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ABSTRACT

Aggregation of gold nanoparticles (AuNPs) has been used in various
fields for assorted purposes. In particular, detection of analytes through visual
color changes induced by aggregation of AuNPs has been extensively studied
in recent years. In our previous research, switchable-linker based detection
system was introduced. In the system, sensing of specific targets is achieved
based on the quantitative correlations between linkers, targets and particles.
When the number of particles and linkers are ideally matched, a maximum
aggregation occurs in suspension inducing aggregates settling. This linker
range where aggregates precipitation dominantly occurs is called ‘exhibiting
visual color change (REVC)’. Since REVC plays a critical role in the system,
it is important to gain an understanding of the factors that could affect in
REVC formation. However, little research has been done about the basic
mechanisms of REVC formation based on AuNPs aggregation and
precipitation, especially focusing on the effects of particles’ size and surface
area.

In this study, the effects of total surface area of AuNPs in REVC
formation were identified by comparing 3 different cases. In the first case, 11
nm and 19 nm-sized particles were used in the previous study. Under the same
plasmon absorbance, as the size of particle increased, the total surface area
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decreased. In this case, REVC appeared at lower linker concentrations with a
narrower range. After the addition of target streptavidin, REVC shifted more
in 19 nm particles which had smaller surface area. As for the second case, 12,
18, and 24 nm-sized particles were used. In this case, the number of particles
was identically adjusted, thus as the particle size increased, the total surface
area of AuNPs increased. In larger surface area, REVC appeared at higher
linker concentrations in a broader range which correspondsss to the previous
results. With the addition of target streptavidin, REVC shifted less as the
surface area increased. Lastly, the surface area of AuNPs was identically
adjusted by controlling the number of particles using 13, 21, 30, and 36 nm-
sized particles. Under the same surface area, REVC was formed at a similar
linker concentrations regardless of individual particle sizes and REVC shifting
occurred identically under the addition of target streptavidin. Three cases
indicated that as the surface area of AuNPs decreased, REVC worked more
sensitively as a sensor.

As part of an effort to confirm the reaction time according to particles,
the third case was intensively interpreted. When the surface area of AuNPs
was identically controlled, it was observed that in 21 nm-sized particles,
REVC was formed the slowest among others in observation time of 200
minutes. From DLS size measurements of aggregates and Stokes’ law, settling

velocity of aggregates in REVC was calculated. At an early settling stage,
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aggregates of 30 and 36 nm-sized particles precipitated more rapidly. However,
as time went by, settling speed of aggregates composed of 13 and 21 nm-sized
particles reached beyond the speed of larger particles. At around 120 minutes,
the settling velocity of aggregates composed of 13 nm-sized particles went
over than that of 21 nm-sized particles. This phenomenon might be explained
by the fact that smaller individual particles made clusters more rapidly in much
bigger sizes, thus settling speed inversion seemed to be happened.

The results of this study suggest the importance of the surface area in
REVC formation and the aggregates precipitation speed inversion was
revealed by the actual calculations using Stokes’ law. These can be contributed
to the further development of switchable-linker based detection system and

can be used as clues in other aggregation-based applications.

Keywords: gold nanoparticles, size, surface area, aggregation, settling

velocity, REVC, switchable-linker

Student Number: 2016-25275

Il -



CONTENTS

ABSTRACT ... I
CONTENTS ...t IV
LIST OF FIGURES .........ccooiiiiii s VI
LIST OF TABLES ... IX
L INTRODUCTION .......cooiiiiiiiiiiii s 10
II. MATERIALS AND METHODS..........cooooiiiiii 13
2.1 MALETIALS .eviiiieiiceee e 13
2.2, InStrumentation .........ccocceeiiieiieeiieie e 13
2.3. Preparation of gold nanoparticles ...........cccccvvviiiiiiiiniiciinnnn, 14

2.4. Preparation of streptavidin-coated gold nanoparticles (stAuNP) 18
2.5. Adjustment of the total surface area of AUNPS..........ccccerineennn 22

2.6. Schematic explanations of the switchable-linker based detection

3.1. Effects of AuNPs surface area on REVC formation under the

different conditions ..........ccccvviieiiniiiicii 28
3.1.1. REVC formation under the same absorption spectra.......... 28



3.1.2. REVC formation under the same number of particles........ 32
3.1.3. REVC formation under the same AuNPs surface area ....... 35
3.2. Settling velocity of aggregates in REVC interpreted by the
modified Stokes” [aW........ccoviiiiiiii i 38
3.2.1. Aggregates sizes obtained by DLS and TEM measurements of
13, 21, 30, and 36 nm-sized particles..........cccccevvireriirennnnn 39

3.2.2. Settling velocity of aggregates in REVC using the modified

Stokes’ law and occurrence of speed inversion phenomenon

............................................................................................. 47

IV. CONCLUSION ..ot er e e e e s 53

V. REFERENCES ... ..ot er e 55

T R e 59
V ':lx; Lk |



LIST OF FIGURES

Figure 1. DLS size measurements of AuNPs; (a) 13 nm, (b) 21 nm, (¢)
30 nm, (d) 36 nm. *Average diameter of 3 measurements,
number-based data. ... 16

Figure 2. TEM images of AuNPs; (a) 13 nm, (b) 21 nm, (c) 30 nm, (d)
B0 DML o 17

Figure 3. Size distribution data of 12-13 nm AuNPs based on the amount
of streptavidin for surface full coverage; (a) Plasmon peak
(Amax), (b) DLS size distribution (number-based), (c)

Absorption spectra changes before/after streptavidin addition.

Figure 4. Size distribution data of 18-24 nm AuNPs based on the amount
of streptavidin for surface full coverage; (a) Plasmon peak
(Amax), (b) DLS size distribution (number based), (c)

Absorption spectra changes before/after streptavidin addition.

Figure 5. Size distribution data of 30-36 nm AuNPs based on the amount
of streptavidin for surface full coverage; (a) Plasmon peak
(Amax), (b) DLS size distribution (number based), (c)

Absorption spectra changes before/after streptavidin addition.

Vi - . .
.:'."i —— T_H



Figure 6. Schematic of switchable-linker based detection system....... 26

Figure 7. Schematic of aggregation and precipitation occurring in REVC.

Figure 8. Images of REVC formation; (a) 11 nm, (b) 19 nm............ 30
Figure 9. Images of REVC shifting depends on the different
concentrations of target streptavidin addition; (a) 11 nm, (b)
1O ML o 31

Figure 10. Images of REVC formation; (a) 12 nm, (b) 18 nm, (c) 24 nm.

Figure 11. Images of REVC shifting depends on the target streptavidin
addition; (a) 12 nm, (b) 18 nm, (c) 24 NM. ...ocoovvrvierirnnnne 34
Figure 12. Images of REVC formation in 10 min intervals; (a) 13 nm, (b)
21 nm, (¢) 30 nm, (d) 36 M. ....ooeriiiiii e 36
Figure 13. Images of REVC shifting depends on the different
concentrations of target streptavidin addition; (a) 13 nm, (b)
21 nm, (¢) 30 nm, (d) 36 M. .....ooorviiiiiee 37
Figure 14. Changes in Amax of aggregates on REVC as a function of time;
a) 13 nm, (b) 21 nm, (c¢) 30 nm, and (d) 36 nm. ................. 41
Figure 15. DLS measurements of mean diameter of aggregates on REVC

as a function of time; (a) 13 nm, (b) 21 nm, (c) 30 nm, and (d)

\1 ¥ !
3_1 Ll



36 nm. *All the data were based on hydrodynamic diameter.

............................................................................................. 42
Figure 16. TEM images of aggregates on REVC - 13 nm...........c..e... 43
Figure 17. TEM images of aggregates on REVC - 21 nm...........c....... 44
Figure 18. TEM images of aggregates on REVC - 30 nm................... 45
Figure 19. TEM images of aggregates on REVC - 36 nm.................. 46

Figure 20. Schematic of aggregates in REVC upon size of individual
AuNPs: (a) 13 nm, (b) 21 nm, (¢) 30 nm, and (d) 36 nm. .. 51

Figure 21. Settling velocity of aggregates in REVC within 120 minutes.

VIl -



LIST OF TABLES

Table 1. The number of particles and the total surface area in the same

volume of different -sized colloidal gold.............cccvvviinennnn. 23



I.INTRODUCTION

In various fields including bio-medical, environment relevancy, and
food safety, a fast and reliable detection for specific targets which is also
inexpensive, simple-to-perform, and no need for trained technique has been
highly on demand (Ai, Liu, & Lu, 2009; Liu et al., 2013; Shrivas, Shankar, &
Dewangan, 2015; Wang, Lee, & Lu, 2008). Amongst assorted detection
systems, colorimetric assays have appreciable possibilities as on-site sensor
since visual color changes can be identified with naked eyes, and therefore no
affiliated instruments are required (Vilela, Gonzélez, & Escarpa, 2012; Zhao,
Ali, Aguirre, Brook, & Li, 2008).

Gold nanoparticles (AuNPs) are considered as apposite tool for
colorimetric assays due to their unique optical properties (Nath & Chilkoti,
2002). Especially, much research has been done about AuNPs’ aggregation-
based applications.

In our previous research, fast and sensitive colorimetric detection
using switchable linkers (biotinylated BSA, bBSA) and AuNPs was suggested
(Lim et al., 2012). The overall reaction is composed of 2 basic mechanisms

which are the aggregation of particles and clusters’ precipitation. Briefly,
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streptavidin-functionalized gold nanospheres are linked by switchable linkers
(bBSA), and at certain linker concentrations, a large-scale aggregation of
AuNPs occurs inducing aggregates precipitation making the red wine color of
colloidal gold transparent. We called the regions where large-scale
aggregations occur followed by aggregates precipitation as ‘exhibiting visual
color change (REVC)’. When specific targets (streptavidin as a model target)
are added, REVC moves to higher linker concentrations because added targets
bind to switchable linkers thus more linkers are needed to trigger the same
scale of aggregation. Since REVC is regarded as a core factor in the
switchable-linker based detection system, research of adjusting and
controlling REVC has always been on demand. Using the system, we have
achieved an ultra-sensitive visible detection of Salmonella in tomato (Hahn et
al., 2017), and peanut allergen Ara hl in peanut extract (Kim, 2016).
According to our previous research, by intentionally reducing the
number of streptavidin coated on the surface of AuNPs, the number of linkers
needed for REVC formation decreased (Kim, 2016). As a sensor system, when
REVC is formed at a lower linker range, it is considered as more efficient since
fewer linkers are consumed in order to trigger the optimal aggregation. In
addition, we empirically identified that when the total surface area of AuNPs

decreased, the amount of linkers for REVC formation also decreased.
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From these previous studies, it is assumed that total surface area of
AuNPs would play an important role in the formation of REVC. However, no
direct research has been done about how surface area of AuNPs would affect
the REVC formation and overall detection system in terms of reaction time.

In this research, 3 different cases when the total surface area of AuNPs
was reduced, increased, and identically adjusted were identified in order to
verify the effects of surface area in REVC formation. In addition, aggregates
properties in REVC of 4 different particles under the same surface area in
terms of aggregates settling velocity were investigated based on the size
measurements, and a settling speed inversion between 13 and 21 nm-sized
particles was confirmed as a basis of Stokes’ law.

By exploring the influence of surface area with different size, this
research aims to set forth to provide an actual data of the importance of surface
area and AuNPs size in REVC formation and expected to be used as a useful
reference for the aggregation-based applications with particle surface

modification in many fields.
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II. MATERIALS AND METHODS

2.1. Materials

Hydrogen tetrachloroaurate trihydrate (HAuCls 3H,0, > 99.99%),

streptavidin from Streptomyces, albumin (biotin labeled bovine) were

purchased from Sigma-Aldrich. Tri-Sodium citrate-2hydrate

(NazCgHsO07-2H20 2 99.99%) was purchased from Yakuri Pure Chemicals

Co., Ltd (Kyoto, Japan). Tetraborate pH standard solution was purchased from
Wako Pure Chemicals Industries, Ltd (Osaka, Japan). Phosphate Buffered

Saline (PBS) was purchased from Thermo Fisher Scientific (Waltham, MA,

USA). Milli-Q water of 18.2 MQ.cm was used in all experiments. All

glassware was cleaned with aqua regia.

2.2. Instrumentation

Transmission electron microscopy (TEM) was performed with a
Gatan transmission electron microscope. Sample was prepared by dropping 10
uL onto a carbon-coated grid. The grid was subsequently dried in air and then

imaged. A Zetasizer Nano ZS system (Malvern) Dynamic Light Scattering
13



Detector was used for the dynamic light scattering (DLS) measurements. The

DLS instrument was operated under the following conditions: temperature

25 °C, detector angle 90, incident laser wavelength 632.8 nm and laser power

22 mW. The DLS data were processed using DTS 5.1 software. Samples for
DLS analysis were diluted with 1.0 mL ultrapure water to the appropriate
concentration, mixed well and left to stand for 2 min before each measurement.
UV-visible absorption spectra were recorded using a quartz cell (1 mm path

length). The samples were diluted 10 fold with distilled water.

2.3. Preparation of gold nanoparticles

Preparation of 12 and 13 nm GNPs. Colloidal golds were prepared by
the citrate-mediated reduction of HAuCls developed by Turkevich et al.
Briefly, gold hydrochlorate solution (5 mL, 10 mM) was added to 45 mL of
distilled water. The solution was heated until it started to boil followed by the
addition of sodium citrate (5 mL, 38.8 mM) with vigorous stirring. In this
mixing step, its color changed from pale yellow to bold red. The solution was
cooled to room temperature. The size of AuNPs was about 13 nm as identified
by TEM analysis and DLS measurements, the corresponding absorption peak

was at 520 nm.
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Preparation of 18, 21, 24, 30, and 36 nm GNPs. The larger sizes of
AuNPs were prepared by stepwise seeded growth method with addition of
sodium citrate and HAuCls solution described by Bastus et al. Briefly, gold
seeds were prepared by injecting HAuCls (1 mL, 25 mM) into boiling sodium
citrate solution (150 mL, 2.2 mM). The color gradually changed from faint

pink to red-wine color within 10 minutes. After that, the temperature was

cooled down to 90°C in order to inhibit additional nucleation and to slow down

the reaction. Once the temperature got stabilized, HAuCls (1 mL, 25 mM) was
added and stayed for 30 min with continuous stirring. Again, the same
procedure was repeated. After that, the solution was diluted by extracting 55
mL of the solution and adding sodium citrate (2 mL, 60 mM) and 53 mL of
distilled water. This solution was then used as seed solution and further steps
were repeated until the particles reached to aimed size. The average size and
its distribution was determined by TEM analysis and DLS as 18, 21, 24, 30,
and 36 nm, corresponding absorption peak was at 522, 522.5, 524, 529 and

533 nm, respectively (Figure 1 and 2).
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Figure 2. TEM images of AuNPs; (a) 13 nm, (b) 21 nm, (c) 30 nm, (d) 36 nm.
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2.4. Preparation of streptavidin-coated gold nanoparticles

(stAuNPs)

Citrate-stabilized AuNPs were coated with streptavidin in order to
obtain colloidal stability and also to be used in streptavidin-biotin interaction.
For 12-13 nm AuNPs coating, 1-40 pg/200 pL of streptavidin were rapidly
added to 600 puL of AuNPs (Amax at 520, absorbance value 0.2 at 1/10 dilution,
3.7 x 10'? particles/600 uL). For 21-24 nm AuNPs, 5-40 ug/200 pL of
streptavidin were added to 600 pL of AuNPs (Amax at 524, absorbance value
0.28 at 1/10 dilution, 5.52 x 10'? particles/600 uL). For 30-36 nm AuNPS (Amax
at 529-533, absorbance value 0.46 at 1/10 dilution, 4.03 x 10'! particles/600
nL), 20-200 ng/200 pL of streptavidin were used. The successful coating was
identified using both plasmon peak shift and DLS analysis in each streptavidin
concentration. After coating, the absorption peak was changed from 520 to

530 nm, 524 to 530 nm, and 529 to 538 nm, respectively (Figure 3-5).
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Figure 3. Size distribution data of 12-13 nm AuNPs based on the amount of streptavidin for surface full coverage;

(a) Plasmon peak (Amax), (b) DLS size distribution (number-based), (c) Absorption spectra changes

before/after streptavidin addition.
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2.5. Adjustment of the total surface area of AuNPs

In order to identically adjust the total surface area of the different
sized particles, the number of particles in 1 mL of colloidal gold was calculated
based on the verifiable method by BBI corporations. Under the same
absorption spectra which was at absorbance 1, the number of particles of 13,
21,30, and 36 nm was 2.15x 102, 5.7x 10", 1.9 x 10", and 1.2 x 10" ea/mL,
respectively. Later on, total surface area/mL was calculated by multiplying the
surface area of a single particle and the number of particles/mL. The overall

calculated data was shown in Table 1.
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Table 1. The number of particles and the total surface area in the same volume of different -sized colloidal gold.

Particle diameter (nm)

13 21 30 36
*Surface area (nm?)/ea particle 530.7 1384.7 2826 4069.4
**ea particles/mL 2.15x 102 5.65x 10" 1.94x 10" 116 x 10"
###Total surface area (nm?)/mL 3.96 x 10 2.52x 10 1.75x 10" 1.52x 10'
##%*Total surface area ratio based on 13 nm 1 1.57 2.26 2.61
**ea particle/mL 43 x 10! 1.8 x 10! 8.8x 10'° 6.1x 10
Ratio 1 2.4 4.9 7

kwkxk: The data shown was based on the same absorption spectra, OD=1.

*#x%%: The number of used particles for the reaction.
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2.6. Schematic explanations of the switchable-linker based

detection system

The switchable-linker based detection system is based on a reaction
of three components which are switchable linkers, targets, and gold
nanoparticles (Lim et al., 2012). In order to identify REVC without targets
addition, a row of serial concentrations of switchable linkers is put in vials.
When the optimal quantitative relationship between linkers and particles is
satisfied, a maximum aggregation will be occurred with continuous
precipitation in certain linker concentrations. Volume ratio of 3 components
was kept constant in all experiments as follow; linkers : targets : particles =1 :
1:2.

When specific targets are added (streptavidin in this case), switchable
linkers bind to targets predominantly. Compared to the control batch in which
no target is added, more switchable linkers are needed to trigger an optimal
scale of aggregation for cluster precipitations. Thus, REVC shifts to higher
linker concentrations, and we call this phenomenon “shifting”. By comparing
the moved REVC before and after the target addition, this system acts as a
strong visible sensor.

As shown in Figure 6, the reaction is mainly composed of two

reactions which are aggregation of AuNPs and their ongoing precipitation. It

24



is considered that aggregation and precipitation overlaps each other (Figure 7).

The velocity of each reaction could affect the overall reaction time.
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Figure 6. Schematic of switchable-linker based detection system.
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IIT. RESULTS AND DISCUSSION

3.1. Effects of AuNPs surface area on REVC formation under

the different conditions

In the switchable-linker based detection system, REVC stands for the
regions where maximum aggregates are formed under the optimal linker-
particle relationship. The range of linker concentrations where REVC is
formed and the time that discernable difference appears are crucial factors in
the system for further use as an on-site sensor. Amongst various factors, the
effects of AuNPs surface area especially when it’s decreased, increased, and
same were compared to the control set and the REVC shifting under the

addition of target streptavidin was compared as well.

3.1.1. REVC formation under the same absorption spectra
The first condition was conducted as follows in the previous research;
when the absorption spectra of two different sized particles (11 and 19 nm)
was identically adjusted as OD=0.4 (at 1/10 dilution), the number of particles

decreased along with the total surface area as the particle size increased. In 11
nm-sized particles, the major REVC appeared at 0.6-1.0 ug/100 uL of linker

28



concentrations. In 19 nm-sized particles, REVC appeared at 0.4-0.6 pg/100

ML of linker concentrations (Figure 8). When REVC appears at lower linker

concentrations, it is more desirable as a sensor, because it means that less
linkers are needed to induce large scale aggregation, which is more effective.
In addition, the range of REVC also indicates an important meaning as a sensor.
When the range of REVC is narrow, more sensitive detection can be possible.
When the target streptavidin was added, REVC with 19 nm-sized particles
shifted more compared to 11 nm-sized particles under the same target
concentrations. It meant that in smaller AuNPs surface area, the sensor

released much amplified signal as in the form of REVC shifting (Figure 9).

29



(Previous research, 2016)

Figure 8. Images of REVC formation; (a) 11 nm, (b) 19 nm.
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Figure 9. Images of REVC shifting depends on the different
concentrations of target streptavidin addition; (a) 11 nm, (b)

19 nm.
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3.1.2. REVC formation under the same number of particles

In the second case, the number of particles was identically adjusted as
6.2 x 10'? ea/mL using 12, 18, and 24 nm-sized particles. Since the number of

particles was same, the total surface area of AuNPs increased as the size of

particles increased. In this case, REVC appeared at 0.5-0.7 pg/100 pL, 1.0-

1.7 pg/100 uL, and 2-3.1 pg/100 pL of linker concentrations in 12, 18, and

24 nm-sized particles, respectively (Figure 10). It was verified that as the
surface area of particles increased, the amount of linkers to induce maximum
aggregation increased. This may be due to the fact that larger surface area
consumed more linkers thus more linkers were required for the cluster
formation. In addition, the range of REVC became wider, since there were
more opportunities for the particles to make precipitation-possible clusters in
broader linker concentrations. With the addition of target streptavidin, REVC
shifted more in 12 nm and in the order of 18, and 24 nm-sized particles (Figure
11). It showed that as the surface area of AuNPs increased, REVC shifted less

under the same target concentration, which was undesirable as a sensor.
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Figure 10. Images of REVC formation; (a) 12 nm, (b) 18 nm, (c) 24 nm.
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3.1.3. REVC formation under the same AulNPs surface area

When 13, 21, 30, and 36 nm-sized AuNPs have the same surface area,

the REVC was formed at similar linker concentrations between 0.4-0.6 [

g/100 pyL and REVC shifted to the similar extent (Figure 12 and 13). It meant

that similar amount of linkers was consumed to reach the maximum
aggregation for REVC formation when the total surface area was identical.
Under the same AuNPs surface area, the number of particles in the
same volume of colloidal gold was different, and increasing in effective
particle size leading to decrease in overall particle numbers (Ferguson, Schultz,
Rohatgi, & Kim, 2014). However, from this result, it was revealed that the
ratio of AuNPs surface area and the amount of switchable linkers affected the
REVC formation in different-sized particles with the same surface area. It can
be explained as follows. Since the total surface area was identical in 4
different-sized particles, there must have been similar chances that switchable
linkers could interact with AuNPs surface-coated streptavidin. In other words,
the correlation between the amount of switchable linkers and surface area
appeared as a form of REVC in the system, indicating that REVC where a
maximum aggregation occurs is ultimately as a result of the optimal

concentration ratio between AuNPs surface area and switchable linkers.
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Figure 12. Images of REVC formation in 10 min intervals; (a) 13 nm, (b) 21 nm, (c) 30 nm, (d) 36 nm.
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Figure 13. Images of REVC shifting depends on the different concentrations of target streptavidin addition; (a) 13
nm, (b) 21 nm, (c) 30 nm, (d) 36 nm.



3.2. Settling velocity of aggregates in REVC interpreted by the

modified Stokes’ law

Since REVC formation is a combined reaction of aggregation and
precipitation, I focus on the basic mechanisms of colloidal aggregation and
sedimentation phenomena. When particles are dispersed in colloid, they
undergo Brownian motion (Allain, Cloitre, & Wafra, 1995; Aslan, Luhrs, &
Pérez-Luna, 2004; Buzzaccaro, Tripodi, Rusconi, Vigolo, & Piazza, 2008;
Gonzélez, Odriozola, & Leone, 2004; Kovalchuk & Starov, 2012). Once
particles aggregate and become large enough to settle under gravity, dominant
movement in colloids change from diffusion to sedimentation (Batchelor,
1982; Langevin & Rondelez, 1978; Ohshima, 1998; Vesaratchanon, Nikolov,
& Wasan, 2007). In the switchable-linker based aggregation system, rapid
aggregation would be occurred because of a strong interaction between biotin
(attached in linkers) and streptavidin (coated on the surface of AuNPs) (Weber,
Ohlendorf, Wendoloski, & Salemme, 1989). Therefore, the key factors for

reaction time would be the aggregation forming time and settling velocity.
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3.2.1. Aggregates sizes obtained by DLS and TEM measurements of
13, 21, 30, and 36 nm-sized particles

Even though REVC appeared at similar linker concentrations under
the same AuNPs surface area, there was a difference in precipitation time
depends on the particle sizes (Figure 12). Particularly, within 200 min
observation, REVC of 21 nm-sized particles seemed to be formed last. Since
REVC forming time is critical as a sensor, verification of this phenomenon
was achieved based on the aggregate sizes which was related to the settling
velocity in REVC.

For the purpose of determining the sizes of aggregates in REVC,
classic methods to identify the average particle sizes were carried out using
DLS and TEM measurements. Also, spectrophotometer measurements were

conducted since it has been well known that by measuring plasmon absorption

peak (Amax), approximate sizes of AuNPs could be expected (Haiss, Thanh,

Aveyard, & Fernig, 2007). Based on the spectrophotometer data, Amax

gradually increased to a certain point and maintained constant in all the
samples (Figure 14). According to the fact that increasing Amax reflects the

average particle sizes, I assumed that the sizes of aggregates in REVC

increased to a certain point and aggregation slowed down once they grew large
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enough. This can be explained by two reasons. First, as described above, in
REVC, aggregation overlaps with precipitation, thus before aggregates reach
a maximum size, precipitation was already under way. Secondly, in colloid
system, the number of switchable linkers was limited, thus aggregates cannot
be infinitely grown as time flows.

In addition to it, DLS measurements of aggregates on REVC as a
function of time were conducted for all the samples (Figure 15). The obtained
size data were hydrodynamic diameter of clusters which indicated the
tendency most. The average sizes of aggregates in REVC decreased as the size
of individual particles increased. I considered this phenomenon would be
related to particles’ Brownian motion in colloidal system. In TEM analysis,

tendency of decreasing aggregate sizes was also observed (Figure 16-19).
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Figure 14. Changes in Amax of aggregates on REVC as a function of time; (a) 13 nm, (b) 21 nm, (¢) 30 nm, and (d)

36 nm.
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Figure 15. DLS measurements of mean diameter of aggregates on REVC as a function of time; (a) 13 nm, (b) 21

nm, (c) 30 nm, and (d) 36 nm. *All the data were based on hydrodynamic diameter.
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Figure 16. TEM images of aggregates on REVC - 13 nm.
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Figure 17. TEM images of aggregates on REVC - 21 nm.
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Figure 18. TEM images of aggregates on REVC - 30 nm.

45

s et



Figure 19. TEM images of aggregates on REVC - 36 nm.
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3.2.2. Settling velocity of aggregates in REVC using the modified

Stokes’ law and occurrence of speed inversion phenomenon

The reaction in suspension during REVC formation is composed of
particles aggregation and gravitational settling of aggregates. Aggregation and
settling behavior of particles can be described by Brownian motion and Stokes’
law, respectively. Since it is well known that particles’ random Brownian
motion can considerably disturb settling behavior, it is assumed that there
would be a certain aggregate size that precipitation can occur (Ferguson et al.,
2014). According to Figure 15, the aggregates were getting smaller as
individual particle size increased, however, it was observed that in 30 and 36
nm sized particles, clusters precipitation occurred rather fast than 13 and 21
nm-sized particles and it is likely to say that the precipitation in 21 nm particle
was the slowest among others as shown in Figure 12. This phenomenon might
be due to the density difference of the aggregates, as shown in Figure 20.
Assuming that in streptavidin-functionalized particles, the mass density of a
cluster would be different depends on individual particle sizes. For example,
density of a cluster made of 36 nm-sized particles was higher than that of 13
nm-sized particles, since the ratio of gold among the cluster would be bigger
in cluster of 36 nm.

Calculations for the settling velocity of clusters were conducted as
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follows. Each particle was assumed to be fully coated with streptavidin to
exclude the effects of non-specific aggregation of particles, and the 3-
dimentional size of streptavidin was considered approximately as ~4.5 x 4.5 x
5.8 nm (Weisenhorn, Schmitt, Knoll, & Hansma, 1992). The density of gold
was 19.32 g/cm?® (Brown & LeMay, 1985), amount of streptavidin coated on
the surface of AuNPs was cited by the previous research using BSA, since the
dimension of the proteins are similar (Brewer, Glomm, Johnson, Knag, &
Franzen, 2005). The amount of streptavidin for AuNPs surface coverage was
considered as 3.7 x 10 !> molecules/cm? (Brewer et al., 2005). The molecular
weight of streptavidin was 52.8 kDa (Panchapakesan, Jeng, & Unrau, 2015).
The total volume of the streptavidin-functionalized particles was calculated
considered streptavidin diameter as 2.5 nm since proteins are known to be
spread making themselves smaller when they are attached to the metal surface,
and the used equation was as follows [1], where Dp represents diameter of

AuNPs.

y= fn{wf [1]

The total mass of streptavidin-functionalized AuNPs was calculated as the sum

of Mg and M, which represent mass of single gold nanoparticle and mass of
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total streptavidin coated on the surface of a gold nanoparticle. Finally, the
density of single particle was calculated dividing mass by volume.
The modified Stokes’ law was used to fully reflect the settling velocity

of gold clusters having specific fractal dimension with the following equation

[2].

_ 2(ps—pm)gNT3
Vsea = ou Rg [2]

Where p; and p,, are the densities of gold (19,320 kg m™) and medium (1000
kg m), respectively. g represents the gravitational force (9.8 m s2), N is the
number of nanoparticles per aggregate, r is the radius of AuNPs (m), u is the
viscosity of the medium (1.4 x 10-3Pa s) and R; is the radius of gyration (m)
which is the size of clusters. For the R, value, gold fractal dimension of 1.75
was considered (Albanese & Chan, 2011). In this case, size of aggregates was
obtained based on the DLS number based data, since the massive tendency of
aggregates 1s important in the system.

Settling velocity of clusters made of 4 different sized particles within
120 min was as shown in Figure 21. Since aggregates became larger than 1000

nm, which far beyond the mechanical measurement limit, measurements took
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place within 120 minutes. At an early stage, settling velocity of 30 and 36 nm-
sized particles was faster than that of 13 and 21 nm-sized particles. Settling
speed of 13 nm-sized particles constantly increased and at around 120 min,
the speed reached over the 21 nm-sized particles. Higher density of clusters
made up of 30 and 36 nm particles, resulting in faster settling of aggregates in
the beginning, it seemed like 13 nm particles formed aggregates desirably in
much bigger sizes ended up accelerating the settling velocity as time went by.
Overall, it was revealed that setting speed could be affected by the various

factors which were related to the aggregation.
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Figure 20. Schematic of aggregates in REVC upon size of individual AuNPs: (a) 13 nm, (b) 21 nm, (c) 30 nm, and
(d) 36 nm.
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Figure 21. Settling velocity of aggregates in REVC within 120 minutes.
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IV. CONCLUSION

In this study, the effects of AuNPs surface area on REVC formation
were verified using 3 different conditions. When the plasmon absorbance was
identically adjusted using 11 and 19 nm nanoparticles, REVC showed up at
lower linker concentrations with narrower range which acted more sensitively
as a sensor. Under the addition of target streptavidin, 19 nm particles acted
more sensitively. When the number of particles was equally matched using 12,
18, and 24 nm particles, REVC appeared at higher linker concentrations with
broader range as the size of particle increased. This result was ultimately same
with that of the previous condition. And REVC shifted less as the surface area
of particles increased from 12 to 24 nm. Lastly, when the surface area of
particle in the size of 13, 21, 30, and 36 nm was identically adjusted, REVC
appeared at similar linker concentrations. REVC shifting occurred in the
similar extent regardless of particle sizes. All of three cases showed that
AuNPs surface area significantly affected in the formation of REVC, and as
the surface area decreased it acted more sensitively as a sensor.

In addition, the properties of aggregates in REVC in terms of settling
velocity under the same surface area with 4 different sized particles were

studied. It was observed that in 21 nm sized particles, REVC formation was
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slower than other sized particles. Thus, based on the DLS size measurements
of aggregates and modified Stoke’s law, the settling velocity of gold
nanoparticles clusters in REVC was calculated within 120 minutes. At an early
settling stage, settling velocity of larger particles, which were 30 and 36 nm
size was faster compared to smaller particles. As time went by, the
precipitation velocity of 13 nm size became faster than that of 21 nm particles,
and eventually reached over that of 30 and 36 nm sized particles. This settling
velocity inversion phenomenon could be occurred according to the
relationship of aggregates size, individual nanoparticle size, the number of
particles per aggregate, and viscosity difference between aggregates and fluid,
based on the modified Stokes’ law.

This research can be used as a basic study of factors that affect REVC
formation in the switchable-linker based detection system and contributed to

the development of the system.
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