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Abstract

Heliotropium crispum-mediated assembly of silver nanoparticles exhibit profound antibacterial and anti-biofilm effects
against multiple drug-resistant bacteria, but its stability and biocompatibility remain a hurdle in commercialization. Herein,
we adopted a surface chemistry-based steric repulsion approach to investigate the colloidal stability of H. crispum silver
nanoparticles (HC-AgNPs) and determine its application as a commercial antibacterial formulation. Two primary silver
nanoparticles (AgNPs) were synthesized, i.e., HC-AgNPs and citrate-HC-AgNPs initially, which were then modulated to
assemble various derivatives of AgNPs using polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP) as stabilizing
agents. Various parameters were assessed to investigate the morphology, colloidal physio-chemistry, and surface capping
using various analytical techniques, such as UV-Vis spectrophotometer, zeta—dynamic light scattering (DLS), Fourier
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM, and transmission electron microscopy (TEM).
Selective AgNPs were then screened on the basis of stability for up to 8 months, heat resistance at 100 °C, and bioactiv-
ity via MTT assay using HEP-2, MCF-7, and HCEC cell lines. The UV—-Vis and electron microscope results revealed that
HC-AgNPs confer near-spherical and slight triangular-shaped morphology and the size of all synthesized AgNPs is in the
range of 400-450 nm. All AgNPs synthesized from HC-source have characteristic FTIR peaks recorded near 2931 cm™!,
1996 cm™!, and 825 cm™'. This study highlights promising evidence for the commercial application of HC-AgNPs as an
antimicrobial agent. Additionally, it provides a methodology for modulating the surface capping of biological nanoparticles
and assesses its corresponding effect on the stability.
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Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s13204-020-01333-x) contains The most widely explored nanoparticles, silver, and gold,
supplementary material, which is available to authorized users. with their size-mediated optical, electronic, catalytic, and
54 Hussnain A. Janjua chemical properties have proved to be an impetus for a broad
hussnain.janjua@asab.nust.edu.pk range of medical and biological applications (Gericke and
Pinches 2006). Although the chemical approach to modulate
metallic nanoparticle properties of surface chemistry and
colloidal stability has been applied, the study regarding the
biological method of synthesis is now being vastly explored.
The synthesis of biogenic nanoparticles provides a “green”
alternative to the synthesis methodology, with a less toxic
and more cost-effective mode of synthesis (El-Shishtawy

Department of Industrial Biotechnology, Atta-ur-Rahman
School of Applied Biosciences, National University
of Science and Technology, Islamabad, Pakistan

Institute of Physical Chemistry, Polish Academy of Sciences,
‘Warsaw, Poland

School of Food and Agricultural Sciences, University
of Management and Technology, Lahore, Pakistan

et al. 2011).
4 Department of Chemistry, SBA School of Science ) . .
and Engineering (SBASSE), Lahore University The exact control over size, shape, and surface capping
of Management Sciences (LUMS), Lahore, Pakistan over biologically synthesized nanoparticles is less explored

pisllase ol ay .
Ay &) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13204-020-01333-x&domain=pdf
https://doi.org/10.1007/s13204-020-01333-x

1942

Applied Nanoscience (2020) 10:1941-1956

due to the least control over the synthesis process in natural
extracts. Various studies suggest an effect of shape and surface
capping of chemically synthesized nanoparticles on biologi-
cal properties (Morgan et al. 2019). The provision of natural
medium for biological nanoparticles assembly provides com-
plex surface capping structure and colloidal stability milieu
(Pinto et al. 2010). The surface chemistry of nanoparticles can
be explored for broad applications by modulating its colloidal
properties. In the past decades, a tremendous research effort
has been carried out to evaluate the biomedical potential of
noble metal-derived nanoparticles. The AgNPs are now used
commercially in prosthetic devices and surgical instruments
as an antibacterial agent. Its uses have been widely explored
as a potential drug carrier for anti-tumor activity (Piao et al.
2011), antibacterial agent (Brown et al. 2012), and oligonucle-
otides synthesis (Brown et al. 2013). However, limited studies
have been carried out to modify the surface chemistry of plant
extract-derived AgNPs. Moreover, very little is known regard-
ing the toxicity and biostability of AgNPs. Biofunctionaliza-
tion provides subsequent control over the colloidal properties,
including reactivity, solubility, and interactions in biological
systems (Levard et al. 2012).

Plant extracts provide medium for strong reduction and
capping of nanoparticles. Based upon the provision of physi-
ochemical parameters, nanoparticles with various morphologi-
cal properties can be assembled (Qiu et al. 2018). Although
pH, temperature, and ionic agent-based size and surface cap-
ping modulation of metallic nanoparticles have been studied
extensively, not much data are available on the functionaliza-
tion of plant extract-mediated AgNPs synthesis (Srikar et al.
2016). Rajput et al. reported AgNPs synthesis within the
fungal system with the need to exploit organic layer to predi-
cate the effect of surface chemistry on nanoparticles stability
(Rajput et al. 2016). Various studies report that surface chemis-
try of AgNPs is an important factor for the determination of its
fate, stability, and toxicity (Sharma et al. 2014).The colloids of
AgNPs provide an indication of aggregation, dispersion, and
subsequent toxicological and environmental effects (Romer
etal. 2011). Chemical synthesis of AgNPs using sodium boro-
hydride (NaBH,) has known to induce particle aggregation
with long-term storage as reported by Mulfinger et al (2007).
In the current study, surface capping of previously synthesized
HC-AgNPs was modulated using biocompatible polymers.
AgNPs with long-term stability and high heat resistance were
then screened and assessed for the evidence of any biotrans-
formation through in vitro assay.
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Materials and methods
Chemicals for AgNPs synthesis

Polyvinyl pyruvate (PVP) (Bio-basic, Canada) of average
MW 40,000 and polyethylene glycol (PEG) (Appli-Chem,
Germany) of average MW 4000 were used in this study. Two
concentrations of 0.5 mM and 2. 5 mM of PVP and PEG
were prepared for further use. Details of polymers used in
this study are summarized in Table S1. Sodium citrate pow-
der ((Bio-basic, Canada) of MW 258.07 g/mol was used in
this study to prepare a 1.2 mM solution (0.3%). Furthermore,
silver nitrate (AgNO;) (Riedel de Hien, Germany) was used
to prepare a 5 mM solution of AgNO;.

Plant extract-capped AgNPs

Plant extract-mediated synthesis was carried out using our
previously described protocol (Khan et al. 2016). The con-
centration of plant extract was increased from 0.5 to 5.0 mg/
mL, and AgNOj; of molarity up to 5 mM was used to synthe-
size HC-AgNPs with enhanced capping and reduction effect.

Citrate-capped AgNPs

Citrate-AgNPs were synthesized by modifying the previ-
ously optimized chemical-based synthesis method (Romer
etal. 2011). Due to the presence of plant extract-based cap-
ping agents, sodium citrate concentration used in this study
was 0.3% (w/v) (1.2 mM), molarity higher than previously
used study. 5 mM AgNOj; solution was added into 1.2 mM,
subsequently followed by 5.0 mg/mL plant extract (reduc-
ing agent) in 1:1:0.6 concentration, and allowed to stir on
magnetic stirrer at 37 °C for 3 h.

PEG- and PVP-induced capping of citrate-AgNPs

Hoppe and his colleagues (Hoppe et al. 2006) reported the
use of PVP as a reducing and capping agent to synthesize
AgNPs at high temperatures. We modified the reported
methodologies by adding various volumes (20-100 pL) of
0.5 mM of both PEG and PVP polymers in citrate-capped
polymers (30 mL volume). The resultant mixture was
homogenized through continuous stirring on the magnetic
stirrer for 3 h at 40 °C.

Surface ligand exchange by PEG and PVP

Polymer-capped AgNPs were synthesized through modifi-
cation of Romer et al (2011) methodology. Citrate-AgNPs
were subjected to ligand exchange through the addition
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of 2.5 mM PEG and PVP polymers in various volumes.
0.5 mM polymer concentration did not induce any signifi-
cant capping effect, and hence, 2.5 mM PEG and PVP con-
centrations were used in this study to allow ligand exchange.
Polymer added was increased from 5 to 25 mL in 30 mL
citrate-AgNPs. The AgNPs synthesized from this adopted
method was labeled as 2CPEG and 2CPVP AgNPs.

PEG- and PVP-capped AgNPs

The previously described methodology by Mulfinger et al.
(2007) was modified to change the surface coating of HC-
AgNPs (5.0 mg/mL of plant extract). The volume of PEG
and PVP added was varied from 20 to 100 pL of 0.5 mM
concentration when reacted with 5.0 mM of AgNO; The
resultant mixture was kept on vigorous stirring for 3 h at
40 °C. The final details of all the reactants and their sub-
sequent concentrations used are summarized in Table S2.

Characterization of surface-modified AgNPs

Nanoparticles were characterized through UV-Vis spectros-
copy, Zeta-DLS, FTIR SEM, and TEM. The summary of
the methodology and instrumentations used in this study is
given in Table S3 and Section S1.

Biocompatibility and stability studies of AgNPs

The effect of high temperatures on AgNPs was studied
by heating 10 mL of freshly prepared solution at 100 °C
for 30 min. The effect of age on the surfactant stabilized
AgNPs was studied at 4 months and 8 months of synthesis
and compared to the initially synthesized AgNPs through
UV-Vis spectrometer. All samples were kept in dark at room
temperature.

The MCF-7 (ATCC) and HEP-2 (ATCC) cells were
cultured in RPMI 1640 media, supplemented with 10%
horse serum and 1% streptomycin. A fixed concentration
of 1.5 mg/mL of AgNPs selected from derivative and pri-
mary AgNPs in this study was loaded into each cell cul-
ture. The viability of cells was checked at 24 h through
Vybrant® MTT Cell Proliferation Assay Kit (V-13154)
(ThermoFisher Scientific, USA). Each of the experiment
was repeated four times. The fixed 1.5 mg/mL dosage con-
centration was decided based upon our previous studies on
0.5 HC-AgNPs on MCF-7, HEP-2, and HCEC cell lines at
concentrations of 0.5-2.0 mg/mL. Statistical analysis on the
data was performed using Graph Pad Prism 8.0 software.
One-way ANOVA followed by Dunnett’s test was performed
to compare the mean of each treatment group with control
group. The p value less than 0.5 was considered statistically
significant for our studies.

Results

Characterization of primary HC-AgNPs
and citrate-AgNPs

UV-Vis absorption spectrum was used to determine the
optical and structural properties of AgNPs capped with
Heliotropium crispum extract and citrate (Fig. 1a). Peak
surface plasmon resonance (SPR) of 0.5 HC-AgNPs was
recorded near to 437 nm. Similarly, 5.0 HC-AgNP-peaked
SPR was observed at 425 nm and at 406 nm citrate-AgNPs.
The single absorption curve suggests the spherical mor-
phology of all the nanoparticles.

Hydrodynamic diameter (dH) of AgNPs, as observed
through DLS measurement, for citrate-AgNPs was
found to be 92.29 +2.87 nm (Polydispersity index
(PDI) ~ 0.467), while 5.0 HC-control exhibited Z-aver-
age size at 73.43+5.94 nm (PDI ~ 0.58). When com-
pared with 0.5 HC-control (Z-average at 42 nm (PDI ~
0.28)), both samples exhibited an increased dH, which
increased in the following manner: 0.5 HC-AgNPs > 5.0
HC-AgNPs > citrate-AgNPs.

The Ag core shape and size were determined through
FE-SEM in TEM mode Fig. 1c(i—iii) which showed that
in the presence of citrate, AgNPs exhibited more spheri-
cal morphology, near 400 nm. AgNPs synthesized in plant
extract alone confer near-spherical and slight triangular-
shaped morphology as well, thereby, contributing toward
the specific peak absorbance at 425 nm. Figure 1c(i) shows
near-spherical morphology of core AgNPs in 0.5 mg/
mL HC sample with average particle size of 13.28 nm.
The core size remained almost the same in all samples,
i.e., 12.33 nm for 5 HC-AgNPs and 14.42 nm for citrate-
AgNPs; hence, we can say the variation in dH size is
observed due to changes in surface capping alone.

The zeta potential value suggested less the colloidal
stability of 0.5 HC-AgNPs with zeta potential value rang-
ing at -29 + 11.4. The Zeta values of 5.0 HC-AgNPs and
citrate-AgNPs were recorded between — 32+2 mV and
— 28+2 mV, respectively, in at least three independent
readings, hence suggesting more colloidal stability than
0.5 HC AgNPs.

The FTIR spectrum in Fig. 1b recorded the changes
in vibrational frequency due to changes in surface cap-
ping functional groups. The HC-AgNPs at 5.0 mg/mL
concentration had increased plant extract-derived func-
tional groups attached when compared with its 0.5 mg/
mL counterpart. Some functional groups with a vibra-
tional peak at 2931 cm™! (C—H, stretch) only bind with
AgNPs when present at high concentrations. Similarly,
two bands at 1131 cm™! and 1316 cm™' corresponding to
O-C-mediated bond stretches are significantly enhanced

pisllase ol ay .
Ay &) Springer



1944 Applied Nanoscience (2020) 10:1941-1956
Fig. 1 Characterization of (a) )
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in 5.0 HC-AgNPs. The two additional functional groups
contribute toward stability of AgNPs in the aqueous plant
extract.

The citrate-AgNPs nanoparticles have two types of func-
tional groups attached: plant extract derived and citrate. The
shift in infrared wavenumber at the “fingerprint region” of
1500-100 cm™! in citrate-AgNPs corresponds to citrate-
derived functional groups. The binding of citrate-derived
COO™ and COOH replaced plant extract-derived functional
groups in the region.
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Physiochemical characterization of derivative
AgNPs

The AgNPs, surface modified through the addition of vari-
ous polymer concentrations, were screened based on col-
loidal stability and size distribution. Figure 2 summarizes
the methodology adopted for synthesis, characterization,
and screening of derivative AgNPs. Details of selection
criteria and characterization are shown in Supplementary
section II.
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Fig. 1 (continued) (C)
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Figure 3a shows the UV-Vis absorption spectrum for
CPEG-40 and CPVP-80 AgNPs, which were derived from
primary citrate-AgNPs. A broader absorbance range for both
CPEG-40 and CPVP-80 AgNPs indicated an increased par-
ticle size following the addition of polymers in the sample.
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No significant change in core nanoparticle size was found, as
confirmed through SEM images in Fig. 3a(ii) showing aver-
age particle size of CPEG-40 to be 13.47 nm and CPVP-80
near 14.84 nm, implying that increased particle size of pol-
ymer-treated AgNPs was due to change in surface coating.
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Fig.2 The synthesis meth-
odology adopted to assemble

L AgNps Synthesis Methodology

AgNPs in HC plant extract
using organic polymers and
stabilizers. Note that a step by
step process of synthesis was
explained through which 32 var-
ious AgNPs were synthesized.
During the first screening, only
one AgNPs from each studied
group was selected for stability
studies
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Similarly, the UV-Vis absorption spectrum for 2CPEG-5
and 2CPVP-20 showed absorbance peaks between 350 and
475 nm. Peak absorbance for both “derivative” AgNPs was
near 412 nm, while that of citrate-AgNPs was 406 nm. The
AgNPs core size of 2CPEG-5 was found to be 13.98 nm,
while that of 2CPVP-20 was 16.08 nm (Fig. 3b(iii)).

When PEG and PVP polymers were added to HC-AgNPs
slight redshift in absorption peak was observed for PEG-
20 and PVP-40 nanoparticle colloids. The core size range
of Ag in the nanoparticles, however, remains unaffected as
confirmed through SEM images in Fig. 3c(ii). The average
particle size for PEG-20 was found to be 15.07 nm, while
that of PVP-40 was 14.10 nm, again implying the role of
capping agents in the increase particle size.

As all AgNPs synthesized in this study were a modifica-
tion of primary HC-AgNPs, no significant change in core
Ag size was observed. Instead, the change in surface cap-
ping of “derivative” AgNPs was observed which caused a
change in dH size of silver nanoparticles, and hence, the type
of capping agent is the determining factor for the shift in
observed size and UV-Vis absorption spectrum of AgNPs.
The slight change in morphology (near-spherical of HC-
AgNPs to almost all spherical of citrate-AgNPs) and unique
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SPR peak attributed to citrate-AgNP-derived groups suggest
that surface chemistry of AgNPs provided important details
regarding specific morphology of AgNPs in the study.

Zeta potential and hydrodynamic size of stabilized
derivative AgNPs

The dH of the AgNPs attributed to the core diameter and
thickness of capping-agent was measured with DLS. CPEG-
40. AgNPs dH was calculated to be 137 nm (PDI = 0.413)
while CPVP-80 AgNPs dH was found to be 83.75 (PDI =
0.496). Zeta potential for CPEG-40 AgNPs was recorded
to be — 25.7+2.02 mV while CPVP-80 was recorded at
—13.2+1.03 mV (Fig. S8b).

2CPEG-5 and 2CPVP-20 AgNPs Z-average vs intensity
graph is shown in Fig. S8d. 2CPEG- 5 AgNPs exhibited dH
of 57.6 nm (PDI = 0.534), while 2CPVP-20 AgNPs had dH
104.1 nm (PDI~ 0.45). Zeta potential for 2CPEG-5 AgNPs
was recorded to be — 22.0+1.73 mV, while 2CPVP-20
was recorded at — 20.4 +1.60 mV respectively (Fig. S8e).
Fig. S8g shows z-distribution data for PEG-20 and PVP-80
AgNPs with corresponding HC-AgNPs control. The Z-aver-
age particle size distribution for PEG-20 was recorded at



Applied Nanoscience (2020) 10:1941-1956

1947

(a) HO— 000

@)

1'«1.“ Polymer-induced enhanced capping

Citrate-Plant capped AgNPs

Citrate-plant enhanced capped AgNPs

0.6
= CPEG 40
—CPVP 80
® = Citrate-AgNPs
004
=
©
2
—
(=]
0
o2
<0.2
0.0 n 1 " 1 " 1 1 " 1 " ]

300 350 400 450

500 550 600

Wavelength (nm)

. I CPEG-40
(iii)

40 o

354

30

25

20 4

Frequency

18 610 11-18 16-20 21-26 26-30

Particle size (nm)

Fig.3 UV-Vis absorption spectrum, SEM micrographs, and size dis-
tribution graphs of AgNPs treated with various stabilizing and cap-
ping agents. a CPEG-40 and CPVP-80 AgNPs with the correspond-
ing citrate-AgNPs control (i) UV-Vis absorption spectrum depicting
a broader absorbance peak in polymer-treated groups. This suggests
increased dH for AgNPs when treated with both polymers at a lower
concentration of 0.5 mM, (ii) FE-SEM image showing near-spheri-
cal nanoparticles, (iii) corresponding size distribution graphs, b
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(i) absorption spectrum at almost same wavelength range of 350-
475 nm exhibiting change in capping agents but not much in dH for
AgNPs when treated with 5 mM of polymers, (ii) FE-SEM images,
(iii) size distribution histogram, and ¢ PEG-20 and PVP-40 with cor-
responding HC-AgNPs (i) absorption curve suggest a broader absorb-
ance peak for polymer-treated groups. The dH for treated groups has
increased considerably suggesting enhanced capping effect on AgNPs
surface, (ii)) SEM image showing near-spherical morphology and size
range of 4-32 nm of all AgNPs, (iii) size distribution histogram
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to be — 16.9+1.33 mV, while PVP-40 was recorded at

—19.0+1.4 9 mV (Fig. S8h).
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When the concentration of polymer was increased to
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2.5 mM, ligand exchange took place and citrate from AgNPs
was replaced by PEG and PVP, respectively, whereby IR
peak changes took place in fingerprint regions of 1500 cm™"
to 1000 cm™! (Fig. 4a). 2CPEG AgNPs showed IR peaks
attributing toward citrate were replaced by PEG-based func-
tional groups, whereby 1348 cm™!, 1455 cm™!, 1278 cm ™!,
1102 cm™!, and 943 cm™! correspond to PEG chains of
O-CH, C-H,, =C-0-C, C-OH, and C=CH, respectively.
Similarly, in 2CPVP-20 AgNPs, citrate was replaced by
PVP, as confirmed by the presence of functional group peaks

of PVP at 1648 cm™' (C=0), 1487-1278 cm™' (C-N), 1368
and 834 cm™' (NO,;™") and 1227 and 1170 cm™! (C=N=0).

PEG and PVP polymers of 0.5 mM concentration induced
a significant change in surface capping (Fig. 4b). Plant
extract-derived Sulfur-ester chain was removed as well as
peptide chains. Aldehyde chains at 1331 cm™! was added in
addition to ester C—O—C chains at 1069 cm™! and 1031 cm™!,
respectively. This shows that less stable functional groups
were detached in the presence of PVP and PEG polymers,
strong reduction took place which attributed to changes in
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surface capping of AgNPs. However, the concentration of
PVP-40 and PEG-20 concentration were not great enough
to completely replace functional groups in HC-AgNPs at the
1500-1000 cm™" fingerprint region.

The FTIR peaks of AgNPs derived from primary HC-
AgNPs has characteristic IR peaks in all its subsequent
polymer forms. While the changes in the fingerprint region
(1500-1000 cm™") attributed toward characteristic func-
tional groups of each type of treated AgNPs, the other FTIR
spectrum remains unchanged from HC-AgNPs. The broad
peak at 3340 cm™! in all AgNPs contribute toward -OH
derived from aqueous solvent. Similarly, peak emerges at
a region between 2800 and 2900 attributing to the carbon
chains (C-C, C=C) only in the presence of high polymer/
plant extract concentration, suggesting increased carbon-
based capping on AgNPs surface. This peak is absent in
the case of 0.5 HC-AgNPs and citrate-AgNPs. Similarly,
peaks emerging at 825 cm™!, 895 cm™!, etc. are also due to
stretching vibrations of alkene groups attached to AgNPs
synthesized from HC-extract.

Stability testing of AgNPs as a function of heat
and aging resistance

Two parameters were studied with respect to the stability
of AgNPs: aging and aggregation at high temperatures. The
heat stability of AgNPs min was observed after constant
boiling at 100 °C for 30. While the silver core of all AgNPs
was found to be 14 +3 nm in the current study, the cap-
ping layer of > 50 nm was at least found in the AgNPs, con-
ferring to high dH size. This high capping layer conferred
exceptional stability to AgNPs, and hence at high temper-
ature, only the outer capping layer susceptible to heating
was removed, suggesting a decrease in silver nanoparticle
size (blueshift in UV-Vis absorption spectrum). Only two
groups of AgNPs—CPEG-40 and 2CPEG-5—showed red
absorbance shift in absorbance spectra hence a considerable
increase in particle size following heat treatment. This could
be attributed to the degradation of the outer most coating
layer and elongation of functional group chains specific to
PEG/citrate to increase dH. The aggregation was ruled out as
both groups of AgNPs presented a narrow absorbance range.

The study of stability with respect to time-revealed
increased colloidal stability in all groups. Two phenom-
ena were observed: a decrease in full width at half maxi-
mum (FWHM) and shifts in maximum absorbance (4,,,,)
with respect to time. Note that the absorbance of AgNPs
increased with an increase in time was noted, implying the
AgNPs nucleation and formation process preceding as time
passes and degradation of AgNPs in colloid was low. The
most stable of AgNPs show fewer changes in maximum
absorbance with respect to time.

The AgNPs in colloid showed considerable decrease in
the poly-dispersion index at 4 months as determined through
FWHM graph (Fig. 5b), an indication of surface stabiliza-
tion of AgNPs over a period of time. The decreased PDI
in the fourth month also implies that only those class of
AgNPs remained stable in the colloidal form which was
highly stable, while the rest of nanoparticles degraded, and
hence, narrower FWHM was observed. Citrate-AgNPs, HC-
AgNPs, and PEG-20 AgNPs showed significant increase
in FWHM in 8th month, suggesting a small increase in
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Fig.5 Scatter-line plot exhibiting the change in maximum absorb-
ance (4, and full width at half maximum (FWHM) with vari-
ous stability factors studied a A, of AgNPs. Note that most of the
studied nanoparticles exhibited a blueshift in 4, when heat treated
at 100 °C. Also, citrate-AgNPs and its subsequent groups of AgNPs
provided a blueshift in A,,,, when compared with HC-AgNPs and its
subsequent polymer groups, suggesting compact structure and bond-
ing of citrate-AgNPs. Also, citrate-grouped AgNPs showed consider-
ably less shift in absorbance peaks with time, while all PEG-treated
AgNPs showed most variance in A,,,, with respect to aging. b FWHM
of AgNPs. Note that all AgNPs were generally more stabilized over
time, and the lowest polydispersity index of AgNPs was observed at
4 months of synthesis, implying a gradual change in colloidal stabil-
ity and size
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poly-dispersion with time (Fig. 5b). Furthermore, 1,,, of
HC-AgNPs, 2CPVP-20, and PEG-20 AgNPs also increases
at 8th month suggesting redshift and increased nanoparticle
size with time. Hence, after 4 months, these three AgNPs
are most susceptible to aggregation and complex formation.

While 4, of citrate-AgNPs remained same throughout
time, a small degree of agglomerate formation is expected at
8" month of synthesis. CPEG-40 AgNPs, CPVP-80 AgNPs,
2 CPEG-5 AgNPs, and PVP-40 AgNPs did not show a con-
siderable change in 4., with respect to time as there was
no significant change in dH observed in these sample at 4th
and 8th months of synthesis.

Biocompatibility through MTT Assay

Initial assessment of dosage concentration causing a signifi-
cant decrease in viability was carried out through the usage
of 0.5-2.0 mg/mL dosage of 0.5 HC-AgNPs. The cellular
viability was checked on three different cell lines: MCF-7,
HEP-2, and HCEC.

We further used MCF-7 and HEP-2 to study the bio-
compatibility of primary and derivative stabilized AgNPs.
Since nanoparticles could be entering through cell mem-
brane mediated endocytosis or passive diffusion both, the
comparative effect of at least two cell lines was carried out
to discern if the presence of specific cellular receptors could
affect cellular uptake and hence the viability of the cells.

Figure 6a represents cellular viability graphs for 0.5 HC-
AgNPs implying that a slight decrease in cellular viability
was observed in MCF-7 cell lines with 82% cellular prolif-
eration even at 0.5 mg/mL dosage of AgNPs. This viabil-
ity was increased to 93% upon the usage of 1.5 mg/mL of
AgNPs, decreasing significantly to 79% when concentration
was increased to 2.0 mg/mL.

Figure 6b represents MTT cellular viability data for
AgNPs with shifts in chemical composition and diameter of
capping agents than we previously studied 0.5 HC-AgNPs.
Since HEP-2 and HCEC presented similar cellular viabil-
ity pattern, we selected only HEP-2 cell lines for further
studies. The MCF-7 response to AgNPs dosage was entirely
different; hence, cellular viability was also monitored in
this cell line. HEP-2 cell and HCEC cell lines exhibited an
entirely different pattern of viability than that observed in
MCF-7. With 0.5 mg/mL of AgNPs, more than 90% cellular
viability was observed (94% and 92% respectively).

The results for cellular viability suggest that surface-
capping layer composition and not the diameter of surface-
capping exhibited variation in cellular response. As Ag-
core size and morphology was almost the same for all the
AgNPs, and the AgNPs with one of the highest diameters
sizes, CPEG-40, exhibited significantly decreased prolif-
eration response upon dosage when compared with other
AgNPs. Furthermore, 2CPEG-5 AgNPs exhibited high 92%
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Fig.6 Viability of cell lines assessed through MTT following dosage
of various AgNPs a 0.5HC-AgNPs were loaded into HEP-2, MCF-7,
and HCEC cell lines at the concentration ranging from 0.5-2.0 mg/
mL, b viability assessment of polymer and stabilizer-capped primary
and derivative AgNPs on HEP-2 and MCF-7 cell lines. One-way
ANOVA followed by Dunnett’s post hoc test was performed on each
dataset to compare the mean value of each treatment with control.
The p value of <0.5 was considered statistically significant

viability in MCF-7 cell lines but 82% in HEP-2. Similarly,
2CPVP-20 AgNPs viability was 77% in MCF-7, while it was
92% in HEP-2 cells. Hence, cell line-specific response was
observed exhibiting more decrease in proliferation in one
cell line compared to the other with the same composition
and dosage of AgNPs.

PVP-40 AgNPs exhibited the highest viability in both cell
lines 91% and 87%. CPEG-40 AgNPs, CPVP-80 AgNPs,
and Citrate-AgNPs exhibited decreased cellular prolifera-
tion of 74-83% when compared with other AgNPs. SHC-
AgNPs and PEG-20 AgNPs exhibited a moderate decrease
in viability.

Discussion
The UV-Vis absorbance peak of all the synthesized AgNPs

was observed in the range of 400—450 nm which is charac-
teristic for AgNPs (Sastry et al. 1997). The SPR is strongly
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dependent on the dielectric properties of the colloid it is
suspended, and many factors affect the shift in SPR peak,
including synthesis substrate (HC-extract), solvent (DI
water), and adsorbent (Polymers/capping functional groups)
(Ravindran et al. 2013). Since the substrate and solvent con-
centrations were constant in this study, the SPR peak shift
was attributed to the adsorbent type and concentration.

Previous studies have reported the synthesis of high
yielding spherical and few triangular-shaped AgNPs in a
single reactant mixture (Banerjee et al. 2014). Others have
reported the presence of various morphologies (rod, trian-
gular, and spherical) with the progression of time following
synthesis (Pinto et al. 2010). The different growth rates of
spheres and triangles can be attributed to different reduction
kinetics of silver ions followed by attachment onto the silver
particle surface (Banerjee et al. 2014).

AgNPs in a colloid are stabilized against particle aggre-
gation through surface adsorption of polymers/functional
groups or via covalent hinging of organic components. These
surface modulating chains/organic groups prevent aggrega-
tion through any of the three repulsive forces between par-
ticles: electrostatic, steric, or electro-steric forces (Hotze
et al. 2010).

When synthesized in biological media, at least one type
of organic capping layer is found in the synthesized AgNPs.
In previous studies, the use of biological extracts has been
associated with the formation of AgNPs containing protein-
like fragments as capping agents (de Barros et al. 2018). HC-
AgNPs exhibited the presence of amine, carboxylate, and
ester-mediated stretches in the finger-print regions, which
are subsequently removed in the presence of other ligands/
polymers. FTIR spectroscopy suggested the involvement
of the amide I (C=0 stretch, 1600-1700 cm™') and amide
II (C\N stretch and N\H deformation, 1530~1560 cm™" in
protein-coated AgNPs in previous studies as well (Ashraf
et al. 2013).

All AgNPs synthesized from HC-source have charac-
teristic FTIR peaks recorded near 2931 cm™!, 1996 cm™!,
and 825 cm™!. These peaks correspond to stretching and
bending vibrations of carbon-containing chains (alkanes and
alkenes), suggesting a strong capping layer presence around
all AgNPs. Secondly, the broad peak at 3340 cm™! regions in
all AgNPs contributes toward -OH derived from an aqueous
milieu of AgNPs colloid.

Previous studies reported that plant root extract-based
AgNPs exhibited electro steric stabilization (Suman et al.
2013). In one study, the presence of negative charge on the
surfaces of casein protein-coated AgNPs suggested that both
steric and electrostatic repulsive forces in biogenic nano-
particles exist, which contribute toward its stability (Ashraf
et al. 2013). The organic compounds, including citrate, how-
ever, exhibited electrostatic repulsion in the colloid. The use
of organic PVP and (Huynh and Chen 2011) PEG conferred

steric repulsion in colloid when used for surface capping of
nanomaterials (Kvitek et al. 2008). Hence, using a combina-
tion of organic polymers and plant extract-derived natural
functional groups, both steric and electrostatic repulsions in
our synthesized nano-colloids conferred the stability.

HC-AgNPs and citrate-AgNPs are surface stabilized
through increased electrostatic repulsion hence we observed
high negative zeta values of — 32+2 mV and — 28 +2 mV.
The charge arises on the particle surface through the pres-
ence of negatively charged hydroxy-, oxo-, amine, or sulfide
groups. As S—OR and R—-O-R peaks in HC-AgNPs were
replaced by citrate groups in AgNPs, a slight decrease in
electrostatic negative charge could be attributed to less nega-
tive zeta value of citrate-AgNPs (El Badawy et al. 2010).

Our results indicated an increase in particle size (dH) for
CPEG-40 and CPVP-80 AgNPs when compared with cit-
rate control, indicating enhanced capping effect mediated by
polymers without the removal of any functional groups from
control. Similarly, 2CPEG-5 and 2CPVP-20 AgNPs exhib-
ited a decrease in dH following polymer treatment when
compared with its citrate control. This decrease in size fol-
lowing treatment with polymers suggests the replacement of
high molecular weight functional groups from citrate-AgNPs
and the addition of polymer chains to the treated groups.
Likewise, polymer-treated HC-AgNPs exhibited greater
dH than its plant extract-based control, which suggests the
addition of polymer chains and enhanced functional group
effect without the removal of any functional groups from
HC-AgNPs in treated groups. The PDI = 0.5 suggests that
the degree of aggregation in all the samples was low.

Most steric stabilization results from the attachment of
polymers in the coat, frequently as a “brush-like” layer.
When this “extended” sterically hindering layer approaches
another NPs surface, the translational and rotational degrees
of freedom are reduced, and hence, a thermodynamically
unfavorable loss in entropy is observed. The polymer layer,
consequently, resists deposition and aggregation sterically.
The shift in zeta potential values to more negative suggests
the replacement of highly negative surface charge entities,
such as those derived from citrate “hydroxy” and “oxy”
groups with the polymer chains contributing toward steric
repulsion (Huynh and Chen 2011). It was also noted that
PEG polymers when compared with the same concentra-
tion of PVP polymer used in citrate-AgNPs ligand exchange
resulted in less dH (less layer coating size) while exhibiting
more negative zeta value.

Our DLS results of Z-average size distribution implies
that PVP polymer causes more “brush-like” chains bind-
ing to the surface (hence increased dH) and more steric
repulsion results in more shift in zeta values toward zero
how these structures would contribute toward the stability
of nanoparticles. Similar results were reported by Kvitek
et al. in which high-molecular weight PVP proved to be
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the effective AgNPs stabilizing polymer (Haberl et al.
2013; Kvitek et al. 2008). PVP molecules have little to
no charge and fully coated AgNPs have been reported in
the literature to exhibit a zeta potential of approximately
—10 mV similar to the value reported by El Badawy (EI
Badawy et al. 2010). This implies that shift toward zero
zeta value in case of some of PEG and PVP treated group
is due to capping of PVP/PEG around AgNPs, in addition,
to plant-derived functional groups.

On the other hand, studies by Zhang et al. (2012),
Huynh et al. (2011), and Kelly et al. (2003) reported sig-
nificantly high zeta potential values which are likely to
be due to partial surface coatings of AgNPs by PVP mol-
ecules, and thus, these particles might be partially charged
and partially sterically stabilized, with those studied by
Huynh et al. being more charge stabilized (Afshinnia et al.
2017). The partial capping of HC-AgNPs by PEG and PVP
hence having zeta value near — 15 to — 20 mV could be
explained by electro-steric repulsion of surface capping
in the colloid.

The derivative groups of AgNPs containing PEG and
PVP polymers exhibited significant increase/decrease in
surface capping when compared with the control groups.
The PVP- and PEG-based surface capping provide steric
repulsion to the nanoparticles. It has been well reported in
the previous studies that the basic aim of organic coating in
the form of polymers and stabilizers was to stabilize AgNPs
against aggregation. This aggregate formation is hindered by
the presence of an organic layer under various conditions or
in a certain stage of nanoparticle growth. The overall fate
of the coated AgNPs is generally controlled by the proper-
ties of the shell that is formed around the Ag core (Dallas
et al. 2011; Eising et al. 2011). We report similar effects of
polymer-induced steric repulsion for PEG- and PVP-treated
AgNPs which modulated its stability in colloids.

Citrate-AgNPs are known to have greater aggrega-
tion kinetics and less stability, which limits its biological
applications (Gutierrez et al. 2015); in the current study,
plant extract-derived functional groups conferred stability
to citrate-AgNPs and its derivatives. However, the group
remained less heat resistant when compared with HC-AgNPs
derivatives.

The time-dependent stability results in colloid suggest the
increase in absorbance intensity at 4™ month and 8 month.
This suggests the shift toward mono-dispersed NPs from
polydispersed ones. The absorbance increase is in accord-
ance with the previous studies where the absorbance value
of 4, for colloidal AgNPs stabilized after 29 days (Pinto
et al. 2010). Other studies have also shown that the presence
of ions effectively destabilizes the citrate-AgNPs, leading to
time-dependent aggregation (Huynh and Chen 2011). Our
aging-dependent results suggested an increase in FWMH of
citrate-AgNPs and HC-AgNPs at 8th month.
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PEG-20, PVP-40, 2CPVP-20, and HC-AgNPs showed
blueshift in the absorption spectrum, suggesting a decrease
in particle size as a function of removal of the outer capping
layer when heated. CPEG-40 AgNPs, and PVP-40 AgNPs
showed the highest heat resistance as no significant FWHM
and 4,,,,, change was observed following the heat treatment.
High temperatures up to 100°C were used by many research-
ers during AgNPs assembly using bio-polymers and plant
extracts (El-Rafie et al. 2011; Fayaz et al. 2009). However,
CPEG-40 AgNPs and PVP-40 AgNPs showed highest heat
resistance as no significant FWHM and 4_,, change was
observed following heating at high temperature. This could
be due to the presence of high amount of surface coating for
CPEG-40 AgNPs and PVP-40 making NPs more susceptible
to heat degradation.

Previous studies report the effect of aging on AgNPs
through flower-like structure development from spherical
(Zonooz and Salouti 2011). Similarly, the redshiftin 4, for
2CPVP-80 at 8th month could be due to the surface shape
changes. Yin et al. assessed A,,,, shifts in AgNPs through
experiments and by simulation. Their results suggested that
as the degree of oxidation of NPs increased the absorbance
intensity decreased and a redshift in the 4_,, was observed
(Yin et al. 2002).

Out of these, only PVP-40 AgNPs, CPVP-80 AgNPs,
and 2CPEG-5 AgNPs showed a considerable decrease in
FWHM, implying colloidal stability with time. We thereby
report these three screened AgNPs for long-term stability
studies, based on aging and heat resistance.

It is now well accepted that silver nanoparticles acquired
protein corona after contact with the biological media (Ten-
zer et al. 2013), and hence, in order to use these NPs in
close proximity with a biological system, details regarding
surface capping, structure, and colloidal behavior are very
important. The comparative study in three different cell
lines showed that 0.5 HC AgNPs exhibited different cellu-
lar uptake and proliferation in each cell line. The uptake of
0.5 HC-AgNPs was high in MCF-7 cell lines as all the con-
centrations used exhibited significant decrease in viability,
even at 0.5 mg/mL concentration. This decrease in viability
was noted at 1.5 mg/mL concentration in the rest of the two
studied cell lines.

max

Conclusion

In the current study, we adopted a surface chemistry-based
steric repulsion approach to investigate the colloidal stabil-
ity of HC-AgNPs and determine its application as a com-
mercial antibacterial formulation. The AgNPs in our stud-
ies did not exhibit cytotoxicity less than 50%, and hence,
there is little evidence of biotransformation of AgNPs. The
AgNPs presenting the viability of more than 90% can be
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safely used as drug carrier agents. However, more stud-
ies regarding cytotoxicity, viability, and safety together
with dose-dependent response are essential to justify their
use prior to commercial and anti-microbial applications.
The high stability (up to eight months) and heat resist-
ance of AgNPs provide promising evidence for the com-
mercial application of HC-AgNPs as antimicrobial agent.
The in vitro safety and limited evidence of biotransfor-
mation suggest that HC-AgNPs could be used effectively
for biomedical applications. The current study provides a
road map for modulating the surface capping of biologi-
cal nanoparticles and assesses its corresponding effect on
the stability.
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