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ABSTRACT

Polyethylene glycol-capped gold nanoparticles (PEG-AuNPs) are highly promising for biological and medical
applications due to their biocompatibility, enhanced stability, and low cytotoxicity. The successful synthesis method
presented here was a one-step process where both reduction and functionalization took place simultaneously using
lower concentrations of gold precursors. Unlike previous methods that used higher concentrations (> 10 mM) and did
not explore varying molar ratios, this study investigates the physicochemical properties of PEG-AuNPs synthesized
with precursor concentrations ranging from 0.5 mM to 5 mM. Transmission electron microscopy images revealed
an increase in the particle sizes of spherical nanoparticles from 14.5nm to 46.7nm as the precursor concentration
increased, consistent with dynamic light scattering measurements. UV-Vis spectroscopy confirmed that spherical
nanoparticles were formed having surface plasmon resonance peaks ranging from 520-530 nm. Fourier transform
infrared spectroscopy analyses revealed the interactions between PEG ligands and gold nanoparticles where some
specific peaks exist around 1632cm™ while the O-H stretching peak shifted from approximately 3400 cm™ to about
3490 cm™, confirming successful surface modification. Photoluminescence spectroscopy revealed maximum emission
particularly observed at the lowest precursor concentration (0.5 mM). Importantly, the synthesized PEG-AuNPs even
at the lowest precursor concentration of 0.5mM demonstrated exceptional stability in saline conditions, maintaining
dispersion even in the presence of 500 mM NaCl. This one-step synthesis method at reduced precursor concentrations
not only enables precise control over the nanoparticles’ size and optical properties but also enhances their stability
and tunable fluorescence. These findings present a scalable and versatile approach for the tailored synthesis of PEG-
AuNPs, making them suitable for advanced biological and medical sensing applications.
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1. Introduction

The  development of  efficient and
environmentally  friendly  methods  for
synthesizing nanoparticles is continuously

gaining growing interest over time. Nanomaterials
are important due to their distinctive nanoscale
properties, including a high surface area, enhanced
reactivity, and unique electronic, optical, and
mechanical characteristics, which facilitate
groundbreaking applications in diverse fields
such as targeted drug delivery and advanced
biosensing applications. Particular interest is
given to these particles as they behave differently
from their bulk matter counterpart, giving rise
to several applications that are not possible
at large scale [1]. Gold nanoparticles have
gained substantial attention over other metallic
nanomaterials owing to their distinctive localized
surface plasmon resonance (LSPR) property, high
specificity, and relatively low cytotoxicity [2-4].
These characteristics make them ideal for various
applications in biomedicine and biotechnology,
such as cancer treatment, diagnostic imaging,
drug delivery, and biosensing [5-7]. In addition,
the straightforward synthesis procedure of AuNPs
confers a considerable advantage compared to
alternative nano-engineered materials.

The chemical synthesis of AuNPs encompasses
distinct approaches, with the widely accepted
method proposed by Turkevich et al. in 1951 [8],
which was further refined by Frens in 1973 [9].
This method utilized trisodium citrate as a reducing
and capping agent to the gold precursor, successfully
producing AuNPs ranging from 15-30 nm with high
monodispersity. However, the stability of citrate-
reduced AuNPs mainly relies on electrostatic
repulsion, which can hardly prevent uncontrolled
aggregation in specific environmental conditions.
Moreover, the surface chemistry of the resulting
colloids is poorly defined, inhibiting the direct
functionalization of the nanoparticles. These
pose a great challenge in biological and medical
applications where stability and biocompatibility
are significant considerations. To address these
drawbacks, numerousalternative synthesis methods
were developed to formulate biocompatible AuNPs.
Depending on the reagents used, they vary into
several techniques such as plant-based approach
[10-11], metabolic reduction [12], and microbial
technique [13]. These methods, however, are
time-consuming, complicated, and require highly
specialized training and equipment.

A simpler alternative approach is proposed
using cap citrate-reduced  AuNPs  with
biocompatible compounds such as organic
ligands, polysaccharides, polymers, amino acids,
etc. [14]. Out of these compounds, poly(ethylene)
glycol (PEG), a biodegradable polymer, has been
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frequently utilized in nanoparticle synthesis as
a capping agent due to its biocompatibility and
ability to reduce cytotoxicity while at the same time
giving improved colloidal stability [15,16]. When
adsorbed on the nanoparticle’s surface, PEG offers
steric hindrance against proximate nanoparticles,
preventing uncontrolled coagulation that results
in a more stable dispersion [17]. Specifically, gold
nanoparticles capped with PEG (PEG-AuNPs) are
reported to have the highest drug-loading capacity
and less cytotoxicity compared to those capped
with other coatings, making them a promising
candidate for several biological and medical
applications such as targeted and controlled release
drug delivery systems, intracellular sensing, and
gene therapy [18,19].

In a typical synthesis procedure, PEG-AuNPs
are produced in two steps: (i) reduction of the
gold precursor with a reducing agent to produce
a colloidal solution of AuNPs and (ii) surface
modification of the resulting colloids with PEG
through ligand exchange and adsorption to the
surface of the AuNPs, and this has been the
common approach adopted up to the present [20-
22]. While widely adopted, this method involves
additional steps that increase both the cost and
time of production. A more streamlined alternative,
the one-step approach, has been previously
reported, where reduction and pegylation occur
simultaneously in a single reaction vessel using
high concentrations of the gold precursor [23-25].
Stiufiuc et al. [24] described a one-step method for
synthesizing PEG-AuNPs, utilizing polyethylene
glycol (PEG) of varying molecular weights to
simultaneously serve as the reducing and stabilizing
agents. However, this method is often limited
by the high precursor usage and lacks detailed
investigations into how varying molar ratios of the
precursors—especially at lower concentrations—
affect the physicochemical properties of PEG-
AuNPs.

Addressing these gaps, our study explores a
cost-effective and efficient one-step synthesis
method that reduces the precursor concentration
while varying the molar ratios of the initial
precursors. This approach aims to optimize the
synthesis process, reducing production costs
while maintaining control over the nanoparticles’
characteristics. The as-synthesized PEG-AuNPs
were  comprehensively  characterized  using
transmission electron microscopy (TEM) and
dynamic light scattering (DLS) to evaluate their
morphological and colloidal properties. Their
optical characteristics were examined through
UV-Vis spectroscopy, Fourier transform infrared
(FT-IR) spectroscopy, and photoluminescence
(PL) spectroscopy. Additionally, the crystal
structure of the PEG-AuNPs was elucidated using
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X-ray diffraction (XRD). Furthermore, this study
also evaluates the colloidal stability of PEG-AuNPs
under physiological salt conditions, addressing
a key challenge in their practical applications. By
investigating this simplified synthesis route, we aim
to overcome the limitations of traditional methods
and provide a more accessible approach to PEG-
AuNP production for broader use in advanced
biological and medical sensing applications.

2. Experimental details
2.1. Reagents

Gold (IIT) chloride hydrate (HAuCl,, 99.995%
trace metals basis), polyethylene glycol (PEG,
Mw=1000 g/mol), and sodium chloride (NaCl,
ACS reagent, 299.0%) were purchased from Sigma-
Aldrich. Sodium hydroxide (NaOH, Hi-AR™/ACS)
was purchased from HiMedia Laboratories. These
chemicals were used without further modifications.
Milli-Q ultrapure water (18.2 MQ-cm, Merck
KGaA) was utilized in all experimental procedures.

2.2. Instrumentation

UV-Vis absorption spectra of the as-prepared
colloids were acquired using a Thermo Scientific
GENESYS 10S spectrometer (Thermo-Scientific,
Massachusetts, US) with a spectral bandwidth of
1.8 nm. This analysis was conducted within the
spectral range spanning from 200 to 1000 nm, with
a spectral resolution of 1.0 nm. The morphology,
average particle diameter, and microphotographs
of the PEG-AuNPs were acquired through a JEM
2100 Plus LaB6 model transmission electron
microscope (TEM) equipped with STEM operating
at an accelerating voltage of 200 kV. Each sample
was carefully deposited onto a 3mm copper grid
with formvar/carbon supporting film and allowed
to air-dry for 10-15 mins before characterization.
The resulting images were then analyzed using
Image J software. Dynamic Light Scattering (DLS)
measurements were performed using a Nanotrac
Wave II Analyzer (Microtrac, Inc., Pennsylvania,
USA) to obtain the average hydrodynamic diameter.
In this process, a 1 mL sample was introduced
into a stationary cell and allowed to run for 60
seconds. FT-IR spectra of dried AuNP samples and
pure PEG were recorded using an IRTracer-100
FT-IR spectrophotometer (Shimadzu, Japan) with
multi-bound attenuated total reflectance (ATR)
accessories, carried out in the spectral range
between 4000 cm™ and 400 cm™ with 0.25 cm™
resolution. To prepare the samples, 1 mL of the
PEG-capped AuNPs were placed in an Eppendorf
tube and centrifuged at 4000 rpm for 10 minutes.
Following the removal of the supernatant, a small
portion of the precipitates was taken and allowed
to air-dry before analysis. Photoluminescence
spectroscopy was carried out using a FluoroMax
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Plus Spectrofluorometer. Without any further
enhancement, the samples were analyzed at various
excitation wavelengths until maximum intensity
was achieved. X-ray diffraction (XRD) analysis was
performed using D2 Phase Bruker X-ray diffraction
equipment with Cu Ka radiation. All the above-
mentioned measurements were performed at room
temperature.

2.3. Preparation of PEG-AuNPs

The one-step process in synthesizing PEG-
capped AuNPs described in Ref [24] was
adopted herein with slight modifications.
Briefly, an unmodified aqueous solution of PEG
(Mw=1000 g/mol) was dissolved in an Erlenmeyer
flask containing 45 mL ultrapure water. Next,
NaOH (0.25 M) was carefully mixed to the solution.
The mixture was then heated up to 50 °C in a water
bath to ensure uniform heating. Upon reaching the
temperature, an aqueous chloroauric acid solution
was quickly added to the mixture under vigorous
mechanical stirring. To achieve varied precursor
concentration, the concentration of the chloroauric
acid was varied from 0.5 mM, 0.75 mM, 1 mM,
2 mM, 3 mM, 4 mM, and 5 mM. The reaction was
allowed to proceed until the temperature reached
80 °C. At this stage, the solution displayed a
distinctive wine-red color, indicating the successtul
formation of PEG-capped gold nanoparticles. The
as-synthesized colloids were then cooled to room
temperature and subsequently stored to 4 °C prior
to further analysis.

2.4. Colloidal stability experiments

The investigation of the as-synthesized PEG-
AuNPs under physiological salt conditions was
conducted across increasing ionic strength levels
by adding an aqueous solution of NaCl at different
concentrations. Specifically, 270 uL of PEG-AuNPs
samples were dispensed into individual microplate
cells, followed by the direct addition of 30 uL NaCl
solution. This process was repeated at increasing
molarities of NaCl, starting from 10 mM up to
1000 mM and was carried out for all samples. For
quantitative analysis, 1800 uL of representative
PEG-AuNPs samples were placed in a quartz
cuvette then added with 200 uL of NaCl at different
molarities. The solution was gently swirled to ensure
thorough mixing, then subsequently subjected to
UV-vis analysis. The absorbance ratio at 650 nm
(A,,,) and at the sample’s corresponding peak (Apeak)
were recorded in order to quantitatively evaluate
the dispersion stability of the as-synthesized PEG-
AuNPs.

3. Results and discussion
3.1. Morphological studies
The TEM micrographs of the as-synthesized
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PEG-AuNPs were presented in Fig. 1. The results
indicate the presence of predominantly spherical
gold nanoparticles, which exhibit a uniform
coating of PEG molecules. The mean particle size
was determined to be about 14.5 nm and 46.7 nm
for PEG-AuNPs prepared with 0.5 mM (Fig. 1A)
and 4 mM (Fig. 1B) precursor concentration,
respectively. The dynamic light scattering
measurements, as illustrated in Fig. 2, revealed that
the average hydrodynamic diameter of the particles
falls within the 20-50 nm range. The difference
from the size obtained by TEM accounts the PEG
molecules that are adsorbed to the surface of the
nanoparticles.

For all samples, the polydispersity index (PDI)
did not exceed 0.3 (Table 1) and was even lower
than 0.1 for samples synthesized with sub-mM
precursor concentrations. These values indicate
that the obtained nanoparticles are uniformly
distributed with respect to the particle size, which

improves as the precursors were below 1 mM. As
established in a review [26], PDI values below
0.3 are regarded to be acceptable in several drug
delivery applications and are most commonly
deemed practical for polymer-based nanoparticles
when its value is less than 0.2. This enhanced
monodispersity corroborates the feasibility of
this synthesis method at even lower precursor
concentrations (<1 mM).

3.2. Fourier transform infrared studies

To verify the surface modification of PEG around
the gold nanoparticle surface, FT-IR spectroscopy
was employed. Fig. 3 shows the transmittance
spectra of the as-synthesized PEG-AuNPs and PEG
precursor. The peak around 940 cm™ is assigned to
the out-of-plane bending of -CH- vibrations. The
peak at 1100 cm™ and 1261 cm™ is associated with the
C-O-C stretching bands of ether, and the infrared-
active C-O stretching vibrations, respectively. The

50,0nm

Fig. 1- TEM micrograph of PEG-AuNPs obtained using (A) 0.5 mM and (B) 4 mM chloroauric acid solution showing the impact
of low concentration of HAuCI, on the particle size and morphology of PEG-AuNPs.

Table 1- Absorption maximum, polydispersity index, and pH value of PEG-AuNPs synthesized with varying
precursor concentration.

Sample HAuCls Concentration  Absorption Maximum  Polydispersity Index pH
(mM) (nm) (PDI)
A 0.50 536 0.087 11.03
B 0.75 526 0.084 11.17
C 1 520 0.197 11.03
D 2 520 0.274 10.86
E 3 521 0.271 10.21
F 4 523 0.280 10.54
G 5 528 0.199 10.35
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Fig. 2- Average hydrodynamic diameter of PEG-AuNPs with varying concentrations of chloroauric acid solution (0.5 mM, 0.75 mM,
1mM, 2 mM, 3 mM, 4 mM, and 5 mM labeled A to G, respectively) ranges 20-50 nm with the 0.75 mM HAuCI, sample exhibiting
the most uniform size distribution with PDI of approximately 0.084.
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Fig. 3- FT-IR spectra of PEG-AuNPs (green) and pure unmodified PEG solution (gray). The presence of characteristic absorption
peaks of pure PEG in the PEG-AuNPs spectrum confirmed its successful attachment to the AuNPs’ surface.
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presence of methylene C-H stretching and bending
vibrations of the ~-CH, group of PEG were observed
at 2900 cm™ and 1460 cm™. In addition, the peak
around 3400 cm™ is attributed to the O-H stretching
of the terminal hydroxyl group of PEG polymer.

It can be observed that this peak shifted towards
3490 cm™ with increasing intensity upon the
formation of PEG-AuNPs [27]. Furthermore,
the observed peak at 1645 cm™ of PEG-AuNP
spectra was ascribed to the asymmetric stretching
of the gold carboxylate unidentate bond which
implies the oxidative transformation of PEG
terminal alcohol groups into carboxylate entities.
This transformation accounts for the negative
charge on the surface of gold colloids and their
interaction with PEG, further corroborating that
PEG functions as both the reducing and stabilizing
agent. The presence of these characteristic peaks
of PEG precursor in the spectrum of PEG-AuNPs
confirms the modification of the surface of the
nanoparticles with PEG ligands.

3.3. Optical studies

A narrow and well-defined absorption band
was observed at approximately 520 nm (Fig 4a),
which suggest the presence of spherical AuNPs
characterized by a uniform size and shape
distribution. This characteristic absorption pattern
is consistent across all samples except for the
lowest concentration (0.5 mM, curve A), where a
noticeable shift in the Surface Plasmon Resonance
peak occurred, extending to a longer wavelength at
around 536 nm. Additionally, a shoulder around
650 nm appeared in the spectrum for this particular
sample. The observed spectral changes in the
lowest concentration sample may be indicative of
several factors. As reported by previous literature
[28], this alteration could be attributed to the
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possibility that the formed colloids have either
assumed an anisotropic shape or undergone
agglomeration  during the characterization
process. Photoluminescence spectroscopy
revealed an interesting effect of reducing precursor
concentration on the optical properties of PEG-
AuNPs. As shown in Fig. 4b, the maximum
photoluminescence spectra were generated using
an excitation wavelength of 500 nm and normalized
at the maximum value. It was observed that the PL
emission peaks at 751 nm and increases in intensity
without undergoing any wavelength shift as the
precursor concentration reaches to lower values.
Moreover, the maximum emission was particularly
observed at the lowest precursor concentration
(0.5 mM). This result relates to the dependence of
the particle growth on the precursor concentration,
as elucidated in previous report [29].

When the precursor concentration is low, the
number of elementary gold units necessary to grow
the clusters is also low, which, in turn, results in the
formation of smaller nanoparticles. Consequently,
smaller nanoparticles have larger surface area,
which causes multiple reflections and scattering
of the photoluminescence excitation beam, thus
strengthening the peak intensity of PL emissions
[30]. In contrast, when nanoparticles are larger, the
peak intensity of PL emission is weaker because the
surface area is significantly reduced, diminishing
the beam’s reflection and scattering. Henceforth,
the maximum photoluminescence peak intensity
was observed at the lowest precursor concentration
(0.5 mM, curve A), with the highest precursor
concentration being the lowest in PL emission
(5 mM, curve G).

3.4. X-ray Diffraction studies

X-ray diffraction (XRD) analysis of the
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Fig. 4- (a) UV-vis absorption band and (b) photoluminescence emission spectra at an excitation wavelength of 500 nm of PEG-AuNPs
obtained via one-step approach using varying HAuCl, concentration 0.5 mM (A), 0.75 mM (B), 1 mM (C), 2 mM (D), 3 mM (E), 4 mM (F),
and 5 mM (G). Inset of (a): actual image of the samples.
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synthesized PEG-AuNPs confirms their crystalline
structure (Fig. 5). The diffraction peaks are
observed at 20 values of 38.2°, 44.5°, 64.7°, and
77.7°, corresponding to the (111), (200), (220), and
(311) planes of the AuNPs. These standard peaks
are consistent with the face-centered cubic (FCC)
structure of gold, as referenced by JCPDS 65-2870.
The dominant peak at 38.1° indicates preferential
growth along the (111) plane.
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3.5. Colloidal stability of PEG-AuNPs

The stability of the as-synthesized PEG-AuNPs
under physiological salt condition was evaluated
by introducing varying concentrations of NaCl
solution ranging from 10 mM to 1000 mM. Fig. 6
displays the ratio of the colloids’ absorbance at
650 nm versus that at the maximum absorption
peak of the samples. Notably, at the highest
precursor concentration, PEG-AuNPs began to
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Fig. 5- XRD pattern of PEG-AuNPs synthesized via a one-step method. The crystalline structure is confirmed by four characteristic
peaks corresponding to the standard Bragg reflections of a face-centered cubic (FCC) lattice: (111), (200), (220), and (311). The
dominant peak at 38.1° indicates preferential growth along the (111) plane.
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Fig. 6- UV-vis absorbance ratio of PEG-AuNPs prepared using: -m- 0.5 mM, —e-3 mM, and - A- 5 mM HAuCl, solution, added with
various concentrations of NaCl solution. Inset images are actual samples before (left) and after (right) addition of NaCl.
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agglomerate upon the addition of 200 mM NaCl as
depicted by the apparent red to purple color change
of the solution concurred with the sudden increase
in the UV-vis absorbance ratio at 650 nm.

On the contrary, AuNPs synthesized with lower
precursor concentrations exhibited stability even
up to the addition of 500 mM NaCl solution.
This implies that the steric repulsion between the
PEG molecules adsorbed on the nanoparticle’s
surface provides good stability towards colloidal
AuNPs dispersed in high ionic strength medium.
Additionally, the stability difference of the PEG-
AuNPs at different NaCl concentrations can be
attributed to the role of precursor concentration
in regulating the pH of the colloidal solution.
Reducing the precursor concentration shifts
the pH of the resulting colloids to higher values
(Table 1), augmenting the electrostatic repulsion
between nanoparticles due to the adsorption of
OH™ ions. This strengthened repulsive interaction
subsequently contributes to the stability of the
colloids, leading to notably higher ionic strength
thresholds compared to PEG-AuNPs obtained with
relatively higher precursor concentrations. This
finding underscores the enhanced colloidal stability
conferred by PEG capping to AuNPs synthesized
with lower precursor concentrations. It suggests
that these nanoparticles possess an improved
dispersion stability in the presence of salts, making
them a promising candidate for in vivo and in vitro
applications.

Finally, a comparison with recent studies
is presented in Table 2 to contextualize the
significance of our results within the existing
research. Manson et al. [20] reported a commonly
used method for synthesizing PEGylated AuNPs by
reducing a 0.3 mM chloroauric acid precursor with
trisodium citrate, followed by functionalization
with PEG (Mw = 5000 g/mol). This process yielded
PEG-capped AuNPs with an average particle size of

18 nm and a surface plasmon resonance (SPR) peak
at 520 nm. In contrast, Leopold et al. [23] employed
a more straightforward synthesis method,
successfully producing PEG-reduced AuNPs via a
one-step approach using a high concentration (60
mM) of HAuCl, and PEG (Mw = 200 g/mol and Mw
= 8000 g/mol). This resulted in PEGylated AuNPs
with sizes ranging from 15 to 60 nm and SPR peaks
between 520 and 562 nm. Similarly, Stiufiuc et al.
[24] synthesized spherical PEGylated AuNPs using
a one-step method with 10 mM HAuCl,, varying
PEG molecular weights (Mw) from 200 g/mol to
20,000 g/mol, which produced average particle
sizes from 10 nm to 80 nm, with corresponding
SPR absorption peaks from 520 to 562 nm.
Another study by Nitica et al. [25] also utilized
a one-step approach, generating 35 nm-sized
PEGylated AuNPs with a maximum absorption
at 530 nm using a high precursor concentration
(128 mM) and PEG (Mw = 1000 g/mol). Notably,
among the one-step synthesis methods reviewed,
our work uniquely employs lower precursor
concentrations (0.5 mM to 5 mM) and successfully
produces spherical PEG-AuNPs with sizes ranging
from 14.5 nm to 46.7 nm, with SPR peaks at
520 nm to 536 nm. Furthermore, this study is
the first to investigate the impact of varying
precursor concentrations on the physicochemical
characteristics of the nanoparticles. Interestingly,
we found that photoluminescence (PL) emission
was highest at the lowest precursor concentration of
0.5 mM, which also demonstrated the best stability
when tested under increasing NaCl concentrations.

4. Conclusion

This paper reports the viability synthesizing
PEG-AuNPs via a one-step approach using reduced
precursor concentrations. The morphology, optical,
and structural property of the as-synthesized PEG-
AuNPs were examined using TEM, DLS, FT-IR, UV-

Table 2- Comparison of PEGylated AuNPs synthesis methods between different literature studies.

PEGylated AuNPs synthesis HAuCL Concentration PEG Mw Nanoparticle size Absorption maximum Ref
eferences
method (mM) (g/mol) (nm) (nm)
Citrate reduced, PEG capped
. ~0.3 5000 18 520 [20]
AuNPs via two-step approach
PEG reduced AuNPs via One-
. ~60 200 and 8000 15- 60 520 - 562 [23]
step synthesis
200, 400, 1500,
One-step synthesized
10 4000, 6000, 10000, 10-80 517-533 [24]
PEGylated AuNPs
and 20000
PEGylated AuNPs via one-
128 1000 35 530 [25]
step approach
PEG-AuNPs vi -st 0.5,0.75,1,2, 3, 4,
svivonessiep P 553 1000 145-467 520-536 This work

synthesis and 5
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vis, XRD, and photoluminescence spectroscopy.
The resulting colloids exhibited a well-defined
absorption band, indicating the formation of
nanoparticles with dominantly spherical shape as
confirmed by TEM. PDI values (<0.3) reveal further
that the dispersions were uniformly distributed
with respect to their corresponding average
hydrodynamic diameter. Notably, the precursor
concentration also played a significant role in
improving the stabilizing ability of PEG on AuNPs
in the presence of salts, effectively preventing their
aggregation even in the presence of up to 500
mM NaCl. Moreover, the fine-tuning of precursor
concentration allowed for precise control over the
fluorescence intensity of the synthesized AuNPs,
with the most pronounced intensity observed at
the lowest precursor concentration (0.5 mM). This
dual achievement, marked by improved dispersion
stability and tunable photoluminescence intensity,
not only validates the viability of producing PEG-
capped gold nanoparticles using reduced precursor
concentration in one-step but also underscores
the potential and versatility of the formulation
and synthesis route for applications in biological
sensing.
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