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Abstract A microscopic and spectroscopic investi-
gation of the synthesis of gold nanoparticles (AuNPs)
within gelatin is reported. The AuNPs were synthe-
sized first by reducing tetrachloraurate ions (AuCl4™)
by 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfo-
nic acid (HEPES), mixing the HAuCIl,/HEPES solu-
tion with gelatin solution and heating at different
temperatures. The polymeric structure of gelatin
stabilized the HAuCl,/HEPES/gelatin system and
slowed the synthesis of AuNPs, enabling a time-
dependent investigation. Based on the results of
transmission electron microscopy (TEM) analysis
and UV-Vis spectra, we identified three distinct stages
involved in the synthesis of AuNPs. First, during the
initial stage, the reduction of gold precursor occurred
along with nucleation and growth, which resulted in a
red-shift phenomenon of the localized surface plas-
mon resonance (LSPR) peak of AuNPs in UV-Vis
spectra (size and size dispersion increase). Second, the
LSPR peaks showed red-shift first and then blue-shift
during the growth of AuNPs. The blue-shift might

Y.-C. Wang - S. Gunasekaran (D<)

Department of Biological Systems Engineering,
University of Wisconsin-Madison, 460 Henry Mall,
Madison, WI 53706, USA

e-mail: guna@wisc.edu

Y.-C. Wang

Department of Chemistry, University of Wisconsin-
Madison, 1101 University Avenue, Madison,

WI 53706, USA

Published online: 25 September 2012

result from the diffusion-limited Ostwald-ripening
mechanism. Third, as the supply of the growth species
became lower, during the growth of AuNPs, a
diffusion-limited Ostwald-ripening mechanism along
with a blue-shift only phenomenon in UV-Vis spectra
was observed. We also determined that slowing the
synthesis process during the nucleation stage can
prolong the nucleation time, which can generate larger
AuNPs. The TEM analysis showed that higher heating
temperature and longer heating time can lead to larger
particles. By controlling the reduction (nucleation)
time, heating time and temperature, AuNPs of size
ranging from 5 to 17 nm can be synthesized.

Keywords Gold nanoparticles - HEPES - Gelatin -
Nucleation - Temperature-dependent growth -
Diffusion-controlled Ostwald-ripening mechanism

Introduction

Gold nanoparticles (AuNPs) have many potential
applications in the biomedical and biological fields
due to their good chemical stability, high biocompat-
ibility, and the distinct surface plasmon properties
(Rosi 2005; Shukla et al. 2005; Jans et al. 2009; Jena
2006; Xu et al. 2011; Sun et al. 2008; Ryan et al.
2007). Large surface-area-to-volume ratio is also
another advantage of all the nanocrystals (Daniel
and Astruc 2004; Shi et al. 2010a, b, 2011; Bois-
selier 2009). The physical properties, such as size,
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(Lopez-Acevedo et al. 2010; Bao et al. 2007; Alvarez
et al. 1997) and shape (Orendorff et al. 2005; Burda
et al. 2005; Xia et al. 2009; Nehl and Hafner 2008)
of AuNPs determine their optical and electronic
properties (Zhou et al. 1999; Bastis et al. 2011;
Sanchez-Iglesias et al. 2006). In addition, the chemical
properties of AuNPs also correlate to their size
(Aikens 2008; Sardar et al. 2009). As a result, con-
trolling the structural and morphological properties of
nanoparticles, such as size, shape, and surface chem-
istry, is important for understanding the optical and
electronic properties of metal nanoparticles.

Several methods have been used to synthesize
monodisperse AuNPs. In general, the synthesis of
AuNPs includes the following steps: reduction, nucle-
ation, and growth (Burda et al. 2005). NaBH, (Zhou
et al. 2010; Sardar and Shumaker-Parry 2011; Torigoe
and Esumi 1999) and citrate (Pong et al. 2007,
Zhu et al. 2003; Polte et al. 2010a, b; Ojea-Jiménez
and Puntes 2009) are two of the most common reduc-
tion reagents used for reducing Au ions. 2-[4-(2-hydroxy-
ethyl)-1-piperazinyl] ethanesulfonic acid (HEPES),
which usually serves as Good’s buffer, is another
reduction reagent. HEPES can reduce tetrachloraurate
ions by oxidizing their N-substituted piperazine ring to an
N-centered cationic free radical (Habib and Tabata 2005;
Serizawa and Hirai 2009; Diamanti et al. 2009). In our
experiments, we used HEPES to reduce gold precursor
solution at room temperature. Right after the reduction
process, the Au atoms nucleate and subsequently grow
into nanoparticles (Diamanti et al. 2009; Witten and
Sander 1981). During the synthesis, nanostructures tend
to agglomerate to reduce the overall surface energy. Thus,
it is essential to introduce a stabilizer to prevent the
nascent nanostructures from agglomerating. Electrostatic
stabilization and steric stabilization are two typical
stabilization mechanisms (Min et al. 2008). Several
chemicals, such as peptide (Panigrahi et al. 2007),
monodiperse protein (Housni et al. 2008), amine (Liu
et al. 2011), phosphine, carboxylate ligands (Daniel and
Astruc 2004), etc., can provide electrostatic stabilization
to metal nanoparticles. Though citrate is a reducing
reagent, it can also act as a stabilizer, as the negatively
charged citrate ions can be electrostatically adsorbed onto
nanoparticles (Deka and Paul 2009; Wu et al. 2010;
Turkevich et al. 1951). Thiol groups can also stabilize by
capping the nanoparticles (Luo et al. 2005; Lin et al.
2004; Daniel and Astruc 2004). In addition, polymers can
provide steric stabilization (Sardar and Park 2007).
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Gelatin is a natural polymer as well as an edible
protein derived from collagen. Owing to its distinct
advantages such as low cost, non-toxicity, high affinity
to proteins, and good biocompatibility, gelatin is used
in a myriad of practical applications (Zhang et al.
2009; Pal 1994; Won et al. 2011; Tielens et al. 2007).
Zhang et al. (2009) suggested that amine pendant
groups on the gelatin backbone can stabilize the
nanoparticles electrostatically; gelatin structure can
also provide a steric stabilization. Herein, we report
using gelatin as a stabilizer to slow down the process
of AuNPs formation at different stages, which allows
discerning changes in the system color and better
understand the formation mechanisms of AuNPs.

Some researchers have focused on the synthesis and
characterization of AuNPs within proteins such as
lysozyme, bovine serum albumin, and silk protein,
etc., due to their nanoscale structure and various
functionalities (Wei et al. 2011; Dickerson et al.
2008). However, to the best of our knowledge, this
research is the first in describing the use of gelatin as a
stabilizer to slow down the synthesis process of
AuNPs and investigate the HEPES-reduced synthesis
and growth of AuNPs within gelatin. We also believe
that this is the first report on using gelatin as a
stabilizer to separate just-aggregated nanoparticles
and observe their characteristics.

Based on the observations made with UV-Vis
spectra and transmission electron microscopy (TEM),
we report that the synthesis of AuNPs within gelatin
can be considered to consist of three growth stages. In
the earlier stages, the localized surface plasmon
resonance (LSPR) peak of AuNPs show a red-shift
in UV-Vis spectra, the nucleation happened along
with growth which resulted in the increase of size and
size dispersion. In the later stage, the LSPR peak of
AuNPs red-shifted first and then blue-shifted. When
the supply of growth species became much lower,
the LSPR peak of AuNPs showed blue-shift only in
UV-Vis spectra, during the growth process. We also
control the size of the AuNPs by controlling the
nucleation time. Moreover, the heating temperature
and heating time can also affect the particle sizes. The
AuNPs synthesized in gelatin can be used for
biomedical and biological applications. For example,
two of the widely used applications of gelatin are drug
delivery (Olsen et al. 2003; Edwards et al. 1997) and
tissue engineering (Li et al. 2006; Ovsianikov et al.
2011; Han et al. 2010). AuNPs can also improve the
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cancer treatment (Kennedy et al. 2011; Gobin et al.
2010).

Experimental section
Reagents

Hydrogen  tetrachloroaurate ~ (III)  trihydrate
(HAuCly4-3H,0) and gelatin type A powder were from
Acros Organics. 2-[4-(2-hydroxyethyl)-1-piperazinyl]
ethanesulfonic acid (HEPES) was purchased from
Fisher BioReagents. HAuCl, 10 mM and HEPES
40 mM (pH 7.2) were prepared in deionized water.
HAuCly solution was stored in a refrigerator before
use. All chemicals and solvents were used without any
purification, and all aqueous solutions were prepared
in deionized water.

Spectroscopic and microscopic measurements

Absorption spectra (400-700 nm) were measured
using Shimadzu UV-1601 PC spectrophotometer.
TEM images were obtained using FEI Tecnai T12
transmission electron microscope operating at 80 kV.
One drop of sample was placed on a carbon-coated
400 mesh copper grid and excess solution was
removed by wicking with filter paper. The grid was
allowed to dry at room temperature before imaging.
Particle size analysis was performed on at least 100
particles in TEM images using Olympus Soft Imaging
Viewer software, and the particle size characteristics
(mean and standard deviation) were determined.

Controlling the size of AuNPs by changing
the HEPES reduction time

HEPES solution was used to reduce the Au ions at
room temperature. However, we controlled the reduc-
tion time, the time between mixing HAuCl, and
HEPES solution together and pouring the mixed
HAuCIl/HEPES solution into the gelatin solution.
As 10 mM HAuCl, solution was mixed with 40 mM
HEPES solution and the mixture was shaken vigor-
ously, the gold precursor (AuCl, ) was reduced by the
oxidation of the N-substituted piperazine ring of
HEPES (Habib and Tabata 2005; Diamanti et al.
2009; Serizawa and Hirai 2009). After different
reduction times of 60, 70, 80, and 90 s, the mixed

solution was poured into the gelatin solution (1 %
w/w). These samples are designated as RT60, RT70,
RT80, and RT90 samples, respectively. This new
mixture of HAuCl,/HEPES/gelatin solutions was
placed immediately into a 70 °C hot water bath.
Formation and growth of nanoparticles were observed
after 3 min. Gelatin powder in the aqueous solution
was heterogeneous in the beginning. After heating at
70 °C for 3 min, the gelatin powder dissolved and
became a homogeneous gel-like mixture. The size and
size dispersion of the resulting AuNPs were deter-
mined from TEM analysis.

Heating-time- and heating-temperature-dependent
growth of AuNPs

To determine the effect of heating time, RT60, RT70,
RT 80, and RT90 samples were heated at 70 °C in a
hot water bath for 180 min. During this, small
subsamples were drawn periodically every 10 min.
The effect of heating temperature was determined by
heating RT60 sample in a hot water bath set at 50 and
70 °C for 180 min. The characteristics of AuNPs in all
samples were determined by UV-Vis spectra and
TEM analysis.

Results and discussion
Effect of reduction time on size of AuNPs

When 10 mM HAuCl, and 40 mM HEPES were
mixed together, the Au ions started to be reduced. The
mixed HAuCl,/HEPES solution remained bright yel-
low for the first 60 s; subsequently, the color became
lighter and then transparent for the next 10 s, an
indication that most Au ions were reduced to Au atoms
during this period. After 80 s of total reduction time,
the solution color started to turn violet, suggesting that
AuNPs formed and began aggregating. The aggrega-
tion is believed to be caused by the van der Waals
attraction among the particles (Min et al. 2008).
Further aggregation of AuNPs led to dark purple
coloration of the system after 90 s. The TEM image of
clusters of AuNPs formed in 10 mM HAuCl,/40 mM
HEPES mixture after 100 s of reduction time is shown
in Fig 1. Since the color of this system was the same as
that of RT90 sample (not shown), we presumed that a
reduction time of 90 s is sufficient for the synthesized
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Fig. 1 TEM image of clusters of AuNPs taken at 100 s after
mixing (1:1, v/v) 10 mM HAuCl, and 40 mM HEPES solution.
(scale bar: 5 pm)

AuNPs to become aggregated. Thus, four samples,
each prepared at different reduction times and with
different initial colors were chosen: 60 s (bright
yellow), 70 s (light yellow), 80 s (violet color just
appear), and 90 s (dark purple).

According to Lamer model (LaMer 1950), the
nucleation happens when the nuclei concentration
becomes larger than a critical value; if the nuclei
concentration is smaller, the nuclei disappear. Thus,
based on the particle size data, we conclude that in the
samples obtained after short reduction times, the
nuclei concentration was lower than the critical value
to sustain nucleation. Therefore, during the initial
reduction time (<60 s), the HAuCl,/HEPES mixture
remained bright yellow. However, when this mixture
was poured into the gelatin solution and heated at
70 °C for 3 min, the nucleation started and AuNPs
were formed, as noticed by the incipient light pink
color (Fig 2) as the result of localized surface plasmon
resonance (LSPR) of AuNPs (Ray 2010; Eustis and
El-Sayed 2006). It can also be observed in Fig 2 that
the color change was more intense in samples that
experienced the longer reduction times, when sub-
jected to the same heat treatment. This color difference
might attribute to a higher concentration of AuNPs,
which the TEM images confirm.

However, as the reduction time was increased, the
average particle size decreased from 12.8 + 2.4 nm
(RT60 sample) to 5.1 £ 1.0 nm (RT90 sample) (see
Table 1). Gelatin stabilizes AuNPs and slows down
the synthesis process at different stages. For the
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Fig. 2 Color of RT60, RT70, RT80, and RT90 samples (from
left to right, respectively) after heating at 70 °C for 3 min.
(Color figure online)

Table 1 Size and size dispersion of AuNPs synthesized after
different durations of HEPES reduction and heating at 70 °C

Reduction  Heating 3 min Mean  Heating 180 min Mean
time? (s) (nm) + SD (%)° (nm) £ SD (%)°

60 12.8 + 18 17.2 + 40

70 7.8 £ 13 14.3 &+ 26

80 51423 6.1 £ 13

90 59+ 19 57+ 11

SD Standard deviation

? Time lapse between mixing 10 mM HAuCl,; and 40 mM
HEPES solutions and adding the mixture into 1 % (w/w)
gelatin solution

® Based on measurements on 100 particles chosen at random

RT60 sample, the AuNPs synthesis was slowed
down in its early stage (i.e., nucleation), whereas for
the RT90 sample, it was at a later stage (i.e.,
growth). Thus, the RT60 samples have experienced
longer nucleation time, which could possibly explain
why the size of AuNPs was larger in RT60 samples,
see Scheme 1. Shevchenko and co-workers (Shev-
chenko et al. 2003) also reported that fast nucleation
yielded smaller particles and higher particle concen-
tration while slow nucleation yielded larger particles
and lower particle concentration, which our results
corroborate.
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Scheme 1 Gelatin was used to slow down the synthesis of AuNPs
at different stages. Samples stabilized at earlier stages (RT60)
experienced longer nucleation time, and yielded lager but fewer
AuNPs, while the samples stabilized later (RT90), which experi-
enced shorter nucleation time yielded more but smaller AuNPs

The effect of heating time—growth of AuNPs

We followed the growth of AuNPs in HAuCl,/HEPES/
gelatin systems described above. For the ease of discus-
sion, based on the status of the AuNPs before the addition
of gelatin, we categorized all samples into three groups:
(1) pre-aggregation—the reduction time was shorter than
when the aggregation of nanoparticles commenced
(RT60, RT70), (2) just aggregating—reduction time is
the same as when the aggregation commenced (RT80),
and (3) post-aggregation—the reduction time was longer
than when the aggregation of nanoparticles commenced
(RT90).

Pre-aggregation

The initial yellow color indicates that most of the Au
ions were not reduced during 60 s of reduction time
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whereas the light pink color is the result of LSPR of
AuNPs (Ray 2010; Eustis and El-Sayed 2006). The
UV-Vis spectra indicate a LSPR peak position
red-shifted from 526 nm (at 3 min) to 536 nm (at
180 min) during these heating periods (Fig 3a), which
might attribute to an increase in the average size of
nanoparticles (Sardar and Shumaker-Parry 2011; Polte
et al. 2010a, b). The growth of AuNPs was also
confirmed by the TEM images (Fig 4). The average
size of particles in RT60 samples heated for 3 min is
12.8 nm, while that in samples heated for 180 min is
17.2 nm. However, during that time the size disper-
sion of AuNPs also increased from 18 to 40 % (see
Table 1, Fig 4). The increase in size dispersion
implies that, at this stage, new smaller particles are
formed along with the growth of existing AuNPs. One
possible explanation for these results is that the Au
ions continue to be reduced during heating, which
increases the nuclei concentration until it exceeds the
critical value and initiating nucleation for new parti-
cles as well as contributing to particle growth. Zhang
et al. (2009) also reported that AuNPs can be
synthesized in gelatin solution by heating at 80 °C
for 120 min. Similar results of increasing color
intensity, particle size, and particle size dispersion
with heating time were observed from the RT70
sample (Table 1, Fig 3b).

Relatively speaking, in RT60 and RT70 samples,
the effect of gelatin in slowed down the synthesis of
AuNPs starts at an earlier stage than in RT80 and
RT90 samples. Therefore, in RT60 and RT70 samples
the reduction of Au ions happens along with the
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Fig. 3 UV-Vis spectra of (a) RT60 and (b) RT70 samples at different times during heating at 70 °C. Insets show the sample color
during heating at 10 min intervals from 10 to 150 min. (Color figure online)
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Fig. 4 TEM images of RT60 sample heated at 70 °C for (a) 3 min and (b) 180 min. (scale bar: 50 nm)

nucleation and growth of AuNPs. Heating of RT60
and RT70 samples during these stages tends to
increase the size and size dispersion of the AuNPs
formed.

Just aggregating

The violet color of RT80 samples result from the
aggregation of AuNPs. But, surprisingly, as can be
seen in Fig Se, the LSPR peaks red-shifted from 527 to
528.5 nm during the first 20 min of heating followed
by a gradual blue-shift to 523 nm during the next
160 min. The inset in Fig 5e also shows that the
sample color became darker during the first 20 min,

Fig. 5 RT80 samples after heating at 70 °C for (a) 3 min,
(b) 60 min, (c¢) 180 min (scale bar: 20 nm) and (d) is a lower
magnification image at 30 min (scale bar: 100 nm). (e) UV-Vis
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but remained visually indistinguishable thereafter.
The TEM image data show that the particles grew
from 5.1 to 6.1 nm from 3 to 20 min, corresponding to
the red-shift in the UV-Vis spectra (Sardar and
Shumaker-Parry 2011). In general, a blue-shift is
associated with a change in the particle crystallinity or
dissociation of large particles into smaller ones
(Sardar and Shumaker-Parry 2011; Dharmaratne
et al. 2009). However, according to the TEM data
(Fig 5a—d), while the average particle size remained
6.1 nm during the last 160 min of heating, the size
dispersion reduced from 23 to 13 %, see Table 1.
Therefore, we attribute the observed blue-shift to the
decrease in particle size dispersion. Additional
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Wavelength (nm)

spectra of RT80 sample at different times during heating at
70 °C. Inset shows the sample color during heating at 10 min
intervals from 10 to 150 min. (Color figure online)
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experiments to investigate the changes in crystallinity
and structure of the AuNPs are underway to fully
understand the reasons for these changes in LSPR.

Most of the smaller particles (<4 nm) observed
after 3 min of heating disappeared after 180 min of
heating, see Fig Sa—c. This observation may be
explained by the diffusion-controlled Ostwald-ripening.
Typically, the growth of AuNPs is accelerated by the
adsorption of active nuclei on the surface of existing
larger particles. Diffusion-limited growth generally
happens when the supply of growth species is slow
(Sardar and Shumaker-Parry 2011). In our experiments,
the stabilizer gelatin, can form a diffusion barrier and
hinder the adsorption of nuclei and further growth of
nanoparticles. Nonetheless, our results corroborate
those of Sardar and Shumaker-Parry (2011), who used
9-orabicyclo[3.3.1]nonane (9-BBN) as a reducing agent
to form AulNPs and reported a red-shift followed by a
blue-shift in the LSPR peak and attributed the blue-
shifting to the decrease in particle size dispersion. They
also suggested that this spectral red-shifting followed
by blue-shifting occurs when the particle growth fol-
lows a classical diffusion-controlled Ostwald-ripening
mechanism.

Post-aggregation

As mentioned above, the TEM image conformed the
dark purple color in the longer reduction time samples
resulted from the aggregation of AuNPs. In this case,
the gelatin was also used to separate those aggregated
AuNPs. After RT90 sample was poured into gelatin
solution, the mixture was shaken vigorously to well-
mix the dark purple RT90 solution (just-aggregated
AuNPs) and the gelatin solution.

(a) »
-
. ® .
o
)

As can be observed from Fig 6, AuNPs from RT90
samples were unaggregated. Further observing the
growth of those particles from UV-Vis spectra, the
LSPR peak blue-shifted from 534 nm (at 3 min) to
526 nm (at 180 min), see Fig 7. The inset in Fig 7 also
shows that the sample color was visually indistin-
guishable during heating. The TEM images show that
while particle size remained almost unchanged (5.7 to
5.9 nm, see Fig 6) during heating, the size dispersion
decreased from 19 to 11 % (Table 1), contributing to
the blue-shifting. Thus, it appears that gelatin provides
not only a steric barrier to prevent further aggregation
of AuNPs but also a diffusion barrier to hinder the
adsorption of nuclei and further growth of the
particles. In this stage, the growth of those separated
and isolated AuNPs showed a blue-shift only process,
which is correlated to the decrease of size dispersion
probably due to diffusion-controlled Ostwald-ripening
mechanism.

Temperature-dependent growth of AuNPs

Table 2 shows how temperature influences the size of
AuNPs synthesized in gelatin. We chose RT60 (pre-
aggregation) sample for observing temperature-dependent
growth because the sample color is distinguishable to the
naked eyes during the heating period. The average particle
sizes after heating the RT60 sample for 3 and 180 min
were 12.5 and 15.1 nm, respectively, at 50 °C; and 12.8
and 17.2 nm, respectively, at 70 °C. The LSPR peak
positions of UV-Vis spectra of both sets of samples were
similar (Fig 8), consistent with the similarities of their size
(12.5 and 12.8 nm). However, after 180 min of heating,
the amplitude of the spectrum of sample heated at 70 °C
was higher than that was heated at 50 °C, which indicated

ol (b)
L ]

Fig. 6 TEM images of RT90 sample after heating at 70 °C for (a) 3 min and (b) 180 min. (scale bar: 20 nm)
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Fig. 7 UV-Vis spectra of RT90 sample at different times
during heating at 70 °C. Inset shows the sample color during
heating at 10 min intervals from 10 to 150 min. (Color figure
online)

Table 2 Size and size dispersion of AuNPs synthesized® by
heating for different duration at different temperatures

Heating Heating 3 min Heating 180 min
Temperature (°C) Mean (nm) Mean (nm)
+ SD (%)° + SD (%)°
50 125 £ 14 15.1 £ 16
70 12.8 + 18 17.2 + 40

? Time lapse between mixing 10 mM HAuCl; and 40 mM
HEPES solutions and adding the mixture to into 1 % (w/w)
gelatin solution was 60 s

® Based on measurements on 100 particles chosen at random
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Fig. 8 UV-Vis spectra of RT60 sample after heating at
different temperatures (line: 50 °C; dash: 70 °C) for different
durations. Inset shows the sample color during heating at
different temperatures (fop row: 50 °C; bottom row: 70 °C) at
10 min intervals from 10 to 150 min. (Color figure online)
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that more nanoparticles were synthesized at 70 °C (Sardar
and Shumaker-Parry 2011). This might result from the
reduction of Au ions by gelatin molecules at higher
temperature (Zhang et al. 2009). The larger size dispersion
obtained at 70 °C also confirmed these results, see table 2.
In addition, the color of the sample heated at 70 °C was
darker than that was heated at 50 °C, see inset in Fig 8.
Because the color of the sample is correlated with
temperature, this technique might be applied as a
temperature indicator.

Conclusions

We used gelatin as a stabilizer to slow down the
formation of AuNPs, which enabled investigating the
effect of experimental parameters on the size and size
dispersion of AuNPs. Based on the observations of
TEM analysis and UV—Vis spectra, we report that the
synthesis of HEPES-reduced AuNPs within gelatin
can be considered to consist of three growth stages.
First, during the initial stage, the reduction of gold
precursor occurred along with nucleation and growth,
which resulted in a red-shift phenomenon of LSPR
peak of AuNPs in UV-Vis spectra (size and size
dispersion increase). Second, the LSPR peak of
AuNPs in UV—Vis spectra showed first red-shift and
then blue-shift during the growth of AuNPs. Accord-
ing to the TEM analysis, the blue-shift might be due to
the diffusion-limited Ostwald-ripening mechanism.
Third, the LSPR peak showed blue-shift only during
the growth of AuNPs. We also demonstrated that
limiting the duration that HAuCl, is reduced by
HEPES, by adding the HAuCl,/HEPES mixture into
gelatin solution, allows slowing the synthesis of
AuNPs at an earlier stage (nucleation stage). If the
HAuCI/HEPES/gelatin system has a longer nucle-
ation time during the formation of AuNPs, fewer but
larger AuNPs are formed; however, if the samples
experienced shorter nucleation time, the AuNPs
formed are smaller but more numerous. Allowing
enough time for HEPES reduction of HAuCl, and by
adding the HAuCl,/HEPES mixture into gelatin
solution such that the aggregation of AuNPs had
already happened, the growth of AuNPs would be
limited by diffusion-controlled Ostwald-ripening,
which was confirmed by the TEM and UV-Vis
spectroscopy. If the supply of growth species (Au
precursor) becomes lower, in the case of longer
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reduction samples, the polymer structure of gelatin
might hinder the diffusion as well as the adsorption
and further growth of the nanoparticles. Moreover, the
heating time and temperature also influence the size of
AuNPs. By controlling the reduction time, heating
temperature and heating time, AuNPs of average size
of 5-17 nm can be synthesized. In the heating
temperature range of 50-70 °C, the color of the
HAuCl,/HEPES/gelatin samples showed different
intensities. Longer heating times resulted in larger
average particle sizes and the sample color was darker.
These results imply that the HAuCl,/HEPES/gelatin
system can be potentially used as a temperature
indicator. Further investigations could help to under-
stand the synthesis process of AuNPs. For example,
selected area electron diffraction (SAED), small angle
X-ray scattering (SAXS), and in situ characterization
of AuNP crystallinity can provide additional informa-
tion on the process of AuNPs formation. These
results could form a basis for tuning the size, size
dispersion of AulNPs, and monitor the process of their
synthesis.
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