2.6 nm tannic stabilized AgNPs 4.6 x 107 M: (a) with UV detection; and (b) with
ICP-MS detection. Fractograms of BSA 2.6 x 10'M (c and d, red); globulin 3.1 x 10°M (e and f, red);
fibrinogen 2.9 x 10°M (g and h, red), mixed with 2.6 nm tannic stabilized AgNPs 4.6 x 107 M: (c.e,g)
with UV detection; and (d,f,h) with ICP-MS detection, at various incubation times of 5 min (green), 120

min (blue), and (brown) 24 h.

As evidenced by Cedervall et al. [18], the nanoparticle-protein corona formation is a
complex and time-dependent process, which is governed by thermodynamic and kinetic

factors. Under the condition studied herein, the association between BSA and AgNPs or
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the released Ag ion from the AgNPs occurred within 5 min of incubation time. With
longer incubation time at 24 h, bimodal characteristic was observed by the appearance of
the peak at approximately 10 min, implying that AgNPs might grow bigger. The shift to
bigger size may either be caused by three reasons. The first plausible reason is due to the
nanoparticle-protein corona formation, yielding larger particle size. The second plausible
reason is due to the displacement of tannic acid stabilizing agent with BSA, which is more
steric leading to larger particle size. The displacement of stabilizing agent with BSA might
occur through the ligand-exchange or place-exchange reaction as reported by the other
investigators for AuNPs [22]. The third plausible reason is due to the interaction between
tannic acid and BSA as the association between tannic acid and proteins has been widely
known by food scientists to cause astringency perception [23].

To demonstrate the effect of incubation time on AgNPs binding with globulin, the
fractograms as shown in Figures 3e and 3f are considered. The fractograms of globulin are
illustrated in Figure 3e (with UV detection at 280 nm) and Figure 3f (with ICP-MS
detection). With UV detection (Figure 3e, red), the peak of globulin appeared at retention
time of 6.2 min with a shoulder at 8.7 min. Clearly, no signal was observed with the ICP-
MS detection (Figure 3f, red). Different incubation times at 5 min, 120 min, and 24 h were
given to allow globulin to interact with AgNPs. For the mixture, the fractograms with
varying incubation times are shown in Figure 3e (with UV detection at 280 nm) and Figure
3f (with ICP-MS detection). At incubation times of 5 and 120 min, monomodal
distribution was observed at the retention time of 13.2 min. It is interesting to note that the
peak at 13.2 min shifted significantly from the peak of individual AgNPs at 5.5 min (Figure
3b), suggesting the rapid occurrence of the binding between AgNPs and globulin. This
globulin-AgNPs corona formation resulted in larger particle size. Alternatively, the peak at
13.2 min might be assigned to the binding between the released Ag ion with the dimeric
form of globulin as the monomeric form of globulin displayed a peak at approximately 6.2
min (Figure 3e). One might wonder why this dimeric peak was not distinct with the
absorbance detection at 280 nm, as shown in Figure 3e. We believed that the dimeric form
was present in a relatively lower concentration than the monomeric form of globulin.
Nonetheless, the released Ag ion from AgNPs showed preferential association with the
globulin dimer, leading to the more distinct peak of the dimeric form when ICP-MS was
used for silver detection. The dimerization of globulin on the AgNPs surface might be

caused by structural perturbation of globulin by the high surface-to-volume ratios of



-54 -

nanoparticles, which resulted in high concentration of globulin adsorbed at the particle
surface of low dimensionality, enhancing the probability of partial unfolding of globulin, as
described by Linse et al [24]. Nonetheless, bimodal distribution was observed when the
incubation time reached 24 h, by displaying peaks at 6.6 and 13.2 min. This suggested that
in our experiment the dimerization occurred rapidly within 5 min and was found reversible
as the monomeric peak at 6.6 min retention time was observed at the incubation time of 24
h. Alternatively, the peak at 6.6 nm might be due to binding of the released Ag ion from
AgNPs with the monomeric fraction.

The effect of incubation time on the binding of AgNPs to fibrinogen was examined, as
illustrated in Figures 3g and 3h. The fractograms of fibrinogen are illustrated in Figure 3g
(with UV detection at 280 nm) and Figure 3h (with ICP-MS detection). With UV detection
(Figure 3g, red), the peak of fibrinogen appeared at retention time of 10.3 min. As
expected, no signal was observed with the ICP-MS detection (Figure 3h, red). Fibrinogen
was allowed to incubate with AgNPs for various incubation times at 5 min, 120 min, and
24 h. Comparing between Figure 3g and Figure 3h, the peak positions were not similar,
suggesting that AgNPs were preferentially associated to the larger molecular weight
fibrinogen. Considering Figure 3h, the binding occurred within 5 min of incubation time,
as can be observed from the peak at 14.5 min, which slightly shifted toward larger size than

the pure fibrinogen.

Effect of AgNPs concentration

To examine the effect of AgNPs concentration on the association between BSA and
AgNPs, various concentrations of AgNPs were incubated with BSA at fixed time of 24 h.
With increased concentration of AgNPs, the signal intensity was increased, suggesting that
more AgNPs could be associated with BSA. The shoulder peak at around 10 min was
observed when the concentration of AgNPs increased up to 4.9 x 107 M, suggesting that
the enlargement of the particles depends on the concentration of AgNPs. The nanoparticle-
protein corona formation, or the place-exchange reaction between BSA and tannic acid or
the association between BSA and tannic acid was not taken place when the concentration of
AgNPs was too low.

The binding of globulin to AgNPs with various AgNPs concentrations was also
examined at a fixed incubation time of 24 h. When concentration of AgNPs was increased,

the signal intensity of fractogram was increased. Broad distribution was observed at low
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concentration of globulin. The distribution became bimodal showing distinct peaks at 6.6
and 13.2 min retention time when the concentration of AgNPs was increased to 4.6 x 107
M. This suggests that the dimerization of globulin induced by AgNPs is concentration
dependent.

The binding of fibrinogen to AgNPs with various AgNPs concentrations is shown in
Figure 4e and Figure 4f. With AgNPs 0f 9.2 x 10° M, the signal of Ag was quite negligible
suggesting that this concentration might be too low to cause the binding with 2.9 x 10° M
fibrinogen (Figure 4f). However, when the concentration of AgNPs increased to 2.7 x 107
M, the peak was observed at 16.6 min. Formation of nanoparticle-protein corona between
AgNPs and fibrinogen is possible as reported by Cedervall et al [18]. With increasing
AgNPs to 4.6 x 10”7 M, bimodal characteristic was observed at 10.5 and 14.2 min. The
peak at 10.5 min is quite close to the peak of pure fibrinogen, suggesting the possible

occurrence of fibrinogen binding with the released Ag ion from the AgNPs.
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Figure 4 Fractograms of 2.6 x 10" MBSA (a and b, red); 3.1 x 10°M globulin (¢ and d, red); 2.9 x 10°M
fibrinogen (e and f, red), incubated 24 h with 2.6 nm tannic stabilized AgNPs of various concentrations as
(green) 9.2 x 10°; (blue) 2.7 x 10; and (brown) 4.6 x 107 M: (a,c,e) with UV detection; and (b,d.f) with

ICP-MS detection.
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3.3.3 Binding stoichiometry between AgNPs and BSA

This is the first time that FIFFF-ICP-MS was applied to examine the stoichiometry of
the binding of BSA with AgNPs. Various concentrations of BSA were incubated with
AgNPs 0f 9.2 x 10° M. In order to differentiate the signal of Ag between the Ag binding to
BSA and the Ag in the AgNPs, the fractogram of the mixture between BSA and AgNPs
(Figure 5a) was deconvoluted using PeakFit® program (an automated peak separation
analysis software). The deconvoluted peaks of the fractogram are illustrated in Figure 5b,
which showed two distinct peaks at 3.6 and 5.9 min. The first peak was related to BSA
binding and the second peak was contributed from AgNPs. The area under the first
deconvoluted peak (peak I) of the Ag fractogram was observed. Using the mole-ratio
method, the peak area under the first deconvoluted peak (peak I) of the Ag fractograms
obtained from varying concentrations of BSA was plotted as a function of BSA
concentration as illustrated in Figure 5c. At low concentration of BSA, the peak area of the
first deconvoluted peak (peak I) of Ag fractogram was low and the peak area increased
rapidly with increasing in BSA concentration from 7.46 x 10° to 1.49 x 10" M. After this
point, the peak area under the first deconvoluted peak (peak I) of the Ag fractogram
became relatively constant with increasing BSA, suggesting that the binding became
constant. The stoichiometric binding between BSA and AgNPs was determined at the
inflection point or the point where the two straight lines met, which was at the BSA
concentration of 1.49 x 10" M, implying that the binding ratio between BSA and AgNPs
was 1 : 6.2 x 10", This is only a rough estimation as the increment of the concentration
from 7.46 x 10” to 1.49 x 10" M was rather unrefined.

To confirm the stoichiometric binding between AgNPs and BSA, similar experiment
was performed by varying AgNPs concentrations with fixed BSA concentration at 1.49 x
10° M. For very low concentrations of AgNPs, no signal of Ag was observed at the peak
of BSA. Until at AgNPs of 7.4 x 10” M, the signal of Ag increased significantly and
became relatively constant thereafter (Figure 5d). This suggests that the stoichiometric
binding of BSA and AgNPsis 1 :4.9 x 107, Using the mole ratio method by keeping either
AgNPs or BSA constant, the ratio of BSA and AgNPs were found to be approximately 1 : 5
X 10_7, suggesting that approximately 2 x 10° molecules of BSA adsorbed on a single AgNP

with the size of 2.6 nm.
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Figure 5 (a) Fractogram of the mixture between 1.49 x 10°M BSA and 9.2 x 10" M AgNPs, with ICP-
MS detection. (b) The deconvoluted peaks of the fractogram, showing two peaks (Peak I, blue and Peak
II, red). Plots of peak area under the deconvoluted peak I of the Ag fractograms versus concentrations of
(c) BSA when the concentration of AgNPs was 9.2 x 10" M, and (d) AgNPs when the concentration of
BSA was 1.49 x 10° M.

3.4 Summary

With the use of UV-visible spectrophotometry, complex formation of BSA and AgNPs could be
observed and the apparent association constant (Kapp) could be determined as reported by other
investigators [7, 17]. The novel finding from this study, however, is that the K,,, value was found to
linearly depend on the particle volume (K, | O &'). Furthermore, FIFFF-ICP-MS was demonstrated as an
alternative method to monitor the protein-AgNPs association. Plasma proteins (BSA, globulin, and
fibrinogen) were investigated for their formation of protein corona with AgNPs. The interaction between
BSA and AgNPs was affected by both incubation time and concentration of AgNPs. The binding of
plasma protein and AgNPs occurred rapidly within 5 min of incubation time. Additionally, the
investigation of the stoichiometric binding between BSA and AgNPs was possible by FIFFF-ICP-MS,

showing potential applications of the technique to study the complexation between other metals and

macromolecules.
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Flow field-flow fractionation (FIFFF) with on-line inductively coupled plasma mass spectrometer (ICP-MS)
was employed to investigate the association between protein and silver nanoparticles (AgNPs). In this work,
bovine serum albumin (BSA), globulin, and fibrinogen were the model proteins studied. AgNPs were
prepared by the reduction of silver nitrate using tannic acid as reducing and stabilizing agent. Various
sizes (2.6, 10, and 26 nm) were obtained depending on the pH condition during particle preparation. The
apparent association constants between BSA and AgNPs of various sizes were determined. Then, various
concentrations of 2.6 nm AgNPs were incubated with plasma proteins, i.e., albumin (2.6 x 107t M);
globulin (3.1 x 1072 M); and fibrinogen (2.9 x 10™° M) at 37 °C for investigation of protein—AgNPs
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Introduction

Many consumer products nowadays are claimed to contain
engineered nanoparticles. Owing to its strong antimicrobial
activity, silver nanoparticles (AgNPs) have been used in several
applications, such as food packing materials, textiles,
cosmetics, household items, and wound dressing. However, the
wide usage of AgNPs increases the possibility for these nano-
materials to enter into the environment and human body.
Human exposure to AgNPs can be from various routes,
including ingestion, inhalation, dermal contact, and through
therapeutic applications.™?

Researchers have reported different transdermal penetration
rates of AgNPs through intact and damaged skin, which are
controlled by intrinsic parameters of the skin.* Upon entering
the body, AgNPs rapidly come in contact with biological fluids
such as saliva, mucus, lung lining fluid, and plasma protein.**
Therefore, the assessment of the interactions between AgNPs
and plasma proteins is a very important issue. The majority of
the plasma proteins are comprised by albumin (55%), followed
by globulin (38%) and fibrinogen (7%). Various analytical
techniques have been exploited to examine plasma protein-
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between BSA and AgNPs was determined to be approximately 1: 5 x 1077,

nanoparticles association in order to gain an insight into the
binding between plasma proteins and AgNPs. Those techniques
include ultraviolet-visible spectroscopy (UV-vis),® fluorescence
spectroscopy,” dynamic light scattering (DLS),® atomic force
microscopy (AFM),® and size exclusion chromatography (SEC).*®
In this work, we propose the use of flow field-flow fractionation
(FIFFF) on-line with inductively coupled plasma mass spec-
trometry (ICP-MS) as an alternative technique for investigation
of AgNPs-plasma protein association. This hyphenated tech-
nique has been successfully applied to examine freshwater oli-
gochaeta exposure to AgNPs,"* study the effects of particle size
and the coating on the bioaccumulation and depuration of
AgNPs within the gut cavities of aquatic invertebrates," inves-
tigate the effect of UV irradiation on the stability of AgNPs,*
analyze AgNPs in chicken meat,'* and examine the association
of AgNPs with HepG2 cells."

The aim of this work was to apply a conventional symmet-
rical flow field-flow fractionation (FIFFF) with on-line, induc-
tively coupled plasma mass spectrometry (ICP-MS) to
investigate the association between plasma protein and silver
nanoparticles (AgNPs). Plasma proteins studied herein include
bovine serum albumin (BSA), globulin, and fibrinogen. The key
parameters affecting the association between plasma proteins
and AgNPs were examined, including incubation time and
concentration of AgNPs. The novel finding from this technique
also includes the information on stoichiometric binding
between AgNPs and BSA.

J. Anal. At Spectrom., 2015, 30, 245-253 | 245
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Experimental

Instrumentation

A symmetrical FIFFF system (Model PN-1201-FO, Postnova
Analytics, Landsberg, Germany) equipped with a 1000 Da
molecular weight cut-off regenerated cellulose acetate
membrane (Postnova) was used. The geometry of the FIFFF
channel is 27.7 cm long, 2.0 cm wide, and 0.0254 cm thick.
Sample volume of 20 pL was introduced into FIFFF via the
Rheodyne® injector valve. Two high pressure liquid chroma-
tography (HPLC) pumps (Model PN 2101, Postnova Analytics,
Germany) were used to regulate the channel flow and the cross
flow. In our experiment, channel flow was set at 1 mL min™*,
and a cross flow of 2 mL min~* was used. After fractionation,
the effluent was directed through a UV detector (Model Water
2487 Dual X Absorbance Detector, Waters, Milford, MA, USA),
which was set at 280 nm for detection of the plasma proteins.
The UV detector outlet was coupled to an ICP-MS instrument
(Sciex/Elan 6000, PerkinElmer Instruments, Shelton, CT, USA)
using a cross-flow nebulizer with 50 cm poly (tetrafluoro-
ethylene) tubing (PTFE, 0.58 mm id). The eluted fraction from
FIFFF was introduced into the ICP-MS sample introduction
system for further determination of elements. Both silver
isotopes (**’Ag and '°°Ag) were monitored, and an integration
dwell time of 25 ms was set for each isotope. The total number
of readings per replicate was chosen such that data were
collected for the entire fractograms. To assure no drift of
instrument, 20 pg L' AgNPs was used to check the stability of
the signal after every fifth run. The FIFFF-ICP-MS operating
conditions are given in Table 1.

A UV/visible spectrophotometer (Model V-530, Jasco, Easton,
Maryland, USA) was used for acquisition of the UV/visible
absorption spectra of the AgNPs, plasma protein, and associ-
ated protein-AgNPs.

Table 1 FIFFF-ICP-MS operating conditions

Paper

Chemicals

Bovine serum albumin (BSA) and tannic acid were purchased
from Fluka (Buchs, Switzerland). y-Globulin and fibrinogen
were purchased from Sigma-Aldrich (Steinheim, Germany).
Silver nitrate, sodium azide and nitric acid (65%) were from
Merck (Darmstadt, Germany). Tris (hydroxymethyl amino-
methane) and FL-70® detergent (AR 98% assay) were from
Fisher Scientific (Leicestershire, UK). Deionized water (18.2 MQ
cm ') obtained from a water purification system (Barnstead
International, Dubuque, IA, USA) was used throughout the
experiment. All glassware was washed and soaked overnight in
30% HNO;, and then rinsed again with deionized water before
use.

Two types of carrier liquid were used in the experiment. A
0.02% (w/v) FL-70 with 0.02% (w/v) sodium azide was used for
size characterization of AgNPs. Another carrier liquid was 30
mM Tris (hydroxymethyl aminomethane), buffered at pH 9,
which was used in the investigation of AgNPs-plasma protein
association.

Silver nanoparticles were prepared by using the method
described by Sivaraman et al.*® While stirring, 25 mL of 0.3 mM
tannic acid, pH-adjusted with K,COj3, and 5 mL of 3 mM silver
nitrate were mixed in a conical flask. Three pH conditions were
used, including pH 8, 9, and 10, to prepare AgNPs of various
sizes. A brownish yellow solution appeared immediately, indi-
cating the formation of tannic-stabilized AgNPs. Albumin (5.2 x
10" M), y-globulin (6.2 x 10~ M), and fibrinogen (5.8 x 1073
M) were prepared in Tris buffer.

Calculation of AgNPs concentration

The concentration of the synthesized AgNPs was calculated by
the method described by Mariam et al.” By assuming that AgNPs
are spherical in shape, the number of silver atoms was

FIFFF: Model PN-1021-FO

Channel flow rate/mL min "

Cross flow rate/mL min~*
Equilibration time/min
Carrier liquid

Membrane

1.0

2.0

1.1

30 mM Tris-HNO; (buffered at pH 9)

1 kDa MWCO, poly(regenerated cellulose acetate)

ICP-MS: Sciex/Elan 6000 PerkinElmer

RF generator frequency/MHz
RF power/W

Nebulizer gas flow rate/L min~
Coolant gas flow rate/L min™"
Auxiliary gas flow rate/L min~
Mode

Dwell time/measurement/isotope
Torch

Torch injector

Spray chamber

Nebulizer

Isotopes monitored

1

1
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calculated by considering that the volume ratio of silver atom to
AgNPs is 74.1% in the cubic structure. The radius of silver atom
is 0.144 nm, and therefore its volume is 0.0125 nm®. For AgNPs
with the diameter of d nm, the volume is (t/6)d® nm®. Thus, the
number of silver atoms (N) in each AgNP is equal to
741 T
700 76" *0.0125’
concentration of the AgNPs was then calculated by taking the
ratio of the total number of silver atoms added to the reaction
solution (Nroe1) and the product of the number of silver atoms
present in each nanoparticle (&), the volume of the reaction
solution in liters (V), and Avogadro's constant (N,). By assuming
that all silver atoms were converted to AgNPs completely,
therefore, the concentrations of various AgNPs sizes of 2.6, 10,
and 23 nm were calculated to be 9.2 x 1077, 1.6 x 10~ %, and
1.3 x 10~° M, respectively. Calculations are given in the ESL{

which is calculated to be 31 d° The

Observation of incubation time and concentration of AgNPs
with plasma proteins

Two parameters influencing protein-nanoparticle association
were investigated. These included the effects of incubation time
and AgNPs concentration on protein binding. To examine the
effect of incubation time, 4.6 x 10~ M of 2.6 nm tannic-
stabilized AgNPs was incubated with either 2.6 x 10~ M BSA,
3.1 x 107> M globulin, or 2.9 x 10~* M fibrinogen at 37 °C for 5
min, 2, and 24 h. To examine the effect of AgNPs concentration
on their binding with proteins, various concentrations of 2.6
nm tannic-stabilized AgNPs: 9.2 x 105, 2.7 x 10”7, and 4.6 x
107 M, were incubated with either 2.6 x 10~! M bovine serum
albumin, 3.1 x 10~> M globulin, or 2.9 x 10~* M fibrinogen at
37 °C for 24 h. After incubation, the mixture was introduced into
FIFFF for characterization. After fractionation, the effluent was
directed through a UV detector and sequentially to ICP-MS.

Observation of stoichiometric binding between AgNPs and
BSA

The stoichiometric binding between AgNPs with BSA was
investigated by incubating different concentrations of bovine
serum albumin with 9.2 x 10~® M of 2.6 nm tannic-stabilized
AgNPs at 37 °C for 5 min. To confirm the stoichiometric binding
between AgNPs and BSA, various concentrations of tannic-
stabilized AgNPs were incubated with 1.5 x 107> M BSA. After
incubation, the mixture was introduced into FIFFF-ICP-MS. The
mole ratio between AgNPs and BSA was examined by keeping
AgNPs and BSA constant, as shown in Tables 2 and 3,
respectively.

Results and discussion
Characterization of silver nanoparticles

Characterization of the synthesized AgNPs was performed using
UV-visible absorption spectrophotometry and FIFFF. With UV-
visible absorption spectrophotometry, the blank solution con-
taining tannic acid at the same pH as the tannic-stabilized
AgNPs was filled in a reference cuvette for background
subtraction. The absorption spectra of AgNPs displayed surface
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Table 2 Mole ratio method for determination of stoichiometric
binding between BSA and AgNPs. The concentration of AgNPs was
kept constant

Concentration Concentration

of AgNPs (M) of BSA (M)

9.2 x 108 1.49 x 102
7.46 x 102
1.49 x 107!
1.79 x 1071
2.08 x 107"
2.38 x 107!
2.98 x 107!

Table 3 Mole ratio method for determination of stoichiometric
binding between BSA and AgNPs. The concentration of BSA was kept
constant

Concentration Concentration

of BSA (M) of AgNPs (M)

1.49 x 102 1.84 x 10°°
3.68 x 107°
4.60 x 10°°
5.52 x 107°
5.98 x 1077
6.44 x 107°
7.36 x 10°°
8.28 x 107°
9.20 x 107°
1.10 x 107#

plasmon resonance bands at 400, 410, and 420 nm for tannic-
stabilized AgNPs at pH 8, 9, and 10, respectively, as displayed in
Fig. 1a. These peaks indicated the formation of AgNPs. With
FIFFF, the particle size distributions showed the peaks at 23.0 +
0.2,10.0 £ 0.3, and 2.6 £ 0.1 nm for tannic-stabilized AgNPs at
pH 9, 10, and 11, respectively, as illustrated in Fig. 1b. The large
void peaks observed in the fractograms shown in Fig. 1b were
due to the incomplete removal of the negatively charged tannic
acid through the negatively charged cellulose acetate
membrane during a very short equilibration step (1.1 min,
Table 1). The trends of particles sizes obtained from UV-visible
absorption spectrophotometry and FIFFF were in good agree-
ment. As can be seen, the smaller particle size of AgNPs
exhibited plasmon resonance peaks at a shorter wavelength as
compared to the bigger particle. These AgNPs were used in
further experiments to observe the association between these
particles and proteins.

As reported by other investigators,”'” the complex formation
of BSA and AgNPs could be characterized by UV-visible
absorption spectrophotometry. The absorption spectrum of BSA
displayed a peak maximum at 278 nm (Fig. 2). In the presence of
AgNPs as illustrated in Fig. 2a—c for AgNPs of 2.6, 10, and 23 nm
size, respectively, the absorbance of BSA at 278 nm increased
with increasing AgNPs concentration, suggesting the formation
of the ground state complex between BSA and AgNPs.” The
apparent association constant (K,pp) for the complex formation
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Fig. 1 (a) UV-visible absorption spectra and (b) fractograms of tannic-
stabilized AgNPs synthesized at pH 8 (blue), 9 (green), 10 (red).

between BSA and AgNPs was then calculated using the method
reported by Benesi and Hildebrand,"” as illustrated in Fig. 2d.
The slope of the graph represents the reciprocal of K,pp(4. — Ao),
and the intercept represents the reciprocal of (4. — A4y), where A,
is the absorbance of the AgNPs-BSA complex, and 4, is the
absorbance of BSA. Therefore, the values of K,,, for AgNPs sized
2.6, 10, and 23 nm were calculated to be 5.2 x 107, 8.8 x 107,

Absorbance

250 260 270 280 290 300 310 320 330 340 350
Wavelength (nm)

Absorbance

250 260 270 280 290 300 310 320 330 340 350
Wavelength (nm)

Paper

and 9.8 x 10° L mol ', respectively. This trend suggests that the
bigger the particle size, the higher the value of the
apparent association constant. The increase in K,p, value was
found to linearly depend on the increase of the particle volume
Kapp o d°).

FIFFF-ICP-MS for observation of protein-AgNPs association

The effects of incubation time and AgNPs concentration on the
binding of the protein to AgNPs were examined using FIFFF-
ICP-MS. The proteins investigated were BSA, globulin, and
fibrinogen. The particle size of AgNPs was 2.6 nm. In order to
understand if the binding was due to the binding between the
proteins and AgNPs, or with the free dissolved Ag ions that were
not converted into AgNPs, the remaining dissolved Ag ions were
estimated. The estimation was performed by calculating the
amount of Ag detected under the fractogram compared with the
amount of Ag from the AgNPs suspension, which was nebulized
directly into the ICP-MS without flowing through the FIFFF
channel. By taking into consideration that the sample recovery
of AgNPs fractionation in the FIFFF channel was approximately
80%, the remaining dissolved Ag ion in the AgNPs was esti-
mated to be approximately 5%. Therefore, the binding behavior
discussed hereafter is mainly due to the binding between the
protein and AgNPs.

Effect of incubation time. The fractograms of tannic-stabi-
lized AgNPs are illustrated in Fig. 3a (with UV detection at 400
nm) and Fig. 3b (with ICP-MS detection). Two peaks were
observed in Fig. 3a, by which the first peak (1.6 min) was
assigned to the excess tannic acid, whereas the second peak (4.8
min) was assigned to AgNPs, which was confirmed by one

Absorbance

250 260 270 280 290 300 310 320 330 340 350
Wavelength (nm)

y = 2E-08x - 21175

14 1 R =0.99341
~ 12 y = 2E-09 - 2.4239
< 4 R?= 099324
;
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& R? = 099994
= 61
=
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Fig.2 UV-visible absorption spectra of 2.6 x 10~ M BSA (black) and BSA in the presence of AgNPs of (a) 2.6 nm with the concentration of 9.2 x
1078 M (blue), 2.7 x 10~ M (green), and 4.6 x 10~ M (red); (b) 10 nm with the concentration of 1.6 x 1072 M (blue), 4.8 x 10~° M (green), and 8.0
x 1072 M (red); and (c) 23 nm with the concentration of 1.3 x 1071° M (blue), 3.9 x 1071° M (green), and 6.5 x 1071° M (red) [Note — increasing
concentration of AGNPs resulted in higher absorbance]. (d) Linear plots for calculation of K, between BSA and AgNPs of 2.6 nm (O), 10 nm (A),

and 23 nm (O).
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Fig. 3 Fractogram of 2.6 nm tannic-stabilized AgNPs at 4.6 x 1077 M: (a) with UV detection, (b) with ICP-MS detection. Fractograms of (c and d,
red) 2.6 x 1071 M BSA; (e and f, red) 3.1 x 1072 M globulin; and (g and h, red) 2.9 x 10~ M fibrinogen, mixed with 2.6 nm tannic-stabilized 4.6 x
1077 M AgNPs with (c, e and g) UV detection and (d, f and h) ICP-MS detection, at various incubation times of 5 min (green), 120 min (blue), and 24

h (brown).

distinct peak at 5.5 min as observed in Fig. 3b with ICP-MS
detection. With UV detection, a large void peak was observed
(1.6 min), owing to the incomplete removal of negatively
charged tannic acid through the negatively charged cellulose
acetate membrane during a 1.1 min equilibration step. No
changes were observed upon incubation of this tannic acid-
stabilized AgNPs at 37 °C for 24 h. The fractograms of BSA are
illustrated in Fig. 3¢ (with UV detection at 280 nm) and Fig. 3d
(with ICP-MS detection). One distinct peak was observed at 3.4
min with UV detection (Fig. 3c, red), and this was clearly the
peak of BSA. No signal was observed with the ICP-MS detection
(Fig. 3d, red). Different incubation times at 5 min, 120 min, and

This journal is © The Royal Society of Chemistry 2015

24 h were given to allow BSA to interact with AgNPs. For the
mixture, the fractograms with varying incubation times are
shown in Fig. 3¢ (with UV detection at 280 nm) and Fig. 3d (with
ICP-MS detection). With ICP-MS detection, it is clearly seen that
the peaks illustrating the signal of Ag were shifted from 5.5 min
(Fig. 3b) to approximately 3 min retention time (Fig. 3d), indi-
cating the interaction between AgNPs and BSA. The association
between AgNPs and BSA can be the formation of a “nano-
particle-protein corona,” which has been documented in many
published articles.’®* The formation of a “protein-corona”
would affect the interactions with the membrane, resulting in a
shift of the retention times.'*?° Nonetheless, the formation of a
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“nanoparticle-protein corona” was unlikely, as it should result
in larger particle formation. Alternatively, the peak at 3 min
might be due to the binding between BSA with the released Ag
ion from the AgNPs, as reported by other investigators.*

As evidenced by Cedervall et al.,*® the nanoparticle-protein
corona formation is a complex and time-dependent process,
which is governed by thermodynamic and kinetic factors. Under
the condition studied herein, the association between BSA and
AgNPs or the released Ag ion from the AgNPs occurred within 5
min of incubation time. With longer incubation time at 24 h, a
bimodal characteristic was observed with the appearance of the
peak at approximately 10 min, implying that AgNPs might grow
bigger. The shift to bigger size may be caused by one of three
reasons. The first plausible reason is nanoparticle-protein
corona formation, yielding a larger particle size. The second
plausible reason is the displacement of the tannic acid stabi-
lizing agent by BSA, which is more steric, leading to larger
particle size. The displacement of stabilizing agent by BSA
might occur through the ligand-exchange or place-exchange
reaction as reported by other investigators of AuNPs.?* The third
plausible reason is the interaction between tannic acid and BSA,
as the association between tannic acid and proteins has been
widely known by food scientists to cause astringency
perception.*

To demonstrate the effect of incubation time on AgNPs
binding with globulin, the fractograms shown in Fig. 3e and f
are considered. The fractograms of globulin are illustrated in
Fig. 3e (with UV detection at 280 nm) and Fig. 3f (with ICP-MS
detection). With UV detection (Fig. 3e, red), the globulin peak
appeared at the retention time of 6.2 min with a shoulder at 8.7
min. Clearly, no signal was observed with the ICP-MS detection
(Fig. 3f, red). Different incubation times at 5 min, 120 min, and
24 h were given to allow globulin to interact with AgNPs. For the
mixture, fractograms with varying incubation times are shown
in Fig. 3e (with UV detection at 280 nm) and Fig. 3f (with ICP-MS
detection). At incubation times of 5 and 120 min, monomodal
distribution was observed at the retention time of 13.2 min. It is
interesting to note that the peak at 13.2 min shifted significantly
from the peak of individual AgNPs at 5.5 min (Fig. 3b), sug-
gesting the rapid occurrence of binding between AgNPs and
globulin. This globulin-AgNPs corona formation resulted in a
larger particle size. Alternatively, the peak at 13.2 min might be
assigned to the binding between the released Ag ion with the
dimeric form of globulin, as the monomeric form of globulin
displayed a peak at approximately 6.2 min (Fig. 3e). One might
wonder why this dimeric peak was not distinct with the absor-
bance detection at 280 nm, as shown in Fig. 3e. We believe that
the dimeric form was present in a relatively lower concentration
than the monomeric form of globulin. Nonetheless, the
released Ag ion from AgNPs showed preferential association
with the globulin dimer, leading to the more distinct peak of the
dimeric form when ICP-MS was used for silver detection. The
dimerization of globulin on the AgNPs' surface might be caused
by structural perturbation of globulin by the high surface-to-
volume ratios of nanoparticles, which resulted in a high
concentration of globulin adsorbed at the particle surface of low
dimensionality, enhancing the probability of partial unfolding
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of globulin, as described by Linse et al.>* Nonetheless, bimodal
distribution was observed when the incubation time reached 24
h, with peaks at 6.6 and 13.2 min. This suggested that in our
experiment, dimerization occurred rapidly within 5 min and
was found reversible, as the monomeric peak at 6.6 min
retention time was observed at the incubation time of 24 h.
Alternatively, the peak at 6.6 min might be due to binding of the
released Ag ion from AgNPs with the monomeric fraction.

The effect of incubation time on the binding of AgNPs to
fibrinogen was examined, as illustrated in Fig. 3g and h. The
fractograms of fibrinogen are illustrated in Fig. 3g (with UV
detection at 280 nm) and Fig. 3h (with ICP-MS detection). With
UV detection (Fig. 3g, red), the fibrinogen peak appeared at the
retention time of 10.3 min. As expected, no signal was observed
with the ICP-MS detection (Fig. 3h, red). Fibrinogen was allowed
to incubate with AgNPs for various incubation times at 5 min,
120 min, and 24 h. Comparing Fig. 3g and h, the peak positions
were not similar, suggesting that AgNPs preferentially associ-
ated with the larger molecular weight fibrinogen. Considering
Fig. 3h, the binding occurred within 5 min of incubation time,
as can be observed from the peak at 14.5 min, which slightly
shifted toward a larger size than the pure fibrinogen.

Effect of AgNPs concentration. To examine the effect of
AgNPs concentration on the association between BSA and
AgNPs, various concentrations of AgNPs were incubated with
BSA at a fixed time of 24 h. With increased concentration of
AgNPs, the signal intensity increased, suggesting that more
AgNPs could be associated with BSA. The shoulder peak at
around 10 min was observed when the concentration of AgNPs
increased up to 4.9 x 1077 M, suggesting that the enlargement
of the particles depends on the concentration of AgNPs. The
nanoparticle-protein corona formation, the place-exchange
reaction between BSA and tannic acid, or the association
between BSA and tannic acid did not take place when the
concentration of AgNPs was too low.

The binding of globulin to AgNPs with various AgNPs
concentrations was also examined at a fixed incubation time of
24 h. When concentration of AgNPs was increased, the signal
intensity of the fractogram increased. Broad distribution was
observed at low globulin concentration. The distribution
became bimodal, showing distinct peaks at 6.6 and 13.2 min
retention time when the concentration of AgNPs was increased
to 4.6 x 10~ M. This suggests that the dimerization of globulin
induced by AgNPs is concentration-dependent.

The binding of fibrinogen to AgNPs with various AgNPs
concentrations is shown in Fig. 4e and f. With AgNPs concen-
tration of 9.2 x 10~ M, the Ag signal was quite negligible,
suggesting that this concentration might be too low to cause
binding with 2.9 x 10> M fibrinogen (Fig. 4f). However, when
the concentration of AgNPs increased to 2.7 x 107 M, a peak
was observed at 16.6 min. Formation of nanoparticle-protein
corona between AgNPs and fibrinogen is possible as reported by
Cedervall et al.'®* With increased concentration of AgNPs to 4.6
x 10”7 M, bimodal characteristic was observed at 10.5 and 14.2
min. The peak at 10.5 min is quite close to the peak of pure
fibrinogen, suggesting the possible binding of fibrinogen with
the released Ag ion from the AgNPs.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Fractograms of (aand b, red) 2.6 x 1072 M BSA; (c and d, red) 3.1 x 1072 M globulin; (e and f, red) 2.9 x 10~ M fibrinogen, incubated 24 h
with 2.6 nm tannic-stabilized AgNPs of various concentrations: 9.2 x 1078 (green), 2.7 x 1077 (blue), and 4.6 x 10~ M (brown); (a, ¢ and e) with

UV detection and (b, d and f) with ICP-MS detection.

Binding stoichiometry between AgNPs and BSA

This is the first time that FIFFF-ICP-MS was applied to examine
the stoichiometry of the binding of BSA with AgNPs. Various
concentrations of BSA were incubated with 9.2 x 10~% M AgNPs.
In order to differentiate the signal of Ag between that bound to
BSA and the Ag in the AgNPs, the fractogram of the mixture
between BSA and AgNPs (Fig. 5a) was deconvoluted using
PeakFit® (an automated peak separation analysis software). The
deconvoluted peaks of the fractogram are illustrated in Fig. 5b,
which showed two distinct peaks at 3.6 and 5.9 min. The first
peak is related to BSA binding, and the second peak is
contributed by AgNPs. The area under the first deconvoluted
peak (peakI) of the Ag fractogram was analyzed. Using the mole-
ratio method, the peak area under the first deconvoluted peak
(peak I) of the Ag fractograms obtained from varying concen-
trations of BSA was plotted as a function of BSA concentration
as illustrated in Fig. 5c. At low BSA concentration, the peak area
of the first deconvoluted peak (peak I) of the Ag fractogram was
low, and the peak area increased rapidly with increasing BSA
concentration from 7.46 x 10 > to 1.49 x 10" M. After this
point, the peak area under the first deconvoluted peak (peak I)
of the Ag fractogram became relatively constant with increasing
BSA, suggesting that the binding became constant. The stoi-
chiometric binding between BSA and AgNPs was determined at

This journal is © The Royal Society of Chemistry 2015

the inflection point—the point where the two straight lines
met—which was at the BSA concentration of 1.49 x 10™ ' M,
implying that the binding ratio between BSA and AgNPs was
1:6.2 x 10 ". This is only a rough estimation, as the increment
of the concentration from 7.46 x 1072 to 1.49 x 10" M was
rather unrefined.

To confirm the stoichiometric binding between AgNPs and
BSA, a similar experiment was performed by varying AgNPs
concentrations with fixed BSA concentration at 1.49 x 10> M.
For very low concentrations of AgNPs, no Ag signal was observed
at the BSA peak. The Ag signal increased significantly until the
concentration of AgNPs was 7.4 x 10~ ° M, and then became
relatively constant thereafter (Fig. 5d). This suggests that the
stoichiometric binding of BSA and AgNPs is 1:4.9 x 1077,
Using the mole ratio method by keeping either AgNPs or BSA
constant, the ratio of BSA and AgNPs were found to be
approximately 1: 5 x 1077, suggesting that approximately 2 x
10° molecules of BSA adsorbed on a single AgNP with the size of
2.6 nm.

Conclusions

With the use of UV-visible spectrophotometry, complex forma-
tion of BSA and AgNPs could be observed, and the apparent
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association constant (K,pp) could be determined as reported by
other investigators.””” The novel finding from this study,
however, is that the K, value was found to linearly depend on
the particle volume (K,p, * d°). Furthermore, FIFFF-ICP-MS was
demonstrated as an alternative method to monitor the protein—-
AgNPs association. Plasma proteins (BSA, globulin, and fibrin-
ogen) were investigated for their formation of protein corona
with AgNPs. The interaction between BSA and AgNPs was
affected by both incubation time and concentration of AgNPs.
The binding of plasma protein and AgNPs occurred rapidly
within 5 min of incubation time. Additionally, the investigation
of the stoichiometric binding between BSA and AgNPs was
possible by FIFFF-ICP-MS, showing potential applications of the
technique in studying the complexation between other metals
and macromolecules.
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An on-line flow field-flow fractionation (FIFFF) with inductively coupled plasma mass spectrometry (ICP-MS)
was employed for particle size characterization of selenium nanoparticles stabilized by pectin, mixed alginate/
pectin, ovalbumin, and 3-lactoglobulin. Under the synthesis condition used herein, the particle size increased
in the following order when B-lactoglobulin, ovalbumin, mixed alginate/pectin, and pectin was used as a
stabilizing agent. Upon incubation of selenium nanoparticles in gastrointestinal conditions, both in enzymatic
and non-enzymatic media, particle size distributions and the surface of selenium nanoparticles changed
differently. Nonetheless, more than 90% of selenium was still presented in nanometer range after gastrointestinal
digestion for the nanoparticles prepared by all types of stabilizers. In addition, the results show good agreement
between the particle size observed from FIFFF and TEM techniques.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Selenium is considered as an essential element and it can also be
toxic. The recommended dietary allowances (RDAs) and maximum
level of daily nutrient intake of selenium for both man and woman are
55-400 pg/day as specified by The Food and Nutrition Board of the US
National Academy of Sciences (Monsen, 2000). Selenium is essential
as it is an important component in many functional selenoproteins re-
quired for normal health (Combs & Combs, 1986; Dumont, Vanhaecke,
& Cornelis, 2006; Navarro-Alarcon & Cabrera-Vique, 2008; Rayman,
Infante, & Sargent, 2008; Thomson, 2004). Selenium nanoparticles
show benefits as antioxidant and anticancer agents with low toxicity
(Chen, Wong, Zheng, Bai, & Huang, 2008; Jia, Li, & Chen, 2005; Peng,
Zhang, Liu, & Taylor, 2007; Wang, 2009; Wang, Zhang, & Yu, 2007;
Zhang, Gao, Zhang, & Bao, 2001; Zhang, Wang, Bao, & Zhang, 2004;
Zhang, Wang, Yan, & Zhang, 2005). At nutritional dose levels in mice,
selenium nanoparticles (20-60 nm) were reported to have similar bio-
availability to that of selenite, but the toxicity of selenium nanoparticles
was 7-fold lower than sodium selenite considering the LD50 of 113 and
15 mg Se/kg body weight for selenium nanoparticles and selenite,
respectively (Zhang et al., 2001). In the case of selenium nanoparticle
ingestion into the human gastrointestinal tract, the absorption, translo-
cation, and excretion of nanoparticles in the human body are controlled
by various parameters including size and surface properties (Teow,
Asharani, Prakash Hande, & Valiyaveettil, 2011).

The interaction with proteins influences the surface chemistry of
nanoparticles and leads to changes in their charge and agglomeration

* Corresponding author. Tel.: +662 201 5195: fax: 662 354 7151.
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0963-9969/$ - see front matter © 2014 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.foodres.2014.01.040

state (Chithrani, Ghazani, & Chan, 2006; Kittler et al., 2010; Zook,
MacCuspie, Locascio, Halter, & Elliott, 2011). Change in pH under the
gastrointestinal condition may trigger the agglomeration of nanoparti-
cles inside the gastrointestinal tract (Wang et al., 2006), and particle
size influenced the efficiency of particle uptake (Desai, Labhasetwar,
Amidon, & Levy, 1996). Size characterization of silver nanoparticles in
the gastrointestinal tract was reported (Mwilu et al., 2013; Walczak
et al,, 2013). The rate of dye and dextran nanoparticle diffusion across
the mucus layers to the enterocyte surface was determined (Hoet,
Briiske-Hohlfeld, & Salata, 2004; Szentkuti, 1997). Particles with a
14 nm diameter permeated within 2 min, while 415 nm particles took
30 min, whereas 1000 nm particles were unable to translocate this
barrier. Until now the information about the size characterization of se-
lenium nanoparticles on human digestive conditions are still lacking.
Therefore, changes in the particle size of selenium nanoparticles in gas-
trointestinal condition should be examined.

Selenium nanoparticles can be prepared by various methods. The
most widely used method for the synthesis of selenium nanoparticles
is the chemical reduction approach. Several exogenous reducing agents
can be used such as ascorbic acid, glutathione, and sodium thiosulfate
(Lin & Chris Wang, 2005; Mees, Pysto, & Tarcha, 1995; Zhang, Wang,
Bao, & Zhang, 2004; Zhang et al., 2001). To control the formation and
the dispersion of nanoparticles, stabilizing agents are normally required.
Many reagents have been used for stabilizing selenium nanoparticles
such as polyvinyl alcohol (Barnaby, Frayne, Fath, & Banerjee, 2011;
Shah, Kumar, & Bajaj, 2007), chitosan (Bai, Wang, Zhou, Li, & Zheng,
2008; Zhang, Wang, Bao, & Zhang, 2004; Zhang et al., 2005), surfactant
(Li & Hua, 2009; Mehta et al., 2008; Min-Hsiung, 2004 ), and bovine
serum albumin (Zhang et al., 2001). In this work, stabilizing agents,
which are generally recognized as safe (GRAS), were used for the
preparation of selenium nanoparticles. These included pectin, mixed
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alginate/pectin, ovalbumin, and p-lactoglobulin, as these reagents
have been characterized and used as thickening, emulsifying, and
stabilizing agents in food technology (Akhtara, Dickinson, Mazoyer,
& Langendorff, 2002; Matto & Husain, 2006; Medina-Torres et al.,
2010; Dickinson, 2010; respectively).

Several analytical techniques have been used for size characteriza-
tion of nanoparticles. These include transmission electron microscopy
(TEM) (Li & Hua, 2009; Lin & Chris Wang, 2005; Min-Hsiung, 2004),
scanning electron microscopy (SEM) (Chen et al., 2008; Lee et al.,
2008), and UV-visible spectrophotometry (UV-vis) (Lin & Chris Wang,
2005; Mees et al.,, 1995). With UV-vis absorption spectrophotometry,
some researchers showed that the absorption peak of selenium
nanoparticles was only observed when the particle size was larger
than 100 nm (Lin & Chris Wang, 2005). Alternatively, flow field-
flow fractionation (FIFFF) has been reported for characterization of
several particles with nano scale range (Kammer, Legros, Hofmann,
Larsen, & Loeschner, 2011; Poda et al., 2011). The FIFFF not only
provides a relatively gentle separation process, but it also allows
for collection of the fractionated samples for further analysis by
other techniques.

Although size characterization of selenium nanoparticles has
been documented, most publications focused on size in the as
synthesized condition medium (Ingole, Thakare, Khati, Wankhade,
& Burghate, 2010; Lin & Chris Wang, 2005). None has reported a
size characterization of selenium nanoparticles in more complex
gastrointestinal fluids. With these, the objectives of this work
were two-fold. The first was to examine the feasibility of FIFFF for
size characterization of selenium nanoparticles with subsequent
ICP-MS to provide element specific detection of selenium, and the
second was to examine the changes in particle size distribution of
selenium under gastrointestinal conditions, both without and with
digestive enzymes.

2. Materials and methods
2.1. Instrumentation

A symmetrical flow field-flow fractionation (FIFFF) system
(Model PN-1021-FO; Postnova Analytics, Landsberg, Germany)
coupled to an inductively coupled plasma quadrupole mass spec-
trometer (ICP-MS, Elan 6000 Perkin Elmer/Sciex, Toronto, Canada)
was employed. The FIFFF system equipped with a 1 kDa molecular
weight cut-off regenerated cellulose acetate membrane (RC) from
Postnova Analytics was used for size characterization of selenium
nanoparticles. The FIFFF channel was rectangular in shape with the
dimensions being 27 cm long, 2.0 cm wide, and 0.0254 cm thick.
A sample volume of 20 pL was introduced into FIFFF via the
Rheodyne injector valve. A high-pressure liquid chromatography
(HPLC) pump (Model PN 2101, Postnova Analytics, Germany) was
used to deliver the channel flow. The cross flow rate was delivered
by another HPLC pump of the same model. The optimum operating
conditions of FIFFF-ICP-MS are listed in Table 1. A UV-visible detec-
tor (Model S3210, Postnova Analytics) was set at 410 nm for detec-
tion of the fractionated selenium nanoparticle samples, considering
the absorption spectra of the synthesized selenium nanoparticles.
The ICP-MS was used as an element detector sequentially after the
UV-visible absorption detector. Owing to the similarity of the FIFFF
channel and ICP-MS sample flow rates typically used for analysis,
the ICP-MS cross-flow nebulizer was connected directly to the UV-
visible detector outlet with a 60 cm length of poly(tetrafluoroethylene)
tubing (PTFE, 0.58 mm id).

Zeta potential measurements were carried out using the Zetasizer
Nano ZS (Malvern Instruments Zetasizer1000 Hs, Worcestershire, UK).
A transmission electron microscope FEI model TECNAI T20 G2
(FEI Company Corporate, Hillsboro, Oregon, USA) was used to observe
the size and morphologies of selenium nanoparticles.

Table 1
FIFFF-ICP-MS operating condition.

FIFFF: PN-1021-FO

Channel dimension/
cm X cm x cm

27.7 long x 2.0 wide x 0.02 thick

Carrier liquid 0.02% — FL-70 and 0.02 NaN3
(pH 11.7)

Channel flow rate/mL min~! 14

Cross flow rate/mL min~—' 0.8

Equilibration time/min 24

Membrane 1 kDa MWCO poly(regenerated

cellulose acetate)

ICP-MS: Perkin Elmer ELAN 6000

Torch Fassel type with alumina ceramic
injector

Rf generator frequency 40 MHz

Rf power 1100 W

Nebulizer gas flow rate 0.9 L/min

Coolant gas flow rate 15 L/min

Aucxiliary gas flow rate 0.9 L/min

Scanning mode
Isotopes monitored (m/z)

Peak hopping
7750, 785e, 8950, 8250
(78se for quantification)

2.2. Chemicals

The chemicals used in this study include sodium selenite, pectin
from apples (30-100 kDa) with 70-75% degree of esterification, alginic
acid sodium salt from brown algae (100-200 kDa), albumin from
chicken egg white (ovalbumin) with molecular weight of 44.3 kDa,
3-lactoglobulin from bovine milk (90% PAGE), pepsin (P-7000,
porcine stomach mucosa), pancreatin (P-1750, porcine pancreas)
and bile extract (B-6831, porcine). All aforementioned chemicals
were purchased from Sigma-Aldrich, Inc., MO, USA. L-Ascorbic acid
was purchased from Fisher Scientific UK Limited, Leicestershire, UK.
De-ionized water (18.2 MQ cm™!) obtained from a water-purification
system (Barnstead International, Dubuque, IA, USA) was used to
prepare all chemical reagents. For the preparation of selenium nano-
particles, 2.5% (w/w) of stabilizers (pectin, alginate, ovalbumin, and
B-lactoglobulin) and 300 m mol L™! ascorbic acid as a reducing agent
were dissolved in de-ionized water. FL-70, a mixture of anionic and
non-ionic compounds, was purchased from Fisher Scientific UK Lim-
ited, Leicestershire, UK. A 0.02% (v/v) solution of FL-70 was prepared
by diluting concentrated FL-70 with de-ionized water and was used
as a carrier liquid. A commercial gold nanoparticle of 10 nm used
for checking the performance of FIFFF channel was purchased from
Sigma, St. Louis, MO, USA.

2.3. Preparation of selenium nanoparticles

Ascorbic acid was used as a reducing agent for synthesis of selenium
nanoparticles. For the preparation of pectin, ovalbumin, and -
lactoglobulin stabilized selenium nanoparticles, 1 mL of 2.5% (w/w)
stabilizing agent was mixed with 8 mL of 300 m mol L™ ! ascorbic
acid as a reducing agent under magnetic stirring at the speed of
1000 rpm. With the stirring speed reduced to 100 rpm, 1 mL of 30
m mol L™ ! aqueous sodium selenite solution was slowly added into
the mixtures to initiate the reaction (Chen et al., 2008). For mixed
alginate/pectin stabilized selenium nanoparticles, 0.5 mL of 2.5%
(w/w) alginate solution was mixed with 300 m mol L™ ascorbic
acid. Then, 1 mL of 30 m mol L™ ' aqueous sodium selenite solution
was slowly added into the mixtures to initiate the reaction, and
0.5 mL of 2.5% (w/w) pectin was added after 15 min incubation
time. The reaction solution therefore contained 3 m mol L™ ! sodium
selenite, 0.25% (w/w) stabilizers, i.e., pectin; mixed alginate/pectin;
ovalbumin; or p-lactoglobulin, and 240 m mol L™ ! ascorbic acid.
Upon mixing all reagents together at room temperature, the solutions
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converted from colorless into red immediately with pH approximately
2.8-2.9. The obtained selenium nanoparticles were stored at 4 °C for 2
h (at least) before size characterization by FIFFF and TEM.

2.4. Gastrointestinal incubation of selenium nanoparticles

A pepsin solution was prepared by dissolving 0.16 g of pepsin in
1 mL of 0.1 mol L™ HCI. A pancreatin-bile extract (PBE) mixture was
prepared by dissolving 0.004 g of pancreatin and 0.025 g of bile extract
in 5 mL of 0.001 mol L~! NaHCOs. Enzymatic digestion was performed
according to the procedure of Miller (Miller, Schricker, Rasmussen, &
Van Campen, 1981). 7.5 g of de-ionized water was added to 5 g of sele-
nium nanoparticles as synthesized, adjusted to pH 2.0 with 6 mol L™!
HCL. To carry out pepsin—-HCl digestion (gastric digestion), 375 pL of
pepsin solution was added. The mixture was then incubated for 2 h at
37 °Cin a shaking water bath. For intestinal digestion, a portion of the
mixture after gastric digestion (5 g) was adjusted to pH 7.0 by 5 M
NaOH solution. Then 625 L of PBE mixture was added into the solution.
The solution (intestinal fraction) was incubated for 2 h at 37 °C. Non-
enzymatic digestion of selenium nanoparticles was also performed
with the same procedure described above but without addition of
pepsin and PBE mixture solution. These selenium nanoparticles after in-
cubation in the gastrointestinal conditions were directly introduced into
the FIFFF channel for particle size characterization. Duplicate experi-
ments were performed for each type of selenium nanoparticles.

2.5. Quantification of fractionated selenium nanoparticles by ICP-MS

A fractogram from the FIFFF experiment was plotted between the
intensity of selenium (y-axis) as a function of retention time (x-axis).
The quantification of fractionated selenium from FIFFF was performed
by an external calibration with sodium selenite standards using the
peak height data from the ICP-MS peak profile. Therefore, the intensity
of selenium in the fractogram was then translated into the concentra-
tion. With the fixed flow rate used in the FIFFF experiment, the retention
time was then translated into the retention volume. The total concen-
tration of selenium in the fractionated selenium nanoparticles was cal-
culated by area integration of graph which was plotted between the
concentration of Se and retention volume.

2.6. Data transformation from a fractogram to particle size distribution

The data transformation from a fractogram to particle size distribu-
tion was described previously (Dondi & Martin, 2000). In brief, raw
fractograms were translated into mass size distribution profiles by
using Microsoft Excel (Microsoft Excel 2007) spreadsheet software.
Peak evaluation and baseline adjustment were performed by using
PeakFit (SPSS, Chicago, IL, USA).

3. Results and discussion
3.1. Size characterization of selenium nanoparticles by FIFFF

In our work, selenium nanoparticles were prepared by using ascor-
bic acid to reduce selenite to selenium with zero valent as shown in
the following chemical reaction (Lin & Chris Wang, 2005):

Se0,2” + 2CsHgOg + 2H" —Se + 2C4Hg0g -+ 3H,0.

Various stabilizing agents were employed in the synthesis to control
the formation and dispersion stability, and to prevent nanoparticles
from aggregation (Donati et al., 2009). In this study, two types of stabi-
lizing agents, which are generally recognized as safe (GRAS), were used.
Those included the polysaccharide and protein types. The former
included pectin and mixed alginate/pectin and the latter included oval-
bumin and 3-lactoglobulin. The reactive hydroxyl, carboxyl, and amino

groups in polysaccharides and proteins show great potential for fa-
cilitating the formation and stabilization of selenium nanoparticles
(Zhang, Zhang, Wang, & Chen, 2004). Without stabilizing agents,
nanoparticles in solution are more susceptible to either oxidation
or attractive interparticle Van der Waals forces which cause them
to aggregate and precipitate (Cozzoli & Manna, 1996).

Particle size distributions of selenium nanoparticles prepared by
ascorbic acid reducing agent with the use of various stabilizing agents
are illustrated in Fig. 1. Two types of detectors were used including
UV-visible (410 nm) and ICP-MS detectors, as illustrated in Fig. 1a
and b, respectively. The peak profiles obtained from the two detectors
were similar. Selenium nanoparticles stabilized with pectin yielded
the peak maximum at 64 nm (Fig. 1, blue) and those stabilized with
mixed alginate/pectin showed the peak maximum at 37 nm (Fig. 1,
red). For protein based selenium nanoparticles, the peaks appeared at
30 nm (Fig. 1, green) and 23 nm for selenium nanoparticles with oval-
bumin and R-lactoglobulin stabilizers (Fig. 1, purple), respectively.
Nonetheless, the ICP-MS was used as a detector for further investigation
as it provided element specific information. It is clear that the type
of stabilizers shows significant effect on the obtained particle size, as dif-
ferent stabilizers resulted in different degrees of steric repulsion and
charge stabilization or electrostatic interaction. Steric repulsion is
normally governed by the molecular mass of the stabilizing agent.
The differences in electrostatic interaction from various stabilizing
agents are due to the differences in amino, hydroxyl, or carboxyl
groups in different proteins and polysaccharides (Zhang, Zhang,
Wang, & Chen, 2004).

FIFFF-ICP-MS not only provides particle size information, but it
can also give quantitative information. To demonstrate this, the amount
of selenium detected during fractionation was compared with the
amount introduced into FIFFF. (The amount of selenium detected during
fractionation was calculated based on the method described in
Section 2.5, and the amount introduced into FIFFF was calculated
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Fig. 1. Particle size distributions of selenium nanoparticles synthesized with various
stabilizing agents: i.e., pectin (blue); mixed alginate/pectin (red); ovalbumin (green);
and P-lactoglobulin (purple), characterized by FIFFF with a) UV-visible detector and
b) ICP-MS. (For interpretation of the references to colors in this figure, the reader is
referred to the web version of this article.)
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Fig. 2. TEM images of selenium nanoparticles under various conditions: a) pectin
(PBE is pancreatin-bile extract).

based on the injection volume of 20 pL.) It was found that 88.4%,
102.5%,100.5%, and 88.5% were detected during fractionation for pectin,
mixed alginate/pectin, ovalbumin, and 3-lactoglobulin, respectively.

In addition to the results observed by FIFFF, TEM was also used to
monitor the size of selenium nanoparticles. Fig. 2a and b show the
TEM images of pectin stabilized- and ovalbumin stabilized-selenium
nanoparticles, respectively. The results show good agreement between
the particle sizes observed from the two techniques, by comparing
Fig. 1 (blue line) with Fig. 2a (as synthesized) for pectin stabilized sele-
nium nanoparticles, and Fig. 1 (green line) with Fig. 2b (as synthesized)
for ovalbumin stabilized selenium nanoparticles. With FIFFF, the peak
particle sizes were 64 nm and 30 nm for pectin stabilized- and ovalbu-
min stabilized-selenium nanoparticles, respectively. TEM images also
show that pectin gave a larger particle size than that with ovalbumin.

3.2. Selenium nanoparticles in gastrointestinal conditions: effect of pH
(without enzyme addition)

To gain insight into changes in selenium nanoparticles in gas-
trointestinal conditions, selenium nanoparticles were incubated in
the gastric (pH = 2) and intestinal pH (pH = 7), both with and
without the addition of enzyme. These particles were subjected to
FIFFF-ICP-MS, TEM characterization, and zeta potential measure-
ment. The zeta potential values of selenium nanoparticles in vari-
ous conditions are summarized in Table 2.

3.2.1. Selenium nanoparticles with polysaccharide-based stabilizing agents

Two types of polysaccharide-based stabilized selenium nanoparti-
cles were examined with the particle size distributions shown in Fig. 3.

By adjusting the solution pH from 2 to 7, the zeta potential values of
selenium nanoparticles with all stabilizers were more negatively
charged. For polysaccharide stabilized selenium nanoparticles, increas-
ing the pH value from 2 to 7 changed the zeta potential values
from —14.2 mV to —20.4 mV and from —28.4 mV to —33.0 mV, for

Table 2
Zeta potential values of selenjum nanoparticles in various conditions.

Condition Zeta potential (mV)
Selenium nanoparticles with various stabilizing agents
Pectin  Mixed alginate/pectin  Ovalbumin -Lactoglobulin
As synthesized —172 —276 333 243
AtpH2 —142 —284 379 25.8
AtpH7 —204 —33.0 —204 —35.0
At pH 2 with pepsin —114 —11.0 19 3.0
(gastric)
At pH 7 with PBE —50.1 —47.0 —48.2 —43.1
(intestinal)

at pH 2 with pepsin at pH 7 with PBE

stabilized selenium nanoparticles; and b) ovalbumin stabilized selenium nanoparticles

pectin stabilized and mixed alginate/pectin stabilized selenium nano-
particles, respectively. It can be realized that free carboxylic groups
were deprotonated and changed to carboxylate anions at a pH value
of 7 (pKa of pectin is between 3 and 4, and pKa of alginic acid is between
1.5 and 3.5). The more negative charge at pH 7 than at pH 2 indicates
more electrostatic repulsion with increasing pH, which can inhibit the
agglomeration of nanoparticles. Therefore, the particle size at peak of
pectin stabilized selenium nanoparticles was smaller at pH 7 (72 nm
as shown in Fig. 3a, brown) than that at pH 2 (84 nm as shown in
Fig. 3a, purple). The TEM images of pectin stabilized selenium nanopar-
ticles are illustrated in Fig. 2a, which show the same trend as the results
from FIFFF.

Although selenium nanoparticles with mixed alginate/pectin stabi-
lizer also exhibited slightly higher negative charge at pH of 7, the

Selenium (ug L)

0 20 40 60 80 100 120 140 160
Diameter (nm)

180 200
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Fig. 3. Particle size distributions of a) pectin stabilized selenium nanoparticles and
b) mixed alginate/pectin stabilized selenium nanoparticles, under various conditions:
i.e,, at pH 2 (purple); at pH 7 (brown); at pH 2 with pepsin (red); and at pH 7 with
pancreatin-bile extract (green), characterized by FIFFF with ICP-MS. (For interpretation
of the references to colors in this figure legend, the reader is referred to the web version
of this article.)
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particle size at peak was slightly larger than at pH of 2 (46 nm at pH 2 as
shown in Fig. 3b, purple and 53 nm at pH 7 as shown in Fig. 3b, brown).
This may be due to the nature of alginate that at a pH below 4 is likely to
form a high-viscosity acid gel (Bu, Kjeniksen, Knudsen, & Nystrom,
2004; Dentini, Rinaldi, Barbetta, Risica, & Skjak-Braek, 2006). Therefore,
at pH 2, the solution was highly viscous, resulting in the decrease in the
collision rate of molecule. At pH 7, however, the lowering in viscosity of
the solution promoted the possibility for particle-particle collision,
leading to a larger particle size.

3.2.2. Selenium nanoparticles with protein-based stabilizing agents

Ovalbumin and p-lactoglobulin were selected to be a model study of
protein stabilized selenium nanoparticles. Gastrointestinal digestion of
selenium nanoparticles with protein-based stabilizing agent was also
performed in both non-enzymatic and enzymatic media. Two types of
protein-based stabilized selenium nanoparticles were examined with
the particle size distributions shown in Fig. 4. To understand the effect
of pH on selenium nanoparticles, experiment without addition of
enzymes is first considered.

By adjusting the solution pH from 2 to 7, the zeta potential values
of selenium nanoparticles stabilized with proteins switched from the
positive values to the negative values, as 37.9 to —20.4 and 25.8
to —35.0 mV for ovalbumin and p-lactoglobulin stabilized selenium
nanoparticles, respectively (Table 2). This is due to the fact that the iso-
electric points (pl) of both proteins are higher than 2 and lower than 7.
The pl of ovalbumin is 4.75 and that of p-lactoglobulin is 5.2. Therefore,
at pH 2, both proteins carry a net positive charge. At pH 7, both proteins
exhibit a net negative charge.

Considering the particle size observed for ovalbumin stabilized sele-
nium nanoparticles, increasing the pH from 2 to 7 caused the particle
size at peak to shift from 52 nm (Fig. 4a, purple) to disappearance
from the observable size range (1 to 160 nm) as shown in Fig. 4a
(brown). Nonetheless, the signal of selenium showed up after stopping
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Fig. 4. Particle size distributions of a) ovalbumin stabilized selenium nanoparticles and
b) pB-lactoglobulin stabilized selenium nanoparticles, under various conditions: i.e., at pH
2 (purple); at pH 7 (brown); at pH 2 with pepsin (red); and at pH 7 with pancreatin-bile
extract (green), characterized by FIFFF with ICP-MS. (For interpretation of the references to
colors in this figure legend, the reader is referred to the web version of this article.)

the cross flow indicating that the particle is larger than 160 nm
(results not shown). This may be caused by the precipitation of ovalbu-
min during the pH adjustment from 2 to 7, causing agglomeration of
selenium nanoparticles. The TEM image in Fig. 2b also implies that
ovalbumin stabilized nanoparticles were agglomerated to larger size.
Considering the particle size observed for B-lactoglobulin stabilized
selenium nanoparticles, particle size distribution exhibited a peak
maximum at 46 nm with a shoulder at around 30 nm (Fig. 4b, purple).
This bimodal characteristic may arise from the fact that R-lactoglobulin
is normally found as dimers and other larger aggregates. However at pH
below 3 and above pH 8, the dimers can be dissociated into monomers
(Kuwata et al., 1999; Sakurai, Oobatake, & Goto, 2001). Therefore, at pH
2 B-lactoglobulin was presented as both monomer and other non-
native larger aggregates causing the selenium nanoparticles to be stabi-
lized by two different groups of stabilizer, leading to bimodal distribu-
tion. At pH 7, however, the shoulder peak at approximately 30 nm
disappeared showing only monomodal peak at 46 nm (Fig. 4b, brown).

3.3. Selenium nanoparticles in gastric conditions: pH 2 with and without
pepsin addition

In gastric condition, not only should the pH be adjusted to 2, but
pepsin should also be added to better mimic the digestive system.
Pepsin is enzyme produced in the mucosal lining of the stomach that
acts to degrade protein. Pepsin is negatively charged at a pH of 2 (pl of
pepsin = 1) (Sepelyak, Feldkamp, Moody, White, & Hem, 1984). With
pepsin addition, the surface charge of all types of selenium nanoparti-
cles studied herein changed in such a way that the zeta potential values
were less negative and less positive for polysaccharide stabilized and
protein stabilized selenium nanoparticles, respectively (Table 2).

3.3.1. Selenium nanoparticles with polysaccharide-based stabilizing agents

Adding pepsin into polysaccharide stabilized selenium nanoparticles
cannot digest pectin or mixed alginate/pectin to the smaller unit.
Although pepsin addition caused the zeta potential values of polysac-
charide stabilized selenium nanoparticles to become less negative
(—14.2to —11.4 mV and —28.4 to —11.0 mV for pectin stabilized
and mixed alginate/pectin stabilized selenium nanoparticles,
respectively), the particle size at peak of pectin stabilized seleni-
um nanoparticles shifted to the smaller particle size (84 nm
without pepsin as shown in the purple line to 72 nm with pepsin
as shown in the red line of Fig. 3a) whereas that of the mixed
alginate/pectin remained unchanged (48 nm in the purple and red
lines in Fig. 3b). The decrease in particle size and the unchanged par-
ticle size, despite the less negatively surface charge, suggested that
under this condition the particle stability of polysaccharide stabi-
lized selenium nanoparticles was governed by steric stabilization
rather than electrostatic repulsion. The TEM images of pectin stabi-
lized selenium nanoparticles are illustrated in Fig. 2a, which show
the same trend as the results from FIFFF.

3.3.2. Selenium nanoparticles with protein-based stabilizing agents

Addition of pepsin at stomach pH of 2 caused the zeta potential
values of both protein stabilized selenium nanoparticles to become
less positively charged (37.9 to 1.9 mV and 25.8 to 3.0 mV for ovalbumin
and (R-lactoglobulin stabilized selenium nanoparticles, respectively).
It can be realized that at this pH both ovalbumin and B-lactoglobulin
carry a net positive charge whereas pepsin carries a net positive charge.
Therefore, the addition of negatively charged pepsin caused a charge
neutralization of the positively charged proteins resulting in the overall
reduction in the zeta potential values.

Ovalbumin is known to be resistant to pepsin digestion (Martos,
Contreras, Molina, & Lépez-FandiNo, 2010). Considering ovalbumin
stabilized selenium nanoparticles, the particle size was shifted to larger
size (52 nm without pepsin as shown in the purple line and 64 nm with
pepsin as shown in the red line in Fig. 4a). This may be due to the
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decrease in electrostatic repulsion between the particles (as evidenced
by the decrease in zeta potential values) causing particle agglomeration.
The TEM images of ovalbumin stabilized selenium nanoparticles are
illustrated in Fig. 2b, which show the same trend as the results
from FIFFF.

Considering B-lactoglobulin stabilized selenium nanoparticles,
the bimodal distribution at pH 2 without pepsin addition (30 and
46 nm as shown in Fig. 4b, purple) became monomodal at 30 nm
with pepsin addition (Fig. 4b, red). The disappearance of the peak
at 46 nm may be realized from the fact that the high-molecular
weight nonnative aggregates were digested rapidly, whereas the
dimers and monomer were resistant to peptic digestion (Peram,
Loveday, Ye, & Singh, 2013). The resistance of native p-lactoglobulin
to pepsin hydrolysis is attributed to its particular folded calyx structure
where the target amino acid residues are buried in the protein core
(Malaki Nik, Wright, & Corredig, 2010). Therefore, the peak at 46 nm
which is believed to be the selenium nanoparticles stabilized by the
high-molecular weight nonnative aggregates, was shifted to the
smaller particles stabilized by only the dimeric and monomeric
forms of B-lactoglobulin.

3.4. Selenium nanoparticles in intestinal conditions: pH 7 with and without
pancreatin-bile extract addition

In the intestinal condition, not only should the pH be adjusted to 7,
but pancreatin-bile extract should also be added to better mimic the in-
testinal system. Pancreatin is a mixture of several digestive enzymes
produced by the exocrine cells of the pancreas. It is composed of amy-
lase, trypsin, lipase, ribonuclease and protease. The amylase found in
pancreatin works to hydrolyze carbohydrate into oligosaccharides and
the disaccharide maltose. Moreover, the bile solution is hydrophilic on
one side and hydrophobic on the other side. The hydrophilic side is neg-
atively charged, and this charge can prevent the nanoparticles from ag-
gregating. With the pancreatin-bile extract addition, the surface charge
of all types of selenium nanoparticles studied herein became more
negatively charged as evidenced by the zeta potential values shown
in Table 2.

At pH 7, selenium nanoparticles stabilized with all types of stabiliz-
ing agents studied herein carry an overall negative charge. The addition
of the pancreatin-bile extract, which consists of a group of negatively
charged molecules, results in the overall increase in electrostatic repul-
sion of the same charged molecules. Therefore, the particles shifted to a
smaller size as depicted in Figs. 3 and 4 (the brown lines and the green
lines, without and with pancreatin-bile extract, respectively). The TEM
images of pectin and ovalbumin stabilized selenium nanoparticles show
the same trend as the results from FIFFF.

4. Conclusion

Flow field-flow fractionation was found effective for size charac-
terization of selenium nanoparticles. With the use of an on-line
ICP-MS detection, element specific information was obtained and
the quantification of selenium indicated that a total of approximately
88-103% of the original selenium nanoparticles was detected during
fractionation. Upon incubation of selenium nanoparticles in gastro-
intestinal conditions, particle size distributions shifted differently
depending on the type of the stabilizing agent used in the prepara-
tion of selenium nanoparticles. The changes in particle size are
governed by the resulting particle surface charge and the monomeric/
dimeric nature of the stabilizing molecules at different pH values.
Ionic strength and the presence of enzyme also affected the particle
surface charge and electrostatic interaction. Despite the shift in particle
size distribution, more than 90% of selenium was still present in
nanometer range after gastrointestinal digestion.
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The hyphenated technique of field-flow fractionation (FFF) and inductively coupled plasma mass
spectrometry (ICP-MS) is reviewed. FFF-ICP-MS provides unique information on elemental composition
across size or molecular weight distributions. In the early stages of FFF-ICP-MS development, the
technique was found to be useful for environmental applications. With the growth of nanotechnology,
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Introduction

Among the analytical techniques providing particle size infor-
mation, field-flow fractionation (FFF) is considered one of the
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the future prospects for FFF-ICP-MS are considered.

major players. FFF is suitable for the size fractionation of
nanometer and submicrometer particles and the molecular
weight separation of macromolecules of various types,
including environmental particulate materials, suspended
clays, aquatic colloids, sediments, biological cells, viruses, and
polysaccharides. When information on size-based elemental
speciation is required, the coupling of FFF with atomic
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spectrometric techniques, such as ICP-OES and ICP-MS, is
recommended, as it offers online capability with high selec-
tivity. The combination of FFF with a sensitive multi-element
detector like ICP-MS allows the determination of elemental
composition across size or molecular weight distributions.
This information about elemental size distribution is useful for
studying processes involving the formation of colloidal-size
particulates and their chemical interactions with associated
materials, such as in. the study of trace element contaminant
transport in waterways,” and investigations in to the preferen-
tial binding of specific elements to proteins.’

Some key differences between FFF and chromatography are
based on the types of force used to induce analyte retention. In
chromatography, the forces are highly selective, but at the same
time are so powerful that they cause irreversible adsorption and
structural disruption, including denaturation. In contrast, the
FFF retarding forces are much gentler in nature, and therefore,
the molecular integrity of macromolecules can be retained
during separation. Owing to the absence of a solid support in
FFF, biological activity loss is minimized compared to chro-
matography where interactions between the analyte molecules
and stationary phase are likely to occur. Therefore, FFF is
considered a more gentle separation technique and can be
invaluable in the separation of macromolecules, especially
those with weakly bound or labile species. A schematic diagram
representing the FFF separation principle is illustrated in Fig. 1.

After a decade of FFF-ICP-MS development from 1991, a
summary of FFF combined with ICP was documented in a book
chapter published in 2002,* which described many features and
principles of FFF and highlighted a few examples of FFF-ICP-
MS. At that time, only approximately 19 articles relating to the
use of FFF and ICP had been reported. Moving up to date, it has
been more than two decades now since the first work on FFF-
ICP-MS was published, and using the Scopus database from
1991 to present (May 31, 2014), with the keywords “field-flow
fractionation” and “inductively coupled plasma” searching for
the article or review document type, a total of 119 outputs were
found. The publication trend is illustrated in Fig. 2. After the
early development of FFF-ICP, the technique grew quite slowly
in the first decade, but since then a big jump of approximately a
400% increase in articles has been observed in the last ten years,
suggesting the rapid growth of interest in this technique in the
past decade. This may be due to the growing area of nano-
technology, where the particle size matters. This also expands
the horizon of FFF applications from environmental colloids to
nanoparticles (NPs). From the total of 119 articles published in
our search timeframe, 12 articles are considered as review type
articles, contributing to approximately 10% of the total number.
Therefore, the key points in these previous review articles are
summarized in this review.

Furthermore, this review describes the development and the
status of FFF-ICP-MS in its early stages, the use of FFF and ICP
in the first decades after the first report of the technique, and
selected applications of the technique in the second decade for
inorganic nanoparticles and environmental colloids. Also, we
forecast the possible future trends and opportunities for the
technique.
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Fig. 1 FFF principle and subtechniques. In FFF, separations are ach-
ieved within a flat open channel with a rectangular cross-section and
triangular end pieces where the sample and carrier liquid enter and
leave. The essence of FFF is to apply a force perpendicular to the
channel flow stream, which is a parabolic flow profile. This force drives
the macromolecules or particles toward an accumulation wall where
they encounter slow-moving laminar fluid streamlines. Fractionation is
achieved by the balance between the applied field force pushing the
sample particles toward the accumulation wall and the diffusivity of
sample particles acting against the field force. Smaller species diffuse
away from the accumulation wall into the carrier stream faster than
larger species. Thus, various size sample components are driven into
different average positions axially and laterally in the channel flow.
Consequently, each sample component leaves the channel at a
different time related to its diffusion coefficient and thus molecular
weight. These primary driving forces can be generated by a number of
fields or gradients, resulting in numerous FFF subtechniques that are
generally applicable to different materials.

The invention and early stage
development of FFF-ICP-MS

In 1991, Beckett introduced the first concepts and described his
initial experience in linking FFF separation techniques with
ICP-MS." According to Beckett, FFF yielded accurate and high
resolution particle size information for environmental samples
(e.g., suspended colloidal matter from rivers and lakes). Owing
to the high degree of sample dilution taking place during
separation in the FFF channel, a very sensitive analytical tech-
nique was needed for the subsequent characterization step. In
order to gain morphological, compositional, and adsorption
capacity information about various natural samples, various
detection systems, (e.g., optical microscopy, scanning and
transmission electron microscopy, fluorescence, X-ray diffrac-
tion, atomic emission spectrometry, and radioactive tracer
techniques), had been used;' until one day, Taylor of the US
Geological Survey in Denver suggested that ICP-MS may be
sensitive enough to give elemental information of the frac-
tionated particles. In addition, he suggested that ICP-MS
could provide multi-element concentration data across the
size distribution of the fractionated sample. With these
thoughts, experiments on FFF-ICP-MS were then conducted by
Beckett, Taylor, and their coworkers.>® In 1991, the first off-line

This journal is © The Royal Society of Chemistry 2014
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FFF-ICP-MS experiments were conducted, in which the FFF
separation of suspended matter was carried out in Melbourne
(Australia), and the fractionated components were sent to Denver
(US) for off-line elemental characterization using ICP-MS. In the
same year, the first online experiments were performed in Denver
with the results reported by Taylor et al. in 1992.° In their work,
SAFFF was used to separate three model inorganic solid
compounds (ie., lead chromate, aluminum oxide, and iron
oxide) suspended in 0.1% tetrasodium pyrophosphate. Another
set of samples involved surface-water suspended matter collected
from the Yarra and Darling rivers in Australia. Major, minor, and
trace element compositions of the size-separated colloidal (<1 um
diameter) particulates were measured in the fractionated
samples. In addition, the Cd adsorption characteristic in the
Yarra river colloid concentrate was studied. The results showed
that the amount of Cd adsorbed per mass of solid adsorbate
increased as the particle size decreased. The authors demon-
strated that FFF-ICP-MS was an important tool for studying
processes involving the fractionation of colloidal-size particulates
and their chemical interaction with associated materials. To
avoid the risk of sample clogging, a Babington-type pneumatic
nebulizer was used to introduce and nebulize suspended
particulates into the ICP torch.

FFF-ICP-MS worldwide

Since its introduction in the early 1990s, FFF-ICP-MS has grad-
ually attracted more attention. Only approximately 20 publica-
tions appeared in the peer-reviewed journals during the first 10
years after the first development of the technique, and the tech-
nique grew only relatively slowly as a consequence of the limited
number of equipment manufacturers and their low marketing.
Initially, only a few FFF manufacturers existed with many
distributors worldwide. These manufacturers included: (1) Post-
nova Analytics, Munich, Germany and Postnova Analytics, Salt
Lake City, Utah [http://www.postnova.com]; (2) Consenxus, Ober-

This journal is © The Royal Society of Chemistry 2014
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Hilbersheim, Germany [http://www.consenxus.de]; and (3) Wyatt
Technology Corporation, Santa Barbara, California [http://
www.wyatt.com]. Another important reason why FFF-ICP-MS
was of limited use, was possibly due to the fact that most ICP-MS
users were not trained to be FFF practitioners, and likewise, most
FFF users were not familiar with ICP-MS. Nonetheless, the situ-
ation changed when nanotechnology began to flourish since FFF-
ICP-MS provides great merits and capabilities to solve important
problems, and hence increasing research work has been
observed that includes FFF-ICP-MS. Collaboration between
research groups of different expertise is also helpful.

Current publications in FFF with ICP are mostly from
researchers in the US, with Spain, Germany, and Australia,
ranked as number two, also major contributors in publishing
the applications of this technique, as shown in Fig. 3. In terms
of the contributions from various research groups, the Colorado
School of Mines rank number one, followed by Monash
University as number two, and the University of Gothenburg
together with Mahidol University as number three (Fig. 4). Both
oral and poster presentations relating to the use of FFF and ICP
have been made at many major conferences in the atomic
spectroscopic community, including the 2013 European Winter
Conference on Plasma Spectrochemistry in Krakow, Poland,
and the 2014 Winter Conference on Plasma Spectrochemistry in
Amelia Island, Florida, US.

In order to summarize the key points relating to FFF with
ICP-MS detection given in the other review articles, the selected
contents in those review articles are highlighted in the following
section. Then, some selected recent applications of the tech-
nique for environmental colloids and engineered nanoparticles
are discussed.

Review articles related to FFF-ICP-MS

Various review articles relating to the use of FFF and ICP in
several investigations have been reported. However, a tutorial
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review directly devoted to FFF and ICP-MS coupling was
reported in 2010 by Dubascoux et al.” This review emphasized
some key elements regarding the interface between FFF and
ICP-MS, including the history and practical aspects, but also
described the applications of the technique for qualitative and
quantitative analyses. It said that basically the interface
between FFF and ICP-MS can be a simple connection through a
PEEK (polyether ether ketone) or PFA (perfluoroalkoxy alkane)
tube between the outlet of the FFF system and the sample
nebulizer of the ICP-MS system, i.e., when the flow rate outlets
are compatible with the ICP-MS nebulizer. If not, a split
connection may be used when the flow rate outlets were too
high. The important thing to consider though is the issue of
particle size selectivity in the nebulizer-spray chamber system.
Regarding the applications of the technique, the authors stated
that more than 90% of the papers were related to environmental
applications, but few papers enlarged the application field with
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industrial applications, food sciences, and life sciences. The
authors summarized some selected applications of FFF-ICP-MS
in various applications, including in environmental, bio-
applications, nanoparticles, and others. The feature of flow FFF
to allow the sample preconcentration was also mentioned, to
cope with the high dilutions associated with the inherent
principle of the fractionation during FFF analyses.

The other review articles related to FFF with ICP-MS were not
directly devoted to this hyphenated technique. However, FFF
with ICP-MS was listed together with other techniques for
certain applications, mainly focused either on engineered
nanoparticles or environmental colloids.

For the engineered nanoparticles, various review articles
were published.**® The review by Tiede et al® discussed
different analytical techniques available for the detection, as
well as physical and chemical characterization, of engineered
nanoparticles in product formulations, environmental

This journal is © The Royal Society of Chemistry 2014
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matrices, and food materials. The authors emphasized the
importance of the physical and chemical properties of the
engineered nanoparticles within the sample and the chemical
characteristics of any capping/functional layer on the particle
surface. They stated that the analytical techniques should be
sensitive enough to measure low concentrations and also to
minimize sample disturbance. This review categorized a range
of analytical techniques into various approaches, including
microscopy, chromatography, centrifugation and filtration,
spectroscopic techniques, and related techniques. Field-flow
fractionation was listed as one of the chromatographic related
techniques that could provide information on particle number
concentration, shape, and size. In particular, the FFF technique
was discussed as a highly promising technique for the size
separation of ENPs in complex natural samples. Despite the fact
that it is a mild and versatile fractionation technique, careful
optimization of the carrier composition demands experience,
and attention should be paid to minimize the membrane
interactions. By coupling FFF with ICP-MS, not only is it
possible to quantify different nanoparticles in food, water, biota
and soil, but also to characterize or elementally analyze them.

Jiménez et al.® described the use of several separation tech-
niques with ICP-MS detection for the analysis of natural and
engineered nanoparticles in the environment. They categorized
the review into different parts as follows: natural nanoparticles
analysis by polyacrylamide gel electrophoresis laser ablation
ICP-mass spectrometry (PAGE-LA-ICP-MS); engineered nano-
particle analysis by separation techniques coupled to ICP-MS;
and the identification and characterization of engineered
nanoparticles by single particle detection. When hyphenating
with ICP-MS detection, FFF was described as one of separation
techniques used for separation, apart from for size exclusion
chromatography or hydrodynamic chromatography.

A critical review on the application of plasma spectrometry
for the analysis of engineered nanoparticles was given by
Krystek et al.® This review covered the use of the ICP technique
for the determination of ENPs and its application in various
consumer products, including its possible release during use.
The authors stated the importance of sample handling and
sample preparation for the analysis with plasma spectrometry,
stating that care must be taken to preserve the size stability.
Among all the hyphenated techniques for the analysis of ENPs,
FFF coupled with ICP-OES or ICP-MS was also described in the
review as a size fractionation technique for complex mixtures of
NPs. With FFF, questions related to the membrane-nano-
particle interaction, the behaviors of different nanoparticle
types in the FFF channel, and the influence of dilution of
suspensions during separation should be considered, as well as,
the development of suitable calibration strategies or recovery
improvement.

Fedotov et al.* reviewed the techniques for the fractionation
and characterization of nanoparticles and microparticles in
liquid media. Among all other techniques, FFF was listed as one
of the most versatile techniques for such purposes. Three
modes of FFF separation were mentioned, including normal,
steric, and hyperlayer. Various subtechniques of FFF were
described. The authors mentioned that homogeneous samples

This journal is © The Royal Society of Chemistry 2014
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should be used to obtain representative data, because in FFF the
sample weight is less than 1 mg. Additionally, with only a very
small sample weight, the detection techniques for the analysis
of the separated fractions needs to be highly sensitive. Appli-
cations of asymmetrical flow FFF (AF4) coupled online with ICP-
MS to study metal associations to different environmental
microparticles, nanocolloids, and macromolecules were also
mentioned.

The applications of flow FFF (FIFFF) for the characterization
of natural colloids and natural and manufactured nano-
particles, with an emphasis on the detection systems, were
reviewed by Baalousha et al.** Various detection techniques
were mentioned, including UV-vis, organic carbon detector,
fluorescence, ICP-MS and ICP-OES, laser-induced breakdown
detection, multi angle light scattering, dynamic light scattering,
transmission electron microscopy, and atomic force micros-
copy. With FIFFF, the calculation of the hydrodynamic diameter
is based on applying Stokes' relationship and assuming that the
particles are hard spheres. However, the particles are not
spherical in shape in all cases, suggesting the need for a
detector that could give an independent and complimentary
measurement of the particle size distribution. The authors
discussed the use of a multi detection approach to help verify
any abnormalities and deviations from theoretical principles of
the fractionation, and in some cases to help provide a wide
range of information on other particle properties, such as
composition, concentration, optical properties, interaction with
trace metals, and structure. In their review, the operational
conditions of FIFFF and the study of the analysis of natural
colloids and natural nanoparticles were summarized. Natural
colloids include extracted humic substances, river and lake
waters, estuaries and marine water, wastewater, soil, sediment,
and groundwater, as well as atmospheric particles. For manu-
factured nanoparticles, measurements of the thickness of
surface coatings, structures, and aggregation behavior were
discussed.

The review by Lespes and Gigault*® also discussed the use of
different hyphenated techniques to obtain multidimensional
information for the characterization of submicron particles.
Hyphenation of an online fractionation to one or several
complementary detectors was illustrated to be useful. FFF was
listed as one of the techniques that could provide separation
before the detection. In comparison with other techniques, FFF
offered the advantage that the fractionation power and dynamic
range could be easily tuned by varying the field strength.
Various subtechniques of FFF were mentioned. Detection was
classified into the category that could provide particle concen-
tration, particle size, elemental concentration, molecular
structure information, and other more specific information.
Where the information on elemental concentration was sought,
inductively coupled plasma spectroscopy was listed as a tech-
nique of choice. Various other techniques were discussed and
compared for their advantages and limitations.

For environmental samples, Contado et al** discussed
different methodologies to fractionate and characterize riverine
suspended particulate matter. The review also described various
experimental approaches to perform sampling and

J. Anal. At Spectrom., 2014, 29, 1739-1752 | 1743


http://dx.doi.org/10.1039/c4ja00207e

Published on 25 July 2014. Downloaded by Mahidol University on 03/12/2014 04:08:53.

JAAS

preconcentration, including membrane filtration, tangential
flow filtration, centrifugation, and continuous flow centrifuga-
tion. For size fractionation, sequential continuous flow centri-
fugation, tangential flow filtration, split-flow thin-channel
fractionation (SPLITT), and FFF were mentioned. Among these
techniques, FFF and SPLITT preserved the complexity of the
colloidal feature and were useful for quantitative approaches to
study the trace metal distribution on suspended particulate
matter, particularly when element specific detectors such as
GFAAS or ICP-MS were used.

Another review described the various components of FIFFF
instrumentation, the nature of the separation process, and the
theory for translating the retention time to relative molecular
mass.”> This review focused on the symmetrical FIFFF sub-
technique. The use of frit inlet and frit outlet features was
described. The frit inlet offers rapid hydrodynamic relaxation of
the sample components to reach their equilibrium positions
without having to stop the channel flow, thereby avoiding
disruption in the channel. The frit outlet was used for skim-
ming off the carrier liquid through the frit materials and
thereby allowing the concentrated particles to flow to the
detection system, whereby the detection sensitivity was
increased. Regarding the carrier liquid, not only do the ionic
strength and the effective dispersion of the particles need to be
considered, also the liquid should be properly chosen to mini-
mize swelling of the membrane, which otherwise could lead to
nonuniform flows in the channel. Also, care must be taken to
avoid potential interference with the detector response and
interactions with the channel materials. Detectors should be
selected according to the information sought for the sample
being analyzed. Two operating modes, including normal and
steric/hyperlayer modes were discussed. The applications of
FIFFF to environmental and biological matrices and the detec-
tion of polymers and inorganic colloids were summarized by
listing the analytes, the membrane, the carrier, and the detector
used. The authors commented that in order to establish a
broader user base with appropriate practical support, the
publication of “standard” analytical methods for particular
applications may be needed.

The review by von der Kammer et al.*® presented the current
status of FFF as an analytical separation technique for the study
of NPs in complex food and environmental samples. The ability
to identify the ENPs among the background of all other NPs in
the sample is quite challenging. With this in mind, the devel-
opment of a proper sample-preparation procedure or the use of
element specific detector may need to be considered. Sample
preparation should be carried out in such a way that a stable
suspension of particles is obtained. The authors commented on
different approaches to separate NPs from a certain matrix,
such as particle settling, centrifugation, or filtration. Using
settling and centrifugation minimized the risks of sample
alterations, whereas for filtration, the membrane filter cannot
guarantee that particles smaller than the membrane cut-off
indeed pass the membrane quantitatively. For natural NPs,
which are generally complex, heterogeneous, and present in a
broad size range, careful optimization of the FFF operating
conditions must be carried out in order to obtain the full range
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of sizing. In addition, optimization must be carried out to
separate the analytical part of the fractogram completely from
the void peak, and the mixed modes of elution (normal and
steric mode) should be avoided. In general, the carrier liquid
should prevent particle dissolution and aggregation. Normally,
the carrier liquid should provide sufficient electrostatic repul-
sion to prevent attachment and loss of the particles to the
membrane. The membrane should be chosen to provide
enough repulsion between the particles and the membrane
surface, but not too high to cause a repulsion-cushion effect
causing the early elution of the particles. For the detection, FFF
may be coupled with many types of detectors. When ICP-MS is
used, the particle size dependent nebulization and ionization
efficiencies in the ICP should be considered.

Selected applications of FFF-ICP-MS

Considering the applications of FFF-ICP-MS, most of the
publications relate to environmental colloids and inorganic
nanoparticles. Therefore, some more recent applications of the
technique are reviewed in the following sections.

Environmental colloids

With FFF-ICP-MS, size-based elemental speciation can be per-
formed. Information on elemental concentration across the size
distribution is obtained. FFF-ICP-MS also allows the detection
of the specific binding of elements to various nanocolloids
subfractions. This information can be important and useful to
gain an insight into metals’ transport and their fate. Some brief
findings of FFF-ICP-MS experiments on environmental appli-
cations are summarized as follows.

Bolea and Castillo"” established a methodology based on
asymmetrical flow FFF (AF4) coupled with ICP-MS to charac-
terize metals associated with to environmental particles of a
wide range sizes from 1 kDa to 50 pm. In AF4, both steric
(microparticle) and normal (nanocolloids and macromolecules)
modes of AF4 were performed with prefractionation steps,
sedimentation, and centrifugation. Four cross-flow programs
were used to classify environmental particles into four groups:
microparticles eluted in the steric mode (>1 um), nanocolloids
eluted in the normal mode (15 nm to 1 pm), macromolecules up
to 1000 kDa, and macromolecules less than 100 kDa. To correct
for ICP-MS instrumental drift, a Cs internal standard solution
was mixed with the outlet stream of AF4. Al and Si were mainly
found with microparticles, with which Zn and Pb were also
significantly associated, as compared to Cu, which was mainly
associated with macromolecules.

Worms et al.'® applied AF4-ICP-MS to examine the associa-
tion of metals to the colloidal organic matter from a wastewater
treatment plant. The colloidal organic matter was classified into
low molecular mass and high molecular mass fractions. Most
metals, including Ag, Cd, Cu, Cr, Mn, and Zn, were found to be
associated only with the low molecular mass fraction, suggest-
ing that the low molar mass fraction of the colloidal pool played
a key role in controlling the distribution of metals in the
colloidal phase. The exceptions included Al, Fe, and Pb, which
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were found to be also associated with the high molecular mass
fraction.

Krachler et al.™ applied the coupling of AF4 with ICP-MS to
characterize colloidal iron carriers in peat-draining rivers in
North Scotland. The size distribution of natural organic matter
determined by FFF-UV (1 = 220 nm) was merged with the Fe
distribution by AF4-ICP-MS. The distribution of Fe was
bimodal, whereby, the smaller particle size indicated iron
complexed by natural organic matter, and the second peak was
higher and represented a higher abundance of Fe, which may be
iron oxides. However, for rivers with a high sodium concentra-
tion, the signal for the secondary Fe species became lower,
implying that these iron species were more vulnerable to
increases in salinity.

Plathe et al.*® coupled AF4 to high-resolution ICP-MS to study
the relationships between trace metals and nanoparticles in
contaminated sediments. The signal of several elements
including Al, Fe, Si, Mg, Ti, Zn, Cu, Mn, Ba, Pb, Sr, Cr, Ce, La,
Co, Th, Bi, Pr, and In were monitored. Al and Si represented the
peak maximum at particle sizes larger than 100 nm. The peak
maximum of Fe was at particle sizes smaller than 100 nm. The
peak maximum of Ti was between that of Al and Fe. The frac-
tograms of Zn, Cu, and Pb were similar to that of Fe and Ti,
implying that these elements were held on or were in nano-
particle minerals containing Fe and Ti as the major elements.
The Al-rich minerals were much more depleted in the nano-
meter size fraction and showed a less important role in metal
binding.

Neubauer et al** investigated the effects of ionic strength
and sample loading on the retention and recovery for the size
characterization of natural nanoparticles by AF4 coupled with
ICP-MS. A wide range of polystyrene sulfonate (PSS) molecular
weight standards of 1100-145 000 g mol " were used to cover
the particle size range of natural organic matter and its aggre-
gates. To obtain reliable results, a higher ionic strength carrier
solution with lower sample loading was recommended.
Ammonium carbonate/ammonium carbamate solution was
used as a carrier liquid due to its interference-free ICP-MS
property. The Rh solution was added as an internal standard for
ICP-MS detection. From the UV-vis fractogram, natural organic
matter appeared only as one peak, which could bind with about
50% of Fe. However, two peaks were observed in the Fe fracto-
gram, by which the other peak of Fe was defined as an iron-rich
nanophase.

Claveranne-Lamolere et al.** exploited AF4-ICP-MS together
with CE-ICP-MS coupling to characterize uranium-colloid
interactions. With AF4-ICP-MS, the colloidal population in soil
leachates appeared to be polydisperse, which was identified as
aggregates probably constituted of inorganic colloidal Ti, Mg,
Ca, Fe, Al-rich, and carbon-based particles, as well as organic
matter. Uranium was associated with the whole colloidal pop-
ulation. Then, CE-ICP-MS was employed to examine the effect of
PH on the affinity between uranium and colloid surface sites.

Brittain et al.*® studied the chemical speciation of U and
trace metals in depleted uranium (DU) contaminated soils. Soil
samples were extracted with sodium pyrophosphate to remove
the organic-bound fraction, followed by a further chemical
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extraction to separate humic and fulvic complexes. The majority
of elements (Mn, Fe, Cu, Zn) gave monomodal fractograms for
the soils studied, with the exception of Pb and U. Bimodal
distribution was found for Pb in the sodium pyrophosphate
extract of the Kirkcudbright soil, but Pb exhibited monomodal
distribution in the fulvic and humic acid fractions. In the
control soil, U was primarily associated with the sodium pyro-
phosphate fraction, with only a small amount of U associated
with the humic acid fraction, whereas only a negligible amount
of U was found in the fulvic acid fraction. In the Eskmeals soil,
U displayed a monomodal peak in the sodium pyrophosphate
fraction, and in the isolated humic fraction, whereas a bimodal
peak was observed for the fulvic acid fraction.

Henderson et al.** exploited FIFFF-ICP-MS to characterize
nanoparticles released during anoxia in grassland soils
receiving biannual broiler litter amendments in 12 of the last 15
years. A bimodal distribution was observed at a very small size
fraction and with approximately 400 nm particles or aggregates.
High concentrations of Al and Si were found in these fractions,
with minor contributions from Fe and Ti. The peak of Fe cor-
responded well with the peaks of Si and Al, whereas the peak of
Ti was shifted toward later elution times. Nonetheless, P
exhibited an elution peak slightly earlier than those of Si, Al,
and Fe.

Saito et al.>® employed FIFFF-ICP-MS to examine the size
distributions and elemental compositions of nanocolloids in
granitic groundwater. Owing to the relatively low concentration
of colloids in groundwater, a three-step enrichment of colloids
was carried out by ultrafiltration, a focusing technique with a
large sample injection loop, and by the slot flow technique. In
most cases, the size distributions of Al, Mg, and Lu corre-
sponded well with that of organic colloids. Similarly, most other
lanthanide and actinide elements were also shown to be asso-
ciated with organic colloids, but with smaller size fractions. Sr
was found to be associated with the Ca-dominant fraction,
which may form a solid solution in CaCO;.

Stolpe et al. reported various examples of FFF-ICP-MS to
examine metal binding with environmental colloids.”**® They
applied the online coupling of FIFFF to detectors, including UV-
absorbance, fluorescence, and ICP-MS, to examine Fe, P, Mn,
Cu, Zn, Pb, and U distributions, along with the ‘nanocolloidal
size distributions’ (0.5-40 nm, hydrodynamic diameter) of
chromophoric and fluorescent organic matter in the Mis-
sissippi river, the Pearl river, and the northern Gulf of Mexico.>®
The distributions of Cu and U in all rivers were monomodal in
the 0.5-4 nm size range, matching the UV254 size spectrum. In
the Pearl river, Zn also showed a similar distribution to Cu and
U, but with a broader peak extending into sizes larger than 5
nm. For Mn and Pb, the distributions were similar to that of Fe,
which showed an additional peak in the 5-25 nm size range, in
comparison with those of Cu and U. The distribution of P
resembled that of Fe in the Pearl river, with P distributed in
both the 0.5-4 nm and the 5-25 nm peaks. In the Mississippi
river, on the other hand, it resembled Cu and U, by which only
the 0.5-4 nm peak could be distinguished.

Furthermore, the technique was also employed to examine
Cr, Mn, Fe, Co, Ni, Cu, Zn, and Pb distributions along with
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‘nanocolloidal size distributions’ (0.5-40 nm, hydrodynamic
diameter) of humic-type and chromophoric dissolved organic
matter (CDOM) in Alaskan rivers.>” Similar to UV254 absor-
bance, carbon, and Fe distributions, during the spring flood, Cr,
Co, Cu, Ni, Mn, Zn, and Pb showed one single peak centered at
1.5 nm, and were largely found in the 0.5-4 nm size fraction.
During the summer, Cr, Co, Cu, and Ni showed the sharp peak
at 1.5 nm, but with a narrower 0.5-3 nm width than during the
spring flood. For the other elements, their signals were too low
to be observed.

In another application, Stolpe et al.*® used flow FFF-ICP-MS
to characterize the binding between nanocolloids (0.5-40 nm)
and Fe, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu in
six Alaskan rivers in the Yukon River basin, and where seasonal
changes and rivers affected the REE-binding of the nano-
colloids. Nanocolloids were classified as ‘fulvic-rich’, ‘organic/
iron-rich’ or ‘iron-rich’ fractions. During the spring flood, the
REEs were high in concentration and were largely associated
with <8 nm organic/iron-rich nanocolloids. During the summer
base flow, the concentrations of REEs were low and the REEs
were mostly associated with small (<0.5 nm) organic and/or
carbonate complexes, probably leached from deeper soil layers.

Inorganic nanoparticles

With the emergence of nanotechnology, the use of nano-
particles has increased tremendously. Inorganic nanoparticles
can be detected by FFF-ICP-MS. This review highlights some
selected applications of FFF-ICP-MS for various types of inor-
ganic nanoparticles, including silver (AgNPs), gold (AuNPs),
titanium dioxide (TiO,), and other inorganic nanoparticles.

Bednar et al* compared the sensitivity and selectivity
obtained by various instruments (UV, DLS, ICP-MS, ICP-DRC-
MS, and ICP-AES) as online detection systems for FFF. In their
work, several types of inorganic nanoparticles were investi-
gated, including AgNPs, AuNPs, and quantum dots. Among the
detection techniques studied therein, ICP-MS and ICP-AES
provided specific and simultaneous detection for AgNPs, with
detection limits of 10 pg L™" and 100 pg L™ ", respectively. For
UV detection, even a detection limit of 100 pg L™ " was achieved,
although the technique was not specific and could not differ-
entiate between nanoparticles from different elements. For the
DLS technique, the detection limit was as high as 1500 pg L™".
Moreover, the impurities in the suspension or a few large
particles skewed the DLS measurement to a larger size. There-
fore, the advantages of ICP-MS and ICP-AES as online detection
systems were emphasized and applied to detect multiple
components of nanoparticle systems, including core-shell
gold-silver nanoparticles, Cd-Se-Zn-S quantum dots, and
silver nanoparticles after sulfidation.

The mixtures of 10, 30, and 60 nm AuNPs with 10, 30, and
60 nm AgNPs were separated by FFF with different detection
techniques (UV, DLS, ICP-MS, and ICP-AES). ICP-MS provided the
lowest detection limit at 10 pug L™ for both AuNPs and AgNPs,
compared with ICP-AES (200 pg L™ for AuNPs and 100 pg L™ for
AgNPs), UV (400 ug L' for AuNPs and 100 pg L™ " for AgNPs), and
DLS (4000 pg L™" for AuNPs and 1500 pg L™" for AgNPs).
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ICP-MS, ICP-DRC-MS, and ICP-AES were coupled with FFF
for the characterization of cadmium selenide-zinc sulfide core-
shell quantum dots (CdSe-ZnS). For Cd and Zn, ICP-MS
provided more detection capabilities over ICP-AES. However,
sulfur could not be detected by standard mode ICP-MS (poly-
atomic interferences), whereas ICP-AES could measure sulfur.
Moreover, DRC was used to overcome interferences for sulfur
and for selenium detection.

Silver nanoparticles. Hoque et al.* reported the use of AF4
with online and off-line ICP-MS for the size characterization and
quantitative analysis of AgNPs in aqueous matrices. For online
AF4-ICP-MS, indium was selected as an internal standard to
correct for signal drift during separation and analysis. External
calibration was carried out by injecting a series of AgNPs stan-
dards into the AF4 system with ICP-MS detection. With this
online detection procedure, a LOQ of 1.4 ng mL™' (0.1 mL
injection volume) and LOD of 0.8 ng mL ™" were obtained. Three
calibration approaches for the quantification of AgNPs in water
samples were evaluated. These include the external calibration
with AgNPs standards, the standard addition of AgNPs in the
samples injected into the AF4 channel, and the flow injection
approach using a dissolved Ag' standard introduced into the
eluent flow after the AF4 system via an online injector. The first
two approaches provide information on both the particle size
and concentration, whereas only the information on concen-
tration was obtained from the last approach. Application of the
three calibration approaches to a wastewater sample displayed
good agreement between the external and standard addition
calibration approaches. However, the flow injection approach
gave different values, which may be due to the presence of
various other insoluble forms of silver (e.g., Ag,S and AgCl)
rather than AgNPs.

Ulrich and coworkers®* stated the importance of sample
handling and preparation on nanoparticle analysis. They
studied the effect of dilution, pH, and ionic strength on nano-
particle analysis. Two types of nanosilvers were used in this
study; AgNPs with citrate stabilized (Ag@acitrate, electrostatic
stabilization) and AgNPs with PVA stabilized (Ag@PVA, steric
stabilization). With sample dilution, an increase of particle size
was observed for both types of AgNPs, which may be due to an
alteration of the ratio between the nanoparticles and the
coating or functionalization agents bound to its surface. The
effect of ionic surfactant or electrolyte addition into the carrier
liquid was also investigated. Adding sodium nitrate into the
carrier liquid resulted in an increase in size of both types of
silver nanoparticles. The authors suggested that the addition of
ions may change the electrostatic forces between the coating or
functionalization agent and the nanoparticle core, where,
generally, the sterically stabilized nanoparticles should be less
sensitive to ionic strength changes than the electrostatically
stabilized ones. Similarly, the effect of pH change had more
impact on the electrostatically stabilized than the sterically
stabilized nanoparticles. The time dependent curves showing
the change in particle size upon pH change implied the kinetics
of the agglomeration behavior. For Ag@PVA, a relatively steep
increase was observed after 120 minutes, whereas it took only 60
minutes for Ag@citrate. Moreover, the charge of nanoparticles
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also affected the separation efficiency and recovery rate in FFF-
ICP-MS analysis. A shift in the retention time may be expected
with different particle-membrane interactions.

Bolea et al.** reported the hyphenated techniques of AF4 and
ICP-MS for the characterization and quantification of AgNPs
standards and for AgNPs in consumer products. Various
parameters, including the mobile phase composition (pH, ionic
strength, and the presence of surfactants), the injection/
focusing time, and the cross-flow were optimized. Different
compositions of nonionic (Tween 20) and ionic surfactants
(SDS) were compared in terms of colloid stabilization, based on
the steric and electrostatic repulsion. Nonionic surfactants
offered a shorter time elution peak with a narrower profile,
which may be due to the weaker repulsion forces among AgNPs,
whereby the particles are focused into a narrow area. None-
theless, with nonionic surfactants, three different AgNPs stan-
dards (10, 20, and 80 nm) were eluted at the same retention
times, suggesting that nonionic surfactants are not appropriate
carrier liquids under this condition. In contrast, ionic surfac-
tants promoted electrostatic repulsion forces, leading to longer
retention times of the AgNPs. The best sample recovery for all
AgNPs standards was observed when 0.01% SDS at pH 8 was
used as a carrier liquid. Increasing the ionic strength of the
carrier liquid led to the reduction in sample recovery, as the
repulsion between AgNPs and the membrane surface was
shielded, leading to nanoparticle adsorption on the membrane
surface. With ultrapure water as a carrier liquid, conditioning of
the membrane surface was necessary by repeated injections of
concentrated AgNPs to reduce adsorption, by which recoveries
of 98 £ 5% were obtained when four injections of AgNPs were
applied to condition the membrane. Between the two
commonly used membranes, poly(ether sulfone) and the PES
membrane provided the higher recovery for AgNPs, as opposed
to regenerated cellulose membrane. Under optimum condi-
tions, FFF channel calibration was performed using various
AgNPs standards with particle sizes between 10 and 80 nm, and
consequently the method was applied to characterize the
particle sizes of AgNPs in antiseptic and dietary supplements.
ICP-MS was also used for elemental detection and quantitation
purposes, and the results obtained from direct nebulization
were agreeable with those from the digested sample analysis.

Poda et al.*® reported the use of FFF-ICP-MS for the charac-
terization of a AgNPs mixture and applied it to biological media
samples. In their work, a symmetrical FIFFF equipped with a 10
kDa regenerated cellulose membrane was used with 0.025% FL-
70 in the presence of 0.025% sodium azide as a carrier liquid.
NIST-traceable polystyrene bead size standards (20, 50, and 100
nm) were used for the FIFFF channel calibration. Recoveries of
88-89% were obtained for the three sizes of AgNPs at 10, 40, and
70 nm. Recoveries of less than 100% may be due to the inter-
action of particles with the FFF membrane and particle loss
during ICP-MS sample introduction. The sizes of AgNPs
obtained from the FFF analysis agreed well with the results from
DLS, but were larger than the TEM sizes, reflecting that the FFF
and DLS techniques measure the hydrodynamic particle rather
than the primary particle size. The injection of a mixture con-
taining 10, 40, and 70 nm AgNPs at concentrations of 67 ug L™
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showed clearly defined peaks, although the baseline resolution
was not achieved. With an increase in the particle size, the noise
signals also significantly increased. The authors hypothesized
that this may be due to the delivery of larger amounts of Ag per
particle unit into the plasma/detector system. At concentrations
down to 6.7 ng L' of mixed AgNPs, three peaks were quite
noisy, but still sufficiently defined. However, increasing the
cross-flow from 1 to 1.1 mL min~ " improved the peak separa-
tion, with minimal reductions in sensitivity and minor peak
broadening. In addition, the study of biota exposure to AgNPs
was carried out. The freshwater oligochaete, Lumbriculus varie-
gatus, was exposed to PVP-coated AgNPs spiked sediment. The
tissues were extracted after 28 days exposure, by deionized water
using sonication. The authors found that AgNPs became bigger
at 46 nm after biological exposure, compared to the original size
of 31 nm, which may be from coating of the particles with
proteins or other biological molecules. Alternatively, the PVP
coating might have been removed as a result of biological
mechanisms or abiotic reactions in the soil exposure medium,
thereby resulting in an aggregation of the destabilized silver
particles.

Coleman and coworkers* used FFF-ICP-MS to examine the
effects of particle size and the coating on the bioaccumulation
and depuration of AgNPs within the gut cavities of aquatic
invertebrates (L. variegatus). Prior to analysis, the L. variegatus
was homogenated and sonicated for 1 h in deionized water.
After 48 h of depuration, FFF-ICP-MS fractograms showed a
fraction of AgNPs, but which were smaller in size than the
original particle sizes. This result agreed with the data from
single particle (SP)-ICP-MS analysis performed for the collected
fractions from FFF. The analysis of the collected fractions at the
shouldered void peaks from FFF with the SP-ICP-MS revealed
that this fraction could be either dissolved Ag, small particles,
or Ag associated with organic moieties, such as proteins
recovered from the tissue with the water sonication extraction.
However, all dissolved Ag should be removed by cross-flow and
filtered off through the membrane before reaching the detector.
This study illustrated that with FFF-ICP-MS and SP-ICP-MS,
AgNPs could be retained in the L. variegatus for longer than the
standard 6 h depuration period, as indicated in the recom-
mended procedure by USEPA for bioaccumulation testing.

Another work by Poda et al.** was to examine the effect of UV
irradiation on the stability of AgNPs using FFF-ICP-MS. 50 nm
polyvinylpyrrolidone-capped AgNPs in the presence and absence
of dissolved organic carbon (DOC) were examined. AgNPs were
prepared in three different media, including deionized (DI)
water, moderately hard reconstituted water (MHW), and MHW
with DOC. The ICP-MS response of AgNPs in MHW decreased,
compared with AgNPs in DI water, as MHW triggered particle
aggregation by charge neutralization. However, adding 4 mg L™*
DOC solution in the MHW caused an increase in the ICP-MS
signal, as the DOC solution consists of negatively charged
carboxylates that increase the nanoparticle dissolution, by scav-
enging and complexing Ag" and possibly reducing Ag" to Ag°. To
mimic the 24 h exposure of AgNPs to sunlight, photolysis with
sixteen 14 W black lamps was set up for approximately 1 h. The
photolysis resulted in a decrease in the average particle size of
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AgNPs, which may be due to the photoinduced oxidation of the
PVP and dissolution of the metallic silver. Moreover, it was
observed that the particle size of AgNPs in MHW and DOC/MHW
also decreased after the photolysis reaction. Moreover, not only
did the particle size decrease after adding the DOC component in
to the AgNPs solution, the overall particle concentration also
decreased, which might be caused by the oxidation of silver to
Ag,0, followed by dissolution. In addition, the toxicity of AgNPs
under light exposure was investigated using the standard
zooplankton model.

Loeschner et al.*® developed a method based on the use of
AF4-ICP-MS for the analysis of AgNPs in chicken meat. To
mimic a possible scenario where AgNPs may migrate from an
antibacterial food packaging material into meat, AgNPs stabi-
lized with polyvinylpyrrolidone (PVP) were spiked into chicken
meat. Then, enzymolysis by Proteinase K for 40 min at 37 °C of
the homogenized AgNPs-spiked chicken meat sample was per-
formed to degrade the protein to peptides and amino acids. The
fractogram of the enzymatically digested meat sample con-
taining AgNPs displayed one large peak, with two smaller peaks
eluting close to the void volume. The large peak was assigned to
AgNPs, which eluted earlier than the pristine AgNPs without
meat. This earlier elution hampers the accurate determination
of the particle size distribution based on retention times.

Bolea et al.*” applied AF4-ICP-MS to investigate the changes
in the AgNPs particle size incubated in culture medium and
cells to gain an insight into nanotoxicity. The particle size of
AgNPs was bigger than the original size upon incubation in the
culture medium, suggesting the occurrence of protein corona
formation around the AgNPs. Using the appropriate operating
conditions to accommodate protein fractionation (19, 53, 113
kDa), Ag signals appeared at the same retention time as the
proteins, suggesting that the AgNPs were partially oxidized to
Ag', which could then associate with proteins present in the
culture medium. The association of AgNPs with HepG2 cells
was examined by using AF4-ICP-MS after alkaline solubiliza-
tion. The fractograms revealed the presence of AgNPs, but with
a smaller size than the original size, implying that a dissolution
process might have occurred. However, the presence of a AgNPs
peak provided evidence of the AgNPs association with the cells.

Gold nanoparticles. Schmidt et al.*® reported the use of FFF
coupled with ICP-MS for the separation and quantification of
10, 20, and 60 nm AuNPs mixtures. The mean recoveries of 50%,
95%, and 67% were observed for 10, 20, and 60 nm AuNPs,
respectively. It is thought that the incomplete recoveries were
due to the possible adhesion of AuNPs on the membrane
surface during separation process. The limits of detection
varied between 0.02 ng Au to 0.4 ng Au, depending on nano-
particle diameter. The LODs increased with increasing particle
size. AuNPs of 10 nm and/or 60 nm were injected in to sixteen
female Wistar rats. After 24 h, the livers were taken out and
solubilized in tetramethylammonium hydroxide. With ICP-MS
detection using Rh as an internal standard after microwave-
assisted wet ashing, the recoveries of AuNPs from the rat livers
ranged from 86% to 123% of their total Au content. However,
the 10 nm or 60 nm AuNPs could not be observed by FFF, due to
the association of AuNPs with the remains of the liver tissue.
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Gray et al.** compared the performances of hydrodynamic
chromatography (HDC) and AF4 coupled with ICP-MS for the
analysis of AuNPs. The resolution, recovery, and detection limit
obtained by the two techniques were evaluated. Two types of
AuNPs, namely tannic stabilized- and citrate stabilized-AuNPs
of 5, 20, 50, and 100 nm, were examined. The resolution
obtained from HDC was poorer than that from AF4, although
the better resolution of AF4 over HDC came with the drawbacks
of longer run time. With both techniques, different surface
coatings on the AuNPs showed variability in the relationship
between the time and diameter under identical operating
conditions, implying that size calibration should be performed
by using the particles with coatings that caused a similar
retention behavior to that of the unknown sample. This
problem should be paid greater attention in environmental and
biological systems, as NPs are likely to accumulate coatings on
their surface. Considering sample recovery during the separa-
tion process, HDC provided a higher recovery than AF4, as
particle sorption on the separation membrane is the main cause
of sample loss. The limits of detection for both techniques are
approximately 5 pg L.

Titanium dioxide nanoparticles. Owing to their several
interesting properties, i.e., insoluble; highly stable; nonreactive;
thermally stable; nonflammable; low cost; and environmental
friendly, TiO, nanoparticles are used in many applications.
Various research groups have reported the use of FFF with
element specific detectors for the size characterization of TiO,
nanoparticles, particularly in cosmetic products.

In 2008, Contado and Pagnoni applied FFF with off-line ICP-
AES detection for the size characterization of TiO, in commer-
cial sunscreen lotion.*” TiO, particles showed a strong affinity
for each other and, in some cases, even for the accumulation
wall of the FIFFF channel (membrane). In the case of a
commercial sample, the Ti concentration profiles obtained by
ICP-AES were in agreement with those from the UV detector.
The authors mentioned that different sunscreen formulations
required different sample preparation methods. In 2010, the
same researchers proposed the use of square wave voltammetry
as a lower cost technique to quantify the Ti concentration in
commercial foundation creams.** In their study, the results
obtained from square wave voltammetry were compared with
ICP-AES. With square wave voltammetry, the presence of
interfering elements, such as Pb>" and Cu*", resulted in unex-
pectedly low values of the Ti concentration compared to the
values obtained by ICP-AES. Therefore, ICP-AES was used as an
off-line detector for the fractions collected from FFF. Further-
more, SAFFF and FIFFF were used to investigate the size of TiO,
nanoparticles in the commercial foundation creams after
solvent extraction. The mixture of water : methanol : hexane in
a ratio of 1:4:1 was an optimum extractant, because the
higher amount of methanol better dispersed the foundation,
and was then evaporated off more rapidly than water. With
SAFFF analysis, the void peaks for all six concentrated suspen-
sion samples were significantly higher, which might be due to
the contributions from some particles with sizes smaller than
100 nm or even bigger sizes with a density lower than 4 g mL ™.
To analyze the smaller particle size fraction, FIFFF was
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employed, and this subtechnique was density independent.
With FIFFF, particles of about 2-3 nm and about 15 nm were
detected in the samples.

Samontha et al.** reported the coupling between SAFFF and
ICP-MS for the size characterization of TiO, nanoparticles in
sunscreen samples after hexane extraction to remove organic
components from the samples. Sunscreen products of various
sun protection factor (SPF) values were used as samples. The
particle size distributions of titanium dioxide in most
sunscreen samples investigated were larger than 100 nm, which
might be attributed to the secondary particles. The authors also
carried out the quantitative analysis of titanium in the samples
by comparing the results obtained from the online SAFFF-ICP-
MS and those from the off-line ICP-MS determination of tita-
nium after acid digestion. The concentrations of titanium
found from both methods were in good agreement.

Nischwitz and Goenaga-Infante** described the first
systematic comparison and optimization of extraction methods
for titanium dioxide nanoparticles in sunscreen samples. They
used FIFFF with online ICP-MS for the size characterization of
titanium dioxide nanoparticles in sunscreens after defatting the
sample with hexane, followed by bath sonication with an
aqueous extractant. With this extraction procedure, stable
suspensions of secondary titanium dioxide particles were
obtained. To obtain the primary particle size, a further addition
of a small amount of hexane to the aqueous extractant was
recommended to disaggregate the particles. The developed
sample preparation procedure prior to FFF-ICP-MS was applied
to the analysis of commercial sunscreens with various sun
protection factors.

Another recent published work on the use of AF4-ICP-MS for
TiO, nanoparticles analysis in cosmetic and food products is
given by Lopez-Heras et al.* In their work, the experimental
parameters affecting NPs separation and elemental quantifica-
tion by AF4-UV/ICP-MS were optimized and discussed. Poly-
styrene latex standards of three known sizes (22, 54, and 100
nm) were used as calibrants. However, by collecting the frac-
tions analyzed by AF4 for further characterization by TEM, it
was found that erroneous results might be obtained when using
the latex standards for calibrating rutile TiO, NPs size, due to
the high aggregation state of TiO,. To reduce agglomeration,
the use of ultrasound energy was explored. Then, AF4-ICP-MS
was applied to detect TiO, NPs in moisturizing cream, sugar
glass, and in coffee cream. However, the Ti signal was negligible
in food extracts, suggesting that although TiO, was commonly
used as an anti-caking agent and food additive, the compound
might not be present as NPs.

Ulrich and coworkers® examined the effects of pH, ionic
strength, and dilution on the analysis of polyacrylate-func-
tionalized TiO, nanoparticles. The size of the TiO, nano-
particles was not significantly changed after 1:50, 1: 100,
1:500, 1:1000, and 1:5000 dilution. The change of TiO,
particle size was also insignificant when changing the ionic
strength with the addition of sodium nitrate. Nonetheless, the
pH change affected the particle size of the TiO, nanoparticles.
In this case, hydrolysis or other chemical interactions could
influence the cross-linking or binding between the polymer
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coating component of the TiO, nanoparticles stabilized by
polyacrylate.

Other inorganic nanoparticles. Pace et al.** applied FIFFF-
ICP-MS for the characterization of four CdSe/ZnS quantum
dots, including 2 nm QDs (green-emitting) and 5 nm QDs (red-
emitting) with two different surface coatings, i.e., polyethylene
oxide (PEO); and 11-mercaptoundecanoic acid (MUA). The
isotopes monitored included **Zn, #Se, and '**Cd, using **Sc
and ?°’Bi as internal standards for all the samples. However,
instrument drift during the FIFFF-ICP-MS analysis was not
observed. Therefore, all elemental concentrations were not
normalized by internal standard intensities. The signals from
4zn, %2Se, and ''*Cd exhibited similar hydrodynamic diame-
ters, with sizes of 23, 24, 24, and 29 nm for red MUA, green
MUA, red PEO, and green PEO QDs, respectively. However, their
elemental compositions were significantly different. The MUA-
coated QDs provided a very large Cd signal compared to the Se
signal. The ratios of Cd/Se were 2.1, 23, 1.3, and 11 for red PEO,
red MUA, green PEO, and green MUA QDs, respectively. These
QDs were subjected to acute toxicity test by exposure to Daphnia
magna for 48 h.

Huang et al.*® incubated Be-associated materials in synthetic
lung fluid (SLF) to study their dissolution and nanoparticle
generation behaviors. To mimic the inter- and intracellular
environment in lung tissue, the pH of SLF was adjusted to 4.5
and 7.2, respectively. AF4-ICP-MS was utilized for the size
characterization of the particles in incubated samples from
days 0, 4, 8, 32, 49, and 149. Cs was selected as the internal
standard for the ICP-MS elemental quantification. The time-
dependent dissolution and particle generation were investi-
gated for Be(OH), suspension (pH = 4.5). No signals of Be, Al,
and Si were detected in sizes less than 450 nm for Be(OH),
suspensions on day 4, whereas they were found at 10-60 nm by
day 32. However, the signal intensities of the 10-60 nm particles
decreased, whereas the larger particles were formed, suggesting
the presence of particle aggregation in SLF. A similar trend was
observed at day 149. For all Be-associated materials (ber-
trandite-containing ore, beryl-containing ore, frit, Be(OH),),
they could significantly produce nanoparticles with the size
distribution of 10-100 nm. However, fewer nanoparticles were
observed for BeO, for which ionic Be were significantly
produced after SLF incubation.

M-M et al.*’” exploited FIFFF-ICP-MS to study the particle size
characterization of selenium nanoparticles stabilized by pectin,
mixed alginate/pectin, ovalbumin, and B-lactoglobulin. Quan-
tification of the selenium was performed and indicated that a
total of approximately 88-103% of the original selenium
nanoparticles was detected during fractionation. These nano-
particles were subjected to incubation in gastrointestinal
conditions, both in enzymatic and non-enzymatic media. The
particle size distributions shifted differently depending on the
type of stabilizing agent used in the preparation of the selenium
nanoparticles. Despite the shift in particle size distribution,
more than 90% of the selenium was still present in the nano-
meter range after the gastrointestinal digestion.

Heroult et al.*® reported the use of AF4-ICP-MS together with
multi-angle light scattering (MALS) and off-line with
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transmission electron microscopy (TEM) with energy-dispersive
X-ray analysis (EDAX) to perform size-based elemental quanti-
fication and the size estimation of silica (SiO,) nanoparticles in
coffee creamer. For optimization, SiO, of 12 nm size was used
and a baseline separation was achieved with a cross-flow rate of
2 mL min~". Increasing the cross-flow rate higher than2 mL
min~" resulted in a better separation but at the expense of
poorer recovery. Interestingly, the elution time of 12 nm SiO,
was shorter than that of the 10 nm AuNPs calibrant. The
authors hypothesized that the different elution behaviors
between the two particles might be caused by differences in
particle-membrane interactions between these particles. For
the analysis of SiO, in coffee creamer, the sample preparation
was carried out by mixing the coffee creamer with water at
different temperatures (40 °C and 60 °C) to mimic how coffee is
prepared in real life. Silicon fractograms obtained by FFF-ICP-
MS for the coffee creamer suspensions showed no significant
effect of the water temperature on the particle size distribution
of the silica nanoparticles in coffee creamer extracts.

FFF-ICP-MS: concluding remarks and
future challenge

FFF-ICP-MS is regarded as a size-based elemental speciation
tool, since it produces information on chemical composition
across the size distribution of particulate and macromolecular
samples. Various important applications of FFF-ICP-MS on the
size characterization of environmental colloids and nano-
particles were reviewed, and showed that the technique
provides unique and new information, which cannot be gained
otherwise. The technique shows great potential to revolutionize
our understanding of trace metal-colloid interactions in envi-
ronmental studies. The chemical composition as a function of
particle size can be determined and adsorption characteristics
can be investigated. Also, it provides information about bio-
inorganic metal binding with macromolecules. FFF-ICP-MS can
be used to study the competitive binding of several metal ions to
particular macromolecules. Regarding the engineered nano-
particles, applications of FFF-ICP-MS for the detection of inor-
ganic nanoparticles in complex matrices, such as in food or
environmental samples, are useful. Furthermore, FFF-ICP-MS
can be used to gain a greater understanding of how nano-
particles interact with biological systems, to provide evidence
on the bioavailability and toxicity of nanoparticles.
Considering the applications of FFF to nanoparticles, a
difficulty arises from the variability in the retention behaviors of
the same nanoparticle core with different coatings. Different
particle-membrane interactions can cause a shift in the elution
time of the same size particles, and also variations in the sample
recovery during the separation process. The former leads to the
incorrect interpretation of particle size information, whereas
the latter hinders the quantitative analysis of the nanoparticles.
Solving these problems can be a challenge. To enable accurate
interpretation of particle size, the use of single particle (SP)-ICP-
MS in combination with FFF-ICP-MS is helpful. The works on
FFF-ICP-MS with SP-ICP-MS can be found in several
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publications,******* and many more publications on these
techniques are expected. The use of matrix matched standards
or the standard particles of the same coating are suggested.
Nonetheless, it is difficult to match the type of particle coating
between the standard and the unknown sample in practice. To
overcome this problem, we therefore propose the concept of
matrix modification by the addition of an appropriate amount
of coating or stabilizing agent in the carrier liquid. Experiments
to prove this concept are now being conducted in our
laboratory.

The main goals of analytical chemistry are identification and
quantification of samples. Most FFF-ICP-MS works have repor-
ted only species identification. Although a report on the quan-
titation by FFF-ICP-MS has been found, the quantitative
information has not been emphasized in most of the published
articles. The elemental speciation of macromolecular
compounds is often involved with large carbon-rich mole-
cules.”** The presence of high carbon contents can hinder the
accuracy of trace element determination by ICP-MS. As previ-
ously reported, carbon concentrations of higher than 1500 mg
L™' could cause serious non-spectroscopic interferences.*
Although no clear evidence exists, varying compositions in
fractionated peaks influence the ionization efficiency in the
plasma, and therefore, can hinder the exact external calibration
of fractograms. The prohibitive factor to obtain accurate
quantification of elements in colloids or macromolecules is a
lack of standards. To obtain accurate quantitative information
of the trace elements bound to macromolecules or particles,
standards or standard reference materials must be produced for
a particular sample type. Alternatively a method that can over-
come the matrix effects must be used. Another clever way to
achieve high accuracy is to use ICP-isotope dilution MS (ICP-
IDMS), where the sources of systematic error are well under-
stood and can be controlled. Quantification by isotope dilution
analysis is based on the measurement of an isotope ratio and
not on the absolute ion intensity. The application of an online
FFF-ICP-IDMS should be considered by adopting the concept of
an online HPLC-ICP-IDMS suggested by Heumann et al.>*">* Two
different spiking modes are possible, one using species-specific
and another using species-unspecific spike solutions of isotope-
enriched labeled compounds. The species-specific mode is only
possible for element species well-defined in their structure and
composition, whereas the species-unspecific mode could be
applied in all cases where the structure and composition of the
species are unknown. In the case of FFF-ICP-MS work, the latter
approach, ie., the species-unspecific mode, is suggested. With
the latter approach, equilibration of the isotopes on-line is not
necessary. Instead of the HPLC column, the FFF channel can be
used. This concept has been successfully demonstrated recently
by Meermann et al.*® for quantification of AgNPs. The online
isotope dilution appears to be an ideal approach for the accu-
rate quantification of speciated elements. Nevertheless, the
method is limited to only analyte elements with various suffi-
cient isotopes. Monoisotopic elements (e.g., Al, As, Au, and Mn)
cannot be quantified by this approach.

Since the FFF-ICP-MS provides great merits and capabilities
to solve important but unusual problems, analysts can expect to
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see more and more research work on this hyphenated tech-
nique. Collaborative work between analytical chemists and
biochemists, biologists, botanists, and nutritionists is sug-
gested. With a fully developed FFF-ICP-MS technique, the role
of trace metals and their isotopes in nutrition, health, and
disease can be studied. With the use of enriched stable isotopes,
differentiation between externally spiked elements and endog-
enous pools makes the investigation of the exchange between
endogenous and exogenous elements of metal-containing
macromolecules possible.

In most of the FFF-ICP-MS publications, only SAFFF and
FIFFF subtechniques have been used. Coupling between
EIFFF and ICP-MS may be seen in the future, as EIFFF has
been shown to be able to separate nanoparticles.®™* Since the
separation in FFF is driven by physical forces, less chemistry
is involved in FFF compared to SEC or other chromatographic
separations. To obtain elemental size separation without
destroying the structure integrity of macromolecules or
colloids, FFF-ICP-MS holds the best promise. Despite other
advantages, FFF also suffers from limited separation resolu-
tion. Depending upon each FFF subtechnique, resolution
might be improved by optimizing the parameters governing
fractionation power. Analytical chemists can expect to
see multidimensional FFF, especially FFF-CE, added to the
specificity of their elemental analyses. Multidimensional,
hyphenated systems like FFF-CE-ICP-MS or FFF-HPLC-ICP-MS
might be necessary to gain detailed information on clinical
and environmental studies, where elemental size distribution
and its functionality information are sought. This idea was
demonstrated by Dubascoux et al.®* when analyzing the frac-
tions collected from AF4 for the further speciation analysis of
organotin in environmental colloids by using off-line head-
space solid-phase microextraction-gas chromatography with
pulsed-flame photometric detection. The work on the
combination of FFF with other speciation techniques to
provide more insightful information on elemental speciation
should gain more interest in the future. Indeed, looking to the
future, FFF-ICP-MS can offer a lot more than one might
imagine at present. With our entry into the “proteomics era”,
it is essential to develop ideal assays for the detection and
quantification of proteins.®*® The use of FFF-ICP-MS in
combination with FFF and electrospray ionization mass
spectrometry may be a useful additional approach for
metalloproteomics.
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Engineered nanoparticles (ENPs) have been applied
in various applications: biomedical, consumer products,
electronic devices, and sensors. Field-flow fractionation
(FFF) is an interesting nonchromatographic technique
for size characterization of materials with nanometer
range. Various subtechniques of FFF including flow,
sedimentation, and electrical are described with some
selected applications reviewed. Moreover, FFF can be
used via off-line and on-line with many elemental detection
techniques: GFAAS, ICP-OES, ICP-MS, and SP-ICP-MS
to provide more information in term of quantification and
element-specific detection. In this article, applications of
FFF with atomic spectrometric detection for environmental
and biological samples and consumer products and food-
related samples are discussed.

1 INTRODUCTION

ENPs have been increasingly used in our daily life.
Therefore, suitable analytical techniques for ENPs char-
acterization are of great demands. Choices of analyt-
ical techniques for nanoparticle (NP) characterization
are various. Selection of proper analytical techniques
depends on the information sought. FFF is a technique of
choice when the particle size information is required.

This article is categorized into six parts. In the
first part, the applications of ENPs are reviewed. The
second part describes the principle of FFF techniques
and summarizes the applications of FFF for size
characterization of ENPs. The third part describes the
principle of various atomic spectrometric techniques by
showing some selected applications of the techniques to
ENPs. The fourth part discusses about the hyphenation
between FFF with atomic spectrometric detection, with
selected applications in biological, environmental, and
industrial samples reviewed. The fifth part consists of the
applications of FFF with atomic spectrometric detection
for ENPs. The concluding remarks are given in the sixth
part.

2 ENGINEERED NANOPARTICLES

ENPs are the synthetic particles composed of variety of
materials. The size, shape, and surface of the particles can
be controlled during the synthesis process. Various types
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of ENPs exist and can be categorized into three classes.
The first class is the carbon-based materials such as carbon
nanotubes (CNTs), fullerenes, and nanowires. The second
class is inorganic NPs including metal nanoparticles:
silver nanoparticles and gold nanoparticles; metal oxide
nanoparticles: CeO,, SiO,, TiO,, and ZnO NPs; quantum
dots (QDs): CdSe and CdS. The last class is polymer and
dendrimer-based NPs.

In this article, only inorganic NPs are discussed.
Metal NPs are fabricated from elemental metals to
produce particles in the nanometer scale with new
chemical and physical properties. Examples of metal NPs
include gold nanoparticles (AuNPs), silver nanoparticles
(AgNPs), copper nanoparticles (CuNPs), and platinum
nanoparticles (PtNPs). Metal oxide NPs are NPs of metal
oxide such as silicon dioxide (SiO,), titanium dioxide
(TiO,), zinc oxide (ZnO), and iron oxide (Fe,0/Fe;0,).
Metal oxide NPs are often used as coating and compost
agent in various material and devices. QDs are 1-10 nm
of particles made from semiconductor materials. QDs
show unique electronic and optical properties owing to
the electrons transfer as quantum confinement in small
limited area fixed by their nanosize. For optical property,
QDs absorb wide spectral range and emit the light in
ultraviolet to infrared regions, which depend on their size
and elemental compositions form core. QDs are used
as bioprobes such as bioimaging in medical application.
In addition, QDs are used in electronic application such
as solar cell, optical sensor, light-emitting diode (LED),
telecommunication device, and quantum computer.!?
Applications of inorganic NPs are various as shown in
Figure 1. In this article, applications of inorganic NPs in
biomedical, consumer products, electronics, and sensor
are summarized.

2.1 Biomedical Application

Nowadays, people concern much about health problems
including cancers, tumors, infectious diseases, and
antibiotic-resistant problems. Since the beginning of
twenty-first century, nanotechnology has been of interest
for health and treatment applications using their benefits
to the treatment of human diseases. Various types of
ENPs were used in medical application. Regarding the
inorganic NPs, the use of silver nanoparticles (AgNPs),
gold nanoparticles (AuNPs), metal oxide NPs, and many
types of QDs has been reported in the applications as
antibiotic, cancers and tumors treatment, cell imaging
and biomarker, drug delivery, and nanocoating medical
device such as catheter, tube, and dressing. Inorganic NPs
are easy to synthesize and can be readily functionalized,
and they are biocompatible. Consequently, they have
been used for cellular delivery, targeted delivery, and
controlled release.®~%
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Figure 1 Inorganic nanoparticles and their applications.

2.1.1 Gold Nanoparticles

Gold NPs were used as cancer marker and therapy.’ "
Surface-modified AuNPs were used to deliver gene and
drug to the target cells.*~® In addition, the use of
AuNPs, with and without stabilizers, as an antibacterial
agent was reported and it was proved that AuNPs could
be used as an alternative for the development of new
antibacterial drugs to combat resistance problem.!%!D
Moreover, AuNPs were used in biosensing applications
for diagnostic purposes. Springer et al.'? created novel
biofunctionalized surface-modified AuNPs (bio-AuNPs)
to detect carcinoembryonic antigen, a biomarker of
cancer of tumor, in human blood plasma. In addition,
Zhang et al.!® developed AuNPs for selective and
sensitive sensing of prion protein sensing.

2.1.2  Silver Nanoparticles

Silver NPs are well known for their resistance to
the bacterial cell both Gram-negative and positive
bacteria.1*!> They are often used in medical application
to inhibit bacterial growth that causes infectious diseases.
Synthesis of AgNPs is aimed toward using green
methodology to be noncytotoxic to provide stable
particles with narrow size distribution. Examples included
the synthesis of AgNPs using cysteine as reducing
agent and cetyltrimethylammonium bromide (CTAB)
as stabilizing agent. These synthesized AgNPs were
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FIELD-FLOW FRACTIONATION WITH ATOMIC SPECTROMETRIC DETECTION 3

tested for their antibacterial properties with Escherichia
coli O157:H7, and high antibacterial efficiency was
obtained as reported by Paredes et al.!® Another
investigation was reported by Thomas et al.1”? to study
antibacterial property of biosynthesized AgNPs and
AgNPs combined with antibiotics. Both AgNPs exhibited
inhibitory effect against Staphylococcus aureus, Vibrio
cholerae, Salmonellatyphi, Salmonella paratyphi, and
multidrug-resistant biofilm-forming coagulase-negative
Staphylococcus epidermidis 73, 145, and 152. In addition,
AgNPs were applied to use as wound treatments, by
which Tian et al.'® demonstrated that AgNPs could heal
wounds and reduce inflammation in the animal model.
In addition, AgNPs were coated on medical devices as
antibiofilm to inhibit dispersion of bacteria in medical
activity such as catheters''?=?? or orthopedics and
dentistry for prosthesis implantation.?® For therapeutic
purpose, the use of AgNPs as tumor and cancer
treatment was also reported, by which AgNPs possessed
antiangiogenic properties to block growth of tumor
cell®?) and AgNPs could damage cell membrane and
disturb into cell leading to cancer cell death.*6=2% Future
interest included the modification of AgNPs surface to be
selective to cancer cell and nontoxic to normal cell.

2.1.3  Zinc Oxide Nanoparticles

Zinc oxide NPs were used for wound healing, cell
imaging, cancer therapy, and drug delivery. In 2013,
Sudheesh Kumar et al.®” fabricated bandage from B-
chitin hydrogel and ZnO NPs composites to enhance
antibacterial and speed up the wound healing process.
Depending on the concentration of ZnO NPs, the
composite bandages showed in vitro antibacterial and
antifungal activities against Candida albicans, E. coli, and
S. aureus. They also studied cell viability using human
dermal fibroblast (HDF) cells and found that higher
concentration of ZnO NPs resulted in reduction of cell
viability. In addition, composite bandages were studied
in vivo for their antibacterial activity and wound healing
using Sprague Dawley rats. The wound treated with the
composite bandages was healed faster with high collagen
deposition. Furthermore, the composites of ZnO NPs
with chitosan gel and gentamicin antibiotic were prepared
to offer cutaneous healing with controlled release of
antibacterial agent.3) The use of regenerated bacterial
cellulose (RBC) combined with ZnO NPs was also
demonstrated for wound dressing with biocompatibility
and nontoxicity to cell.®® In addition, ZnO NPs
were used as biomedical therapeutic®3% and imaging
agents.®43 The cytotoxicity of ZnO NPs depended on
size, shape, and their concentration. Zn>* released from
ZnO NPs and reactive oxygen species (ROS) species

caused cytogenetic damage and induced apoptosis of
cancer cell.3373®

Other metal oxide NPs include manganese oxide
(MnO) and iron oxide (Fe;O,). With surface modifi-
cation, they were used as biomedical imaging and drug
delivery applications.®*#? Iron oxide NPs showed unique
properties such as superparamagnetism, and they were
used in bioseparation. Furthermore, the applications of
iron oxide NPs included multimodality imaging, therapy,
biophotonics, diagnostic, and drug delivery agent. Combi-
nation with specific targeting agent on the surface
of NPs was reported to solve the problem of speci-
ficity lacking.*!~49 Moreover, as antimicrobial activity,
AgNPs, AuNPs, SiO, NPs, TiO, NPs, and ZnO NPs
were studied and used in dentistry as control of oral
infections. 47

2.1.4 Quantum Dots

QDs were useful as fluorescence probes owing to their
unique optical properties such as photoluminescence,
high photobleaching threshold, and excellent chemical
stability. In addition, QDs functionalized with targeting
agent were also applied in biomedical field to function as
cell imaging, biomedical sensor, and biodiagnostic. The
use of QDs as a probe for liver cancer cell®® and tumor
monitoring™* was reported. In addition, the QD-loaded
micelles were used as cancer therapeutic and imaging
agents in mice model.®")

2.1.5 Nanoparticle-Encapsulated Platinum

NP-encapsulated platinum was interested for its thera-
peutic application as cancer treatment agent, because
platinum compounds such as cisplatin have shown
anticancer property toward germ cell tumors and
bladder, ovarian, testes, lung, head, and neck cancers.
However, they exhibited unfavorable pharmacokinetic
profile, short half-life in blood system, and toxic side
effects to liver, kidney, and nerves system.®'™> In
order to attain enhanced efficiency against cancer
with lower dose, targeting, and reduced side effect,
development of platinum drug encapsulated in NPs
for cancer therapy was studied. Encapsulation of
prodrug or other Pt complexes in polymer as drug
carrier, which could target, control release, minimize
dose with low toxic side effect was considered.33>=%
Dhar et al. encapsulated Pt(IV) complex: c,t,c-
Pt(NH;),(0,CCH,CH,CH,CH,CH;),Cl, as cancer
prodrug agent, which generated cisplatin after reduction
in cell, using poly(D,L-lactic-co-glycolic acid)-b-
poly(ethylene glycol) (PLGA-b-PEG) to form NPs. This
was to deliver the drug to prostate cancer cell. The test
was carried out in mouse and rat models with the result
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shown that the developed drug showed higher anticancer
efficiency than that of the cisplatin conventional drug.
The lower dose of drug was required, and the drug
residence in blood was prolonged.©®

2.2 Consumer Products

Inorganic NPs have been applied to various consumer
products. In textile industry, inorganic NPs (silver, copper
dioxide, silicon dioxide, and titanium dioxide) were used
as coating materials on the textile fibers.**~% TiO, and
SiO, NPs were coated on cotton textile surface to enhance
self-cleaning.®” Fabrication of antibacterial, conductive,
and super hydrophobic textiles was possible by coating
of AgNPs.©Y ZnO NPs coated silk fabrics showed UV
blocking, self-cleaning, and antibacterial activity against
E. coli and S. aureus.®> AuNPs were coated on cotton
and silk fabrics to protect UV radiation and provide
antimicrobial ability.©®

In cosmetic and sunscreen products, nanomaterials
(gold, silver, titanium dioxide, and zinc oxide) were used
as ingredients to show protections of acne and dermatitis,
UV radiation, dark spot, blemish, and freckles.®”~6%

In food and beverage industries, NPs were used for
various purposes. AgNPs, TiO,, and ZnO NPs were used
as antimicrobial agents and UV blocker and used for
maintaining freshness and nutrient in food storage and in
packaging. They were also used in bake wares, chopsticks,
kitchen tools, and cutting boards as sterilizing agents to
prevent digestive diseases. NPs of copper, gold, iridium,
palladium, platinum, silica, silver, and zinc were added in
beverage as supplements to promote human health and
also for antibacterial protection.©”7%7D Silica NPs were
added in food as anticlumping and anticaking agent in
powder food products such as milk powder, chocolate
powder, coffee creamer, pancake and cake mix, and
instant soups.’?

In personal care products such as toothpastes, soap,
shampoos, and spray, nanomaterials such as silver, tita-
nium dioxide, and zinc oxide were added as antibacterial
and antifungal agents to neutralize odor and prevent oral
and skin infection.(®”)

In paint, pigment, building, and furniture materials,
metal oxide NPs such as titanium dioxide, silicon dioxide,
indium tin oxide (ITO), and zinc oxide were used for self-
cleaning, antifogging, UV protection, and antibacterial
and antifungal purposes.©773=77

In addition, home and electronic appliances were
coated with nanomaterials as disinfectant and purificant.
These appliances include air conditioner, iron, vacuum
cleaner, refrigerators, computer equipment, water puri-
fier, and hair dryer and roll.®”

ATOMIC SPECTROSCOPY

2.3 Electronic Devices

Owing to the physical properties, size, structure, surface
area, and morphology, and chemical properties, electrical,
optical, semiconductivity, and mechanical properties, NPs
were applied in various electronic-related devices. For
examples, NPs were used as electrode materials in solar
cell to enhance efficiency of solar cell such as light-
harvesting efficiency, electron injection efficiency, and
electrons collection efficiency.’8~8%) Another example is
the use of NPs as anode and cathode materials in lithium-
ion batteries and electrodes in super-capacitors because
NPs exhibited enhanced capacitance, long cycle life, high
power, and high-energy density.738182 Furthermore,
NPs were used in electronic devices such as computers,
transistors, televisions, robots, mobile phones, and LED
for the purpose of downsizing of the devices and providing
lightweight, 818384

2.4 Sensors

ENPs have been widely used as sensor, owing to
their low cost and simple preparation. Moreover, they
are less toxic, eco-friendly, chemically stable, with
fast response, high sensitivity, selectivity, and simple
detection.® For example, AgNPs were applied to
detect Ba*t, Cr3*, Hg?*, anions, and organic molecules:
glucose, triptans, tryptophan, pesticides, melamine, and
quaternary ammonium surfactants.®792 AuNPs were
used for detection of Ag*, Cd**, Cr’**, Hg>*, NO,™,
and NO; .39 Moreover, AuNPs were modified as
electrochemical sensor of organic molecules.®3?? NPs
of metal oxide (Cu,O, Fe,03;, MoOj;, SiO,, SnO,,
TiO,, WOj3;, and ZnO) were used as gas detection
(GH,, CO, VOCs, H,, H,0,, H,S, NO,, ammonia,
and ethanol)®>*~102 and humidity sensor.('® Metal
oxide NPs functionalized with organic ligands were
developed as luminescent ion probes for detection of
Cu?+.4%% QDs were used as luminescence probe, owing
to their broad absorption and narrow emission spectra,
resistance to photobleaching, and long fluorescence
lifetime.1%> The surface modification of QDs gave high
sensitivity and selectivity for ion detection.1%) CdSe/CdS
QDs were functionalized using diethyldithiocarbamate
for Cu®* detection.!% CdS:Eu QDs with L-cysteine
capping were used as Hg?t detection.19” CdTe QDs
capped by mercaptopropionic acid (MPA) were used as
Ag?t detection.1%) CdTe QDs capped by glutathione
were used as Cr(VI) fluorescence probes.!% CdSe
QDs capped by 2-mercaptoethanol were used for Ba’*
detection.1?
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FIELD-FLOW FRACTIONATION WITH ATOMIC SPECTROMETRIC DETECTION 5

3 FIELD-FLOW FRACTIONATION FOR
ENGINEERED NANOPARTICLES

FFFis a nonchromatographic flow-assisted hydrodynamic
separation technique. In FFF, an open channel is
used instead of a column, and the external physical
force is applied to drive separation. Thus, nonspecific
interaction between sample and column materials, which
normally occur in other chromatographic techniques, is
avoided. Many subtechniques are available depending
on the field applied to cause separation. If the cross
flow is used, the technique is called flow field-flow
fractionation (FIFFF). With centrifugal field force, the
technique is called sedimentation field-flow fractionation
(SAFFF). These two subtechniques are quite common.
More details regarding the FFF theory are described
elsewhere.!1=113 In this article, only the general
principles and the applications of FFF for ENPs
characterization are discussed.

The FFF separation principle is illustrated in Figure 2.
During sample introduction, mixed particles are intro-
duced into the FFF channel, the perpendicular external
field is applied to the channel, causing particles move
toward accumulation wall. Then, a counteracting diffu-
sive force drives the particles back toward the center
of the channel. The diffusive force directly relates to
the diffusion coefficient and the hydrodynamic diameter
by which smaller particles can move faster than bigger
particles. Therefore, the smaller particles are lifted away
from the accumulation wall at a higher position than
that of the bigger particles. As the flow profile of carrier
liquid is parabolic by which the maximal velocity is in
the middle of the channel, the particles are then carried
downstream through the channel at different speeds and
exit the channel at different times.

In a general system set-up, ultraviolet/visible spec-
trophotometer (UV/VIS) is used as a detector to detect
the eluted particles. Nonetheless, various types of other
detectors can be used depending on the purpose of the
analysis. For example, inductively coupled plasma-optical
emission spectrometry (ICP-OES) or inductively coupled
plasma mass spectrometry (ICP-MS) is used for element
detection, and dynamic light scattering (DLS) is used for
size characterization. These two types of detectors can
be used both on-line and off-line modes. Transmission
electron microscope (TEM) and scanning electron micro-
scope (SEM) can be used as off-line detection system to
observe the size and morphology of the particles.

In FFF, separation mechanism can be achieved in
normal or steric modes, depending on the particle size and
the field condition used. In the normal or Brownian mode,
particle sizes of samples are negligible when compared
to the diffusional cloud. With the normal mode, smaller
particles elute earlier than the bigger particles. Generally,

Sample introduction

>
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"~
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@
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Field

“ -...‘.*
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Figure 2 Illustration of field-flow fractionation principle.
The separation consists of three steps including (a) sample
introduction, (b) equilibration, and (c) separation and elution.

particles of ~1-1000 nm are separated in this mode. The
steric mode is considered for separation of particle sizes
larger than 1 pm. With this size range, the particle sizes
are not negligible when compared to the diffusional cloud.
The larger particles protrude from the accumulation
wall toward the upper part at a higher position than that
of the smaller particles. Then, larger particles elute before
the smaller ones. Thus, NPs are generally separated in
the normal elution mode.

3.1 FFF Subtechniques

The perpendicular external field can be of various kinds,
resulting in various FFF subtechniques, as illustrated in
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Figure 3 (a) Various FFF subtechniques. (b) Flow field-flow fractionation (FIFFF). (c¢) Sedimentation field-flow fractionation

(SAFFF).

Figure 3. Two most commonly used subtechniques are
FIFFF and SAFFF. However, the use of electrical field-
flow fractionation (EIFFF) for ENPs was also reported.
Therefore, the principles of these three subtechniques are
described.

3.1.1 Flow Field-Flow Fractionation

FIFFF (or F4) is the most commonly used subtechnique.
With FIFFF, a perpendicular secondary flow is applied as
the perpendicular external field. Depending on where the
secondary flow is generated, FIFFF can be divided into
two types: symmetric flow field-flow fractionation (SF4)
and asymmetric flow field-flow fractionation (AF4).

In SF4, the carrier flow rates at the inlet and the outlet
of the channel are identical. The cross flow is generated
by another HPLC pump that propels liquid through the
top permeable ceramic frit and the bottom membrane. In
AF4, the carrier flow rates at the inlet and the outlet of
the channel are not equal. The top wall of the channel is
impermeable, and the cross flow is generated by an excess
flow rate at the channel inlet, making the carrier flow rate
at the outlet smaller than that at the inlet.

3.1.2 Sedimentation Field-Flow Fractionation

SAFFF was developed for the separation and size
determination of particle in the submicrometer to
micrometer scale size range.M4!'> Similar to other FFF
subtechniques, separation in SAFFF is carried out in
a thin flow channel under an applied field directing
perpendicular to the channel flow. The type of force
applied to the particles in SdFFF is a centrifugal
acceleration generated by rotating the circular channel.

3.1.3 Electrical Field-Flow Fractionation

EIFFF is a technique, which can separate analytes on the
basis of their electrophoretic mobility and size by electric
field as external field. The EIFFF separation channel is
consisted of solid graphite blocks as channel walls and
also acting as electrodes that are separated by Mylar
spacer.11® Two modes of separation are considered
including normal EIFFF and cyclical electrical field-
flow fractionation (CyEIFFF). In the normal EIFFF,
the constant direct current field is used to provide a
perpendicular electric field across the flow channel that
can separate particles in the basis of ratio between
electrophoretic mobility and the size of particles. In the
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FIELD-FLOW FRACTIONATION WITH ATOMIC SPECTROMETRIC DETECTION 7

CyEIFFF, cyclical electrical field is applied instead of the
steady direct current field. The cyclical electrical field
causes particles to oscillate across the channel width.
Separation in CyEIFFF is theoretically based on the
difference in electrophoretic mobilities.1”

3.2 Practical Considerations for Successful FFF
Experiment

Several practices and precautions for experimental FFF
were nicely overviewed by Moon and Myers.1® In order
to be successful in FFF experiment, several things need to
be considered, i.e. carrier preparation, start-up process,
sample overloading effect, and channel maintenance.
Carriers used in FFF experiment should be free of
particulate material and dissolved gas. Bubbles should
all be removed from the channel. All carriers should
be filtered through 0.2 pm filter to provide particle-
free carrier liquid. Ionic strength should be carefully
controlled, owing to the fact that at high ionic strength
aggregation might occur. The channel should be flushed
daily using carrier liquid introduced by a channel flow rate
of 2-3 mL min~! for an hour to stabilize the baseline.
It is recommended to add an antibacterial carrier liquid
within the FFF channel when the FFF channel is not
used for an extended time. As the separation in FFF
occurs in a very thin region (cloud layer thickness), very
large amount of sample materials can cause insufficient
room for particles to reach and establish equilibrium.
This sample overloading subsequently affects retention

50
45
40 -

35

Numbers of publication

level and hence physicochemical information obtained
from the FFF experiment. To check the presence of
sample overloading, for every unknown sample, several
runs should be made with different sample loads to verify
that retention times obtained from different amounts
of sample injected are the same. Further, the FFF
channel should be occasionally cleaned to remove all the
materials that adhere to the accumulation wall over time.
Excessive accumulation of sample materials can lead to a
disruption and blockage of the channel flow path. Once
this happens, the FFF channel should be opened up and
the FFF accumulation surface should be gently rubbed
and cleaned.

3.3 Applications of FFF for Engineered Nanoparticles

Using the Scopus database searching for the keywords
on ‘FFF’ and ‘nanoparticles’ in recent two decades (1994
and 2004), the total numbers of 221 publications were
found, as summarized in Figure 4. It is clearly seen that
before the year of 2000 the report on the application of
FFF for nanoparticles was not available. Nonetheless, the
numbers of publication related to FFF and nanoparticles
increased significantly in recent decade. Some selected
applications of FFF to ENPs are summarized as follows:

Baalousha et al.l'® investigated the interactions
between unpurified manufactured iron oxide NPs (~7
nm, pH ~2) and standard Suwannee river humic acid
(SRHA) under a range of environmentally relevant
conditions. Increasing the pH from 3 to 5, iron oxide

46

34

Figure 4 Publication trend on ‘FFF’ for ‘nanoparticles’ since 1994.
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NPs shifted to larger size and extensive aggregation was
observed with the increased pH and reached a maximum
at approximately pH 8.5. The adverse effect was observed
with addition of SRHA, whereby aggregation was
observed with lowering pH values of 4-5, which was also
affected by SRHA concentration. Both pH and SRHA
concentration affected on the structure and aggregation
mechanism of these aggregates.

Cumberland and Lead'?” employed SF4/UV/VIS
along with DLS and TEM to study the effects of pH,
dissolved organic carbon, and calcium concentration
for size distribution of 15-nm citrate-stabilized silver
nanoparticles (AgNPs). Increasing the pH from 5 to 8
at low ionic strength (1073 M of Ca(NO;),) caused the
increase in size of AgNPs. However, AgNPs were not
stable at pH 5 in high ionic strength (1072 M of Ca(NO5),)
at which loss of AgNPs peak was observed. In case of low
ionic strength, adding the humic substance resulted in the
reduction in AgNPs size, whereas at high ionic strength,
the AgNPs peak disappeared almost completely, which
was most likely due to aggregation.

Sermsri et al.!?D employed SF4/UV/Vis for size
characterization of a-tocopherol-induced enlargement of
AuNPs. a-Tocopherol played the role as catalyst for
citrate reduction of AuCl,~ resulting in larger AuNPs.
This catalytic effect also depended on the incubation time
and concentration. Longer incubation time and higher
concentration of a-tocopherol resulted in larger AuNPs.

Cho and Hackley!?? optimized the measurement
conditions for analysis of AuNPs using AF4 coupled on-
line with multiangle light scattering (MALS) to give the
radius of gyration and with DLS to give the hydrodynamic
size, and UV/Vis detectors to observe the elution of
the particles. The mixture of 10-60 nm AuNPs and the
mixture of AuNPs functionalized with polyethylene glycol
and their unconjugated AuNPs were fractionated.

Romer et al.1?» incubated the monodisperse 7-, 10-,
and 20-nm citrate-stabilized AgNPs in the Daphnia
magna exposure media as used in (eco) toxicity studies.
In the undiluted media, rapid aggregation of all AgNPs
was observed. However, dilution of the media by a factor
of 2, 5, or 10 could minimize aggregation. However, the
smallest NPs were unstable under all media conditions.
The authors concluded that dilution by ~10 times of
standard media could reduce the aggregation of AgNPs
without affecting the viability of the test organism.

Calzolai et al.!"?® used nuclear magnetic resonance
(NMR) for analysis of citrate stabilized-AuNPs (5-60
nm) before and after fractionation by AF4. They found
that the original synthetic AuNPs contained an excess of
citrate; however, the free citrate was not present in the
fraction from AF4. Then, it was possible to identify the
presence or absence of free citrate in the various AuNPs
samples.

ATOMIC SPECTROSCOPY

Gigault et al.!'?»> demonstrated the use of AF4
for fractionation of positively charged gold nanorods
(GNRs). The critical parameter was the components of
carrier liquid. A mixture of ammonium nitrate and CTAB
at different molar ratios enabled separation of GNRs with
high recovery. Moreover, GNRs of different shapes could
be fractionated. The fractionation depended on the aspect
ratio (length divided by diameter) and a steric-entropic
contribution, by which the higher aspect ratio eluted
earlier.

Kim et al.1?® demonstrated the application of SAFFF
for separation of bimodal mixtures AgNPs in the sizes
range about 100 nm. The types of carrier liquid were
studied and water with 0.1% FL-70 provided a good
resolution. Separation could be speeded up by exploiting
a flow programming, where the flow rate was linearly
increased during separation, without losing much in
resolution.

Bohmert et al.!?? set-up an in vitro digestion
models mimicking mouth, stomach, and intestine for
determination of physicochemical properties of AgNPs.
A separation technique, AF4, was coupled with two
different detection methods: SAXS and DLS. In saliva
fluid, most AgNPs were not aggregated to larger
nanoparticle size as shown by AF4 results. Owing to
strongly acidic stomach and basic intestinal environment,
hydrodynamic sizes of AgNPs became larger with DLS
detection. With SAXS data, only small portion of AgNPs
were aggregated and formed dimeric stage.

Cardot et al.01?® employed SAFFF to fractionate
polydisperse TiO, colloidal suspension. The collected
fractions were analyzed for the size distributions by
electron microscopy (EM) that showed sizes between
0.2 and 0.4 pm. Further, they performed the reinjection
of the collected fraction by both direct injection and
preconcentration before injection. The particle size of the
collected fractions appeared accurately.

Tadjiki and Deering'?® applied SAFFF to fractionate
the unlabeled silica nanoparticles in the size of 70 nm,
which were extracted from human endothelial cell lysate
and rat lung tissue. Quantifications were obtained by
considering from the area under the fractogram. The
subsequent work was carried out by fractionation of a
mixture of nanosized (70 nm) and submicrometer(250
nm) silicon dioxide particles added to mammalian
tissue.13? They also used fluorescence microscopy and
TEM for particle-treated cell culture samples in order to
allow comparison of the SAFFF results.

Contado and Argazzi'3" applied SAFFF in order to
study size distributions of AuNPs that were prepared by
citrate reduction method to the particles sizes around
12-65 nm. The size of AuNPs depended on the ratio of
citrate/gold(I1T) by which the particles size decreased in
the citrate/gold(I1I) ratio of 1: 1 to 3 : 1 and then increased
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from 5:1 to 10 : 1 and passing through a plateau region
in between.

Gigault et al.13? demonstrated the fractionation of
many kinds of nanomaterials including Fe;O, and AgNPs
(50 and 10 nm, respectively) by CyEIFFF. Different
operating parameters were investigated including the
voltage, frequency, and flow rate of carrier liquid.

Somchue et al.13* showed the applicability of EIFFF
for separation and characterization of AuNPs stabilized
by citrate and tannic acid. The effective field and plate
height were calculated by varying the applied DC voltage
and flow rate. With the same particle size, particles with
lower electrophoretic mobility eluted earlier than those
with higher electrophoretic mobility. For particles with
the same stabilizing agent, particles with smaller size
eluted earlier than the bigger particles.

Tasci et al.!*¥ demonstrated that using biased cyclical
electric fields, by which the duration of the positive cycle
voltage was applied longer than the negative cycle voltage,
were able to separate nanoparticles smaller than 50 nm.
They were able to separate a mixture of 15- and 40-
nm AuNPs in high resolution by varying the voltages,
frequency, and the magnitude of percentage duty cycle.
A theoretical analysis to accomplish these separations
was also given.

Rasouliet al."3> showed the applicability of gravita-
tional field-flow fractionation (GrFFF) for separation
and characterization of polydisperse submicrometer TiO,
powder into two groups: spherical particles with an
average diameter of 0.31 mm and ellipsoidal particles
with a 0.45-mm hydrodynamic diameter. Electrolyte and
surfactant characteristics in the carrier phase and the
sample concentration strongly affected on the elution
peaks.

4 ELEMENT DETECTION OF
ENGINEERED NANOPARTICLES

Various analytical methods are available for element
detection of ENPs. However, this article focuses on
atomic spectrometric techniques, such as graphite furnace
atomic absorption spectrometry (GFAAS), ICP-OES,
ICP-MS, and single-particle inductively coupled plasma
mass spectrometry (SP-ICP-MS), which are widely used
as quantitative detection of ENPs as either on-line
or off-line coupling to FFF. The brief principles of
each technique and their applications on ENPs are
summarized.

4.1 Graphite Furnace Atomic Absorption
Spectrometry

GFAAS is a powerful atomic spectroscopic technique
based on electrothermal atomic absorption spectrometry

(ETAAS) in a graphite furnace. GFAAS differs from
flame atomic absorption spectrometry (FAAS) by the
use of much higher atomization temperature (up to 3000
K). The operation in GFAAS determination starts by
dispensing a known volume of sample into a graphite
tube (3-5 cm in length and a few millimeters in diameter)
through a tiny hole in the center of the tube wall. Both
ends of the tube are open to allow the light from the
radiation source to pass through and for the removal of
sample constituents after the analysis. The sample is then
subjected to electrical heat controlled by a multistep
temperature program including drying, pyrolysis, and
atomization. The limit of detection (LOD) of GFAAS
is 10-100 times better than FAAS.13%13) Two examples
of GFAAS for detection of ENPs are summarized as
follows:

For GFAAS detection, Gagné et al.13® stated that
the particle size of ENPs affected on the sensitivity
of detection. In their study, the effects of atomization
temperatures were examined on Ag of different sizes (20,
60, and 80 nm) at the same nominal Ag concentration
of 10 ng mL~!. The dissolved Ag (0.15 nm) was also
investigated for comparison purpose. The increase in
the molecular size of Ag led to increased atomization
temperatures: ionic Ag readily atomized at 1400 + 25°C,
whereas 20-, 60-, and 80-nm nano-Ag readily atomized at
1550 4 30°C, 1600 £ 20°C, and 1700 + 33°C, respectively.

Hartmann et al.13%140) developed cloud point extrac-
tion (CPE) method for the extraction of ionic silver
species, silver nanoparticles, ionic gold species, and gold
nanoparticles with further detection by ETAAS. Separa-
tion of ionic silver species was achieved by addition of
EDTA as a ligand to chelate silver ion, whereas silver
nanoparticles (AgNPs) in environmental samples were
extracted using Triton X-114 to form cloud. For gold
species, Triton X-114 was used as a collecting phase
for AuNPs, whereas sodium thiosulfate was used as a
complexing agent for ionic gold species.

4.2 Inductively Coupled Plasma Optical Emission
Spectrometry and Inductively Coupled Plasma
Mass Spectrometry

Both ICP-OES and ICP-MS exploit plasma as a high-
energy source to accommodate desolvation, vaporization,
atomization, ionization, and excitation. Liquid sample
is nebulized using a nebulizer to produce fine aerosols
that are further transported with argon into the ICP
torch. With high temperature of around 5000-8000
K in the ICP plasma, the sample aerosols undergo
evaporation, atomization with subsequent excitation and
ionization.*) With ICP-OES, the light emission at a
specific wavelength, induced by excitation of atoms or
ions in the plasma, is detected. With ICP-MS, a mass
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spectrometer is used to separate and quantify the ions of
different elements.*? Two applications of ICP-OES and
ICP-MS for detection of ENPs are given as examples as
follows:

Helfrich and Bettmer!4? applied liquid chromatog-
raphy (LC) and gel electrophoresis (GE) coupled to
ICP-MS for the characterization of synthesized AuNPs.
The LC-ICP-MS approach was optimized for moni-
toring the formation of citrated-stabilized AuNPs. With
GE-ICP-MS, the Au*/St-ratios in AuNPs covered by
mercapto succinic acid (MSA) were determined. These
ratios were used for further characterization of the
nanoparticles. In addition, electrospray ionization-mass
spectrometry (ESI-MS) was applied as a complemen-
tary technique for detection of molecular components of
AuNPs.

Geertsen et al.!*» performed the systematic study
based on the ICP-OES and ICP-MS measurement of TiO,
NPs suspensions. Sample treatment was examined and the
measurement was performed in the concentration range
from 10 ppb to 30 ppm. Soft sonication was used during
sample treatment, and internal standard addition was
used during measurement. The procedure was applied
to detect titanium in Seine River water with the total
amount of 48.7 ppb titanium found. The result was in
good agreement with the result of the reference method.
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4.3 Single-Particle Inductively Coupled Plasma Mass
Spectrometry

SP-ICP-MS provides information about particle size
distribution and particle number concentration. In SP-
ICP-MS operation, sample needs to be very diluted and
the sample introduction flow rate is set to be relatively
slow to attain very low particle number concentration.
A very short dwell time (10 ms or less) is acquired for
each reading. The intensity from each reading is plotted
individually as a function of time. The intensity is related
to particle mass and hence particle diameter, whereas the
frequency of the pulses is directly related to the number
concentration of the particles.14> A brief concept of
SP-ICP-MS is illustrated in Figure 5.

In 2003, Degueldre and Favarger146=14® reported the
first application of SP-ICP-MS for the study of model
colloids (rutile, alumina, and goethite) and natural clay
(montmorillonite). Thorium colloid particles or thorium
sorbed on clay colloids in water were analyzed. With the
plasma design used in their experiment, thorium colloids
down to 10 fg and gold colloid suspension in water of
sizes ranging from 80 to 250 nm were detectable. The size
detection limit was around 25 nm corresponding to 0.15
fg colloids.

Hu et al."* proposed a highly sensitive immunoassay
based on SP-ICP-MS using AuNPs with an average

Mass

U

Time

‘ Mass < diameter

Diameter

Figure 5 Schematic diagram representing the concept of SP-ICP-MS.
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FIELD-FLOW FRACTIONATION WITH ATOMIC SPECTROMETRIC DETECTION 11

diameter of about 20, 45, and 80 nm serving as model tags.
The antibodies tagged with AuNPs were quantitatively
detected based on the good correlation between the
frequency of transient signals and the concentration of
antibodies. The smallest detectable size of AuNPs tags
was approximately 15 nm. The developed protocol was
applied for a competitive immunoassay of a-fetoprotein
with the linear range 0.016—6.8 pg L™! (between 20%
and 80% inhibition). The limit of quantification was 0.016
pg L1 (20% inhibition, IC,,) with a relative standard
deviation of 4.2% (20% inhibition, 4 replicates) for a-
fetoprotein.

Pace et al.1*>13% reported a practical guide on how
to count and size nanoparticles using SP-ICP-MS. The
developed protocol was used for characterization of
mono-dispersed AgNPs. Furthermore, the same group
of the authors also assessed the sizing capabilities
of SP-ICP-MS for four AgNPs dispersions (nominal
diameters of 40, 60, 80, and 100 nm) compared
to DLS, differential centrifugal sedimentation (DCS),
nanoparticles tracking analysis (NTA), and transmission
electron microscopy (TEM). With SP-ICP-MS, size
characterization of AgNPs together with particle number
concentrations was possible. The accuracy obtained from
the developed SP-ICP-MS was similar to the other
commercially available techniques.

Mitrano et al.'>) demonstrated the use of SP-ICP-MS
to detect and quantify two products containing AgNPs.
The first product was AgNPs with precisely manufac-
tured size and shape, and the second product was a
commercial health product containing AgNPs. Dissolved
and particulate silver (Ag) could be differentiated. The
developed SP-ICP-MS was applied to two wastewater
samples containing Ag concentrations at nanograms per
liter level. AgNP was found at 100-200 ng L~! in the
presence of 50-500 ng L~! dissolved Ag.

Reed et al.’5? reported the feasibility of SP-ICP-
MS for detection and size characterization of metal-
containing ENPs such as Ag nanowires, TiO,, ZnO, and
CeO,. The particle size distributions obtained from SP-
ICP-MS were in good agreement with those from SAdFFF.

Gray and coworkers13® applied SP-ICP-MS to investi-
gate ENPs in various biological tissue samples including,
beef, Daphnia magna, and Lumbriculus variegatus. The
tissues were extracted by alkaline digestion procedure
before SP-ICP-MS detection. From the results, Ag could
be separated from AgNPs of 60 and 100 nm particles by
extraction procedure. The authors mentioned that this
established method could be applied to a wide range of
tissues.

Tuoriniemi et al.1>® investigated the potential of SP-
ICP-MS for detection of AgNPs in waste water treatment
plant effluent sample. To minimize the size detection limit,
the shortest possible dwell time of 0.1 ms was used. The

authors commented that it would be interesting to adapt
the developed concepts for simultaneous multielement
detection.

5 HYPHENATION BETWEEN FFF WITH
ATOMIC SPECTROMETRIC DETECTION

Coupling between FFF with atomic spectrometric detec-
tion can be as either off-line or on-line, as illustrated in
Figure 6. With off-line detection, the fraction from FFF
is collected for further detection by atomic spectrometric
techniques. The element fractogram is not a continuous
plot. However, with on-line detection, the eluted fraction
is introduced directly into the sample introduction part of
the atomic spectrometric techniques, and therefore, the
element fractogram is a continuous plot.

5.1 FFF with ETAAS

Although ICP-MS is extremely sensitive and is considered
as a speedy way to acquire analytical information, the
limited availability of ICP-MS and its relatively high
equipment cost reduced its broad applicability. As an
alternative approach, ETAAS has been used as an
element detector after size separation. Electrothermal
AAS also offers good sensitivity and slurry analysis
capability. Nonetheless, most ETAAS instruments are
not equipped with simultaneous multielement analysis
features. Therefore, this can limit the use of ETAAS as
compared to ICP-MS. Yet, when the information of only
a few elements is sought, ETAAS can be quite useful.

In 1995, a group of researchers from Italy and Spain first
introduced ETAAS as an off-line detection for SAFFF of
clay analysis.!> Aluminum and Si were determined
quantitatively, and the limits of detection were 63.6
and 212.4 ng for Al and Si, respectively. Two years
later, the same research group, together with Beckett,
extended their work to the elemental characterization
of water-borne river particles (Po river).’® The first
on-line SAFFF-ETAAS was reported in 2001 for the
analyses of Fe in a synthetic model colloid and a
reservoir sediment and Cu in a soil sample.!>” Those
applications were limited to the particle size of <1
pwm. Applications of GrFFF!® and split flow thin cell
fractionation (SPLITT)!>” with ETAAS were reported.
In the GrFFF experiment, size separation was tested for
5- and 10-pm HPLC silica particles coated with a thin
layer of goethite.!>® With SPLITT fractionation, the

applicability range was extended to 25-pm particle size.
(159,160)
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Figure 6 Hyphenation between FFF and atomic spectrometric detection.

5.2 FFF with ICP-OES

In practice, ICP-OES offers advantages over ICP-MS and
ETAAS in some circumstances. For instance, ICP-OES
is capable of determining major elements, e.g. K and
Ca, which are difficult to be determined even with high-
resolution ICP-MS. For minor and trace constituents,
however, the higher sensitivity of ICP-MS or ETAAS
is often required. One might argue that ETAAS is only
more sensitive than the ICP-radial view-OES but not the
ICP-axial view-OES. The classical ICP-axial-view-OES
suffered greatly from matrix interferences, which might
make the technique less attractive. Nonetheless, with ICP-
axial view-OES, matrix interferences are significantly
reduced and hence could improve detection limits of many
elements, the FFF-ICP-OES should also be considered, as
it provides multielements detection capability with lower
cost than FFF-ICP-MS. Some of the literatures reported
the use of the FFF-ICP-OES. 160161

5.3 FFF with ICP-MS

Optical detectors (spectrophotometric and light-
scattering detectors) have been generally used to
detect the fractionated materials eluted from the FFF
channel.1%? However, this detector type gives informa-
tion only on the size distribution of the macromolecules
or colloidal materials that interact with light. To obtain
information about the chemical composition of the
colloids or macromolecules in different size ranges,
element-specific detectors (e.g. atomic absorption, X-ray
fluorescence, or inductively coupled plasma spectrome-
tries) must be used. Practically, only less than 1 mg of

sample is required for fractionation in carrier stream
flows of 1-2 mL min~!. High sample concentration may
cause overloading effects in the FFF channel. With low
sample concentration (e.g. < 0.5 mg mL~!), however,
very sensitive analytical techniques must be used. As
ICP-MS provides excellent sensitivity, low detection
limits, extended linear dynamic range, and multielement
analysis with limited interferences, !> ICP-MS is an
ideal element-specific detector for FFF.1%9 In addition,
slurry atomization from solid-phase particulate matter
can be achieved in the plasma source.1%® At the same
time, FFF adds a dimension of selectivity to ICP-MS
measurement by separating the individual elemental
species into different size fractions. The combination of
the two techniques offers size-based elemental speciation
in a single run. Furthermore, the interface between
the FFF system and the ICP-MS instrument is rather
straightforward owing to the compatibility between the
flow rates generally used in the FFF separation and
the ICP-MS sample uptake rate. Therefore, no major
instrumentation modification is needed to couple FFF
directly to ICP-MS.

FFF-ICP-MS can be applied in numerous fields.
As can be seen in Figure 4, the applications of
FFF to nanoparticles were not available before the
year of 2000. Therefore, the applications of FFF-
ICP-MS before the millennium were mostly related
to environmental samples but not ENPs. The anal-
yses of natural suspended particulate matter, soil,
and clay minerals by SdFFF-ICP-MS(61.165=167) and
by FIFFF-ICP-MS!68169 were described. Applications
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FIELD-FLOW FRACTIONATION WITH ATOMIC SPECTROMETRIC DETECTION 13

of FFF-ICP-MS to biological!’%!7D and industrial
materials'’? were also reported.

5.3.1 Biological Applications

Although several biological applications of FFF were
reported as reviewed by Levin7®, only one application
of FFF-ICP-MS to biological samples was reported before
the millennium."’? In 1993, Barnes briefly predicted
that FFF-ICP-MS should be an alternative technique
for elemental speciation in biomedical samples.'’® The
idea was also suggested in the review on analytical
plasma source mass spectrometry in biomedical research
in 1996.079 A feasibility study of FFF-ICP-MS was
first reported for protein standards.'’D In this prelim-
inary work, the effect of the FIFFF cross flow rate
was examined for separation of a carbonic anhydrase
and alcohol dehydrogenase mixture. Preliminary studies
with FIFFF-ICP-MS were applied to several protein
standards including metallothionein, carbonic anhydrase,
ceruloplasmin, alcohol dehydrogenase, and thyroglob-
ulin. Cadmium was detected in metallothionein; Cu and
Zn in carbonic anhydrase, alcohol dehydrogenase, and
ceruloplasmin; and I in thyroglobulin. As the coupling
between FFF and ICP-MS was quite simple and FFF
was capable of protein fractionation, FFF-ICP-MS was
expected to be a valuable tool for speciation of metal
binding proteins.

5.3.2 Environmental Applications

FFF-ICP-MS provides size-based elemental speciation
information. This approach was applied successfully
to various environmental and geological samples. In
general, elemental concentration across size distribution
information is obtained. This information can be
important and useful to gain insight into metal transport
and fate. Brief findings of FFF-ICP-MS experiments
on environmental applications are summarized in the
following sections.

5.3.2.1 Aquatic Samples  In 1993, Murphy et al.17®
investigated changes in elemental composition as a
function of particle sizes of suspended particulates from
the Darling River. Atomic ratio distribution plots were
illustrated for various pairs of elements (Al, Mg, Rb,
and Si). All the element atomic ratios with Si showed
substantial decrease with larger particle sizes. This might
be due to an increase amount of SiO, fractions with
increased particle size. The Mg: Al ratio showed significant
decrease with increased particle sizes, whereas the Rb:Al
ratio was almost constant throughout the whole particle
size range (0.08-0.45 wm). These findings suggested that
Mg and Rb were not present in the same proportion.

The effect of colloidal surface coatings on the
adsorptive behavior of orthophosphate in river was
investigated.('’” The surface adsorption density of
orthophosphate increased with increased particle size.

Hassellov et al.1%® applied SAFFF-ICP-MS to study
trace metal adsorption processes onto aquatic colloids.
The elements investigated included Cd, Cs, Cu, La, Pb,
and Zn. Adsorption experiments were conducted with
various amounts of metal loadings and at different pH
conditions. The goal was to examine whether the adsorp-
tion occurred at a certain size range. Experiments at
different pH distinguished between surface complexation
(pH dependent) and ion exchange adsorption (pH inde-
pendent). The aims were to get insightful information
on the uptake processes, the transport, and fate of trace
metals in aquatic systems.

Early FFF-ICP-MS studies were reported for SAFFF. In
1999, the first application of FIFFF-ICP-MS was described
by Hassellov et al.(1%®) for elemental size characterization
of colloids in natural water. Twenty-eight elements in
a small freshwater creek in Sweden were determined,
and the results of six selected elements were illustrated.
In their experiment, an on-channel preconcentration
procedure allowing large volume sample introduction
was used to provide preconcentration factor of about
1000 times. Different distribution patterns were observed
for each element, indicating their dissimilar behaviors in
aquatic environment. According to Hassellov et al.,(1%®
colloidal nickel was mainly associated with the carbon
and possibly with the smaller iron fraction. Lead was
associated with the larger iron-based colloids, whereas
La was bound to both the organic and inorganic
colloids. Molybdenum coemerged with the void peak,
suggesting that Mo occurred as dissolved molybdate
ions, which were partially retained in the channel during
the preconcentration step by charge repulsion from the
membrane surface.

Similar investigations using an on-channel precon-
centration FFF before ICP-MS detection were applied
to characterize colloidal samples in sewage water from
Ambherst wastewater treatment plant (WWTP).(1% Three
types of water, including influent sewage water, sewage
after primary treatment, and effluent water, were tested
for 10 different elements. A 1.0-mL aliquot of wastew-
ater samples was introduced into the FIFFF channel
instead of the typical injection volume (20 wL). With
this, preconcentration factor of 50-fold was obtained.
The entire volume of sample was loaded through the
back end of the channel using focusing flows. Then, the
cross flow stream was introduced, so that the sample
could reach steady-state equilibrium. Reasonable trends
of decreasing elemental and colloidal concentrations as
the water treatment process proceed were achieved.
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In addition, elemental distribution patterns also changed
along the course of the treatment.

5.3.2.2 Clay Minerals, Soil, and Sediment Samples
Murphy et al.1’® studied the changes in chemical
composition of clay minerals kaolinite and illite, as a
function of particle size by plotting appropriate element
atomic ratio distributions. Atomic ratio distribution plots
were illustrated for Si:Al, Mg:Al and Rb:Al in an illite
sample. Those atomic ratios were constant across the
entire size distribution showing that the illite sample had
a uniform composition. The authors further suggested
the use of a tracer element, so that the size distribution
of one component could be singled out from a mixture.
Plots of atomic ratio against particle size for appropriate
elements were constructed to monitor the changes in
elemental composition as a function of particle size.

In 1999, Ranville et al.(!%% examined the applicability of
SAFFF-ICP-MS to the analysis of horizon soils collected
from Mountain Bold in South Australia. They used a 1
mmol L~! sodium pyrophosphate solution with 0.02%
sodium azide as a carrier liquid for SAFFF with 100
ng mL™! In as an internal standard for ICP-MS to
correct for noise and drift. Attempts to determine Si
(m/z = 28), another major element present in the sample,
were unsuccessful owing to spectral interferences from
diatomic species (N,™ and NO™). They compared the
results of direct slurry with digested sample nebulization.
Disagreement between the two approaches occurred
when particles of larger than 1 pm were introduced
into the ICP-MS, indicating that either the transfer of
particles through the spray chamber or the atomization
of the particles in the plasma was incomplete. Yet,
the results for particles smaller than 1 wm by the two
sample introduction techniques agreed, confirming the
quantitative nature of direct particle analysis by ICP-MS
for colloidal samples.

Schmitt et al.!’® investigated the influence of natural
organic matter on the adsorption of Al, Fe, Pb, and
Zn onto clay minerals. Aggregation of clay particles
decreased in the presence of natural organic matter and
at high pH values.

The scope of FFF-ICP-MS was further extended not
only to study elemental size distribution but also to deter-
mine the distribution of potentially available heavy metals
within the colloidal fractions (0.05-1 pm) in Cu- and
Pb-contaminated soils.(1°”17) The metal bioavailability
was assessed using a selective extraction. To identify
the exchangeable, reducible, or complexed target phases,
diluted acetic acid, hydroxylamine hydrochloride, or ethy-
lene diamine tetraacetic acid (EDTA) disodium salt,
respectively, was used as extractants. Size distributions
of Al, Cu, Fe, Mn, and Pb in colloidal fractions were
characterized before and after EDTA extraction. With
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these chemical pretreatments, the authors were able to
identify which size fractions of soil colloids contained the
largest fraction of potentially bioavailable heavy metals.
The element atomic ratio distributions (i.e. Cu:Al, Fe:Al,
Mn:Al, and Pb:Al) were used to follow the changes in soil
colloid chemistry.

Elemental size distributions were characterized for
river and estuarine sediment core samples collected from
two sites in New Jersey.!8” Sediment samples were
extracted using sodium pyrophosphate. Distributions of
analyte elements as functions of hydrodynamic diameters
and core depth levels (depth profile fractograms)
were represented as the three-dimensional surface
plots. Patterns of these two samples were significantly
different by which the size distributions of Cape
May sediments were slightly broader than those of
Hackensack sediments. Differences in humic acid sizes
found in two sediments probably were due to different
types of humic acids or aggregate formation.

5.3.2.3 Humic Substances Humic substances are
well known for their ability to bind and form complexes
with metal ions. Flow FFF coupled with ICP-MS
enables the simultaneous characterization of molecular
weight distribution of humic acid macromolecules and
investigation of heavy metals bound to them. Size
characterization of trace metals (Al, Cu, Cd, Pb, and
Zn) complexed to soil-, peat-, and compost-derived
humic acids was reported.1%” Furthermore, physical
parameters such as the diffusion coefficient (D) and
hydrodynamic diameter (d;) were determined. For all
humic acids studied, fractograms were found to be
monomodal with good reproducibility. The molecular
weights at peak maximum (M) for all humic acids
studied were about 3850 Da and their M ranged from
3950 to 3790 Da indicating a very small variation in
molecular sizes. The diffusion coefficients of humic acids
varied from 1.66 x 10° to 1.72 x 10° cm? s'. The study
demonstrated how the FIFFF-ICP-MS could be used
not only to acquire elemental speciation and molecular
weight information under gentle separation conditions
presumably without perturbing the humic molecules
but also to obtain the important physical and chemical
information about the mobility characteristics of humic
substances. Moreover, possibilities of using FFF-ICP-MS
to study the aggregation of humic acids in the presence of
divalent metal ions were also suggested.(19%-18D)

Crude isolation of humic substances from the sediment
samples was also investigated.!®? By adjusting the pH of
sediment extracts, humic and fulvic acids were isolated.
Size distributions of Fe, Ni, and Pb in extracted fulvic
and humic fractions were characterized. Distinct peaks
of fulvic (d, ~ 3 nm) and humic acids (d, ~ 5 nm)
were obtained, providing evidence that sediment extracts
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FIELD-FLOW FRACTIONATION WITH ATOMIC SPECTROMETRIC DETECTION 15

contained both fulvic and humic components. Humic
acids were well resolved from the void peak. Under the
operating conditions used, fulvic fractions partly coeluted
with the void peak. The observation of two distinct peaks
of fulvic and humic acids provided clear proof that FIFFF
was capable of separating humic substances. Individual
peaks at 3 (fulvic) and 5 nm (humic) after chemical
isolation of these two macromolecules by pH adjustment
confirmed their coexistence in the sediments.

5.3.3 Industrial Applications

Flow FFF-ICP-MS was applied to study elemental size
distributions of chemical mechanical polishing slurries to
demonstrate the scope of the technique with industrial
materials.(!’ Particle size information, including size
distribution, minimum and maximum particle sizes,
average and mean diameters, polydispersity, and breadth
of distribution, were characterized for 18 alumina and
silica slurry samples. Iron, Pb, Ti, and Zr were also
detected by ICP-MS after on-line size separation by
FIFFF to evaluate the presence of coexisting elements
with alumina and silica polishing slurries. By knowing the
exact geometry of FIFFF channel, experimental retention
time can be converted into hydrodynamic diameter (d,,)
without standards of known diameters to calibrate the
FIFFF channel.

Mixed mode retention (normal and steric modes)
might occur in the separation of these chemical
mechanical polishing slurries. Steric inversion is the
point where particles of larger size elute earlier than
the smaller components.'®? This steric inversion, which
is usually taken place at around 1 pm, could lead
to inaccurate particle size information. Nonetheless,
to avoid steric effects, sample filtration was necessary
before sample injection to remove particles of larger than
500 nm. However, particle size distribution of chemical
mechanical polishing slurry might be changed upon
sample pretreatment. To obtain accurate and reliable size
information, independent methods (e.g. light scattering)
might be used to verify the analytical results obtained.

Considering the particle size limitations with ICP
sample introduction, small diameter particulates (<8 pwm)
can be introduced directly into the plasma as long as the
amount of the solids injected is relatively small. With the
particle diameter of larger than 8 pm, plasma energy
might not be sufficient to evaporate and decompose
the sample matrices.'83 Therefore, applicable particle
size range is limited between 2 and 500 nm, when
the normal-mode FFF separation with direct ICP-MS
detection is used. Nonetheless, for submicrometer-sized
industrial particles, the steric-mode FFF separation with
electrothermal vaporization (ETV)-ICP-MS might be
considered. On the basis of other FFF reports, despite

its limited documentation, numerous applications of FFF
to the characterization of industrial products were carried
out.! Most of those applications were of proprietary
materials and hence were not reported in the scientific
literature. The proposed FFF-ETV-ICP-MS or FFF-
ETV-ICP-OES provides the potential for process control
applications of raw and processed materials (e.g. cement,
nanoparticles, and pigments)

6 APPLICATIONS OF FFF WITH ATOMIC
SPECTROMETRIC DETECTION FOR
ENGINEERED NANOPARTICLES

The use of FFF coupled with atomic spectrometric
detection has been reported. Some researchers examined
the advantages and disadvantages of the technique
compared with other techniques. The analytical features
of the techniques were evaluated. The hyphenated
techniques of FFF with atomic spectrometric detection
were found useful in various applications for detection
of ENPs in food, consumer products, and biological and
environmental samples.

Hagendorfer et al.!8> placed an on-line DLS detector
between AF4 and on-line ICP-MS in order to determine
the mass and number size distributions simultaneously
without the need of either size or mass calibration. The
results showed a good size characterization in AgNPs
containing products although the samples have different
degrees of polydispersities. This proposed method was
shown to be more reliable than using the batch-DLS and
clearly faster than using TEM. However, the limitation
of this method was due to poor sensitivity of the on-line
light-scattering detector for nanoparticles smaller than 10
nm. Then, higher concentration was required for injection
in order to obtain reliable results for such small particles.

Mitrano et al.189 compared the advantages and
limitations of SP-ICP-MS and AF4-ICP-MS for silver
nanoparticles detection. SP-ICP-MS was considerably
more sensitive than AF4-ICP-MS (ng L~! vs pg L1,
respectively) and offered the unique ability to differ-
entiate dissolved and nanoparticulate fractions of total
metal. AF4-ICP-MS could detect a much smaller NP size
(2 nm vs 20 nm for SP-ICP-MS) and provide better size
resolution.

Geiss et al. 187 described a method based on AF4 with
ICP-MS and UV/VIS detection. Prechannel injections
were developed to measure size and mass of nanoparticles
by simultaneously injection several sizes and concentra-
tion of AgNPs standard reference materials. Comparing
to postcolumn with ionic standard solution, a series of
standards could be analyzed under exactly the same
conditions. However, the limitation of this method was
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due to the lacking of AgNPs with different sizes and
concentrations.

6.1 Environmental and Biological Samples

Songsilawat et al.1%® used SF4/UV/VIS with off-line
electrothermal atomic absorption spectrometry for size
characterization of AgNPs in the aquatic system. Upon
incubation of three types of AgNPs (9 nm of citrate, 19
nm of pectin, and 45 nm of alginate-stabilized AgNPs)
with natural waters, i.e. tap water, seawater, and ground
water, rapid changes in particle size of AgNPs were
observed. Citrate-stabilized AgNPs were the least stable
in comparison with that of pectin stabilized and alginate-
stabilized AgNPs, respectively. The results suggested that
the surface property was the key factor that controlled
the stability of AgNPs in aquatic system and humic
acid was found to prolong the stability of AgNPs in
the environment.

Poda et al.!'8? developed an SF4—ICP-MS method for
the characterization of AgNPs mixtures and applied to
AgNPs suspensions and those in biological tissue. They
spiked the polyvinylpyrrolidone (PVP)-coated AgNPs
to freshwater sediment for 2 weeks. Then, the freshwater
oligochaete Lytechinus variegatus was left in the sediment
for 28 days. After that, the freshwater oligochaetes were
removed from the sediment and AgNPs were extracted
from these tissues which were then analyzed by FFF-ICP-
MS. The size of AgNPs increased from approximately
31-46 nm. The increase in AgNPs size might be due to
the removal of PVP coating by biological mechanisms or
abiotic reactions in the soil exposure medium resulting in
destabilized AgNPs.

Hoque et al.1%? applied AF4 for size characterization
of AgNPs in aqueous matrices, lakes, river, and untreated
wastewater, collected from a municipal WWTP. Off-
line ICP-MS was used in order to quantify AgNPs. The
fractionation of a mixture of AgNPs standards (20, 40, and
60 nm) showed a well-resolved fractogram. AgNPs were
not detectable in the surface water; however, they were
detected in the untreated wastewater in the size of 9.3
nm (The method detection limit was 0.80 ng mL~!). The
size of 9.3 nm was measured by comparing the retention
time with the particle size calibration curve. However,
this value was not corresponded with the value obtained
using the Stokes—Einstein equation to calculate the size,
which yielded the size of 3.2 nm. This error might be due
to the use of an inappropriate value for viscosity in the
Stokes—FEinstein equation.

Gondikas et al.1”D examined several methodological
approaches to detect TiO, nanomaterials released from
sunscreen products into the Old Danube Lake (Vienna,
Austria) and able to identify TiO, NPs stemming from
sunscreens in the suspended matter of the lake using EM.

ATOMIC SPECTROSCOPY

Bulk analysis of suspended particulate matter clearly
showed an increase in Ti-containing particles during the
summer season.

Schmidt et al."®? connected the ICP-MS with AF4-
MALS-DLS in order to measure the amount of AuNPs
in the sizes of 10—60 nm after fractionation. The LOD
of 0.02-0.4 ng Au was obtained, but the LOD increased
when the particle sizes were larger. Further, they applied
this system to characterize AuNPs in livers of rats
after intravenous injection. The livers were solubilized
in tetra methyl ammonium hydroxide (TMAH). The
bovine serum albumin (BSA) was used for stabilization
in the TMAH medium to prevent the aggregation of
AuNPs. The soluble AuNPs from rat livers could not
be fractionated, owing to their elution in the non-
Brownian (steric) elution in AF4. TEM results indicated
that AuNPs were associated with undissolved portion,
which remained in the liver tissues.

6.2 Consumer Products and Food-Related Samples

Contado and Pagnoni’®® showed the ability of SF4 for
fractionation of titanium dioxide particles in the range
0.1-0.2 pm and proposed an extraction method for
determining the size and amount of titanium dioxide
particles in a commercial sunscreen product (with sun
protection factor of 50). The fractions of TiO, were
collected after fractionation by SF4 and measured the
amount of TiO, by ICP-OES.

Contado and Pagnoni’®® reported the use of ICP-
MS for nano- or micro-TiO, particles determination in
commercial cosmetic formulations. Square wave voltam-
metry (SWV) and ICP-OES were employed to determine
the amount of TiO, in six foundation creams sold in Italy
and the United States. SAFFF and FIFFF were exploited
to characterize the sizes of the particles contained in the
foundations by analyzing aqueous slurries obtained from
solvent extraction procedure. The higher amount of TiO,
was found in the sample commercialized in the United
States with the TiO, declared as ~11% w/w, whereas all
samples commercialized in Europe (Italy) had a lower
TiO, content of approximately <8% w/w.

Samontha et al.1?> determined the size distributions
of TiO, in sunscreen products. They used hexane for
removal of organic components before fractionation
by SAFFF. ICP-MS was used in order to determine
the concentrations of TiO,. The concentrations of
TiO, analyzed by both on-line SAFFF-ICP-MS and off-
line SAFFF-ICP-MS after acid digestion were in good
agreement, indicating that ICP-MS could atomize and
ionize the TiO, particle without the need for acid
digestion of the samples. The obtained size distributions
of TiO, were larger than 100 nm in most sunscreen
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samples and concentrations of TiO, were higher for the
products of higher sun protection factor values.

Nischwitz and Goenaga-Infante!®® compared and
optimized two extraction methods for titanium dioxide
nanoparticles analysis in sunscreen samples using AF4-
ICP-MS (steric elution mode). The first method was
applied for particles that were resuspended by tip
sonication before defatting by hexane. The second
method was applied for particles that were defatted first
and then the residue was suspended in water without any
sonication. The authors suggested that using hexane for
defatting first followed by reextraction by bath sonication
offered clear advantages in terms of simplicity, relatively
low cost, and high compatibility with the FFF conditions.
Further, they presented a novel approach by spiking with
aluminum-labeled titanium dioxide reference particles for
studying the effect of extraction and separation conditions
in real sample matrix.

Kim et al."®? demonstrated the use of SP-ICP-MS
for the analysis of size distributions and concentrations
of two types of TiO, nanoparticles, rutile and anatase,
after fractionation by SAFFF. The results suggested that
SP-ICP-MS could be a powerful tool for broad size
distribution analysis of nanoparticles when combined with
a particle separator such as SAFFF.

Lépez-Heras et al.'®® proposed the method based
on AF4-ICP-MS for size characterization and element
quantification of rutile titanium dioxide nanoparticles
(TiO, NPs) in cosmetic and food products. Size
characterization was carried out using particle size
calibration curve constructed from polystyrene latex
standards and compared with the size observed by
TEM. However, one problem for quantification was the
differences in nebulization efficiencies between NPs and
the ionic standard solutions. They solved this problem
using the titanium standard in the form of rutile TiO, NPs.
The results were in good agreement with the quantity of Ti
analyzed by FIA-ICP-MS. Moreover, using tip sonicator
method for preparing NPs dispersions provided better
linearity of concentration calibration curve, as opposed
to the ultrasonic bath method.

Contado et al.1?? demonstrated the use of SAFFF for
size fractionations of four types of SiO, available in the
market as additives in food and personal care products in
the size range 7 nm to 9 wm. TEM and photon correlation
spectroscopy (PCS) were also used for detection. The
content of SiO, in different powdered foodstuffs was
determined by GFAAS that showed the concentration in
the range 0.006—0.35% (w/w).

Bolea et al.?% reported the development of a method
for size characterization and quantification of AgNPs by
AF4 coupled with ICP-MS. They found that the PES
membrane and a mobile phase containing an anionic
surfactant such as SDS at pH 8 were the optimal

conditions for the characterization of AgNPs. The method
was applied for the analysis of AgNPs in two consumer
products: a strong antiseptic and dietary supplement. The
sizes obtained by this system were in good agreement
with those obtained by TEM.

Loeschner et al.?°) demonstrated the application of
AF4-ICP-MS for characterization of AgNPs in chicken
meat. AgNPs were extracted from chicken meat by
enzymatic digestion using Proteinase K and subsequently
introduced into the AF4. Similar size distributions were
observed in the digestive meat and aqueous suspension of
AgNPs used for spiking into the meat. No dissolution of
AgNPsin the preparation step was observed. Further, off-
line single particle ICP-MS was used for determination of
the number-based particle size distribution.

M-M et al.?%? investigated the changes in the size
distribution of selenium nanoparticles (SeNPs) in the
environment of gastrointestinal conditions by on-line
SF4-ICP-MS. The pectin, mixed alginate/pectin, oval-
bumin, and B-lactoglobulinstabilized-SeNPs (the particle
sizes are 64, 37, 30, and 23 nm, respectively) showed
different size changes in both enzymatic and nonenzy-
matic media. However, SeNPs in all types of stabilizing
agents were still in nanometer-sized range although they
were incubated in the gastrointestinal condition.

Grombe et al.?*» used AF4-ICP-MS as a confirmation
method for characterization of silica nanoparticles that
were used as reference materials in synthetic tomato soup.
Silica nanoparticles were isolated from tomato soup by
heating the soup for 30 min at 50°C, homogenization
in a glass beaker (Ultra Turrax, IKA-T10; 30s at
20,000-25,000 rpm), removal of the organic materials by
acid digestion and stabilization of the remaining particle
suspension by pH adjustment, and probe sonication
before fractionation by AF4.

Heroult et al.?® investigated the application of AF4
with multiple detectors for size characterization of silica
nanoparticles in coffee creamer. The probable parameters
affecting the change in particle size changing from the
original size were examined. These included the coffee
creamer matrix components, extraction method, and
cooking. The combination of AF4 with ICP-MS and
TEM/EDAX was proved essential to provide reliable
information of nanoparticle size in the complex food
matrix.

Peters et al.?% applied AF4-ICP-MS and single-
particle ICP-MS to characterize TiO, particles in several
products: 7 food grade materials (E171), 24 food products,
and 3 personal care products. Size distribution between 60
and 300 nm was found for all seven food grade materials.
Approximately 10-15% and 5-10% of particles with
particle sizes smaller than 100 nm were detected in all
food grade, food, and personal care products. The authors
mentioned that size limits of TiO, detection were in the
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range 20—-50 nm. In term of concentration, 0.02-9 mg
TiO,/g product was detected in 24 of 27 food and personal
care products.

7 CONCLUDING REMARKS

Owing to the expanding applications of ENPs and
their properties depend greatly on size, the analytical
techniques used for size characterization of ENPs are
necessary. FFF has been increasingly used for particle
size characterization of nanoparticles. Hyphenation
between FFF and atomic spectrometric detection adds
the specificity for the detection. The element-specific
detection is particularly useful when the samples contain
mixed ENPs, such as AuNPs and AgNPs. With some
size characterization techniques, DLS, TEM, only the
information on the overall particle size are gained.
Nonetheless, with the use of FFF coupled with atomic
spectrometric detection, it is possible to differentiate
the particle sizes of AuNPs and AgNPs in the mixture.
Furthermore, adding the dimension on element-specific
detection to the FFF size separation facilitates the
characterization of ENPs in complex matrices containing
natural nanoparticles. Therefore, FFF with atomic
spectrometric detection should be considered as a
convenient and effective tool for ENPs characterization.
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ABBREVIATIONS AND ACRONYMS

AF4 Asymmetric Flow Field-flow
Fractionation
BSA Bovine Serum Albumin

CNT
CPE
CTAB
CyEIFFF
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EDTA
EIFFF
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GNR
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ICP-MS

ICP-OES
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LOD
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Carbon Nanotube

Cloud Point Extraction
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Cyclical Electrical Field-flow
Fractionation
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Sedimentation

Dynamic Light Scattering
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Electrical Field-flow Fractionation
Electron Microscopy

Engineered Nanoparticle
Electrospray Ionization-mass
Spectrometry

Electrothermal Atomic Absorption
Spectrometry

Electrothermal Vaporization
Flame Atomic Absorption
Spectrometry

Field-flow Fractionation

Flow Field-flow Fractionation
Gel Electrophoresis

Graphite Furnace Atomic
Absorption Spectrometry

Gold Nanorod

Gravitational Field-flow
Fractionation

Human Dermal Fibroblast
Inductively Coupled Plasma Mass
Spectrometry

Inductively Coupled Plasma-optical
Emission Spectrometry

Indium Tin Oxide

Liquid Chromatography
Light-emitting Diode

Limit of Detection

Multiangle Light Scattering
Mercaptopropionic Acid
Mercapto Succinic Acid

Nuclear Magnetic Resonance
Nanoparticle

Nanoparticles Tracking Analysis
Photon Correlation Spectroscopy
poly(D,L-lactic-co-glycolic
acid)-b-poly(ethylene glycol
Polyvinylpyrrolidone

Quantum Dot

Regenerated Bacterial Cellulose
Reactive Oxygen Species
Sedimentation Field-flow
Fractionation

Scanning Electron Microscope
Selenium Nanoparticle
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SF4 Symmetric Flow Field-flow
Fractionation
SP-ICP-MS Single-particle Inductively Coupled

Plasma Mass Spectrometry

SPLITT Split Flow Thin Cell Fractionation

SRHA Suwannee River Humic Acid

SwWv Square Wave Voltammetry

TEM Transmission Electron Microscope

TMAH Tetra Methyl Ammonium
Hydroxide

UV/VIS Ultraviolet/Visible

WWTP Wastewater Treatment Plant
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