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Comparative analysis of synthesis techniques for
citrate-capped gold nanoparticles: insights into
optimized wet-chemical approaches for controlled
morphology and stability

Sarah Salloum, Juliana Rüther, Zübeyde Celik and Christoph Janiak *

Gold nanoparticles (AuNPs) hold immense potential in biomedical and technological applications due to

their unique optical and physicochemical properties. While several studies have compared selected

citrate-based AuNP synthesis methods, a comprehensive, side-by-side evaluation of multiple widely used

protocols—tested both under their literature-reported conditions and under fully standardized para-

meters—remains limited. This study presents a systematic comparison of six wet-chemical synthesis tech-

niques—including the classical Turkevich–Frens, reverse Turkevich–Frens, Slot–Geuze-based

approaches, and both standard and reverse Natan reductions. By controlling key parameters—such as

citrate-to-gold ratio and reagent addition sequence—we investigated how these factors influence particle

size, shape, monodispersity, and colloidal stability. Among the methods tested, the reverse Turkevich–

Frens technique reliably yielded the most monodisperse AuNPs (7–14 nm), while the rNR and rSG

methods enabled the formation of ultrasmall AuNPs (2–6 nm) when paired with elevated citrate concen-

trations. These findings highlight the synergistic effects of citrate availability and reagent addition

sequence in tuning AuNP properties. This work provides a robust comparative framework for selecting

optimized synthesis methods of citrate-capped AuNPs and lays the foundation for surface functionali-

zation and stabilization using biocompatible polymers in future studies.

1 Introduction

Gold nanoparticles (AuNPs) have garnered significant interest
due to their exceptional optical, chemical, and electronic pro-
perties, making them highly versatile in applications ranging
from diagnostics to catalysis.1,2 Their utility in biomedical
imaging and drug delivery stems from their unique localized
surface plasmon resonance (LSPR), non-toxicity, tunable mor-
phology, and facile surface modification.3–8 However, achiev-
ing consistent NP size, morphology, and stability remains a
major challenge in their synthesis.

Different wet-chemical methods are commonly employed
for AuNP synthesis, offering scalability and precise size
control.9 Among them, the classical Turkevich–Frens (cTF)
method, first introduced in 1951, uses sodium citrate as both
a reducing and stabilizing agent, producing spherical AuNPs
with tunable sizes (15–150 nm).10,11 Over the years, several
modified approaches (Fig. 1) have been developed to improve

size control, stability, and reproducibility, yet the classical
Turkevich–Frens (cTF) method remains a widely used baseline
technique for its simplicity and scalability. The reverse
Turkevich–Frens (rTF) method reverses the order of reagent
addition, altering nucleation dynamics.12 The Slot–Geuze (SG)
method combines citrate and tannic acid (TA) as reducing
agents and stabilizers, enabling controlled growth and
enhanced colloidal stability,13 and could be done in a reverse
addition sequence. The stronger reducing power of TA allows
the reaction to proceed more efficiently at relatively mild temp-
eratures. The Natan reduction (NR) method employs a stronger
reducing agent like sodium borohydride (NaBH4), leading to
rapid nucleation and smaller NPs.14 The reverse Natan
reduction (rNR) reverses the addition sequence, influencing
reaction kinetics for finer size control.

Understanding the underlying formation mechanisms of
AuNPs is critical for optimizing these methods. Several studies
revealed a multi-step process involving citrate oxidation, auric
salt reduction to Au0, and subsequent assembly of Au0 atoms
into NPs.15,16 Kumar et al. suggested that dicarboxyacetone—an
oxidation product of citrate—is the actual stabilizing agent rather
than citrate itself.17 Using in situ small angle X-ray scattering
(SAXS) and X-ray absorption near edge structure (XANES) ana-
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lyses, Polte et al. described the formation as a four-step process:
(1) rapid nucleation, (2) coalescence of small nuclei into larger
particles, (3) slow diffusion-driven growth sustained by continued
gold reduction, and (4) rapid growth to the final NP size with
complete consumption of the precursor.16

Table 1 summarizes representative citrate-based AuNP
syntheses, listing synthesis conditions, outcomes, and
method-specific limitations. Across these studies, reaction
parameters such as temperature, pH, reactant concentrations,
and reducer strength, were proven to critically determine NP
size, morphology, and polydispersity.10,11,18–21 As originally
shown by Frens, high citrate concentration ([Cit]) reduces par-
ticle size, while insufficient citrate yields larger and often
aggregated particles.11

Kimling et al. refined this relationship, highlighting citrate’s
dual role as reductant and stabilizer: at low gold salt concen-
tration ([Au3+] < 0.8 mmol L−1) increasing [Cit] stabilizes small,
monodisperse AuNPs, whereas at higher [Au3+] (>0.8 mmol L−1)
incomplete passivation and ionic-strength effects lead to larger,
polydisperse particles.23 Zabetakis et al. systematically mapped
these trends over a wide range of [Au3+] (0.3–2 mmol L−1) and
citrate-to-gold ratios (Cit : Au), confirming the stabilization
regime at low [Au3+] and identifying boundaries where excessive
citrate promotes growth and polydispersity.28

Moreover, pH variations from 3 to 10 have enabled the syn-
thesis of nearly monodisperse AuNPs with sizes ranging from
20 to 40 nm.20,24,26,27,32 These insights show the importance of
reaction conditions in fine-tuning NPs. Despite numerous
adaptations, citrate-stabilized AuNPs face challenges related to
stability, particularly in larger particles where polydispersity
and aggregation are more pronounced. The binding affinity
and chemisorption of citrate anions to the gold surface—regu-
lated by factors such as particle size, surface charge density,
and ionic strength—critically affect colloidal stability.28 Poorly

understood variations in these factors can lead to aggregation
and Ostwald ripening over time, undermining the reliability
and performance of AuNPs in potential applications.26,33,34

These challenges highlight the need for systematic refine-
ments in synthesis protocols to achieve precise control over
particle size, monodispersity, and long-term stability.
Although many adaptations of citrate-based methods exist,
they have rarely been evaluated side by side under standardized
conditions. In particular, the literature protocols summarized in
Fig. 1 differ substantially in a critical parameter—the molar
citrate-to-gold (Cit : Au) ratio—making direct comparisons incon-
clusive. To address this methodological gap, the present study
was designed in two stages: first, by benchmarking six citrate-
capped AuNP synthesis approaches under their original litera-
ture-reported conditions, and second, by re-testing representative
methods under a uniform Cit : Au ratio to isolate the effects of
reagent order and reducing agent strength. As part of this effort,
we refine protocols by adjusting reagent concentrations, optimiz-
ing reaction conditions such as pH and temperature, and
employing alternative reducing agents to fine-tune nucleation
and growth kinetics. By analysing particle size distributions, uni-
formity, and colloidal stability, this work provides a practical
framework for selecting the most effective strategies to produce
well-defined and stable AuCit, laying the foundation for their
functionalization in applications ranging from biomedicine and
diagnostics to catalysis.

2 Experimental
2.1 Materials

Potassium tetrachloridoaurate(III) (KAuCl4, M = 377.88 g
mol−1), tannic acid (TA), potassium carbonate (K2CO3), and
sodium borohydride (NaBH4) were purchased from Sigma

Fig. 1 Wet-chemical approaches for the synthesis of AuNPs. The reagents above the arrow are added to the gold salt solution or the gold salt solu-
tion to the citrate solution (containing also TA and NaBH4 in B and C) for the reverse adaptations. The schematic minus charges in B around the gold
sphere surface symbolize both citrate and tannic acid (TA).
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Aldrich, Darmstadt, Germany, tri-sodium citrate dihydrate
from Thermo Fisher Scientific, Loughborough, UK. Phosphate-
buffered saline (PBS, 1×, pH 7.4) was obtained from Gibco™,
Thermo Fisher Scientific, Schwerte, Germany. All materials
were used without further purification. Ultrapure water
obtained from a Milli-Q® purification system was used for
synthesis.

2.2 Characterization methods

The hydrodynamic diameter of AuNPs was determined using a
dynamic light scattering (DLS) instrument with a HeNe laser at
a wavelength of 633 nm and a zeta-potential analyzer (Malvern
Nano S Zetasizer, Malvern, UK). Three measurements with
four runs were assessed to calculate the mean size value.
Absorption spectra were recorded using a VWR® Ultraviolet–
visible (UV-VIS) Spectrophotometer P9 (Avantor, Pennsylvania,
United States). Prior to measuring, the spectrometer was
blanked with the solvent of choice to establish a baseline. For
analysis, 0.25 mL of the sample was transferred into a 1 mL
quartz cuvette, diluted to the mark with dispersant, and the
absorbance was measured over a wavelength range of
250–1100 nm. The morphology and core size of the NPs were
investigated using transmission electron microscopy (TEM).
The JEM-2100 Plus TEM from Jeol was operated at an accelerat-
ing voltage of 200 kV (Tokyo, Japan). Prior to imaging, 10 μL of
the sample was diluted with 70 μL of ultrapure water, and a
single drop of this solution was placed onto a 200 μm carbon-
coated copper grid (Electron Microscopy Sciences, Munich,
Germany) which was left to dry overnight. Using the Gatan
Digital Micrograph software (version 3.61), over 200 particles
were counted to determine the size distribution.

2.3 Nanoparticle syntheses

All glassware was cleaned with freshly prepared aqua regia,
rinsed with deionized water, and dried before use. Reactions
were run in round-bottom borosilicate flasks with magnetic
stirring (480 rpm), ensuring uniform mixing without stir bar
decoupling. All syntheses were repeated multiple times under
identical conditions to verify reproducibility and rule out
experimental artifacts. All syntheses were formulated to a final
[Au] of 0.265 mmol L−1. All stock solutions, including
0.075 wt% NaBH4/1 wt% sodium citrate, 1 wt% sodium citrate,
and 1 wt% tannic acid, were freshly prepared and the same
stocks were used across the conventional and reversed proto-
cols to avoid inconsistencies. Prior to evaluating their ability to
maintain stability during storage, the AuNP suspensions were
stored in the dark at 4 °C. For long-term storage, AuNPs were
concentrated by centrifugation at 10 500 rpm (−4 °C, 1 h)
using a fixed-angle 12 310 rotor (Sigma 3-30KS, Osterode am
Harz, Germany). The supernatant was removed and the pellet
redispersed in 2 mL of ultrapure water.

2.3.1 Classical Turkevich–Frens method (cTF)
(a) Cit : Au = 5 : 1. The synthesis method employed here

follows the protocols established by Turkevich and Frens:10,11

10 mg (26.5 μmol) of KAuCl4 were dissolved in 100 mL of H2O
and heated to 100 °C with constant stirring. 40 mg (136 μmol)

of solid sodium citrate was added and the mixture was refluxed
for 15 min. The solution gradually changed from pale yellow to
wine-red—a characteristic color shift that signals the reduction
of gold ions and the formation of AuNPs.

(b) Cit : Au = 17 : 1. The protocol in (a) was adjusted as
follows for comparison with 2.3.2(b): 10 mg (26.5 μmol) of
KAuCl4 were dissolved in 100 mL of H2O and heated to 100 °C
with constant stirring. 133 mg (453 μmol) of solid sodium
citrate was added and the mixture was refluxed for 15 min.
The solution gradually turned wine-red, yielding a colloidal
suspension.

2.3.2 Reversed Turkevich–Frens method (rTF)
(a) Cit : Au = 5 : 1. 40 mg (136 μmol) of sodium citrate was

dissolved in 99 mL of H2O and heated to reflux. To the boiling
solution, 10 mg (26.5 µmol) of KAuCl4 dissolved in 1.0 mL of
H2O (26.5 mmol L−1) was quickly injected. The reaction was
stirred for 15 min, during which the solution changed from a
greyish-blue to purple and finally to wine-red. To quench the
reaction, the flask was rapidly cooled in an ice bath with
gentle stirring.

(b) Cit : Au = 17 : 1. The following method is based on the
protocol outlined by Sivaraman and Kumar:12 133 mg
(453 μmol) of sodium citrate was dissolved in 99 mL of H2O
and heated to reflux. To the boiling solution, 10 mg
(26.5 µmol) of KAuCl4 dissolved in 1.0 mL of H2O (26.5 mmol
L−1) was quickly injected. The reaction was stirred for 15 min,
during which the solution darkened from a greyish-blue tone
to a purple and then wine-red. The reaction was rapidly cooled
in an ice bath with gentle stirring.

2.3.3 Slot–Geuze method (SG) (Cit : Au = 5 : 1). The method
is based on the work of Slot and Geuze.13 Two solutions were
prepared: (a) a gold salt solution containing 10 mg (26.5 μmol)
of KAuCl4 dissolved in 80 mL of H2O, and (b) a reducing solu-
tion consisting of 4 mL of 1 wt% sodium citrate (34 mmol L−1,
136 μmol) and 500 μL of 1 wt% TA (5.88 mmol L−1, 2.94 μmol),
mixed with H2O up to a volume of 20 mL. Both solutions were
preheated to 60 °C. The reducing solution (b) was then rapidly
injected (within 10 s) into the gold solution (a) under constant
stirring. Mixing at 60 °C immediately initiated sol formation
as indicated by the orange-red color. The reaction was then
heated to reflux (100 °C) and maintained for the rest of the
15 min reaction time, before cooling in an ice bath with gentle
stirring. To counteract the acidifying effect of TA, a compara-
tive reaction was performed by adding 500 µL of 25 mmol L−1

K2CO3 (12.5 μmol) to the reductive mixture before initiating
the synthesis.

2.3.4 Reversed Slot–Geuze method (rSG) (Cit : Au = 5 : 1). A
gold salt solution (a) was prepared by dissolving 10 mg
(26.5 μmol) of KAuCl4 dissolved in 20 mL of H2O. The reduc-
tive mixture (b) consisted of 4 mL of 1 wt% sodium citrate
(34 mmol L−1, 136 μmol) and 500 µL of 1 wt% TA (5.88 mmol
L−1, 2.94 μmol) diluted with H2O to a final volume of 80 mL.
Both solutions were preheated to 60 °C. The gold solution (a)
was rapidly injected (within 10 s) into the reducing solution
under constant stirring. Upon mixing at 60 °C, the reaction
was immediately initiated, as evidenced by the orange-red
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color. The mixture was then heated to reflux (100 °C) for the
remainder of the 15 min reaction time, then cooled in an ice
bath with gentle stirring. For a comparison, 500 μL of 25 mmol
L−1 K2CO3 (12.5 μmol) was added to the reductive mixture
prior to gold injection.

2.3.5 Natan reduction method (NR)
(a) Cit : Au = 0.7 : 1. This synthesis is taken from the proto-

col by Brown et al.14 Two stock solutions were prepared: (a)
2 mL of 1 wt% sodium citrate (34 mmol L−1); and (b) 1.5 mL
of 0.075 wt% NaBH4/1 wt% sodium citrate (19.8 mmol L−1

NaBH4 and 34 mmol L−1 sodium citrate). 10 mg (26.5 μmol) of
KAuCl4 was dissolved in 99.5 mL of H2O and stirred vigorously
at room temperature, to which 400 μL of solution (a) and
150 μL of solution (b) were added. The reaction changes colors
immediately indicating the formation of AuNPs.

(b) Cit : Au = 5 : 1. This protocol followed the same steps as
described above, adjusting reagent volumes for a comparative
Cit : Au ratio of 5 : 1. Specifically, 3.7 mL of solution (a) (1 wt%
sodium citrate) and 150 μL of solution (b) (0.075 wt% NaBH4/
1 wt% sodium citrate) were added to 96 mL of an aqueous
solution containing 10 mg (26.5 μmol) of KAuCl4 under vigor-
ous stirring at room temperature. As in the previous synthesis,
the solution changed color immediately, indicating the for-
mation of AuNPs.

2.3.6 Reversed Natan reduction method (rNR)
(a) Cit : Au = 0.7 : 1. The stock solutions were the same as

in section 2.3.5(a). In the reverse addition experiments, 400 μL
of solution (a) and 150 μL of solution (b) were added into
98.5 mL of H2O under vigorous stirring. 10 mg (26.5 μmol) of
KAuCl4 dissolved in 1.0 mL of H2O was injected in a single,
swift motion into the reductive mixture. The reaction mixture
was heated to 90 °C, which was required to reproducibly
initiate reduction, after which the solution color transitioned
from purple to red-pink over a period of 15 min. The reaction
was then cooled in an ice bath with gentle stirring.

(b) Cit : Au = 5 : 1. The stock solutions were the same as in
section 2.3.5(b). To achieve a comparative Cit : Au ratio of 5 : 1,
3.7 mL of solution (a) and 150 μL of solution (b) were added
into 95 mL of H2O under vigorous stirring. Subsequently,
10 mg (26.5 μmol) of KAuCl4, dissolved in 1.0 mL of H2O, was
injected in a single, swift motion into the reductive mixture.
The reaction temperature was raised to 90 °C, and the solution
was stirred for 15 minutes before observing a color changed to
light-purple. The reaction was cooled and gently stirred in an
ice bath.

3 Results and discussion
3.1 Literature synthesis with literature Cit : Au ratios

Six methods for the synthesis of citrate-capped AuNPs (AuCit)
were systematically evaluated and categorized as follows: clas-
sical Turkevich–Frens (cTF),10,11 reverse Turkevich–Frens
(rTF),12 Slot–Geuze (SG)13 and reverse Slot–Geuze (rSG) with
and without the addition of K2CO3, Natan reduction (NR),14

and reverse Natan reduction (rNR). The reverse variants rSG

and rNR were introduced here for direct comparison, as they
are methodologically analogous to SG and NR, respectively.
The protocols differ primarily in the applied molar Cit : Au
ratio from 0.7 : 1 for NR14/rNR over 5 : 1 for SG13/rSG and
cTF10,11 to 17 : 1 for rTF.12 The concentrations of TA (SG/rSG)
and NaBH4 (NR/rNR) were fixed at literature-derived, sub-stoi-
chiometric loadings and kept constant across conventional
and reverse sequences, so that citrate remained the only
variable.

To assess the here-synthesized AuNPs, we analyzed their
optical properties using UV-Vis spectroscopy. Fig. 2 displays
the absorption profiles of the resulting AuCit colloids, where
the position, shape, and broadness of the LSPR peak—typi-
cally appearing between 500–550 nm—provide insights into
particle size and colloidal stability.35–37 To quantify the width
of the LSPR peak, the FWHM was calculated using the right-
side half-maximum of the absorption peak. This approach was
chosen because the left side of the peak did not consistently
reach the half-maximum value due to peak asymmetry, which
is characteristic of citrate-capped AuNPs. Such asymmetry is
attributed to variations in NP size and the influence of the sur-
rounding dielectric environment. In this case, the AuCit-cTF
sample exhibits a distinct LSPR band peaking at 529 nm that
is indicative of spherical and well-dispersed AuNPs, while the
AuCit-rTF sample shows a blue-shifted peak at 520 nm, indi-
cating smaller particle size.38 The rTF sample has a slightly
lower right-side FWHM value (43 nm compared to 45 nm for
cTF), reflecting improved monodispersity.37

AuNPs prepared using the rSG methods with and without
K2CO3 addition exhibited LSPR peaks at 513 and 517 nm,
respectively, indicative of very small NPs (Fig. 2).30,39

Fig. 2 UV-Vis spectra of AuCit in water prepared via cTF method (red
dotted), rTF method (red solid), SG (yellow dotted), SG with the addition
of K2CO3 (dark yellow dotted), rSG (yellow solid), rSG with the addition
of K2CO3 (dark yellow solid), NR method (green dotted), and rNR
method (green solid). The Cit : Au ratios were consistent with established
literature values—5 : 1 for cTF, SG, rSG, 17 : 1 for rTF, and 0.7 : 1 for NR/
rNR. Spectra were normalized globally to the single maximum across
the dataset to highlight differences in spectral shape and peak position.
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Compared to the cTF method, optical measurements reveal
not only a blue shift in the absorption spectra but also a
notable damping of the LSPR peak intensity. This damping
effect, characterized by a lower peak height and broader right-
side FWHM (65–67 nm), can be attributed to increased elec-
tron-surface scattering in ultra-small NPs, which disrupts
plasmon coherence.39,40 At sizes below 10 nm, quantum con-
finement and enhanced interband transitions also weaken the
plasmonic response, leading to reduced absorption intensity
and broader spectral features.41,42 Notably, the conventional
SG method produced slightly red-shifted LSPR peaks at
528 nm (SG) and 525 nm (SG + K2CO3), accompanied by nar-
rower right-side FWHM values (54–55 nm). These results reveal
a consistent trend in both synthetic routes, where the introduc-
tion of K2CO3 leads to a slight blue shift and reduction in peak
intensity.

The conventional NR synthesis exhibits a very broad peak
centered at 553 nm, indicative of polydisperse and anisotropic
particles. The red shift with respect to the cTF band of 529 nm
suggests the presence of larger NPs, while the elevated base-
line may result from light scattering or anisotropic structures
such as triangular and hexagonal plate-like particles, consist-
ent with previous reports.23 In contrast, the reverse addition
sample (AuCit-rNR) displays a sharp, intense LSPR peak at
531 nm. Compared to AuCit-NR, this blue-shift is consistent
with the smaller mean size and narrower size distribution.
Although TEM images show some close-packed arrangements
(see below), the absence of a distinct red-shifted shoulder in
the extinction spectrum and the agreement between DLS and
TEM sizes (vide infra) suggest that strong plasmonic coupling
from aggregates is not a dominant effect.43

To account for the inherent asymmetry of citrate-stabilized
AuNP absorption bands, we further evaluated the data using
asymmetry-robust 90% height metrics: the right-side width at
90% of the peak height (W90,R) and, where both crossings

exist, the full width at 90% maximum (FW90M).37,44 While the
doubled right-side half-maximum remains a simple and
reliable measure when the low-energy crossing is ill-defined,
the 90% metrics reduce sensitivity to band asymmetry and
baseline drift. Both approaches yield the same qualitative
trends in LSPR broadness across samples (Table S1), and thus
support the conclusions drawn from 50% metric analysis.

To compare relative yields, we analyzed the absorbance at
400 nm (A400) from the raw spectra, which has been estab-
lished in prior studies as an indicator of AuNP yield.45 The
values (0.48–0.66, Table S2) vary moderately across methods:
most samples fall between 0.50–0.55, while the rTF method
shows relatively higher yield and the NR method lower yield.37

These differences align with the relative intensities of the
LSPR bands and support the conclusion that synthesis con-
ditions modestly affect AuNP yield.

For direct and rapid size control in aqueous colloidal dis-
persion after the synthesis, DLS was used to measure the
hydrodynamic diameter distribution of AuNPs in suspension.
This technique analyzes light scattering to determine particle
size and poly-dispersity, with the hydrodynamic diameter
accounting for both the NP core and surrounding capping
molecule layers.46 Consistent with the UV-Vis results, DLS
measurements indicate that the rTF method yields smaller
NPs with a narrower size distribution by number (13 ± 2 nm),
reflecting enhanced uniformity in solution compared to the
cTF method (17 ± 4 nm) (Fig. 3a and b).

In the SG series, DLS clearly distinguished between conven-
tional and reversed protocols (Fig. 3c and d): SG particles
showed larger hydrodynamic sizes (12 ± 3 nm), whereas rSG
yielded significantly smaller particles (6 ± 1 nm). The addition
of K2CO3 further reduced the mean size and narrowed the dis-
tributions in both SG and rSG, highlighting its role in improv-
ing colloidal stability (Table 2). The optical differences
between NR and rNR are also seen by DLS (Fig. 3e and f). The

Fig. 3 Size distributions by DLS for AuCit synthesized via (a) cTF, (b) rTF, (c) SG, (d) rSG, (e) NR, and (f ) rNR methods. The Cit : Au ratios were consist-
ent with literature values of 5 : 1 for cTF, SG, rSG, 17 : 1 for rTF, and 0.7 : 1 for NR/rNR.

Paper Nanoscale

23378 | Nanoscale, 2025, 17, 23373–23386 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
7/

20
26

 8
:0

0:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr02727f


conventional method (AuCit-NR) shows a bimodal distri-
bution, with 94% of the intensity area peaking at 31 ± 12 nm
and 6% at 1 ± 0.3 nm, reflecting significant polydispersity.
Conversely, the reverse addition method (AuCit-rNR) produces
a monomodal distribution, with a mean hydrodynamic dia-
meter of 18 ± 5 nm, further confirming improved size control
and uniformity.

Morphological characterization by TEM supports the trends
seen by UV-Vis and DLS analyses. TEM images reveal a nar-
rower size distribution and a smaller average diameter of 10 ±
1 nm for the AuCit-rTF sample, compared to 15 ± 4 nm for the
AuCit-cTF sample (Fig. 4a and b; Table 2). Both samples show
fairly monodisperse, spherical AuNPs with no agglomeration,
and their hydrodynamic size distributions by number closely
align with the size profiles observed by TEM. Overall, the
complementary results from UV-Vis, DLS, and TEM analyses
confirm the effectiveness of the rTF method in achieving sub-
15 nm AuCit particles with lower size dispersity compared to
the classical approach.

In the SG series, conventional SG yielded larger and more
polydisperse NPs (7–18 nm), including triangular and poly-
gonal shapes (Fig. S1), while rSG reproducibly produced ultra-
small spherical NPs in the 2–6 nm range. The addition of
K2CO3 significantly improved uniformity in both SG and rSG,
giving narrower size distributions (SG + K2CO3: 8 ± 1 nm; rSG
+ K2CO3: 4 ± 1 nm) and suppressing anisotropic morphologies
(Fig. 4c and d). Overall, the complementary TEM, DLS, and
UV-Vis data confirm that the rSG protocol consistently yields
the smallest NPs among all methods tested, and that adjusting
the reaction pH by adding K2CO3 improves size and shape
control, in agreement with previous reports.30

While the Cit : Au ratio was the central focus, the amount of
1 wt% TA was based on the Slot–Geuze protocol and kept in
the low-micromolar regime. In our standard rSG synthesis, a
TA-to-gold molar ratio (TA : Au) ≈ 0.1 reproducibly yielded
ultrasmall NPs (2–6 nm) when the reductive mixture (TA +
citrate) was maintained at slightly basic pH (7.2–8.2). To
further probe this choice, we varied the TA : Au in the range of
0.03–0.4. At the lowest molar ratio (0.03, pH ∼8.3), NPs were
slightly larger (>6 nm), while at TA : Au ≈ 0.2 (pH ∼7.3) well-

dispersed ultrasmall NPs were obtained (Fig. S2). In contrast,
the highest 1 wt% TA loading (TA : Au ≈ 0.4) lowered the pH of
the reductive mixture to ∼7.1 and produced polydisperse and
agglomerated particles with irregular morphologies. Notably,
the excessive TA reduced the final reaction mixture to ∼5.6,
giving a visibly cloudy colloid. This behavior agrees with
earlier reports that excess TA saturates nucleation sites,
causing uncontrolled growth and particle coalescence.47 Sub-
stoichiometric TA : Au ratios (<0.4) are therefore critical for size
control, while excess TA lowers pH, thereby weakening citrate
stabilization, and promoting aggregation.20,30,48 Puntes et al.
further showed that moderate TA accelerates nucleation and
yields smaller particles, but excessive amounts produce poly-
disperse samples due to insufficient stabilization.30 Together,
these findings confirm that limiting TA in combination with
citrate is essential for obtaining stable, monodisperse AuNPs.

In an analogous way, NaBH4 was fixed at a sub-stoichio-
metric ratio (NaBH4 : Au ≈ 0.1) in accordance with the Brown–
Fox/Natan protocol.14 This amount is sufficient to fully reduce
Au(III) and was deliberately kept constant across the NR series
to isolate the effect of reagent order. Under these conditions,
the original NR reaction was marked by an immediate wine-
red color change upon introducing the NaBH4/citrate mixture
to the KAuCl4 solution. Despite rapid formation under
ambient conditions, TEM revealed a heterogeneous population
composed of large hexagonal (25–40 nm) and smaller spheri-
cal (7–20 nm) NPs, along with a minor fraction of nanotrian-
gles (Fig. 4e). To improve dispersity and size control, we
reversed the order of reagent addition while maintaining iden-
tical NaBH4 and citrate concentrations. Unlike the direct
method, the reversed reaction (rNR) remained clear until
heated to 90 °C, after which it gradually transitioned from
purple to red-pink. TEM analysis of the rNR sample showed a
more uniform population of quasi spherical particles with
faceted edges, and a notable reduction in mean size and poly-
dispersity (from 21 ± 10 nm to 18 ± 6 nm).

For clarity, the UV-Vis, DLS and TEM characterization data
of the AuCit dispersions are summarized in Table 2.

The requirement for elevated temperature in rNR is not an
arbitrary adjustment but stems from the altered reaction

Table 2 Summary of LSPR peaks, TEM size distribution, and DLS hydrodynamic size of AuCit obtained via different literature methods of synthesis

Molar ratio Cit : Au cTF(5 : 1) rTF(17 : 1) SG (5 : 1) SG (5 : 1-K2CO3) rSG (5 : 1) rSG (5 : 1-K2CO3) NR (0.7 : 1) rNR (0.7 : 1)

UV-Vis LSPRa

λ, nm 529 520 528 525 517 513 553 530
FWHM, nm 89 85 109 108 129 131 188 93

DLS hydrodynamic sizeb

Avg ∅, nm 17 (±4) 13 (±2) 12 (±3) 8 (±2) 6 (±1) 6 (±1) 31 (±14) 18 (±5)
CV 25% 13% 24% 24% 20% 18% 46% 29%

TEM core sizeb

Min ∅, nm 5 7 7 7 2 2 7 8
Max ∅, nm 22 14 18 10 6 6 43 30
Avg. ∅, nm 15 (±4) 10 (±1) 11 (±2) 8 (±1) 4 (±1) 4 (±1) 21 (±10) 18 (±6)
CV 25% 11% 21% 10% 20% 15% 45% 32%

a FWHM = full width at half maximum, calculated using twice the value of the right-side half-maximum of the absorption peak (see main text).
b The standard deviations (SD) are given in parentheses, CV = coefficient of variation, calculated as CV = (SD/Avg) × 100%.
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environment created by reversed reagent order. Unlike the con-
ventional NR, where NaBH4 is added last and drives a rapid
nucleation burst at room temperature, the rNR involves pre-
mixing citrate and NaBH4 before Au(III) injection. During this
premixing period, NaBH4 undergoes partial hydrolysis, redu-
cing its instantaneous reducing power, while the alkaline

medium (pH > 9) favors the formation of [AuCl4−n(OH)n]
− (n =

1–3) hydroxo-complexes that are significantly slower to reduce
than AuCl4

−.49,50 These combined effects suppress nucleation
at room temperature, making thermal activation at 90 °C the
minimal driving force required to trigger reduction.
Importantly, all other parameters (Cit : Au ratio, [Au], reagent

Fig. 4 TEM images of AuCit synthesized via methods of (a) cTF, (b) rTF, both (c) SG and (d) rSG with the addition of K2CO3, (e) NR, and (f ) rNR. Inset
vial images show the corresponding color of each AuCit colloid, while the inset graphs show the respective size distribution profiles with the mean
value and standard deviation (200 particles were analysed per histogram). The Cit : Au ratios were consistent with literature values—5 : 1 for cTF, SG,
rSG, 17 : 1 for rTF, and 0.7 : 1 for NR/rNR.

Paper Nanoscale

23380 | Nanoscale, 2025, 17, 23373–23386 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
7/

20
26

 8
:0

0:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr02727f


stocks, and mixing times) were held constant between NR and
rNR, isolating reagent order as the critical variable.

In the cTF method, citrate serves as both a reducing and
capping agent; however, its low redox potential and weak stabi-
lizing ability limit the minimum attainable size, resulting in
relatively larger AuNPs.12,22 To overcome these limitations, we
adapted the rTF protocol originally described by Sivaraman
et al., in which chloroauric acid (HAuCl4) is added to a boiling
citrate solution. This reversed reagent addition enables the for-
mation of monodisperse sub-10 nm AuNPs, provided that the
citrate-to-chloroauric acid molar ratio (Cit : Au) exceeds 5 (e.g.
20 : 1).12 In our experiments, HAuCl4 was replaced with
KAuCl4, and the results for this modified method are pre-
sented under the rTF in Table 2.

The improved size control observed in the rTF method com-
pared to cTF can be attributed to sodium citrate’s additional
role as a pH mediator or buffer.20,26 The binding affinity of
citrate ions to gold nanoclusters depends on the protonation
states of their carboxyl groups, which directly influences
nucleation and growth dynamics.30,51 Under acidic conditions,
citrate becomes increasingly protonated (pKa1 = 3.1, pKa2 = 4.6,
pKa3 = 6.4), reducing its net negative charge and thereby
diminishing its ability to electrostatically stabilize AuNPs.
Nevertheless, citrate still contributes to buffering through
equilibria between its protonated and deprotonated forms.

Conversely, at alkaline pH, gold ions become less reactive
due to the formation of stable hydroxide complexes.25,26,29,30

The [AuCl4]
− complex exists in this form only at pH ≤ 2 and

hydrolyzes at higher pH values. As a result, an aqueous solu-
tion of K[AuCl4] thereby assumes an acidic pH value through
this hydrolysis and the concomitant release of protons from
the polarized aqua ligands, leading to the formation of chlori-
dohydroxidoaurate(III) complexes [AuCl4−n(OH)n]

− (n = 1–3)
and aquachloridohydroxidoaurate(III) complexes
[AuCl4−(m+n)(OH)m(H2O)n]

(−1+n), which coexist in varying ratios
between pH 3 and 6 (see Scheme S1 in SI).52,53

In the cTF approach, the reaction begins with a more
dilute, acidic gold salt solution (26.5 µmol/100 mL, pH ∼4.0),
to which solid sodium citrate is gradually added until a molar
Cit : Au ratio of 5 : 1 is reached, slowly increasing the pH. This
gradual shift prolongs the nucleation phase, leading to
broader size distributions. By contrast, the rTF method starts
with boiling sodium citrate at mildly basic pH (∼7.9), into
which a more concentrated KAuCl4 solution (26.5 µmol mL−1,
pH ∼3.2) is injected. Upon mixing, the solution initially under-
goes a pH drop due to the acidic gold precursor, but then
stabilizes around pH ∼6.7 owing to the citrate’s buffering
capacity. The use of excess citrate in this setup results in a sub-
stantially higher Cit : Au ratio (17 : 1), contributing to improved
stabilization. In the SG series, both methods utilize TA and
sodium citrate, differing primarily in the reagent order and pH
conditions. Mechanistically, these reactions follow a two-step
reduction: TA, with its stronger reducing power, initiates rapid
nucleation, while sodium citrate modulates the growth phase,
facilitates the complete reduction of the gold precursor, and
functions as both an electrostatic stabilizer and pH regulator.30

This interplay ensures controlled particle formation and col-
loidal stability, effectively preventing aggregation, particularly
in ultra-small NPs.

In practice, reversing the order of reagent addition pro-
duced markedly different outcomes, as discussed above. This
can be rationalized by the distinct pH dynamics of the two pro-
tocols: in rSG, a concentrated acidic KAuCl4 solution
(1.33 mmol L−1) is injected into a preheated citrate/TA
mixture, causing an abrupt drop in pH before citrate buffering
equilibrates, which strongly affects nucleation kinetics. By con-
trast, in the conventional SG method the citrate/TA mixture is
introduced into a more dilute KAuCl4 solution (0.33 mmol
L−1), leading to more gradual acidification. Thus, reagent
order directly modulates the early nucleation environment
and, consequently, the final particle size distribution. Further
improvement was observed when K2CO3 was added to the
reductive mixtures in both SG and rSG. This adjustment raised
the final pH from ∼6.1 to ∼6.4, which translated into a slight
blue shift and damping of the LSPR band (Fig. 2). These spec-
tral changes likely reflect modifications in the ionic environ-
ment introduced by K2CO3, including increased surface
charge, electron density, and enhanced stabilization, all of
which influence the optical properties of AuNPs.54

Finally, the NR series underscores the effectiveness of
NaBH4 as a potent reducing agent, enabling rapid formation
of AuNPs at ambient temperature. When combined with
sodium citrate, NaBH4 drives the reduction, while citrate ions
serve solely as capping agents.55 The distinct differences in
particle morphology and size distribution between the NR and
rNR methods in our study can be traced to variations in
nucleation dynamics, pH effects, reaction kinetics, and
temperature.29,56,57 In the conventional NR method, the
immediate color change upon adding NaBH4 into an acidic
solution (pH ∼4) indicates rapid nucleation. However, the lack
of sufficient citrate stabilization and high local precursor con-
centration at the onset result in heterogeneous nucleation
events and secondary growth, promoting the formation of
various morphologies.

In contrast, the reverse addition method (rNR), conducted
at a higher pH (∼9) and elevated temperature (90 °C), enabled
a more gradual reduction process. The delayed color change
suggests a gradual reduction and slower nucleation, likely
stabilized by the mildly basic environment, which modulates
the reduction potential of Au(III) species. Higher temperature
further enhances reaction kinetics while improving citrate
capping efficiency, consequently favoring quasi-spherical
shapes. Additionally, the reversed reagent order ensures that
citrate is pre-available to stabilize the nascent nuclei before
rapid growth occurs, mitigating aggregation and secondary
nucleation. Although some degree of size variation remains,
reversing the order of addition improved control over nuclea-
tion, reduced polydispersity, and enhanced morphological uni-
formity, as confirmed by TEM, UV-Vis, and DLS analyses.

To assess colloidal stability, Fig. 5 shows the evolution of
UV-Vis spectra for representative AuNP samples (rTF, rSG, and
rNR) over a six-week period. Here we focus on the reversed
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syntheses to confirm that the size-control improvements
afforded by reagent sequence inversion are maintained during
storage under identical conditions. Spectral shifts and peak
broadening reveal varying degrees of long-term stability among
these methods, offering insight into each system’s suscepti-
bility to NP growth or aggregation.

While the rSG method ensured the synthesis of ultra-small
AuCit with minimal agglomeration, long-term stability tests
indicate that the rTF method is superior in maintaining NP
size and dispersion over time. As shown in Fig. 5, UV-Vis
absorption spectra collected over six weeks reveal that the rTF
sample remains exceptionally stable, with negligible shifts in
LSPR peak position and FWHM, suggesting sustained size uni-
formity and colloidal stability. In contrast, the rSG sample
exhibits spectral broadening and an increase in LSPR peak
absorbance, which may indicate gradual NP growth in solu-
tion. This could result from processes such as Ostwald ripen-
ing, where smaller particles dissolve and redeposit onto larger
ones, or particle fusion/coalescence, leading to an overall
increase in size and polydispersity. The initially smaller size
(2–6 nm) of rSG particles likely makes them more susceptible
to these stability-limiting processes. Finally, the spectra in
Fig. 5c demonstrate the temporal stability of the AuCit-rNR
sample, which also maintained consistent LSPR characteristics
over time. These findings emphasize the importance of balan-
cing initial particle size with synthetic conditions to achieve
long-term stability.

Notably, the difference in the final Cit : Au molar ratios
between the three methods introduces a significant variable
that can influences nucleation dynamics, particle stabilization,
and final size distribution. While the sequence of reagent
addition and the resulting pH profile are critical factors, the

elevated citrate ratio in the reported rTF (17 : 1) vs. cTF (5 : 1)
method, and the much lower ratio in the reported NR and rNR
methods (0.7 : 1), also contribute to the observed outcomes—
particularly in promoting size focusing and yielding smaller,
more monodisperse nanoparticles.

3.2 Role of Cit : Au ratio and effect of reagent order under
controlled citrate conditions

While section 3.1 benchmarks the canonical literature proto-
cols under their reported Cit : Au ratios, in the following
section we controlled the Cit : Au ratio across all syntheses
(fixed at 5 : 1, Table 3) to decouple sequence effects from
citrate concentration and enable a more direct comparison.
This controlled approach allowed us to evaluate how pro-
cedural variations—specifically the order of reactant addition
—influence nanoparticle size, dispersity, and morphology,
independently of citrate concentration. Fig. 6 presents TEM
images of AuCit synthesized by both the classical Turkevich–
Frens (cTF) and reverse Turkevich–Frens (rTF) methods at two
Cit : Au ratios; 5 : 1 and 17 : 1.

When the Cit : Au ratio was fixed at 5 : 1, the cTF method
produced relatively uniform NPs with an average size of 15 ±
1 nm, whereas the rTF method yielded larger, non-uniform
and agglomerated particles with a mean size of 16 ± 3 nm
(Fig. 6a and c). These results contrast with the trend observed
at elevated citrate levels.

At a Cit : Au ratio of 17 : 1, both methods yielded more
uniform, spherical particles; however, the differences in size
were more pronounced. The cTF method produced particles
averaging 19 ± 2 nm, while the rTF method generated signifi-
cantly smaller particles with a mean diameter of 11 ± 1 nm
and an even narrower size distribution. These findings high-
light that the combination of reagent order and citrate concen-
tration plays a decisive role in determining the outcome of the
synthesis. As reported before, the benefits of reversing the
order of addition—adding gold precursor to a pre-existing
citrate solution—are most clearly realized when citrate is
present in excess.12 Under such conditions, citrate effectively
stabilizes nascent nuclei early in the growth process, minimiz-
ing secondary nucleation and suppressing uncontrolled aggre-
gation. At lower citrate concentrations (5 : 1), this stabilizing
effect is diminished, and the kinetic advantages of the
reversed order are not sufficient to outweigh the reduced avail-
ability of surface-passivating citrate ions.

Fig. 5 UV-Vis absorption spectra of AuCit synthesized via reversed
methods: (a) rTF, (b) rSG, and (c) rNR, recorded at Week 1 (solid lines)
and after 6 weeks stored in water (dashed lines). The Cit : Au ratios were
consistent with the literature values of 17 : 1 for rTF, 5 : 1 for rSG, and
0.7 : 1 for rNR.

Table 3 Comparison of TEM-derived particle sizes of AuCit synthesized
using different methods with conventional and reverse addition
sequences, all with a fixed Cit : Au molar ratio of 5 : 1

TEM core size cTF rTF SG rSG NR rNR

Min ∅, nm 11 10 7 2 3 3
Max ∅, nm 17 25 18 6 11 6
Avg. ∅, nma 15 (±1) 16 (±3) 11 (±2) 4 (±1) 6 (±2) 4 (±1)
CV 7% 17% 24% 20% 23% 17%

a SD values are given in parentheses; CV calculated as CV = (SD/Avg) ×
100%.
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Complementary DLS measurements (Fig. S3) reveal nar-
rower hydrodynamic size distributions for rTF samples com-
pared to cTF under the same molar conditions of 17 : 1
Cit : Au, reinforcing that reagent sequence significantly affects
nucleation dynamics and growth behavior. Notably, while
higher citrate concentrations further improved uniformity,
these results confirm that reagent order alone has a strong
and consistent influence on the outcome.

The role of reagent order and citrate concentration was
further evaluated in the NaBH4-mediated Natan reduction
approaches. As discussed in section 3.1, the conventional
Natan method (NR), conducted at a low Cit : Au ratio of 0.7 : 1,
yielded highly polydisperse AuNPs with core sizes ranging
from 7 to 43 nm (average 21 ± 10 nm, Table 2). The reverse
Natan method (rNR), despite improving size uniformity
through sequence inversion, still produced relatively large par-
ticles (18 ± 6 nm, Table 3) at the same low Cit : Au ratio. These
results revealed that sequence inversion alone was insufficient
to fully control particle size and dispersity in the presence of
strong reducing agents like NaBH4, when citrate is present

only in limiting quantities. Consequently, increasing the
Cit : Au ratio from 0.7 : 1 to 5 : 1 significantly improved the
outcome of both methods. Although particle agglomerates
were detected in both samples, the conventional NR approach
yielded smaller particles (6 ± 2 nm), while rNR produced ultra-
small, quasi-spherical AuNPs with an average size of 4 ± 1 nm
and reduced polydispersity (Fig. 7; Table 3). Interestingly,
these NPs were morphologically comparable to those obtained
from the rSG method, which employed TA as the primary
reductant. Both routes yielded spherical particles in the range
of 4 ± 1 nm, confirming that strong reducing agents—whether
NaBH4 or TA—can produce ultrasmall AuNPs, provided that
sufficient surface passivation is ensured through appropriate
citrate levels and sequencing.

Once again, these findings highlight that citrate concen-
tration and reagent order act cooperatively. Elevated citrate
enhances nucleation control, while reversed sequencing
ensures that citrate and the reductant are present before Au(III)
injection, creating a chemically stabilized environment that
suppresses uncontrolled nucleation bursts and secondary

Fig. 6 TEM images of AuCit nanoparticles synthesized using two methods: cTF (a and b) and rTF (c and d). Each method was tested with two
different Cit : Au molar ratios: 5 : 1 (a and c) and 17 : 1 (b and d). The insets show particle size distribution histograms of 200 particles, including the
average size and standard deviation.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 23373–23386 | 23383

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
7/

20
26

 8
:0

0:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr02727f


growth. This synergy results in better particle uniformity and
shape regularity by enabling citrate to effectively cap and
stabilize nascent particles immediately as they form.

To verify the colloidal stability of the here-synthesized
AuNPs at Cit : Au = 5 : 1, UV–Vis spectra for each conventional/
reversed pair were recorded after storage (4 °C, dark; Fig. S5).
Over six weeks, all dispersions remained stable with only
minor spectral changes. In brief, cTF was essentially invariant.
For rTF, the LSPR peak position (519 nm) and line shape were
unchanged, but a modest decrease in overall absorbance
suggests a small loss of particle concentration, likely due to

mild sedimentation of the larger, non-uniform particles
observed by TEM (Fig. 6c). SG and rSG retained the damped,
low-intensity plasmon characteristic of sub-10 nm particles,
however rSG showed a slight intensity increase with a minor
red shift, consistent with slow growth/ripening rather than
aggregation. For the borohydride routes (NR, rNR), the
plasmon bands became subtly sharper with a moderate blue
shift (NR: 523 → 516 nm; rNR: 521 → 512 nm) and a lower
baseline, consistent with a narrowing of the size distribution
and disaggregation of agglomerates rather than new aggrega-
tion.39 Notably, aggregation of colloidal AuNPs is typically
accompanied by a visible color change from red to purple/blue
due to plasmon coupling, yet no such macroscopic change was
observed in any of these samples after storage.58,59

4 Conclusions

This study evaluated six methods for the synthesis of citrate-
stabilized AuNPs, demonstrating how reagent order, reducing
agent identity, and citrate concentration collectively govern
particle size, dispersity, and colloidal stability. Comparing con-
ventional and reversed-order Turkevich–Frens (TF), Slot–Geuze
(SG), and Natan reduction (NR) methods, we found that
reversed-order approaches generally produce smaller, more
uniform AuNPs, with the rTF method offering superior long-
term stability in aqueous dispersions. The rSG method,
employing tannic acid as a potent reductant, enabled the for-
mation of ultrasmall particles (4–6 nm) but showed limited
temporal stability due to increased susceptibility to Ostwald
ripening. The rNR method, though based on chemical
reduction by NaBH4, achieved a marked improvement in uni-
formity and morphology over its classical counterpart,
especially when paired with elevated citrate concentrations.

Taken together, these findings support a unifying principle:
small, uniform AuNPs can be reliably synthesized when three
key factors are optimized:

• Citrate-to-gold ratio – higher citrate levels enhance
nucleation control and surface stabilization.

• Reagent addition sequence – reverse-order methods, that
is, adding the gold precursor to a pre-existing citrate (and
reductant) solution improve size focusing by ensuring stabil-
izers are present prior to nucleation.

• Reducing agent strength – strong reductants require
citrate buffering to avoid uncontrolled growth.

In all cases the nanoparticles were stabilized by citrate, yet
our comparative analysis demonstrates that the synthesis route
itself rather than citrate alone profoundly predetermines their
size distribution, morphology, and colloidal stability. By unify-
ing widely used literature methods under both reported and
standardized citrate conditions, this study provides a practical
framework for predesigning AuNPs with predictable properties
and establishes a basis for post-synthetic modifications—
including ligand exchange and polymer coatings—broadening
their applicability in biomedicine, diagnostics, and catalysis.

Fig. 7 TEM images of AuCit synthesized using the NR method (a) and
rNR method (b) at a fixed Cit : Au ratio of 5 : 1. Insets show particle size
distribution histograms based on measurements of 200 particles, includ-
ing mean size and standard deviation.
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Cit : Au ratio was fixed at 5 : 1 for both methods; Fig. S2 TEM
images of AuCit synthesized by the rSG method with varying
loadings of 1 wt% TA (TA : Au, μmol [μL of 1 wt%]): (a) 0.03
(0.735 μmol [125 μL]), (b) 0.1 (2.94 μmol [500 μL]), (c) 0.2
(5.88 μmol [1000 μL]), (d) 0.4 (11.76 μmol [2000 μL]). At low TA
loading (a), particles were slightly larger and partially aggre-
gated; at TA : Au ≈ 0.1–0.2 (b and c), ultrasmall and well-dis-
persed AuNPs were obtained; while at high TA loading (d), the
reductive mixture yielded polydisperse, agglomerated particles
due to increased acidity; Fig. S3 DLS size distribution by
number for AuCit synthesized via classical (cTF) and reverse
(rTF) methods at two Cit : Au molar ratios: 5 : 1 and 17 : 1.
Color coding: cTF-5 : 1 (green), cTF-17 : 1 (black), rTF-5 : 1
(blue), and rTF-17 : 1 (red); Fig. S4 UV–Vis spectra of AuCit pre-
pared with a Cit : Au molar ratio of 5 : 1 via cTF (red dotted),
rTF (red solid), SG (yellow dotted), rSG (yellow solid), NR
(green dotted), and rNR (green solid) methods; Fig. S5 UV-Vis
absorption spectra of AuCit synthesized via the respective con-
ventional and reversed methods: (a) cTF, (b) rTF, (c) SG, (d)
rSG, (e) NR and (f) rNR, recorded at week 1 (solid lines) and
week 6 (dashed lines) stored in water at 4 °C in the dark. The
Cit : Au ratios across all syntheses were fixed at 5 : 1; Table S1
Summary of UV-Vis spectral parameters of citrate-capped
AuNPs synthesized by different methods. Reported values
include the LSPR peak position (λmax), right-side half-
maximum width, full width at half maximum (FWHM = 2 ×
right-half ), right-side width at 90% peak height (W90, R), and
full width at 90% maximum (FW90M, where both crossings
exist); Table S2 Absorbance values at 400 nm (A400) extracted

from the raw, unnormalized UV–Vis spectra of citrate-capped
AuNPs synthesized by different methods. See DOI: https://doi.
org/10.1039/d5nr02727f.
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