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ABSTRACT: Employing green methods in the design and
synthesis of functionalized metallic nanoparticles poses
significant challenges in terms of maintaining product integrity
(size, shape, dispersity, and colloidal stability). In this study,
the direct synthesis of cationic gold nanoparticles (GNPs)
capped by low molecular weight (Mw ∼ 600) polyethylenimine
was investigated. Specifically, three separate HAuCl4 reduction
pathways were used to produce robust GNPs with sizes
ranging from 4 to 20 nm in diameter with excellent size
control. The inclusion of carbon dioxide as a nontoxic,
nonflammable, and inexpensive component led to decreases in
particle size and an increase in the colloidal stability of the GNPs. Furthermore, the thermally reversible reaction of CO2 with
amines provides means to control the solvent pH through carbamate structures and, hence, the controllable formation of particle
aggregates. The effects of pH, PEI concentration, and reduction method on the particle core size and stability were determined
via transmission electron microscopy, UV−vis absorption spectra, and dynamic light scattering.
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■ INTRODUCTION

Gold nanoparticles (GNPs) possess unique size- and shape-
dependent catalytic activity, optical properties, conductivities,
and electron densities that have made their application highly
attractive for both fundamental and applied sciences.1,2 The use
of surfactants, polymers, or other surface active ligands can be
used to control the nanoparticle size, shape, and surface
functionality, which in turn affects the nanoparticle’s perform-
ance. The colloidal stability of these nanoparticles is also of
significant importance and is achieved by using effective surface
ligands. Furthermore, particle aggregation can significantly or
irreversibly impair the performance of colloidal nanomaterials.
For example, upon aggregation, the surface plasmon resonance
for each GNP becomes delocalized, altering the optical
properties. To alleviate this problem and enhance colloidal
stability, the capping ligands can be designed to provide
stability against exposure to salt, light, heat, and pH. This has
led to numerous studies focused on tailoring and understanding
the surface chemistry of colloidal nanomaterials for a diversity
of applications.3−6 By understanding the surface interactions,
narrow particle size distributions can be synthesized with a high
degree of nanoparticle stability. This in turn reduces not only
the solvent and energy demand required for post-synthesis
purification and fractionation but can also dictate the material
fate and toxicity as well. As the field of nanotechnology
expands, investigations into their physical and chemical
properties along with environmental and health hazards have
not proceeded at the same rate at which new materials are
being produced. This was demonstrated with the rapid

emergence and then decline of research focused on quantum
dots as the potential toxicity of the materials led to the search of
safer materials. Despite the growing awareness of nanomaterial
toxicities, there is still enormous potential for creating greener
methods of nanomaterial production that will have a decreased
impact on human health and the environment.
One approach to mitigate the potential hazards of engineered

colloidal nanomaterials is through the application of the 12
principles of green chemistry7 that facilitate the reduction of
hazardous chemical usage/generation from the design of the
nanomaterials, which is a field known as green nano-
technology.8 One example of greener nanoproduction methods
is the use of polyelectrolytes to provide both steric and
electrostatic stabilization of engineered colloidal nanomateri-
als.9 Among these polyelectrolytes are cationic polymers such
as polyethyleneimine (PEI), a highly branched polymer with a
high pH-buffering capacity that is used in the biomedical
field.10−13 The positive surface charges of these nanoparticles
play a vital role in determining the interactions with the
charged moieties within cells and has been demonstrated to
impact uptake in mammalian cells.14−17 PEI has been used in
the development of new DNA and gene transfection and
delivery agents that exploits the cationic nature of the polymer
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and attraction to the negatively charged phosphate backbone of
the DNA.18 Also, mathematical modeling has shown that the
small cationic charges can lead to increases in transvascular flux
of gold nanoparticles.19 Additional biomedical applications of
cationic nanoparticles range from targeted drug delivery to
sensing, diagnostics, and imaging.17,20−22

Despite the numerous advantages of cationic nanomaterials,
there are few studies that successfully synthesize positively
charged gold nanoparticles as effectively as the more common
anionic counterparts. The most direct method for cationic
nanoparticle synthesis and functionalization involves a NaBH4
reduction under solvent conditions. Lee et al.23 synthesized 3−
40 nm diameter cationic silver nanoparticles (SNPs) using
molecular weight (Mw ∼ 25,000) PEI and sodium borohydride
(NaBH4) as a reducing agent, while Schiffman et al.24

synthesized 2.6 nm diameter SNPs capped with Mw ∼ 2000
PEI and a NaBH4 reduction method for application as a
biocidal coating for modified polysulfone mats. Sun et al.
demonstrated the reduction of both gold and silver metal
precursors in the absence of external reducing agents, where the
branched PEI acts as both the reducing and capping agent.25−27

These studies do not address the need to produce particles of
varying sizes and, more importantly, the effect of pH on the
colloidal stability of the resulting nanoparticles. With respect to
nanoparticle synthesis, a higher Mw PEI is preferred due to the
increased colloidal stability, and there are a limited number of
studies that use low Mw. High levels of PEI have also been
shown to reduce the viability of cells, motivating the use of
lower molecular weight PEI for in vivo studies.28,29 To alleviate
this trade-off between nanoparticle stability and cell viability,
this work demonstrates the use of low Mw PEI, coupled with
reversible carbamate formation, to promote and enhance
nanoparticle stability. The reversible carbamate reaction uses
CO2, a safe and inexpensive additive that upon exposure with
an amine, results in carbamic acid formation. This trans-
formation has been exploited in the development of switchable
surfactants,30 reversible organogels,31,32 supramolecular poly-
mers,33,34 hybrid organic−inorginc materials,35 and dynamic
surface coatings.36 In each of these applications, the carbamate
structures provide a reversible switch in both the physical and
chemical properties of the amine, as well as a reversible switch
in solvent pH.
This work demonstrates the use of low Mw PEI in the

synthesis of cationic GNPs and examines the role of CO2 and
pH on the resulting particle core size and colloidal stability for

three different methods of Au ion reduction, which include
NaBH4, thermal, and room-temperature reduction. The
methods discussed in this paper are also extendable to silver
nanoparticles; however, we have limited the scope to GNPs.

■ EXPERIMENTAL PROCEDURES
Materials. Hydrogen tetrachloroaurate (III) trihydrate

(HAuCl4·3H2O, 99.99%), branched polyelectrolyte polyethyleneimine
(PEI) of Mw ∼600, and reducing agent sodium borohydride (NaBH4,
98%) were purchased from VWR and used as received. All glassware
was carefully washed with “Aqua Regia” (3:1 conc. HCl:HNO3) to
remove any trace metal or organic impurities.

Synthesis. The gold nanoparticles (GNPs) were first synthesized
by the reduction of Au3+ ions in an aqueous solution of PEI using
sodium borohydride (NaBH4) as a reducing agent. Briefly, 100 μL
aliquot of a 0.05 M aqueous HAuCl4·3H2O solution along with 50−
200 μL of a 2 wt % PEI (0.005−0.02 wt % solution) was added to 20
mL of deionized water (DI-H2O) in a clean scintillation vial.
Subsequently, 100 μL of a freshly prepared 0.05 M NaBH4 solution
was added to the vial and stirred for 15 min to allow for complete
reduction and formation of GNPs. A rapid change in solution color
from clear to light brown indicates the initial nanoparticle formation.

Thermal Reduction. For GNP synthesis by thermal reduction,
100 μL of 0.05 M HAuCl4 was dissolved in 20 mL of a 0.005−0.020
wt % PEI aqueous solution. The solution was brought to boil on a hot
plate, and the reduction process was observed by the solution color
evolution from yellow to orange to red. The nanoparticle solution
continued to boil for a period not exceeding 15 min, while a loosely
fitted cap ensured minimal solvent loss during the synthesis. All other
parameters were held constant.

Room-Temperature Reduction. The same solution (0.25 mM
HAuCl4, 0.005−0.02 wt % PEI) previously mentioned was added to a
clean scintillation vial and allowed to sit at room temperature and
pressure without the addition of NaBH4 or other external reducing
agents. The formation of nanoparticles was evidenced by the gradual
evolution of color in the solutions over a period of two weeks, and the
particles were further characterized as formed.

The effect of pH and PEI−CO2 on the synthesis of GNPs was
examined by replacing the DI-H2O with 1 mM HCl solutions and by
reacting CO2 with PEI solutions for 2 min to induce carbamate
formation. A CO2 tank fitted with a low pressure regulator was used to
bubble CO2 at a constant flow rate of 10 psig. PEI−CO2 is used to
denote PEI that has been reacted with CO2 to produce the carbamate
salt.

Characterization. UV−vis absorption spectra of the particle
dispersions were measured using a Varian Cary 50 UV−vis-NIR
spectrophotometer. Transmission electron microscopy (TEM) imag-
ing was performed on a Hitachi 7600 with a 120 kV accelerating
voltage. A glass nebulizer was used to aerosolize the nanoparticle

Figure 1. TEM image of PEI−GNPs (a) along with the corresponding particle size distribution histogram (b) and UV−vis absorption spectrum (c).
Particles were synthesized via thermal reduction with 0.01 wt % PEI and a 1 min boiling time. The reported zeta potential is for a 15 min boiling time
with 0.01 wt % PEI.
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dispersion for collection on 300 mesh-sized Formvar carbon-coated
copper TEM grids (Ted Pella). The nanoparticle size distributions
were obtained by image analysis with the ImageJ software counting at
least 200 particles. Zeta-potential and dynamic light scattering (DLS)
measurements were performed on a Malvern Zetasizer Nano-ZS
(ZEN3600) at 25 °C with an incident wavelength of 633 nm and a
173° backscattering angle. One centimeter path length disposable zeta
potential cells were rinsed with deionized water and loaded into the
machine. The viscosity, refractive index, and absorption values were
provided in the Malvern software for water (μ = 0.8872 cP, RI =
1.333) and crystalline gold (RI = 0.197, absorption = 3.091).

■ RESULTS AND DISCUSSION
The formation of gold nanoparticles (GNPs) was confirmed by
the physical change in the reaction mixture from a clear
solution to a colored colloidal dispersion. The color of the
subsequent PEI−GNPs was dependent on the concentration
and reduction method utilized. Figure 1 displays 11.7 ± 3.4 nm
diameter PEI-stabilized GNPs (PEI−GNPs), determined by
TEM. The particle dispersion possesses a characteristic surface
plasmon resonance bands observed using UV−vis spectrosco-
py. This characteristic absorbance peak, observed at 524 nm,
suggests that the PEI is an effective ligand for the synthesis and
stabilization of colloidal GNPs. An absorption band at 360 nm
is also observed in the UV−vis spectrum, which is attributed to
the PEI.37 This absorption was also found during this study
when carbon dioxide was introduced to the PEI solution
(Figure S9, Supporting Information). TEM images of the PEI−
GNPs display a spherical shape and a monomodal distribution
with relatively small standard deviations. The zeta potential of
the PEI−GNPs synthesized by the three reduction methods all
displayed positive ranges, which is consistent with a positively
charged cationic ligand shell. More specifically, the PEI−GNPs
that were thermally reduced (15 min) with 0.01 wt % PEI had a
positive zeta potential of approximately +28 ± 11 mV. Hence,
under aqueous conditions, the positively charged PEI provides
colloidal stability due to the inherent electrostatic repulsion of
the branched amino polymer.
Effect of Reduction Method. The reduction of the gold

ions to metallic gold is the driving force behind nanoparticle
nucleation and growth. It has been suggested that the formation
of the PEI−GNPs in the absence of NaBH4 is a product of the
direct redox reaction between the PEI branches and the
HAuCl4.

38 Coordination between the amino groups with the
metal ions results in the PEI acting as both a reductant and
stabilizer, thus allowing the formation of the PEI−GNPs at
room temperature in the absence of NaBH4.
Figure 2 summarizes the nanoparticle core diameters

determined by TEM analysis for particles synthesized using
three reduction methods and three solvent conditions. There
are significant differences in the GNP size among the three
reduction methods, with average particle core diameters of 4.9
± 1.3, 11.7 ± 3.6, and 17.7 ± 6.7 nm for the NaBH4, thermal
and room temperature methods respectively. A similar trend is
observed in the UV−vis absorption maxima for the three
methods, with average plasmon resonance bands centered at
510, 520, 527 nm, respectively. The UV−vis absorption peak
maximum is directly related to the nanoparticle size, surface
chemistry, and degree of clustering, where red shifting of the
wavelength of maximum absorbance (λmax) is indicative of
increasing particle size and broadening of the spectra is
associated with increasing polydispersity.39 The observed
trends are dictated by the reductive power of each reaction
and the Au particle nucleation rate. The fastest reduction

reaction uses an external chemical reducing agent, NaBH4, and
produces the smallest particles with the smallest size
distribution. A trend of decreasing reduction rate and increasing
particle size is demonstrated with thermal reduction followed
by room-temperature reduction, as evidenced by both TEM
and UV−vis absorption analysis.

Effect of Carbon Dioxide. Carbon dioxide readily reacts
with amines to form a carbamic acid, which leads to a reduction
in the pH of the resulting reaction solutions. Carbon dioxide is
also well known to form carbonic acid in the presence of water,
which also lowers the pH of the reaction solution. This reaction
between the CO2 and the polymer solution occurs very readily,
and the time of carbon dioxide exposure does have an effect on
the resulting pH of the PEI solution. An equilibrium pH of ∼5
is obtained within 30 s of bubbling CO2 at 10 psi through a
0.01 wt % PEI solution and is therefore not a variable in this
study as all PEI solutions were exposed for a minimum of 2 min
(Figure S3, Supporting Information). Furthermore, varying the
PEI−CO2 (polyethyleneimine that has been reacted with
carbon dioxide) reaction sequence had minimal effect on the
nanoparticle synthesis as evidenced by equivalent UV−vis
absorption spectra regardless of the order in which the CO2 is
introduced. All combinations of introducing the starting
materials (Au, PEI, and CO2) into the reaction media were
investigated (Figure S4,Supporting Information).
The presence of CO2 in the synthesis of PEI-stabilized

nanoparticles results in a decreased core diameter and size
distribution of the nanoparticle produced by NaBH4 reduction
method from 4.9 ± 1.9 to 3.7 ± 1.0 nm. This decrease in core
diameter is also evident in the UV−vis spectrum as the
absorption peak at 503 nm, attributed to the 0.01 wt % PEI
GNPs, is reduced to a shoulder as the CO2 exposure increases
(Figure 3). Furthermore, the effect of PEI concentration and
CO2 was observed visually as clustering and aggregation of the
GNPs with 0.02 wt % PEI produced a dark black color, as
compared to a lighter brown color for the 0.02 wt % PEI−CO2
suggesting increased clustering in the former (Figure S5,
Supporting Information).
Time-resolved UV−vis absorption studies of PEI−GNPs

reduced at room temperature showed very good stability over a

Figure 2. GNP mean core diameter determined by TEM for each
reduction method using 0.01 wt %PEI with varying solvent conditions.
The error bars represent the standard deviation of the particle size
distribution for each sample population. Thermal boiling time = 1 min.
Carbon dioxide = water + CO2 bubbling (reduction of gold salt done
at ambient pressure).
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two week period, inferred from the stable plasmon resonance
bands measured at 24 h intervals. The 0.005 wt % PEI and the
0.005 wt % PEI−CO2 solutions showed an increase in
maximum absorption over the entire two weeks, while the
0.01 wt % PEI−CO2 exhibited a maximum absorption at day 7.
The slower growth for the 0.005 wt % samples is likely a result
of the decreased reductive power due to fewer PEI chains. The
0.02 wt % PEI solutions, due to clustering of the GNPs,
displayed significant red shifting resulting in lower maximum
absorbance, while the lack of red shifting for the 0.02 wt % PEI
that was reacted with CO2 (PEI−CO2) further supports the
addition of carbon dioxide as a stability enhancer with stable
wavelengths of maximum absorbance over the time period.
Overall, the GNPs wavelength of maximum absorbance
remained constant (except for the 0.02 wt % in H2O) (Figures
S7−S8, Supporting Information).
At an optimal concentration of 0.01 wt % PEI, TEM analysis

of the thermally reduced PEI−GNPs determined that an
increasing boiling time led to a 27% increase in particle core
size from 11.7 ± 3.4 nm at 1 min to 14.8 ± 3.8 nm at 15 min
(Figure 4). In addition, an increase in hydrodynamic radius
(Rh) from 10.2 ± 3.5 to 34.1 ± 16.9 nm is observed for the
same time intervals, indicating enhanced particle clustering at
the longer boiling time.
The disparity in core size vs Rh at specific boiling times is

observed further in Figure 5 as significant broadening and red
shifting of the UV−vis absorption is attributed to particle

clustering (Figure S6, Supporting Information, supports this
conclusion as the GNPs boiled for 15 min are black in color). It
is proposed that the low molecular weight PEI is degraded as
the boiling time increases, leading to a diminished electrosteric
stabilization potential of the polymer shell. This diminished
polymer shell results in the increasing degree of clustering and
thus larger Rh. The degradation is evidenced by a yellowing of
the PEI solutions after thermal treatment and has been
attributed to the formation of chromophores not present in
pure PEI.37 Because of the narrow size distributions, low
hydrodynamic radii, and relatively stable particles obtained, the
optimal boiling time for the conditions used in this study were
determined to be 1 min with a PEI concentration of 0.01 wt %.
Unlike the NaBH4 and ambient reduction method, the

presence of CO2 had little or no effect on the nanoparticles
reduced by boiling (Figure 5). This is due to the thermally
reversible carbamate chemistry that releases the gaseous CO2
from the carbamate structures during the boiling process. Thus,
CO2 is not a suitable additive for stabilization during the
thermal synthesis but can always be introduced post synthesis
for increased electrostatic repulsion
The CO2 reaction with the PEI and acidification of the

nanoparticle suspensions synthesized by thermal reduction
resulted in a reduced PEI−GNP hydrodynamic radius,
determined by DLS (Table 1). This was more apparent at
the higher concentrations of PEI, where we believe the
electrosteric repulsions are more influential in providing
colloidal stability. Upon heating, the reversibility of the CO2−
amine reaction returns the solvent properties to its original

Figure 3. UV−vis absorption spectra of NaBH4 reduced GNPs with
increasing CO2 exposure (over a 2 min period) prior to reduction at a
PEI concentration of 0.01 wt %.

Figure 4. Graph of the thermally reduced 0.01 wt % PEI−GNPs in
water core diameter (TEM) and hydrodynamic radius (DLS) vs
boiling time (min).

Figure 5. UV−vis absorption spectra of thermally reduced GNPs using
0.01 wt % PEI and 0.01 wt % PEI-CO2 at 1, 5, and 15 min boiling
times along with an image of the thermally reduced 0.01 wt % PEI
GNPs at various boiling times. CO2 = PEI−CO2 solutions at ambient
pressure.

Table 1. Hydrodynamic Radius (Rh) of GNPs Synthesized at
0.01 wt % PEI Concentration and Boiling Time of 1 mina

thermally reduced PEI capped AuNPs

PEI PEI+ thermal/nitrogen

mean Rh (nm) 20.6 13.3 17.3
std. dev. (nm) 4.8 2.7 4.3

aNanoparticles had a stream of carbon dioxide bubbled through
solution, followed by a thermal treatment with a nitrogen purge. PEI+
= PEI capped GNP solution after CO2 addition.
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condition, evolving the CO2. This reversal leads to the increase
in Rh attributed to clustering of the nanoparticles as the
repulsive forces are once again decreased. This result is
significant as it highlights the potential of carbon dioxide as a
green inexpensive additive to enhance colloidal gold stability
post-synthesis, and it can replace the hazardous mineral acids as
the pH adjuster.
Effect of PEI Concentration and pH. The electrostatic

charge of the amino groups serves as one of the primary driving
forces for reduction of the gold salt and particle stability
following synthesis. As the PEI concentration increases, the
greater number of PEI molecules can lead to decreased particle
sizes as more molecules are readily available to cap the metallic
core and suppress particle growth. At the same time, PEI can
act as a reductant, where increased concentration would
accelerate the nucleation and growth of the GNPs, producing
larger particle cores and higher polydispersity when the PEI
concentration is increased under neutral conditions.23

According to Table S1 of the Supporting Information, as the
PEI concentration increased from 0.005 to 0.02 wt %, the
synthesized GNP core size increased during the NaBH4
reduction under neutral conditions from 4.6 ± 1.6 to 6.9 ±
2.9 nm. This agrees with the findings of Lee et al.23 who
attributed the dominant role of PEI as a reductant and the
cause for the increased polydispersity and particle size. As
expected, the Rh values also more than doubled when PEI
concentration increased from 0.005 to 0.02 wt %, suggesting
cluster formation. However, under acidic conditions (1 mM
HCl), a decrease in diameter and size distribution was observed
from 5.5 ± 2.5 to 4.9 ± 1.5 nm as PEI concentration increases
(Figure S2, Supporting Information). It can be hypothesized
that as the concentration of the PEI increases, the NaBH4 rate
of metal reduction decreases and results in larger particle cores.
Furthermore, the Au3+ ion precursor may be more strongly
chelated with the branched PEI and may not be as accessible
when the NaBH4 is introduced. Sun et al.

25,38 also mentions the
formation of a polysalt between the nitrogen of a protonated
amino dendrimer and the HAuCl4. Hence, this can result in
reduced nucleation of the Au ions and produce larger particles
as the reduction time is increased.
For low pH conditions, the protonation of the PEI leads to

an increase in electrostatic repulsion among branched PEI
monomers, which produces an environment with increased ion
mobility. This allows the HAuCl4 to be dispersed more freely
through the PEI solutions and allows the Au3+ ions to reduce
more quickly by the NaBH4, countering the effect of the
increased hindrance at 0.02 wt % and producing smaller core
size at 0.02 wt %. According to Figure 6, it is apparent that pH
has an effect on the resulting UV−vis absorption bands of the
GNPs reduced via NaBH4. As the concentration of PEI
increases from 0.005 to 0.01 and 0.02 wt %, the pH of the
polymer solution increases from 4.3 to 7.1 and 9.1, respectively.
The PEI particles synthesized at 0.005 wt % PEI and 0.01 wt %
with a low pH (1 mM HCl solvent conditions) exhibit slight
shoulders at 520 nm attributed to the NPs, while the 0.02 wt %
PEI in H2O exhibits an intense broad peak at 534 nm. The 0.02
wt % PEI in 1 mM HCl and the 0.01 wt % PEI in H2O exhibit
almost identical spectra with maximum absorption at wave-
length 512 nm. This supports our theory that a reduced pH
environment promotes faster reduction of the Au precursor and
smaller particle cores despite a higher PEI concentration. This
is attributed to their similarity in pH, which are 7.7 and 7.1,
respectively, indicating that the concentration is responsible for

adjusting the pH rather than impacting the resulting particle
stability.
The thermal reduction is also affected by the pH of the PEI

solution as shown in Figure 7. The GNPs synthesized in low

pH environments exhibit sharp plasmon resonance bands
indicating well-dispersed particles and minimal clustering, while
a pH of 9.1 and 7.7 show a significant red shift and broadening
of the UV−vis spectra.
This is once again characteristic of polydispersity due to

clustering or increased core sizes. Coupled with Figure 8, a
better understanding of the effect of pH on the interparticle
stability is gained. As the pH increases from 3.2 to 9.1, so does
the hydrodynamic diameter of all the GNPs, while the core
sizes remain relatively low. This trend further promotes the
claim of increased clustering at the higher PEI concentrations,
which can be mitigated through the acidification of the solvent
and PEI protonation.
Likewise, the formation and growth of the PEI−GNPs

synthesized by room-temperature reduction are also enhanced
at a lower pH with the use of 1 mM HCl. After only 2 h, the

Figure 6. UV−vis absorption spectra of NaBH4 reduced GNPs using
0.005−0.02 wt % PEI solutions in pure DI-H2O and 1 mM HCl.

Figure 7. UV−vis absorption spectra of GNPs reduced using the
thermal method using 0.005−0.02 wt % PEI in 1 mM HCl and DI-
H2O.
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Plasmon resonance bands of the GNPs can be detected under
acidic conditions. However, there is a concentration limitation
evident when comparing the two 0.005 wt % reactions. The
particles synthesized at the lower pH (3.4) grow slower than
those at pH 4.2, while the increase in PEI concentration to 0.01
wt % leads to faster reduction of the Au and hence a quicker
growth in the UV−vis absorption when compared to 0.005 wt
%. (Figure 9)

After two weeks, UV−vis suggests that under basic
conditions the GNPs are highly clustered and polydispersed.
It is important to note that the PEI−GNPs synthesized at pH
9.3 and 7.7 have the same PEI concentration, which further
supports our claim that electrosteric stabilization due to
protonation of the amines is the driving force behind this
particle stability. Hence, pH has a major effect on the particle
UV−vis absorption of the GNPs, which is independent of
reduction source.

■ CONCLUSIONS
Cationic gold nanoparticles were consistently synthesized using
a low molecular weight (Mw ∼ 600) polyethylenimine as the
stabilizing ligand with three varying reduction methods. The
pH of the synthesis was determined as a driving force for the
reduction and stabilization of the PEI-capped GNPs that can be
manipulated using traditional mineral acids or carbamate
formation from a safe, cheap, and reversible reaction with
carbon dioxide. The PEI−GNPs had a positive zeta potential of
approximately +30 mV on average and formed stable colloidal
suspensions through the increased electrostatic repulsion
caused by CO2 addition. At low PEI concentrations, the
reduction in pH led to a slight increase in particle core size.
However, there was a significant reduction in particle clustering
as pH decreased. Overall, the addition of carbon dioxide as a
greener pH adjuster improved the stability of PEI-capped gold
nanoparticles by providing improved electrostatic repulsion due
to reversible carbamate chemistry. This was determined from
the hydrodynamic radii of the GNPs synthesized along with the
positive zeta potentials obtained. Finally, the presence of CO2
resulted in slightly smaller particle cores at room temperature
and NaBH4 reduction methods. This work sheds light on the
ability of CO2 to effectively stabilize cationic gold nanoparticles
and its implementation in future green nanofabrication
processes.
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