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ABSTRACT: The reducing property of collagen was employed for the synthesis of gold nanoparticles (AuNPs) without
the use of any toxic chemicals. The morphology of the resulting AuNPs-collagen particles appeared in spherical and
triangular nanoprisms with sizes ranging from 30-60 nm, as observed in TEM results. Increasing the synthesis
temperature led to the growth of AuNPs. Surface-enhanced Raman Spectroscopy studies revealed that amide I and
carboxylic acid group vibrations indicated collagen binding to the Au surface through these groups. The AuNPs-
collagen nanocomposite was tested for its antimicrobial properties against eight different microorganisms and it
exhibited antibacterial properties solely against the Gordonia rubripertincta bacterium.
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1. INTRODUCTION

Pursuing youthful, radiant skin has been a timeless endeavor, transcending cultures and generations.
In the realm of cosmetics, the quest for innovative skincare products has led to remarkable advancements over
the years. Among these, the fusion of cutting-edge nanotechnology with the timeless benefits of collagen has
emerged as a promising frontier in the beauty industry [1].

Gold nanoparticles have garnered significant attention in various research fields, including
biomedicine, biosensors, bioremediation, and cosmetics [2-4]. The synthesis of gold nanoparticles involves the
reduction of Au*® to Au and numerous methods have been developed to achieve this transformation.
Typically, compounds such as citric acid and sodium borohydride, which can be toxic, are employed in the
reduction process. However, recent studies have explored alternative methods, utilizing extracts from natural
sources such as honey, polysaccharides, microorganisms, and plants like Rosa rugosa, Terminalia catappa, and
Zingiber officinale for gold nanoparticle synthesis [5-8]. Interestingly, the concentration of the reducing agents
in these methods has been shown to influence the size and shape of the resulting nanoparticles. For instance,
using Cinnamomum zeylanicum leaf broth can yield both prism and sphere-shaped nanoparticles in equal
proportions [9-11]. Additionally, adjusting the concentrations of HAuCly and honey at room temperature has
produced anisotropic and spherical nanocrystals. Efforts to identify non-toxic and cost-effective procedures
for nanoparticle synthesis have become a focal point for many materials scientists.

Collagen, a vital protein in the human body, accounts for approximately 30% of all proteins present
[12]. It features a triple a-helix structure stabilized by intra and intermolecular hydrogen bonds and consists
of the Gly-X-Y amino acid sequence. X is primarily proline in this sequence and Y is mostly hydroxyproline.
Collagen can also incorporate lysine and hydroxylysine derivatives and their aldehyde forms at their N and
C terminal ends. The cosmetic industry has harnessed the versatility of collagen in various applications [13-
15]. Collagen creams, for instance, have been employed to reduce signs of aging, such as wrinkles and fine
lines. Moreover, collagen injections into the body's subcutaneous layers have found application in cosmetic
procedures [16].

Remarkably, previous studies have not explored the use of collagen in synthesizing gold
nanoparticles. Therefore, this research aims to investigate the synthesis of gold nanoparticles under different
conditions and concentrations of HAuCly and collagen [17]. The optimization of gold nanoparticle synthesis
in conjunction with collagen represents a novel and promising avenue for cosmetic applications. In this study,
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we present our findings on the successful synthesis of gold nanoparticles using collagen, paving the way for
developing a new collagen peptide serum enriched with these nanoparticles for cosmetic purposes.

This investigation contributes to the growing body of knowledge in materials science. It can
potentially revolutionize the cosmetic industry by harnessing the unique properties of gold nanoparticles in
collagen-based formulations. The following sections will explore this groundbreaking research's experimental
procedures, results, and potential implications.

2. RESULTS and DISCUSSION

Collagen is a protein found in the connective tissues of our bodies, including the skin, tendons, and
cartilage. It is responsible for imparting strength and flexibility to collagenous tissues. Collagen is widely used
in anti-aging cosmetics, joint health supplements and to enhance energy and flexibility in the body. Collagen
is composed of three polypeptide chains that come together and due to its protein structure, it undergoes
temperature-dependent changes in its three-dimensional structure when in water. While collagen is insoluble
in cold water, it becomes soluble in hot water. Heat leads to the dissolution of collagen molecules and even
the separation of polypeptide chains. It has been noted that collagen fibrils in water denature within 1 minute
at temperatures above 80°C and partial denaturation occurs with heating at 80°C for 1 minute [18].

In this study, collagen was reacted with HAuCl, in deionized water at temperatures of 60, 80, and
100°C. The completion of the AuNPs formation reaction was observed through the appearance of a violet
color. Here it can be hypothesized that at temperatures of 80°C and 100°C, the polypeptide chains separated
from each other, interacted with the solvent and exhibited an increased reducing capacity. Indeed, when
examining Figure 1, it can be seen that there is a higher absorbance at higher temperatures, indicating a higher
quantity of AuNPs formed.
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Figure 1. UV-vis spectrum of AuNPs-Collagen nanocomposites synthesized at different temperatures.

AuNPs possess free electrons which lead to the formation of a Surface Plasmon Resonance (SPR)
absorption band. The formation of SPR occurs due to the synchronized collective vibrations of electrons within
metal nanoparticles with their wavelength [19,20]. The SPR spectrum for AuNPs is typically obtained at 578
nm [21]. At 100°C, 80°C, and 60°C, the SPR values are 573 nm, 545 nm, and 542 nm, respectively. It is observed
that there is a shift towards violet as the synthesis temperature increases. As the collagen concentration
increases the sharpness of the absorption peak also increases resulting in sharper peaks as shown in Figure 1.

Metal nanoparticles can be synthesized by reducing metal ions using chemical molecules such as
NaBH4 [4], hydrazine, formaldehyde, phenols, H,O», and acetylene [22]. However, these chemical molecules
are known to be toxic. In contrast in the literature, AuNPs are first synthesized using chemical methods and
then combined with collagen in studies involving collagen and AuNPs [17,23]. In this study, unlike all these
previous works, collagen subjected to high temperatures was considered to function as a reducing agent for
forming metal nanoparticles. When examining the three-dimensional structure of collagen, it is known that
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the A chain starts with hydroxyproline and ends with glycine residue. In contrast, the B and C chains start
with proline and end with glycine, resulting in proline, hydroxyproline, and glycine derivatives at the -N and
-C terminal ends [24]. Indeed, these terminal amino acids possess reducing properties for gold salts.
Furthermore, these amino acids contain -OH groups, contributing to their electron density and allowing them
to reduce gold salts effectively. The use of collagen alone in AuNPs formation did not introduce any
impurities, making the synthesized composite structure safe for use in the cosmetic industry.

Comparatively, using collagen at higher temperatures for AuNPs synthesis has increased the
hydrodynamic diameter according to DLS results. The sizes of AuNPs synthesized at 60°C, 80°C and 100°C
are 75 + 5 nm, 90 + 4 nm, and 170 * 12 nm, respectively (Figure 2). The growth in hydrodynamic diameter
requires an increase in the size of AuNPs or the collagen molecules surrounding AuNPs. As indicated in the
UV-vis results above the increase in SPR values with increasing temperature suggests an increase in the size
of AuNPs. Additionally, it was observed that as the temperature increased, the reaction time decreased in
parallel with an increase in the size of the formed gold nanoparticles. The synthesis times for AuNPs at 60°C,
80°C, and 100°C are 30 min., 15 min. and 5 min, respectively. Particle size increases at temperatures above

60°C.
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Figure 2. DLS measurements of AuNPs-Collagen nanocomposites synthesized at different temperatures.

SERS studies have demonstrated the interactions between AuNDPs, collagen amino acids and the
peptide backbone. Collagen primarily contains amino acids such as proline, hydroxyproline, glycine,
isoleucine, alanine, arginine, and threonine, with glycine, hydroxyproline and proline amino acids being
particularly abundant [25]. Bands observed in the SERS spectrum at 1630 cm™, 1540 cm™, 1371 cm™, and 1272
cm™! correspond to the peptide backbone indicating the preservation of this backbone (Figure 3). The band at
approximately 1540 cm™ is observed amid the I SERS spectrum. The strong band around 1050 cm™
corresponds to the -C-COO" stretching band. The band at 770 cm™ belongs to the carboxy-terminal group.
The bands at 1540 cm™ and 1371 cm™ represent the -COO group's asymmetric and symmetric stretching
modes, respectively. These SERS results agree with previously reported data in the literature [26].
Additionally, as the reaction temperature increased the SERS signals obtained from the collagen molecule
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became more pronounced. This suggests that AuNPs have a better interaction with collagen at higher
temperatures.
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Figure 3. Characterization of AuNPs-Collagen nanocomposite synthesized at different temperatures using
SERS.

The shapes of AuNPs can change depending on the reducing agent used and the concentration of the
reducing agent. Different amounts of Cinnamomum zeylanicum leaf broth resulted in AuNPs that were either
entirely triangular or spherical [9]. Testing various amounts of Cinnamomum zeylanicum extract, such as 4,
6, 8,10, and 17 mL led to a decrease in triangular prism structures and increased spherical structures. SEM
and TEM images of AuNPs obtained at 60°C are shown in Figure 4. Most of the AuNPs have actual sizes
ranging from 30 to 60 nm. Figure 4b shows approximately 40 AuNPs, four triangular in shape while the others
are spherical. TEM images indicate that most of the AuNPs in AuNPs-Collagen nanocomposites are mostly
circular.
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Figure 4. Examination of AuNPs-Collagen nanocomposites using SEM (a) and high-resolution TEM (b).

The antimicrobial properties of AuNPs-collagen nanocomposites were investigated using the disk
diffusion method with Candida albicans, Staphylococcus aureus, E. coli ATCC 25922, Proteus vulgaris, Enterobacter
cloacae, Gordonia rubripertincta, Bacillus subtilis, and Aspergillus niger (Figure 5). Here, it was observed that only
when AuNPs-collagen composite was concentrated 8x, it exhibited slight antibacterial activity against
Gordonia rubripertincta bacteria. Gordonia rubripertincta belongs to the actinomycete family and environments
such as soil are natural habitats for this bacterial genus. Gordonia spp. can create a wide range of diseases,
especially in individuals with weakened immune systems [27]. The fact that AuNPs-collagen nanocomposite
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exhibits such an effect can be advantageous when used in cosmetic products. This feature also indicates the
potential use of this new product in health-related areas such as wound care products and bandages.

Figure 5. Examination of the antimicrobial properties of AuNPs-collagen nanocomposite. a) Candida albicans,
b) Staphylococcus aureus, c) Gordonia rubripertincta d) Bacillus subtilis e) Aspergillus niger f) E. coli ATCC 25922,

g) Proteus vulgaris, h) Enterobacter cloacae.

3. CONCLUSION

In summary, our research has pioneered the integration of gold nanoparticles and collagen, combining
nanotechnology and cosmetic science. This convergence capitalizes on the unique properties of gold
nanoparticles and the well-documented benefits of collagen in skincare. Our study addressed the gap in
utilizing gold nanoparticles for cosmetic purposes, particularly in environmentally friendly synthesis
methods. We successfully harnessed natural extracts to create gold nanoparticles with precision and
sustainability.

Collagen, as a fundamental protein in skin structure, is crucial in cosmetics for its ability to combat
age-related skin issues. What sets our research apart is the harmonious union of collagen with gold
nanoparticles, an innovative approach with significant potential in the cosmetics industry. Through
meticulous optimization, we demonstrated the feasibility of combining these elements to forge a new era in
skincare.

Gold nanoparticles (AuNPs) were synthesized using only collagen and gold salt without the use of
any toxic chemicals. According to TEM results, most AuNPs-collagen nanocomposite structures are
approximately 30-60 nm in size and predominantly exhibit a circular morphology. DLS and UV-vis studies
indicate that the size of AuNPs increases with increased reaction temperature. SERS studies have confirmed
the interaction between AuNPs and collagen. The synthesized nanocomposite exhibited antibacterial
properties against Gordonia rubripertincta bacteria. This innovative and functional material containing collagen
and AuNDPs is believed to be suitable for use in cosmetic products, especially in skincare serums.

In conclusion, our research marks a transformative phase in cosmetic science, merging scientific
innovation with timeless beauty aspirations. The Collagen Peptide Serum Containing Gold Nanoparticles not
only represents the culmination of our research but also signals the beginning of a new era in cosmetic
excellence. We invite the scientific community and the cosmetics industry to join us in shaping a future where
beauty boundaries are redefined and ageless allure becomes a reality.

4. MATERIALS AND METHODS
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HAuCly.2H>O was purchased from Sigma-Aldrich. Collogen was a gift from Ejder Kimya. Deionized
water (Milli-Q Element, Millipore) was used to prepare all solutions.

4.1. Collagen-AuNPs Synthesis

Ultrapure and autoclaved water were used in all experiments and obtained from a Millipore. AuNPs
were prepared by reduction of HAuCls 3H>O with collagen. This procedure generates an average size of 80
nm AulNPs. Briefly, 22 mg of HAuCly.3H,O was dissolved in 50 ml of deionized water in a beaker, and then 2
ml of collagen was added. This solution was stirred at 950 rpm and 60 °C until the light violet color was seen.
When the light violet color was seen, it was put at +4 °C. After 30 min, it was filtrated by a 0.45 um filter
(Millipore) and then kept dark at +4 °C. This synthesis reaction was separately applied at temperatures of 60
°C, 80 °C, and 100 °C. Optical absorption spectra of AuNPs were registered on double-beam UV-VIS
spectrophotometer Lambda 35 (PerkinElmer). UV-VIS absorption spectra were recorded at room temperature
with a spectrophotometer. The suspensions were scanned between 300-900 nm.

4.2. Size Measurements

The size distribution of the nanoparticles was performed with a Malvern Zetasizer NanoZS (Malvern)
at 25°C. The Nano ZS contains a 4 mW He-Ne laser operating at a wavelength of 633 nm and an avalanche
photodiode detector. The scattered light was detected at an angle of 173°. The refractive index and absorption
of the colloidal suspension are assumed as 2.0 and 0.320, respectively.

4.3. Raman Spectroscopy

Raman Spectroscopic measurements were conducted using the fully automated Renishaw InVia
Reflex Raman Microscopy system (Renishaw Plc.,, New Mills, Wotton-under-Edge, United Kingdom),
equipped with a 514 nm Ar laser. The exposure time was set at 10 seconds, and the laser power was adjusted
to 30 mW, with a 50x objective lens utilized for the measurements. The system wavelength was automatically
calibrated using an internal silicon wafer. A 514 nm laser was employed for the Raman measurements. A total
of 10 pL of 8x colloidal silver mix was combined with 10 pL of the sample. Subsequently, 2 puL of this mixture
was deposited onto CaF2 slides and dried at room temperature (28°C). All Surface-enhanced Raman spectrum
measurements were centered at 520 cm™ on the internal silicon wafer.

4.4. Microscopy

The sample was placed on a carbon disc and coated with a few nm thick gold layers by using a Baltec
SDC 005 sputter-coater. Scanning electron microscopy (SEM) images were obtained by using a Carl Zeis Evo-
40 instrument under a high vacuum with an accelerating voltage of 10 kV.
High-resolution TEM measurements were performed on JEOL-2100 HRTEM operating at 200 kV (LaB6
filament) and equipped with an Oxford Instruments 6498 EDS system. The carbon support film-coated copper
TEM grids were used to analyze samples after locating a very small drop of samples onto them.

4.5. Disk-diffusion assay

Antimicrobial activity tests were then carried out by disk diffusion using 1x, 2x, 4x and 8x concentrated
suspension containing of bacteria that Candida albicans, Staphylococcus aureus, E. coli ATCC 25922, Proteus
vulgaris, Enterobacter cloacae, Gordonia rubripertincta, Bacillus subtilis and Aspergillus niger, containing spread on
nutrient agar. Collagen-AuNPs with a MW cutoff of 5000 Da (Millipore) were concentrated 8x at 3500 rpm
using a swing arm rotor at 24 °C and were used in disk diffusion studies. The disks (6 mm in diameter),
containing 15 pl of the extracts (300 ng/disk) were impregnated in the inoculated agar. The inoculated plates
were incubated at 37 °C for overnight. Antimicrobial activity was evaluated by measuring the inhibition zones
about the test organisms. Each assay in this experiment was repeated twice.
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