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ABSTRACT

Graphene-based nanomaterials and gold nanoparticles (AuNPs) are nanomaterials
whose optical and electronic properties have increasingly drawn interest in the
biomedical field. In this research, AuNPs were prepared using two chemical synthesis
processes, i.e., the Turkevich sodium tri-citrate reduction technique and the ascorbic
acid reduction method, and combined with graphene oxide (GO) and reduced graphene
oxide (RGO) to generate four nanocomposites. X-ray diffraction (XRD) and scanning
electron microscopy (SEM) were used to perform structural characterization. UV -
Visible spectroscopy and Raman spectroscopy were used to determine optical
properties, and TGA and differential scanning calorimetry (DSC) were performed on
GO. In all four composite formulations, the localized surface plasmon resonance
(LSPR) peak was retained at approximately 525-537 nm, consistent with well-
dispersed, non-aggregated AuNPs in the 20-40 nm size range. The preservation of the
LSPR peak position across all formulations, independent of reducing agent identity
(sodium tri-citrate vs. ascorbic acid) and graphene matrix type (GO vs. RGO), confirms
successful non-aggregated AuNP decoration of the graphene sheets. RGO-AuNP
composites exhibited substantially higher absorbance across the visible spectrum
relative to GO—-AUNP composites, attributable to the restored sp? conjugation of the
RGO lattice. XRD confirmed the successful synthesis of GO and RGO. SEM revealed
characteristic sheet morphologies consistent with Hummers-derived GO and ascorbic
acid-reduced RGO. Raman spectroscopy of RGO-AuUNP composites confirmed D- and
G-band features consistent with defect-rich graphene lattices. TGA confirmed GO
thermal stability up to 215 °C, well above physiological temperature. These results
establish GO—AuUNP and RGO—AuNP composites as structurally and optically well-
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characterised platforms for potential radiosensitization applications, with the AuNP
plasmonic response preserved upon graphene functionalisation.

Keywords— Gold nanoparticles; graphene oxide; reduced graphene oxide; localized
surface plasmon resonance; radiosensitization

1. Introduction

Cancer is among the greatest public health concerns to date, and more than 19.9 million
new cases were diagnosed in 2022 alone [1]. Radiotherapy, used either as external beam
radiation or in combination with surgery and chemotherapy, accounts for
approximately 50% of all cancer treatments and plays a central role in the curative
management of solid tumours [2]. The radiotherapy therapeutic principle is based on
the fact that the ionising energy deposits into the tumour tissue, producing both indirect
and direct damage to DNA, leading to the eventual cell death. Traditional radiotherapy
uses X-rays of 12-120 keV and up to 1.2 GeV gamma rays to cause irreparable breaks
in DNA strands and apoptotic pathways in dividing cancer cells [3].

Though widely used, the basic drawback of conventional radiotherapy is that it lacks
spatial selectivity in nature. With the high-energy beams of photons, dose is deposited
in the surrounding healthy tissue with similar efficiency to that of the tumour volume
itself, especially in the instance of deeply situated tumours. It is this indiscriminateness
that causes radiotherapy to have to be administered in week-long schedules because the
toleration of normal tissues limits the amount of radiotherapy that can be safely
administered in a single session [4]. Developing strategies that maximise radiation dose
in tumour cells while sparing normal tissue is therefore an important area of ongoing
research.

One such avenue is radiosensitization through nanoparticles. The principle is to target
the high-atomic-number (high-Z) nanoparticles to tumour cells, where their high
photoelectric interaction with incident light leads to a local radiation dose enhancement
by producing photoelectrons, Auger electrons, and reactive oxygen species (ROS) [5].
Gold nanoparticles (AuNPs) are the most commonly studied form of radiosensitizers
of all the candidates due to their high atomic number (Z = 79), high X-ray photon
attenuation relative to soft tissue, chemical inertness, established biocompatibility, and
developed surface chemistry, which allows conjugation to tumour-targeting ligands [6].
Preclinical studies of Hainfeld et al. demonstrated that 1.9 nm AuNPs in combination
with X-irradiation of 250 kVp, improving one-year survival in tumour-bearing mice
from 20% to 86% [7].

Graphene and its variants, such as graphene oxide (GO) and reduced graphene oxide
(RGO), have separately been considered as bionanomedicine materials due to the
unique physicochemical characteristics of the two-dimensional materials. Graphene
was first isolated in 2004 by Novoselov et al. [15] and its oxidised form, GO, has
subsequently been well-investigated as a nanocarrier, photosensitizer and therapeutic
platform due to its high surface area, rich surface functional groups (epoxy, hydroxyl,
carboxyl), solubility in water and tunable optical properties as a result of its sp?
hybridised two-dimensional carbon lattice [16,17]. The biomedical use of GO is
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especially appealing due to the fact that oxygen-based functional groups of the surface
make conjugation sites to drugs, targeting ligands, and metal nanoparticles without the
need to subject the surface to severe conditions of surface modification [18,19].

One of the optical properties of graphene that is of particular relevance to surface
plasmonics is its ability to support surface plasmons at much lower photon energies
than more traditional metallic systems, due to its large carrier density and linear band
dispersion at the Dirac point [20]. In composites of AuNPs with GO or RGO, the
graphene substrate modifies the local dielectric environment of the nanoparticles and
may enable charge transfer at the metal-graphene interface. The extent and direction of
any resulting LSPR shift have been reported to depend sensitively on synthesis
conditions, AuNP size, and the degree of electronic coupling between the metal and
graphene matrix [21-23]. Preservation of the LSPR peak upon composite formation,
without aggregation-induced broadening or redshift, is itself an important indicator of
successful non-covalent AuNP decoration and is a prerequisite for any application
requiring a well-defined plasmonic response.

In this work, we report the synthesis and physicochemical characterisation of four
GO/RGO-AUNP composite preparations prepared with two reducing agents. UV-
Visible spectroscopy demonstrates that the LSPR peak of AuNPs is preserved at
approximately 525-537 nm across all composite formulations, indicating successful
non-aggregated decoration of graphene sheets without plasmonic disruption. Their
structural, optical, and thermal characteristics are reported and discussed with reference
to their potential as a platform for radiosensitization applications.

2. Background

2.1 Gold Nanoparticles as Radiosensitizers

The idea of local radiation dose amplification using high-Z nanoparticles in a tumour
tissue dates back to the beginning of the 2000s. The pioneering in vivo experiment of
Hainfeld et al. [7] established the principle of AuNP-based radiosensitization, and the
field expanded rapidly thereafter. Further studies have established that AuNPs sensitize
cancer cells to both kilovoltage and megavoltage radiation across a variety of in vitro
and in vivo model systems and have been able to increasingly explain the underlying
physical, chemical, and biological processes [6,9].

Radiosensitization by AuNPs is thought to take place mostly through the physical effect
of the high mass-energy absorption coefficient of the particles compared to soft tissue
at keV photon energies. When exposed to ionising photons, AuNPs can also create a
cascade of photoelectrons and Auger electrons, of low energies, which will create
energy in the immediate surroundings of the nanoparticle, increasing the ionisation
density locally [5,8]. The secondary electrons produced at the chemical level react with
water molecules in the environment to produce the ROS, especially hydroxyl radicals,
which are highly toxic to DNA [11]. On the biological level, AuNPs have been reported
to alter the cell cycle, apoptosis, and DNA repair pathways, which lead to increased cell
kill than can be predicted by such a physical dose enhancement alone [6,9].

AuNPs have a radiosensitization efficiency that is dependent on a variety of parameters
such as particle size, surface chemistry, concentration, and energy of incident radiation
[6,8]. Smaller particles are generally more capable of having higher photoelectric cross-
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sections/unit mass and higher surface-to-volume ratios in ROS generation, whereas
larger particles might have an advantage of tumour retention [12]. Polyethylene glycol
(PEG)-functionalisation of surfaces, peptide and antibody-based functionalisation, has
been extensively used to enhance circulation time, decrease non-specific uptake, and
enable tumour target delivery [10,13]. Although there is substantial preclinical data, the
clinical translation of AuNP radiosensitizers remains an active area of development,
with ongoing challenges related to biodistribution, dosimetry, and regulatory clearance
[6,14].

2.2 Graphene Oxide and Reduced Graphene Oxide: Synthesis and Properties
Graphene oxide is a derivative of graphite, which is synthesized by use of a chemical
oxidizing process known as the Modified Hummers” Method [35]. The graphite is
reacted with strong oxidising agents (potassium permanganate in a mixture of sulphuric
and phosphoric acids) to add oxygen-containing functional groups between and on the
basal plane of the graphitic layers to produce an increase in the interlayer spacing of
approximately 0.34 nm in graphite to 0.710 nm in GO [27,36]. XRD confirms the
successful conversion by the disappearance of the graphite (002) peak at 26 of 26° and
emergence of the typically present GO (001) peak at 26 of 10 © -12 ° [28,37].

The D and G bands of the carbon lattice give complementary structural information as
given by Raman spectroscopy. The G band at about 1580 cm™ is caused by the in-plane
vibration of the sp?-bonded carbon atoms, whereas the D band at about 1350 cm™
indicates the existence of the defects and disorder in the lattice [32].

A high D/G intensity ratio in comparison to pristine graphite is a typical indication of
successful GO manufacturing since the incorporation of oxygen functional groups
breaks the long sp? system [28,51]. SEM images of GO usually show a typical crumpled
wrinkled sheet structure that forms due to the lattice deformation caused by the
oxidation reaction [27,28].

Graphene oxide is reduced into reduced graphene oxide by chemical, thermal, or
photochemical means to eliminate some of the oxygen functional groups. Reduction
with ascorbic acid has drawn significant interest as a non-toxic, greener alternative to
the traditional reductants [29,52]. Reduction using ascorbic acid under moderate
temperatures allows restoring some extent of the sp? conjugation of the graphene lattice,
as the XRD peak changes its position from (001) to (002) near 26 of 24° to 26°, and the
Raman D/G ratio is altered when compared with that of GO [34,52]. The resulting RGO
still has the remaining oxygen groups, rendering water solubility and surface
functionality without losing part of the electronic characteristics of graphene.

GO and RGO have numerous biomedical uses such as nanocarriers of anticancer drug
delivery, photosensitizers of photothermal therapy and photodynamic therapy, tissue
engineering scaffolds, biosensing and bioimaging platforms [18,38,39,40]. GO has high
drug-loading potential due to the high surface area and functional groups, whereas the
accessibility of functional groups to functionalise the surface with targeting ligands
allows the delivery of drugs to tumour cells selectively [19,42]. The thermal stability
of GO has also been systematically characterised using TGA, where the rapidity of
mass loss is observed to increase beyond about 200 °C due to pyrolysis decomposition
of labile oxygen functional groups [34].
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2.3 Gold Nanoparticle Synthesis: Turkevich and Ascorbic Acid Methods

In 1951, the Turkevich technique was created, and it is one of the most popular
pathways in the synthesis of colloidal AuNPs [45]. In this procedure, aqueous gold (I11)
chloride is reduced by trisodium citrate at high temperature to form quasi-spherical
nanoparticles, which are capped by citrate to achieve electrostatic stabilisation. The
molar ratio of citrate to gold salt mainly determines the size of the particles, and the
larger the concentration of citrate, the smaller the particles tend to be [25,45]. The
resultant AuNPs exhibit a characteristic LSPR absorption peak around 520-530 nm for
particles in the 15-40 nm size range, which is well-defined by the Mie theory and the
body of literature [31,46].

Reduction of gold salts by ascorbic acid is the second example of a single-step, room-
temperature synthesis pathway that does not require heating and allows the rapid
assembly of nanoparticles [26]. Ascorbic acid (vitamin C) is both the reducing agent
and a mild capping agent, and transforms Au®* to Au® at room temperature. Ascorbic
acid reduction can also provide a larger size distribution and a lower monodispersity of
the resultant nanoparticles compared to the Turkevich method, depending on reaction
conditions, yet resultant nanoparticles exhibit similar LSPR peak positions [26,47].
Both of these methods are suitable for the preparation of AuNPs that will then be
combined with graphene-based matrices [29,30].

2.4 GO-AuUNP and RGO-AuUNP Composites: Optical Properties and Applications
The decoration of sheets of graphene with AuNPs creates a hybrid system that has the
plasmonic properties of gold and the large surface area of graphene, as well as the
electronic properties of graphene. The presence of AuNPs inside the graphene matrix
causes changes in the local dielectric environment of the nanoparticles, which results
in changes and widening of the LSPR peak as compared to the composites without
AuNPs [21,22,23]. Transference of charge between the sp® carbon lattice of a graphene
sheet and the metal nanoparticles has been broadly recognized as one of the significant
factors in the observed LSPR shifts, and the direction and magnitude of the shift vary
with the degree of electronic coupling [21,44].

GO-AuUNP composites were reported in various applications. AUNPs on GO have also
been utilized as plasmonic interlayers in photovoltaics to increase light collection in
organic solar cells with LSPR-mediated local field enhancement [22]. Recent
applications of GO in biosensing have shown that a combination of the surface
chemistry of GO and the plasmonic sensitivity of AuNP has made the detection of
biomolecules by LSPR shifts label-free and highly sensitive [24,44,54].

The composite structure in catalysis has a high-surface-area support used to stabilise
AuNPs against aggregation whilst preserving their catalytic activity [23]. The increase
in SERS enhancement by AuNPs supported on graphene has also been extensively used
for ultrasensitive detection of molecules [33,54].

The location of the LSPR peak of GO-AuNP composites is of vital interest. The
published articles present LSPR variations of different magnitudes based on the
synthesis pathway, the concentration of GO/RGO, and the size of AuNPs [21,22,23].
Any change in the LSPR towards the 650—900 nm biological optical window, where
tissue absorption by haemoglobin and water is the least, would make GO-AuNP
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composites potential in vivo photon-activated applications such as photothermal
therapy and photon-activated radiosensitization [20, 48]. In the present study, the LSPR
is retained at 525-537 nm, which remains within the visible range active for AuUNP
photoelectric excitation.

Although there is an accumulated literature on GO—AuUNP composites, there is no
systematic comparative study of the LSPR response as a function of reducing agent
identity (sodium tri-citrate vs. ascorbic acid) and graphene matrix type (GO vs. RGO),
with particular attention to whether plasmonic integrity is preserved upon composite
formation and with an explicit perspective on radiosensitization application. This paper
addresses that gap.

3. Materials and Methods

3.1 Synthesis of Gold Nanoparticles (AuNPs)

The Turkevich method was performed to produce AuNPs with the help of sodium tri-
citrate as a reducing and capping agent [25]. Gold(ll1) chloride hydrate (HAuUCI, -
3H,0) was dissolved to prepare a 0.25 mM working solution (50 mL). Trisodium citrate
(0.0438 g) was dissolved in 5 mL of deionised water to prepare a 34 mM citrate
solution. The HAuUCI, solution was boiled with stirring. The citrate solution was added
quickly, and stirring was done until the ruby-red colour was obtained, which indicated
the formation of nanoparticles. The size of particles was controlled with a change in the
molar ratio of citrate to HAuCl,.

A room temperature single-step process that used ascorbic acid as the reductant was
also used to prepare AuNPs [26]. The following reaction describes the process,
2HAUCI4 + 3CsH80s > 2AU° + 3CsHeOs + 8HCI

Stock addition of HAuCI, solution to ascorbic acid solution at room temperature
resulted in an immediate colour change to red, attesting to the formation of
nanoparticles without heating.

3.2 Synthesis of Graphene Oxide (GO)

Graphite powder was used to prepare GO through the Modified Hummers Method [27].
There was a 9:1 (v/v) mixture of H,SO, and H3PO,. KMnQO,4, weighing 1.32 g, was
gradually added to the mixture, and then the graphite powder, weighing 0.225 g, was
added. The mixture was mixed for 6 h until dark green appeared. The surplus oxidant
was reduced by 30% H,O, dropwise addition. Cooling was followed by washing of the
product with 1:3 (v/v) HCl/deionised water, followed by centrifugation of the product
at 11,000 rpm up to a pH of 6. Drying of the product was carried out at 60 °C for 24 h.
3.3 Synthesis of Reduced Graphene Oxide (RGO)

GO was dispersed in distilled water (1:1, w/v) by sonication. While the ascorbic acid
was added as a green reductant, the suspension was stirred at 60°C for 30 min [29]. The
product was centrifuged, then washed three times with ethanol and distilled water, and
dried at 60°C for 24 h.

3.4 Synthesis of Composite Materials

There were four composites prepared: GO—AuUNP (sodium tri-citrate), GO—AuNP
(ascorbic acid), RGO-AuNP (sodium tri-citrate), and RGO-AuUNP (ascorbic acid). For
each composite, 20 mg of GO or RGO was sonicated in deionised water over a 30-min
period. HAuCl, solution (40 mL) was added to the suspension and shaken (sonicated)

Page 41


http://amresearchreview.com/index.php/Journal/about
http://amresearchreview.com/index.php/Journal/about

Annual Methodological Archive Research Review

http://amresearchreview.com/index.php/Journal/about

Volume 4, Issue 3 (2026)

Online ISSN Print ISSN http://amresearchreview.com/index.php/Journal/about
“ 3007-3197 “ 3007-3189

for 2 h. Under the stirring condition, the reducing agent (8 mL) was added, and the
mixture was heated in an oven at 60 °C for 2 h. The mixture was centrifuged and washed
in distilled water and ethanol at 7,000 rpm for 6 min and dried at 60 °C [30].

3.5 Characterisation

XRD characterization of GO and RGO was done to confirm the purity of the phase and
interlayer d-spacing. Surface morphology was examined using SEM. The pristine
AuUNPs and the four composites were subjected to UV-Visible spectroscopy at 5 percent
and 20 percent in terms of V/V in order to identify the positions of LSPR peaks. D-
band and G-band features in all of the composites were characterised by Raman
spectroscopy [32]. GO was subjected to TGA/DSC to a maximum temperature of 350
°C.

4. Results

4.1 XRD Analysis

As shown in Figure 1, the XRD analysis of GO showed a prominent (001) diffraction
peak at low 20, which is consistent with oxygen-intercalated interlayer expansion of 8-
9 A d-spacing. Minor humps around 20°, 30°, and 40° indicate residual ionic species
from the H,SO, and H3PO, oxidant system. These peaks are consistent with findings
reported by Zaaba et al. [27]. The XRD analysis of RGO, as shown in Figure 2, showed
the characteristic (002) peak confirming partial restoration of graphitic stacking, with a
residual hump near 43°.
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Figure 1: XRD pattern of GO. The (001) peak confirms interlayer expansion; humps
at 20°-40° indicate residual acid-derived ionic species
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Figure 2: XRD pattern of RGO. The (002) peak confirms partial restoration of graphitic

stacking order following ascorbic acid reduction.

4.2 SEM Analysis

Figure 3 shows the SEM analysis of GO. A characteristic layered, sheet-like

morphology with partial layer fracture from lattice strain induced by oxygen functional

group insertion can be observed. Moreover, the structure is consistent with the

previously reported structure for Hummers-derived GO [27,28]. Figure 4 shows the

SEM analysis of RGO and it similarly exhibited a layered structure with improved

structural integrity, consistent with partial sp2 network restoration [34].

—
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o
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Figure 3: SEM micrograph of GO showing layered sheet morphology with partial layer
fracture. Scale bar: 1 um.
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Figure 4: SEM micrograph of RGO showing improved structural integrity relative to
GO. Scale bar: 1 pum.

4.3 UV-Visible Spectroscopy

The HAuCls precursor solution showed no LSPR feature, as shown in Figure 5,
confirming the unreduced state of the gold salt. The expected LSPR peak at
approximately 525 nm for non-aggregated AuNPs in the 20—40 nm size range [31,50]
is instead observed in the four composite formulations, as discussed below.

<
[

— 0.01 M HALCI: {OI water)

o o o
~N w =

Absorbance (a.u.)

o
=

0.0F 1

200 300 400 500 600 700
Wavelength (nm)

Figure 5: UV-Visible spectrum of HAuUCI, precursor solution (0.01 M, DI water),
showing monotonically decreasing absorbance with no LSPR feature, confirming the
unreduced state of the gold precursor

All four composites showed a well-defined LSPR peak retained in the 525-537 nm
range, as shown in Figures 6-8. This is consistent with the LSPR position expected for
non-aggregated AuNPs in the 20-40 nm size range [31,50]. The preservation of the
LSPR peak position across all formulations is independent of reducing agent identity
and composite concentration which confirms that AuNPs are successfully deposited on
the graphene surface without significant aggregation. Aggregation of AuNPs typically
causes a pronounced broadening and redshift of the LSPR peak beyond 600 nm [31];
the absence of such features in all four composites is therefore a positive indicator of
colloidal stability and well-dispersed nanoparticle decoration.
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Figure 6: UV-Visible spectrum of GO-AuNP composites (Ascorbic Acid and Sodium
Tri-Citrate) showing preserved LSPR peak at approximately 527 nm.
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Figure 7: Comparison of UV-Visible spectra of RGO-AuNP composites: sodium tri-
citrate vs. ascorbic acid reduction, showing preserved LSPR peaks in the 525-537 nm
range and graphene UV signatures below 400 nm.
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Figure 8: Comparison of UV-Visible spectra of GO—AuNP and RGO-AuNP
composites: sodium tri-citrate vs. ascorbic acid reduction, showing preserved LSPR
peaks and elevated broadband absorbance from the RGO matrix.

It was observed that the peak absorbance intensities were substantially higher in the
RGO-AUNP composites compared to the corresponding GO—-AuUNP formulations. This
is attributable to the broadband visible-range absorption of the RGO matrix arising from
its partially restored sp? conjugation network, which superimposes on the AuNP
plasmonic signal [34]. The GO-AuUNP composites showed comparatively lower
absorbance, consistent with GO’s more disrupted carbon lattice and lower visible-range
extinction. Below 400 nm, composites retained distinct graphene component
signatures: the «t to «* transition near 230 nm in GO and the n to n* shoulder near 300
nm, and RGO’s redshifted, broadened absorption edge characteristic of partial sp?
restoration [34,52].

4.4 Raman Spectroscopy

Figure 9 shows the Raman spectra of 5% V/V RGO-AuNP composites for both
reducing agents. D-band and G-band features are clearly observed at approximately
1320 cm ! and 1601 cm™!, respectively, consistent with published values for graphene-
based materials [32]. The D-band intensity exceeds the G-band for both composites,
indicating a high degree of lattice disorder. Maximum intensities were approximately
12,950 counts for RGO-AuUNP (ascorbic acid) and 4,405 counts for RGO-AuNP
(sodium tri-citrate). The higher Raman intensities in the ascorbic acid composite may
reflect differences in AuNP distribution and local electromagnetic field enhancement.
High D/G ratios are indicative of sp® carbon defects and oxygen functional group
attachment sites [32]. It should be noted that complete Raman data for GO—AuUNP
composites could not be acquired over the full spectral range required to resolve the D
and G bands, owing to a spectrometer range limitation during data collection. Raman
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characterisation of GO-AuNP composites across the full spectral window is
acknowledged as a limitation of the present study and is prioritised for future work.

T T T T T T
5% V/V RGO-AuNPs (Ascorbic Acid)
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12,000

T

10,000

8,000

6,000

Intensity (Counts)

4,000

2,000

800 1000 1200 1400 1600 1800 2000
Raman Shift (cm?)

Figure 9: Raman spectra of 5% V/V RGO-AuNP composites (both reducing agents)
in the 700-2000 cm! region, showing D-band (~1320 cm ™) and G-band (~1601 cm ™)
features.

45 TGA and DSC

Figure 10 shows the TGA of GO in which a two-stage mass loss can be observed.
Gradual weight loss to around 215 °C corresponds to desorption of physisorbed water
and decomposition of labile epoxy/hydroxyl groups. Above 215 °C, sudden mass loss
is related to pyrolytic decomposition of stable carbonyl/carboxyl groups with CO/CO,
evolution [34]. DSC showed maximum exothermic heat flow around 215 °C. GO is
thermally stable at the physiological temperature of 37 °C.
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Figure 10: TGA and DSC curves of GO up to 350 °C. Two-stage mass loss and
exothermic heat flow are clearly seen to peak around 215 °C
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5. Discussion

The central finding of this study is the preservation of the AuNP LSPR peak at
approximately 525-537 nm across all four composite formulations, independent of
reducing agent identity and graphene matrix type. This is a significant and practically
meaningful result: aggregation of AuNPs — the most common failure mode in
nanoparticle—substrate composite synthesis — produces a characteristic broadening and
redshift of the LSPR peak beyond 600 nm [31]. The absence of such features in any of
the four formulations confirms that the synthesis protocol successfully achieves non-
aggregated AuNP decoration of the graphene surface. The invariance of peak position
across all conditions further indicates that the plasmonic response is governed by the
intrinsic properties of the AuNPs rather than by inter-particle coupling or capping agent
interactions.

The substantially higher broadband absorbance observed in RGO—AuUNP composites
relative to GO—AUNP composites across the visible range is consistent with the partially
restored sp? conjugation of the RGO lattice, which significantly increases the visible-
range extinction coefficient of the graphene component [34,52]. This distinction
between GO and RGO composites has practical implications: the higher optical cross-
section of RGO-AUNP composites may be advantageous in photothermal applications,
while GO—AUNP composites offer a cleaner spectral window around the AuNP LSPR
peak, which may benefit LSPR-based biosensing. For the RGO-AuNP composites, the
ascorbic acid sample exhibited higher Raman intensities (~12,950 counts at the D-band)
compared to the sodium tri-citrate sample (~4,405 counts), which may reflect
differences in AuUNP surface coverage and associated electromagnetic field
enhancement [33]. High D/G ratios in both RGO-AuUNP composites confirm the
presence of sp® defects and oxygen functional group attachment sites in the RGO lattice.
These defect sites likely serve as anchoring points for AuNP decoration and do not
compromise optical performance, as evidenced by the sharp, well-defined LSPR peaks
observed across all UV-Visible spectra.

The data presented by TGA/DSC support the physiological thermal stability of GO that
is constant up to 215 °C, much higher than the body temperature of 37 °C. This thermal
stability is an important prerequisite for any in vivo application. This sudden loss of
mass at temperatures exceeding 215 °C agrees with other frequently reported GO
thermal profiles, which are due to quick CO/CO; loss of oxygen functional groups
during the pyrolysis process [34].

The preserved LSPR peak at approximately 525-537 nm across all composite
formulations is located in the visible range where AuNPs are known to generate
photoelectrons, Auger electrons, and reactive oxygen species (ROS) upon photon
irradiation, which is the mechanistic basis for radiosensitization [5,8,11]. The AuNP—
graphene composite platform demonstrated here maintains this plasmonic activity
while incorporating a high-surface-area graphene carrier that can be further
functionalised with targeting ligands, therapeutic agents, or surface coatings for in vivo
delivery [18,19,42]. The thermal stability of GO, confirmed up to 215 °C by TGA/DSC,
is well above physiological temperature (37 °C), satisfying a basic prerequisite for
biological application [34]. Several limitations of the present study are acknowledged.
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Particle size, morphology, and AuNP distribution on the graphene sheets were not
directly characterised by transmission electron microscopy (TEM); the inferred 20-40
nm size range is based on LSPR peak position and literature precedent rather than direct
measurement. Colloidal stability and hydrodynamic diameter, which are critical for
biomedical translation, were not assessed by dynamic light scattering (DLS) or zeta
potential measurements. Additionally, Raman characterisation of GO-AuNP
composites over the full spectral window was not achievable within the present study
due to spectrometer range constraints. Future research will cover particle size and
distribution characterisation using TEM and DLS, in vitro cytotoxicity tests to
determine biocompatibility, and irradiation experiments using both X-ray and visible
photon sources to quantitatively determine radiosensitization enhancement factors. The
structurally and optically characterised composite platform described here provides a
well-defined experimental foundation for those studies.

6. Conclusion

This study demonstrates the successful synthesis of GO—AuUNP and RGO-AuNP
nanocomposites using two reducing agents (sodium tri-citrate and ascorbic acid) and
reports the preservation of the AUNP LSPR peak at approximately 525-537 nm across
all four composite formulations, independent of reducing agent identity or graphene
matrix type. The retention of the LSPR peak position without aggregation-induced
broadening or redshift confirms successful non-aggregated AuNP decoration of the
graphene surface in all formulations. RGO-AuNP composites exhibited substantially
higher broadband visible-range absorbance than GO-AuNP composites, attributable to
the partially restored sp? conjugation of the RGO lattice. XRD and SEM confirmed the
structural integrity and characteristic morphologies of GO and RGO. Raman
spectroscopy of RGO-AuUNP composites confirmed defect-rich graphene lattices with
D- and G-band features at ~1320 and ~1601 cm™, respectively; GO—AuUNP Raman
characterisation over the full spectral range remains to be completed. TGA/DSC
confirmed GO thermal stability up to 215 °C, well above physiological temperature.
These results establish GO—AuUNP and RGO-AuNP composites as structurally and
optically well-characterised platforms, with preserved AuNP plasmonic activity upon
graphene functionalisation, warranting further investigation as radiosensitization
candidates, pending cytotoxicity evaluation and in vitro irradiation studies.
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