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ABSTRACT

Project Code: RSA5180009

Project Title: Method Development for the Preparation and Characterization of Nano-
and Micro-particles as Nutraceutical Delivery Vehicles

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

Email Address: scasp@mabhidol.ac.th

Project Period: May 1, 2008 — May 31, 2011

The works in this study are divided into two parts. Part one is related to the study of O~
tocopherol (O-TOC) as a model nutraceutical compound. Two types of proteins, including B-
lactoglobulin (BLG) and hen egg white protein (HEW), were examined for their ability to encapsulate
O-TOC after salt-induced gelation of the proteins. Parameters affecting encapsulation efficiency were
investigated including the type of salt, as well as concentrations of salt, protein, and O-TOC.
Concentrations of protein and Ol-TOC revealed to have an influence on encapsulation efficiency.
From the in vitro estimation, the release of Ol-TOC was nearly 100% in simulated gastric condition.
Alginate was therefore used for coating of these encapsulated particles to prolong the release of O-
TOC till simulated intestinal condition. Further, field-flow fractionation (FFF) was applied for size
characterization of gold nanoparticles enlargement induced by Ol-tocopherol. The effects of O-
tocopherol and incubation time on the enlargement of gold nanoparticles were examined.

Part two involves the application of FFF as a particle size characterization technique for
engineered nanoparticles. Two types of nanoparticles were examined including titanium dioxide and
silver nanoparticles. Particle size distribution of titanium dioxide particles in three brands of sunscreen
products of various SPF values was investigated. The titanium dioxide concentrations were higher for
the products of higher SPF values. Particle size characterization of Ag NPs stabilized by citrate,
pectin, and alginate was also carried out using FFF. Further, FFF was employed to observe the

changes in particle size of Ag NPs in environmental water in the absence and presence of humic acid.

Keywords: size characterization, field-flow fractionation, Ol-tocopherol, encapsulation,

silver nanoparticles, titanium dioxide nanoparticles
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Executive Summary

Project Title: Method Development for the Preparation and Characterization of Nano- and Micro-
particles as Nutraceutical Delivery Vehicles

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

Email Address: scasp@mahidol.ac.th

Project Period: May 1, 2008 — May 31, 2011

Encapsulation technologies have gained increased interest to the food industry as they are used
to increase stability of the bioactive compounds during processing and storage and also to prevent
undesirable interactions with the food matrix. Further, a real benefit of encapsulation is due to the
ability to control the release of the incorporated ingredients and deliver them to a specific target at a
suitable time. Protein hydrogel has been used as a carrier particle because of its high nutritional value
and generally recognized as safe. This study was carried out to evaluate the ability of B—lactoglobulin
(BLG) and hen egg white protein (HEW) aggregates induced by salt as protein-based particles for
encapsulation of Ol-tocopherol (O-TOC). Parameters affecting encapsulation efficiency including
concentrations of proteins, -TOC, and salt were examined. The release of Ol-TOC from the
encapsulated particles was investigated. The use of alginate coating for protection of O-TOC release in
the gastric condition was also explored. This study shows a successful attempt to use protein-based
particles in combination with alginate to allow delivery of Ol-TOC to intestinal for bioavailability
improvement.

Considering the antioxidant activity of Ol-TOC, we hypothesized that Ol-tocopherol should
exhibit catalytic activity on the growth of gold nanoparticles, and various Ol-tocopherol concentrations
should result in different sizes of gold nanoparticles. A closer inspection on the influence of Ol-
tocopherol on the size of gold nanoparticles was then carried out by using field-flow fractionation (FFF)
as particle size characterization technique.

With the ability of FFF as a resourceful particle size characterization technique, two types of
engineered nanoparticles, i.e., TiO, nanoparticles and silver nanoparticles (AgNPs), were examined.
Titanium dioxide nanoparticles are often added in sunscreen cosmetics as a physical UV filter, reflecting

and scattering UV radiation. An on-line coupling between FFF and inductively coupled plasma-mass



spectrometry (FFF-ICP-MS) was proposed to provide the quantitative information of titanium dioxide
concentrations across particle size distribution profiles of the sunscreen samples. The necessity for
sample preparation before FFF particle size characterization was evaluated. The ability of ICP-MS as an
on-line detector for the fractionated titanium dioxide particles was examined. The developed FFF-ICP-
MS method was applied to investigate size distribution of titanium dioxide particles in various sunscreen
products of various SPF values.

As Ag NPs has been widely used and one of the important parameters that affect on the
properties of NPs is their particle size. Field-flow fractionation with off-line electrothermal atomic
absorption spectrometry (ETAAS) detection was developed and employed for particle size
characterization of Ag NPs stabilized by citrate, pectin, and alginate. Citrate stabilized-Ag NPs were
prepared from sodium borohydride reduction of silver nitrate. Sodium citrate was used as the capping
agent to stabilize Ag NPs and prevent the aggregation process. Pectin stabilized- and alginate stabilized-
Ag NPs were prepared from ascorbic acid reduction of silver nitrate. Pectin and alginate were used as
the capping agent for pectin stabilized- and alginate stabilized-Ag NPs, respectively. Further as Ag NPs
have been widely used in various consumer products, causing the release of these materials to the
environment, it is crucial to understand the behaviors of these materials and how these materials interact
with natural organic matters in the environmental water. Field-flow fractionation with ETAAS detection
was employed to observe the aggregation of Ag NPs of various types in environmental water in the

absence and presence of humic acid.
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1.1 Introduction

Vitamin E is an important antioxidant that can help reduce risk of diseases such as cardiovascular
diseases (Blatt, Pryor, Mata & Proteau, 2004; Brigelius-Flohé & Traber, 1999; Mardones & Rigotti, 2004;
Pryor, 2000; Tucker & Townsend, 2005). Although vitamin E deficiency is rare in humans, absorption of
vitamin E is reduced in the patients with some diseases including pancreatic diseases, biliary obstruction,
coeliac disease, and abetalipoproteinaemia. Therefore, supplementation of vitamin E is needed in some
cases. Vitamin E exists in eight different forms including four tocopherols (QL, B, Y, 8) and four
tocotrienols (CL, B, Y, 8), but vitamin E supplements are usually available in forms of relatively stable all-
rac Ol-tocopherol acetate and all-rac Ol-tocopherol succinate. Nonetheless, Ol-tocopherol was believed to
be most absorbable in human intestine. Although it was believed that tocopherol esters were hydrolyzed
to free tocopherol on the duodenum (Borel, 2003; Borel et al., 2001; Cheeseman, Holley, Kelly, Wasil,
Hughes & Burton, 1995) the need of hydrolytic enzyme to de-esterify the supplement cannot guarantee
the efficient bioavailability. Consequently, it would be beneficial if vitamin E supplements can be
prepared in the free phenol form of Ol-tocopherol (A-TOC). As it is relatively unstable and sensitive to
temperature, oxygen, and light, encapsulation is needed for protection of Ol-tocopherol during shelf
storage. Further, the release of vitamin E on the target digestive system should be controllable with the
use of encapsulation technologies (Ubbink & Kriiger, 2006).

Encapsulation technologies have gained increased interest to the food industry as they are used to
increase stability of the bioactive compounds during processing and storage and also to prevent
undesirable interactions with the food matrix. Further, a real benefit of encapsulation is due to the ability
to control the release of the incorporated ingredients and deliver them to a specific target at a suitable
time. Protein hydrogel has been used as a carrier particle because of its high nutritional value and
generally recognized as safe. Various preparation techniques have been used to induce gelation of
proteins (Totosaus, Montejano, Salazar & Guerrero, 2002). These include acid-induced gelation (Alting,
Hamer, Kruif & Visschers, 2003), heat-induced gelation (Dumay, Laligant, Zasypkin & Cheftel, 1999),
and ion-induced gelation processes (Bryant & McClements, 1998; Bryant & McClements, 2000;
Croguennec, & Brulé, 2002; Maltais, Remondetto & Subirade, 2008; Simons, Kosters, Visschers, &
Jongh, 2002). The cold-set gelation has gained wide interest as it offers an advantage to maintain heat-
sensitive ingredients (Beaulieu, Savoie, Paquin & Subirade, 2002; Chen, Remondetto & Subirade, 2006).
Two steps were used to form cold-set gel. Initially, heat treatment was used to cause globular proteins to
unfold and expose multiple functional groups within the protein which could create the interaction
between the active ingredients and polypeptide chains. After cooling, salt was added to the protein

solution to cause aggregation of protein by electrostatic interaction (Chen et al., 2006). Various kinds of
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globular proteins including soy and whey proteins, especially B-lactoglobulin (BLG), were examined for
their gelation characteristics. Further, gelation behavior of hen egg white protein (HEW) has been
described by many researchers.

Due to its amphiphilic nature, BLG was reported to bind with small lipid molecules such as
cholesterol (Wang, Allen & Swaisgood, 1997), fatty acid (Wu, Pérez, Puyol & Sawyer, 1999), vitamin A
(Pérez & Calvo, 1995), vitamin D (Wang et al., 1997), and vitamin E (Swaisgood & Allen, 2001; Voth &
Miller, 1958). It was illustrated that the globular proteins were adsorbed to the emulsion interface and
formed continuous and homogeneous membrane around the oil droplets through B-sheet interaction
(Beaulieu et al., 2002; Lefévre & Subirade, 2003; Line, Remondetto & Subirade, 2005). Moreover, the
hydrogel of BLG could entrap fat-soluble ingredients to keep them in the active form until the time of
consumption (Chen et al., 2006).

Hen egg white protein, a low cost protein, has been widely used as ingredients in many food products
as it possesses several excellent functional properties such as foaming, emulsification, heat setting and
binding adhesion. Hen egg white is composed of various types of proteins, including 54.0% ovalbumin
(44.5 kDa), 12.0% ovotransferrin (77.7 kDa), 11.0% ovomucoid (28.0 kDa), 3.5% ovomucin (5500-8300
kDa), 3.4% lysozyme (14.3 kDa), and a few other proteins. Hen egg white protein was demonstrated to
form stable intermolecular B-sheet structures during the thermal denaturation (Mine, 1995). Heat caused
the protein molecules to partially unfold to expose their hydrophobic residues to allow adsorption of fat-
soluble components forming continuous and homogeneous membrane around the oil droplets through B—
sheet interaction.

In order to control the release of active ingredients at the intestinal tract, alginate coating was
employed to prevent hydrolysis of protein hydrogel from proteolytic enzymatic digestion in gastric
condition (Chen & Subirade, 2006; Chen & Subirade, 2007; Pongsawatmanit, Harnsilawat &
McClements, 2006; Sriamornsak & Kennedy, 2007). In gastric condition, protonation converted sodium
alginate to insoluble alginic acid that could protect diffusion of the active ingredients from the alginate-
coated protein hydrogel. In intestinal condition, the alginate matrix swelled allowing the release of the
active ingredients (Chen et al., 2006).

This study was carried out to evaluate the ability of BLG and hen egg white protein (HEW)
aggregates induced by salt as protein-based particles for encapsulation of Ol-TOC in its free phenol form.
Parameters affecting encapsulation efficiency including concentrations of proteins, Ol-TOC, and salt were
examined. The release of Ol-TOC from the encapsulated particles was investigated. The use of alginate

coating for protection of Ol-TOC release in the gastric condition was also explored. This study shows a
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successful attempt to use protein-based particles in combination with alginate to allow delivery of O-TOC

to intestinal for bioavailability improvement.

1.2 Experimental

1.2.1 Chemicals

(#)-0l-Tocopherol, sodium alginate, sodium phosphate monohydrate and sodium
phosphate dibasic dodecahydrate were purchased from Fluka Chemie GmbH, Buchs,
Germany. B—Lactoglobulin (from bovine milk, approx. 90 % purified using
polyacrylamide gel electrophoresis and lyophilized), pepsin 1:10,000 (from porcine
stomach mucosa, crystallized and lyophilized), pancreatin (from porcine pancreas), 2,2’-
bipyridyl and ZnCl, were purchased from Sigma, St. Louis, MO, USA. FeCl,and CaCl,
were purchased from Riedel-de Haén, Seelze, Germany. Ol-Tocopherol stock solutions of
the appropriate concentrations were diluted in ethanol (Lab Scan Asia Co., Ltd, Bangkok,

Thailand).

1.2.2 Preparation of protein solutions
B—Lactoglobulin powder was dissolved in deionized water to obtain a stock solution of

6% (w/v). To cause BLG to unfold, the 6% (w/v) BLG solution (pH 7.5) was heated at
80 °C for 30 min and cooled to room temperature (27 °C) (Saeseaw, Shiowatana &
Siripinyanond, 2006). Hen egg white protein powder was prepared using the procedure
described by Croguennec et al. (2002). Hen egg white protein powder was dissolved in
deionized water to obtain a stock solution of 8% (w/v). To cause HEW to unfold, the 8%
(w/v) HEW solution (pH 8.0) was heated at 40 °C for 30 min and cooled to room
temperature (27 °C). The proteins solutions, BLG and HEW, were filtered through 0.45

m cellulose acetate syringe filter before use.

1.2.3 Preparation of protein based-encapsulated Q-TOC
Salt induced gelation technique was used for preparation of protein based-encapsulated
O-TOC. To prepare BLG-encapsulated Ol-TOC, appropriate concentration of Ol-TOC was

mixed with appropriate concentration of BLG solution and subsequently CaCl, was added
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to induce aggregation of BLG. The molar ratio of protein and Qi-TOC and salts was 2:1:1.
A method to prepare HEW-encapsulated O-TOC was similar to that of the BLG-
encapsulated Ol-TOC except that ZnCl, was added instead of CaCl, to induce aggregation.
Parameters affecting encapsulation efficiency of protein-encapsulated Ol-TOC were
examined as follows: 0.5-2% (w/v) BLG; 1-6% (w/v) HEW; 10-150 mM Ol-TOC; and 10-
100 mM salt solutions. The incubation time was 5 h for BLG-encapsulated Ol-TOC and 30

min for HEW-encapsulated O-TOC.

1.2.4 Preparation of alginate coated-protein based-encapsulated O.-TOC
To prepare alginate coated-BLG-encapsulated Ol-TOC, appropriate concentration of Ol-

TOC was mixed with appropriate concentration of BLG solution and then appropriate
concentration of sodium alginate was added to the mixture with subsequent addition of
appropriate concentration of CaCl, to form gel. The molar ratio of protein and Ol-
tocopherol and alginate and salts was 2:1:2:1. A method to prepare alginate coated-HEW-
encapsulated Ol-TOC was similar to that of alginate coated-BLG-encapsulated Ol-TOC
except that ZnCl, was added instead of CaCl, as a gelling and hardening agent. The
incubation time was 5 h for alginate coated-BLG-encapsulated Ol-TOC and 30 min for

alginate coated-HEW-encapsulated Ol-tocopherol.

1.2.5 Estimation of OI-TOC loading
The protein based-encapsulated A-TOC was centrifuged at 12,000 rpm for 30 min

(Beckman Allegra X-22R Centrifuge, Palo Alto, USA) to separate the unencapsulated OL-
TOC from the mixture. The concentration of unencapsulated Ol-TOC was determined by
colorimetric method exploiting the ability of Ol-TOC to reduce Fe'"into Fe’” which could
subsequently form red-orange color with 2,2-bipyridyl. The absorbance of the resulting
solution was measured at 521 nm. Subsequently, the precipitate part containing protein
aggregates was dispersed in 30 ml of simulated gastric fluid (SGF) (HC1 solution, pH 1.2)
with 0.1% pepsin (w/v) at 37 °C under vigorous agitation for 2 h (Chen et al., 2007). The
resulting mixture was extracted by hexane solution and O-TOC concentration in the extract
was determined by absorbance measurement at 297 nm with a UV—visible
spectrophotometer (JASCO V530 UV-Visible Spectrophotometer, JASCO, Inc., Tokyo,

Japan). The amount of Ol-TOC encapsulated was calculated by subtraction of the



unencapsulated Ol-TOC from the total amount of Ol-TOC added. The encapsulation
efficiency (EE) was calculated from the ratio of the encapsulated Ol-TOC and the added OL-
TOC. All experiments were performed at least in five replicates (n = 5). Estimation of Ol-
TOC loading and calculation of encapsulation efficiency of alginate coated-protein based-
encapsulated O-TOC were performed in the same way as described for the protein based-
encapsulated Ol-TOC. All experiments were performed at least in five replicates. Graphs

were plotted with error bars showing the standard deviation of the results obtained.

1.2.6 Estimation of in vitro release of alginate coated-protein based-encapsulated

U-TOC and evaluation of (I-TOC release kinetics

The release of Ol-TOC from alginate coated-protein based-encapsulated O-TOC was
determined by incubating the encapsulated particles in 30 ml of simulated gastric fluid
(SGF) (HCI solution, pH 1.2) with 0.1% pepsin (w/v) at 37 °C under vigorous agitation by
an incubator shaker (Grant Instrument, model SS40-D2, Cambridge, England) for 2 h and
then the supernatant was separated from the swollen aggregates for further determination of
Ol-TOC concentration. The release of Ol-TOC in SGF condition was determined by
absorbance measurement at 297 nm after extraction of the released Ol-TOC from the
supernatant part with hexane. Subsequently, the swollen aggregate was digested by 30 ml
of simulated intestinal fluid (SIF) (phosphate buffer in saline solution, pH 7.4) with 1.0%
pancreatin (w/v) at 37 °C under vigorous agitation for 4 h. The release of O-TOC in SIF
condition was determined by absorbance measurement at 297 nm after extraction of the
released OI-TOC with hexane. The percentages of released amount of Ol-TOC in SGF and
SIF conditions are presented as %R, and %R, respectively. These percentages were
calculated from the ratio of the released amount from each digestion condition and the
encapsulated amount in the aggregates, by which the resulting numbers were multiplied by
100.

To evaluate the release kinetics of Ol-TOC, the encapsulated particles were incubated
in simulated gastric fluid for 2 h and subsequently in simulated intestinal fluid at various
incubation times of 10, 20, 30, 60, 90, 120, 180, 240, 300, 360 min. Hexane was added to
allow extraction of the released Ol-TOC into the hexane portion followed by absorbance

measurement at 297 nm.



1.3 Results and discussion

1.3.1 Selection of divalent cation for the preparation of protein based-

encapsulated OI-TOC by cold gelation

Cold gelation of protein can be achieved by adding salts including monovalent or
divalent cations, e.g., Na'; Ca2+; or Zn" to the solution containing charged protein
molecules (Foegeding, Kuhn & Hardin, 1992; Saeseaw et al., 2006). To perform salt
induced gelation of proteins, CaCl, and ZnCl, were used as they are listed as generally
recognized as safe (GRAS) by the United States of America Food and Drug Administration
when used in accordance with good manufacturing practice (FDA, 2008). Our earlier
investigations indicated that salt induced gelation of BLG or HEW was best achieved by
CaCl, or ZnCl,, respectively (Saeseaw et al., 2006; Samontha, Nipattamanon, Shiowatana
& Siripinyanond, 2008). One might argue that aggregate formation could already be
obtained by mixing BLG with Ol-TOC. Without addition of CaCl,, however, the added Ol-
TOC was mostly found in the supernatant part suggesting that they were not encapsulated
in BLG aggregates. Conversely, without addition of ZnCl, to the mixture of HEW and Ol-
TOC, the added O-TOC was found in the aggregate part suggesting that Ol-TOC was
encapsulated in HEW particles. Nonetheless, addition of ZnCl, to the mixture was carried
out as salt was used not only to induce gel formation, but the added CaCl, or ZnCl, also

acted as a hardening agent for the alginate coating of the encapsulated products.

1.3.2 Parameters affecting encapsulation efficiency of BLG-encapsulated J-TOC
The concentrations of BLG and Ol-TOC showed combined influence on encapsulation

efficiency of BLG-encapsulated Ol-TOC as illustrated in Figure 1.1. At fixed concentration
of BLG, the encapsulation efficiency decreased with increasing concentration of Q.-TOC
for each BLG concentration (Figure 1.1a-c). Nonetheless, the mole amount of O-TOC in
the aggregate increased with increasing concentration of Ol-TOC added and reached a
plateau at a certain concentration of Ol-TOC because of the limited amount of BLG. Figure
1.1d shows the relationship between the added Ol-TOC concentration and the mole amount
of O-TOC encapsulated at various BLG concentrations. In the excess of BLG at 2% (w/v),
a straight line relationship was obtained. Deviation from the straight line was observed

when BLG was not adequate for encapsulation of Ol-TOC. At the plateau, the mole ratio of
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Ol-TOC and BLG was calculated to be 140 and 104 for BLG of 0.5% (w/v) and 1% (w/v),
respectively, suggesting that the average mole ratio of the two compounds might be at
approximately 120. In general, higher protein concentrations can hold higher amount of Ol-
TOC at the fixed concentrations of Q-TOC and CaCl,. This statement was confirmed by
determining the encapsulation efficiency and the mole amount of Ol-TOC in the aggregate
at various concentrations of BLG at fixed concentrations of Ol-TOC and CaCl,. The
amount of Ol-TOC encapsulated increased with increasing in BLG concentration (Figure
1.1d). B-Lactoglobulin was reported to form continuous and homogeneous membranes
around the Ol-TOC oil droplets through intermolecular B-sheets interaction because of its
flexibility and amphiphilic nature (Alzagtat & Alli, 2002; Lefévre et al., 2003). At fixed
concentrations of BLG and Ol-TOC, the change in encapsulation efficiency was not so
significant with the change in CaCl, concentrations (from 10 to 100 mM), as illustrated in
Figurel.2. Therefore, only small amount of Ca’" was needed for neutralization of the
negatively charged BLG and lowering electrostatic repulsion with the subsequent
aggregates formation through intermolecular bridges (Line et al., 2005; Majhi, Vanam,
Ganta, Seyrek, Giger & Dubin, 2006; Simons et al., 2002). Addition of CaCl, at
concentrations higher than 100 nM was not tested, as too high concentration of salt
weakened electrostatic interactions, which could suppress aggregate formation because of

charge screening effects (Simons et al., 2002).
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Figure 1.1 Effect of O-TOC concentration on its encapsulation efficiency in BLG particles at various
concentrations of BLG; (a) 0.5% (w/v), (b) 1.0% (w/v), and (c) 2.0% (w/v), with 100 mM CaCl,
as a gelling agent. (d) Relationship between concentration of Ol-TOC added and mole amount of

O-TOC encapsulated.
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Figure 1.2 Effect of CaCl, concentration on encapsulation efficiency of O-TOC (100 mM) in 0.5% (w/v)

BLG particles.

1.3.3 Parameters affecting encapsulation efficiency of HEW-encapsulated Q-TOC
Similar to the case of BLG-encapsulated OI-TOC, the concentrations of HEW and Ol-
TOC showed combined influence on encapsulation efficiency of HEW-encapsulated O~

TOC as illustrated in Figure 1.3. The encapsulation efficiency decreased with increasing
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concentration of Ol-TOC for each HEW concentration (Figure 1.3a-c). At fixed
concentration of HEW at 1% (w/v), the mole amount of Oi-TOC in the aggregate was
almost constant with increasing in the concentration of Ol-TOC added. At higher HEW
concentrations, however, mole of Ol-TOC in the aggregate increased with increasing
concentration of Ol-TOC and reached a plateau at a certain concentration of Q.-TOC
because of the limited amount of HEW. Higher protein concentrations can hold higher
amount of Ol-TOC at the fixed concentrations of OI-TOC and ZnCl,. This observation was
confirmed by fixing the concentrations of O-TOC and ZnCl, and determining the
encapsulation efficiency and the mole amount of Ol-TOC in the aggregate at various
concentrations of HEW (Figure 1.4). The amount of Ol-TOC encapsulated increased with
increasing in HEW (Figure 1.4). The mole ratio of Ol-TOC and HEW was not calculated
because the composition of HEW was rather complex consisting of various proteins. At
fixed concentrations of HEW and Ol-TOC, the encapsulation efficiency was found to be
highest at ZnCl, concentration of 25 mM (Figure 1.5). Therefore, a suitable encapsulation
condition for HEW-encapsulated Q-TOC was 4% (w/v) HEW with 50 mM Ol-TOC and 25

mM ZnCl,.
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Figure 1.3 Effect of OI-TOC concentration on its encapsulation efficiency in HEW particles at various
concentrations of HEW; (a) 1.0% (w/v), (b) 2.0% (w/v), and (c) 4.0% (w/v), with 25 mM ZnCl,
as a gelling agent. d) Relationship between concentration of O-TOC added and mole amount of

O-TOC encapsulated.
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Figure 1.4 Effect of HEW concentration on encapsulation efficiency of O-TOC (50 mM) in HEW
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Figure 1.5 Effect of ZnCl, concentration on encapsulation efficiency of O1-TOC (50 mM) in 4.0% (w/v)

HEW particles.

1.3.4 Release of (-tocopherol from protein-based delivery particles: a

comparison between BLG and HEW (with and without alginate coating)
To assess the suitability of BLG or HEW as a protein-based delivery particle for Ol-
TOC, release of A-TOC from the protein particles were examined under simulated gastric

and simulated intestinal digestion conditions. Table 1.1 shows that the Ol-TOC

encapsulated was almost completely released (86.4 £ 9.9% for BLG-encapsulated O-TOC,
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and 93.4 & 10.1% for HEW-encapsulated 0i-TOC) in SGF condition. Considering that
most nutrients and vitamins are best absorbed in intestine for further utilization in the body,
Ol-TOC should be protected in the encapsulated particles and should not release in the SGF
condition. Therefore, encapsulation of Ol-TOC by salt induced protein aggregates only is
not adequate for such purposes. Consequently, sodium alginate was used as a coating
material for these encapsulated particles as it was widely used as stabilizers, thickening or
gelling agents in food products (Pongsawatmanit et al., 2006). Several reports showed that
the alginate gel was very strong, rigid, and hard to swell in simulated gastric fluid (SGF)
condition (Chen et al., 2006; Chen et al., 2007; Gunasekaran, Ko & Xiao, 2007). By
coating with alginate, the release of Ol-TOC should occur in intestinal condition. Table 1.1
illustrates that the release of Ol-TOC in the SGF was retarded and the release was then
observed in the SIF. For BLG- and HEW-encapsulated Ol-TOC, the released amount of Ol-
TOC under SGF condition decreased whereas that under SIF condition increased with
increasing in concentration of sodium alginate. Not only that the alginate could prolong the
release of Ol-TOC till intestinal stage, but also it increased the encapsulation efficiency of
O-TOC by BLG and HEW. The increase was prominent for HEW-encapsulated Oi-TOC,
as the encapsulation efficiency increased from approx. 32% (without alginate coat) to
approx. 85% (with alginate coat). For BLG-encapsulated Ol-TOC, the encapsulation
efficiency was increased with the increase in concentration of alginate because the
emulsion stability was improved through the formation of interfacial complex between
alginate and the protein (Pongsawatmanit et al., 2006; Azzam & Omari, 2002).

Considering at the selected preparation conditions, the encapsulation efficiency
obtained for HEW-encapsulated Ol-TOC was higher than that for BLG-encapsulated Ol
TOC (Table 1.1). Although encapsulation by HEW requires higher concentration than that
by BLG, the cost of HEW is much less than that of BLG. With the use of alginate coating,
both BLG and HEW aggregates can be employed as protein-based materials for
encapsulation of Ol-TOC.

The release profiles of Ol-TOC from BLG- and HEW-encapsulated Ol-TOC coated
with 0.25% alginate at various incubation times in simulated intestinal fluid could fit well
with the diffusion-controlled release model as illustrated in Figure 1.6. This diffusion-
controlled release model was considered from an empirical equation proposed by Peppas &

Sahlin (1989), as described by the following equation.
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where M, is the amount of O-TOC released up to any time ¢, M, is the final amount of
O-TOC released (the total amount of Ol-TOC released at 6 h in this study), & is a constant
incorporating structural and geometrical characteristics, and # is a release exponent value.
The O-TOC release from the two systems was therefore shown to mainly follow the
diffusion-controlled model. However, other mechanisms might also involve. As the
coefficients of determination (Rz) of the diffusion-controlled release profiles from the
BLG- and HEW-encapsulated Ol-TOC coated with 0.25% alginate were 0.973 and 0.940,
respectively, the release of Ol-TOC from BLG coated with 0.25% alginate fit with the
diffusion-controlled model better than that from the HEW. Therefore, further investigation
was performed for the release of Ol-TOC from HEW coated with 0.25% alginate. The final
amount of Ol-TOC released from the HEW coated with 0.25% alginate was investigated at
24 h. The release profile was found to be biphasic showing a constant release with an
almost instantaneous burst release. The total mole amount of Ol-TOC released increased
from 0.000991 at 6 h to 0.005135 at 24 h. Therefore, gel erosion might also be taken place

(Lin & Metters, 2006).

Encapsulation efficiency and release of Ol-tocopherol

Samples

EE(%+SD) R *%=SD) Ry **(%+SD)

0.5% (w/v) BLG + 100 mM Ol-TOC + 25 mM CaCl,

Without alginate coat 18.8+6.3 86.4+9.9
Coated with 0.125% (w/v) alginate 20.7+6.1 4.240.2 26.8+1.0
Coated with 0.25% (w/v) alginate 51.443.3 1.4+0.5 54.8+0.6

4% (w/v) HEW + 50 mM O-TOC + 25 mM ZnCl,

Without alginate coat 31.948.3 93.4+10.1
Coated with 0.125% (w/v) alginate 82.1+4.3 17.549.5 21.849.9
Coated with 0.25% (w/v) alginate 85.242.1 7.3+£2.5 38.0+3.9

*  The percentages of released amount of Ol-TOC in simulated gastric fluid at 2 h.

**  The percentages of released amount of O-TOC in simulated intestinal fluid at 4 h.
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Figure 1.6 Release profile of Ol-TOC from (a) BLG-encapsulated Ol-TOC and (b) HEW-encapsulated OL-
TOC.

1.4 Summary

B-Lactoglobulin (BLG) and hen egg white protein (HEW) could be used as protein-based
materials for encapsulation of Ol-tocopherol (0l-TOC) after salt-induced gelation of the proteins.
Concentrations of protein and O-TOC influenced on the encapsulation efficiency. To protect Ol-TOC
from release in the gastric condition, alginate was used for coating of these encapsulated particles. With
the alginate coat, the release of Ol-TOC was retarded till intestinal stage and the encapsulation efficiencies

of O-TOC by BLG and HEW were enhanced.
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Chapter 2
Flow Field-Flow Fractionation: A Versatile Approach for Size Characterization of (-
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2.1 Introduction

Gold nanoparticles have gained considerable interest in different research fields, owing to their
attractive properties such as high stability, biocompatibility, and optical properties [1]. Gold nanoparticles
can be prepared by various ways [2], and the mildest way is relied on the reduction of gold salts in the
presence of suitable stabilizing agents that prevent particle aggregation [2]. Many researchers have
demonstrated the use of gold nanoparticles for optical labeling and sensing purposes [3,4]. Scampicchio
et al. have used gold nanoparticles for estimating the antioxidant activity of phenolic acids in different
beverage samples [5]. This assay was based on the capability of phenolic acid as reducing agent to
catalyze the growth of gold nanoparticles in the reduction of AuCl, by sodium citrate. Considering the
antioxidant activity, vitamin E, a group of tocopherols and tocotrienols, of which Ol-tocopherol has the
highest biological activity, shows to be the most potent natural lipophilic antioxidant [6]. Therefore, we
hypothesize that Ol-tocopherol should also exhibit catalytic activity on the growth of gold nanoparticles,
and various Ol-tocopherol concentrations should result in different sizes of gold nanoparticles. A closer
inspection on the influence of Ol-tocopherol on the size of gold nanoparticles should then be carried out
because of the strong correlation between the size and their optical, electrical, and catalytic properties [7].

Size characterization of nanoparticles has been performed by conventional techniques such as
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and dynamic light
scattering (DLS). A flow-assisted technique, field-flow fractionation (FFF), for size characterization of
nanoparticles has also been reported [8, 9]. This technique allows fractionation of particles in the
nanometer to sub-micrometer scale and the fractionated particles can be further characterized by various
detection methods [10,11]. The principle [12-14] and applications [15,16] of FFF have been described
elsewhere. Rameshwar et al. illustrated the use of field-flow fractionation (FFF) for size characterization
of water-soluble nanoparticles and quantum dots [17]. In their study, the particle size results of core
particles obtained from FFF measurements were in good agreement with those obtained from other
conventional techniques. Nonetheless, for the particles which showed extensive aggregation, FFF was
shown to be more convenient and easier method for the determination of the average particle size of the
gold nanoparticles. Recently, Contado and Argazzi reported the use of sedimentation FFF to investigate
the role of citrate concentrations on the gold nanoparticles size distribution [18]. In their study, the size of
gold nanoparticles as small as 12 nm could be observed.

The aims of this investigation were to examine the capability of FFF as a size characterization of gold

nanoparticles and to examine the capability of Ol-tocopherol to induce the enlargement of gold
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nanoparticles. Flow field-flow fractionation (FIFFF) was exploited to observe the effects of Ol-tocopherol

concentrations and the incubation time on the gold nanoparticles enlargement.

2.2 Experimental

2.2.1 Instrumentation

A symmetrical flow field-flow fractionation (FIFFF) system (Model PN-1021-FO,
Postnova Analytics, Landsberg, Germany) equipped with a 1000 Da molecular weight cut-
off regenerated cellulose acetate membrane (Postnova Analytics) was used for size
characterization of gold nanoparticles. The FIFFF channel was rectangular shape with the
following dimensions: 27 cm long, 2.0 cm wide, and 0.0254 cm thick. A high-pressure
liquid chromatography (HPLC) pump (Model PN 2101, Postnova Analytics) was employed
to deliver the channel and the forward flows. Another HPLC pump of the same model was
employed to regulate the cross and the focusing (backward) flows. A UV detector (Model
S3210 UV/Vis Detector, Postnova Analytics) was set at 254 nm to monitor light
attenuation of gold nanoparticles samples. Conventional sample introduction method with
a sample volume of 20 L was applied for size characterization of commercial gold
nanoparticles and those prepared by the modified Turkevich method.

To examine the particle size and the enlargement of gold nanoparticles induced by OL-
tocopherol, opposing flow large volume sample introduction (500 LLL) for an on-channel
FIFFF preconcentration and separation was performed. The system set up was similar to
what reported by Hassellov et al. [19] and Amarasiriwardena et al. [20]. This approach
consists of two steps: (a) sample loading and focusing and (b) fractionation. In sample
loading and focusing step, the sample was introduced into FIFFF channel and two opposing
flow streams were applied to focus the sample zone into a narrow band near the inlet of
FIFFF channel. After suitable focusing time, the sample was then fractionated by applying
cross and channel flows. The optimum operating FIFFF conditions are listed in Table 2.1.
For comparison purpose, a transmission electron microscope (TEM, JEM-2100, 200 KV,
JEOL) was employed to observe the particle size of gold nanoparticles. The TEM
operating condition is also listed in Table 2.1. A UV-Visible spectrometer (JASCO V530
UV-Visible Spectrometer, JASCO, Inc., Tokyo, Japan) was used for recording absorbance

spectra of gold nanoparticles.
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Table 2.1 FIFFF and TEM operating conditions

FIFFF with conventional sample introduction method

Carrier liquid

0.02% (v/v) FL-70

Channel flow rate/ mL min" 1.5
Cross flow rate/ mL min 1.0
Equilibration time/ min 1.0

FIFFF with opposing flow large volume sample introduction method

Carrier liquid

0.02% (v/v) FL-70

Forward flow rate/ mL min 0.24
Backward flow rate/ mL min" 3.0
Channel flow rate/ mL min” 1.5
Cross flow rate/ mL min ' 1.0
Focusing time/ min 7.0
TEM

Beam current/ [LA 82.5
Temperature/ °C 25
Humidity/ % 25
Acceleration voltage/ kV 160

2.2.2 Chemicals

All chemicals used in this work were of analytical reagent grade. De-ionized water
(18.2 MCQ em™) obtained from a water purification system (Barnstead International,
Dubuque, TA, USA) was used to prepare all chemical reagents. A commercial gold
nanoparticle of 10 nm was purchased from Sigma, St. Louis, MO, USA. A 50 mM AuCl,
solution was prepared by dissolving hydrogen tetrachloroaurate, HAuCl,.3H,0 (Sigma, St.
Louis, MO, USA), in deionized water. A 1 mM sodium citrate (Riedel—deHaén®,
Germany) was prepared in phosphate buffer, pH 8.0; 1X 10°M. A 1 mM Ol-tocopherol
was prepared by dissolving (i)-O(.-tocopherol (Fluka Chemie GmbH., Switzerland) in 95%
ethanol (Merck, Darmstadt, Germany) and used as a stock solution for further dilution.

FL-70, a mixture of anionic and non-ionic compounds containing the following active
components: oleic acid; sodium carbonate; tergitol; tetrasodium EDTA; polyethylene

glycol; and triethanolamine [21], was purchased from Fisher Scientific Co., Ltd.
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(Pittsburgh, PA). A 0.1% (v/v) of FL-70 was prepared by diluting concentrated FL-70 with

de-ionized water and used as a carrier liquid.

2.2.3 Preparation of gold nanoparticles
To prepare gold nanoparticles, the modified Turkevich method [22] was used. A 20-

mL of 0.01% (w/w) hydrogen tetrachloroaurate was heated for 15 min at 65 °C in a
waterbath. A 1% sodium citrate was also heated for 5 min. Consequently, a 1.5-mL of the
pre-heated sodium citrate was pipetted into the 20-mL solution of the pre-heated hydrogen
tetrachloroaurate. The mixture was then stirred and heated till reflux for 30 min, while the
solution turned from pale yellow to pale blue and changed into brilliant red upon
completion. The obtained gold nanoparticles solution was sonicated for 15 min, cooled to

room temperature and stored at 4 °C.

2.2.4 (I-Tocopherol-induced gold nanoparticle enlargement
To observe the enlargement of gold nanoparticles induced by Ol-tocopherol, AuCl,
(1X10° M) was mixed with FL-70 (0.01%) and sodium citrate (2X10"* M) in phosphate
buffer (pH 8.0; 1X 107 M) with various concentrations of Ol-tocopherol (2.5X 10_6,
7.5X 10_6, and 10.0X10° M). All samples were heated for 10 min at 45 °C. The effects of
Ol-tocopherol and incubation time on enlargement of gold nanoparticles were examined.
The obtained gold nanoparticles were introduced into a FIFFF using large volume sample

introduction (500 WLL) for size characterization.

2.2.5 Data transformation and information obtained from FIFFF experiment
Raw fractograms were translated into mass size distribution profiles [23] using

Microsoft Excel (Microsoft® Excel 2007) spreadsheet software. Peak evaluation, baseline
adjustment, and cumulative area distribution plotting were performed by using PeakFit
(SPSS, Chicago, IL, USA). From a FIFFF experiment, a raw fractogram of separated
particle, a plot between detector response (y-axis) versus retention time (x-axis), was
obtained as shown in Figure 2.1a. The raw fractogram was translated into particle size
distribution [23] as shown in Figure 2.1b. With this plot, the particle size at peak
maximum (dp) was measured. To measure a breadth of size distribution, particle size range

at half maximum height (Aa’oj) from distribution profile was calculated [23, 24]. Further,



the particle size distribution was converted into a cumulative area plot as shown in Figure

2.1c. With this plot, particle size in term of a mean diameter (d_ ) was measured by

mean

considering the particle size which gives 50% cumulative area.

24
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Figure 2.1 a) Raw fractogram of gold nanoparticles; b) the corresponding particle size distribution; ¢) the

corresponding cumulative area distribution.
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2.3 Results and Discussion

2.3.1 FIFFF size characterization of gold nanoparticles
To develop FIFFF method for size characterization of gold nanoparticles, an

appropriate carrier liquid must be chosen. The carrier liquid must be compatible with the
membrane and able to disperse particles without causing any interaction with the particles
or changing the particle size characteristics. As gold nanoparticles are negatively charged
[25], anionic surfactants should be used to disperse the gold nanoparticles. The nonpolar
part of an anionic surfactant adsorbs to the hydrophobic solid, and the polar group is
oriented towards the aqueous phase [26]. The resulting net negative charge on the particle
surface prevents particles from agglomeration. In this work, FL-70 was selected as a
carrier liquid. Therefore, the effect of carrier liquid concentrations (0.004, 0.02, and 0.1%
(v/v) FL-70) for size characterization of gold nanoparticles was examined and summarized
in Table 2.2. These concentrations were much lower than the critical micelle concentration
of FL-70, which was reported to be 5.1% (v/v) [27]. At the concentration ranges much
lower than the critical micelle concentration, increasing in the FL-70 concentrations
resulted in increasing in the surfactant concentration on the gold nanoparticles surface and
could affect on the retention time. Transmission electron microscopy was applied to
investigate the particle sizes of the commercial gold nanoparticles and the gold
nanoparticles prepared by the modified Turkevich method [22], as displayed in Figure 2.2.
With 0.004% (v/v) FL-70 carrier liquid, gold nanoparticles were not eluted from the FIFFF
channel. This might be due to the fact that too low concentration of carrier liquid is not
effective for prevention of nanoparticles adsorption on the membrane surface. With higher
concentrations of carrier liquid, i.e., 0.02% and 0.1% (v/v) FL-70, the particle size
information obtained from TEM and FIFFF was not significantly different (Table 2.2).
Therefore, FIFFF was proven to provide reliable particle size information for gold
nanoparticles and 0.02% (v/v) FL-70 was selected as a suitable carrier liquid for FIFFF size

characterization of gold nanoparticles.
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Table 2.2 Mean particle size (d

mean

) of gold nanoparticles measured by FIFFF at various FL-70 carrier

liquid concentrations and by TEM

d +s.d.(n=3)

mean

Measurement method Commercial gold nanoparticle  Gold nanoparticles prepared in
(10 nm) the laboratory

FIFFF with 0.004% FL-70 n.d.* n.d.*

FIFFF with 0.02% FL-70 7.9+03 28.6£0.2

FIFFF with 0.10% FL-70 6.9+0.2 20.6 £ 0.4

TEM 83114 23.9+2.0

* not determined — with 0.004% FL-70, gold nanoparticles were not eluted.

Figure 2.2 TEM photograph of gold nanoparticles prepared by the modified Turkevich method.

2.3.2 Use of an on FIFFF channel preconcentration for size characterization of

very diluted gold nanoparticles

For a very diluted sample, the signal of fractionated gold nanoparticles is quite low as
shown in Figure 2.3(<>). In order to improve the signal of gold nanoparticles, sample
preconcentration is necessary. According to Hassellov et al. [19] and Amarasiriwardena et
al. [20], FIFFF allows an on-channel preconcentration of particulate samples exploiting the
fact that FIFFF is similar to a membrane filtration unit. In principle, the sample is

introduced to the FIFFF channel, focused and concentrated by using an opposed-flow



28

sample concentration [28]. Large volume of samples are introduced into the FIFFF channel
and focused at a certain point. The particles, whose sizes are larger than the membrane
pore size, can be retained in the channel. To improve the detection of gold nanoparticles,
an aliquot of 500 LLL sample was introduced into the FIFFF channel instead of the regular
injection volume (20 puL) used in the conventional FIFFF separation. The sample was
loaded through the back end of the channel with a flow ratio of 1:12.5 between the forward
(0.24 mL min'l) and backward (3 mL min'l) focusing flows. Once the whole sample
volume was loaded and focused in the FIFFF channel, the forward and backward flow
pumps were disengaged while the cross flow stream was introduced, so that the sample
could reach steady state equilibrium. Figure 2.3(D) displays the signal of gold
nanoparticles obtained from the on-channel preconcentration system. The signal was
extremely improved, when compared with the signal obtained from the conventional
sample introduction (20 LLL). Therefore, on-channel preconcentration FIFFF sample
introduction was then applied to investigate size and enlargement of gold nanoparticles

induced by Ol-tocopherol.
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Figure 2.3 Fractograms of gold nanoparticles prepared by Ol-tocopherol catalyzing citric acid reduction of
AuCl 4' obtained by conventional sample introduction (<>, 20 },LL) and large volume sample

introduction (D, 500 L) FIFFF separation.

2.3.3 Parameters affecting the enlargement of gold nanoparticles induced by (-

tocopherol
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According to Scampicchio et al. [5], antioxidant activity could be estimated through
the absorbance monitoring (at 555 nm) of the gold nanoparticles formation catalyzed by
phenolic compounds in the presence of citric acid reducing agent. The increase in
absorbance signals at 555 nm was linearly dependent upon the concentration of phenolic
compounds. Nonetheless, the change in particle size of gold nanoparticles was not
systematically examined. As Ol-tocopherol is the effective natural liphophilic antioxidant,
it was our interest to investigate the potential of Ol-tocopherol to induce the formation and
enlargement of gold nanoparticles. The role of Ol-tocopherol on the formation of gold
nanoparticles was observed from the absorption spectra as illustrated in Figure 2.4. In the
presence of sodium citrate, addition of Ol-tocopherol led to the enhanced absorbance signal
at the characteristic absorption band at 555 nm. Without Ol-tocopherol, only small
absorption signal was observed as a result of gold nanoparticles obtained purely from
sodium citrate reduction (Figure 2.4a). In the absence of sodium citrate, Ol-tocopherol
alone could not instantaneously induce gold nanoparticles formation (Figure 2.4b). Upon
overnight incubation, however, gold nanoparticles formation was observed as evidenced by
the occurrence of absorption band at 555 nm (Figure 2.4b). This observation suggested that
the gold nanoparticles produced by sodium citrate reduction acted as a seed for the
reduction of AuCl, by Ol-tocopherol and resulting in the enlargement of the particles,
similar to what observed by Zayats et al. [29] for the catalytic growth of gold nanoparticles
with addition of H,0O, as a reducing agent.

Further, the effects of Ol-tocopherol concentration and incubation time on the
enlargement of gold nanoparticles were investigated using an on-channel FIFFF
preconcentration for size characterization. At fixed incubation time of 0 hr (immediately
analyzed), three different concentrations of Ol-tocopherol (2.5X 10>6, 7.5X 10>6, and
10.0X10° M) were examined for their effects on the enlargement of gold nanoparticles. At
fixed incubation time of 0 hr, particle size distributions of gold nanoparticles at various OL-
tocopherol concentrations are illustrated in Figure 2.5. With increased Ol-tocopherol
concentration, gold nanoparticles were enlarged as the d, value increased from 17 to 33
nm when the Ol-tocopherol concentrations increased from 2.5X 10° to 10X10° M (Table
2.3). At fixed Ol-tocopherol of 7.5X 10° M, various incubation times including 0, 2, and 4
hr were examined for their effects on the enlargement of gold nanoparticles as illustrated in

Figure 2.6 and summarized in Table 2.3. With different incubation times, gold
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nanoparticles were shown to exhibit monomodal distribution. The &, value increased
from 19 (at 0 hr) to 23 nm (at 4 hr, demonstrating that incubation time showed an influence
on the enlargement of gold nanoparticles. It is interesting to note that under each condition
investigated, the values of d,,, and d, were almost equal suggesting that the particle size
distribution profiles of gold nanoparticles were ideally monomodal and of Gaussian
characteristic. Moreover, the breadths of size distributions obtained from all experimental
conditions were nearly the same, suggesting that the enlargement of gold nanoparticles

induced by Ol-tocopherol would not affect on the polydispersity of the resulting particles.

0.5 - 8 a)
8 0.4 ] 8@
g 0.3 - N
2 8
_ 2
§ 0.2 @n ) J—
< 0.1 °o° feoon uuuuu
0 | oooooolooooooooo?oooossggggggﬂm
300 400 500 600 700 800
Wavelength (nm)
21 o b)
°
o 1.5 1 0 0o
(%) A ooo o Q
c A o o]
g 1 A 0000000 o
o o
2 .
< 0.5 - &, ©0000000000000
0 AAAAAAAAAAAAAAAAAAAA#AAAAAAAAAAAAAAAAAI
300 400 500 600 700 800

Wavelength (nm)

Figure 2.4 Absorption spectra of gold nanoparticles: a) prepared by sodium citrate reduction of AuCl, in
the absence (<>) and presence (D) of Ol-tocopherol (1)(10_5 M); b) prepared in the presence of
(1X10-5 M) Ol-tocopherol without addition of sodium citrate, observed immediately (A) and

after overnight incubation (O ).
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Figure 2.5 Effect of Ol-tocopherol concentration on the Ol-tocopherol induced enlargement of gold
nanoparticles at 0 hr incubation time: a) particle size distributions; b) cumulative area
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Table 2.3 Particle size information of Ol-tocopherol induced enlargement of gold nanoparticles obtained

from various experimental conditions

Effect of (-tocopherol concentration (at 0 hr incubation time)

O-tocopherol (10° M) d, (nm) d,,, (nm) Ad, (nm)
2.5 163 1713 12

7.5 1811 19t1 11

10.0 3214 3314 13

Effect of incubation time (at 7.5 x 10°M O-tocopherol)

incubation time (hr) d, (nm) d,, (nm) Ado_ s(nm)
0 18t 1 19+ 1 11

2 202 21%2 10

4 2%2 23%1 11

2.4 Summary

O-Tocopherol was shown to be capable of inducing the enlargement of gold nanoparticles obtained

from the reduction reaction of AuCl, by sodium citrate. From the analytical viewpoint, an on-channel

FIFFF preconcentration method was proven suitable for size characterization of diluted gold nanoparticles.

Concentration of Ol-tocopherol and incubation time affected on the enlargement of gold nanoparticles.

Flow FFF can be used to monitor the dynamic changes in size distribution of gold nanoparticles. The

information obtained from FIFFF experiment can be used for guiding how to prepare the desired gold

nanoparticles size for required applications.
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3.1 Introduction

Ultraviolet (UV) radiation including UV-A (320-400 nm) and UV-B (290-320 nm) can cause skin
cancer and other harmful effects to humans [1-4]. It is necessary to avoid unwanted skin effects of the sun
with the use of sunscreen filters. Titanium dioxide (TiO,), which is a physical UV filter, can reflect and
scatter UV radiation very efficiently [5] and it is therefore often used to formulate the sunscreen products
with high sun protection factor (SPF) value [6]. According to the European legislation, titanium dioxide is
the only inorganic UV filter permitted to be used in the sunscreen products with the maximum allowable
concentration of 25% (w/w) [7]. The radiation reflection and scattering efficiencies of titanium dioxide
depends on its concentrations and particle sizes, by which the particle size should be approximately 60 —
120 nm to be most effective in UV reflection and scattering ability [5]. Therefore, the analysis of
sunscreen cosmetics in terms of the concentrations and particle sizes of titanium dioxide should be
considered.

Although the official methods for determining titanium dioxide particles in sunscreen cosmetics,
either in terms of quantitative element content or the particle size distribution, have never been
documented, several analytical techniques have been reported for determination of titanium dioxide in
sunscreen. These techniques include the classical volumetric method [8], atomic absorption spectrometry
[9], inductively coupled plasma optical emission spectrometry [8, 10], and X-ray fluorescence
spectrometry [11, 12]. For particle size characterization, flow field-flow fractionation (FIFFF) has been
reported for titanium dioxide particles in a commercial sunscreen product [13] and titanium dioxide
nanoparticles imprinted for tyrosine [14].

Field-flow fractionation (FFF) is a flow-assisted technique for size characterization of particles in the
nanometer to sub-micrometer scale. The fractionated particles can be further characterized by various
detection methods [15, 16]. The principle [16, 17] and applications [18, 19] of FFF have been described
elsewhere. Depending on the type and the particle size of samples, various types of external field forces
may be applied. These external fields give rise to an assortment of FFFsub-techniques, including
gravitational, sedimentation, flow, electrical, and thermal FFF. Sedimentation (SdFFF) and flow FFF
(FIFFF) are most commonly used. As the particle size of titanium dioxide in sunscreen products is in the
sub-micrometer size range, SAFFF may be used [18]. Previous works indicated that sedimentation FFF
was successfully used to separate titanium dioxide microparticles [18-20].

An on-line coupling between SAFFF and inductively coupled plasma-mass spectrometry (SAFFF-ICP-
MS) was proposed to provide the quantitative information of titanium dioxide concentrations across
particle size distribution profiles of the sunscreen samples. The necessity for sample preparation before

SAFFF particle size characterization was evaluated. Various initial field strengths were employed in
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SAFFF fractionation to check for the reliability of the resulting particle size distribution information. The
ability of ICP-MS as an on-line detector for the fractionated titanium dioxide particles was examined. The
developed SAFFF-ICP-MS method was applied to investigate size distribution of titanium dioxide

particles in various sunscreen products of various SPF values.

3.2 Experimental

3.2.1 Chemicals and samples

Polystyrene latex standards having diameters of 0.35, 0.53, and 0.72 um from
Postnova Analytik (Landsberg, Germany) were used for SAFFF calibration. A carrier
liquid was 0.02% (v/v) FL-70 detergent (Fisher Scientific, PA, U.S.A) containing 0.02%
(w/v) NaN, (Merck, Darmstadt, Germany) to prevent bacterial growth. FL-70 is a
mixture of anionic and non-ionic compounds containing the following active
components: oleic acid; sodium carbonate; tergitol; tetrasodium EDTA; polyethylene
glycol; and triethanolamine [21].

Three brands of commercial sunscreen cream products of various SPF values (0 and
50 SPF for brand A; 0, 15, and 30 SPF for brand B; and 0 and 15 SPF for brand C) were
purchased from a local supermarket. Hexane, which was employed to remove some
organic components, was purchased from Labscan (Bangkok, Thailand). Ti elemental
standard solution of 100 pg mL” (AccuStandard, New Haven, CT, U.S.A.) was used to

prepare the ICP-MS calibration solution.

3.2.2 Preparation of sunscreen sample
An SAFFF system (Model S-101 Particle/Colloid Fractionator, Postnova Analytik,
Landsberg, Germany) was used to characterize the particle size distributions of BLG-
encapsulated Ol-TOC. The elution of particles was monitored by a UV absorption
detector operating at the fixed wavelength of 280 nm (UV-2000 Spectra System, Thermo
Electron Corporation, Waltham, MA, USA). Samples were introduced into a Rheodyne

(Rohnert Park, CA, USA) injector at a fixed loop of 50 LLL.
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Preparation of B-lactoglobulin solutions

0.01 g of sunscreen cream products of various brands and SPF values were weighed
and diluted in 1 mL of deionized water to obtain the sunscreen sample of 1% (w/v).
Before injection into SAFFF, a 50 uL-volume of 1% (w/v) of sunscreen cream sample in

deionized water was mixed thoroughly by vortex.

Preparation of defatted sunscreen sample

To defat or remove some organic components from sunscreen cream products, 1 mL
of hexane was applied to soak 0.01 g of sunscreen cream samples for 12 hr at room
temperature. Hexane containing organic components was removed and the defatted part
was diluted with deionized water to 1% (w/v). To study particle size distribution in
sunscreen cream samples, a 50 pL-volume of 1% (w/v) of defatted sunscreen cream

sample in deionized water was mixed thoroughly by vortex before SAFFF analysis.

Acid digestion of sunscreen sample

0.05 g of sunscreen cream products were weighed and digested at approximately
350°C with 10 mL of H,SO, in the presence of 4 g of (NH,)SO,. Then, 25 mL of HCI
and 30 mL of deionized water were added to the mixture and heated until the clear
solution was obtained. Subsequently, the digested solution was diluted with deionized

water before ICP-MS determination of Ti concentration.

Instrumentation

The SAFFF system (Model S-101 Particle/Colloid Fractionator, Postnova Analytik,
Landsberg, Germany) was used in this study. 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 Analytik). A UV detector (model UV2075,
Jasco, Essex, UK) was set at 254 nm to monitor light attenuation of the eluted particles.
Samples of 50 pL were injected into SAFFF via a Rheodyne injector.

An ICP-MS instrument (model Sciex/ELAN 6000, Perkin Elmer, CT, U.S.A.) was
used as an element detector sequentially after the UV absorption detector. Owing to the

similarity of the SAFFF channel and ICP-MS sample flow rates typically used for
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analysis, the ICP-MS cross-flow nebulizer was connected directly to the UV detector

outlet with a 30-cm length of poly(tetrafluoroethylene) tubing (PTFE, 0.58 mm id). The

operating conditions of SAFFF and ICP-MS measurements are summarized in Table 3.1.

Table 3.1 SAFFF and ICP-MS operating conditions

SAFFF operating conditions

SAFFF channel dimensions/cm’
SdFFF rotor radius/cm

Carrier liquid

Channel flow rate/ mL min"
Equilibration time/ min

Power field programming

89.5x2.0x 0.0254

15.1

0.02% (v/v) FL-70 containing 0.02% (w/v) sodium azide

1.0

10

initial applied field, 400 rpm [obtained field, 397 rpm or 26.6
g] for 8 min; field decay parameter, -64; final field, 50 rpm
[obtained field, 49 rpm]

ICP-MS operating conditions

Rf generator frequency/ MHz
Rf power/ W

Nebulizer gas flow rate/ L min’
Coolant gas flow rate/ L min’
Aucxiliary gas flow rate/ L min"

Isotopes monitored (m/z)

40
1150
0.99
15
1.0

“"Ti and 'Ti

3.2.7 Data treatment

Raw fractograms were translated into size distribution profiles using the Postnova

FFF Analysis software version 2.0 (Postnova Analytik, Landsberg, Germany). Peak

evaluation, baseline adjustment, and integration were performed using PeakFit' (SPSS,

Illinois, U.S.A.).
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3.3 Results and Discussion

3.3.1 The need for sample preparation before particle size characterization of

titanium dioxide in cosmetics by using SAFFF

By knowing the exact geometry of the SAFFF channel, the field, flow rate, and the
density difference between particle and carrier liquid, diameter of the separated particle
can be calculated directly from the experimental retention time [22]. The average density
of titanium dioxide particles was 4.05 g mL_1[23], and therefore the density difference
between the particles and the carrier liquid (Ap) was 3.05 gmL". To apply SAFFF for
particle size characterization of titanium dioxide in sunscreen samples, various
experimental conditions were examined to demonstrate the reproducibility and reliability
of SAFFF for particle size characterization of titanium dioxide in sunscreen products.
Various initial field strengths (500, 600, and 800 RPM) were applied to fractionate
titanium dioxide particles in a 30 SPF sunscreen as illustrated in Figure 3.1. Fractograms
of 1% (w/v) 30 SPF sunscreen (brand B) showed two separated peaks at different
retention times. With higher field strength, the peaks shifted towards longer retention
times (Figure 3.1a). Nonetheless, the particle size distributions obtained from various
experimental conditions did not agree well with each other, indicating the erroneous
results in particle size determination by the SAFFF technique. This error might be due to
the fact that the cosmetic sample contains not only the titanium dioxide particles, but also
some other types of particles. Alternatively, it might be due to the fact that the titanium
dioxide particles were coated by some organic components in the sunscreen sample,
which could make the approximation of the particles density of 4.05 g mL" to be
incorrect.

Therefore, it was necessary to carry out sample preparation before introduction of
sunscreen samples into SAFFF channel. To remove the organic components from the
titanium dioxide particles, hexane extraction was performed [13]. Hexane removes the
organic compounds contained in the sunscreen products, which could cause some
interaction between organic component and SAFFF channel and affected on particle size
fractionation of sunscreen sample. With hexane removal of organic components from the
sunscreen samples, the resulting samples were called “defatted sunscreen samples”.

Various initial field strengths (400, 500, and 600 RPM) were applied to fractionate
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titanium dioxide particles in the defatted sunscreen as illustrated in Figure 3.2a with the
resulting particle size distributions shown in Figure 3.2b. The particle size distributions
in Figure 3.2b obtained from various experimental conditions were all similar showing
the particle size range of 0.1 — 0.6 pm with the peak maximum at around 0.52 um. This
suggests that the particle size determination of titanium dioxide in sunscreen products is
possible with SAFFF with the necessity of sample preparation before analysis, and
hexane extraction is considered effective for such purpose. The initial field strength of
400 RPM was selected for further use as it was sufficient to separate the particles from

the void fraction with minimized analysis time.
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Figure 3.1 Effect of field strength on fractionation of 30 SPF sunscreen (brand B). (a) Raw fractograms;
and (b) particle size distributions of 30 SPF sunscreen (brand B), obtained from various initial
fields as 500 (<>), 600 (), and 800 RPM (A). The SAFFF operating condition was as follows:
initial field hold time 8 min; field decay parameter -64; final field 50 rpm, and Ap =305¢g mL".

The channel flow rate was constant at 1 mL min .
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Figure 3.2 Effect of field strength on fractionation of the defatted 30 SPF sunscreen (brand B). (a) Raw

fractograms; and (b) particle size distributions of 30 SPF sunscreen (brand B), obtained from
various initial fields as 400 (0), 500 (O), and 600 RPM (A). The SAFFF operating condition
was as follows: initial field hold time 8 min; field decay parameter -64; final field 50 rpm, and

Ap =305¢g mL". The channel flow rate was constant at | mL min .
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Particle size distribution of titanium dioxide in sunscreen products of

various brands and SPF values

With the selected SAFFF operating conditions, particle size distributions of titanium
dioxide in the defatted sunscreen products of various brands and SPF values were
investigated by using SAFFF-ICP-MS. With the UV detector, the particle size
distributions of sunscreen samples are shown in Figure 3.3. It can be seen that different
brands of sunscreen products showed different particle size distribution patterns. For a
particular brand of sunscreen products, the sample with higher SPF values showed larger
particle size than that of the smaller SPF values. With the ICP-MS detector, the particle
size distributions of titanium dioxide in sunscreen samples were obtained as illustrated in
Figure 3.4. For brand A, the signal of titanium was only slightly observed for sunscreen
of 0 SPF value whereas the distribution of titanium was found in the range of 0.1 — 0.5
um for the sunscreen of 50 SPF value. For brand B, the distribution of titanium in
sunscreen of various SPF values were different, but ranging between 0.1- 0.4 pm.
Titanium was found to present in a smaller particle size for the sunscreen of 15 SPF
values as compared to that of 0 and 30 SPF values, suggesting that the manufacturer
might have different strategies to formulate the products of different SPF values within
the same brand. The manufacturer of brand B might not use the same titanium dioxide
particle size for the products of different SPF values. For brand C, the distribution of
titanium in sunscreen of 0 and 15 SPF values were found in the range of 0.2 — 0.6 um.
Higher titanium content was found in the product of higher SPF value.

Particle size distributions of titanium dioxide in all sunscreen samples investigated in
this work were larger than 100 nm size range, except for the brand B of 15 SPF value.
The particle size distributions of titanium dioxide in the defatted sunscreen samples
(Figure 3.4) were not well corresponded with the particle size distribution profiles
(Figure 3.3) except for the sunscreen brand A. For brand B, titanium (Figure 3.4b) was
found to associate with the small particle size range of the particles found in the defatted
sunscreen samples (Figure 3.3b). For brand C, titanium (Figure 3.4c) was found to
associate with the large particle size range of the particles found in the defatted sunscreen
samples (Figure 3.3c). These data suggest that the manufacturer of brand A might use

titanium dioxide solely to adjust the SPF values of their products, whereas the
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manufacturers of brands B and C might adjust the SPF values of their products by adding

both organic and inorganic components other than titanium dioxide as UV filters.
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Figure 3.3 Particle size distributions of defatted sunscreen samples: (a) brand A, where (<>) and (0O)
represent 0 and 50 SPF, respectively; (b) brand B, where (<>), (0O), and (A) represent 0, 15, and

30 SPF, respectively; and (¢) brand C, where (<>) and (O) represent 0 and 15 SPF, respectively.
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represent 0, 15, and 30 SPF, respectively; and (c) brand C, where (<>) and (OJ) represent 0 and 15

SPF, respectively. Data were smoothed with Savitzsky—Golay function (PeakFit@, SPSS,

Chicago, IL, USA) with a smoothing level of 10%.
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Titanium dioxide concentrations in sunscreen samples

Not only the particle size information, but it is also important to provide quantitative
information on the titanium dioxide concentration in the sunscreen products, as its
maximum allowable concentration in the sunscreen products has been declared by many
countries such as European Union, Japan, and USA. In the European Union legislation,
titanium dioxide is the only inorganic UV filter which is allowed at 25% maximum
concentration [7]. The determination of titanium dioxide content (%w/w) in sunscreen
products of various brands and SPF values was carried out using ICP-MS detection of
titanium.

In this study, ICP-MS determination of titanium concentrations was performed with
various approaches as follows: as an on-line detector for SAFFF; off-line detection of the
collected fraction from SAFFF after acid digestion; and direct detection of the acid
digested samples. The titanium dioxide concentrations in all sunscreen samples from
various approaches are summarized in Table 3.2, which illustrates that the concentrations
found from all approaches were similar. The closeness in the titanium dioxide
concentrations obtained from the collected fraction from SAFFF after acid digestion with
those directly determined after acid digestion of the samples indicates that titanium
dioxide was not loss during the SAFFF fractionation of samples. The closeness in the
titanium dioxide concentrations obtained from the on-line SAFFF-ICP-MS with those
from the SAFFF fraction after acid digestion suggests that the ICP-MS could effectively
atomize and ionize the titanium dioxide particle without the need for acid digestion.
Therefore, the on-line coupling between SAFFF and ICP-MS could be effectively used to
provide the quantitative information of titanium dioxide concentrations across particle
size distribution profiles.

For all sunscreen samples in this study, the titanium dioxide contents were below the
maximum allowable concentration (25 %) as set by the European legislation. Different
brands of sunscreen products showed different titanium dioxide contents. Nevertheless
higher titanium dioxide contents were observed for the sunscreen of the same brand but

with increasing SPF values.
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Table 3.2 TiO, concentrations in sunscreen samples of various brands and SPF values

Samples TiO, concentration (% w/w)

[average + SD], n =3

Method A Method B Method C
0 SPF brand A n.d. n.d. <0.04
50 SPF brand A n.d. n.d. 3.84 £0.28
0 SPF brand B n.d. n.d. 0.09 £0.02
15 SPF brand B n.d. n.d. 0.37 £0.05
30 SPF brand B 0.84+0.10 0.74 +£0.10 0.82+£0.20
0 SPF brand C n.d. n.d. 0.12 £0.02
15 SPF brand C 1.16 £0.16 0.94 +£0.06 0.93 £0.05
LOQ <0.06 <0.03 <0.04

The concentration of titanium is represented as TiO, percentage in the sample (% w/w).
n.d. — not determined
®  Method A is an on-line SAFFF-ICP-MS. The concentration of titanium dioxide in the samples
was obtained by on-line Sd-FFF-ICP-MS measurement with external calibration using standard
solutions prepared in the SAFFF carrier liquid. Total titanium dioxide concentration was
determined by integration of the signal through the whole fractionation time using a PeakF it
program (SPSS, Illinois, U.S.A.).
® Method B is an off-line SAFFF and ICP-MS determination of titanium dioxide in the fractionated
samples.

®  Method C is ICP-MS determination of titanium after acid digestion of samples.

3.4 Summary

Sedimentation field-flow fractionation-inductively coupled plasma-mass spectrometry (SdFFF-ICP-
MS) was demonstrated feasible to provide quantitative information of titanium dioxide concentrations
across particle size distribution profiles. Nonetheless, sample preparation was necessary prior to SAFFF

particle size characterization. Various brands and SPF values of sunscreen products showed different
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particle size distributions and different titanium dioxide contents. The information obtained from SAFFF-

ICP-MS can be useful for quality control of the finished sunscreen products.
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4.1 Introduction

Silver nanoparticles (Ag NPs) are one of common engineered nanoparticles (ENPs) with at least one
dimension within the size from approximately 1 nm to 100 nm [1]. Owing to their antibacterial properties,
Ag NPs have been used in various consumer products including textiles, personal care products, food
storage containers, and laundry additives. The release of Ag NPs into water and their mobilities in water
should therefore be investigated. Silver ions (Ag+) can release from consumer products by oxidation of
metallic silver (Ago) in contact with water [2-3]. Blaser et al. studied the model of total silver in the form
of Ag+ ions or AgNPs released from plastic and textile into water and indicated that up to 15% of the total
Ag discharged into the environment [4]. Moreover, recent studies by Benn et al. confirmed that Ag NPs
were easily released from nanosilver-coated socks during the washing process [5].

Recently, the issue of mobility and toxicity of Ag NPs has gained significant attention. In general, the
smaller size can transport faster and has much higher toxicity than the larger size. Moreover, smaller size
Ag NPs (<5 nm) are more toxic than any other forms of silver [6]. The aggregation is also one of the
primary controls on both transport and toxicity of Ag NPs in the aquatic environment. Not only
temperature, pH, ionic strength of environmental water, and concentration of Ag NPs show significant
effect on the aggregation process, but also the surface property of Ag NPs is important [7]. The surface
property of Ag NPs depends on how Ag NPs are synthesized. Ag NPs can be synthesized using various
methods resulting in different shapes, sizes, and surface properties for numerous applications [8].
Normally, Ag NPs are synthesized via reduction of silver nitrate in water using reductants and stabilizing
agent or capping agent for control of particle size to ensure a stable suspension [9-10]. The reductant and
stabilizing agents commonly used are sodium borohydride and sodium citrate, respectively. Greener
processes for the production of greener nanomaterials were reported by use of nontoxic chemicals [11].

As the particle size of Ag NPs plays important roles to their mobility and hence toxicity, particle size
characterization of Ag NPs is necessary. Size characterization techniques for Ag NPs include dynamic
light scattering (DLS) [12], transmission electron microscopy (TEM) [7, 13], atomic force microscopy
(AMF) [14], size exclusion chromatography (SEC) [15], hydrodynamic chromatography (HDC) [15], and
flow field-flow fractionation (FIFFF) [13]. The use of FIFFF coupled off-line with AFM to observe the
structure of the smaller size fraction of aquatic colloids was reported to fractionate citrate-stabilized Ag
NPs at environmentally relevant conditions [14]. In this study, the use of ETAAS as an off-line detector
for the Ag NPs fractionated by FIFFF was evaluated. FIFFF with ETAAS detection was employed for
size characterization of Ag NPs in environmental water. The aggregation phenomenon of Ag NPs from

different synthesis methods including common method (citrate stabilized) and green synthesis
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(polysaccharide stabilized) in various types of water was investigated. The effect of humic acid on the

aggregation of Ag NPs was also examined.

4.2 Experimental

4.2.1

4.2.2

Chemicals and samples

Silver nitrate was purchased from Carlo Erba (Rodano, MI, Italy). Sodium
borohydride, sodium hydroxide, and sodium azide were purchased from Merck
(Darmstadt, Germany). Humic acid and sodium citrate tribasic dihydrate were purchased
from Sigma Aldrich (Steinheim, Germany). Pectin and alginate were from Fluka (Buchs,
Switzerland). Gold nanoparticle standard (Au NPs) of 10 nm diameter (Sigma Aldrich)
was used to calibrate the FIFFF channel. The humic acid stock solution (2000 mg/L) was
made by dissolving 0.050 g of humic acid in 25 mL of deionized water.

Water samples were collected from three different sites including sea water from the
Jausumran beach (Phetchaburi, Thailand), ground water from the Lopburi farm (Lopburi,
Thailand), and tap water (Bangkok, Thailand). The samples were stored in a refrigerator

and filtered through 0.45 |[Am membrane filters before use.

Silver nanoparticles synthesis

Citrate stabilized-Ag NPs were prepared as described previously by Yang et.al. [16].
Briefly, 100 mL of 0.3 M silver nitrate and 8 mL of 12.6 M sodium citrate were mixed
together in a conical flask, and then stirred at 50 rpm. Stirring was continued and 2 mL
of 37 mM NaBH, were added into solution. The yellow solution was then observed.

For polysaccharide stabilized-Ag NPs, Ag NPs were prepared by the reduction of
silver ion using ascorbic acid. Polysaccharide, i.e.,pectin and alginate, were used to
stabilize nanoparticles. Briefly, 100 mL of 0.1% w/v polysaccharide solution (pectin or
alginate) were mixed together with freshly prepared ascorbic acid of 1 mM (50 mL) and
vigorously stirred. Fifty milliliters of 2 mM silver nitrate solution were added into the
solution and 0.3 M NaOH (0.1 mL) was added quickly. Stirring was continued and the

final yellow solution was observed.
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4.2.3 Instrumentation

The FIFFF system is a PN-1201-FO model (Postnova Analytics, Landsberg,
Germany). The FIFFF channel dimensions are 27.7 cm length, 2.0 cm wide, and 254
lm thick. A 1-kDa regenerated cellulose membrane (Postnova) was used. The carrier
liquid was 0.02% FL-70 and 0.02% NaN, diluted in deionized water and adjusted to pH
9.2-10. Sample volume of 20 [LL 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 at 1 mL min . The cross flow
rate fixed at 1 mL min" was delivered by another HPLC pump of the same model. After
fractionation, the effluent was directed through a UV detector (Model S3210 UV-visible
detector; Postnova Analytics) and the detector was set at 400 nm for detection of the Ag
NPs. The automatic fraction collector (Waters, Milford, Massachusetts, USA) was used
to collect fraction from UV detector outlet. The FIFFF operating conditions are shown in

Table 4.1.

Table 4.1 FIFFF operating condition

FIFFF: Model 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 9.5)

Channel flow rate/ mL min" 1.0
Cross flow rate/ mL min ' 1.0
Equilibration time/ min 2.2
Membrane 1 kDa MWCO poly(regenerated cellulose acetate)

A Perkin Elmer Model AAnalyst 100 (Norwalk, CT, USA) with deuterium
background corrector was used for detection of silver after the UV absorption detector.
The Perkin Elmer Model AS-72 autosampler was used to introduce solution into a
graphite tube. The furnace operating condition for silver and silver nanoparticles

measurement is summarized in Table 4.2.
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Table 4.2  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

The UV-visible absorption spectra of Ag NPs were observed by using UV-visible
spectrophotometer (Model V-530, Jasco, Easton, Maryland, USA). Zeta potential
measurements were carried out using the Zetasizer Nano ZS (Malvern Instruments
Zetasizer1000 Hs, Malvern, UK). A transmission electron microscope (TEM), JEOL
JEM-1230 (Peabody, MA, USA), was used to acquire images of the Ag NPs. The TEM

was operated at 25°C and 80 kV.

4.3 Results and Discussion

4.3.1

Particle size characterization of the synthesized silver nanoparticles
Particle size characterization of three types of Ag NPs was performed by using
FIFFF as illustrated in Figure 4.1. Particle size at peaks were 9 nm, 19 nm, and 45 nm
for citrate stabilized-Ag NPs, pectin stabilized-Ag NPs, and alginate stabilized-Ag NPs,
respectively. The particle size values obtained from FIFFF were in good agreement with
those from TEM (Figure 4.2) and zetasizer as summarized in Table 4.3, by which the
particle size of alginate stabilized-Ag NPs was larger than pectin stabilized-, and citrate
stabilized-Ag NPs, respectively. With UV-visible absorption spectrometry, the surface
plasmon resonance peaks were observed at 390 nm, 400 nm, and 412 nm for citrate
stabilized-, pectin stabilized-, and alginate stabilized-Ag NPs, respectively, as shown in
Figure 4.3, suggesting the same trend as those observed by the FIFFF, TEM, and
zetasizer, as the smaller particles exhibit plasmon resonance band as shorter wavelength

and the larger particles exhibit the plasmon band at longer wavelength [17]. Nonetheless,
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the particle sizes of Ag NPs obtained from different techniques were slightly different
owing to the fact that different techniques provide different particle size information.
TEM measures a number based size distribution of the core particle excluding the
stabilizing agent, while FIFFF and zetasizer measure a mass based size distribution or

hydrodynamic volume [13].
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Figure 4.1 Hydrodynamic diameter distributions of Ag NPs: (<>) citrate stabilized Ag-NPs; (O) pectin
stabilized-Ag NPs; and (X) alginate stabilized-Ag NPs. The FIFFF conditions were as follows:
channel flow 1 mL min", cross flow 1 mL min ', RC membrane (1 kDa), 0.02% FL-70 and 0.02%

NaN; as carrier liquid. UV-Vis was used as FIFFF detector.



Figure 4.2 TEM images of a) citrate stabilized-Ag NPs, b) pectin stabilized-Ag NPs,
stabilized-Ag NPs.

and ¢) alginate
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Figure 4.3 UV-visible absorption spectra of silver nanoparticles prepared by different stabilizer agents:

(<>) citrate stabilized-Ag NPs; (O) pectin stabilized-Ag NPs; and (X) alginate stabilized-Ag NPs.

Table 4.3  Particle size of silver nanoparticles (Ag NPs) as determined by various techniques

Particle diameter (nm)

Ag NPs FIFFF with FIFFF with
TEM Zetasizer . \
UV-Vis ETAAS
Citrate-stabilized 11.34£3.5 13.6+3.1 9.50+0.0 10.5+0.5
Pectin-stabilized 10.5+£5.1 18.3£9.4 19.1+0.1 18.2+0.7
Alginate-stabilized 37.5£2.3 48.8+11 45.5%0.1 40.1+0.4

a: the mean particles size (d__ ) and associated standard deviation (n=3).

mean

4.3.2 FIFFF with off-line ETAAS detection of silver
Electrothermal atomic absorption spectrometer (ETAAS) was investigated as an off-
line detector for FIFFF, as it was previously illustrated possible for SAFFF [18-19]. With
the ashing temperature of 800°C and atomization temperature of 1800°C for ETAAS

determination of silver, it was possible to completely atomize the fractionated particulate
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sample thus avoiding complex and lengthy sample digestion steps [20]. Nonetheless, to
confirm the similarity between the atomization behaviors of the Ag NPs and silver ions,
calibration experiments were performed for Ag NPs of various types and silver ions.
Calibration curves obtained from all silver types indicate that the slopes were not
significantly different, suggesting that the analytical sensitivities were the same for silver
of all types. It was 0.0227, 0.0214, 0.0235, and 0.0210 for silver ion, citrate stabilized-,
pectin stabilized-, and alginate stabilized-Ag NPs, respectively. The standard # tests with
a significance value of 0.05 were performed for data comparison and indicated that the
calibration slopes were not significantly different. Table 4.4 summarizes the
characteristic masses, the limits of detection (LOD), and the limits of quantification
(LOQ) obtained for silver determination for various types of silver. As the analytical
sensitivities obtained for all types of silver examined in this work were not significantly
different, it was possible to use the standard calibration prepared from silver ions for

determination of silver in the fractionated silver nanoparticles.

Table 4.4 The characteristic mass (m,), slope, the limit of detection (LOD) and the limit of

quantification (LOQ) for silver determination by ETAAS for various types of Ag NPs and

silver ion
Sample Slope  m,(pg) LOD(ugL")  LOQ(ugL")
Ag ion 0.0227 0.8 2.6 8.7
Citrate stabilized-Ag NPs 0.0214 0.9 2.8 9.3
Pectin stabilized-Ag NPs 0.0235 1.0 2.5 8.4
Alginate stabilized-Ag NPs 0.0210 0.9 2.8 9.4

4.3.3 Ag NPs stability in environmental waters

The stability of Ag NPs in various environmental waters including tap, sea, and
ground water was investigated. UV-visible spectrophotometry and FIFFF with ETAAS
detection were employed for such investigation. As reported earlier, the shift of the
plasmon resonance band of Ag NPs towards the red end or the blue end depends upon the

particle size, shape, state of aggregation, and the surrounding dielectric medium [17, 21-
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22] . The blue shift is observed when the particles are smaller, and vice versa the red
shift is observed when the particles grow larger. Therefore, UV-visible absorption
spectrum can be used to examine the stability and the aggregation behavior of citrate
stabilized-Ag NPs, as illustrated in Figure 4.4. The maximum absorption of Ag NPs
occurred at approximately 400 nm. Upon incubation of Ag NPs in various types of water
for 180 min, two bands were observed suggesting that the nanoparticles formed
aggregation or deviated from spherical symmetry [17]. Among the three types of Ag
NPs synthesized in this study, the stability of alginate stabilized-Ag NPs was higher than

that of pectin stabilized- and citrate stabilized-Ag NPs, respectively.

Absorbance

Wevelength (nm)

Figure 4.4 UV-visible absorption spectra obtained for citrate stabilized-Ag NPs in different types of
environmental water: () deionized water; () tap water; (r) ground water; and (x) sea water, at

contact time of 180 min.

Flow FFF with ETAAS detection was also employed to observe the changes in
particle size distribution of various types of Ag NPs upon incubation in various types of
water for 180 min as summarized in Table 4.5. No peak was observed for Ag NPs
dispersed in seawater, suggesting that seawater caused change in Ag NPs into free Ag ion
or other non-detectable forms. Changes in particle size of Ag NPs were very significant
when dispersed in ground water, as compared to those in tap water. In ground water, no
peak was observed for citrate stabilized-Ag NPs, whereas it was detectable for other

types of Ag NPs, suggesting that the stability of citrate stabilized-Ag NPs was poorer
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than that of other types of Ag NPs. Figure 4.5 illustrates the hydrodynamic diameter
distribution of citrate stabilized-Ag NPs dispersed in various types of water. Further
experiments are necessary to investigate parameters affecting changes in particle size of

Ag NPs. Tap water was selected to be investigated.

Table 4.5 The particles size of Ag NPs dispersed in various environmental waters

Particle size (nm) of Ag NPs in various types of water as determined by

FIFFF-ETAAS

Ag NPs Deionized water Tap water Ground water
Citrate stabilized- 10.5 16.7 n.d.
Pectin stabilized- 18.2 19.7 21.2
Alginate stabilized- 40.9 40.9 36.7

n.d. — not detectable
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Figure 4.5 Hydrodynamic diameter distributions of citrate stabilized-Ag NPs in different types of
environmental water: (D) deionized water; (O) tap water; (A) ground water; and (X) sea water,

at contact time of 180 min. ETAAS was used as FIFFF detector.
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Parameters affecting particle size of Ag NPs in tap water

In environmental waters, the stability of Ag NPs depends on their surface properties,
pH, ionic strength, and the presence of natural organic macromolecules and their
concentrations [1,7,13,23]. The stability of the colloidal systems in natural water can be
governed by two fundamental mechanisms, which are steric repulsion and charge
stabilization or electrostatic interaction [24-25]. The steric repulsion refers to the
adsorption of polymers or macromolecules onto the particle surface preventing the
particle surfaces coming into close contact with each other. Charge stabilization or
electrostatic interaction refers to the distribution of charge species in the system.

For this reason, stabilizing agent was added in the Ag NPs synthesis process to
prevent nanoparticles from aggregation and control the particle size of the Ag NPs.
Various stabilizing agents, including alginate, citrate, and pectin, were used in the
synthesis of Ag NPs. The stability of Ag NPs prepared from different stabilizing agents

in environmental waters including tap, sea, and ground water was examined.

4.3.4.1 Types of stabilizing agent

Ag NPs were dispersed in tap water and UV-visible spectrophotometer was
employed to investigate the stability of Ag NPs prepared from various stabilizing agents
as shown in Figure 4.6. Among the three types of Ag NPs synthesized in this study, the
stability of Ag NPs stabilized by alginate was found higher than those stabilized by
pectin and citrate, respectively. This information is in good agreement with the zeta
potential value (mV) of each Ag NPs as -51.3 + 1.6, -35.6 £ 2.3 and -34.7 + 2.4 for
alginate, pectin, and citrate stabilized Ag NPs, respectively. The nanoparticles with zeta
potential more negative than -30 mV or more positive than +30 mV are electrically
stabilized while nanoparticles with low zeta potentials tend to form aggregates [25].

These findings can be described by steric repulsion. The structure of stabilizing
agent is the key factor to control Ag NPs stability; larger steric structure offers higher
stability than the smaller steric structure [17]. Therefore, alginate stabilized Ag NPs
should have higher stability than pectin and citrate stabilized Ag NPs, respectively,
according to the molecular weight of citrate, pectin, and alginate as 258, 30,000-100,000,

and 100,000-200,000 g mol ', respectively.
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Figure 4.6 UV-visible absorption spectra obtained for Ag NPs prepared from different stabilizing agents:
(<>) citrate stabilized-Ag NPs; (O) pectin stabilized-Ag NPs;, and (x) alginate stabilized-Ag NPs

in tap water, at contact time of 180 min.

4.3.4.2 Effect of contact time

The particle size information obtained from FIFFF with ETAAS detection and
zeta potential value from zeta potentiometer were used to provide evidence on Ag NPs
aggregation. The aggregation of 20 mg L citrate-stabilized Ag NPs in tap water was
temporally investigated as demonstrated by shifts in size distributions with increasing
contact time. With increasing contact time, the size distributions slightly broadened.
The peak maximum appeared at larger diameter size, showing clear evidence of Ag NPs
aggregation. The particle size at peak maximum (dp) and the mean particle size (d__, )
increased with increasing contact time (Figure 4.7a), suggesting that the aggregation
process gradually occurred. The aggregation of Ag NPs was confirmed by zeta
potentiometer, and the results are shown in Figure 4.7b. The zeta potential values were

less negative with increasing contact time, suggesting that the nanoparticles became less

stable.
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Figure 4.7 a) The cumulative area plot of 20 mg L citrate stabilized-Ag NPs in tap water at various
contact times: (<>) 0 min; (D) 30 min; (A) 60 min; (%) 180 min; (0) 300 min. b) Diagram

showing the particles size and zeta potential value at various contact times.

4.3.4.3. Effect of Ag NPs concentration
The concentration of silver nanoparticles also affects on stability of

nanoparticles in water. Therefore, the effect of Ag NPs concentration was examined, as
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shown in Figure 4.8. The mean particle size (d__ ) increased when the concentration of

mean

Ag NPs decreased. This might be explained by using the DLVO theory, by which the
ions present in water cause charge shielding effect, reducing the diffuse layer size and
thereby allowing NPs to come into contact sufficiently closely to produce aggregation
[26-27]. The very low ion concentrations in tap water were not effective to shield charge
of high amount of nanoparticles, but they were sufficient to shield charge of small

amount of nanoparticles.
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Figure 4.8 The cumulative area plot of particle size of citrate stabilized-Ag NPs in tap water at varying

concentrations of Ag NPs: ()53 ppm; () 40 ppm; (O) 30 ppm; () 20 ppm; and (%) 10 ppm.

4.3.4.4 Effect of humic acid

The dissolved organic matter and natural organic macromolecules (NOM) in
natural water may react with Ag NPs, which influenced on the stability of Ag NPs. As
humic substances are the most important class of NOM in aquatic environment, citrate
stabilized-Ag NPs were investigated for their stability in tap water, both in the absence
and presence of humic acid using FIFFF with ETAAS detection and zeta potential
measurement, as illustrated in Figures 4.9 and 4.10, respectively. In the absence of
humic acid, the particles sizes of citrate stabilized-Ag NPs increased with longer contact
time, as shown in Figure 4.9 a) and the zeta potential values also became less negative

with increasing contact time (Figure 4.10). In the presence of humic acid of 200 mg L'l,
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the particles sizes remained unchanged in tap water even at 180 min contact time (Figure
4.9 b), suggesting that Ag NPs were stabilized with humic acid. This was further
confirmed by the observation that the zeta potential values of Ag NPs in the presence of
humic acid remained stable with increased contact time, as shown in Figure 4.10. These
findings are related with the previous reports by Hahn and Stumm [28] who discussed
about the effect of NOM to stabilize inorganic colloids in natural waters and Diegoli et
al. [17] who reported that humic acid could stabilize the gold colloids in natural waters.
Humic acid might cause aggregates to re-disperse or stabilize Ag NPs by steric repulsion

[23, 29-30].

ETAAS absorption peak area
of silver (328.1 nm)

Diameter (nm)

Figure 4.9 Particles size distribution of citrate stabilized-Ag NPs: (O) without humic acid in deionized
water; (D) without humic acid in tap water; and (X) with 200 mg L humic acid in tap water, at

contact time of 180 min. ETAAS was used as FIFFF detector.
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Figure 4.10 Zeta potential values of citrate stabilized-Ag NPs in tap water in the absence (D) and

presence (.) of 200 mg L humic acid.

4.4 Summary

detector for detection of silver in Ag NPs samples fractionated by FIFFF.
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Electrothermal atomic absorption spectrometry (ETAAS) was found efficient as an element specific

In environmental water, citrate

stabilized-Ag NPs undergo rapid aggregation than pectin and alginate stabilized-Ag NPs, suggesting that

the surface property is the key factor that control the stability of Ag NPs in aquatic system. Humic acid

affects on the stability of Ag NPs in the environment.

In summary, the stability of Ag NPs in

environmental water depends on the environment conditions such as types of stabilizing agent, contact

time, Ag NPs concentration, and the presence of humic acid.
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Two types of proteins, including B-lactoglobulin (BLG) and hen egg white protein (HEW), were examined
for their ability to encapsulate a-tocopherol (o-TOC) after salt-induced gelation of the proteins. Param-
eters affecting encapsulation efficiency were investigated including the type of salt, as well as concentra-
tions of salt, protein, and o-TOC. Concentrations of protein and «-TOC revealed to have an influence on
encapsulation efficiency. The optimum preparation condition of BLG-encapsulated o-TOC was as follows:
BLG of 0.5% (w/v); a-TOC of 100 mM; and CaCl, of 25 mM. The optimum preparation condition of HEW-
encapsulated o-TOC was as follows: HEW of 4.0% (w/v); o-TOC of 50 mM; and ZnCl, of 25 mM. With the
selected preparation conditions, encapsulation efficiency by BLG aggregates was approx. 20% and that by
HEW was approx. 32%. From the in vitro estimation, the release of o-TOC was nearly 100% in simulated
gastric condition. Alginate was therefore used for coating of these encapsulated particles to prolong the
release of o-TOC till simulated intestinal condition. The o-TOC of approx. 55% and 38% were retained and
released in the simulated intestinal condition from BLG- and HEW-encapsulated particles, respectively.
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1. Introduction

Vitamin E is an important antioxidant that can help reduce risk
of diseases such as cardiovascular diseases (Blatt, Pryor, Mata, &
Proteau, 2004; Brigelius-Flohé & Traber, 1999; Mardones & Rigotti,
2004; Pryor, 2000; Tucker & Townsend, 2005). Although vitamin E
deficiency is rare in humans, absorption of vitamin E is reduced in
the patients with some diseases including pancreatic diseases, bil-
iary obstruction, coeliac disease, and abetalipoproteinaemia.
Therefore, supplementation of vitamin E is needed in some cases.
Vitamin E exists in eight different forms including four tocopherols
(o, B, v, and 8) and four tocotrienols (a, B, v, and 3), but vitamin E
supplements are usually available in forms of relatively stable all-
rac a-tocopherol acetate and all-rac o-tocopherol succinate. None-
theless, a-tocopherol was believed to be most absorbable in hu-
man intestine. Although it was believed that tocopherol esters
were hydrolyzed to free tocopherol on the duodenum (Borel,
2003; Borel et al., 2001; Cheeseman et al., 1995) the need of hydro-
lytic enzyme to de-esterify the supplement cannot guarantee the
efficient bioavailability. Consequently, it would be beneficial if
vitamin E supplements can be prepared in the free phenol form
of a-tocopherol (a-TOC). As it is relatively unstable and sensitive
to temperature, oxygen, and light, encapsulation is needed for pro-
tection of a-tocopherol during shelf storage. Further, the release of

* Corresponding author. Tel.: +66 2 201 5195; fax: +66 2 354 7151.
E-mail address: scasp@mahidol.ac.th (A. Siripinyanond).

0963-9969/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.foodres.2009.04.021

vitamin E on the target digestive system should be controllable
with the use of encapsulation technologies (Ubbink & Kriiger,
2006).

Encapsulation technologies have gained increased interest to
the food industry as they are used to increase stability of the bio-
active compounds during processing and storage and also to pre-
vent undesirable interactions with the food matrix. Further, a
real benefit of encapsulation is due to the ability to control the re-
lease of the incorporated ingredients and deliver them to a specific
target at a suitable time. Protein hydrogel has been used as a car-
rier particle because of its high nutritional value and generally rec-
ognized as safe. Various preparation techniques have been used to
induce gelation of proteins (Totosaus, Montejano, Salazar, & Guer-
rero, 2002). These include acid-induced gelation (Alting, Hamer,
Kruif, & Visschers, 2003), heat-induced gelation (Dumay, Laligant,
Zasypkin, & Cheftel, 1999), and ion-induced gelation processes
(Bryant & McClements, 1998, 2000; Croguennec, Nua, & Brulé,
2002; Maltais, Remondetto, & Subirade, 2008; Simons, Kosters,
Visschers, & Jongh, 2002). The cold-set gelation has gained wide
interest as it offers an advantage to maintain heat-sensitive ingre-
dients (Beaulieu, Savoie, Paquin, & Subirade, 2002; Chen, Remond-
etto, & Subirade, 2006). Two steps were used to form cold-set gel.
Initially, heat treatment was used to cause globular proteins to un-
fold and expose multiple functional groups within the protein
which could create the interaction between the active ingredients
and polypeptide chains. After cooling, salt was added to the protein
solution to cause aggregation of protein by electrostatic interaction
(Chen et al., 2006). Various kinds of globular proteins including soy
and whey proteins, especially B-lactoglobulin (BLG), were
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examined for their gelation characteristics. Further, gelation
behavior of hen egg white protein (HEW) has been described by
many researchers.

Due to its amphiphilic nature, BLG was reported to bind with
small lipid molecules such as cholesterol (Wang, Allen, & Swais-
good, 1997), fatty acid (Wu, Pérez, Puyol, & Sawyer, 1999), vitamin
A (Pérez & Calvo, 1995), vitamin D (Wang et al., 1997), and vitamin
E (Swaisgood, Wang, & Allen, 2001; Voth & Miller, 1958). It was
illustrated that the globular proteins were adsorbed to the emul-
sion interface and formed continuous and homogeneous mem-
brane around the oil droplets through pB-sheet interaction
(Beaulieu et al., 2002; Lefévre & Subirade, 2003; Line, Remondetto,
& Subirade, 2005). Moreover, the hydrogel of BLG could entrap fat-
soluble ingredients to keep them in the active form until the time
of consumption (Chen et al., 2006).

Hen egg white protein, a low cost protein, has been widely used
as ingredients in many food products as it possesses several excel-
lent functional properties such as foaming, emulsification, heat set-
ting, and binding adhesion. Hen egg white is composed of various
types of proteins, including 54.0% ovalbumin (44.5 kDa), 12.0%
ovotransferrin (77.7 kDa), 11.0% ovomucoid (28.0 kDa), 3.5% ovo-
mucin (5500-8300 kDa), 3.4% lysozyme (14.3 kDa), and a few
other proteins. Hen egg white protein was demonstrated to form
stable intermolecular B-sheet structures during the thermal dena-
turation (Mine, 1995). Heat caused the protein molecules to par-
tially unfold to expose their hydrophobic residues to allow
adsorption of fat-soluble components forming continuous and
homogeneous membrane around the oil droplets through p-sheet
interaction.

In order to control the release of active ingredients at the intes-
tinal tract, alginate coating was employed to prevent hydrolysis of
protein hydrogel from proteolytic enzymatic digestion in gastric
condition (Chen & Subirade, 2006, 2007; Pongsawatmanit, Harnsi-
lawat, & McClements, 2006; Sriamornsak & Kennedy, 2007). In gas-
tric condition, protonation converted sodium alginate to insoluble
alginic acid that could protect diffusion of the active ingredients
from the alginate-coated protein hydrogel. In intestinal condition,
the alginate matrix swelled allowing the release of the active ingre-
dients (Chen et al., 2006).

This study was carried out to evaluate the ability of BLG and hen
egg white protein (HEW) aggregates induced by salt as protein-
based particles for encapsulation of «-TOC in its free phenol form.
Parameters affecting encapsulation efficiency including concentra-
tions of proteins, «-TOC, and salt were examined. The release of o-
TOC from the encapsulated particles was investigated. The use of
alginate coating for protection of o-TOC release in the gastric con-
dition was also explored. This study shows a successful attempt to
use protein-based particles in combination with alginate to allow
delivery of a-TOC to intestinal for bioavailability improvement.

2. Materials and methods
2.1. Chemicals

(£)-a-Tocopherol, sodium alginate, sodium phosphate monohy-
drate and sodium phosphate dibasic dodecahydrate were pur-
chased from Fluka Chemie GmbH, Buchs, Germany. 8-
Lactoglobulin (from bovine milk, approx. 90% purified using poly-
acrylamide gel electrophoresis and lyophilized), pepsin 1:10,000
(from porcine stomach mucosa, crystallized and lyophilized), pan-
creatin (from porcine pancreas), 2,2’-bipyridyl and ZnCl, were pur-
chased from Sigma, St. Louis, MO, USA. FeCl; and CaCl, were
purchased from Riedel-de Haén, Seelze, Germany. a-Tocopherol
stock solutions of the appropriate concentrations were diluted in
ethanol (Lab Scan Asia Co., Ltd., Bangkok, Thailand).

2.2. Preparation of protein solutions

B-Lactoglobulin powder was dissolved in deionized water to ob-
tain a stock solution of 6% (w/v). To cause BLG to unfold, the 6% (w/
v) BLG solution (pH 7.5) was heated at 80 °C for 30 min and cooled
to room temperature (27 °C) (Saeseaw, Shiowatana, & Siripinyan-
ond, 2006). Hen egg white protein powder was prepared using
the procedure described by Croguennec et al. (2002). Hen egg
white protein powder was dissolved in deionized water to obtain
a stock solution of 8% (w/v). To cause HEW to unfold, the 8% (w/
v) HEW solution (pH 8.0) was heated at 40 °C for 30 min and
cooled to room temperature (27 °C). The proteins solutions, BLG
and HEW, were filtered through 0.45 m cellulose acetate syringe
filter before use.

2.3. Preparation of protein based-encapsulated «-TOC

Salt-induced gelation technique was used for preparation of
protein based-encapsulated o-TOC. To prepare BLG-encapsulated
o-TOC, appropriate concentration of a-TOC was mixed with appro-
priate concentration of BLG solution and subsequently CaCl, was
added to induce aggregation of BLG. The molar ratio of protein
and o-TOC and salts was 2:1:1. A method to prepare HEW-encap-
sulated o-TOC was similar to that of the BLG-encapsulated «-TOC
except that ZnCl, was added instead of CaCl, to induce aggrega-
tion. Parameters affecting encapsulation efficiency of protein-
encapsulated o-TOC were examined as follows: 0.5-2% (w/v)
BLG; 1-6% (w/v) HEW; 10-150 mM «-TOC; and 10-100 mM salt
solutions. The incubation time was 5 h for BLG-encapsulated o-
TOC and 30 min for HEW-encapsulated o-TOC.

2.4. Preparation of alginate coated-protein based-encapsulated o-TOC

To prepare alginate coated-BLG-encapsulated o-TOC, appropri-
ate concentration of o-TOC was mixed with appropriate concentra-
tion of BLG solution and then appropriate concentration of sodium
alginate was added to the mixture with subsequent addition of
appropriate concentration of CaCl, to form gel. The molar ratio of
protein and o-tocopherol and alginate and salts was 2:1:2:1. A
method to prepare alginate coated-HEW-encapsulated o-TOC
was similar to that of alginate coated-BLG-encapsulated o-TOC ex-
cept that ZnCl, was added instead of CaCl, as a gelling and harden-
ing agent. The incubation time was 5 h for alginate coated-BLG-
encapsulated o-TOC and 30 min for alginate coated-HEW-encap-
sulated o-tocopherol.

2.5. Estimation of o-TOC loading

The protein based-encapsulated o-TOC was centrifuged at
12,000 rpm for 30 min (Beckman Allegra X-22R Centrifuge, Palo
Alto, USA) to separate the unencapsulated o-TOC from the mixture.
The concentration of unencapsulated o-TOC was determined by
colorimetric method exploiting the ability of a-TOC to reduce
Fe3* into Fe?* which could subsequently form red-orange color
with 2,2’-bipyridyl. The absorbance of the resulting solution was
measured at 521 nm. Subsequently, the precipitate part containing
protein aggregates was dispersed in 30 ml of simulated gastric
fluid (SGF) (HCI solution, pH 1.2) with 0.1% pepsin (w/v) at 37 °C
under vigorous agitation for 2 h (Chen & Subirade, 2007). The
resulting mixture was extracted by hexane solution and o-TOC
concentration in the extract was determined by absorbance mea-
surement at 297 nm with a UV-Visible Spectrophotometer (JASCO
V530 UV-Visible Spectrophotometer, JASCO, Inc., Tokyo, Japan).
The amount of o-TOC encapsulated was calculated by subtraction
of the unencapsulated o-TOC from the total amount of o-TOC
added. The encapsulation efficiency (EE) was calculated from the
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ratio of the encapsulated o-TOC and the added o-TOC. All experi-
ments were performed at least in five replicates (n = 5). Estimation
of a-TOC loading and calculation of encapsulation efficiency of
alginate coated-protein based-encapsulated o-TOC were per-
formed in the same way as described for the protein based-encap-
sulated o-TOC. All experiments were performed at least in five
replicates. Graphs were plotted with error bars showing the stan-
dard deviation of the results obtained.

2.6. Estimation of in vitro release of alginate coated-protein based-
encapsulated «-TOC and evaluation of o-TOC release kinetics

The release of «-TOC from alginate coated-protein based-encap-
sulated o-TOC was determined by incubating the encapsulated
particles in 30 ml of simulated gastric fluid (SGF) (HCl solution,
pH 1.2) with 0.1% pepsin (w/v) at 37 °C under vigorous agitation
by an incubator shaker (Grant Instrument, model SS40-D2, Cam-
bridge, England) for 2 h and then the supernatant was separated
from the swollen aggregates for further determination of o-TOC
concentration. The release of o-TOC in SGF condition was deter-
mined by absorbance measurement at 297 nm after extraction of
the released o-TOC from the supernatant part with hexane. Subse-
quently, the swollen aggregate was digested by 30 ml of simulated
intestinal fluid (SIF) (phosphate buffer in saline solution, pH 7.4)
with 1.0% pancreatin (w/v) at 37 °C under vigorous agitation for
4 h. The release of o-TOC in SIF condition was determined by
absorbance measurement at 297 nm after extraction of the re-
leased o-TOC with hexane. The percentages of released amount
of a-TOC in SGF and SIF conditions are presented as %Rsgr and
%Rsr, Tespectively. These percentages were calculated from the ra-
tio of the released amount from each digestion condition and the
encapsulated amount in the aggregates, by which the resulting
numbers were multiplied by 100.

To evaluate the release kinetics of a-TOC, the encapsulated par-
ticles were incubated in simulated gastric fluid for 2 h and subse-
quently in simulated intestinal fluid at various incubation times
of 10, 20, 30, 60, 90, 120, 180, 240, 300, and 360 min. Hexane
was added to allow extraction of the released o-TOC into the hex-
ane portion followed by absorbance measurement at 297 nm.
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3. Results and discussion

3.1. Selection of divalent cation for the preparation
of protein based-encapsulated «-TOC by cold gelation

Cold gelation of protein can be achieved by adding salts includ-
ing monovalent or divalent cations, e.g., Na*; Ca*; or Zn®* to the
solution containing charged protein molecules (Foegeding, Kuhn,
& Hardin, 1992; Saeseaw et al., 2006). To perform salt-induced
gelation of proteins, CaCl, and ZnCl, were used as they are listed
as generally recognized as safe (GRAS) by the United States of
America Food and Drug Administration when used in accordance
with good manufacturing practice (FDA, 2008). Our earlier investi-
gations indicated that salt-induced gelation of BLG or HEW was
best achieved by CaCl, or ZnCl,, respectively (Saeseaw et al.,
2006; Samontha, Nipattamanon, Shiowatana, & Siripinyanond,
2008). One might argue that aggregate formation could already
be obtained by mixing BLG with a-TOC. Without addition of CaCl,,
however, the added «-TOC was mostly found in the supernatant
part suggesting that they were not encapsulated in BLG aggregates.
Conversely, without addition of ZnCl, to the mixture of HEW and
o-TOC, the added o-TOC was found in the aggregate part suggest-
ing that o-TOC was encapsulated in HEW particles. Nonetheless,
addition of ZnCl, to the mixture was carried out as salt was used
not only to induce gel formation, but the added CaCl; or ZnCl; also
acted as a hardening agent for the alginate coating of the encapsu-
lated products.

3.2. Parameters affecting encapsulation efficiency of BLG-encapsulated
o-TOC

The concentrations of BLG and a-TOC showed combined influ-
ence on encapsulation efficiency of BLG-encapsulated o-TOC as
illustrated in Fig. 1. At fixed concentration of BLG, the encapsula-
tion efficiency decreased with increasing concentration of o-TOC
for each BLG concentration (Fig. 1a-c). Nonetheless, the mole
amount of o-TOC in the aggregate increased with increasing con-
centration of o-TOC added and reached a plateau at a certain con-
centration of o-TOC because of the limited amount of BLG. Fig. 1d
shows the relationship between the added ao-TOC concentration
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Fig. 1. Effect of a-TOC concentration on its encapsulation efficiency in BLG particles at various concentrations of BLG; (a) 0.5% (w/v), (b) 1.0% (w/v), (c) 2.0% (w/v), with
100 mM CacCl, as a gelling agent and (d) relationship between concentration of a-TOC added and mole amount of a-TOC encapsulated.
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and the mole amount of a-TOC encapsulated at various BLG con-
centrations. In the excess of BLG at 2% (w/v), a straight line rela-
tionship was obtained. Deviation from the straight line was
observed when BLG was not adequate for encapsulation of o-
TOC. At the plateau, the mole ratio of «-TOC and BLG was calcu-
lated to be 140 and 104 for BLG of 0.5% (w/v) and 1% (w/v), respec-
tively, suggesting that the average mole ratio of the two
compounds might be at approx. 120. In general, higher protein
concentrations can hold higher amount of a-TOC at the fixed con-
centrations of a-TOC and CaCl,. This statement was confirmed by
determining the encapsulation efficiency and the mole amount of
o-TOC in the aggregate at various concentrations of BLG at fixed
concentrations of -TOC and CaCl,. The amount of a-TOC encapsu-
lated increased with increasing in BLG concentration (Fig. 1d). -
Lactoglobulin was reported to form continuous and homogeneous
membranes around the o-TOC oil droplets through intermolecular
B-sheets interaction because of its flexibility and amphiphilic nat-
ure (Alzagtat & Alli, 2002; Lefévre & Subirade, 2003). At fixed con-
centrations of BLG and o-TOC, the change in encapsulation
efficiency was not so significant with the change in CaCl, concen-
trations (from 10 to 100 mM), as illustrated in Fig. 2. Therefore,
only small amount of Ca?" was needed for neutralization of the
negatively charged BLG and lowering electrostatic repulsion with
the subsequent aggregates formation through intermolecular
bridges (Line et al., 2005; Majhi et al., 2006; Simons et al., 2002).
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Fig. 2. Effect of CaCl, concentration on encapsulation efficiency of «-TOC (100 mM)
in 0.5% (w/v) BLG particles.
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Addition of CaCl, at concentrations higher than 100 mM was not
tested, as too high concentration of salt weakened electrostatic
interactions, which could suppress aggregate formation because
of charge screening effects (Simons et al., 2002).

3.3. Parameters affecting encapsulation efficiency of HEW-
encapsulated o-TOC

Similar to the case of BLG-encapsulated o-TOC, the concentra-
tions of HEW and o-TOC showed combined influence on encapsu-
lation efficiency of HEW-encapsulated o-TOC as illustrated in
Fig. 3. The encapsulation efficiency decreased with increasing con-
centration of o-TOC for each HEW concentration (Fig. 3a-c). At
fixed concentration of HEW at 1% (w/v), the mole amount of a-
TOC in the aggregate was almost constant with increasing in the
concentration of o-TOC added. At higher HEW concentrations,
however, mole of a-TOC in the aggregate increased with increasing
concentration of a-TOC and reached a plateau at a certain concen-
tration of a-TOC because of the limited amount of HEW. Higher
protein concentrations can hold higher amount of o-TOC at the
fixed concentrations of o-TOC and ZnCl,. This observation was con-
firmed by fixing the concentrations of o-TOC and ZnCl, and deter-
mining the encapsulation efficiency and the mole amount of o-TOC
in the aggregate at various concentrations of HEW (Fig. 4). The
amount of a-TOC encapsulated increased with increasing in HEW
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Fig. 4. Effect of HEW concentration on encapsulation efficiency of o-TOC (50 mM)
in HEW particles with 25 mM ZnCl, as a gelling agent.
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Fig. 3. Effect of a-TOC concentration on its encapsulation efficiency in HEW particles at various concentrations of HEW; (a) 1.0% (w/v), (b) 2.0% (w/v), and (c) 4.0% (w/v), with
25 mM ZnCl, as a gelling agent. (d) Relationship between concentration of a-TOC added and mole amount of a-TOC encapsulated.
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Fig. 5. Effect of ZnCl, concentration on encapsulation efficiency of o-TOC (50 mM)
in 4.0% (w/v) HEW particles.

(Fig. 4). The mole ratio of a-TOC and HEW was not calculated be-
cause the composition of HEW was rather complex consisting of
various proteins. At fixed concentrations of HEW and o-TOC, the
encapsulation efficiency was found to be highest at ZnCl, concen-
tration of 25 mM (Fig. 5). Therefore, a suitable encapsulation con-
dition for HEW-encapsulated o-TOC was 4% (w/v) HEW with
50 mM o-TOC and 25 mM ZnCl,.

3.4. Release of a-tocopherol from protein-based delivery particles: a
comparison between BLG and HEW (with and without alginate
coating)

To assess the suitability of BLG or HEW as a protein-based deliv-
ery particle for a-TOC, release of a-TOC from the protein particles
were examined under simulated gastric and simulated intestinal
digestion conditions. Table 1 shows that the a-TOC encapsulated
was almost completely released (86.4 + 9.9% for BLG-encapsulated
o-TOC, and 93.4 + 10.1% for HEW-encapsulated o-TOC) in SGF con-
dition. Considering that most nutrients and vitamins are best ab-
sorbed in intestine for further utilization in the body, o-TOC
should be protected in the encapsulated particles and should not
release in the SGF condition. Therefore, encapsulation of o-TOC
by salt induced protein aggregates only is not adequate for such
purposes. Consequently, sodium alginate was used as a coating
material for these encapsulated particles as it was widely used as
stabilizers, thickening, or gelling agents in food products (Pon-
gsawatmanit et al., 2006). Several reports showed that the alginate
gel was very strong, rigid, and hard to swell in simulated gastric
fluid (SGF) condition (Chen et al., 2006; Chen & Subirade, 2007;
Gunasekaran, Ko, & Xiao, 2007). By coating with alginate, the re-
lease of a-TOC should occur in intestinal condition. Table 1 illus-
trates that the release of -TOC in the SGF was retarded and the
release was then observed in the SIF. For BLG- and HEW-encapsu-
lated a-TOC, the released amount of a-TOC under SGF condition
decreased whereas that under SIF condition increased with
increasing in concentration of sodium alginate. Not only that the
alginate could prolong the release of o-TOC till intestinal stage,
but also it increased the encapsulation efficiency of «-TOC by
BLG and HEW. The increase was prominent for HEW-encapsulated

Table 1
Encapsulation efficiency and release of a-tocopherol.
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Fig. 6. Release profile of a-TOC from (a) BLG-encapsulated a-TOC and (b) HEW-
encapsulated o-TOC.

o-TOC, as the encapsulation efficiency increased from approx. 32%
(without alginate coat) to approx. 85% (with alginate coat). For
BLG-encapsulated o-TOC, the encapsulation efficiency was in-
creased with the increase in concentration of alginate because
the emulsion stability was improved through the formation of
interfacial complex between alginate and the protein (Azzam &
Omari, 2002; Pongsawatmanit et al., 2006).

Considering at the selected preparation conditions, the encap-
sulation efficiency obtained for HEW-encapsulated o-TOC was
higher than that for BLG-encapsulated o-TOC (Table 1). Although
encapsulation by HEW requires higher concentration than that
by BLG, the cost of HEW is much less than that of BLG. With the
use of alginate coating, both BLG and HEW aggregates can be em-
ployed as protein-based materials for encapsulation of a-TOC.

The release profiles of a-TOC from BLG- and HEW-encapsulated
o-TOC coated with 0.25% alginate at various incubation times in
simulated intestinal fluid could fit well with the diffusion-con-
trolled release model as illustrated in Fig. 6. This diffusion-con-
trolled release model was considered from an empirical equation
proposed by Peppas and Sahlin (1989), as described by the follow-
ing equation.

M.

= kt"
M., kKt

where M, is the amount of o-TOC released up to any time t, M, is
the final amount of a-TOC released (the total amount of a-TOC re-
leased at 6 h in this study), k is a constant incorporating structural

Samples EE (% + SD) Rsci® (% % SD) Rsie> (% £ SD)
0.5% (w/v) BLG + 100 mM o~-TOC + 25 mM CaCl,

Without alginate coat 18.8+6.3 86.4+9.9

Coated with 0.125% (w/v) alginate 20.7 £6.1 42+0.2 26.8+1.0
Coated with 0.25% (w/v) alginate 51.4+33 1.4+0.5 54.8 + 0.6

4% (w/v) HEW + 50 mM o~-TOC + 25 mM ZnCl,

Without alginate coat 319183 934 +10.1

Coated with 0.125% (w/v) alginate 82.1+43 17.5+9.5 21.8+9.9
Coated with 0.25% (w/v) alginate 852+2.1 73%25 38.0+£3.9

2 The percentages of released amount of a-TOC in simulated gastric fluid at 2 h.
" The percentages of released amount of o-TOC in simulated intestinal fluid at 4 h.
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and geometrical characteristics, and n is a release exponent value.
The o-TOC release from the two systems was therefore shown to
mainly follow the diffusion-controlled model. However, other
mechanisms might also involve. As the coefficients of determina-
tion (R?) of the diffusion-controlled release profiles from the BLG-
and HEW-encapsulated o-TOC coated with 0.25% alginate were
0.973 and 0.940, respectively, the release of a-TOC from BLG coated
with 0.25% alginate fit with the diffusion-controlled model better
than that from the HEW. Therefore, further investigation was
performed for the release of a-TOC from HEW coated with 0.25%
alginate. The final amount of o-TOC released from the HEW
coated with 0.25% alginate was investigated at 24 h. The release
profile was found to be biphasic showing a constant release with
an almost instantaneous burst release. The total mole amount of
o-TOC released increased from 0.000991 at 6h to 0.005135 at
24 h. Therefore, gel erosion might also be taken place (Lin &
Metters, 2006).

4. Conclusions

B-Lactoglobulin (BLG) and hen egg white protein (HEW) could
be used as protein-based materials for encapsulation of a-tocoph-
erol (a-TOC) after salt-induced gelation of the proteins. Concentra-
tions of protein and o-TOC influence the encapsulation efficiency.
To protect a-TOC from release in the gastric condition, alginate
was used for coating of these encapsulated particles. With the algi-
nate coat, the release of o-TOC was retarded till intestinal stage
and the encapsulation efficiencies of «-TOC by BLG and HEW were
enhanced.
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Abstract Flow field-flow fractionation (FIFFF) was used
for size characterization of gold nanoparticles. The mea-
sured particle sizes obtained from FIFFF for the commercial
10 nm gold nanoparticle standard and the gold nano-
particles synthesized in the laboratory were in good
agreement with those measured by transmission electron
microscopy (TEM). Further, the capability of «-tocopherol
to induce enlargement of gold nanoparticles by catalysis of
the reduction of AuCly; by citrate was observed by
monitoring the changes in particle size of gold nano-
particles using FIFFF. The effects of o-tocopherol and
incubation time on enlargement of the gold nanoparticles
were examined. Higher concentrations of «-tocopherol
resulted in larger nanoparticles. At fixed «-tocopherol
concentration, larger nanoparticles were formed at longer
incubation times.

Keywords Gold nanoparticles - Field-flow fractionation -
«-Tocopherol - Particle size

Introduction

Gold nanoparticles have gained considerable interest in
different research fields, owing to their attractive properties
such as high stability, biocompatibility, and optical proper-
ties [1]. Gold nanoparticles can be prepared in various ways
[2]; the mildest rely on reduction of gold salts in the
presence of suitable stabilizing agents that prevent particle
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aggregation [2]. Many researchers have demonstrated the
use of gold nanoparticles for optical labeling and sensing
purposes [3, 4]. Scampicchio et al. have used gold nano-
particles to estimate the antioxidant activity of phenolic
acids in different beverages [5]. This assay was based on
the capability of phenolic acid as reducing agent to catalyze
the growth of gold nanoparticles in the reduction of AuCl,
by sodium citrate. Considering the antioxidant activity,
vitamin E, a group of tocopherols and tocotrienols, of
which a-tocopherol has the highest biological activity, is
found to be the most potent natural lipophilic antioxidant
[6]. Therefore, we hypothesize that a-tocopherol should
also exhibit catalytic activity on the growth of gold
nanoparticles, and various «-tocopherol concentrations
should result in different sizes of gold nanoparticles. Closer
inspection of the effect of a-tocopherol on the size of gold
nanoparticles should then be carried out because of the
strong correlation between the size and their optical,
electrical, and catalytic properties [7].

Size characterization of nanoparticles has been per-
formed by conventional techniques such as scanning
electron microscopy (SEM), transmission electron mi-
croscopy (TEM), and dynamic light scattering (DLS). A
flow-assisted technique, field-flow fractionation (FFF),
for size characterization of nanoparticles has also been
reported [8, 9]. This technique enables fractionation of
particles on the nanometer to sub-micrometer scales and
the fractionated particles can be further characterized by
various detection methods [10, 11]. The principle [12—14]
and applications [15, 16] of FFF have been described
elsewhere. Rameshwar et al. illustrated the use of field-
flow fractionation (FFF) for size characterization of water-
soluble nanoparticles and quantum dots [17]. In their
study, the particle size results of core particles obtained
from FFF measurements were in good agreement with
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those obtained from other conventional techniques. None-
theless, for gold nanoparticles which showed extensive
aggregation, FFF was shown to be a more convenient and
easier method for determination of average particle size.
Recently, Contado and Argazzi reported the use of
sedimentation FFF to investigate the role of citrate
concentrations on the size distribution of gold nano-
particles [18]. In their study, the size of gold nanoparticles
as small as 12 nm could be observed.

The objectives of this investigation were to examine the
capability of FFF for characterization of the size of gold
nanoparticles and to examine the capability of x-tocopherol
to induce enlargement of gold nanoparticles. Flow field-
flow fractionation (FIFFF) was used to observe the effects
of «-tocopherol concentrations and incubation time on
enlargement of the gold nanoparticles.

Experimental
Instrumentation

A symmetrical flow field-flow fractionation (FIFFF) system
(Model PN-1021-FO; Postnova Analytics, Landsberg,
Germany) equipped with a 1000 Da molecular weight
cut-off regenerated cellulose acetate membrane (Post-
nova Analytics) was used for size characterization of
gold nanoparticles. The FIFFF channel was rectangular
in shape with the dimensions: 27 cm long, 2.0 cm wide,
and 0.0254 cm thick. A high-pressure liquid chroma-
tography (HPLC) pump (Model PN 2101; Postnova
Analytics) was used to deliver the channel and the
forward flows. Another HPLC pump of the same model
was used to regulate the cross and focusing (backward)
flows. A UV detector (Model S3210 UV-visible
detector; Postnova Analytics) was set at 254 nm to
monitor light attenuation of gold nanoparticles samples.
Conventional sample introduction with a sample volume
of 20 puL was used for characterization of the size of
commercial gold nanoparticles and those prepared by
the modified Turkevich method.

To examine the particle size and enlargement of gold
nanoparticles induced by «-tocopherol, opposing-flow
large-volume sample introduction (500 pL) were used for
on-channel FIFFF preconcentration and separation. The
system set up was similar to that reported by Hassellov et
al. [19] and Amarasiriwardena et al. [20]. This approach
consists of two steps:

1. sample loading and focusing, and
2. fractionation.

In the sample loading and focusing step, the sample
was introduced into the FIFFF channel and two
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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, the sample
was fractionated by applying cross and channel flows.
The optimum operating FIFFF conditions are listed in
Table 1. For comparison purposes, a transmission electron
microscope (TEM; JEM-2100, 200 kV; Jeol) was used to
observe the size of gold nanoparticles. The TEM operating
conditions are also listed in Table 1. A UV-visible
spectrometer (V530 UV-visible spectrometer; Jasco,
Tokyo, Japan) was used for recording the absorbance
spectra of gold nanoparticles.

Chemicals

All chemicals used in this work were of analytical reagent
grade. De-ionized water (18.2 M) cm ') obtained from a
water-purification system (Barnstead International, Dubuque,
IA, USA) was used to prepare all chemical reagents.
Commercial 10-nm gold nanoparticles were purchased from
Sigma (St Louis, MO, USA). A 50 mmol L' AuCl,
solution was prepared by dissolving hydrogen tetrachlor-
oaurate, HAuCl4.3H,O (Sigma), in deionized water. A
solution (1 mmol L") of sodium citrate (Riedel-deHaén,
Germany) was prepared in phosphate buffer (pH 8.0; 1x
10%mol L™"). A solution (1 mmol L™") of a-tocopherol was
prepared by dissolving (£)-x-tocopherol (Fluka Chemie,
Switzerland) in 95% ethanol (Merck, Darmstadt, Germany)
and used as a stock solution for further dilution.

FL-70, a mixture of anionic and non-ionic compounds
containing the active components oleic acid, sodium carbon-

Table 1 FIFFF and TEM operating conditions

FIFFF with conventional sample introduction

Carrier liquid 0.02% (v/v) FL-70

Channel flow rate (mL min ") 1.5
Cross flow rate (mL min ') 1.0
Equilibration time (min) 1.0

FIFFF with opposing flow large-volume sample introduction

Carrier liquid 0.02% (v/v) FL-70

Forward flow rate (mL min") 0.24
Backward flow rate (mL min ") 3.0
Channel flow rate (mL minfl) 1.5
Cross flow rate (mL min ') 1.0
Focusing time (min) 7.0
TEM
Beam current (LA) 82.5
Temperature (°C) 25
Humidity (%) 25
Acceleration voltage (kV) 160
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ate, tergitol, tetrasodium EDTA, poly(ethylene glycol), and
triethanolamine [21] was purchased from Fisher Scientific
(Pittsburgh, PA, USA). A 0.1% (v/v) solution of FL-70 was
prepared by diluting concentrated FL-70 with de-ionized
water and used as a carrier liquid.

Preparation of gold nanoparticles

To prepare gold nanoparticles, the modified Turkevich
method [22] was used. A solution of hydrogen tetrachlor-
oaurate (0.01% (w/w), 20 mL) was heated for 15 min at
65°C in a water bath. A 1% sodium citrate solution was also
heated for 5 min. Subsequently, 1.5 mL of the pre-heated
sodium citrate solution was pipetted into the 20 mL solution
of the pre-heated hydrogen tetrachloroaurate . The mixture
was then stirred and heated to reflux for 30 min, while the
solution turned from pale yellow to pale blue then to brilliant
red upon completion. The gold nanoparticles solution
obtained was sonicated for 15 min, cooled to room
temperature and stored at 4°C.

«-Tocopherol-induced gold nanoparticle enlargement

To observe the enlargement of gold nanoparticles induced
by a-tocopherol, AuCl,~ (1x10>mol L™") was mixed with
FL-70 (0.01%) and sodium citrate (2x10 *mol L") in
phosphate buffer (pH 8.0; 1x10?mol L™") with different
concentrations of «-tocopherol (2.5%10°°, 7.5x10°°, and
10.0x10 °mol L™"). All samples were heated for 10 min at
45°C. The effects of a-tocopherol and incubation time on
enlargement of gold nanoparticles were examined. The gold
nanoparticles obtained were introduced into a FIFFF using
large-volume sample introduction (500 pL) for size
characterization.

Data transformation and information obtained from FIFFF
experiment

Raw fractograms were translated into mass size distribution
profiles [23] by using Microsoft Excel (Microsoft Excel
2007) spreadsheet software. Peak evaluation, baseline
adjustment, and cumulative area distribution plotting were
performed by using PeakFit (SPSS, Chicago, IL, USA).
From a FIFFF experiment, a raw fractogram of separated
particles, a plot of detector response (y-axis) against
retention time (x-axis), was obtained, as shown in Fig. la.
The raw fractogram was translated into particle size
distribution [23] as shown in Fig. 1b. With this plot, the
particle size at peak maximum (d,) was measured. To
measure a breadth of size distribution, particle size range at
half maximum height (Adys) was calculated from the
distribution profile [23, 24]. Further, the particle size
distribution was converted into a cumulative area plot as
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Fig. 1 (a) Raw fractogram of gold nanoparticles; (b) the
corresponding particle-size distribution; (¢) the corresponding cumu-
lative area distribution

shown in Fig. 1c. With this plot, particle size in terms of
mean diameter (dyean) Was measured by considering the
particle size which gives 50% cumulative area.

Results and discussion

FIFFF size characterization of gold nanoparticles

To develop an FIFFF method for size characterization of

gold nanoparticles, an appropriate carrier liquid must be
chosen. The carrier liquid must be compatible with the

@ Springer



3082

W. Sermsri et al.

Table 2 Mean particle size (decants.d.; n=3) of gold nanoparticles measured by FIFFF at various FL-70 carrier liquid concentrations and by TEM

Measurement method

Commercial gold nanoparticle (10nm)

Gold nanoparticles prepared in the laboratory

FIFFF with 0.004% FL-70 n.d.?

FIFFF with 0.02% FL-70 7.940.3
FIFFF with 0.10% FL-70 6.940.2
TEM 83+1.4

nd.?

28.6+0.2
20.6+0.4
23.942.0

#Not determined — with 0.004% FL-70, gold nanoparticles were not eluted

membrane and able to disperse particles without interact-
ing with them or changing the particle size character-
istics. Because gold nanoparticles are negatively charged
[25], anionic surfactants should be used to disperse the
gold nanoparticles. The nonpolar part of an anionic
surfactant is adsorbed by the hydrophobic solid, and the
polar group is oriented towards the aqueous phase [26].
The resulting net negative charge on the particle surface
prevents particles from agglomeration. In this work, FL-70
was selected as a carrier liquid. Therefore, the effect of
carrier liquid concentrations (0.004, 0.02, and 0.1% (v/v)
FL-70) for size characterization of gold nanoparticles was
examined; the results are summarized in Table 2. These
concentrations were much lower than the critical micelle
concentration of FL-70, which was reported to be 5.1% (v/v)
[27]. At concentrations much lower than the critical
micelle concentration, increasing the FL-70 concentration
resulted in an increase in the surfactant concentration on
the gold nanoparticles surface, which could affect retention

50 nm

Fig. 2 TEM photograph of gold nanoparticles prepared by the
modified Turkevich method
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time. Transmission electron microscopy was used to
investigate the particle sizes of the commercial gold
nanoparticles and the gold nanoparticles prepared by the
modified Turkevich method [22], as displayed in Fig. 2.
With 0.004% (v/v) FL-70 carrier liquid, gold nanoparticles
were not eluted from the FIFFF channel. This might be
because concentrations of carrier liquid which are too low do
not effectively prevent adsorption of the nanoparticles on the
membrane surface. With higher concentrations of carrier
liquid, i.e., 0.02% and 0.1% (v/v) FL-70, the particle size
information obtained from TEM and FIFFF was not
significantly different (Table 2). Therefore, FIFFF was
proved to provide reliable particle size information for gold
nanoparticles and 0.02% (v/v) FL-70 was selected as a
suitable carrier liquid for FIFFF size characterization of gold
nanoparticles.

Use of an on FIFFF channel preconcentration for size
characterization of very diluted gold nanoparticles

For a very dilute sample, the signal of the fractionated
gold nanoparticles is quite low, as shown in Fig. 3
(diamonds). In order to improve the signal of gold
nanoparticles, sample preconcentration is necessary.
According to Hassellov et al. [19] and Amarasiriwardena
et al. [20], FIFFF allows on-channel preconcentration of
particulate samples exploiting the fact that FIFFF is
similar to a membrane filtration unit. In principle, the
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Fig. 3 Fractograms of gold nanoparticles prepared by o-tocopherol-
catalyzed citric acid reduction of AuCl; obtained by conventional
sample introduction (diamonds, 20 pL) and large-volume sample
introduction (squares, 500 uL) FIFFF separation
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sample is introduced to the FIFFF channel, focused and
concentrated by using an opposed-flow sample concentra-
tion [28]. Large-volume samples are introduced into the
FIFFF channel and focused at a certain point. The
particles, whose sizes are larger than the membrane pore
size, can be retained in the channel. To improve the
detection of gold nanoparticles, 500 pL sample was
introduced into the FIFFF channel instead of the regular
injection volume (20 pL) used in the conventional FIFFF
separation. The sample was loaded through the back end
of the channel with a flow ratio of 1:12.5 between the
forward (0.24 mL min ') and backward (3 mL min )
focusing flows. When 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. Figure 3 (squares) displays the
signal of gold nanoparticles obtained from the on-channel
preconcentration system. The signal was substantially
improved compared with that obtained from conventional
sample introduction (20 pL). Therefore, on-channel
preconcentration FIFFF sample introduction was then
used to investigate size and enlargement of gold nano-
particles induced by a-tocopherol.

Conditions affecting enlargement of gold nanoparticles
induced by «a-tocopherol

According to Scampicchio et al. [5], antioxidant activity
could be estimated by absorbance monitoring (at 555 nm)
of the formation of gold nanoparticles catalyzed by
phenolic compounds in the presence of citric acid
reducing agent. The increase in absorbance at 555 nm
was linearly dependent upon the concentration of phenolic
compounds. Nonetheless, the change in particle size of
gold nanoparticles was not systematically examined. As
a-tocopherol is an effective natural lipophilic antioxidant,
our interest was to investigate the potential of «-
tocopherol to induce the formation and enlargement of
gold nanoparticles. The role of «-tocopherol in the
formation of gold nanoparticles was observed from the
absorption spectra as illustrated in Fig. 4. In the presence
of sodium citrate, addition of «-tocopherol led to an
enhanced absorbance signal at the characteristic absorp-
tion band at 555 nm. Without x-tocopherol, only a small
absorption signal was observed as a result of gold
nanoparticles obtained purely from sodium citrate reduc-
tion (Fig. 4a). In the absence of sodium citrate, -
tocopherol alone could not instantaneously induce formation
of gold nanoparticles (Fig. 4b). Upon overnight incuba-
tion, however, formation of gold nanoparticles was
observed, as evidenced by the occurrence of an absorption
band at 555 nm (Fig. 4b). This observation suggested that
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Table 3 Particle size informa-
tion for «-tocopherol-induced

Effect of a-tocopherol concentration (Oh incubation time)

enlargement of gold nanopar- . -
ticles obtained from various ex- o-Tocopherol (10 "mol L)
perimental conditions 25

7.5

10.0

Effect of incubation time (7.5x10 ®mol L™ a-tocopherol)

Incubation time (h)
0
2
4

dy, (nm) Amean (NM) Ady 5 (nm)
16+3 17+3 12
18+1 19+1 11
3244 33+4 13
d, (nm) drpean (nm) Ady s (nm)
18+1 19+1 11
20+£2 21+2 10
2242 23+1 11

the gold nanoparticles produced by sodium citrate reduc-
tion acted as a seed for the reduction of AuCl; by «-
tocopherol and resulting in enlargement of the particles,
similar to that observed by Zayats et al. [29] for the
catalytic growth of gold nanoparticles on addition of H,O,
as a reducing agent.

Further, the effects of a-tocopherol concentration and
incubation time on the enlargement of gold nanoparticles
were investigated using on-channel FIFFF preconcentration
for size characterization. At fixed incubation time of 0 h
(immediately analyzed), three different concentrations of oc-
tocopherol (2.5%10°°, 7.5x10°° and 10.0x10 ®mol L)
were examined for their effects on enlargement of the gold
nanoparticles. For a fixed incubation time of 0 h, particle-
size distributions of gold nanoparticles for various o-
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Fig. 6 Effect of incubation time on the «-tocopherol-induced
enlargement of gold nanoparticles with fixed 7.5x10 ®mol L' «-
tocopherol: (a) particle size distributions; (b) cumulative area
distribution. The diamonds, squares, and triangles represent 0, 2,
and 4 h incubation time, respectively
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tocopherol concentrations are illustrated in Fig. 5. With
increased «-tocopherol concentration, gold nanoparticles
were enlarged, and the dpe., value increased from 17 to
33 nm when the «-tocopherol concentration was increased
from 2.5x107° to 10x 10 °mol L' (Table 3). At a fixed «-
tocopherol concentration of 7.5x10 °mol L™', various
incubation times including 0, 2, and 4 h were examined
for their effects on enlargement of the gold nanoparticles;
the results are illustrated in Fig. 6 and summarized in
Table 3. With different incubation times, gold nanoparticles
were shown to exhibit monomodal distribution. The d,can
value increased from 19 (at 0 h) to 23 nm (at 4 h),
demonstrating that incubation time had an effect on
enlargement of the gold nanoparticles. It is interesting to
note that under each condition investigated the values of
dmean and d,, were almost equal, suggesting that the particle
size distribution profiles of gold nanoparticles were ideally
monomodal and of Gaussian characteristics. Moreover, the
breadths of size distributions obtained from all experimen-
tal conditions were nearly the same, suggesting that the
enlargement of the gold nanoparticles induced by «-
tocopherol would not affect on the polydispersity of the
resulting particles.

Conclusions

«-Tocopherol was shown to be capable of inducing
enlargement of the gold nanoparticles obtained by reduction
of AuCl, with sodium citrate. From the analytical
viewpoint, an on-channel FIFFF preconcentration method
was proved suitable for size characterization of diluted gold
nanoparticles. Concentration of «-tocopherol and incuba-
tion time affected enlargement of the gold nanoparticles.
Flow FFF can be used to monitor the dynamic changes in
size distribution of gold nanoparticles. The information
obtained from the FIFFF experiment can be used as a guide
to the preparation of gold nanoparticles of the desired size
for required applications.
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Abstract Sedimentation field-flow fractionation—inductively
coupled plasma—mass spectrometry (SAFFF-ICP-MS) was
successfully applied to investigate particle size distribution of
titanium dioxide (TiO,) in sunscreen samples after hexane
extraction to remove organic components from the samples.
Three brands of sunscreen products of various sun protection
factor (SPF) value were used as samples. Different particle
size distribution profiles were observed for sunscreen
samples of various brands and SPF values; however, the
particle size distributions of titanium dioxide in most
sunscreen samples investigated in this work were larger than
100 nm. The titanium dioxide concentrations were higher for
the products of higher SPF values. By comparing the results
obtained from online SAFFF-ICP-MS and those from the oft-
line ICP-MS determination of titanium after acid digestion,
ICP-MS was found to effectively atomize and ionize the
titanium dioxide particle without the need for acid digestion
of the samples. Therefore, the online coupling between
SdFFF and ICP-MS could be effectively used to provide
quantitative information of titanium dioxide concentrations
across particle size distribution profiles.
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Sedimentation field-flow fractionation - Inductively coupled
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Introduction

Ultraviolet (UV) radiation including UV-A (320400 nm)
and UV-B (290-320 nm) can cause skin cancer and other
harmful effects to humans [1-4]. To avoid unwanted skin
effects from the sun it is necessary to use sunscreen filters.
Titanium dioxide (TiO,), which is a physical UV filter, can
reflect and scatter UV radiation very efficiently [5], and it
is, therefore, often used to formulate sunscreen products
with a high sun protection factor (SPF) value [6]. Accord-
ing to the European legislation, titanium dioxide is the only
inorganic UV filter permitted to be used in sunscreen
products with the maximum allowable concentration of
25% (w/w) [7]. The radiation reflection and scattering
efficiencies of titanium dioxide depend on its concentration
and particle size, with a particle size of approximately 60—
120 nm the most effective in UV reflection and scattering
ability [5]. Therefore, the analysis of sunscreen cosmetics in
terms of the concentration and particle size of titanium
dioxide should be considered.

Although the official methods for determining titanium
dioxide particles in sunscreen cosmetics, either in terms of
quantitative element content or the particle size distribution,
have never been documented, several analytical techniques
have been reported for determination of titanium dioxide in
sunscreen. These techniques include the classical volumet-
ric method [8], atomic absorption spectrometry [9], induc-
tively coupled plasma optical emission spectrometry [8,
10], and X-ray fluorescence spectrometry [11, 12]. For
particle size characterization, flow field-flow fractionation
(FIFFF) has been reported for titanium dioxide particles in a
commercial sunscreen product [13] and titanium dioxide
nanoparticles imprinted for tyrosine [14].
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Field-flow fractionation (FFF) is a flow-assisted tech-
nique for size characterization of particles in the nanometer
to sub-micrometer scale. The fractionated particles can be
further characterized by various detection methods [15, 16].
The principle [16, 17] and applications [18, 19] of FFF
have been described elsewhere. Depending on the type and
the particle size of samples, various types of external field
forces may be applied. These external fields give rise to an
assortment of FFF sub-techniques, including gravitational,
sedimentation, flow, electrical, and thermal FFF. Sedimen-
tation FFF (SAFFF) and FIFFF are most commonly used.
As the particle size of titanium dioxide in sunscreen
products is in the sub-micrometer size range, SAFFF may
be used [18]. Previous works indicated that sedimentation
FFF was successfully used to separate titanium dioxide
microparticles [18-20].

An online coupling between SAFFF and inductively
coupled plasma—mass spectrometry (SAdFFF-ICP-MS) was
proposed to provide the quantitative information of titanium
dioxide concentrations across particle size distribution
profiles of the sunscreen samples. The necessity for sample
preparation before SAFFF particle size characterization was
evaluated. Various initial field strengths were employed in
SAFFF fractionation to check for the reliability of the
resulting particle size distribution information. The ability of
ICP-MS as an online detector for the fractionated titanium
dioxide particles was examined. The developed SdFFF-ICP-
MS method was applied to investigate size distribution of
titanium dioxide particles in various sunscreen products of
various SPF values.

Experimental
Chemicals and samples

Polystyrene latex standards having diameters of 0.35, 0.53,
and 0.72 pm from Postnova Analytik (Landsberg, Germany)
were used for SAFFF calibration. A carrier liquid was 0.02%
(v/v) FL-70 detergent (Fisher Scientific, PA, USA) contain-
ing 0.02% (w/v) NaN; (Merck, Darmstadt, Germany) to
prevent bacterial growth. FL-70 is a mixture of anionic
and non-ionic compounds containing the following active
components: oleic acid, sodium carbonate, tergitol, tetra-
sodium EDTA, polyethylene glycol, and triethanolamine
[21].

Three brands of commercial sunscreen cream products
of various SPF values (0 and 50 SPF for brand A; 0, 15,
and 30 SPF for brand B; and 0 and 15 SPF for brand C)
were purchased from a local supermarket. Hexane, which
was employed to remove some organic components, was
purchased from Labscan (Bangkok, Thailand). Ti elemental
standard solution of 100 ugmL "' (AccuStandard, New Haven,

@ Springer

CT, USA) was used to prepare the ICP-MS calibration
solution.

Preparation of sunscreen sample

Sunscreen cream products (0.01 g) of various brands and
SPF values were weighed and diluted in 1 mL of deionized
water to obtain the sunscreen sample of 1% (w/v). Before
injection into SAFFF, a 50-uL volume of 1% (w/v) of
sunscreen cream sample in deionized water was mixed
thoroughly by vortex.

Preparation of defatted sunscreen sample

To defat or remove some organic components from
sunscreen cream products, 1 mL of hexane was applied to
soak 0.01 g of sunscreen cream samples for 12 h at room
temperature. Hexane containing organic components was
removed and the defatted part was diluted with deionized
water to 1% (w/v). To study particle size distribution in
sunscreen cream samples, a 50-puL volume of 1% (w/v) of
defatted sunscreen cream sample in deionized water was
mixed thoroughly by vortex before SAFFF analysis.

Acid digestion of sunscreen sample

Sunscreen cream products (0.05 g) were weighed and
digested at approximately 350 °C with 10 mL of H,SO,4 in
the presence of 4 g of (NH4)SO,4. Then, 25 mL of HCI and
30 mL of deionized water were added to the mixture and
heated until the clear solution was obtained. Subsequently,
the digested solution was diluted with deionized water
before ICP-MS determination of Ti concentration.

Instrumentation

The SAFFF system (Model S-101 Particle/Colloid Fraction-
ator, Postnova Analytik, Landsberg, Germany) was used in
this study. 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 Analytik). A UV detector
(model UV2075, Jasco, Essex, UK) was set at 254 nm to
monitor light attenuation of the eluted particles. Samples of
50 uL were injected into SAFFF via a Rheodyne injector.

An ICP-MS instrument (model Sciex/ELAN 6000,
Perkin Elmer, CT, USA) was used as an element detector
sequentially after the UV absorption detector. Owing to the
similarity of the SAFFF channel and ICP-MS sample flow
rates typically used for analysis, the ICP-MS cross-flow
nebulizer was connected directly to the UV detector outlet
with a 30-cm length of poly(tetrafluoroethylene) tubing
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(0.58 mm id). The operating conditions of SAFFF and ICP-
MS measurements are summarized in Table 1.

Data treatment

Raw fractograms were translated into size distribution
profiles using the Postnova FFF Analysis software version
2.0 (Postnova Analytik, Landsberg, Germany). Peak eval-
uation, baseline adjustment, and integration were performed
using PeakFit™ (SPSS, IL, USA).

Results and discussion

The need for sample preparation before particle size
characterization of titanium dioxide in cosmetics
by using SAFFF

By knowing the exact geometry of the SAFFF channel, the
field, flow rate, and the density difference between particle
and carrier liquid, diameter of the separated particle can be
calculated directly from the experimental retention time
[22]. The average density of titanium dioxide particles was
4.05 gmL™" [23], and therefore, the density difference
between the particles and the carrier liquid (Ap) was
3.05 gmL™". To apply SAFFEF for particle size characterization
of titanium dioxide in sunscreen samples, various experimental
conditions were examined to demonstrate the reproducibility
and reliability of SAFFF for particle size characterization of
titanium dioxide in sunscreen products. Various initial field
strengths (500, 600, and 800 rpm) were applied to fractionate
titanium dioxide particles in a 30 SPF sunscreen as illustrated
in Fig. 1. Fractograms of 1% (w/v) 30 SPF sunscreen (brand
B) showed two separated peaks at different retention times.
With higher field strength, the peaks shifted towards longer

retention times (Fig. la). Nonetheless, the particle size
distributions obtained from various experimental condi-
tions did not agree well with each other, indicating the
erroneous results in particle size determination by the
SdFFF technique. This error might be due to the fact that
the cosmetic sample contains not only the titanium dioxide
particles, but also some other types of particles. Alterna-
tively, it might be due to the fact that the titanium dioxide
particles were coated by some organic components in the
sunscreen sample, which could make the approximation of
the particles density of 4.05 gmL ™" to be incorrect.
Therefore, it was necessary to carry out sample prepa-
ration before introduction of sunscreen samples into SAFFF
channel. To remove the organic components from the
titanium dioxide particles, hexane extraction was performed
[13]. Hexane removes the organic compounds contained in
the sunscreen products, which could cause some interaction
between organic component and SAFFF channel, and
affected on particle size fractionation of sunscreen sample.
With hexane removal of organic components from the
sunscreen samples, the resulting samples were called
“defatted sunscreen samples.” Various initial field strengths
(400, 500, and 600 rpm) were applied to fractionate
titanium dioxide particles in the defatted sunscreen as
illustrated in Fig. 2a with the resulting particle size
distributions shown in Fig. 2b. The particle size distribu-
tions in Fig. 2b obtained from various experimental
conditions were all similar showing the particle size range
of 0.1-0.6 um with the peak maximum at around 0.52 pm.
This suggests that the particle size determination of
titanium dioxide in sunscreen products is possible with
SAFFF with the necessity of sample preparation before
analysis, and hexane extraction is considered effective for
such purpose. The initial field strength of 400 rpm was
selected for further use as it was sufficient to separate the

Table 1 SAFFF and ICP-MS

operating conditions SAFFF operating conditions

SAFFF channel dimensions (cm®)
SdFFF rotor radius (cm)

Carrier liquid

Channel flow rate (mLmin ")
Equilibration time (min)

Power field programming

ICP-MS operating conditions

Rf generator frequency (MHz)
Rf power (W)

Nebulizer gas flow rate (Lmin ™"
Coolant gas flow rate (Lmin ")
Auxiliary gas flow rate (Lmin ")

Isotopes monitored (m/z)

89.5%2.0x0.0254

15.1

0.02% (v/v) FL-70 containing 0.02% (w/v) sodium azide
1.0

10

initial applied field, 400 rpm [obtained field,
397 rpm or 26.6xg] for 8 min; field decay parameter, —64;
final field, 50 rpm [obtained field, 49 rpm]

40
1,150
0.99

1.0
“TTi and *°Ti
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Fig. 1 Effect of field strength on fractionation of 30 SPF sunscreen
(brand B). a Raw fractograms and b particle size distributions of 30
SPF sunscreen (brand B) obtained from various initial fields as 500
(diamond), 600 (square), and 800 rpm (triangle). The SAFFF
operating condition was as follows: initial field hold time 8 min, field
decay parameter —64, final field 50 rpm, and Ap=3.05 gmL™". The
channel flow rate was constant at 1 mLmin ™"

particles from the void fraction with minimized analysis
time.

Particle size distribution of titanium dioxide in sunscreen
products of various brands and SPF values

With the selected SAFFF operating conditions, particle size
distributions of titanium dioxide in the defatted sunscreen
products of various brands and SPF values were investi-
gated by using SAFFF-ICP-MS. With the UV detector, the
particle size distributions of sunscreen samples are shown
in Fig. 3. It can be seen that different brands of sunscreen
products showed different particle size distribution patterns.
For a particular brand of sunscreen products, the sample
with higher SPF values showed larger particle size than that
of the smaller SPF values. With the ICP-MS detector, the
particle size distributions of titanium dioxide in sunscreen
samples were obtained as illustrated in Fig. 4. For brand A,
the signal of titanium was only slightly observed for
sunscreen of O SPF value, whereas the distribution of
titanium was found in the range of 0.1-0.5 um for the
sunscreen of 50 SPF value. For brand B, the distribution of
titanium in sunscreen of various SPF values were different,
but ranging between 0.1 and 0.4 um. Titanium was found
to present in a smaller particle size for the sunscreen of 15
SPF values as compared to that of 0 and 30 SPF values,

@ Springer

suggesting that the manufacturer might have different
strategies to formulate the products of different SPF values
within the same brand. The manufacturer of brand B might
not use the same titanium dioxide particle size for the
products of different SPF values. For brand C, the
distribution of titanium in sunscreen of 0 and 15 SPF
values were found in the range of 0.2-0.6 pum. Higher
titanium content was found in the product of higher SPF
value.

Particle size distributions of titanium dioxide in all
sunscreen samples investigated in this work were larger
than 100 nm size range, except for the brand B of 15 SPF
value. The particle size distributions of titanium dioxide in
the defatted sunscreen samples (Fig. 4) were not well
corresponded with the particle size distribution profiles
(Fig. 3) except for the sunscreen brand A. For brand B,
titanium (Fig. 4b) was found to associate with the small
particle size range of the particles found in the defatted
sunscreen samples (Fig. 3b). For brand C, titanium (Fig. 4c)
was found to associate with the large particle size range of
the particles found in the defatted sunscreen samples
(Fig. 3c). These data suggest that the manufacturer of
brand A might use titanium dioxide solely to adjust the SPF
values of their products, whereas the manufacturers of
brands B and C might adjust the SPF values of their

[

507

40 1

30

Detector Response (mV)

T 1
0 20 40 60 80 100 120

0.8 1
0.6 7

0.4

Relative Amount

0.2 1

0.0 0.2 0.4 0.6 0.8
Diameter (um)

Fig. 2 Effect of field strength on fractionation of the defatted 30 SPF
sunscreen (brand B). a Raw fractograms and b particle size distributions
of 30 SPF sunscreen (brand B) obtained from various initial fields as
400 (diamond), 500 (square), and 600 rpm (friangle). The SAFFF
operating condition was as follows: initial field hold time 8 min, field
decay parameter —64, final field 50 rpm, and Ap=3.05 gmL™'. The
channel flow rate was constant at 1 mLmin ™’
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Relative Amount
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Fig. 3 Particle size distributions of defatted sunscreen samples. a
Brand A, where diamond and square represent 0 and 50 SPF,
respectively. b Brand B, where diamond, square, and triangle
represent 0, 15, and 30 SPF, respectively. ¢ Brand C, where diamond
and square represent 0 and 15 SPF, respectively

products by adding both organic and inorganic components
other than titanium dioxide as UV filters.

Titanium dioxide concentrations in sunscreen samples

Not only the particle size information, but it is also
important to provide quantitative information on the
titanium dioxide concentration in the sunscreen products,
as its maximum allowable concentration in the sunscreen
products has been declared by many countries such as
European Union, Japan, and USA. In the European Union
legislation, titanium dioxide is the only inorganic UV filter
which is allowed at 25% maximum concentration [7]. The
determination of titanium dioxide content (% w/w) in

sunscreen products of various brands and SPF values was
carried out using ICP-MS detection of titanium.

In this study, ICP-MS determination of titanium concen-
trations was performed with various approaches as follows: as
an online detector for SAFFF, off-line detection of the
collected fraction from SAFFF after acid digestion, and direct
detection of the acid digested samples. The titanium dioxide
concentrations in all sunscreen samples from various
approaches are summarized in Table 2, which illustrates that
the concentrations found from all approaches were similar.
The closeness in the titanium dioxide concentrations
obtained from the collected fraction from SAFFF after acid
digestion with those directly determined after acid digestion
of the samples indicates that titanium dioxide was not loss

[

50 7
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0 0.2 0.4 0.6 0.8
Diameter (um)

o

1507
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Diameter (um)
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Fig. 4 Particle size distributions of titanium dioxide in defatted
sunscreen samples. a Brand A, where diamond and square represent 0
and 50 SPF, respectively. b Brand B, where diamond, square, and
triangle represent 0, 15, and 30 SPF, respectively. ¢ Brand C, where
diamond and square represent 0 and 15 SPF, respectively. Data were
smoothed with Savitzsky—Golay function (PeakFit, SPSS, Chicago,
IL, USA) with a smoothing level of 10%
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Table 2 TiO, concentrations in sunscreen samples of various brands
and SPF values

Samples TiO, concentration (% w/w) [average+SD], n=3
Method A Method B Method C

0 SPF brand A n.d. n.d. <0.04

50 SPF brand A n.d. n.d. 3.84+0.28

0 SPF brand B n.d. n.d. 0.09+0.02

15 SPF brand B n.d. n.d. 0.37+0.05

30 SPF brand B 0.84+0.10 0.74£0.10 0.82+0.20

0 SPF brand C  n.d. n.d. 0.12+0.02

15 SPF brand C  1.16+0.16 0.94+0.06 0.93+0.05

LOQ <0.06 <0.03 <0.04

The concentration of titanium is represented as TiO, percentage in the
sample (% w/w). Method A is an online SAFFF-ICP-MS. The
concentration of titanium dioxide in the samples was obtained by
online SAFFF-ICP-MS measurement with external calibration using
standard solutions prepared in the SAFFF carrier liquid. Total titanium
dioxide concentration was determined by integration of the signal
through the whole fractionation time using a PeakFit™ program
(SPSS, IL, USA). Method B is an off-line SdFFF and ICP-MS
determination of titanium dioxide in the fractionated samples. Method
C is ICP-MS determination of titanium after acid digestion of samples

n.d. not determined

during the SAFFF fractionation of samples. The closeness in
the titanium dioxide concentrations obtained from the online
SAFFF-ICP-MS with those from the SAFFF fraction after
acid digestion suggests that the ICP-MS could effectively
atomize and ionize the titanium dioxide particle without the
need for acid digestion. Therefore, the online coupling
between SAFFF and ICP-MS could be effectively used to
provide the quantitative information of titanium dioxide
concentrations across particle size distribution profiles.

For all sunscreen samples in this study, the titanium
dioxide contents were below the maximum allowable
concentration (25%) as set by the European legislation.
Different brands of sunscreen products showed different
titanium dioxide contents. Nevertheless, higher titanium
dioxide contents were observed for the sunscreen of the
same brand but with increasing SPF values.

Conclusions

SAFFF-ICP-MS was demonstrated feasible to provide
quantitative information of titanium dioxide concentrations
across particle size distribution profiles. Nonetheless,
sample preparation was necessary prior to SAFFF particle
size characterization. Various brands and SPF values of
sunscreen products showed different particle size distribu-

@ Springer

tions and different titanium dioxide contents. The informa-
tion obtained from SAFFF-ICP-MS can be useful for quality
control of the finished sunscreen products.

Acknowledgments The Center for Innovation in Chemistry: Post-
graduate Education and Research Program in Chemistry (PERCH-
CIC), Commission on Higher Education, Ministry of Education is
gratefully acknowledged for the studentship support for A. Samontha,
the partial research support for A. Siripinyanond, and the purchase of
the SAFFF equipment. Thanks are also due to the Thailand Research
Fund for the research support for A. Siripinyanond. This paper was
presented in part at the Pure and Applied Chemistry Conference 2010
(PACCON 2010), Ubonratchathani, Thailand, January 21-23, 2010,
Oral Presentation Number ANC-OR-17.

References

1. De Fabo EC, Noonan EP (1983) J Exp Med 158:84-98
2. Heck DE, Vetrano AM, Mariano TM, Laskin JD (2003) J Biol
Chem 278:22432-22436
3. Agar NS, Halliday GM, Barnetson RS, Ananthaswamy HN,
Wheeler M, Jones AM (2004) Proc Natl Acad Sci USA
101:4954-4959
4. Krutmann J (2000) J Dermatol Sci 23:S22-S26
5. Popov AP, Lademann J, Priezzhev AV, Myllyld R (2005) J
Biomed Opt 10:1-9
6. Anderson MW, Hewitt JP, Spruce SR (1997) In: Lowe NJ, Shaath
NA, Pathak MA (eds) Broad-spectrum physical sunscreens:
titanium dioxide and zinc dioxide. Marcel Dekker Inc., New
York, pp 353-398
7. Salvador A, Chisvert A (2005) Anal Chim Acta 537:1-14
8. Kim Y, Kim BM, Park SC, Jeong HJ, Chang JS (2006) J Cosmet
Sci 57:377-381
9. Mason JT (1980) J Pharm Sci 69:101-102
10. Salvador A, Pascual-Marti MC, Adell JR, Requeni A, March JG
(2000) J Pharm Biomed Anal 22:301-306
11. Kawauchi A, Ishida M, Saitoh I (1996) Spectrosc Lett 29:345-366
12. Melquiades FL, Ferreira DD, Appoloni CR, Lpoes F, Lonni AG,
Oliveira FM, Duarte JC (2008) Anal Chim Acta 613:135-143
13. Contado C, Pagnoni A (2008) Anal Chem 80:7594-7608
14. Zattoni A, Reschiglian P, Montalti M, Zaccheroni N, Prodi L,
Picca RA, Malitesta C (2007) Inorg Chim Acta 360:1063-1071
15. Contado C, Blo G, Fagioli F, Dondi F, Beckett R (1997) Colloid
Surf A 120:47-59
16. Saeseaw S, Shiowatana J, Siripinyanond A (2006) Anal Bioanal
Chem 386:1681-1688
17. Saeseaw S, Shiowatana J, Siripinyanond A (2005) Food Res Int
34:777-786
18. Cardot PJP, Rasouli S, Blanchart P (2001) J Chromatogr A
905:163-173
19. Rasouli S, Blanchart P, Clédat D, Cardot PJP (2001) J Chromatogr
A 923:119-126
20. Koliadima A, Gavril D, Karaiskakis G (1999) J Liq Chromatogr
Relat Technol 22:2779-2793
21. http://fscimage.fishersci.com/msds/06352.htm
22. Kirkland JJ, Rementer SW, Yau WW (1981) Anal Chem 53:1730—
1736
23. (2006) In: O Neil MJ (ed) The Merck Index: an encyclopedia of
chemicals, drugs, and biological, 14th ed. Merck Research
Laboratories: Whitehouse Station, NJ



Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

—

1 Volume 1218, issue 27, 8 July 2011 ISSN 0021-9673
I FLOW-FIELD-FLOW FRACTIONATION

| TR

JOURNAL OF CHROMATOGRAPHY A

INCLUDING ELECTROPHORESIS, MASS SPECTROMETRY AND
OTHER SEPARATION AND DETECTION METHODS

EDITORS

J.G. Dorsey (Tallahassee, FL)
5. Fanali {Monteratondo)

R.W. Giese (Boston, MA)

P.R. Haddad (Hobart)

H.K. Lee (Singapare)

C.F. Poole (Detroit, MI)

M.-L. Riakkola (Helsinki)

P.J. Schoenmakers (Amsterdam)
N. Tanaka (Kyoto)

Available onfine al www_sciencedirect.com

“+.* ScienceDirect

({1

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright



Journal of Chromatography A, 1218 (2011) 4213-4218

Contents lists available at ScienceDirect

Journal of Chromatography A

journal homepage: www.elsevier.com/locate/chroma

Flow field-flow fractionation with off-line electrothermal atomic absorption
spectrometry for size characterization of silver nanoparticles

Kanchana Songsilawat, Juwadee Shiowatana, Atitaya Siripinyanond *

Department of Chemistry and Center for Innovation in Chemistry, Faculty of Science, Mahidol University, Rama VI Rd., Bangkok 10400, Thailand

ARTICLE INFO ABSTRACT

Article history:
Available online 21 December 2010

Flow field-flow fractionation (FI-FFF) with off-line electrothermal atomic absorption spectrometry
(ETAAS) detection was developed and employed for particle size characterization of Ag NPs stabilized by
citrate, pectin, and alginate. Citrate stabilized-Ag NPs were prepared from sodium borohydride reduc-
tion of silver nitrate. Sodium citrate was used as the capping agent to stabilize Ag NPs and prevent the
aggregation process. Pectin stabilized- and alginate stabilized-Ag NPs were prepared from ascorbic acid
reduction of silver nitrate. Pectin and alginate were used as the capping agent for pectin stabilized- and
alginate stabilized-Ag NPs, respectively. Three types of Ag NPs were characterized by using FIFFF, zeta
potentiometer, and TEM technique. The mean particle sizes of Ag NPs as characterized by FIFFF were 9 nm,
19 nm, and 45 nm for citrate stabilized-, pectin stabilized-, and alginate stabilized-Ag NPs, respectively, in
deionized water. Further, FIFFF with ETAAS detection was employed to observe the aggregation of Ag NPs
of various types in environmental water in the absence and presence of humic acid. Citrate stabilized-Ag
NPs underwent aggregation more rapid than the pectin stabilized- and alginate stabilized-Ag NPs as the
latter two types were sterically stabilized. Further, humic acid could prolong the stability of Ag NPs in
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the environment.
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1. Introduction

Silver nanoparticles (Ag NPs) are one of common engineered
nanoparticles (ENPs) with at least one dimension within the size
from approximately 1 nm to 100nm [1]. Owing to their antibac-
terial properties, Ag NPs have been used in various consumer
products including textiles, personal care products, food storage
containers, and laundry additives. The release of Ag NPs into water
and their mobilities in water should therefore be investigated. Sil-
verions (Ag*) can be released from consumer products by oxidation
of metallic silver (Ag?) in contact with water [2,3]. Blaser et al. stud-
ied the model of total silver in the form of Ag* ions or AgNPs released
from plastic and textile into water and indicated that up to 15% of
the total Ag discharged into the environment [4]. Moreover, recent
studies by Benn and Westerhoff confirmed that Ag NPs were easily
released from nanosilver-coated socks during the washing process
[5].

Recently, the issue of mobility and toxicity of Ag NPs has gained
significant attention. In general, the smaller size can transport
faster and has much higher toxicity than the larger size. Moreover,
smaller size Ag NPs (<5nm) are more toxic than any other forms
of silver [6]. The aggregation is also one of the primary controls on

* Corresponding author. Tel.: +66 2 201 5195; fax: +66 2 354 7151.
E-mail address: scasp@mahidol.ac.th (A. Siripinyanond).

0021-9673/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2010.12.040

both transport and toxicity of Ag NPs in the aquatic environment.
Not only temperature, pH, ionic strength of environmental water,
and concentration of Ag NPs show significant effect on the aggrega-
tion process, but also the surface property of Ag NPs isimportant [7].
The surface property of Ag NPs depends on how Ag NPs are synthe-
sized. Ag NPs can be synthesized using various methods resulting in
different shapes, sizes, and surface properties for numerous appli-
cations [8]. Normally, Ag NPs are synthesized via reduction of silver
nitrate in water using reductants and stabilizing agent or capping
agent for control of particle size to ensure a stable suspension [9,10].
The reductant and stabilizing agents commonly used are sodium
borohydride and sodium citrate, respectively. Greener processes
for the production of greener nanomaterials were reported by use
of nontoxic chemicals [11].

As the particle size of Ag NPs plays important roles to their
mobility and hence toxicity, particle size characterization of Ag
NPs is necessary. Size characterization techniques for Ag NPs
include dynamic light scattering (DLS) [12], transmission electron
microscopy (TEM) [7,13], atomic force microscopy (AMF) [14], size
exclusion chromatography (SEC) [15], hydrodynamic chromatog-
raphy (HDC) [15], and flow field-flow fractionation (FIFFF) [13].
The use of FIFFF coupled off-line with AFM to observe the struc-
ture of the smaller size fraction of aquatic colloids was reported to
fractionate citrate-stabilized Ag NPs at environmentally relevant
conditions [14]. In this study, the use of ETAAS as an off-line detec-
tor for the Ag NPs fractionated by FIFFF was evaluated. FIFFF with
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ETAAS detection was employed for size characterization of Ag NPs
in environmental water. The aggregation phenomenon of Ag NPs
from different synthesis methods including common method (cit-
rate stabilized) and green synthesis (polysaccharide stabilized) in
various types of water was investigated. The effect of humic acid
on the aggregation of Ag NPs was also examined.

2. Experimental
2.1. Chemicals and samples

Silver nitrate was purchased from Carlo Erba (Rodano, MI,
Italy). Sodium borohydride, sodium hydroxide, and sodium azide
were purchased from Merck (Darmstadt, Germany). Humic acid
and sodium citrate tribasic dihydrate were purchased from
Sigma-Aldrich (Steinheim, Germany). Pectin and alginate were
from Fluka (Buchs, Switzerland). Gold nanoparticle standard (Au
NPs) of 10 nm diameter (Sigma-Aldrich) was used to calibrate the
FIFFF channel. The humic acid stock solution (2000mgL-1) was
made by dissolving 0.050g of humic acid in 25 mL of deionized
water.

Water samples were collected from three different sites includ-
ing sea water from the Jausumran beach (Phetchaburi, Thailand),
ground water from the Lopburi farm (Lopburi, Thailand), and tap
water (Bangkok, Thailand). The samples were stored in a refriger-
ator and filtered through 0.45 wm membrane filters before use.

2.2. Silver nanoparticles synthesis

Citrate stabilized-Ag NPs were prepared as described previously
by Yang et al. [16]. Briefly, 100 mL of 0.3 M silver nitrate and 8 mL
of 12.6 M sodium citrate were mixed together in a conical flask,
and then stirred at 50 rpm. Stirring was continued and 2 mL of
37 mM NaBH4 was added into solution. The yellow solution was
then observed.

For polysaccharide stabilized-Ag NPs, Ag NPs were prepared by
the reduction of silver ion using ascorbic acid. Polysaccharide, i.e.,
pectin and alginate, were used to stabilize nanoparticles. Briefly,
100 mL of 0.1% (w/v) polysaccharide solution (pectin or alginate)
were mixed together with freshly prepared ascorbic acid of 1 mM
(50 mL) and vigorously stirred. Fifty milliliters of 2 mM silver nitrate
solution was added into the solution and 0.3 M NaOH (0.1 mL) was
added quickly. Stirring was continued and the final yellow solution
was observed.

2.3. Instrumentation

The FIFFF system is a PN-1201-FO model (Postnova Analytics,
Landsberg, Germany). The FIFFF channel dimensions are 27.7 cm
length, 2.0 cm wide, and 254 wm thick. A 1-kDa regenerated cellu-
lose membrane (Postnova) was used. The carrier liquid was 0.02%
FL-70 and 0.02% NaN3 was diluted in deionized water and adjusted
to pH 9.2-10. Sample volume of 20 p.L was introduced into FIFFF via
the Rheodyne injector valve. A high pressure liquid chromatogra-
phy (HPLC) pump (Model PN 2101, Postnova Analytics, Germany)
was used to deliver the channel flow at 1 mLmin~. The cross flow
rate fixed at 1 mL min~! was delivered by another HPLC pump of the
same model. After fractionation, the effluent was directed through
a UV detector (Model S3210 UV-visible detector; Postnova Analyt-
ics) and the detector was set at 400 nm for detection of the Ag NPs.
The automatic fraction collector (Waters, Milford, MA, USA) was
used to collect fraction from UV detector outlet. The FIFFF operating
conditions are shown in Table 1.

A Perkin Elmer Model AAnalyst 100 (Norwalk, CT, USA) with
deuterium background corrector was used for detection of silver
after the UV absorption detector. The Perkin Elmer Model AS-72

Table 1
FIFFF operating condition.

FIFFF: Model PN-1021-FO

Channel dimension/cm x cm x cm
Carrier liquid

27.7long x 2.0 wide x 0.02 thick
0.02% FL-70 and 0.02 NaN3 (pH 9.5)

Channel flow rate/mLmin~"! 1.0
Cross flow rate/mL min~! 1.0
Equilibration time/min 2.2
Membrane 1kDa MWCO poly(regenerated

cellulose acetate)

Table 2
Electrothermal atomic absorption spectrometer operating condition for silver
detection.

ETAAS: Perkin Elmer Analyst 100-HGA-800

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

autosampler was used to introduce solution into a graphite tube.
The furnace operating condition for silver and silver nanoparticles
measurement is summarized in Table 2.

The UV-visible absorption spectra of Ag NPs were observed by
using UV-visible spectrophotometer (Model V-530, Jasco, Easton,
MD, USA). Zeta potential measurements were carried out using
the Zetasizer Nano ZS (Malvern Instruments Zetasizer1000 Hs,
Malvern, UK). A transmission electron microscope (TEM), JEOLJEM-
1230 (Peabody, MA, USA), was used to acquire images of the Ag NPs.
The TEM was operated at 25°C and 80 kV.

3. Results and discussion

3.1. Particle size characterization of the synthesized silver
nanoparticles

Particle size characterization of three types of Ag NPs was per-
formed by using FIFFF as illustrated in Fig. 1. Particle sizes at peaks
were 9nm, 19 nm, and 45 nm for citrate stabilized-Ag NPs, pectin
stabilized-Ag NPs, and alginate stabilized-Ag NPs, respectively. The
particle size values obtained from FIFFF were in good agreement
with those from TEM (Fig. 2) and zetasizer as summarized in Table 3,
by which the particle size of alginate stabilized-Ag NPs was larger
than pectin stabilized- and citrate stabilized-Ag NPs, respectively.

2000 A
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800 -
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400 ~
200 A v
0 10 20 30 40 50 60 70 80 90
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0000000000000

9000000000600006000.0.

Detector response (400 nm)
Poo oo o o

Fig. 1. Hydrodynamic diameter distributions of Ag NPs: (¢{) citrate stabilized
Ag-NPs; (O) pectin stabilized-Ag NPs; (x) alginate stabilized-Ag NPs. The FIFFF
conditions were as follows: channel flow 1 mLmin~', cross flow 1 mLmin~!, RC
membrane (1kDa), 0.02% FL-70 and 0.02% NaN3 as carrier liquid. UV-visible was
used as FIFFF detector.
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Table 3
Particle size of silver nanoparticles (Ag NPs) as determined by various techniques.

4215

Ag NPs Particle diameter (nm)

TEM Zetasizer FIFFF with UV-visible? FIFFF with ETAAS?
Citrate-stabilized 113 +£35 13.6 £ 3.1 9.50 + 0.0 105 £ 0.5
Pectin-stabilized 10.5 £ 5.1 183 +94 19.1 £ 0.1 182 £ 0.7
Alginate-stabilized 375+23 48.8 + 11 45.5 + 0.1 40.1 +£ 04

2 The mean particle size (dmean) and associated standard deviation (n=3).

With UV-visible absorption spectrometry, the surface plasmon res-
onance peaks were observed at 390 nm, 400 nm, and 412 nm for
citrate stabilized-, pectin stabilized-, and alginate stabilized-Ag
NPs, respectively, as shown in Fig. 3, suggesting the same trend
as those observed by the FIFFF, TEM, and zetasizer, as the smaller
particles exhibit plasmon resonance band as shorter wavelength
and the larger particles exhibit the plasmon band at longer wave-

(@) A
& . ®
o
L . :
N
M “.
- %
(b)
s 3 . [ ]
& P [ ] P . 5
° . B
’ ° N A i
(c)

- y

Fig. 2. TEM images of (a) citrate stabilized-Ag NPs, (b) pectin stabilized-Ag NPs, and
(c) alginate stabilized-Ag NPs.
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Fig. 3. UV-visible absorption spectra of silver nanoparticles prepared by different
stabilizer agents: (0) citrate stabilized-Ag NPs; (O) pectin stabilized-Ag NPs; (x)
alginate stabilized-Ag NPs.

length [17]. Nonetheless, the particle sizes of Ag NPs obtained from
different techniques were slightly different owing to the fact that
different techniques provide different particle size information.
TEM measures a number based size distribution of the core particle
excluding the stabilizing agent, while FIFFF and zetasizer measure
a mass based size distribution or hydrodynamic volume [13].

3.2. FIFFF with off-line ETAAS detection of silver

Electrothermal atomic absorption spectrometer (ETAAS) was
investigated as an off-line detector for FIFFF, as it was previously
illustrated possible for SAFFF [18,19]. With the ashing tempera-
ture of 800°C and atomization temperature of 1800 °C for ETAAS
determination of silver, it was possible to completely atomize the
fractionated particulate sample thus avoiding complex and lengthy
sample digestion steps [20]. Nonetheless, to confirm the similarity
between the atomization behaviors of the Ag NPs and silver ions,
calibration experiments were performed for Ag NPs of various types
and silver ions. Calibration curves obtained from all silver types
indicate that the slopes were not significantly different, suggest-
ing that the analytical sensitivities were the same for silver of all
types. It was 0.0227, 0.0214, 0.0235, and 0.0210 for silver ion, cit-
rate stabilized-, pectin stabilized-, and alginate stabilized-Ag NPs,
respectively. The standard t tests with a significance value of 0.05
were performed for data comparison and indicated that the calibra-
tion slopes were not significantly different. Table 4 summarizes the
characteristic masses, the limits of detection (LOD), and the limits of
quantification (LOQ) obtained for silver determination for various

Table 4

The characteristic mass (m,), slope, the limit of detection (LOD) and the limit of
quantification (LOQ) for silver determination by ETAAS for various types of Ag NPs
and silver ion.

Sample Slope m, (pg) LOD (mgL™') LOQ(pgL™)
Ag ion 0.0227 0.8 2.6 8.7
Citrate stabilized-Ag NPs 0.0214 0.9 2.8 9.3
Pectin stabilized-Ag NPs 0.0235 1.0 2.5 8.4
Alginate stabilized-Ag NPs  0.0210 0.9 2.8 9.4
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Table 5
The particle size of Ag NPs dispersed in various environmental waters.

Ag NPs Particle size (nm) of Ag NPs in various types of water as determined by FIFFF-ETAAS
Deionized water Tap water Ground water
Citrate stabilized 10.5 16.7 n.d.
Pectin stabilized 18.2 19.7 21.2
Alginate stabilized 40.9 40.9 36.7

n.d.: not detectable.

types of silver. As the analytical sensitivities obtained for all types of
silver examined in this work were not significantly different, it was
possible to use the standard calibration prepared from silver ions
for determination of silver in the fractionated silver nanoparticles.

3.3. Ag NPs stability in environmental waters

The stability of Ag NPs in various environmental waters includ-
ing tap, sea, and ground water was investigated. UV-visible
spectrophotometry and FIFFF with ETAAS detection were employed
for such investigation. As reported earlier, the shift of the plas-
mon resonance band of Ag NPs towards the red end or the blue
end depends upon the particle size, shape, state of aggregation,
and the surrounding dielectric medium [17,21,22]. The blue shift
is observed when the particles are smaller, and vice versa the
red shift is observed when the particles grow larger. Therefore,
UV-visible absorption spectrum can be used to examine the sta-
bility and the aggregation behavior of citrate stabilized-Ag NPs,
asillustrated in Fig. 4. The maximum absorption of Ag NPs occurred
at approximately 400 nm. Upon incubation of Ag NPs in various
types of water for 180 min, two bands were observed suggesting
that the nanoparticles formed aggregation or deviated from spher-
ical symmetry [17]. Among the three types of Ag NPs synthesized
in this study, the stability of alginate stabilized-Ag NPs was higher
than that of pectin stabilized- and citrate stabilized-Ag NPs, respec-
tively.

Flow FFF with ETAAS detection was also employed to observe
the changes in particle size distribution of various types of Ag NPs
upon incubation in various types of water for 180 min as sum-
marized in Table 5. No peak was observed for Ag NPs dispersed
in seawater, suggesting that seawater caused change in Ag NPs
into free Ag ion or other non-detectable forms. Changes in parti-
cle size of Ag NPs were very significant when dispersed in ground
water, as compared to those in tap water. In ground water, no
peak was observed for citrate stabilized-Ag NPs, whereas it was
detectable for other types of Ag NPs, suggesting that the stability
of citrate stabilized-Ag NPs was poorer than that of other types of
Ag NPs. Fig. 5 illustrates the hydrodynamic diameter distribution of
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Fig.4. UV-visible absorption spectra obtained for citrate stabilized-Ag NPs in differ-
ent types of environmental water: ((J) deionized water; (O) tap water; (A) ground
water; (x) sea water, at contact time of 180 min.

citrate stabilized-Ag NPs dispersed in various types of water. Fur-
ther experiments are necessary to investigate parameters affecting
changes in particle size of Ag NPs. Tap water was selected to be
investigated.

3.4. Parameters affecting particle size of Ag NPs in tap water

In environmental waters, the stability of Ag NPs depends on their
surface properties, pH, ionic strength, and the presence of natural
organic macromolecules and their concentrations [1,7,13,23]. The
stability of the colloidal systems in natural water can be governed
by two fundamental mechanisms, which are steric repulsion and
charge stabilization or electrostatic interaction [24,25]. The steric
repulsion refers to the adsorption of polymers or macromolecules
onto the particle surface preventing the particle surfaces coming
into close contact with each other. Charge stabilization or electro-
static interaction refers to the distribution of charge species in the
system.

For this reason, stabilizing agent was added in the Ag NPs
synthesis process to prevent nanoparticles from aggregation and
control the particle size of the Ag NPs. Various stabilizing agents,
including alginate, citrate, and pectin, were used in the synthesis
of Ag NPs. The stability of Ag NPs prepared from different stabiliz-
ing agents in environmental waters including tap, sea, and ground
water was examined.

3.4.1. Types of stabilizing agent

Ag NPs were dispersed in tap water and UV-visible spec-
trophotometer was employed to investigate the stability of Ag NPs
prepared from various stabilizing agents as shown in Fig. 6. Among
the three types of Ag NPs synthesized in this study, the stabil-
ity of Ag NPs stabilized by alginate was found higher than those
stabilized by pectin and citrate, respectively. This information is
in good agreement with the zeta potential value (mV) of each Ag
NPs as —51.3 £ 1.6, —35.6 + 2.3 and —34.7 + 2.4 for alginate, pectin,
and citrate stabilized Ag NPs, respectively. The nanoparticles with
zeta potential more negative than —30 mV or more positive than
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Fig. 5. Hydrodynamic diameter distributions of citrate stabilized-Ag NPs in differ-
ent types of environmental water: ((J) deionized water; (O) tap water; (A) ground
water; (x ) sea water, at contact time of 180 min. ETAAS was used as FIFFF detector.
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Fig. 6. UV-visible absorption spectra obtained for Ag NPs prepared from different
stabilizing agents: (0) citrate stabilized-Ag NPs; (O) pectin stabilized-Ag NPs; (x)
alginate stabilized-Ag NPs in tap water, at contact time of 180 min.

+30 mV are electrically stabilized while nanoparticles with low zeta
potentials tend to form aggregates [25].

These findings can be described by steric repulsion. The struc-
ture of stabilizing agent is the key factor to control Ag NPs stability;
larger steric structure offers higher stability than the smaller steric
structure [17]. Therefore, alginate stabilized Ag NPs should have
higher stability than pectin and citrate stabilized Ag NPs, respec-
tively, according to the molecular weight of citrate, pectin, and
alginate as 258, 30,000-100,000, and 100,000-200,000 g mol~!,
respectively.

3.4.2. Effect of contact time

The particle size information obtained from FIFFF with ETAAS
detection and zeta potential value from zeta potentiometer were
used to provide evidence on Ag NPs aggregation. The aggregation
of 20mgL-! citrate-stabilized Ag NPs in tap water was tempo-
rally investigated as demonstrated by shifts in size distributions
with increasing contact time. With increasing contact time, the size
distributions slightly broadened. The peak maximum appeared at
larger diameter size, showing clear evidence of Ag NPs aggregation.
The particle size at peak maximum (dp) and the mean particle size
(dmean) increased with increasing contact time (Fig. 7a), suggesting
that the aggregation process gradually occurred. The aggregation
of Ag NPs was confirmed by zeta potentiometer, and the results are
shown in Fig. 7b. The zeta potential values were less negative with
increasing contact time, suggesting that the nanoparticles became
less stable.

3.4.3. Effect of Ag NPs concentration

The concentration of silver nanoparticles also affects on stability
of nanoparticles in water. Therefore, the effect of Ag NPs concen-
tration was examined, as shown in Fig. 8. The mean particle size
(dmean) increased when the concentration of Ag NPs decreased.
This might be explained by using the DLVO theory, by which the
ions present in water cause charge shielding effect, reducing the
diffuse layer size and thereby allowing NPs to come into contact
sufficiently closely to produce aggregation [26,27]. The very low
ion concentrations in tap water were not effective to shield charge
of high amount of nanoparticles, but they were sufficient to shield
charge of small amount of nanoparticles.

3.4.4. Effect of humic acid

The dissolved organic matter and natural organic macro-
molecules (NOM) in natural water may react with Ag NPs, which
influenced on the stability of Ag NPs. As humic substances are
the most important class of NOM in aquatic environment, citrate
stabilized-Ag NPs were investigated for their stability in tap water,
both in the absence and presence of humic acid using FIFFF with
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Fig. 7. (a) The cumulative area plot of 20mgL-! citrate stabilized-Ag NPs in tap
water at various contact times: (¢) 0 min; (OJ) 30 min; (A) 60 min; (x) 180 min; (O)
300 min. (b) Diagram showing the particle size and zeta potential value at various
contact times.

ETAAS detection and zeta potential measurement, as illustrated in
Figs. 9 and 10, respectively. In the absence of humic acid, the parti-
cle sizes of citrate stabilized-Ag NPs increased with longer contact
time, as shown in Fig. 9a and the zeta potential values also became
less negative with increasing contact time (Fig. 10). In the presence
of humic acid of 200 mg L~1, the particle sizes remained unchanged
in tap water even at 180 min contact time (Fig. 9b), suggesting
that Ag NPs were stabilized with humic acid. This was further con-
firmed by the observation that the zeta potential values of Ag NPs
in the presence of humic acid remained stable with increased con-
tact time, as shown in Fig. 10. These findings are related with the
previous reports by Hahn and Stumm [28] who discussed about
the effect of NOM to stabilize inorganic colloids in natural waters

Cumulative area

0 5 10 15 20 25 30 35 40 45 50 55 60
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Fig. 8. The cumulative area plot of particle size of citrate stabilized-Ag NPs in tap
water at varying concentrations of Ag NPs: (¢) 53 ppm; () 40 ppm; (O) 30 ppm;
(4)20ppm; (x) 10 ppm



4218 K. Songsilawat et al. / . Chromatogr. A 1218 (2011) 4213-4218

of silver (328.1 nm)

ETAAS absorption peak area
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Fig.9. Particle size distribution of citrate stabilized-Ag NPs: (O) without humic acid

in deionized water; (00) without humic acid in tap water; (x) with 200 mg L~ humic
acid in tap water, at contact time of 180 min. ETAAS was used as FIFFF detector.

Zeta potential (mV)
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Fig. 10. Zeta potential values of citrate stabilized-Ag NPs in tap water in the absence
(O) and presence (W) of 200 mg L~ humic acid.

and Diegoli et al. [17] who reported that humic acid could stabi-
lize the gold colloids in natural waters. Humic acid might cause
aggregates to re-disperse or stabilize Ag NPs by steric repulsion
[23,29,30].

4. Conclusions

Electrothermal atomic absorption spectrometry (ETAAS) was
found efficient as an element specific detector for detection of silver
in Ag NPs samples fractionated by FIFFF. In environmental water,
citrate stabilized-Ag NPs undergo rapid aggregation than pectin and
alginate stabilized-Ag NPs, suggesting that the surface property is
the key factor that control the stability of Ag NPs in aquatic system.

Humic acid affects on the stability of Ag NPs in the environment. In
summary, the stability of Ag NPs in environmental water depends
on the environment conditions such as types of stabilizing agent,
contact time, Ag NPs concentration, and the presence of humic acid.
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