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In this study, gold nanostars (AuNSs) were prepared by a facile and environmentally friendly method through the one-step
reduction process with collagen as the stabilizing agent. The use of collagen, a highly biocompatible protein with many
functional amines groups, can facilitate the simultaneous controlled synthesis and surface protecting of gold nanoparticles in
one step. This synthetic process was operated in the aqueous solution of tetrachloroauric acid (HAuCl,) at room temperature,
in which ascorbic acid serves as a reductive agent. The influence of collagen concentration (0.02-0.06 mM) on the morphology
of AuNSs was carefully studied to clarify its dual roles as stabilizing and controlling agents for the growth of the particles.
Besides that, by simply adjusting reaction components such as the molar ratio of ascorbic acid to HAuCl, and pH value, the
length of the AuNS tips was also controlled. This study could offer a novel modified approach in the controlled synthesis
process of AuNSs with the biomolecules collagen. The resulting AuNSs were then characterized by ultraviolet-visible (UV-Vis)
spectroscopy, transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), energy-
dispersive X-ray spectroscopy (EDS), zeta potential, Fourier transform-infrared (FT-IR) spectroscopy, X-ray diffraction (XRD),
and circular dichroism (CD), as well as selected area electron diffraction (SAED). UV-Vis spectroscopy showed the formation
of AuNSs with the maximum surface plasmon resonance peak at 600-639 nm. TEM results revealed that the average particle
size of the AuNSs stabilized by the collagen ranged from 27.39 nm to 41.55nm, depending on the experimental composition
and the pH values. HRTEM, EDS, and SAED results prove a more precise insight into the formation of pure gold nanocrystals.
Analysis of the current results may also help better understand the growth mechanism of AuNSs during the synthesis process
in the presence of collagen. The Au concentration quantified by the inductively coupled plasma mass spectrometry (ICP-MS)
technique after separating and decomposing with microwave-assisted digestion exhibits that the synthesis of AuNSs has a high
yield of 88.62%. Additionally, the colloidal stability of AuNS-collagen against different NaCl concentrations, pH, temperatures,
and storage time was also examined through UV-Vis spectroscopy. The investigation results reveal that AuNS-collagen
remains stable in NaCl 2.0% (w/v), from mildly acidic to neutral pH (4-7), below the temperature of 40°C, and within 21 days
postsynthesis. The AuNS synthesized by this eco-friendly method is promising for many potential applications in biomedical field.

1. Introduction tropic gold nanostructures for various applications because

of their intrinsic optical [1] and chemical properties [2].
In recent years, significant efforts have been made to develop ~ Especially in biomedical fields, controlling the size and shape
different synthetic strategies to prepare exceptionally aniso-  of gold nanoparticles is necessary, as these properties have
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many effects on pharmacokinetics. Among the various
anisotropic morphologies of gold nanoparticles, star-
shaped nanostructure has attracted significant interest due
to its unique optical properties [3], known as high localiza-
tion of surface plasmon resonance [4, 5]. Controlled synthe-
sis of gold nanoparticles generally involves fine-tuning the
experimental parameters, such as reagent composition [2],
surfactant concentration [6], pH conditions [7], and the
reaction temperature [2, 8] to obtain particles with desirable
morphology. To date, many groups have developed various
synthetic approaches of shape control through a two-step
process, together with using surfactant as the template for
directing nanoparticle growth [6, 9]. Vijayaraghavan and
coworkers showed the well-defined and high-yield multi-
branched gold nanoparticles using a gemini cationic
surfactant  N,N,N,N’-tetramethyl-N,N-ditetradecylethane-
1,2-diammonium bromide (C,,C,C,,Br,) [10]. Baginsky
et al. used cetyltrimethylammonium bromide (CTAB) to
tune the length of branches and modified the surfaces of
particles with chitosan [11]. Phan and coworkers can obtain
a well-defined star-shaped structure in chitosan solution
through selective pH levels of 1 and 3 [12]. Zhang and
coworkers reported that by changing the ratios of
cetyltrimethylammonium bromide (CTAB) and cetyltrimethy-
lammonium chloride (CTAC), multibranched gold nanoparti-
cles could be prepared via a convenient seed-mediated
method [13]. Despite abundant reports on the successful syn-
thesis of branch-shaped gold nanoparticles, most synthetic
strategies miss the mark of safety for biomedical applications.
Furthermore, to our knowledge, attempts at synthesizing star-
liked gold nanostructure through a one-step reduction
approach using biopolymer collagen are severely lacking.

Collagen is the most abundant extracellular matrix pro-
tein and the main component of connective tissue [14, 15].
Due to advantageous properties such as nontoxicity, good
biodegradability, and biocompatibility [16], the use of colla-
gen as the natural polymer in the field of metal nanoparticle
preparation has been intensively growing in recent years.
This fibrous protein has a unique structure of triple-helical
chains held together by hydrogen bonds and Vander Waals
forces [14]. In the controlled synthesis of gold nanoparticles,
there are several key advantages to use collagen as the stabi-
lizing agent. When changing the environmental conditions
such as pH and temperature, these interactions could be dis-
rupted and lead to the transformation of the triple helix to
the denatured state, in which collagen exists as random coil
conformation [16]. These random coils could be deposited
effectively onto the specific crystal facets of particles through
their abundant functional groups and then slow down the
growth of nanoparticles along with these facets. Thus, they
can induce preferential growth along other directions to
form the multibranched nanostructure. In addition, utilizing
collagen can improve the size-controlled synthesis of gold
nanoparticles based on the inner limit pore size of the poly-
meric matrixes, which can act as the template for the growth
of nanoparticles [17].

Herein, we report an efficiently facile one-step procedure
to synthesize star-liked shape and high-yield nanoparticles
using natural protein collagen with ascorbic acid as a reduc-
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ing agent (Scheme 1). We have utilized a modified method
by replacing the conventional surfactant CTAB with colla-
gen molecules and performed a systematic study by govern-
ing reaction parameters to prepare the star-shaped gold
nanostructure. Besides, to elucidate the protecting role of
collagen in the controlled synthesis of AuNSs, a low concen-
tration of collagen was used in this experiment.

2. Experimental

2.1. Materials and Methods. Tetrachloroauric (III) acid tri-
hydrate (HAuCl,.3H,0, 99.5%), sodium borohydride
(NaBH,, 96.0%), silver nitrate (AgNO;, 99.0%), L (+)-ascor-
bic acid (C4HgOq, 99.0%), trisodium-citrate, and hydrogen
peroxide (H,0,, 30%) were purchased from Sigma-
Aldrich (Darmstadt, Germany). Collagen from calfskin
(Bornstein and Traub Type I, powder, C9791) was
obtained from Sigma-Aldrich (Darmstadt, Germany).
Deionized (DI) water (>18 MW, Millipore) (conductivity
was below 4.3 uS/cm) was used during the preparation of
the gold nanostars. All chemical reagents and solvents
were used without further purification.

2.2. One-Step Preparation of Gold Nanostars. Collagen
solution was prepared by dissolving an amount of purified
collagen powder with sonication in deionized (DI) water
(<4.3 uS/cm) for 45 min and then vigorously stirring at room
temperature to make up collagen concentration at 0.01, 0.02,
0.03, 0.04, 0.05, and 0.06 mM. In a typical synthesis proce-
dure, 80 uL aqueous solution of HAuCl, of 25mM was flush
mixed with 20 uL solution AgNO; of 10 mM and 2.0 mL of
collagen 0.05 mM and then gently stirred at 600 rpm for 15
minutes at room temperature. Afterward, 1.0mL of freshly
prepared ascorbic acid solution (5.0 mM) was added slowly
into the above solution under magnetic stirring for 30
minutes, and the volume was adjusted to 20 mL with DI
water. The color of the colloidal solution changed from
light yellow to red, red-purple, and dark blue for 30
seconds, and this solution was then kept at 25°C for three
hours. The nanoparticles were formed at selected pH condi-
tions of 3.0, 4.0, and 5.0.

2.3. Characterization

2.3.1. Particles Size and Shape Analysis. The transmission
electron microscope (TEM) was used to elaborate the
obtained AuNSs using a JEM-1400, Japan. First, the colloidal
solution was added in a small quantity onto a carbon-coated
copper mesh (300-mesh, Ted Pella, Inc., Redding, CA, USA).
The solution was then allowed to dry naturally at room tem-
perature before being subjected to TEM observation. The
average size and size distribution of AuNS particles were
calculated by measuring 100 particles in certain areas in
microphotographs. The high-resolution TEM analysis was
carried out using an FEI Tecnai G2 F20, USA, at an accelerat-
ing voltage of 200kV. Energy-dispersive X-ray spectroscopy
(EDS) was obtained with a JEOL JSM 7600F at 30kV.

2.3.2. Ultraviolet (UV) Spectra. The UV-Vis absorption spec-
troscopy of AuNS colloidal solution was recorded by a UV-
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ScHEME 1: The formation of gold nanostars in the presence of collagen.

Vis NIR-V670 spectrophotometer (JASCO, Japan). The
UV-Vis spectrum testing range was 300-800nm with a
scanning rate of 200nm per minute using quartz cuvettes
(Icm path length).

2.3.3. X-Ray Diffraction. The X-ray diffraction (XRD) was
carried out on a D8 Advance-Bruker, Germany, with Cu-
Ka radiation, operated at 40kV. AuNS powder samples
obtained by centrifuging and subsequently drying under
vacuum at room temperature were evenly placed on a
grooved glass sheet and compacted with another glass slide
and then subjected to X-ray at a scanning rate of 0.02°/min
in the 20 range from 20° to 70°. Wide-angle XRD showed a
face-centered cubic structure; five peaks are assigned to
(111), (200), and (220) facets. The selected area electron
diffraction (SAED) was used to determine the crystalline
structure of AuNSs.

2.3.4. Zeta Potential Analysis. The zeta potential of collagen,
gold nanoparticles synthesized without collagen, and
collagen-stabilized AuNS was determined at 25°C using a
Zetasizer SZ-100 (Horiba, Instrument Co. Ltd, Kyoto,
Japan). Disposable zeta potential cells for aqueous measure-
ments (100 yL) were used as the sample container. The pH
of the collagen solution was adjusted from 3.0 to 5.0 using
the aqueous solution of HCl and NaOH (1.0 M). The sample
was injected into a cell, and calculation of the zeta potential
was based on the particle electrophoretic mobility measure-
ment results.

2.3.5. Fourier Transform-Infrared (FI-IR) Spectroscopy.
Fourier transform-infrared (FT-IR) spectroscopy spectra
were collected on a Tensor 27-Bruker spectrometer, and
the samples were prepared by mixing a 3.0mL volume of
AuNS colloidal solution (synthesized with the collagen
concentration of 0.05mM at pH4.0) with KBr at ratio 2-
5%, operating wavenumber in the range of 400-4000cm™.
The AuNS-collagen, type I collagen spectra were analyzed

to detect covalent bonds of functional groups and the
interaction of the stabilizing agent on the nanoparticles.
All obtained spectra were processed with the Bruker Opus
7.0 software.

2.3.6. Separation Method for Quantification of the AuNS-
Collagen Colloidal Solution. The separation process was
modified based on Galazzi et al. [18] and Arruda et al.
method [19]. The total amount of formed gold nanoparticles
and the remaining Au jons unreacted was determined in the
colloidal solution at the end of synthesis. The AuNS-collagen
colloidal solutions were centrifuged at 9000 rpm to separate
into supernatant and gold nanoparticle sediment. The cen-
trifugation time was optimized due to the observation of
the plasmonic peak of AuNSs in the UV-Vis spectrum of
the supernatant until no characteristic peak of gold nanostar
was detected. The centrifugation time was investigated from
15 to 80 minutes. The sediment fraction was then resus-
pended in ultrapure water and then determined the presence
of AuNSs by UV-Vis spectroscopy.

2.3.7.  Microwave-Assisted Acid Digestion and Gold
Quantification by ICP-MS. The separation fractions of AuNS
sample were decomposed by microwave-assisted acid diges-
tion based on EPA (Environmental Protection Agency)
method 3052 [20] prior to ICP-MS analysis. In the sample
preparation procedure, 0.5 g sample was digested in a mix-
ture of 9.0 mL concentrated nitric acid (65%), 3 mL of HF,
and 2.0 mL of additional hydrochloric acid (30%) and added
into the inert polymeric microwave digestion vessel. All ves-
sels were rinsed with HNO;, solution (1.3%) before use. The
vessel contents were then sealed and heated for 15 minutes
using Speedwave XPERT-Microwave Pressure Digestion
System provided a nominal 1000 W of power and the mag-
netron of 2000 W. The samples were digested in the program
of temperature ramp of 5.5 minutes to 180 + 5°C, followed
by the hold time of 9.5 minutes at 180 + 5°C to complete
the reactions. After cooling down to ambient temperature,



the vessel contents were then filtered through 0.45 ym mem-
brane filters. Subsequently, the digested samples were
diluted up to 25mL with ultrapure water for determining
the gold content by ICP-MS. At least three replicates of the
sample investigation were performed, and the preparation
procedures were conducted on the same day of analysis.
The Elan DRCII (Perkin Elmer SCIEX) ICP-MS equipped
with a Meinhard concentric nebulizer and a cyclonic spray
chamber were used to determine gold concentrations in
the samples. The instrumental and measurement parameters
of ICP-MS techniques are based on the study of Batista et al.
[21], presented in Table 1.

2.3.8. Circular Dichroism (CD) Spectra. The collagen and
AuNS-collagen samples with the collagen concentration of
0.05mM were prepared to determine the protein secondary
structure. Spectrum scanning was recorded by the Chirascan
CD spectrometer (Applied Photophysics, Surrey, UK) using
a I mm optical path length quartz cuvette at the scanning
range 200-400 nm, scanning rate 100 nm/min, interval time
1.0 nm. The blank correction was carried out with ultrapure
water, and all samples were analyzed at ambient tempera-
ture. The secondary structure content was calculated and
evaluated through the CNDD Circular Spectroscopy Decon-
volution 2.1 software.

2.3.9. Stability of AuNS-Collagen at Different Salt
Concentrations, pH, Temperatures, and Storage Time. The
stability of AuNS-collagen against different pH, salt concen-
trations, and temperatures was studied based on Wu et al.
[22] and Yang et al. [23] reports. The AuNS-collagen colloi-
dal solutions were dissolved to 0.5% (w/v) in DI water. Then,
add 5.0 mL volume of NaCl solutions with different salt con-
centrations (0, 1.0, 2.0, 3.0, and 4.0% (w/v)) into the above
colloidal solutions. For evaluating the influence of pH, the
colloidal solutions were adjusted pH (1, 4, 7, and 10) with
the aqueous solutions of HCl and NaOH (0.1 M) and kept
at room temperature for at least 30 minutes. The colloidal
stability against temperatures was determined by heating
the AuNS-collagen samples at different temperatures (25,
30, 35, 40, 45, and 50°C) before determining the plasmonic
peaks for gold nanoparticles with UV-Vis spectroscopy.
Besides, the AuNS-collagen samples were stored for 21 days
at room temperature to study the colloidal stability.

3. Result and Discussion

3.1. Influence of pH Levels. AuNSs stabilized by collagen
were synthesized through reducing gold chloride with an
appropriate amount of ascorbic acid at the low pH level.
The reducing agent plays a critical role in forming aniso-
tropic gold nanostructures and mainly governs the genera-
tion rate of Au” atom from the reduction of AuCl,” ions.
The selection of ascorbic acid as the mild reducing agent
could limit the generation stage of growth species (Au’
atom), and the growth stage of gold nanoparticles would
prevail. Thus, the initial nanocrystals predominantly grow
into larger particles of particular morphologies than the
generation of new nuclei. Additionally, the suitable pH con-
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TaBLE 1: Instrumental parameters and operating conditions of
ICP-MS for gold qualification.

Instrument Elan DRCII (Perkin Elmer SCIEX)
Nebulizer Meinhard

Spray chamber Cyclonic

Torch injector Quartz for clinical sample (2.0 mm)
Auto lens On

RF power (W) 1100

Nebulizer 0.86, plasma 15, auxiliary

Gas flow rates (L.min™") 12

Interface Platinum cones
Sampler 1.1 mm
Skimmer 0.9 mm

Scanning mode Peak hopping

Integration time (ms) 2000

Replicates 3

Sweeps 40

Readings 1

Dwell time (ms) 50

Lens voltage (V) 6.0

Samplg L{}latake rate 1.0

(mL.min™")

dition also plays a valuable role in synthesizing AuNSs
through the remarkable effect on the reduction rate of
AuCl,” ions and the collagen conformation. The influence
of pH conditions on the formation of AuNSs was firstly
investigated in the presence of collagen by UV-Vis spectra
and TEM images.

When performing the reaction at pH 3.0 using a collagen
concentration of 0.04mM, the blue colloidal solution was
obtained; it was analyzed by UV-Vis spectroscopy which
revealed the surface plasmon peak at 713nm (curve
red—pH 3.0), corresponding to the signature for star-
shaped gold nanoparticles [1]. The control experiment was
carried out without using collagen, and a colorless colloidal
solution was observed, possibly because only Au* ions were
generated in the solution. Thus, it was found that the colla-
gen showed a supported effect on the reduction of AuCl, to
form the star-shaped nanostructures, evidenced by the
change from colorless to the blue of colloidal solution. UV-
Vis spectra of AuNSs dispersed in aqueous solutions in
Figure 1 revealed that surface plasmon resonance peaks
shifted to the longer wavelength from 626 to 713 nm, when
pH was decreased from 5.0 to 3.0, respectively (Table 2).
Furthermore, the spectra of Au colloidal solution synthe-
sized at the pH of 4.0 also exhibited the broad absorption
band with a peak that appeared at the wavelength of
626 nm (Figure 1, curve black), indicating the large size dis-
tribution of AuNSs [3]. Accordingly, the TEM images in
Figure 2 also confirm that most of the gold nanoparticles
were star-liked in shape. The elongation of the branched tips
on AuNSs was also observed with the increase of pH to 4.0
(Figure 2(c)). The representative TEM image of the sample
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Figure 1: UV-Vis spectra of gold nanostructures obtained with
different pH levels of 3.0, 3.5, 4.0, 4.5, and 5.0; inserts display the
color of Au colloids (right inset).

TaBLE 2: UV-Vis data of star-shaped gold nanostructures prepared
at various pH levels of 3.0, 3.5, 4.0, 4.5, and 5.0.

pH values Wavelength (nm) Absorbance (a.u.)
3.0 713 0.535
3.5 689 0.562
4.0 626 0.817
4.5 636 0.811
5.0 626 0.637

prepared at pH3.0 (Figure 2(a)) showed that the size of
obtained AuNSs was distributed from 15nm to 40 nm, with
short branches emanating from the initial small gold nano-
crystals (Figure 2(b)).

3.2. Influence of Collagen Concentration. The collagen used
in this study was type I, which exists as its nanofiber that
forms the triple helix structure, and the monomer length is
about 300 nm. Increased collagen concentration from 0.01
to 0.06 mM showed a significant decrease in absorbance
intensity in the UV-Vis spectra (Figure 3). Besides, a
remarkable redshift of plasmon peak from 567 nm to a lon-
ger wavelength of 638 nm was also detected with increased
collagen concentration from 0.01 mM to 0.06 mM, predict-
ing the growth of larger particles in the colloidal solution
[1, 24]. The redshift was accompanied by a broadening of
the band in the long-wavelength region. These results
suggest that the nanoparticle in samples using collagen
concentrations of 0.05mM, 0.06 mM could possess shapes
different from spherical, and the particles’ elongations have
occurred. Based on the previous experimental studies [25,
26], the elongation of the tips on star-shaped nanoparticles
is associated with the redshift in the plasmon peaks [3].
Therefore, based on the UV-Vis spectroscopy shown in
Figure 3 (curve black), possibly the tips could grow longer

with increased collagen concentration 0.06 mM. These
results clarify the essential role of collagen in the controlled
synthesis of AuNSs, directly affecting the growth of nano-
particles to form anisotropic shapes.

The TEM results of the colloidal sample confirm that the
particles are primarily star-liked in shape, and the size of
AuNSs can be governed by adjusting the collagen concentra-
tion. In the synthesis with low concentrations of collagen at
0.02 and 0.03mM (Figures 4(a)-4(d)), the average size of
particles ranges from 32.27 nm to 27.39 nm, respectively. It
is also noticed that the tips of the star-liked gold nanoparti-
cles in these samples are blunt. With the increase in collagen
concentration from 0.04mM to 0.05mM (Figures 4(e)-
4(h)), the average size of particles increases from 29.79 nm
to 41.55nm, and the tips of nanoparticles become more
extended and sharper. Additionally, the particles in the sam-
ples synthesized with the higher concentration of 0.04 mM
and 0.05mM (Figures 4(e) and 4(g)) were prone to form
more separately and discretely in colloidal systems than par-
ticles prepared with lower collagen concentration (0.02 mM
and 0.03mM) (Figures 4(a) and 4(c)). However, the gold
nanoparticle synthesized with a higher collagen concentra-
tion of 0.06 mM was unstable for a short time and tended
to self-agglomerate when analyzed with the TEM technique.
TEM results proved that collagen concentration could be the
crucial factor in controlling the length of the nanostar tips. It
was noticed that collagen molecules could also bind to AuNS
particles through cysteine residues, stabilizing the particles
through the electrostatic interaction. Previous studies have
shown that collagen molecules bind to gold nanoparticles
through electrostatic interaction because they possess many
charge moieties to attract the gold nanoparticles with polar-
ity [27, 28]. Significantly, collagen can tightly bind to gold
nanoparticles with small size on its matrix, but in collapsed
collagen structures, and inability in uncollapsed collagen
structures [28]. Thus, it is necessary to combine appropriate
pH conditions with suitable collagen concentrations to stabi-
lize collagen in the controlled synthesis of AuNSs. Based on
the diffusion-limited growth mechanism [29], as increased
collagen concentration at the allowable threshold, the diffu-
sion of the Au atom through the colloidal solution effectively
decreased due to the higher viscosity of collagen. Thus, the
possibility of Au atom to the crystal surface is strongly
restricted and resulted in the formation of diffusion-
controlled morphologies [29]. Additionally, the addition of
AgNO, to the reaction solution provides an amount of
Ag" ions, which is predicted to play an essential role in
the growth mechanism of AuNSs. The explanation for the
role of the Ag" ions was proposed based on the underpo-
tential deposition of silver on the various facets of a gold
crystal, further restricting the growth of initial particles
and resulting in symmetry-breaking [2, 30]. It was found
that metallic silver strongly binds to the Au {110} surface,
slowing down the growth rate of Au on these facets [2].
The other crystal facets could grow faster, leading to the
formation of AuNSs. Additionally, the AuNSs synthesized
with collagen are relatively small compared to previous
studies with seed-mediated and one-step reduction
methods (Table 3).
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To analyze the colloidal solution’s purity, the sample of
AuNS synthesized with the collagen concentration of
0.05mM was determined by energy-dispersive X-ray spec-
troscopy (EDS). The peak at 2.1keV was observed on the
EDS elemental spectrum assigned to the Au signal. The
EDS result presented in Figure 5 showed that AuNSs are
composed of gold (95 atomic %), and only a trace amount
of chloride is observed (2 atomic %), confirming the forma-
tion of the pure gold nanocrystal. The high-resolution trans-
mission electron microscopy (HRTEM) study offers insight

into the atomic structures of gold nanoparticles. Charac-
teristic lattice fringes are observed in Figure 6 with a d
-spacing of 2.37 A, which is assigned to {111} lattice space
of metallic gold [7], indicating the large exposed area of
the corresponding facet.

3.3. X-Ray Diffraction and Selected Area Electron Diffraction
of Gold Nanostars. Powder X-ray (XRD) was employed to
determine the crystalline structure of the AuNSs. From
XRD results of the gold nanostars synthesized with collagen,
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TaBLE 3: Summary of the gold nanoparticles synthesized with different stabilizing agents.

Concent.ratlon of HAuCl,/ Reaction condition Stabilizing Method AuNP size AuNP Reference
volume in water agent (nm) shape
Cross-
031g HAuCl‘%, 0-39¢ N._ (2- NaBH, Collagen  linking via  2.4+0.7 Spherical Castaneda
mercaptopropionyl)glycine EDC et al. [37]
0.01 M/1.0 mL Acid ascorbic Chitosan One-step 111.3+56.2  Nanostar Pha[ri 2e]t al.
L . Seed- Baginskiy
0.04 mM/10 mL CTAB 0.1 M, ascorbic acid 10 mM Chitosan . 70-100 Nanostars
mediated et al. [11]
10 pl of NH,OH-HCI, HAuCl, (1.0 . Seed Avila-Alejo
97 £22
500 mM/5.0 uL ml, 2.5 mM) Lysin mediated Nanostars et al. [38]
CTAB (10 mL/0.1 M) AgNO; (50 ul, Seed- Khan et al.
0.1 M/250 uL 0.1 M) mediated 55-105 Nanostars 39]
25mM AgNO, 10 mM, pH 4.0, and ascorbic  Collagen One-step 27-41 Nanostars  This work
acid 5.0 mM type I
Albumin solution (BSA, 80 uL, 10 . Sasidharan
>mM mg/mL), ascorbic acid 100 mM Albumin One-step 150 Nanostars et al. [40]
PVP (M,, = 10,000 g.mol™'; 10 mM) Polymer Vanhecke
0.5mM in dimethyl formamide (DMF) PVP base 40 Nanostars et al. [41]
. . Gelatin type . Suarasan
- 18+2
0.25 mM Sodium citrate A One-step 8 Spherical et al. [42]
0.254 mM Sodium citrate 25.4 mM Coll;lg;én "™ Onestep 102427  Spherical Uns[ei;t al
10 mM glucosamine (sugar)/ . Moukarzel
10 mM/0.1 mL (HAUCL,) from 1 to 60 Glucosamine  One-step 55-72 Nanostars et al. [44]
0.2% (w/w) Luminol in 0.1 mol/L NaOH Chltgsan— One-step 90 Nanoflower Wang et al.
luminol [45]

FIGURE 5: Energy-dispersive X-ray (EDS) elemental spectrum of
gold nanostars synthesized with the collagen concentration of
0.05mM.

there are diffraction peaks observed at 38.2°, 44.4°, and 64.6°
in the 2© range of 25-70° (Figure 7), indexed to {111}, {200},
and {220} lattice planes of the face-centered cubic (fcc)
structure of gold with the Joint Committee on Powder Dif-
fraction Standard (JCPDS) card number 00-004-084 [31,
32]. Among all, the highest diffraction peak is observed at
38.2°, corresponding to the {111} lattice plane, attributed to
the preferential growth of AuNSs along the {111} plane. In

Ficure 6: HRTEM image of AuNS-collagen obtained at pH of 4.0
with the collagen concentration of 0.05mM (scale bar 5 nm).

particular, the d-spacing for multiple peaks can be calculated
from the XRD data using Bragg’s equation [33]

nA =2d sin 0, (1)

where A = 1.5406 A (wavelength of incident X-ray), 0 is the
Bragg diffraction angle (in radian), n=1 (order of diffrac-
tion), and d is interplanar spacing or d-spacing (in A).
Furthermore, the experimental lattice constant value a=
4.075A is calculated for the cubic crystal system
(Table 4) [34, 35]. These results are in agreement with
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FIGUrg 7: XRD pattern of AuNS controlled synthesis at collagen
concentration of 0.05mM.

TaBLE 4: The calculation values of d-spacing and lattice constant
from experimental XRD data.

Lattice plane 2-theta Theta d-spacing (A)
(111) 38.230 19.115 2.352
(200) 44.358 22.179 2.040
(220) 64.661 32.330 1.440

HRTEM characterization that gold nanoparticles preferen-
tially grow along {111} direction.

The structure of the obtained nanoparticles was deter-
mined by the selected area electron diffraction (SAED) from
the sample synthesized with a collagen concentration of
0.05mM at pH4.0. The pattern shown in Figure 8, com-
posed of diffraction spots and blurred ring structure,
revealed that the synthesized nanoparticles are crystalline
structures. This blurred ring with diffraction spots in the
SAED pattern could relate to the oriented crystallites [36]
and be evident in the small size of nanoparticles. Further-
more, these diffraction spots can be indexed to the {111}
zone axis of cubic Au, indicating that the {111} plane is the
top surface with the top normal to the electron beam.

3.4. Zeta Potential. Zeta potential is a crucial marker of the
surface charge of the collagen-stabilized AuNS particles
and the charged moieties of collagen molecules. As increased
pH condition from 3.0 to 6.0 in the collagen solution, zeta
potential progressively decreased from +61.3mV at pH3.0
to -5.2mV at pH 6.0 (Figure 9 and Table 5). This result sug-
gests that collagen isoelectric point (IEP) can be in the range
of pH5.5-6.0, in agreement with literature data for the IEP
study of collagen derived from land animals by Park et al.
[46] and pepsin-soluble collagen by Cruz-Lopez et al. [47].
In addition, the IEP was also relevant to the charged compo-
sition and amino acid sequence on collagen [47, 48].

Zeta potential changes were observed when preparing
AuNS with collagen. In the AuNS-collagen colloidal sam-
ples, the zeta potential value changed from 34.2 to -2.7 mV

FIGURE 8: Selected area electron diffraction (SAED) pattern of gold
nanostars obtained at pH4.0 and collagen concentration of
0.05mM (scale bar 5nm).

70
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Zeta potential (mV)
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--o - AuNS-collagen

FIGURE 9: Zeta potential measurement of collagen and AuNS-
collagen prepared at different pH conditions from 3.0 to 6.0. The
blue square represents collagen, and the red circle represents
AuNS-collagen.

TaBLE 5: The zeta potential value of collagen, AuNS-collagen, and
AuNP synthesized without using collagen prepared at different
pH conditions from 3.0 to 6.0.

Zeta potential (mV)

pH condition Collagen AuNS-collagen
3 +61.3 +34.2

4 +32.4 +23.7

5 +15.3 +11.3

6 -5.2 -2.7

with increased pH from 3.0 to 6.0 (Table 5). The zeta poten-
tial values of AuNS-collagen colloidal samples are the high
positive at pH 3.0-4.0 (34.2-23.7 mV, respectively), reflecting
the coverage and interaction of collagen molecules on nano-
particles surfaces [49, 50]. Besides, the zeta potential value of
AuNS-collagen at the pH of 6.0 was negative (-2.7mV)
which might also be due to the influence of the negative
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FiGure 10: FT-IR spectra of collagen (curve b) and AuNS-collagen (curve a) (prepared at pH 4.0 and collagen concentration of 0.05 mM).

charge of collagen at this pH interval. These results sug-
gested a close correlation between the charged compositions
and the electrostatic interaction of collagen molecules with
the gold nanoparticles.

3.5. FT-IR Spectroscopy. The interaction between various
functional groups of collagen on nanoparticles surface was
examined in the FT-IR spectrum of type I collagen (curve
b) and the AuNS stabilized by collagen (curve a, Figure 10)
(Table 6). The band around the region at 3200-3400 cm™
observed in the collagen spectrum (curve b) assigned to the
N-H stretching vibration of the amide A group and could
be overlapped on the hydroxyl group stretching band at
3406 cm™ [51, 52]. In the AuNS-collagen spectrum (curve
a), this band is shifted to 3416 cm™ and decreased in inten-
sity, indicating the interaction of Au nanoparticles with the
collagen through the amine functional group. The band
observed at 1650 cm™ in the collagen spectrum (curve b) is
attributed to the amide I band, mainly associated with the
C=0 stretching, C-N stretching, and N-H bending vibration
that corresponded to the secondary structure of collagen [52,
53]. This amide I band was also observed at 1644cm™ for
AuNS-collagen with a significant change in intensity (curve
a). The characteristic band of amide II groups appeared at
1544cm™ in the collagen spectrum (curve b), originating
from the peptide C-N stretching and N-H bending vibra-
tions [49], which slightly shifted to 1552cm™ for the
AuNS-collagen sample (curve a). These changes could be
relevant to the binding of acid amine on the collagen to
the gold nanoparticles. Besides, the band observed at
1244cm™ in the collagen spectrum (curve b) was assigned
for the amide III [49], which also shifted to 1234cm™ and
decreased intensity in the AuNS-collagen spectrum. The
appearance of bands at 1078 and 1120cm-' in AuNS-
collagen was related to the C-O stretching vibration of CH
(OH) groups (Table 6) [51, 54, 55]. Only a small change
compared with the 1081 and 1163 cm™ bands on the colla-
gen spectrum. These observation results indicate the possible
interactions between the Au nanoparticles and collagen
through either the free amine group or acid amine residues.

3.6. Separation and Quantification of AuNS-Collagen
Colloidal Solution. For determining the appropriate centrifu-
gation time to complete the separation of AuNS content in
the colloidal sample, the UV-Vis spectra of each fraction
were monitored through the change of the gold nanoparticle
plasmonic peak in the range from 580 to 640 nm. Figure 11
presents the UV-Vis spectra of three fractions of the colloi-
dal sample after 80 minutes of centrifugation time included
(a) AuNS total, (b) AuNS resuspended, and (c) AuNS super-
natant. A slight change in the absorbance intensity was
observed in the spectrum of AuNS total and AuNS resus-
pended fraction (curves a and b), indicating that most gold
nanoparticles were deposited into the sediment fraction,
and the AuNS formations were preserved after centrifuga-
tion. Moreover, none of the plasmonic peaks of AuNSs is
detected in the spectrum of AuNS supernatant fraction
(Figure 11, curve c), which can be reliably predicted for the
absence of nanoparticles in this fraction. Thus, the separa-
tion of gold nanoparticles is complete, and the fractions
could further be used for quantifying the Au content.

The obtained fractions were subsequently decomposed
by the microwave-assisted digestion method before quanti-
tying the gold content with the ICP-MS technique. Because
the AuNSs were synthesized in collagen with complex matri-
ces, the microwave-assisted acid decomposition procedure
was suitable for digestion and accurate determination of
Au contents [19, 60]. Table 7 exhibits the gold quantification
results of three fractions determined by ICP-MS. The gold
concentration of AuNS total is 19.67 mg L', which could
be involved nanoparticles or/and ionic forms of unreacted
precursors. In the AuNS-resuspended fractions, the gold
content measured by ICP-MS is approximately 17.46 mgL’
!, mainly attributed to the formation of AuNSs in the colloi-
dal sample. Compared to the Au content determined in
AuNS total, the obtained concentration of gold in the resus-
pended fraction shows the high yield and efficiency in the
synthesis of AuNSs, presenting about 88.62% Au in colloidal
solution. Additionally, the gold concentration of AuNS-
supernatant fractions is determined as 2.13mgL", the low
concentration possibly due to the unreacted ions form
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TaBLE 6: Fourier transform-infrared spectrum peak positions and assignment for collagen and AuNS-collagen.

Wavenumber (cm™)

AuNS-collagen Collagen solution Assignment Reference
(curve a) (curve b)
3416 3408 -OH stretching Kum??f] etal.
-NH stretching Kumarie et al.
- 3200-3400 Amid A (amine group stretching vibrations overlapped on the side of [51]
hydroxyl group) Sai et al. [56]
. . Li et al. [57]
2926 2959 Amide B (asymmetrical stretch of CH,) Abe et al. [58]
Amide I (C=0 stretching, C-N stretching, and N-H bending Kadamchira et al.
1644 1650 . .
vibrations) [52]
1552 1544 Amide II (C-N peptide stretching and N-H bending vibrations Li et al. [57]
pep 8 & Rostek et al. [31]
1403 1402 COO- symmetrical stretch Jackson et al. [54]
. . . . Jackson et al. [54],
1338 1334 CH, wagging vibration of proline Li et al. [57]
. . . . . Payne et al. [59]
1234 1244 Amide -III (N-H bendmg,. C-N stre.tchmg v1br.at1ons) Rostek et al. [31]
Amide III (CH, wagging vibration of glycine) Jackson et al. [54]
1120 1163 C-O stretching of COH K“m?;‘f] etal
1078 1081 C-O stretching vibration Jackson et al. [54]
585 567-658 Skeletal stretch Abe et al. [58]
0.7 TaBLE 7: Gold quantification in AuNS total, AuNS resuspended,
and AuNS supernatant by ICP-MS.
0.6
() Au concentration % Au in colloidal
05| (mg.L’l) solution
3 (b) AuNS total 19.67 99.84
<
o 04
g AuNS 17.46 88.62
g resuspended
g 03r AuNS
= supernatant 213 10.81
02
0.1
(c)

400 500 600 700 800
Wavelength (nm)

— AuNSs total
—— AuNSs re-suspend
— AuNSs supernant

Figure 11: UV-Vis spectra of (a) AuNS total, (b) AuNS
resuspended, and (c¢) AuNS supernatant fractions after the
separation with the centrifugation time of 80 minutes at 9000 rpm.

(Au") remaining in the liquid fractions. The quantification
result of Au concentration determined by ICP-MS exhibits
a high correlation with the UV-Vis characterization of the
colloidal sample fractions, thus could prove that
microwave-assisted acid digestion is suitable for evaluating
the yield of synthesis AuNS-collagen.

Circular Dichroism (mdeg)

-30 1 1 1 1 1
200 210 220 230 240 250 260

Wavelength (nm)

——— Au-Collagen
—— Collagen

FIGURE 12: CD spectra of (a) Au-collagen and (b) collagen.
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FIGURE 13: UV-Vis spectra of AuNS-collagen samples determined the stability (a) in different NaCl concentrations of 0, 1.0, 2.0, 3.0, and
4.0% (w/v) (curves A-D); (b) under different pH conditions of 1, 4, 7, and 10 (curves E-H) postsynthesis; and (c) at various
temperatures from 25°C to 50°C, storage 14 and 21 days postsynthesis (curves I to P).

3.7. Circular Dichroism Analysis. The secondary structure
contents, including a-helix, -sheet, and the random coil
of protein, were determined through CD spectroscopy to
understand the conformation of collagen molecules when
interacting with the gold nanoparticles. The CD spectra of
collagen and Au-collagen are presented in Figure 12. The
absorption peak in the range from 200 to 250nm was
decreased in the spectra of Au-collagen samples. An increase
in molar ellipticity at 220 nm is observed in the Au-collagen
spectra. The calculation data based on adsorption peaks
reveal the apparent changes in collagen secondary structure
contents. Compared to the collagen, the secondary structure

of the Au-collagen sample resulted in the decrease of a-helix,
B-turn, and random coil by 16.8%, 10.5%, and 8.7%, respec-
tively. It could be inferred that the interaction with nanopar-
ticles might reduce intramolecular hydrogen bonding and
lead to hydrophobic group exposure, resulting in a decrease
in a-helix structure [23, 61]. The random coil content of
AuNS-collagen was slightly decreased, indicating that gold
particles’ binding might be attributed to the formation of a
more compact secondary structure [62]. The CD data show
that the deviations of collagen secondary structure confor-
mation after interacting with gold nanoparticles are consis-
tent with the FT-IR results.
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TaBLE 8: UV-Vis data of AuNS-collagen sample spectra for determining the colloidal stability at different pH, NaCl concentrations,

temperatures, and storage times.

Sample condition Curve Wavelength of plasmon peak (nm) Absorbance intensity (a.u.)
NaCl 0% (w/v) (0.05 mM collagen) NaCl 0% 634 0.809
NaCl 1.0% (w/v) A 633 0.785
NaCl 2.0% (w/v) B 592 0.767
NaCl 3.0% (w/v) C 588 0.257
NaCl 4.0% (w/v) D - -
pH1 G 562 0.562
pH4 E 632 0.785
pH7 F 617 0.642
pH 10 H - -
25°C I 602 0.893
30°C J 618 0.867
35°C K 610 0.841
40°C L 633 0.809
45°C M 588 0.501
50°C N 576 0.251
14 days postsynthesis (0] 564 0.811
21 days postsynthesis P 534 0.788

3.8. Stability of Collagen Stabilized Gold Nanoparticles. The
colloidal stability of the AuNS-collagen samples against salt
concentration was evaluated by UV-Vis spectroscopy for
their further applications in the biomedical field. From the
UV-Vis spectra presented in Figure 13(a), the AuNS-
collagen is stable in NaCl solutions up to the concentration
of 2.0% (w/v) (curves A and B). A blue shift of plasmon
bands and slightly reducing intensity (0.767) were observed
at 592nm for the AuNS-collagen after testing with 2.0% (w/
v) NaCl solution (curve B). As increased in the NaCl concen-
tration to 3.0% (w/v), the plasmon peak for gold nanoparticles
was unable to be detected (curve D). This change could be a
sign of nanoparticle aggregation caused by the electrostatic
repulsion force on the surface charge of nanoparticles in a high
ion concentration environment. Furthermore, the solubility of
collagen is strongly affected by the NaCl concentration, and it
was reported that when in the high NaCl concentrations
(>3.0% (w/v)), the collagen solubility decreased dramatically
[49]. Increasing ionic salts could enhance the hydrophobic
interaction of collagen chains, leading to protein precipitation
[57, 63]. The stabilizing ability of collagen on the gold nano-
particles was limited due to the low protein coverage, resulting
in the self-aggregation of particles.

The AuNS-collagen colloidal solutions were also investi-
gated for their stability under acidic and alkaline medium (1,
4, 7, and 10) in the aqueous solution by monitoring the
changes in the surface resonance plasmon peaks of UV-Vis
spectra exhibited in Figure 13(b). The plasmon peak with
high intensity (0.785) was observed at 632nm for AuNS-
collagen sample prepared at pH of 4 (curve E). The displace-
ment of the plasmon peak at the shorter wavelength of
562 nm was obtained in the spectrum of pH 1 sample with
a slight reduction in intensity (0.562). It could be relevant
to the change in size and morphology of gold nanoparticles,

but the colloidal solution was considered stable in acidic
conditions. After the increasing testing pH to 7 and 10,
only a plasmon peak with the intensity of 0.642 was
observed at the wavelength of 617 nm for neutral condition
(curve F), and almost no sign of plasmon peak for gold
nanoparticles under alkaline condition (curve H). The plas-
mon peak position and intensity changes are taken as proof
that the colloidal solution remains stable under neutral pH
and tends to aggregate in an alkaline medium. This colloi-
dal instability could be explained based on the reduction
of the collagen solubility in alkaline pH [47, 64], directly
resulting in a decrease in the protective ability of collagen
on the gold nanoparticles.

The influence of the temperature and storage time was
further analyzed to get more insight into the colloidal stabil-
ity of AuNS-collagen. The colloidal samples were investi-
gated with various temperatures (25, 30, 35, 40, 45, and
50°C) and behaved differently regarding the change of
plasmon peaks for gold nanoparticles (Figure 13(c)). In the
UV-Vis spectra of the AuNS-collagen sample heating at 25
and 30°C, there is no significant change in the absorbance
intensity of plasmon peak with the decrease from 0.893 to
0.867 (Table 8, curves I and J), indicating that the formation
of gold nanoparticles in the presence of collagen is relatively
stable at these temperatures. As increasing to higher temper-
atures (from 35 to 50°C), a significant drop in the intensity
from 0.841 to 0.251 (Table 8, curves K-N) was detected, sug-
gesting the reduction of colloidal stability. It could be related
to collagen denaturation at high temperatures mentioned in
the Komsa-Penkova et al. work [65]. The effect of storage
times on the AuNS-collagen colloidal stability was investi-
gated at 25°C for over 21 days postsynthesis and further
analyzed based on the UV-Vis spectrum. As observed in
Figure 13(c), there is only a small change in peak intensity
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0f 0.811 (curve O) and 0.788 (curve P) for 14 and 21 days of
storage time. Additionally, blue shifts to the shorter wave-
length were also detected in the spectrum of sample storage
over 14 and 21 days, which could be due to the change in size
and shape of nanoparticles [1, 66]. These observation results
showed that the AuNS-collagen colloidal solutions were stable
over the storage time without occurring aggregation.

4. Conclusion

In summary, AuNSs have been successfully prepared with
collagen through the new and direct one-pot reduction
approach. Our study revealed that the AuNSs with con-
trolled size and shape could be effectively obtained using
appropriate collagen concentrations and acidic pH condi-
tions. More importantly, the tips of star-liked crystal could
be elongated with the increase of collagen concentration to
0.05mM at a pH condition of 4.0. The UV-Vis spectrum
showed that the light absorbance depended on the mor-
phology of gold nanoparticles and shifted to a longer
wavelength with the increase of collagen concentration
from 567nm for 0.02mM to 603nm for 0.05mM. The
EDS spectrum associated with HRTEM results confirms
the formation of pure gold nanocrystals, and the SAED
shows good agreement with the planes that appear in the
XRD pattern. The FT-IR and CD analysis indicated the
collagen interaction to gold nanoparticles mainly through
the amine group and acid amine residues, followed by
the collagen secondary structure change.

Furthermore, the use of collagen is vitally essential for
the one-pot controlled synthesis AuNSs. The colloidal
AuNS-collagen exhibited good stability in the low salt con-
centrations (below 2.0%, w/v), mildly acidic, and neutral
pH (from 4 to 7), but not qualified in the alkaline environ-
ment. Besides, the prepared AuNS-collagen was also stable
in the low-temperature range from 25 to 40°C. We found
that collagen showed high feasibility in the preparation of
AuNS, and this integrating nanomaterial could be favorable
for application in the optical biosensor. Efforts in the biosen-
sor application should be developed specifically for AuNS-
collagen material, mediated through the optical properties
of gold nanostars, and various protocols for testing AuNS-
collagen in the biological environment need to be studied.
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