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Polycrystalline spherical plasmonic gold nanoparticles (GNPs) were
coated with carboxylate-functionalized carbon layers with unprece-
dented thinness down to 4 nm, tunable between 4 and 26 nm, via
a hydrothermal approach using glucose, fructose or sucrose as carbon
sources. This synthetic approach allows for the formation of con-
formally coated GNPs with well-controlled carbon-layer thicknesses
as a function of initial carbon source concentration. These carbon
coated GNPs exhibit plasmon resonance at ~545 nm and have an
increased absorbance at 400 nm, which is found to correlate linearly
with the thickness of the carbon layer with a squared Pearson corre-
lation coefficient of 0.94. The coated GNPs are shown to be bio-
compatible through incubation with SH-SY5Y cells with varying
carbon coating thicknesses, without changes in cellular morphology
and exhibiting increased proliferation with no notable differences
when compared with the control or citrate capped GNPs, over 48
hours.

1. Introduction

Gold nanoparticles (GNPs) have become the subject of interest
in many fields due to their unique optical properties™* and
biocompatibility.> These properties make them suitable for
a wide range of applications, from imaging,* sensing>® and drug
delivery’ to photo-thermal treatments,® solar cells® and catal-
ysis.’ In particular, the GNPs display Localized Surface Plas-
mon Resonance (LSPR), a collective oscillation of the
conduction band electrons within a confined structure, result-
ing from light irradiation at appropriate wavelengths, which can
be tuned by varying the composition, shape, size and dielectric
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environment surrounding the nanoparticles, allowing for
optical property tunability or preservation, depending on the
desired application.™

While generally considered biocompatible,> surface engi-
neering is often employed to either improve upon it, maintain it
post synthesis (especially when cytotoxic reagents are used), or
to introduce additional chemical functionality for drug delivery
or addition of a particular desired action.**'* Among the various
methods used to modify the surface chemistry of nanoparticles
are direct ligand exchange (commonly with polyethylene glycol
for bio-compatibility),” Layer-By-Layer (LBL) grafting of poly-
mers," silica,” or Metal-Organic-Frameworks (MOFs) by
seeded growth,” and protein coupling.’® Proper thickness
control is difficult to achieve by only one method, especially
when both thin (below 5 nm) and thick (beyond 20 nm) coatings
are desired, depending on the application.'*****°

Glucose-derived hydrochars have been shown to coat
spherical gold nanoparticles by a single-step hydrothermal
reaction using the precursor gold complex along with glucose to
produce a micron-sized coating around spherical GNPs.** More
recently, similar glucose-derived hydrochar layers on GNPs with
varying thicknesses from 10 nm to 25 nm have been used to
negate the cytotoxic effects of CTAB moieties surrounding gold
nanorods. Nevertheless, the synthesis yields coated GNPs with
a very large hydrodynamic diameter (~165 nm)*>**, due to sin-
tering of the carbon layers of multiple GNPs. The resulting
coated GNPs are less optimal for cellular uptake and drug
delivery applications, when usually the target is around ~50 nm
for optimal cellular uptake.*

In this research, GNPs have been directly coated with sugar
(mainly glucose, with fructose or sucrose used in controlled
synthesis) without an additional surfactant like CTAB by
hydrothermal synthesis to yield GNPs coated with carbon
(Au@C) with an hydrodynamic radius as low as 31.3(£0.8) nm
compared to the pristine GNPs with an 18.3(£0.1) nm hydro-
dynamic radius.
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2. Experimental section

2.1. Materials synthesis

2.1.1 Reagents. Sodium citrate tribasic dihydrate (>99%,
ACROS ORGANICS), hydrogen tetrachloroaurate(ur) trihydrate
(99.9% Au, System Chemicals), double-distilled water (ddH,O,
18 MQ cm ™', Millipore), buffer solution pH 10 (AVS TITRI-
NORM, VWR CHEMICALS), p-glucose, p-fructose and sucrose
(>99%) were all obtained from Sigma Aldrich.

2.1.2 Preparation of Au nanoparticles. 197 mg of hydrogen
tetrachloroaurate(m) trihydrate is added to 950 ml of double
distilled water under stirring over a hot plate and brought to
boiling. 50 ml of a 1% w/w% trisodium citrate aqueous solution
is injected in one shot to the boiling solution and covered with
aluminum foil; the reaction is run for 20 minutes on the hot
plate. Upon observation of the standard red color of the solu-
tion, the reaction vessel is removed from the hot plate, put aside
to rest and cool to room temperature for 1 day prior to use. The
particles are stored afterwards in the fridge.

2.1.3 Preparation of Au@C nanoparticles. To a Teflon or
glass-lined 25 ml stainless steel autoclave, 10 ml of the
Au@citrate particle solution are added. 0.1 ml of the buffer
solution is added in one shot, and a standard volume of 0.25 ml
of a 0.2 M aqueous glucose (or fructose/sucrose) solution are
added, and the volume is adjusted to 12.5 ml; if a higher
concentration is desired, a larger volume of the carbon source
solution is then added. The autoclave is then sealed, lightly
shaken and placed inside a furnace at 165-170 °C for 12 hours.

Once the autoclave containing the particle solution is cooled
to room temperature, it is opened and the contents are trans-
ferred to a centrifuge tube. The particles are washed twice, with
double distilled water, for 45 minutes at 13k rpm each round.

2.2. Materials characterization

The morphology, size, and distribution of the nanoparticles
were imaged using a JEOL JEM 1400 transmission electron
microscope (TEM) operated at 120 kV and a JEOL JEM F200
high-resolution TEM (HR-TEM) operated at 200 kV. Carbon
thickness measurements were performed using Image] soft-
ware. The samples were prepared via drop-casting on 200 mesh
or 300 mesh copper@formvar electron microscopy grids.

X-ray photoelectron spectroscopy (XPS) was used to charac-
terize the functionality of the carbon layer surrounding the
particles and confirm the conformal nature of the coating
process across the colloidal sample. A Nexsa X-ray photoelec-
tron spectrometer system (Thermo Scientific) with a mono-
chromated Al Ka X-ray source was used. Measurements were
taken at room temperature under high vacuum (<3.0 x 107°
torr). A spot size of 400 pm was used with a pass energy of 40 eV.
The samples were prepared by drop-casting on Cu tape for the
survey and high-resolution data. The etching experiments were
performed by Ar" sputter etching for 60 s and 150 s at low and
high currents at 4 kv.

Optical characterization of the Au@citrate and Au@C
nanoparticles was performed using a Shimadzu UV-1280 UV-vis-
NIR spectrophotometer.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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DLS measurements were performed using a Photocor™
goniometer-based setup (Photocor Instruments, Tallinn, Esto-
nia), with time-averaged scattered intensity autocorrelation,
(2)(6t) = {I(8)I(t + 6t)), measured over a wide range of scattering
angles 6, where the wave vector is ¢ = (47tn/A)sin(6/2), n is the
refractive index of water and A = 633 nm is the radiation
wavelength. We then fit the autocorrelation by a simple expo-
nential decay: g®(6¢) = B + 8 exp(—2I'6t), where the background
B, the contrast 3, and the decay rate I'(g) are fitting parameters.
The diffusion rate of the particles is then obtained as the linear
slope of I'(¢%); see the main text. The present analysis, where
DLS data obtained over a wide range of scattering angles are
analyzed at once, is generally more accurate than the simpler
single-§ DLS measurements.

2.3. Cell biocompatibility

The IncuCyte® SX5 Live-Cell Analysis System (Sartorius, Ann
Arbor, MI, USA) was used to acquire label-free, high-
throughput, phase-contrast images. Human neuroblastoma
cells, SH-SY5Y (ATCC), were grown in tissue culture flasks
(Greiner, Stroudwater, UK) containing high glucose Dulbecco's
modified Eagle's medium (DMEM, Sigma-Aldrich, St. Louis,
MO, USA). The medium was supplemented with 10% fetal
bovine serum (FBS), 1% r-glutamine, 1% penicillin-strepto-
mycin, and 0.2% amphotericin (Biological Industries, Beit-
Haemek, Israel). The cells were incubated at 37 °C in a humid-
ified atmosphere with 5% CO,/95% air and were subcultured
twice a week by adding 5 ml of trypsin upon reaching a conflu-
ence of ~70%. The cell cultures were monitored daily for up to
a week using light microscopy (Leica DM IL LED; Leica Micro-
systems, Wetzlar, Germany). The system enables continuous
real-time monitoring of live cells under optimal culture condi-
tions while avoiding the phototoxic and cytotoxic effects of
fluorescence-based approaches. SH-SY5Y cells (ATCC) were
incubated in a 12-well culture plate and treated with either
uncoated gold nanoparticles or gold nanoparticles coated with
carbon layers of 4.11 nm, 8.53 nm, 13.87 nm, and 26.23 nm
thicknesses. 24 pl of the washed particles were added to 1 ml of
cells and the cell plates were then placed inside the IncuCyte®
SX5 system. Images were obtained in real time using the Incu-
Cyte® SX5 instrument with phase-contrast imaging according
to the manufacturer's protocol. Time-lapse images were
collected every 4 h for a period of 48 hours using a 10x objec-
tive, which provides detailed imaging while allowing observa-
tion of a large portion of the sample over an extended period
without causing harm to the cells, as recommended by the
manufacturer's protocol.

3. Results and discussion

3.1. Carbon shell thickness and hydrodynamic radius

GNPs were synthesized via the standard (modified Turkevich)
citrate reduction method to yield Au NPs.>*® The GNPs are
spherical in shape with a particle size distribution of 16.3(%1.4)
nm (Fig. 1a) and stabilized only by citrate without any other
stabilizer. An aqueous solution of the carbon source (glucose,

Nanoscale Adv., 2026, 8, 1836-1843 | 1837
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Fig.1 TEM images of (a) Au NPs and Au@C NPs synthesized from glucose and coating thicknesses of (b) 4.1(+£0.99) nm, (c) 13.5(+1.2 nm) and (d)
26.2(+£3.2 nm); (e) thickness of the carbon coating scaled linearly with increasing multiples of glucose concentration and (f) particle sizing of

Au@C nanoparticles with a coating thickness of 4.1 + 0.99 nm by DLS.

fructose or sucrose) and buffer are added, and the final volume
is adjusted with water to match half of the volume of the Teflon/
glass-lined autoclave (Table S1). The autoclave is then sealed
and placed in an oven at 165 °C for 12 hours. The resulting
particles are washed twice with doubly deionized water and are
then used and characterized.

The carbon shell conformally coats the GNPs with a thin
layer of 4.1(4£0.99) nm (Fig. 1b). The thickness is tunable as
a function of increasing sugar content (see Fig. 1e), with a shell
thickness of 13.5(+1.2 nm) and 26.2(£3.2 nm), as shown on
TEM images in Fig. 1c and d, respectively. The experimental
conditions are summarized in Table S1. In the following
sections, the samples are named Au@C_X nm for a X nm thin
layer. The same reaction conditions are applied on different
sugars used as carbon precursors. Au@C synthesized from
fructose tend to exhibit more fusion between the carbon shells
but retain the same carbon thickness as those synthesized from
glucose under the same reaction conditions (4.11 + 0.99 nm
and 3.86 = 0.71 nm for glucose and fructose respectively)
(Fig. S2a). Au@C from sucrose displays an increased thickness
of the carbon shell (6.83 + 1.20 nm) compared to glucose but
does not exhibit more fusion (Fig. S2b).

Therefore, the systematic study was carried out using glucose
as the carbon source. Fig. S3 displays the TEM images of
Au@C_4 nm (Fig. S3a), Au@C_7 nm (Fig. S3b), Au@C_8 nm
(Fig. S3c), Au@C_10 nm (Fig. S3d), Au@C_13 nm (Fig. S3e), and
Au@C_14 nm (Fig. S3f).

DLS was used to ascertain the hydrodynamic diameter of the
prepared particles ,* by plotting I' (autocorrelation decay rate)

1838 | Nanoscale Adv.,, 2026, 8, 1836-1843

as a function of the wave vector ¢> (Fig. 1f); a linear scaling is
observed, indicative of low polydispersity of the GNPs. The
diffusion coefficient D is the slope and is found to be D= I'/q*> =
1.56 x 10~ m” s'. The hydrodynamic diameter of the parti-
cles is then found using d = kgT/37wnD = 31.3(+0.8) nm (n: water
dynamic viscosity), which is slightly higher than 26.9(+2.3) nm
observed by TEM. The apparent size discrepancy between TEM
and DLS indicates slight sintering of the particles, which is
observed by TEM (Fig. S2a). For reference (Fig. S1), the Au NP
hydrodynamic diameter is 18.3(£0.1) nm. A diameter of
58.6(+0.6) nm is obtained for Au@C_10 nm, which is near the
ideal ~50 nm mark for optimal cellular uptake.**

The role of the buffer is mainly to retain the colloidal
stability of the particles post-washing, as we found that other-
wise the particles tend to aggregate; therefore, we add the buffer
in the beginning to directly move towards washing post-
synthesis. The particles were produced without the use of
cytotoxic cetylammonium bromide (CTAB), which was claimed
to be necessary for the coating of gold nanoparticles,”>*
allowing production of GNPs with citrate ions as the initial
stabilizer resulting in fully bio-compatible nanoparticles by
design of both the synthetic process and product. The process,
mechanism and kinetics of hydrothermal carbonization of
glucose, fructose and sucrose to form carbonized micro and
nanospheres have been extensively studied,”*”** and involve
the eventual transition of the carbon source into 5-hydroxy-
methylfurfural (HMF), after which HMF undergoes condensa-
tion, polymerization and aromatization to form the hydrochar.
When Au nanoparticles are introduced, they act as nucleation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) TEM image of Au@C_4 nm, (b) HR-TEM image of Au@C_4 nm and the SAED inset indicating a polycrystalline structure; HR-TEM

images of Au@C_4 nm prepared with (c) fructose and (d) sucrose as the carbon sources instead of glucose at the same standard concentration;
XPS spectra of the Au@C_4 nm made from glucose for (e) C 1s and (f) O 1s.

sites for the hydrochar formation, resulting in Au@C NPs with
a polymerized layer of the carbon source on the outer layer of
the GNPs.*

The resulting Au@C_4 nm are well dispersed on the TEM
grid (Fig. 2a) and highly crystalline (Fig. 2b). The synthesis can
also be done with alternative sugars as carbon sources, such as
fructose (Fig. 2¢) and sucrose (Fig. 2d) to yield similar carbon
coated Au nanoparticles (Fig. S2). The fructose coated nano-
particles have a ~4 nm thickness while the sucrose coated
nanoparticles have a ~7 nm thickness. Sucrose is a disaccharide
composed of both glucose and fructose monomers and breaks
down during the hydrothermal process, explaining why at the
same concentration the resulting thickness is overall larger
compared to the monosaccharaides. Carbonized fructose

© 2026 The Author(s). Published by the Royal Society of Chemistry

coated nanoparticles appear to exhibit a higher degree of overall
fusion between the particles (Fig. S2a).

3.2. Carbon functional surface

Au@C nanoparticles display a shell that could be functionalized
by standard organic reactions via the carboxylate groups* on
the carbon coating as confirmed by XPS with C 1s peaks at
288.24 eV for the C=0 bond and 286.46 eV for the C-O bond,
and O 1s peaks at 532.45 eV for the C-O-C and C-OH bonds and
at 531.45 eV for the C-(C=0%*)-C bond (Fig. 2e and f).*!

The thickness of the carbon coating (Fig. S3) can be adjusted
based on the initial concentration of glucose added while all
other conditions remain the same. We have demonstrated
control over the thickness for up to 10 times the initial
concentration of glucose to achieve a carbon coating thickness

Nanoscale Adv, 2026, 8, 1836-1843 | 1839
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Fig. 3 XPS spectra of the Au 4f orbital of (a) Au@C_4 nm; (b) Au@C_8 nm; (c) Au@C_13 nm and (d) Au@C_13 nm post-etching with Ar*: (e)

Au@C_26 nm and (f) Au@C_26 nm post-etching with Ar*.

of ~26 nm (Fig. S4a), with the same surface chemistry as indi-
cated by the C 1s and O 1s XPS spectra (Fig. S4), which is
consistent for other thicknesses as well (Fig. S5). As expected
with a thick layer, the XPS signal for the Au core has di-
sappeared (Fig. 3e). The absence of the Au 4f signal in the XPS
spectra demonstrates the conformal coating of the carbon
across the sample, due to the limited of penetrative capability of
the XPS device at such depths (or thickness, in our case). To
confirm, we have compared the XPS spectra of Au 4f in Au@C_4
nm, Au@C_8 nm, Au@C_13 nm, and Au@C_26 nm (Fig. 3a, b, c
and e, respectively). We observed that the signal intensity
reduces with increasing thickness of the carbon coating,**
already masking the Au 4f peaks at a coating thickness of 13 nm
(Fig. 3c). We can uncover the Au 4f signal (Fig. 3d and f),
although it is mildly oxidized due to the nature of the process,
as observed by a positive shift of both the Au 4f;,, and 4f;),
peaks to higher values from 83.33 eV and 87.12 eV (which is
slightly negatively charged) to 84.4 eV and 88.16 eV, respectively,

1840 | Nanoscale Adv., 2026, 8, 1836-1843

confirming the presence of a gold core. This disappearance of
Au 4f peaks at increasing carbon thicknesses indicates that,
beyond the TEM images shown, the entire GNPs are con-
formally coated with the carbonized-polymerized glucose; as
otherwise, we would still be able to observe the Au peaks,
regardless of the observed thickness of the carbon in the TEM
images. This holds true for both the Au@C_13 nm and
Au@C_26 nm samples.

3.3. Optical properties and biocompatibility

The spherical citrate capped GNPs exhibit a plasmon resonance
at 519 nm, whilst particles coated with a carbon layer exhibit
their plasmon resonance shifted to 545 nm (Fig. 4a). The red
shift results from the increase in the surrounding dielectric
environment constant around the particles coated with the
carbon layer.*® As the dielectric constant of a carbon layer is
higher than that of water,®? a red shift of the plasmon

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Au NPs, or with Au@C_4 nm, Au@C_8 nm, Au@C_13.87 nm Au@C_26 nm, acquired at O, 24, and 48 h. Scale bar: 200 um.

resonance is observed based on Mie theory.*® The increased
absorbance below 489 nm in the Au@C NPs, relative to the
innate d-d band transition absorbance observed in the Au NPs,°?
is due to additional absorbance by the carbonized glucose layer
itself,”**¢ caused by the aromatization of the carbon. The carbon
layer thickness is found to be linearly correlated to the relative
absorbance at 400 nm (Fig. 4b) with a squared Pearson corre-
lation coefficient (sPCC) of 0.94, via the relation thickness =
20.78 x Abs — 13.09.

To examine the biocompatibility of our carbon coating and
assess whether variations in its thickness are non-toxic, we
incubated SH-SY5Y cells with either uncoated GNPs (Au@ci-
trate) or coated GNPs Au@C_4 nm, Au@C_8 nm, Au@C_14 nm,

© 2026 The Author(s). Published by the Royal Society of Chemistry

Au@C_26 nm for 48 h and compared to untreated cells.
Representative phase-contrast images of SH-SY5Y cells (back-
ground set to black to enhance contrast) show a typical healthy
neuronal-like morphology under all conditions, with well-
adhered cells, intact borders, and preserved neurite-like exten-
sions (Fig. 4c). As displayed, no signs of stress or cytotoxicity are
observed, such as rounding, detachment, or membrane bleb-
bing. Live imaging over 48 hours was performed to evaluate cell
viability by quantifying proliferation (cell counts and con-
fluency) and monitoring potential morphological changes
(Fig. S6). Under all conditions, confluency increased over time
and cell numbers rose in a comparable manner, indicating
sustained proliferation. These results demonstrate that

Nanoscale Adv., 2026, 8, 1836-1843 | 1841
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differences in the carbon layer do not affect SH-SY5Y cell
viability or growth. In conclusion, we found that untreated cells
grew similarly to cells treated with either citrate coated or
carbon-coated gold nanoparticles across all tested thicknesses,
with no apparent differences in cellular morphology and
demonstrated increased proliferation, as indicated by higher
cell density within the plate.

4. Conclusions

In summary, gold nanoparticles with carbon coating have been
prepared via a hydrothermal and green approach using various
sugars to produce tunable carbon layers ranging from 4 nm to
26 nm in thickness and without the use of cytotoxic reagents
such as CTAB; this demonstrates that other surface chemistries
are suitable for carbon coating through this process and
potentially removes a ligand exchange step of adding CTAB in
future rational design of multi-step synthetic processes.
Au@C_4 nm produced with a thin carbon coating displays
a hydrodynamic diameter of ~31.3 nm, making it particularly
suitable for intra-cellular drug delivery applications. Au@C
GNPs possess a functional carboxylate surface chemistry as
confirmed via XPS. The conformal coating of the carbon layer is
confirmed via etching-XPS analysis, in which the gold core is
revealed when the carbon layer thickness begins to mask its
presence and etching is required to observe it, indicating that
the carbon layer is covering the entirety of the colloidal system.
The Au@C nanoparticles show a plasmon resonance at 545 nm,
making them of particular interest for potential applications in
photo-thermal and photo-dynamic therapies. The thickness of
the carbon coating is found to be linearly correlated with the
relative absorbance at 400 nm with sPCC of 0.94. Finally, their
bio-compatible nature is apparent as no differences in cellular
morphology and rate of proliferation are observed across
several carbon layer thicknesses.
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