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Abstract

Complicated and strict protocols are followed to tune the size of gold nanoparticles (GNPs) in chemical synthesis
methods. In this study, we address the polarity of solvents as a tool for tailoring the size of GNPs in the chemical
reduction method. The effects of varying polarity index of the reaction medium on synthesizing gold nanoparticles
by chemical reduction method have been investigated. Ethanol as a polar solvent, ethanol-water mixture as
reaction medium, L-ascorbic acid as reducing agent, and polyvinylpyrrolidone as stabilizer were used to synthesize
GNPs. The polarity index of the reaction medium was adjusted by changing the volume ratio of ethanol to water.
UV-Vis, dynamic light scattering (DLS), and transmission electron microscopy (TEM) characterizations reveal that the
growth of nanoparticles was gradually increased (~ 22 to 219 nm hydrodynamic diameter) with decreasing value of
polarity index of the reaction medium (~ 82 to 5.2). Furthermore, the high polarity index of the reaction medium

produced smaller and spherical nanoparticles, whereas lower polarity index of reaction medium results in bigger
size of GNPs with different shapes. These results imply that the mechanistic of the growth, assembly, and
aggregation phenomena of ligand or stabilizer-capped GNPs strongly rely on the polarity of solvent molecules.
Using the proposed methodology, wide size range of GNPs with different morphology sizes can be synthesized by
simply modulating the volume percentage of organic solvent in the reaction medium.

Keywords: Gold nanoparticles, Chemical reduction, Solvent polarity index, Ethanol, PVP

Introduction

Gold nanoparticles (GNPs) are recognized as a potential
candidate in many areas of science and engineering ap-
plications including medical therapy [1], drug delivery
[2], chemical sensing [3, 4], catalysation [5], and elec-
tronic [6] applications due to the size and shape-
dependent surface plasmon resonance (SPR) [7], affinity
with organic species and high electrical conductivity
properties [8] of GNPs. Considering exponentially in-
creasing demand of GNPs, far more attention is given to
synthesize monodisperse nanoparticles with controllable
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size and morphology. Numbers of design principles have
been proposed to control the properties of GNPs by in-
corporating different reactants, stabilizing agents or li-
gands [9], reaction conditions including temperature,
pH, and concentration [4], and dispersed medium (such
as different types of solvent) [10].

In chemical synthesis of GNPs, Turkevich method is a
promising method compared to others. In Turkevich
method, Au®* ions are reduced by a mild reducing agent
such as citrate [11], ascorbic acid [12], and tannic acid
[13] in an aqueous medium. In this process, relatively
small size and bio-compatible GNPs are produced. How-
ever, the main drawback of this method is highly con-
trollable process protocol (temperature, concentration,
and pH) that must be strictly followed to produce
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monodisperse particles with desirable sizes. Further-
more, in a pure aqueous medium, labeling of GNPs by
organic drug molecules and surface modification with
different ligands are difficult due to the less solubility
and hydrophobicity of the organic component in water
[14]. Thus, attention is given to overcome these limita-
tions of Turkevich method by optimizing the reaction
medium which significantly control the properties of
solvent.

Solvent plays an important role in nanoparticle growth
and assembly in colloidal synthesis process. Interaction
between the nanoparticle surface and solvent molecules
or interaction between the solvent molecules and ligand
molecules considerably influences the final particle size
and morphology [15, 16]. Generally, in absence of the
passive ligands or capping agent, the strength of the
electrical double layer that controls the particle growth
is dominantly governed by the nature of solvent mole-
cules. In high polarity index of dispersed medium, large
amount of charged ions are adsorbed by nanoparticles
surface, whereby a strong electrical double layer forms
around the colloidal particles [17]. As a result, the zeta
potential of particle increases, and the particles are pre-
vented from aggregation by repelling each other. How-
ever, the surface charge around the nanoparticles can be
manipulated by the solvent polarity, and the interaction
between the particles is controlled prior to optimize the
size and shape [18]. For instance, Song et al. produced
1-6 nm range of thiol-capped GNPs in different polarity
of organic solvent [19]. Although few works have been
proposed for optimizing the size of GNPs in different
polarity of solvent, the size of final particles lies between
a small range (less than 20 nm) which cannot completely
satisfy the major applications of GNPs such as for thera-
peutic and drug delivery.

On the other hand, in presence of ligands in the reac-
tion medium, interactions between solvent molecules
and ligands considerably affect the growth and assembly
of nanoparticles. Similar studies show that the nonaque-
ous medium solvate organic ligand molecules in the col-
loidal solution protect nanoparticles from further growth
and aggregation to a great extent [20, 21]. However,
under certain circumstances such as at higher concen-
tration, higher molecular weight and high length of li-
gands may cause aggregation or high growth in colloidal
nanoparticles. Notably, different swelling and elongating
rate of ligand molecules in different polarity of the sol-
vents easily trigger the nanoparticle growth and assem-
bly in colloidal synthesis [22]. However, this negative
effect can be turned as a tool to grow nanoparticles with
controllable size. More than the direct involvement of
solvent in nanoparticle growth, the concept of governing
the properties of ligands using solvent may allow to
synthesize GNPs with wide range of size scale.
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Considering aforementioned proposition, this study
proposes a method to optimize GNPs size and morph-
ology by controlling the ligand or stabilizer and the sur-
face charges using polarity index of the reaction medium
as tool. In this study, GNPs was synthesized via chemical
reduction method using L-ascorbic acid as reducing
agent and PVP as stabilizing agent. In comparison to
water molecules, polarity index of ethanol (selected polar
organic solvent in this study) is less. Therefore, the po-
larity index of the reaction medium was manipulated by
adding ethanol to water in various volume ratios. Unlike
the conventional Turkevich method, it is expected to
synthesize GNPs with wide range of preferable size
GNPs using this proposed technique in a single step
with the minimum protocol.

Methods

Material

HAuClg-3H,O (= 99% trace metal basis), crystalline L-
ascorbic acid, polyvinylpyrrolidone (PVP) K60, and so-
dium hydroxide (NaOH) pellets were purchased from
Sigma-Aldrich (Missouri, USA). Ethanol (99.90% assay)
was obtained from J-Kollin Chemicals (UK), and double
distilled water (ddH,O) was obtained from the labora-
tory (Faculty of Chemical Engineering, UiTM, Malaysia).

Preparation of Gold Nanoparticles (GNPs)

Colloidal GNPs were prepared using an ascorbic acid in-
corporated modified Turkevich approach [23]. In this
method, L-ascorbic acid was used as a reducing agent
while polyvinyl pyrrolidine (PVP) as a stabilizer. The re-
ducing agent solution was prepared by dissolving L-
ascorbic acid in absolute ethanol or 20%, 50%, and 80%
volume ratios of ethanol to water binary solvent mixture.
The total volume of water that was added to the ethanol
to water binary solvent mixture was determined accord-
ing to Eq. (1). In addition, PVP was directly dissolved
into the L-ascorbic acid/ethanol to water solvent mix-
ture to the final concentration of 1% (w/v) under low
decibel sonication. Finally, pH of reducing agent solution
was adjusted to 10.5 from its initial value by adding 2 M
NaOH in drop-wise.

Volume percentage of water in solvent mixture (%)
|4 |4
— Vwt Vec x 100
R

(1)

where volume of water is Viyy; volume of gold chloride
is Vg, and total volume of the reaction mixture is V3.

GNP forming reaction mixture was prepared by rap-
idly injecting 5 mM HAuCl, aqueous solution to the re-
ducing agent solution. The total volume of the reaction
mixture was maintained at 20ml of HAuCl, and L-
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ascorbic acid solutions. The initial concentration of the
HAuCl, and L-ascorbic acid in the final reaction mixture
was set as 0.15 mM and 1.5 mM respectively with molar
ratio of HAuCl, to L-ascorbic acid of 1:10. The reaction
mixture was vigorously stirred with 800 rpm for 30 min
at ambient temperature, and the resultant GNP colloid
was filtered using Whatman laboratory filter paper be-
fore storage at 4 °C to avoid a continuous reaction.

Characterization and Instrumentation

UV-vis Characterization

UV visible extinction spectra of each GNPs sample were
measured at ambient temperature (25 °C) using an Agi-
lent Cary 60 UV-Vis Spectrophotometer. Maximum
surface plasmon resonance (SPR) wavelength of the re-
sultant GNPs was determined from the obtained UV-—
Vis data to compare the particle size.

Particle size distribution and zeta potential

Mean particle size, size distribution, poly-dispersity
index (PDI), and zeta potential of GNPs were measured
using a Malvern Zetasizer nanoZS instrument. The PDI
value was calculated from intensity particle size distribu-
tion (PSD) graphs of dynamic light scattering (DLS)
measurements using Eq. (2) [24]:

PDI = (standard deviation/mean particle size)*

(2)

Polarity Index Analysis of Mixed Solvent

The polarity of the reaction medium was optimized by
mixing different volumetric ratios of water and organic
solvent. Further, the net polarity index of organic
solvent-water resultant mixture, P’, can be given by Eq.
(3) [25].

P =Y e 3)

where, p; is the polarity index of solvent i , and @; is
the volume fraction of solvent i in the mixture. The po-
larity index of distilled water and absolute ethanol were
9.0 and 5.2, respectively.

Transmission Electron Microscopy (TEM) and Patrticle Size
Distribution

GNP samples were sonicated prior to TEM measure-
ment. Droplets of the sonicated suspensions/colloids
were then dropped onto 200 mesh Formvar copper grid.
The grid was placed in a “single tilt” sample holder fol-
lowing by inserting into a 200-kV FEI, Tecnai G2 20
Twin Transmission Electron Microscope for imaging. In
addition, quantitative analysis of particle size and size
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distribution from TEM images were analyzed using the
Image] image processing software.

Results and Discussion

Figure 1 depicts the UV-Vis spectra of synthesized col-
loidal GNPs in different volumetric ratios of ethanol to
water solvent mixture. Typically, maximum SPR absorp-
tion wavelength (\,,) of GNPs is size and shape
dependent [26, 27]. As shown in Fig. 1, maximum )\, of
the synthesized colloidal GNP shift to the right which
implicits the size of synthesized GNPs increased with an
increasing volumetric ratio of ethanol in water. The
maximum A, of the colloidal GNPs synthesized in reac-
tion mixtures containing ethanol with 20% and 50%
volumetric percentage appears in the shorter region of
absorption wavelengths (514 nm and 520 nm) which im-
plicit that small sizes of GNPs were produced in a low
volume percentage of ethanol. In addition, the maximum
Am of GNPs synthesized in ethanol to water with 80%
volumetric percentage or absolute ethanol shifted to the
higher wavelength regions at 575nm and 561 nm re-
spectively. These shifts indicate the formation of larger
size and broad trend of the graphs that imply the uneven
shapes of GNPs.

The synthesized GNPs in different volumetric percent-
age of ethanol to water mixtures with different polarity
indexes were quantified using DLS, and the obtained size
distribution of GNPs are shown in Fig. 2. In addition,
the mean particle size, PDI values of GNPs, and polarity
indexes of ethanol-water mixtures of produced GNPs
are summarized in Table 1. Figure 2 shows that the DLS
size distribution increases with increasing volumetric
percentage of ethanol. The mean hydrodynamic diame-
ters of GNPs in solvent mixtures containing absolute
ethanol, 80%, 50%, and 20% ethanol to water volumetric
percentage, were 154 + 56.7, 219 + 84.9, 28 + 10.5, and
22 + 4.6 nm respectively (c.f. Table 1). These DLS results
are similar to the UV-Vis findings of this study which
small particles were produced in high polarity index of
ethanol-water mixture and vice versa.

The calculated polarity index values of different vol-
ume percentage of ethanol to water solvent mixtures are
given in Table 1. The polarity index of binary solvent
mixture decreases with an increasing volumetric per-
centage of ethanol (organic solvent) in the solvent mix-
ture. Herein, UV—Vis and DLS results of this study
reveal that the smaller size of GNPs was produced in
high polarity index of reaction medium, whereas bigger
size of GNPs was produced in low polarity index of reac-
tion medium. It has been well studied that both solvent
and ligands play an important role in controlling the
nanoparticle growth and assembly in colloidal nanoparti-
cle synthesis process. During nanoparticle formation,
solvent molecules and ligand molecules control and slow
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Fig. 1 UV-Vis spectra of GNPs in 20%,50%,80% and 100%volume percentage of ethanol to water binary solvent mixture
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down the particle growths by blocking the surface bind-
ing sites. However, in certain conditions such as differ-
ent polarity of solvent mixture, the solvent molecules
and ligand molecules may also trigger the growth and
assembly of nanoparticles in colloidal solutions. In
agreement with this statement, UV-Vis and DLS results
show that the growth and assembly of PVP-capped
GNPs increased with increasing volume percentage of
ethanol in binary solvent mixture. To validate these find-
ings, corresponding mechanism for the growth of PVP
capped GNPs in ethanol-water binary solvent mixture

can be interpreted in two stages (as shown in Fig. 3)
which are solvent caused growth and ligand-induced
growth.

In the first stage, after nucleation of monomers, the
growth of GNPs was governed by the solvent molecules.
In colloidal solution, high polar solvent molecules dis-
tribute high surface charge on the nanoparticle surface
and built a strong electrical double layer that prevents
particles from further growth, whereas low polarity
index solvent molecules formed a weak electrical double
layer around the particles resulting in higher growth or
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Fig. 2 DLS size distribution trends of GNPs particles in 20%, 50%, 80%, and 100% volume percentage of ethanol to water binary solvent mixture
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Table 1 Hydrodynamic mean diameter and PDI value GNPs in different volumetric percentage of ethanol obtained by DLS method
and calculated polarity index of various ratio of organic solvent-water medium

Solvent-aqueous volume percentage

Hydrodynamic mean diameter of GNPs (nm)

Poly dispersity index (PDI)  Polarity index of solvent mixture

20% ethanol-water solution 22446
50% ethanol-water solution 28 £ 105
80% ethanol-water solution 219 £ 849
100% ethanol 154 + 56.8

040 8.24
0.12 7.0
0.17 5.96
0.15 5.20

aggregation [28]. The correlation between the surface
charge and polarity index of reaction can be explained
using Poisson’s equation given in Eq. (4) [29].

y(x)
e 3 = ~p(#) ()

where p is the charge density, y is the electrical poten-
tial, € is the permittivity of vacuum, ¢, is the dielectric
constant, and x is the distance between the particle
surface.

According to Eq. (4), charge density on the nanoparti-
cle surface (p) is proportional to the dielectric constant
(&,) of the surrounding which is governed by the polarity
index of medium. In this study, the polarity index value
of corresponding solvents can be ordered as water >
ethanol. Therefore, dispersed medium which has higher
volumetric percentage of water can offer higher surface
charge to the GNP surface due to high polarity. Besides,
ascorbic acid acts as a reducing agent to donate the elec-
tron to the metal salt to form a gold nanoparticle. As-
corbic acid has a higher solubility in pure water than
absolute ethanol, thereby more hydrogen bonding estab-
lishment form with water molecules. Also, the higher
solubility could promote more free electron transfer for
fast nucleation of Au’ monomers that lead to slow
growth of GNPs [30]. Due to these facts, the growth rate

of GNPs was inversed to the polarity index value of
ethanol-water solvent mixture.

In the second stage, it was hypothesized that the
growth and assembly of GNPs were predominantly gov-
erned by ligand molecules (PVP) (c.f. Fig. 3(b)). In the
presence of ligand molecules in the colloidal solution,
the ligands are adsorbed or covalently attached with
nanoparticle surface and prevent the nanoparticles from
further growth and assembly by controlling the inter-
facial energy between the particle surface and solvent or
creating repulsive forces between similar ligand-coated
particles [28]. However, if adsorbed ligand molecules
have high concentration, long polymer chain, or high
molecular weight, they form tail, train, and loop into the
colloidal solution. As depicted in Fig. 3 (b), these pro-
truding tails, trains, and loops of the ligand chains bridge
the nanoparticles and induce flocculation in colloids [31].
This bridging flocculation in nanoparticles may promote
the secondary seed-mediated growth in nanoparticles,
whereby particles can be easily grown. In this study, 1%
(w/v) of PVP was used to stabilize the GNPs in colloidal
solution. PVP is an amphiphilic molecule which has a
hydrophilic head (which consists of C = O and N species)
and highly hydrophobic hydrocarbon back chain. In
polar organic solvent, organic molecules have a great af-
finity with both carboxylic group and backbone hydro-
carbon tail of PVP as depicted in Fig. 4 (a). However,

Gold seeds

/

Solvent control growth
(a)

by (a) solvent molecules and (b) ligand molecules

Loop

Trai

Fig. 3 Growth stages of GNPs in colloidal solution in presence of long polymer chain ligand molecules where the growth of GNPs is governed

<« Tail

\J

Y

Ligand control growth
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merely in an aqueous medium, water molecules can only
bind with the carboxylic head of PVP via hydrogen bond,
and hydrophobic tails remain in the suspension inde-
pendently as depicted in Fig. 4 (b). Thus, PVP molecules
are solvated and swelled in an organic solvent to a higher
extent than pure aqueous medium [21]. As evidence,
Guettari et al. investigated the behavior of PVP polymer
in different volumetric percentages of ethanol to water
solvent mixture. Experimental results with effective solv-
ent interaction with polymer (ESIP) modeling of this
work confirm that the hydrodynamic radius and
polymer-polymer interaction of PVP molecules increase
with increasing molar fraction of ethanol [32]. This in-
creasing globular size of the PVP molecules in higher
volume percentage of ethanol enhance the bridging of
GNPs results high growth or assembly. Therefore, it was
concluded that highly extended 1% (w/v) of PVP chains
flocculated the particles and formed the different shape

of assembly or aggregation of GNPs which lead high
growth in a high volumetric ratio of ethanol [33-35].
Furthermore, the influence of ligand molecules on
nanoparticle growth and assembly in varying polarity
index of ethanol-water solvent mixture was analyzed by
the zeta potential of the resultant GNPs. The zeta poten-
tial values of GNPs that were synthesized in a different
volumetric ratio of ethanol to water are shown in Fig. 5.
The obtained results show that the zeta potential values
of PVP stabilized GNPs decrease with increasing volume
percentage of ethanol. In general, the polymer displaces
the slip plane of the electrical double layer of the parti-
cles which can change the zeta potential value. The
changes in the value of zeta potential depend on the
interfacial surface charge and the amount of the
adsorbed polymer [22]. Similar studies found that the
zeta potential value of fully PVP capped GNPs is about -
6 mV [23, 36]. Besides, this negative zeta potential value
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Fig. 5 Zeta potential values of PVP stabilized GNPs in 20%, 50%, 80% and 100% volume percentage of ethanol to water binary solvent mixture
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may increase with decreasing adsorption amount PVP by PVP molecules. On the other hand, zeta potential
on GNP surface [22]. Therefore, the obtained lowest values decreased with increasing volumetric ratio of
value of zeta potential (-5.53 mV) in absolute ethanol in-  ethanol implicit that the PVP adsorbed to a high degree
dicates that the synthesized GNPs were fully surrounded  in a high volumetric ratio of organic solvent (ethanol).
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Fig. 6 Colors, TEM images, and size distribution of the produced GNP suspension in various volume percentage of ethanol to water with (a) 20%,
(b) 50%, (c) 80%, and (d) 100% ethanol
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TEM images of the synthesized GNPs in different po-
larity index of ethanol to water solvent mixtures are
shown in Fig. 6. Figures 6 (a) and (b) show that 9.7 nm
and 13.9 nm of nearly spherical nanoparticles were pro-
duced in 20% and 50% volumetric percentage of ethanol
to water solvent mixture respectively. On the other
hand, Fig. 6 (c) shows the typical images of GNPs in
80% volumetric percentage of ethanol to water mixture.
TEM images reveal that irregular shape [37] and bigger
size (about 53.1 nm) of GNPs were formed in 80% volu-
metric percentage of ethanol solution, and these parti-
cles were aggregated in the colloidal solution. Similarly,
37.2 nm mean diameter of relatively larger and irregular
shape of GNPs was produced in absolute ethanol as well.
These results comply to the previous UV-Vis and DLS
results of this study, in which the bigger size of particles
was formed due to low value of the polarity index of re-
action medium that consequent the growth of particles
and assembly caused by the highly extended PVP poly-
mer chain in low polarity index of ethanol-solvent
mixture.

It is worthwhile to inform that the size of GNPs in
80% volumetric percentage of ethanol to water is larger
than the size of GNPs in absolute ethanol.

Figures 7 (a) and (d) compare the TEM images of
GNPs in 80% volumetric ratio of ethanol to water and ab-
solute ethanol respectively. The GNPs were aggregated
as clusters (Fig. 7(a—c)) and aligned linearly (Fig. 7 (a)
and (b)) in 80% volumetric ratio of ethanol, whereas
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GNPs in absolute ethanol remained as discrete particles
with less aggregation (Fig. 7d). We hypothesized that the
composition of 80% ethanol to water rapidly increased
the surface energy of GNP primary particles due to the
asymmetric interaction of water and ethanol molecules
with PVP polymer chain and nanoparticle surfaces.
Therefore, particles aggregated by oriented-attachment
mechanism formed larger size of nanoclusters in order to
minimize this surface energy [38, 39]. Furthermore, the
linear alignment of GNPs in 80% ethanol to water attrib-
uted to the dipole-dipole interaction of the particles
which was resulted by the asymmetric interaction of
water and ethanol molecules with PVP polymer chain
[40]. In addition, it was observed that the mean hydro-
dynamic diameter of GNPs obtained using DLS was
higher than the size calculated from TEM images. In this
study, GNPs were synthesized in excessive amount of
PVP polymer solution. Therefore, the DLS technique
measured not only the diameter of the particles but also
the capping polymer layer with elongated polymer tail,
train, and loop. Moreover, DLS may measure the size of
flocs instead of individual particles (e.g., 80% ethanol to
water GNPs sample). Consequently, the average size of
GNPs measured using DLS was higher than using TEM.

Conclusion

In this study, the synthesize of size selective GNPs using
polarity of organic solvent as a variable has been dis-
cussed. Influence of solvent polarity in GNP growth has

Fig. 7 TEM images of GNPs (a), (b) and (c) aggregated particles in 80% volumetric percentage of ethanol (d) discrete particles in 100% ethanol
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been investigated by synthesizing PVP capped GNPs in
ethanol and ethanol-water mixtures in L-ascorbic acid.
UV-vis spectra and DLS measurements confirmed that
particle size increases with decreasing polarity index of
solvent. Based on these results, the growth of GNPs was
controlled in two stages during the chemical reduction
process. The particle growth was initially controlled by
the solvent molecules by forming a strong double layer
around the nanoparticle. Then, the assembly and stabil-
ity of GNPs are governed by the stabilizer or ligand mol-
ecules in the second stage. However, the growth of
GNPs increases with decreasing polarity index of the re-
action medium in both stages. The final colors of sus-
pended GNPs and TEM images implicit the
morphologies of the produced GNPs. Notably, high po-
larity of the solvent mixture resulted in spherical shape
GNPs, and low polarity index environment resulted in
irregular shape of GNPs. This investigation addressed a
new approach to synthesize various size and shape of
GNPs in a single step by taking advantage of solvent po-
larity index-dependent particle growth and assembly.

Abbreviations

GNPs: Gold nanoparticles; NPs: Nanoparticles; PVP: Polyvinylpyrrolidone;
TEM: Transmission electron microscopy; DLS: Dynamic light scattering;
PDI: Polydispersity index

Acknowledgements
Not applicable

Authors’ Contributions

NFAB and MHH performed the background study, planning and conducting
the experiment, and writing the manuscript. ANM and LKF offered guidance
and assistance on GNP synthesis procedures with varying experiment
conditions such as different solvent polarity. NHO contributed to the GNP
characterization such as UV-Vis and data analysis. FA performed the TEM
characterization and provided guidance on solvent polarity-related portions.
All authors participated to the present study and discussions, and their feed-
backs were included herewith. Finally, all authors checked and approved the
final manuscript of the study.

Funding

This research was financially supported by the Ministry of Education Malaysia
(MOE) in the form of a Fundamental Research Grant Scheme (600-IRMI/FRGS
5/3 (105/2019)) and internal grant for purchasing laboratory equipment from
Universiti Teknologi MARA ((600-IRMI/DANA 5/3/BESTARI (M)).

Availability of Data and Materials

All data generated or analyzed during this study are included in this study.
The raw dataset obtained and analyzed during the experimental work is
available from the corresponding author on reasonable request.

Competing Interests
The authors declare that they have no competing interests.

Author details

'Faculty of Chemical Engineering, Universiti Teknologi MARA, 40450 Shah
Alam, Selangor, Malaysia. *Faculty of Applied Science, Universiti Teknologi
MARA, Tapah Campus, 35400 Tapah Road, Perak, Malaysia. 3Faculty of
Chemical and Process Engineering Technology, Universiti Malaysia Pahang,
Lebuh Raya Tun Razak, 26300, Gambang, Pahang, Malaysia.

Page 9 of 10

Received: 23 June 2019 Accepted: 21 June 2020
Published online: 02 July 2020

References

1. Dykman LA, Khlebtsov NG (2011) Gold nanoparticles in biology and
medicine: recent advances and prospects. Acta Naturae 3:34-55

2. Dreaden EC, Austin LA, Mackey MA, El-Sayed MA (2012) Size matters: gold
nanoparticles in targeted cancer drug delivery. Ther Deliv 3:457-478

3. Bindhu MR, Umadevi M (2014) Spectrochimica Acta Part A : Molecular and
biomolecular spectroscopy silver and gold nanoparticles for sensor and
antibacterial applications. Spectrochim Acta Part a Mol Biomol Spectrosc
128:37-45

4. Tyagi H, Kushwaha A, Kumar A, Aslam M (2016) A facile pH controlled
citrate-based reduction method for gold nanoparticle synthesis at room
temperature. Nanoscale Res Lett 11:362

5. Ciriminna R, Falletta E, Della Pina C et al (2016) Industrial applications of
gold catalysis. Angew. Chem. Int. Ed 55:14210-14217

6. Homberger M, Simon U (2010) On the application potential of gold
nanoparticles in nanoelectronics and biomedicine. Philos Trans R Soc A
Math Phys Eng Sci 368:1405-1453

7. Amendola V, Pilot R, Frasconi M et al (2017) Surface plasmon resonance in
gold nanoparticles: a review. J Phys Condens Matter 29:203002

8. Daniel MCM, Astruc D (2004) Gold nanoparticles: assembly, supramolecular
chemistry, quantum-size related properties and applications toward biology,
catalysis and nanotechnology. Chem Rev 104:293-346

9. Rac-Rumijowska O, Fiedot M, Suchorska-Wozniak P, Teterycz H (2017)
Synthesis of gold nanoparticles with different kinds of stabilizing agents.
Proc Int Spring Semin Electron Technol:1-6

10. Zhao P, Li N, Astruc D (2013) State of the art in gold nanoparticle synthesis.
Coord Chem Rev 257:638-665

11. Kimling J, Maier M, Okenve B et al (2006) Turkevich method for gold
nanoparticle synthesis revisited. J Phys Chem B 110:15700-15707

12. Larm NE, Essner JB, Pokpas K et al (2018) Room-temperature Turkevich
method: formation of gold nanoparticles at the speed of mixing using
cyclic oxocarbon reducing agents. J Phys Chem C 122:5105-5118

13. Ahmad T (2014) Reviewing the tannic acid mediated synthesis of metal
nanoparticles. J Nanotechnol 2014:1-11

14.  Sastry M (2004) The chemistry of nanomaterials: synthesis, properties and
applications. In: R. Rao CN, Miller A, Cheetham AK (ed) Volume 2. Wiley-
VCH, pp 31-44

15. Zobel M, Neder RB, Kimber SAJ (2015) Universal solvent restructuring
induced by colloidal nanoparticles. Science (80-) 347:292-294

16.  Kim M-S, Song H-S, Park HJ, Hwang S-J (2012) Effect of solvent type on the
nanoparticle formation of atorvastatin calcium by the supercritical
antisolvent process. Chem Pharm Bull 60:543-547

17. Liu J, Liang C, Zhu X et al (2016) Understanding the solvent molecules
induced spontaneous growth of uncapped tellurium nanoparticles. Sci Rep
6:32631

18. Tilaki RM, Zad Al, Mahdavi SM (2007) The effect of liquid environment on
size and aggregation of gold nanoparticles prepared by pulsed laser
ablation. J Nanoparticle Res 9:853-860

19. Song J, Kim D, Lee D (2011) Size control in the synthesis of 1-6nm
gold nanoparticles via solvent-controlled nucleation. Langmuir 27:
13854-13860

20. Leekumjorn S, Gullapalli S, Wong MS (2012) Understanding the solvent
polarity effects on surfactant-capped nanoparticles. J Phys Chem B 116:
13063-13070

21. Gacem N, Diao P (2013) Effect of solvent polarity on the assembly behavior
of PVP coated rhodium nanoparticles. Colloids Surf. A Physicochem. Eng.
Asp. 417:32-38

22. Gregory J, Barany S (2011) Adsorption and flocculation by polymers and
polymer mixtures. Adv Colloid Interface Sci 169:1-12

23. Malassis L, Dreyfus R, Murphy RJ et al (2016) One-step green synthesis of
gold and silver nanoparticles with ascorbic acid and their versatile surface
post-functionalization. RSC Adv 6:33092-33100

24, Nanocomposix’s guide to dynamic light scattering measurement and
analysis. In: Protocols & White Papers. NanoComposix, San Diego. 2105.
https://nanocomposix.com/pages/protocols-white-papers

25, Cazes J (2009) Encyclopedia of chromatography Third Edition Volume |, II,
and Ill. CRC Press, pp. 733


https://nanocomposix.com/pages/protocols-white-papers

Hussain et al. Nanoscale Research Letters

26.

27.
28.
29.

30.

31

32.

33.

34.

35.
36.

37.

38.

39.

40.

(2020) 15:140

Zhuang Y, Liu L, Wu X et al (2019) Size and shape effect of gold
nanoparticles in “Far-Field” surface plasmon resonance. Part Part Syst
Charact 36:1800077

Amendola V, Meneghetti M (2009) Size evaluation of gold nanoparticles by
UV — vis spectroscopy. J Phys Chem C 113:4277-4285

Thanh NTK, Maclean N, Mahiddine S (2014) Mechanisms of nucleation and
growth of nanoparticles in solution. Chem Rev 114:7610-7630

Polte J (2015) Fundamental growth principles of colloidal metal
nanoparticles — a new perspective, CrystEngComm 17:6809-6830

Hassan S, Adam F, Abu Bakar MR, Abdul Mudalip SK (2019) Evaluation of
solvents’ effect on solubility, intermolecular interaction energies and habit
of ascorbic acid crystals. J Saudi Chem Soc 23:239-248

Adachi Y, Kobayashi A, Kobayashi M (2012) Structure of colloidal flocs in
relation to the dynamic properties of unstable suspension. Int J Polym Sci
2012:1-14

Guettari M, Belaidi A, Abel S, Tajouri T (2017) Polyvinylpyrrolidone behavior
in water/ethanol mixed solvents: comparison of modeling predictions with
experimental results. J Solution Chem 46:1404-1417

Hussain |, Wang Z, Cooper Al, Brust M (2006) Formation of spherical

nanostructures by the controlled aggregation of gold colloids. Langmuir 22:

2938-2941

Maye MM, Chun SC, Han L et al (2002) Novel spherical assembly of gold
nanoparticles mediated by a tetradentate thioether. J Am Chem Soc 124:
4958-4959

Grubbs RB (2007) Solvent-tuned structures. Nat Mater 6:553-555

Behera M, Ram S (2014) Inquiring the mechanism of formation,
encapsulation, and stabilization of gold nanoparticles by poly(vinyl
pyrrolidone) molecules in 1-butanol. Appl Nanosci 4:247-254
Raghunandan D, Bedre MD, Basavaraja S et al (2010) Rapid biosynthesis of
irregular shaped gold nanoparticles from macerated aqueous extracellular
dried clove buds (Syzygium aromaticum) solution. Colloids Surf B
Biointerfaces 79:235-240

Fang X-L, Chen C, Jin M-S et al (2009) Single-crystal-like hematite colloidal
nanocrystal clusters: synthesis and applications in gas sensors,
photocatalysis and water treatment. J Mater Chem 19:6154

Yan F, Liu L, Walsh TR et al (2018) Controlled synthesis of highly-branched
plasmonic gold nanoparticles through peptoid engineering. Nat Commun
9:2327

Liao J, Zhang Y, Yu W et al (2003) Linear aggregation of gold nanoparticles
in ethanol. Colloids Surf. A Physicochem. Eng. Asp. 223:177-183

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 10 of 10

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Introduction
	Methods
	Material
	Preparation of Gold Nanoparticles (GNPs)
	Characterization and Instrumentation
	UV–vis Characterization
	Particle size distribution and zeta potential
	Polarity Index Analysis of Mixed Solvent
	Transmission Electron Microscopy (TEM) and Particle Size Distribution


	Results and Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ Contributions
	Funding
	Availability of Data and Materials
	Competing Interests
	Author details
	References
	Publisher’s Note

