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The development of composites with embedded gold nanoparticles (Au NPs) and biopolymeric matrices,
such as cellulose acetate (CA), has gained significant attention due to their unique synergistic properties,
including enhanced mechanical, physical, and thermal characteristics. In this study, a composite material
consisting of Au NPs embedded in a CA matrix was prepared and thoroughly characterized and its
cytotoxicity evaluated for potential medical applications such as drug delivery, biosensing, and imaging.
The composite was prepared using a newly developed in situ method, ensuring mostly uniform
dispersion of Au NPs within the CA matrix. Various characterization techniques, including X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), atomic force microscopy (AFM), energy-dispersive
X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), UV-Vis spectroscopy, Fourier
transform infrared spectroscopy (FTIR), dynamic mechanical analyses (DMA), thermogravimetric analysis
(TGA), and cell viability assay were employed to evaluate the structural, mechanical, thermal and
biocompatibility properties of the as-prepared composite. The obtained results indicate that even a
miniscule content of Au NPs (<0.14 wt%) within the CA matrix can significantly change the properties of
such composites. The produced materials are compact, flexible, strong, and exhibit low cytotoxicity,
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Introduction

In recent decades nanotechnology has been one of the most
rapidly advancing fields of science and industry due to its
broad range of applications across a wide array of disciplines.
Its influence spans various sectors, including electronics,
mechanics, optics, biomedicine, catalysis, magnetics, energy
production, and food technology. Nanotechnology’s ability to
improve and revolutionize these fields is largely attributed to its
manipulation of materials at the nanoscale. One of the most
promising areas for nanotechnology is biomedicine, where it is
highly interdisciplinary and requires collaboration across med-
icine, materials science, biotechnology, chemistry, and physics.
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making them suitable for a wide range of potential applications.

Nanoparticles are ideal for a range of biomedical applications,
such as targeted drug delivery systems, where their small size
and large surface area allow them to interact with biological
systems at the molecular level."™

Au NPs are of particular interest in medicine because of
their exceptional biocompatibility, stability, and ability to be
functionalized for specific biological applications. Historically,
gold has been used in medicine for thousands of years, for
treating conditions such as rheumatic diseases and skin
inflammations.> ® Today, Au NPs are widely utilized in biosen-
sing, diagnostics, and therapeutic applications and as catalysts
for various reactions.’™** Furthermore, their optical properties,
particularly surface plasmon resonance, allow them to be used
in highly sensitive diagnostic tools for detecting biomolecules
at low concentrations.">>°

A new group of materials formed of nanoparticles and
biopolymers combine the unique properties of nanoparticles
with the advantageous characteristics of biopolymers making
them promising for applications in biomedicine, materials
science, and engineering. The goal of producing such nano-
composites is to create materials that can replace synthetic
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polymers, especially in the context of biocompatibility and
environmental sustainability. Nanocomposite materials also
offer synergistic effects, where the combined properties of the
different components enhance the material’s overall performance,
improving structural properties and interfacial characteristics.>'*>

Cellulose, the most abundant biopolymer on Earth, plays a
key role in nanocomposite materials due to its versatility,
environmental friendliness, sustainability and biocompati-
bility.>*° Its widespread availability, along with its ability
to be functionalized and modified, makes cellulose an ideal
matrix material for incorporating nanoparticles. However, to be
used as a matrix, in most cases cellulose must be chemically
altered to produce more suitable materials, such as CA. As a
product of targeted esterification of cellulose, CA is a very
versatile material with favourable mechanical, chemical and
thermal properties.>” Its increased hardness, good impact
resistance, great optical transparency, and good resistance to
hydrocarbons*® make it a suitable substitution for common
fossil-based polymers used to make everyday items (e.g. syn-
thetic fibres for clothing, eyeglass frames and toothbrush
handles). Additionally, CA is readily soluble in various organic
and inorganic solvents and can be blended with other (bio)-
polymers, thus making it ideal for various biomedical, pharma-
ceutical and industrial applications.?® The interaction between
nanoparticles and the cellulose matrix (e.g. CA) can be tailored
through modifications in nanoparticle size, shape, and surface
chemistry, providing additional functional capabilities.**”

One application of nanocomposite materials in the bio-
medical field is in transdermal drug delivery systems. Trans-
dermal patches offer an alternative method for delivering drugs
through the skin, bypassing the digestive system and avoiding
the first-pass metabolism in the liver.>**® This method also
avoids the risks associated with intravenous drug delivery, such
as infection and pain. The advantages of transdermal drug
delivery include the ability to provide controlled and contin-
uous drug release over a prolonged period, as well as the ease of
applying and removing the patch from the skin. Transdermal
systems are already in use for various medical conditions,
including hormone therapy, chronic pain management, smok-
ing cessation, and motion sickness.**"*

Recent research shows that cellulose composites modified
with Au NPs are promising materials, especially for biomedical
applications that require direct and prolonged tissue contact.*’
Such materials benefit from the unique optical and functional
properties of Au NPs, including photothermal responsiveness,
which is useful for controlled therapeutic delivery and diag-
nostic applications."® In addition, Au NPs incorporated into
polymeric matrices enhance mechanical strength and anti-
microbial properties, further improving their suitability for
medical applications.*>** CA, which was chosen as the polymer
matrix in this study, provides an optimal basis for long-term
biomedical interfaces and ensures durability and structural
integrity during prolonged tissue contact.

In this research study we developed and extensively charac-
terized a material for potential transdermal patches made from
Au NPs and CA. The Au NPs were incorporated into the CA
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matrix with various concentrations to tailor the composite’s
properties, such as its mechanical strength, flexibility, photo-
sensitivity, biocompatibility and low toxicity. Furthermore, this
new composite showed potential for additional enhancements,
such as light, electrical, or ultrasound stimulation, which could
be used to improve drug delivery efficacy and control.

CA, on the other hand, was chosen as the matrix material
due to its ease of processing, biocompatibility, and ability
to form thin flexible films suitable for transdermal patches.
By combining these two materials, the new composite not only
offers potential for enhanced drug delivery but also for other
biomedical applications, such as biosensing, transdermal and
photothermal therapy.

Materials and methods
Materials

CA was prepared using Black Alder (Alnus glutinosa [L.] Gaertn.)
wood as a basic raw material. Black Alder was chosen as it has
adequate chemical composition with rather high cellulose
content** and was sampled in accordance to the TAPPI T257
cm-12 standard.”® After sampling, the wood was air dried and
milled using a Retsch SM 300 cutting mill equipped with a
1 mm bore opening sieve. The prepared wood flour was then
sieved using the Retsch AS 200 basic vibratory sieve shaker, and
wood flour with particles sized between 0.5 and 1 mm were
selected for cellulose isolation and acetylation. Ethanol, nitric
acid, toluene, acetic acid and acetic anhydride were purchased
from Gram-mol, Croatia.

Sodium citrate dihydrate was purchased from Kemika,
Croatia. Perchloric acid was purchased from Merck, Germany.
Dichloromethane was purchased from Carlo Erba, Italy.
Gold(m) chloride solution was purchased from Sigma Aldrich,
USA. All chemicals were of analytical reagent grade. Deionised
water used in all parts of the experiment was ASTM type II and
prepared using a TKA MicroMed system.

Cellulose isolation

Kiirchner-Hoffer cellulose*>*® was isolated from pre-extracted

wood, using an ethanol/nitric acid mixture (4:1 v/v%). Wood
flour extraction was carried out according to TAPPI T204 cm-
97*® in Soxhlet apparatus using a toluene/ethanol mixture
(2:1 v/v%). The obtained cellulose was filtered, washed with
hot deionised water and dried overnight at 70 °C in order to
remove excess water.

Cellulose acetylation

Cellulose acetylation was carried out as described in our earlier
paper.”” Briefly, 100 g of cellulose in a 3000 mL laboratory glass
beaker was treated for 1 minute with the reaction mixture
consisting of 500 mL acetic acid, 1000 mL of toluene and
5 mL perchloric acid. After 1 minute, 500 mL of acetic anhy-
dride was added to the reaction mixture. Acetylation was
carried out at room temperature, and the total acetylation time
was 45 minutes (1 + 44 minutes), after which 1000 mL of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deionised water was added in order to precipitate the CA.
During acetylation, the reaction mixture was vigorously stirred
by means of a IKA Turrax T18 homogeniser paired with an
electromagnetic stirrer IKA C-MAG HS7. The obtained CA
was then vacuum filtered and alternately washed with ethanol
and deionised water (1000 mL portions). The washing was
conducted until the final product was scentless. CA was then
dried for 8 h at 40 °C in order to remove excess water,
re-pulverised and sieved over a 0.2 mm sieve. In this way, one
can acquire CA in the form of a white powder. Such CA had
41.17% acetyl and a degree of substitution (DS) of 2.54 as
determined according to ASTM D817-96.*®

Neat CA film

Neat CA film was prepared by the solvent cast method using
dichloromethane as the appropriate solvent. The CA powder
was dissolved in a glass laboratory beaker, to which a known
amount of solvent was added (5 w/v%). The prepared mixture
(50 mL) was then poured into a glass Petri dish (¢ = 11 cm) that
was put on a levelled surface in order to obtain films of uniform
thickness. The cast neat CA mixture was left undisturbed in a
covered Petri dish for three days at room temperature, during
which the solvent slowly evaporated, leaving a compact thin
film at the bottom of the dish that can be collected by tweezers.

Composite materials preparation

The synthesis of Au NP - CA composite materials was based
on a modified Turkevich method*® in which the reduction of
gold(m) chloride solution with sodium citrate took place in a
suspension of CA in water. By changing the molar fraction of
the gold(m) chloride and sodium citrate with respect to the
volume of suspension of CA in water, one can obtain composite
samples with varying content of Au NPs, as described more in
detail below.

Sample 1 (S1)

A mixture of deionised water (100 mL) and CA (0.5 g) was stirred
in a 500 mL round-bottom flask using a magnetic stirrer for
5 minutes at room temperature. Sodium citrate dihydrate
(19.42 mg; 0.066 mmol) was dissolved in 30 mL of deionised
water and the resulting solution was added to the suspension of
CA. Subsequently, 10 pL of gold(m) chloride solution was
diluted with 1990 pL of deionised water and rapidly injected
into the mixture under continuous stirring. After 30 minutes
the colour changed to dark red, indicating nanoparticle for-
mation. The resulting precipitate was collected by filtration and
dried at 50 °C for 4 hours. The dried material was then
dissolved in 20 mL of dichloromethane and poured into a Petri
dish (¢ = 5 cm). The poured mixture was kept at room
temperature in the closed Petri dish until dichloromethane
fully evaporated, forming a compact thin film at the bottom of
the dish.

Sample 2 (S2)

A mixture of deionised water (100 mL) and CA (0.5 g) was stirred
in a 500 mL round-bottom flask using a magnetic stirrer for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5 minutes at room temperature. Sodium citrate dihydrate
(38.85 mg; 0.132 mmol) was dissolved in 60 mL of deionised
water and the resulting solution was added to the suspension of
CA. Subsequently, 20 pL of gold(m) chloride solution was
diluted with 1980 pL of deionised water and rapidly injected
into the mixture under continuous stirring. After 30 minutes
the colour changed to dark red, indicating nanoparticle for-
mation. The resulting precipitate was collected by filtration
and dried at 50 °C for 4 hours. The dried material was then
dissolved in 20 mL of dichloromethane and poured into a Petri
dish (¢ = 5 cm). The poured mixture was kept at room
temperature in the closed Petri dish until dichloromethane
fully evaporated, forming a compact thin film at the bottom of
the dish.

Sample 3 (S3)

A mixture of deionised water (100 mL) and CA (0.5 g) was stirred
in a 500 mL round-bottom flask using a magnetic stirrer for
5 minutes at room temperature. Sodium citrate dihydrate
(116.20 mg; 0.395 mmol) was dissolved in 180 mL of deionised
water and the resulting solution was added to the suspension of
CA. Subsequently, 60 pL of gold(m) chloride solution was
diluted with 1940 pL of deionised water and rapidly injected
into the mixture under continuous stirring. After 30 minutes
the colour changed to dark red, indicating nanoparticle for-
mation. The resulting precipitate was collected by filtration and
dried at 50 °C for 4 hours. The dried material was then
dissolved in 20 mL of dichloromethane and poured into a Petri
dish (¢ = 5 cm). The poured mixture was kept at room
temperature in the closed Petri dish until dichloromethane
fully evaporated, forming a compact thin film at the bottom of
the dish.

X-ray diffraction

X-ray diffraction analysis (XRD) was performed using a Bruker
D8 Advance device with a Cu Ka radiation under acceleration
voltage of 40 kV and current of 25 mA. The scans were taken in
Bragg-Brentano configuration comprising a point collimator,
between 5 and 80 °20, with steps of 0.01 °20, and acquisition
speed of 5 s per step.

Scanning electron microscopy

The morphology of the samples was studied with a JEOL JSM-6400
scanning electron microscope. In addition, high-resolution
imaging of samples (using both secondary and backscattered
electrons) was performed using a Thermo Fisher Scios 2 Dual
Beam instrument. EDX measurements were performed using
a Raith eLINE Plus SEM equipped with a Bruker EDX system.
The SEM images were processed using Fiji software.

Atomic force microscopy

Atomic force microscopy (AFM) was performed using a Nano-
surf CoreAFM device at room temperature in contact mode
(static mode), employing a silicon probe (Tap300Al-G) with a tip
radius of 10 nm and a vibration frequency of 300 kHz. Scans
were conducted on an area of 10 x 10 pm with an acquisition

Mater. Adv.
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time of 0.78 s. The images were processed using Nanosurf
software.

X-ray photoelectron spectroscopy

XPS measurements were conducted using a Versa Probe 3 AD
(PHI, Chanhassen, USA) equipped with a monochromatic Al Ko
X-ray source. The source operated at an accelerating voltage of
15 kv, and 46 W. Powder samples were mounted on double-
sided Scotch tape and positioned at the center of the XPS
holder. Spectra were acquired for each sample over a 200 X
200 pm analysis area, with the charge neutralizer activated
during data collection. Survey spectra were measured using a
pass energy of 224 eV and a step size of 0.2 eV. High-resolution
(HR) spectra were recorded with a pass energy of 27 eV and a
step size of 0.05 eV. To ensure high-quality spectral data with a
good signal-to-noise ratio, at least 10 sweeps were performed
for each measurement. The energy scale of the XPS spectra and
any possible charging effects were corrected by referencing the
C—C peak in the C 1s spectrum with a binding energy (BE)
of 284.8 eV. Spectral quantification was carried out using
MultiPak 9.9.1 software with Shirley background correction.
Deconvolution (Fitting) was performed using CasaXPS 2.3.26
software, with a Shirley type background and 70-30% Gaus-
sian-Lorentzian peak shapes.

UV-vis spectroscopy and opacity measurements

Optical properties were investigated using an Ocean Optics
USB2000 fibre optics spectrometer with a tungsten-halogen
lamp as the light source. Additionally, to supplement these
measurements specifically in the ultraviolet (UV) range where
the tungsten-halogen lamp has low intensity, a 8 W Philips TL
F8T5/BLB UV lamp was used. In addition, opacity of the
produced films was calculated based on the absorbance values
measured at 550 nm on a Shimadzu UV-mini 1240 spectro-
photometer. Film thickness was measured using an INSIZE
digital micrometre (model 3100-25; 0.001 mm precision). Mean
values of five thickness measurements per sample were used
for opacity calculation.

Infrared spectroscopy

Attenuated total reflectance with Fourier transform infrared
(ATR-FTIR) spectroscopy analysis of the material was per-
formed on a PerkinElmer FT-IR spectrum one spectrometer
in the wavelength range from 650 to 4000 cm ™' at a resolution

of 4 ecm™ .

Thermal and mechanical measurements

Thermogravimetric measurements were performed using a
Mettler Toledo TGA/DSC 3+. The analysis was carried out in
two steps with different gases: the first step involved heating
from 30 to 600 °C in a nitrogen atmosphere, while the second
step was heating in an air atmosphere from 600 to 900 °C.
The gas flow was set to 30 mL min~ ' and the heating rate was
10 °C min~ .

Differential scanning calorimetry (DSC) was carried out on
a PerkinElmer DSC 6000 by heating and cooling the samples
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(6-8 mg) from 30 °C to 330 °C, using a scanning rate of
20 °C min~', under a nitrogen flow of 50 mL min . The
melting (Ty,) and crystallization (T.) temperatures were taken
as the peak temperatures of the melting endotherm and the
crystallization exotherm. The value of 58.8 ] g~ * as the heat of
fusion of a perfect crystal of CA was used to determine the
degree of crystallinity.>°

The axial tensile tests were performed using a TA Instruments
HR 30 hybrid rheometer with a rectangular axial test fixture. The
test was carried out at room temperature (25 °C) with a constant
linear strain rate of 5.0 um s~ until the sample broke. Dynamic
mechanical analysis (DMA) was performed using a TA Instru-
ments HR 30 hybrid rheometer with the rectangular axial test
fixture. Temperature control was maintained using the supplied
TA Instruments environmental test chamber. The measurement
parameters were as follows: the initial axial tensile force was set to
1.0 N; the measurement was conducted from 25 to 300 °C with a
heating rate of 3 °C min~". The oscillation frequency was set to
1.0 Hz, while the amplitude was 2.0 um. The temperature range
was chosen to cover the glass transition region around 200 °C and
extended up to the onset of degradation. Beyond this temperature,
no usable data could be obtained. The tensile force and amplitude
were selected based on preliminary tests. A frequency of 1 Hz is
commonly specified in material testing standards, making it a
valuable baseline for comparing results between different labora-
tories and materials.

Porosity test

The porosity test was performed according to Wang et al.>" by

immersion of thin strips (prepared as previously described)
into deionised water (20 °C) for 1 hour, followed by drying in a
vacuum oven at reduced pressure for 4 hours.

Assessment of acetylated cellulose cytocompatibility using MTT
assay

Cell viability was assessed using the MTT assay (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide), which
detects mitochondrial dehydrogenase activity in viable cells.”?
The assay was performed using the human fetal lung fibroblast
cell line (MRC-5), at a density of 2 x 10* cells per well in 96-well
flat-bottom plates (Greiner, Frickenhausen, Austria). Cells
growing in a monolayer were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) supplemented with 2 mM glutamine, 10%
heat-inactivated fetal bovine serum (FBS, Gibco, Thermo Fisher
Scientific Inc., Waltham, MA, USA), and antibiotics (100 U mL "
penicillin and 0.1 mg mL " streptomycin). The cells were grown
in a CO, incubator (IGO 150 CELLlife™, JOUAN, Thermo Fisher
Scientific, Waltham, MA, USA) in a humidified atmosphere con-
taining 5% CO, at 37 °C.

Prior to in vitro assay, neat CA and composite samples were
punched into discs with a diameter of 3 mm and sterilized
under UV light. For the MTT assay, plates were placed in wells
with cells and incubated for 48 hours. Following the incubation
period, the culture medium was removed, and 40 pL of MTT
solution (5 mg mL ') was added to each well. Samples were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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incubated for an additional 4 hours at 37 °C to allow the
formation of formazan crystals.

After incubation, 160 uL of dimethyl sulfoxide (DMSO) was
added to each well to dissolve the formazan crystals. Next,
the solutions were transferred into a new 96-well plate, and
absorbance was measured at 595 nm using an iMark micro-
plate reader (Bio-Rad, Hercules, CA, USA). Results are presented
as a percentage of viable cells incubated with composites
compared to control cells incubated with non-modified CA
(set to 100%).
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Paper

Results and discussion
X-ray diffraction analysis

The neat CA and composite samples S1, S2, and S3 (prepared by
progressively increasing the content of Au NPs) were firstly
investigated by XRD (Fig. 1). The acquired XRD patterns
revealed that composite samples had higher crystallinity than
neat CA. All samples showed a common crystalline phase that
could be assigned to triacetylcellulose (ICDD PDF #03-0021).
In addition, crystalline gold (ICDD PDF#04-0784) could be
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Fig.1 XRD patterns of all samples.

Fig. 2 SEM images (top view) of the neat CA and composite samples S1,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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identified, most notably in sample S3. On the other hand, XRD
patterns of samples S1 and S2 indicated a very low concen-
tration of crystalline Au, all in line with the expectations based
on the syntheses conditions. In general, the presence of both
phases is in accordance with the used precursors and con-
ducted chemical syntheses. Considering the statistical nature
of the XRD method and the relatively large interaction volume,
it is also possible that a few large crystals formed during the
evaporation of the precursor solution in samples CA and S2,
perhaps due to slight variations in syntheses conditions. It is
well known that cellulose-based materials can crystallize in
multiple forms. Namely, the two mentioned samples show an
additional peak (highlighted in Fig. 1, at °26 = 32.3) indicating
the presence of another crystalline phase. This peak could be
attributed to the increase in the interfibrillar distance induced
by the presence of acetyl groups within cellulose chains,>” or it
can be associated with parts of amorphous structures of
residual lignin and hemicelluloses, still present in Kiirchner-
Hoffer cellulose after its isolation.>* >° The absence of this peak
in patterns of samples S1 and S3 is an indication of a complete
lignin and hemicelluloses removal due to prolonged chemical
treatment. In addition, because the Turkevich method itself
is highly sensitive to variations in parameters, other minor
(crystalline) by-products could have been made in the modified
synthesis.””"®

Surface morphology and composition

The morphological characterization of samples was performed
using scanning electron microscopy (SEM), which revealed
Au NPs embedded into the CA matrix (Fig. 2). The topography
analysis suggested that the surface becomes increasingly
rougher with increasing concentration of Au NPs. This indicates
that the incorporation of Au nanoparticles significantly changes
the surface properties of the composite material, meaning that
certain functional properties of CA materials could be tailored by
the addition of Au NPs. For example, the roughened surface can
provide a larger active surface area, which is particularly bene-
ficial in applications such as biosensors, where surface interac-
tions with biological molecules are critical, or drug delivery
systems, where improved adhesion and release properties are
desired. Also, rough surfaces can serve as active sites for hetero-
geneous catalysis or other interaction-driven applications due to
larger surface area. The interplay between uniform dispersion,
local agglomeration and altered surface topography illustrates
the complex yet tuneable nature of these composites, making
them promising candidates for advanced technological and
biomedical applications.

This low-resolution observation is further supported by the
high-resolution SEM imaging using backscattered electrons,
which provided a strong contrast between the Au NPs and the
CA matrix, allowing for clear visualization of individual NPs
(Fig. 3). The obtained images suggest that Au NPs are indeed
relatively sparsely distributed within the CA matrix. What is
more, based on the images, one can estimate the size of the Au
NPs to be in the range of 10 to 20 nm (Fig. 3 ¢), in good
agreement with the expectation based on the synthesis
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Fig. 3 High-resolution SEM images (backscattered signal, false colour) of
sample S3: (a) magnification 100 000x; (b) magnification 500 000x. (c)
Size distribution of Au NPs in sample S3, based on high-resolution SEM
images comprising 239 Au NPs in total.

parameters. According to clear observation of 239 Au NPs from
8 HRSEM images, statistical analysis revealed the Au NP size of
(16 =+ 4) nm in diameter (assuming perfectly spherical parti-
cles). It should be noted though that the SEM signal suffers
from certain delocalization, so that the true NP size could be a
bit smaller.

To further assess the surface properties of samples, AFM
was utilized. AFM scans (Z scans) more clearly illustrated
the evolution of the roughness of surfaces from the CA to the
composite samples, as shown in Fig. 4. To facilitate the
comparison among the samples, both 2 D and 3D representa-
tive surface views are presented. Scanned areas clearly showed
an increasing trend for surface root mean square (RMS) rough-
ness (Table 1) with the rising Au NP content. The increase of
surface RMS roughness is gradual, which is very likely the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 AFM images the neat CA and composites S1, S2, and S3: Z-scan 2D (a) and 3D (b) of sample CA; Z-scan 2D (c) and 3D (d) of sample S1; Z-scan 2D

(e) and 3D (f) of sample S3; Z-scan 2D (g) and 3D (h) of sample S3.

Table 1 Surface RMS roughness values for all samples

Sample RMS/nm
CA 5.03
S1 12.90
S2 18.37
S3 25.04

consequence of growth-related transformations in the samples
related to the addition of Au NPs.

The surface composition was further analysed by EDX
(Fig. 5) and XPS (Fig. 6), which confirmed that the predominant
chemical components of the surface were carbon and oxygen,

C))

at (59 = 6) wt% and (47 + 5) wt%, respectively, in all the
samples, originating from the CA matrix. The gold content
remained below the EDX detection limit (<0.1 wt%) for sam-
ples S1 and S2; only sample S3 gave a small but detectable gold
signal of (0.13 + 0.04) wt%. Similarly, XPS measurements
indicated the presence of gold only in sample S3 - the one
with the highest nominal gold concentration, but again just in
traces. As a side note, some silicon was detected by XPS as a
contaminant, possibly introduced during sample preparation
or handling. Combined, the EDX and XPS results indicate that
the fraction of gold in the composite samples is miniscule.
The absence of surface gold at lower concentrations
supports the assumption of a well-dispersed system where the

combined

Fig. 5 EDX elemental mapping of sample S3: (a) carbon; (b) oxygen; (c) gold; (d) combined signal (overlaid on the secondary electron image).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS survey spectra of the neat CA and composites S1, S2, and S3.

nanoparticles are effectively encapsulated in the polymer
matrix. In general, such an encapsulated arrangement of metal
nanoparticles is critical for applications that require oxidation
protection for the metal, while simultaneously utilizing the
functional properties of the embedded nanoparticles. This
design ensures the longevity and stability of the metal compo-
nents, especially in environments prone to oxidation, while
maintaining the structural integrity and functional versatility of
the composite material.

UV-vis spectroscopy, FTIR spectroscopy and porosity
measurements

The porosity of neat CA is lower than 1% (see Table 2),
indicating the formation of a tight and compact polymer
matrix. The rise of porosity in the composite samples is a clear
indication that materials synthesis resulted in the creation of
nanoparticles. The transparency (at ~600 nm) of the examined
composite materials clearly drops with the addition of Au NPs,
with sample S3 having high opacity (0.292%) and extremely low
transparency (0.6%) in comparison with the pristine CA sample
(transparency of 81.1% and opacity of 0.005%). Here, due to the
sufficiently high nanoparticle load (but still very low Au con-
tent, as evidenced by EDX), localized plasmon resonance
caused almost complete UV-light blocking. Interestingly,
the preparation process yielded samples of almost uniform
thickness, of around 130 pum.

Table 2 Thickness, transparency, opacity and porosity of neat CA and
composite samples

Sample Thickness/um Transparency/% Opacity?/% Porosity/%
CA 133 81.1 0.005 0.82
S1 129 49.9 0.039 9.79
S2 133 53.4 0.036 8.32
S3 129 0.6 0.292 8.25

“ Materials with an opacity of 0.0 are considered to be fully transparent.

Mater. Adv.

As illustrated in Fig. 7a, the neat CA exhibited a transmit-
tance exceeding 80% across nearly the entire visible light
spectrum, particularly within the red region (600 to 800 nm).
On the other hand, the composite samples were significantly
less transparent in the whole studied wavelength range. Speci-
fically, samples S1 and S2 exhibited similar transmittance
behaviour, both exceeding 50% in the range of 600 to
800 nm, while in the violet part of the spectra their transmit-
tance is below 40%.

The trend of the observed transmittance and its correlation
with the content of Au NPs highlight the importance of careful
sample preparation when designing materials for specific
optical applications. Accordingly, the absorbance spectra
(Fig. 7b) revealed a broad peak within the 480-600 nm range,
accompanied by a marked increase in absorbance around
400 nm, most notably in sample S3. Samples S1 and S2 follow
a similar spectral trend, albeit with reduced intensity.

In addition, the UV region (340 nm to 450 nm) was studied
more in detail using a dedicated UV lamp (see Fig. 8). Here, an
almost complete transmittance (>95%) was observed in the
case of the neat CA sample, whereas samples S1 and S2 showed
a noticeable decrease in transmittance. Furthermore, sample
S3 displayed almost no transmittance, indicating nearly com-
plete absorption within the measured spectral range. These
results emphasize the drastic change in optical behaviour of
composites when a very small amount of Au NPs is present
in the material, indicating their suitability for applications in
wavelength-selective optical filtering. These results demon-
strate that it is possible to achieve precise control over the
optical properties by systematically adjusting the content of
Au NPs within the CA polymer matrix, offering an adaptable
platform for the development of advanced optoelectronic
materials.

In the FTIR spectra (Fig. 9) several characteristic peaks are
clearly noticeable. The most prominent are those around
1750 ¢cm™ ' corresponding to symmetric stretching of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 FTIR analysis for the neat CA and composite samples S1, S2, and S3.

carbonyl (C=0) of the acetyl group (CH3C(O)O-) in CA, and
those at around 1240 ¢cm ' and 1052 cm ' representing

© 2025 The Author(s). Published by the Royal Society of Chemistry

vibrations of the C-O bonds in acetyl groups (of CA). Small
shifts and changes in intensities before the mentioned peaks in
composite samples suggested interactions between the surface
of the Au NPs and CA matrix.

The occurrence of Au-CA complexities is additionally con-
firmed by the broadening of peaks in the wavenumber range
from 1052 to 1100 cm™ " as a result of the peaks overlapping
and by intensity drop of peaks at 1430 cm™ ' (-CH,~ deforma-
tion vibration), and 850 cm ™' (-C-O- stretching and -CH,-
rocking) in the composite samples. Outside the “fingerprint”
region, characteristic bands around 3200-3500 cm ™" and those
at around 2945 cm ™' were present, corresponding to the O-H
stretching (absorbed water) and -CH,- stretching in methylene
groups, respectively.

Mechanical properties

The produced composites visibly demonstrate pronounced
flexibility and mechanical robustness (as illustrated in
Fig. 10), which is also supported by direct measurements of
the Young’s modulus.

The stress-strain curves of the axial tensile tests are shown
in Fig. 11, while the Young’s moduli are listed in Table 3. Axial
tests have shown that the addition of Au NPs into the CA matrix

Fig. 10 Digital photograph of the bent composite sample S3.

Mater. Adv.
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Fig. 11 Stress—strain diagram of the axial tensile tests for the neat CA and
composite samples S1, S2, and S3.

Table 3 Results from the axial tensile tests

Sample Young’s modulus (E)/MPa
CA 31.71
S1 30.77
S2 31.86
S3 29.33

has a minimal impact on the Young’s moduli of the materials
for samples S1 and S2; only sample S3 showed a slightly lower
value (~8%) compared to the neat CA.

Dynamic mechanical analyses of the materials showed that the
addition of Au NPs to the CA matrix increased the storage and loss
moduli in all cases (see Fig. 12a). Both the highest storage and
loss moduli were achieved for sample S1, increasing the storage
modulus by 49% and increasing the loss modulus by 62%.

The tan ¢ values are primarily of interest for obtaining the T,
(glass transition) of the materials: the T, increases around 2 °C
for all samples in our study (see Fig. 12b and Table 4). Based on
the obtained tan J values one can conclude that the addition of
Au NPs into the CA matrix has a marginal impact on T.

View Article Online
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Table 4 Glass transition temperatures of the tested materials

Sample Glass transition temperature (7)/°C
CA 204.1
S1 206.7
S2 206.6
S3 206.6

Thermal behaviour

TGA was performed to evaluate the influence of Au NPs on the
thermal stability of the samples and to assess the amount of the
residue (Fig. 13). Both CA and all composites exhibit two
degradation steps: one corresponded to the degradation of
CA, and the other one to the degradation of the carbon residue.
The addition of Au NPs had a minor effect on the thermal
stability of the CA matrix, reducing the temperature of max-
imum degradation rate by up to 6 °C. However, the addition of
Au NPs had a significant impact on reducing the stability of the
carbon residue, lowering the temperature of the maximum
degradation rate by up to 150 °C.

The residues at 700 °C after total degradation of the carbon
residue are presented in Table 5. As expected, the neat CA has
no residue while in the composite samples the residue ranges
from 0.25% to 1.00% of starting mass. This can be attributed to
Au NPs and other by-products of our modified Turkevich
synthesis.

Next, a thorough DSC analysis was performed on all the
samples (Table 6). The results indicated that the melting
temperature (Ty,) slightly decreased in the composite samples,
in comparison with the neat CA. This was in contrast with the
usual behaviour where T,, values rise as a more crystalline
material is produced (see Fig. 1). Therefore, this could be due to
the fact that the surface-to-volume ratio increased in the
composites samples (as evidenced by SEM and AFM; see
Fig. 2 and Fig. 4), leading to a drop of T,, values as a
consequence of the improved free energy at the particle’s
surface.”

The cold crystallization (T¢) values rose as the Au NP content
rose, indicating that the Au NPs acted positively as a surface

0.8+
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Fig. 12 DMA test results: (a) Set of lines representing the values of loss modulus E”, the upper being of storage modulus E’; (b) tan d values of the DMA
measurements.
Mater. Adv. © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Mass% residues at 700 °C

Sample 1st measurement residue/%
CA 0.01
S1 0.25
S2 0.33
S3 1.00

Table 6 DSC results of neat CA and composite materials

Sample Tm/°C T./°C AH,/J g ! AHJfJ g " X%
cA 302.5 227.8 24.5 11.5 22.1
s1 301.4 227.5 23.8 9.9 23.7
S2 301.1 229.5 27.9 12.3 26.4
S3 301.4 228.8 22.7 8.9 23.4

nucleation agent.®” However, these changes were minimal and
non-linear, as were the changes of peak values of the crystal-
lisation endotherms (AH,). This, alongside the fact that the T,
and AH, values showed an opposite trend in the case of sample
S3, were indications that some local aggregation might still
have occurred (individual structural characteristics of the
tested samples). The calculated percent crystallinity (X.) values
correlate with the aforementioned tendencies. What is more,
these results are in good agreement with the XRD measure-
ments (Fig. 1) which also identified sample S2 having the
highest crystallinity and the CA sample showing the lowest
crystallinity.

Toxicity test: MTT assay

Considering the biomedical applications of the developed
composites, evaluating its biocompatibility is essential. The
cytotoxicity of composite samples was therefore assessed using
the human fetal lung fibroblast cell line (MRC-5) and the MTT
viability assay. Samples S1, S2 and S3 were tested and compared
to neat CA as a control sample (Fig. 14). After a 48-hour
incubation period, results showed a high cell viability rate,
exceeding 80% at all tested samples (Fig. 15), including
the sample S3 having the highest content of Au NPs (and other

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Viability of MRC-5 cells following 48-hour incubation with com-
posite samples S1, S2, and S3 analysed using an MTT survival assay. Data
represent means =+ standard deviation (SD) of three independent experi-
ments. Control cells were incubated with neat CA.

by-products of the modified Turkevich method). These findings
indicated that the synthesized composites did not exhibit
significant cytotoxicity towards human fibroblast cells (MRC-
5) under the tested conditions, supporting its potential for safe
biomedical use, particularly in applications involving pro-
longed contact with human tissue, such as transdermal patches
and wound dressings.

Conclusions

In this study, novel nanocomposites comprising Au NPs and CA
were successfully synthesized using a modified Turkevich
method and thoroughly characterized. These nanocomposites
demonstrated favourable structural, mechanical, thermal, and
optical properties, which, in combination with good biocom-
patibility, position them as promising candidates for advanced
applications in transdermal drug delivery systems. Analysis of
the composites indicated that Au NPs, even at very low con-
centrations, are homogeneously distributed throughout the CA

Mater. Adv.
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Fig. 15 Representative microscopy images of MRC-5 cells after a 48-hour incubation. Top row: untreated control cells (left) and cells incubated with
neat CA discs (right). Bottom row: cells incubated with composites samples S1, S2, and S3.

matrix. This uniform dispersion exerts a pronounced influence
on the functional properties of the material, most notably on its
optical behaviour. The presence of dispersed Au NPs within the
polymer CA matrix provides a versatile platform for the tailored
fabrication of advanced optical filters. The mechanical and
thermal characteristics of the composite remain closely aligned
with those of the native CA matrix, which is consistent with
the low doping levels of Au NPs. Importantly, the results of the
MTT assay confirmed the low cytotoxicity and good biocompat-
ibility of the nanocomposites towards human fibroblast cells
(MRC-5), which experimentally underpins their suitability
and safety for biomedical applications involving direct and
prolonged tissue contact.

The promising results presented in this research underline
the significant potential of the CA-Au NP composites in both
nanotechnology and medicine. However, further research is
essential to fully explore the optimization of production pro-
cesses, scale-up techniques, and the long-term stability and
safety of these nanocomposites. Future studies should focus on
assessing biological interactions, pharmacokinetics, which are
critical factors for their successful translation into clinical
applications. With continued advancements in nanocomposite
design and manufacturing, these materials could offer innova-
tive solutions to some of the most pressing challenges in drug
delivery, biosensing, and therapeutic treatments.
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