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A B S T R A C T   

Here silver (GA-AgNPs) and gold nanoparticles (GA-AuNPs) were synthesized by an ecofriendly method using 
antioxidant, gallic acid (GA) simultaneously as capping and reducing agent. Their size ranged between 15 nm 
and 80 nm, which was controlled or dependent on the feeding ratio of GA. There was a linear relationship 
between the particle sizes versus the GA content. Moreover, they indicated a negative zeta potential value, which 
was decreased from −33 mV to −40 mV for AgNPs and from −36 mV to −42 mV for AuNPs after the addition 
of GA . In a typical PEGylation reaction of them, resulted into a large increase in the particle size as well as zeta 
potential value. The cytotoxicity assay against human fibroblast cell line (WI-38) for 24 h and 3-days showed 
that they were completely safe toward these cells. Therefore, these engineered NPs could be considered pro
mising supplementary targeting materials in future.   

1. Introduction 

Over the past decades there has been extensive interest in devel
oping metal nanoparticles (MNPs) as effective devices for catalysis 
[1–3], optoelectronics [4,5], surface enhanced Raman scattering [6,7], 
biological labeling [8], chemical [9] or biosensors [10] and drug de
livery [11,12] applications [13]. Most of these properties depend on 
their size, shape, crystalline structure and surface functionalization 
[14–16]. 

Generally these NPs are hybrid material consisting of inorganic core 
typically surrounded by an organic monolayer. During the fundamental 
interaction with the environment, the monolayer usually determines 
the chemical behavior, while the core governs the physical features of 
the NPs [17]. These engineered NPs have smaller sizes and hence 
possess greater specific surface area or surface-to-volume ratio which 
could results in their enhanced reactivity and sensitivity effect in 
comparison to their bulk counterpart [18,19]. 

Selection of appropriate biological entity for the preparation of the 
monolayer in term of novelty, ecofriendly nature and availability can be 
considered as third generation nanobiotechnological approach [20]. 
More importantly, there has been an extensive effort to develop eco- 
benign and nontoxic method for the synthesis of noble MNPs of gold, 
silver, palladium, selenium etc. Plant extracts are used as reducing 

agents, which contains enzymes and natural phytochemicals such as 
terpenoids, flavonoids and phenols. In addition isolated carbohydrates, 
proteins, amino acids as well as bacteria, fungi, yeast and certain algae 
can also work as rapid, simple and biocompatible reducing agents [21]. 
From the broad spectra of nanoparticles, silver nanoparticles (AgNPs) 
has been exploited in several fields such as medicine, dentals, textiles 
and waste water treatment or remediation due to their antibacterial and 
catalytic degradation of soluble pollutants (i.e. 4-nitrophenol or me
thylene blue), low cytotoxicity, low volatility and high thermal stability 
[22–24]. On the other hand the size dependent physicochemical and 
biological properties and the unique optical nature arising from surface 
Plasmon oscillation of free electrons of gold nanoparticles (AuNPs) have 
been proposed for important biomedical areas such as drug or gene 
delivery, cancer treatment, photothermal therapy of tumor and biolo
gical imaging [25,26]. It is worthy to note that smaller size AuNPs (i.e. 
size below 4–5 nm) were identified as potential toxic because of their 
cellular penetration and DNA binding [27]. 

Among several synthetic methods used for nanoparticles, the pop
ular examples are laser evaporation and chemical reduction. However, 
the first one is limited by its costly nature and low yield of production, 
while the later one has drawback of leaving behind toxic chemicals 
adsorbed onto the NPs surface, which diminishes its value for medical 
applications [28]. The reduction of tetrachloroauric acid (HAuCl4) in 
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aqueous media using trisodium citrate (Na3Ct) is well established pro
tocol referred to as “Turkvich synthesis” [29] to prepare the colloidal 
stable well-dispersed negatively charge NPs. Similarly, the silver nitrate 
(AgNO3) using two reductants Na3Ct and tannic acid resulted in the 
stable monodisperse NPs. The importance of this method could be at
tributed to the loosely bound nature of Na3Ct to the particle, which 
create accessible surface especially for biomolecule functionalization 
[30–32]. 

Gallic acid (GA) is a phenolic compound having radical scavenging 
ability, preventive and therapeutic effect against certain oxidative 
stress related diseases such as cardiovascular, cancer, neurodegenera
tive and ageing. Due to these pharmacological activities, it could be 
considered for developing new drugs in the future [33]. Au and Ag NPs 
conjugated with GA have potential medical applications such anti
bacterial activity [34]. Gallic acid capped AgNPs (GA-AgNPs) have 
potential application as electrochemical sensors or calorimetric and 
spectroscopic probes [35,36]. 

In view of the biological importance of the natural antioxidant, GA, 
it was used in combination with Na3Ct as reducing and capping/sta
bilizing agent to synthesize GA-AgNPs and GA-AuNPs. Keeping other 
experimental parameters constant, the effect of GA concentration on 
the particle size and size distribution, surface charge and surface 
modification with polyethylene glycol (PEG) have been evaluated. The 
in-vitro biocompatibility of these NPs was tested against human fibro
blast cells WI-38. 

2. Materials and methods 

2.1. Materials 

All the chemicals were purchased from Sigma Aldrich i.e. AgNO3 

(99%), HAuCl4 (99%), trisodium citrate dihydrate (Na3Ct.2H2O) (99%), 
gallic acid (GA) (99%), otherwise specifically mentioned. PEG-5 k 95% 
was bought from JenKem Technology USA. 

2.2. Methods 

2.2.1. Preparation of nanoparticles 
The GA capped AgNPs (GA-AgNPs) was prepared using our previous 

protocol [16] with slight modification i.e. different amount of GA 
(0.156, 0.313, 0.625, 1.25, 2.5, 5.0 mM) were separately dissolved in 
100 mL deionized (DI) water in a 250 mL flask, then constant amount of 
Na3Ct (5 mM) was added to each flask under constant stirring and the 

mixture was heated until boiling. Then constant amount of AgNO3 

(1 mL of 25 mM) was injected to each boiling solution and stirred until 
the color changes from colorless to bright/deep yellow. 

For GA-AuNPs preparation, constant amount of Na3Ct (2.5 mM in 
150 mL DI water) and varying amount of GA (0, 0.625, 1.25, 2.5 mM) were 
added to each separate solution in 250 mL flasks and heated under con
stant stirring until boiling. Then at boiling the gold salt (HAuCl4) (25 mM) 
dissolved in 1 mL DI water was added to the above solution. The mixture 
was heated continuously until color change from yellow to ruby red. 

PEGylation of the NPs was performed using heterofunctional PEG- 
5 k (i.e. one end hydroxyl and another methoxy group terminated) 
using EDC reaction for 24 h. The NPs solution was purified by cen
trifugation and then resuspended in DI and ultrasonicated for 2 min to 
prevent aggregation. 

2.2.2. Characterization 
The UV/visible spectra of NPs solution was measured using double 

beam spectrophotometer (Shimadzu UV-1900). Distilled water was 
used as reference standard. 

Particle size, size distribution and zeta potential value was mea
sured using Zetasizer Nano ZS-Malvern Panalytical (DLS). 

2.2.3. In-vitro cell viability assay 
The in-vitro assay was performed with the commercial human fi

broblast cell line WI-38 (Culture Collections, Public Health England, 
UK) for 24 h and 3 days according to our previous protocol [37]. 

3. Results and discussion 

3.1. Synthesis of GA-capped NPs 

The synthesis of GA capped metallic GA-AgNPs and GA-AuNPs is 
convenient and straightforward using the previous standard protocol in 
combination with the green chemistry approach to tailor their physi
cochemical properties. The current synthetic method is rapid and 
highly reproducible using bioactive molecule GA as reducing and cap
ping agent [38]. It was previously identified that GA concentration is 
crucial for manipulating the size of these NPs owing to the presence of 
its bifunctional nature. At normal pH condition (proposed pH = ~7), it 
undergoes a 2-electron oxidation process of its two hydroxyl group 
forming quinone and at this pH is also present in ionized form thus 
enhancing the interaction with the NPs surface and stabilizing through 
negative carboxyl group (shown in Scheme 1) [39]. 

Scheme 1. Preparation of AgNPs and AuNPs using 
gallic acid (GA) and trisodium citrate (Na3Ct) as 
capping and reducing agents; (A) GA undergo a 2- 
electron reduction process, (B) preparation of GA- 
AgNPs and GA-AuNPs. The hatched lines (in inset 
box) show the interaction of GA and trisodium ci
trate (Na3Ct) with NPs surface, while the narrow 
dashed line represent H-bonding . 
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3.2. UV–visible spectroscopy 

The UV/visible spectra (Fig. 1) of GA-AgNPs (A) and GA-AuNPs (B) 
using different GA content, showed a clear red-shift as well as broad
ening in the surface Plasmon resonance peak (SPR) with increasing the 
concentration of GA. This SPR shift was linear in the studied GA con
centration (0.156–5.00 mM) range, with λmax from 404 nm to 441 nm 
for GA-AgNPs and (0.625–2.5 mM) for GA-AuNPs with λmax shift from 
518 nm to 531 nm. The color of GA-AgNPs solution (inset box) was 
changed from deep yellow to light yellow with the increase with GA, 
while that of AuNPs was shifted from red toward dark purple, both of 
which indicated an increase in particle size. Such kind of characteristic 
SPR peaks in the visible wavelength region with a red shift and peak 
broadening upon increasing the GA concentration was also observed by 
Park et al. for the GA conjugated AgNPs and AuNPs. This study in
dicated that the size of the NPs can be fine-tuned by varying the GA 
concentration [34,40,41]. 

3.3. Nanosizer/dynamic light scattering 

The Nanosizer/DLS analysis of these NPs indicated that for both 
kinds of particle the size was linearly increased with the GA con
centration (Table 1). In case of AgNPs this size increase was from 35 nm 

to 79 nm as the GA content was increased from 0.156 mM to 5 mM. This 
size increase for AuNPs was from 18 nm to 59 nm in the studied con
centration range of GA from 0 mM to 2.5 mM. 

The zeta potential value of AgNPs decreased from −33 mV to 
−40 mV upon increasing the GA content, while in case of AuNPs the 
zeta potential (ZP) value first decreased from −36 mV to −42 mV and 
then increased to −36 mV (see Table 1). This shows that the higher 
negative charge still persists on the NPs surface due to the presence of 
negative charged carboxyl group attached to the nanoparticle surface, 
which provided stability resulted from the electrostatic repulsion of NPs 
in the solution. In the previous report of AgNPs based on pure GA as 
reducing and capping agent indicated a higher ZP value of −10 mV 
[42], while in another report using a combination of NaBH4 and GA as 
reducing agent, showed ZP value of −34 mV, where the attachment 
mechanism of pure GA to the NPs surface was based on chelate for
mation through hydroxyl group [35]. 

The DLS results (Fig. 2) shows that both kinds of GA-NPs behaved a 
broad size distribution upon increasing GA concentration, while 
keeping the other experimental parameters (i.e. Na3Ct and salt conc., 
Temp) constant In case of GA-AgNPs this size was linearly increased as 
the GA content was raised from 0.156 mM to 1.25 mM and further there 
was no appreciable improvement or change in the size, which could be 
considered the saturation/critical point for the reductant concentration. 
Moreover, there was no color change (or no reduction) when no GA was 
used (i.e. GA = 0 mM) in case of AgNPs. 

Note, from both UV/visible spectra (Fig. 1) and DLS analysis 
(Table 1 plus Fig. 2), it is cleared that the reproducible and optimal 
conditions for the synthesis of these GA-NPs were; for GA-AgNPs 
(Figs. 1 and 2 A) was (GA = 0.625 mM, average size = 50  ±  1 nm, 
SPR = 409 nm, Zeta = −34 mV), while for GA-AuNPs (Figs. 1 and 2 B) 
was (GA = 1.25 mM, average size = 32  ±  1 nm, SPR = 527 nm, 
Zeta = −36 mV). 

The kinetics of GA-NPs corona by autocorrelation or correlation 
coefficient using DLS (Fig. 3) showed that the size of GA capped NPs 
(GA-AgNPs & GA-AuNPs) increased due to the surface adsorption of GA 
and monolayer formation or corona of the NPs. The autocorrelation 
function show broadening as indicated by increase in autocorrelation 
time with increase of GA concentration in the solution. This shows that 
a larger corona size will decrease the diffusion time (τ μs) and shifted 
the autocorrelation function to longer times [43]. The diffusion coef
ficient (D) in these systems can be calculated using Stokes-Einstein Eq.  
(1) [44]: 

= k T
d

D
3

B

n (1)  

Where kB is Boltzmann's constant, T absolute temperature, η visc
osity of solvent and dn is measured hydrodynamic diameter of the NPs. 
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Fig. 1. UV–visible spectra of gallic acid (GA) capped nanoparticles, inset with 
color photos (data) show different concentrations of GA: A) Silver nanoparticles 
(GA-AgNPs, GA = 0.156 mM – 5 mM), B) Gold nanoparticles (GA-AuNPs; 
GA = 0 mM – 2.5 mM). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Table 1 
UV/Vis and DLS results of GA-capped silver and gold NPs showing SPR peaks, 
average particle size and zeta potential values as a function of GA concentra
tions.       

Sample ID GA content 
(mM) 

SPR peak 
(nm) 

Particle size  
(nm)  ±  1 

Zeta potential 
(mV)  

GA-AgNPs 0.156 404 35 −33 
0.313 407 38 −34 
0.6125 409 50 −34 
1.25 422 78 −40 
2.5 430 75 −40 
5.0 441 79 −38 

GA-AuNPs 0 518 18 −36 
0.6125 525 26 −42 
1.25 527 32 −36 
2.5 531 59 −38 
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3.4. PEGylation of GA-NPs 

The PEGylation of the GA-NPs was performed by taking the ad
vantage of the negatively charged shell, which consists of plenty of 
carboxyl group (of Na3Ct: Scheme-1), using monohydroxy-PEG by a 
single step EDC reaction. Furthermore, the effect of surface modifica
tion (stealth coating) on overall performance of the NPs, such as on the 
particle size/distribution, surface charge effect and SPR position was 
investigated using the same optimal conditions GA-NPs sample from 
both GA-AuNPs and GA-AgNPs. The UV/visible spectral analysis 
(Fig. 4) of GA-AgNPs (size = 50 nm, GA = 0.625 mM) before and after 
PEGylation (of the as prepared NPs) indicated a clear red shift (bath
ochromic effect) with SPR shift from 409 nm to 416 nm, while average 
particle size (Table 1) corresponding to the UV SPR peaks was shifted 
from 50 nm to 177 nm, with an increase in zeta potential from −34 to 
−11 mV, respectively. On the other hand, in case of GA-AuNPs 
(size = 32 nm, GA = 1.25 mM), the UV SPR peaks was shifted from 
531 nm (before PEGylation) to 542 nm (after PEGylation). Further
more, the average particle size varied from 32  ±  1 nm to 170 and the 
zeta potential value was increased from −36 to −23 mV after PEGy
lation. This indicated that PEGylation has profound effect on the phy
sicochemical properties of these GA-NPs. 

In order to study the effect of various physicochemical parameters 
on the particle size, size distribution and surface charge, a 

representative NPs (AuNPs-GA: GA = 1.25, size = 32 nm) sample was 
subjected to chemical modification and mechanical steps (Fig. 5), such 
as purification (centrifugation), ultrasonication and PEGylation 
(AuNPs-PEG). The AuNPs-PEG was centrifuged (separated/purified) 
and then finally ultrasonicated. This process clearly shows that after the 
first ultrasonication for about 2 min the original particle had a broad 
size distribution (Fig. 5A), with a size increase from 32 nm to 70 nm 
and a slight rise in zeta potential value from −36 to −32 mV. The 
phenomenon might be attributed to the interionic interaction of car
boxyl group of Na3Ct with hydroxyl moiety of the GA as well as the 
reorganization of capping agents. After PEGylation of the same NPs, 
there was a huge increase in particle size i.e. from 32 nm to 170 nm, 
with a broad size distribution and also with a prominent increase in zeta 
potential from −32 to −15 mV. After ultrasonication for about 2 min, 
however, the particle size again decreased to 108 nm, showed a narrow 
size distribution, while the zeta potential value became lowered to 
−23 mV (Fig. 5B). Thus the reduction in particle size as well as zeta 
potential values in the final purification step of the PEGylated NPs fa
cilitated the removal of excess reagents (PEG, catalyst) and thus pre
vented the aggregation due to interparticle interactions. 

In comparison to the previous green chemistry protocols, using 
plant/microbes extracts as reducing and capping agents is vital to re
mediate the toxicity on one hand, but the size control, modulation and 
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particle dispersity is a great challenge on the other hand [45,46]. In 
spite of attaining desired size/shape with reasonably good properties as 
claimed using previous green synthesis, it seem rather unclear how 
theparticle size or surface charge is systematically controlled as a 
function of specific reductant concentration in that particular plant 
extract [22,25,26]. Therefore, our protocol could provide a useful and 
systematic way to overcome this particular challenge of size control or 
dispersity as well as surface charge as a function of only a single re
ductant concentration variation in the feeding solution. 

The size, surface morphology and the mean size distribution of the 
GA capped NPs of silver (GA-AgNPs (A)) and gold (GA-AuNPs (B)) was 
confirmed by SEM analysis (Fig. 6). These typical SEM images indicated 
that the particles were spherical in morphology and with monodisperse 
size distribution. The mean particle size of them was 35 nm for AgNPs- 
GA and 24 nm for GA-AuNPs. Note, we have comprehensively in
vestigated the infrastructure and optimal conditions of the citrate sta
bilized NPs of AuNPs (using trisodium citrate only) and AgNPs (triso
dium citrate + Tannic acid) in a previous report by different techniques 
including SEM [31]. 

The most important characteristic features encountered in metal 
nanoparticles is electromagnetic resonances due to collective oscilla
tions of the conduction electrons named ‘Plasmon's’, excited by light 
and leading to strong light scattering and absorption together with an 
enhancement of the local electromagnetic field. This mode for metals 
such as gold and silver fall in the visible spectral region which produces 
a size dependence of the dielectric function and consequently of the 
refractive index [47]. 

3.5. In-vitro-assay 

In order to be useful for some biomedical application, the material 
should be tested for its cytotoxicity, for which the in-vitro cell viability 
assay is a promising strategy, which could provide convenient and re
liable information about the cytocompatibility of the newly designed 
nanomaterials [37,48]. 

Therefore, the biocompatibility of the prepared NPs was assessed by 
in-vitro assay of fibroblast cell line for 24 h and 3 days (Fig. 7). The cells 
grow very well in contact with all the three kinds of NPs tested (i.e. 
AgNPs, AuNPs and AuNP-PEG). Moreover, during 24 h incubation, the 
cells have smaller size and were less proliferated, as expected. After 
3 days incubation the cells were larger in size and more proliferated (3- 
days I). The growth was more pronounced in AuNPs and AuNP-PEG as 
can be seen more clearly from the lower magnification images (3-days 
II). Therefore, these bioengineered NPs showed good biocompability 
and can be used in various biotechnological areas in the future. 

4. Conclusions 

Here in this work we have synthesized silver and gold nanoparticles 
using two reducing agents tri‑sodium citrate and gallic acid (GA) si
multaneously to see the effect on the particle size, surface charge and 
cytotoxicity. The proposed approach is using green chemistry with 
convenient and safe reaction route for the preparation of such nano
materials. These nanoparticles were analyzed by UV–visible spectro
scopy, dynamic light scattering, and scanning electron microscopy. All 
of these characterization indicated that the particle size, size distribu
tion and surface charge can be easily tuned by varying the GA con
centration in the solution. Moreover, the PEGylation of them resulted in 
a larger particle size, while decreasing in zeta potential value. 
Furthermore, the in-vitro assay against human fibroblast cells (WI-38) 
indicated that all of them were completely safe for biomedical appli
cation. Hence, based on these obtained results it can be envisaged that 
both of these NPs have important applications in the nanobiotechno
logical area in the future. 
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Fig. 6. SEM images of A) GA-AgNPs 35 nm, B) GA-AuNPs 24 nm on glass substrate, scale bar 100 nm.  

Fig. 7. Fibroblast cell culture with GA-AgNPs, GA-AuNPs and AuNP-PEG for 24 h and 3 days. Both 24 h and 3-days (I) using a small scale bar (magnified) = 200 μm, 
while 3-days (II) shows culture using larger scale bar = 1 mm. 
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