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KEYWORDS Abstract Fabrication of bioactive nanomaterials with improved stability and low toxicity towards
Silver nanoparticles; healthy mammalian cells have recently been a topic of interest. Bioactive metal nanomaterials such
Polydopamine; as silver nanoparticles (AgNPs) tend to lose their stability with time and become toxic to some
Nanocomposite; extent, limiting their biological applications. AgNPs were separately encapsulated and loaded on
E. coli; the surface of a biocompatible polydopamine (PDA) to produce Ag-PDA and Ag@PDA nanocom-
S. aureus posites to unravel the issue of agglomeration. PDA was coated through the self-polymerization of

dopamine on the surface of AgNPs to produce Ag-PDA core-shells nanocomposites. For
Ag@PDA, PDA spheres were first designed through self-polymerization of dopamine followed
by in situ reduction of silver nitrate (AgNO3) without any reductant. AgNPs sizes were controlled
by varying the concentration of AgNO;. The TEM micrograms showed monodispersed PDA
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spheres with an average diameter of 238 nm for Ag-PDA and Ag@PDA nanocomposites. Com-
pared to Ag@PDA, Ag-PDA nanocomposites have shown insignificant toxicity towards human
embryonic kidney (HEK-293T) and human dermal fibroblasts (HDF) cells with cell viability of over
95% at concentration of 250 pg/mL. A excellent antimicrobial activity of the nanocomposites was
observed; with Ag@PDA possessing bactericidal effect at concentration as low as 12.5 pg/mL. Ag-
PDA on the other hand were only found to be bacteriostatic against gram-positive and gram-
negative bacteria was also observed.
© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Silver nanoparticles (AgNPs) are arguably the most significant and
commonly known metal-based antimicrobial agents, even though their
lethal mechanisms against pathogenic microbes are not fully under-
stood. The antimicrobial activity of Ag has been known for centuries
(Modak and Fox Jr, 1981, Jansen et al., 1994, Kim et al., 1998).
AgNPs possess a broad spectrum of antibacterial activity due to their
large surface area, their ability to quickly release lethal Ag ions and the
production of reactive oxygen species (ROS) (Duran et al., 2010,
Zawadzka et al., 2014). In addition, the ease of AgNPs to contact
and penetrate the microorganisms’ cell membrane gives them the
advantage to attack vital organelles. Previous studies have demon-
strated that AgNPs interact with sulphur-containing proteins and
phosphorus-containing compounds like DNA inside the bacterial
membrane (Marambio-Jones and Hoek 2010, Kim et al., 2011,
Mirzajani et al., 2011). Ideally, nanoparticles target or deactivate the
respiratory chain by interfering with DNA replication and suppressing
cell division, leading to cell death(Feng et al., 2000, Sondi and Salopek-
Sondi 2004, Morones et al., 2005, Song et al., 2006). In addition, these
mechanisms inhibit mutation and bacterial resistance of microbes
towards AgNPs, which is one of the main concerns for most antibiotics
(Shi et al., 2015).

Even though Ag has been exploited in various commercial products
(e.g., food preservatives, cosmetics, and wound dressings), they still
attract most research due to their practical application in various
fields. However, the critical challenges of AgNPs agglomeration still
exist and limit their practical applications. Multiple methods for the
fabrication of AgNPs have been extensively reported over the past dec-
ades (Iravani et al., 2014, Ahmed and Mustafa 2020, Keshari et al.,
2020). Commonly, AgNPs are prepared by reduction of silver nitrate
(AgNOs) and stabilized by capping agents such as trisodium citrate,
sodium dodecyl sulphate and cetyltrimethylammonium bromide
(CTAB), and many more (Ranoszek-Soliwoda et al., 2017, Shah
et al., 2019, Albeladi et al., 2020). Polymers such as polyvinylpyrroli-
done (PVP), polyethylene glycol (PEG) and dextran have also been
used to synthesize AgNPs-based nanocomposites (Pinzaru et al.,
2018, Ribeiro et al., 2019, Sharmila et al., 2019). Other materials such
as carbon, silica and calcium silicate (CaSiO3) have also been used to
prepare and support AgNPs (Ning et al., 2021, Li and Qiu, 2020,
Kumar and Gehlaut, 2020). However, some capping agents and poly-
mers are toxic to human cells, non-biodegradable, and therefore can-
not be used for biological applications (Abramenko et al., 2019).
Non-toxic and biodegradable materials have been used to fabricate
and stabilize AgNPs-based nanocomposites. AgNPs incorporated on
the surface of biocompatible and biodegradable CaSiO; were found
to exhibit an excellent antimicrobial activity against gram-positive
and gram-negative bacteria (Kumar and Gehlaut, 2020). Various poly-
mers including polydopamine (PDA) have also been reported to be
non-toxic and biodegradable (Sileika et al., 2011, Babitha and
Korrapati 2017).

PDA can easily be obtained from the self-polymerization of dopa-
mine, a biomolecule of catecholamine and phenylamine families
(Lynge et al., 2011, Liebscher et al., 2013). Due to their inspired
mussel-adhesion abilities/properties inherent from dopamine, PDA

can easily be coated on various materials (Lynge et al., 2011). Further-
more, the control over the shapes, sizes and uniformity of PDA offers
tremendous advantages of using it as a template for various applica-
tions(Ryou et al., 2011, Yan et al., 2013, Liu et al., 2014, Xiong
et al., 2014). The high abundance of catechol and amine groups offer
PDA the ability to undergo secondary reactions. These functional
groups endow PDA with the potential to adsorb and reduce metal
ions. Recent studies have shown the power of PDA to reduce Ag ions
to form AgNPs (Wu et al., 2015). This facile method for fabrication
and incorporation of AgNPs on the surface of PDA have been inves-
tigated(Luo et al., 2015). It is also important to point out that PDA has
proven biocompatible with insignificant toxicity against mammalian
cells (Wu et al., 2015). This gives PDA the potential to be used to fab-
ricate nanocomposites that can be employed in water treatment and
biological applications.

This study presents a facile, green, and efficient approach to fabri-
cating nanocomposites based on AgNPs and PDA. In the process,
AgNPs were either coated (Ag-PDA) or incorporated on the outside
(Ag@PDA) surface of PDA. A novel way of fabricating PDA coated
AgNPs is presented, which involved two steps, 1) pre-reduction of
AgNO; using dopamine followed by, 2) dopamine polymerization
and coating on the surface of AgNPs. On the other hand Ag@PDA
nanocomposites were fabricated through modification of previously
reported method (Wu et al., 2015, Luo et al., 2015). In this case,
AgNO; was directly reduced on the surface of PDA spheres without
any reductant. The sizes of the AgNPs were varied by varying the con-
centration of AgNOj; in all the nanocomposites. Various studies have
shown the incorporation/coating of AgNPs with PDA and their poten-
tial applications, including antimicrobial activity (Feng et al., 2012, Hu
et al., 2013, Thota and Ganesh, 2016, Wu et al., 2018, Zhu et al., 2020,
Sui et al., 2021, Wang et al., 2021). Howerever, it is still unclear how
the surface composition of Ag coated (Ag-PDA) and incorporated
on the surface (Ag@PDA) of PDA could affect their antimicrobial
activity and toxicity towards mammalian cells. Therefore, this study
thoroughly investigated and compared the antimicrobial activity of
Ag-PDA and Ag@PDA against gram-positive (S. aureus) and gram-
negative (E. coli). The as-synthesized nanocomposites have shown a
wide range of antibacterial activity against gram-positive (S-aureus)
and gram-negative (E-coli) with good biocompatibility. Their toxicity
was insignificant against human embryonic kidney cell line (HEK-
293T) and human dermal fibroblasts (HDF), with cell viability of over
80% at concentrations as high as 200 pg/mL. Due to the bactericidal
effect and non-toxic nature towards skin cells (HDF) at controlled
concentrations, these nanocomposites can be excellent candidates in
advanced wound dressings.

2. Experimental

2.1. Materials

Silver nitrate (AgNO3), dopamine hydrochloride, Tris buffer,
Luria Bertani Broth (LB), Tryptic Soy Agar (TSA), dimethyl-
formamide, Dulbecco’s Modified Eagle Medium (DMEM),
Fetal bovine serum (FBS) and penicillin-streptomycin were
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all purchased from Sigma Aldrich and used as received. All
glassware was washed with an aqua-regia solution and rinsed
with distilled water.

2.2. Synthesis of nanocomposites materials

2.2.1. Preparation of AgNPs coated|encapsulated in PDA
(Ag-PDA)

To Synthesize AgNPs coated/encapsulated in PDA, various
concentrations of AgNO; (1, 5 and 10 mM) were prepared
in 100 mL distilled water. The solution was heated to a boil,
and 1 mL of dopamine hydrochloride (1 mM) was added drop-
wise. The colour of the solution changed immediately, from
clear to pale yellow, indicating that the formation process of
colloidal AgNPs was initiated. The reaction was stopped after
7 min and cooled at room temperature. After that, 50 mL of
the colloidal AgNPs was withdrawn and added to 100 mL
Tris-buffer (0.5 M). The mixture was stirred for 30 min before
adding 10 mL dopamine hydrochloride (0.1 g). The reaction
was carried out for 24 h with gentle stirring. The product
was washed 3 times with distilled water with centrifugation
at 15000 rpm for 15 min.

2.2.2. Preparation of AgNPs on the surface of PDA
(Ag@PDA)
PDA spheres were prepared by mixing 50 mL distilled water
and 25 mL ethanol. 2 mL ammonium hydroxide (30-33%)
was added to the mixture, and the reaction was gently stirred
for 30 min. A 0.1 g dopamine was dissolved in distilled water
and added to the mixture. The reaction was carried out for
30 h, and the product was washed with distilled water using
a centrifuge at 15000 rpm for 15 min before characterization.
AgNPs loaded on PDA spheres were prepared by dispers-
ing 10 mg of PDA spheres in 30 mL distilled water through
ultrasonication in ice-cold water. Various amounts of AgNO;
(1, 5 and 10 mM) were prepared and added (10 mL) to the
PDA suspension. The reaction was carried out for 30 min.
The product was washed using centrifugation at 15000 rpm
for 15 min then dried at room temperature before
characterization.

2.3. Cell viability studies

The toxicity of the nanocomposites against mammalian cells
was determined using HDF and HEK-293T cell lines. The cell
viability was assessed using the MTS cell proliferation assay.
The HEK-293T cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin antibiotic solu-
tion HDF cells were cultured in HDF growth medium. The
cells were grown in a 37 °C incubator with a humidified atmo-
sphere of 5% CO,.

For the assay, both the HEK-293T and HDF cells were
seeded at a density of 1 x 10° cells/mL in 96-well tissue culture
plates. The cells were incubated at 37 °C under 5% CO, for
48 h to allow for stabilization. Two-fold serial dilutions of
the nanocomposites (both Ag-PDA and Ag@PDA) in com-
plete culture media were then introduced into the wells con-
taining the cells, with final concentrations on the plates

ranging between 31 and 1000 pg/mL. At a 20 pL/well volume,
MTS solution was added, and the plates were incubated at
37 °C for an additional 4 h. The plates were then incubated
under standard culture conditions (37 °C and 5% CO2) for
72 h, after which the viability of the cells was determined using
the MTS dye. The optical density (OD) was then determined at
490 nm using a plate reader, and untreated cells (cells without
nanocomposites) were used as a negative control. The percent-
age of viable cells (% Viability) was calculated using the follow-
ing equation:

Absorbance of Sample — Absorbance of Medium
Absorbance of Control — Absorbance of Medium

%Viability = X100

2.4. Antimicrobial activity tests

2.4.1. Well diffusion method

The antimicrobial activity of the materials was tested using a
conventional well-diffusion method against Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus). Typically, LB
Broth was prepared using ultra-pure water followed by auto-
claving at 121 °C for 15 min. The bacterial strains (both
E. coli and S. aureus) were inoculated separately in the LB
Broth and cultured at 37 °C on a rotary shaker at 250 rpm
overnight. Bacteria strains were then aseptically spread on
the surface of Tryptic Soy Agar (TSA) plates, followed by
the puncture of wells on the agar using a cork borer. 100 uL
of Ag-PDA and Ag@PDA suspensions were introduced into
the wells, and the plates were incubated at 37 oC for 18—
24 h. Following incubation, the clear zones around the wells
(zones of inhibition) were measured using a ruler.

2.4.2. Minimum inhibitory concentration (MIC) and
bacteriostatic studies

The MIC test was conducted using the standard microdilution
method. Eight sterilized test tubes were used to perform the
tests. The concentration of bacteria in the tubes was adjusted
to 1*10° CFU/mL using the McFarland method. Two-fold
dilutions of Ag-PDA and Ag@PDA were prepared in 2 mL
LB Broth inoculated with bacterial cells. The concentration
range of the nanocomposites was 100 to 0,78125 pg/mL from
the first to the last tube. The test tubes were then closed and
incubated at 37 °C for 24 h. The transparent tube with the least
concentration of the nanocomposite was then considered the
MIC. The milky colour in other tubes was due to the growth
of bacterial cells.

2.5. Characterization

All excess impurities from colloidal solutions were removed
using a universal 320R centrifuge at a maximum speed of
15,000 rpm for 15 min. Chemical structure analysis was done
using a Bruker Tensor 27 Fourier transform infrared (FTIR)
spectrometer. A thermal study was conducted using a Perkin
Elmer TGA 6000 thermogravimetric analyzer (TGA) using
high-purity nitrogen at a heating rate of 10 °C/min and a gas
flow rate of 10 mL/min. Transmission electron microscopy
(TEM) images were obtained from FEI Tecnai-T12 micro-
scopy at an electron acceleration voltage of 120 kV and beam
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spot size of 10-100 nm. The TEM particle diameters were
determined using ImageJ software. Powdered X-ray diffrac-
tion (PXRD) analysis was performed on a Bruker D2 Phaser
with Cu radiation, and each scan was recorded over 20 min.

3. Results and discussion

3.1. Characterization of nanocomposites

AgNPs and PDA based nanocomposites were successfully syn-
thesized through facile processes. These processes involved
self-polymerization of dopamine at room temperature with
gentle stirring to produce PDA spheres through polymeriza-
tion of dopamine. To polymerize dopamine, mild alkaline con-
ditions were required. Therefore, ammonium hydroxide and
tris buffer solutions were used to initiate the polymerization
process. AgNPs were either encapsulated inside (Ag-PDA) or
incorporated outside the surface (Ag@PDA) of PDA, in-
situ, to produce the nanocomposites. The morphologies and
sizes of the as-synthesized PDA and the nanocomposites were
studied using TEM, and their micrographs are respectively
shown in Figure S1 and Fig. 1.

Monodispersed PDA spheres with an average diameter of
238 nm were obtained, as shown in Figure SI (A and B).
Fig. 1 (a-c) and (d-f) respectively shows the TEM micrographs
of Ag-PDA and Ag@PDA nanocomposites prepared using
various concentrations of AgNO;. The size distributions of
AgNPs encapsulated inside (Ag-PDA) and incorporated out-
side (Ag@PDA) PDA are presented in Figure S2 (a-c) and
(d-f). The average diameters of spherical-like AgNPs were

4.1, 8.4 and 8.8 nm for Ag-PDA nanocomposites prepared
with 1, 5 and 10 mM AgNOs;, as indicated in Fig. la, b and
¢, respectively. The encapsulation of AgNPs inside PDA
resulted in Ag-PDA core-shells, as witnessed in Fig. 1(a-c).
The thickness of the PDA surrounding AgNPs was not uni-
form, with the thickness sizes ranging from 2 to 7 nm.
Fig. 1d, e and f respectively show the TEM micrographs of
Ag@PDA nanocomposites prepared with AgNO; concentra-
tions of 1; 5 and 10 mM. AgNPs incorporated on the surface
of PDA to form Ag-PDA were also found to be spherical. In
addition, uniformly dispersed AgNPs on the surface of PDA
spheres with the average diameters 8.1, 9.1 and 12.7 were
obtained. These diameters correspond to 1-, 5- and 10-mM
concentrations of AgNOj; used to prepare Ag-PDA, as shown
in Fig. 1d, e and f, respectively. The average diameter slightly
increased with an increase in the concentration of AgNO;. The
elemental composition of the nanocomposites was confirmed
by Energy-dispersive X-ray spectroscopy (EDS) as shown in
Figure S3(a and b). The EDS revealed the presence of elemen-
tal Ag in both Ag@PDA (Figure S3a) and Ag-PDA (Fig-
ure S3b) nanocomposites. The peaks corresponding to O, C
and N are inherent from PDA while Cu comes from the sam-
ple grid. The selected area electron diffraction (SAED) pattern
of the nanocomposites also revealed the presence of crystaline
Ag with face centered cubic crystal phase as shown in Fig. 3S(c
and d).

The crystal phase and crystallinity of PDA, Ag-PDA and
Ag@PDA were investigated using PXRD, as shown in
Fig. 2. The diffractogram of pristine PDA spheres used to fab-
ricate Ag@PDA nanocomposite shown in Figure S4 reveals a
broad peak between 10° and 30° 20 angles. This finding is

Fig. 1
and (c, f) 10 mM].

TEM images of (a-c) Ag-PDA and (d-f) Ag@PDA nanocomposites at different AgNOj; concentrations. [(a, d) 1 mM, (b, e) S mM
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Fig.2 PXRD patterns of (A) Ag-PDA and (B) Ag@PDA nanocomposites prepared with different concentrations of AgNO; [(i) 1 mM,

(ii) 5 mM and (iii) 10 mM].

attributed to the amorphous nature of PDA. It is important to
note that the Synthesis of Ag-PDA nanocomposite was per-
formed in-situ; therefore, there is no diffraction pattern for
pristine PDA.

Fig. 2 (a & b) respectively show the diffraction patterns of
Ag-PDA and Ag@PDA nanocomposite prepared with differ-
ent amounts of Ag loading. Diffractograms i, ii and iii repre-
sent the nanocomposites prepared with 1, 5 and 10 mM of
AgNO;, respectively. The crystalline diffraction peaks at 20
angles of 38.6°, 44.7°, 64.7°, 77.7° and 81.9° for Ag-PDA
and 39.1°%, 45.2°, 65.1°, 78.3° and 82.4° for Ag@PDA were
observed. These peaks correspond to the diffraction of
(111),(200),(220), (311) and (222) lattice planes of face cen-
tred cubic (FCC) phase of Ag crystal. The presence of charac-
teristic diffraction peaks of Ag crystal in both samples
provides evidence that PDA and its monomer, dopamine,
reduced Ag ions to metallic silver. The PDA amorphous peak
was still observable between 10° and 30° 26 angles in some
diffractograms. It was observed that diffraction peaks did
not shift, and the widths of the peaks were almost the same
after varying the concentration of AgNOj;. This can be attrib-
uted to the fact that there was no considerable difference in the
sizes of AgNPs as was observed from TEM analysis. The pres-
ence of unassigned peaks (marked with an asterisk) on the
diffractograms of Ag-PDA prepared with 10 mM, Ag@PDA
prepared with 5 mM, and 10 mM of AgNOs were observed.
These peaks were matched to AgCl crystal. The formation of
AgCl crystal can be attributed to the interaction of excess
Ag ions from AgNO; and Cl ions from dopamine
hydrochloride.

The XPS was further used to elucidated the chemical com-
position and understanding the mechanism underlying the for-
mation of Ag-PDA and Ag@PDA nanocomposites. Figure S5
shows the survey spectra of (a) pristine PDA which is charac-
terized by O 1s, N Is and C Is species. The existance of O 1s
and N 1s species is the confirmation of the presence of catechol
and amine groups; while C 1s representing the C-C backbone
(Figure S9) of PDA. Figure S5 (b, ¢) and (d, e) respectively
show the survey spectra of Ag@PDA and Ag-PDA prepared
with (b, d) 1 mM and (c, e) 10 mM of AgNO;. Compared to
the PDA spectra, the survey spectra of Ag@PDA and Ag-
PDA exhibited an extra signal peak which is attributed to
Ag 3d signal. This is the confirmation of the presence of Ag
element in the nanocomposite structures. A Chlorine (Cl 2p)

signal emerged on the survey spectrum of Ag@PDA ad Ag-
PDA prepared with 10 mM AgNOs;. This signal was due to
the remaining Cl ion which are inherent from dopamine
hydrochloride.

To further study and understand the chemical composition
of the nanocomposites, high resolution spectra of Ag 3d, Cl
2p, O 1s and C 1s spectra were analysed. Figure S6 shows
Ag 3d high resolution spectra of (a, b) Ag@wPDA and (c, d)
Ag-PDA prepared with 1 and 10 mM AgNO;. Ag@PDA pre-
pared with 1 mM of AgNO; exhibited two peaks at binding
energies (BE) of 374.1 and 368.1 eV which were attributed to
Ag3ds;, and Ag3ds), electrons of Ag®, respectively. The BE
of Ag3ds, and Ag3ds), electrons respectively shifted to 372.7
and 366.4 eV in Ag-PDA prepared with 1 mM of AgNO;,
The shifting of BE of Ag3d peaks could be due to the ways that
AgNPs interact with PDA since they are coated on Ag-PDA
and incorporated on the outside surface on Ag@PDA. In
addition, the existence of these two peaks in an evidence that
PDA was able to reduce Ag ions to Ag’ in situ.

The two Ag3d peaks of Ag@PDA and Ag-PDA nanocom-
posites prepared with 10 mM AgNOj; were deconvoluted into
more other peaks as shown in Figure S6(b and d). Ag@PD was
charaecterized by peaks at 373.8, 372.7, 367.1 and 366.8 eV
(Figure S6b). The peaks at 373.8 and 367.1 were attributed
to metallic Ag®, whereas the peaks at 372.7 and 366.8 were
due to Ag". Ag-PDA was also characterized by the peaks at
373.1, 367.0 and 366.1 eV, of which the peaks at 373.1 and
367.0 eV were due to Ag® with the peak at 366.1 eV attributed
to Ag* (Figure S6d). The emergence of Ag™ species in these
nanocomposites is the confirmation of the presence of AgCl
crystals. The Cl2p spectra (Figure S7) further confirmed the
existence of AgCl with the BE of Cl2p,;, and Cl2ps, electrons
at 198.5 and 196.9 eV for both Ag@wPDA and Ag-PDA,
respectively. These coexistence of Ag® and AgCl for Ag@PDA
and Ag-PDA preoared with 10 mM AgNOj; was also observed
from the PXRD analysis. The coexistence of Ag® and AgCl
was also obseverd from Ag-PDA prepared with 5 mM AgNO;
was also observed from PXRD analysis, however only 10 mM
sample was selected for XPS analysis.

Figure S8 shows the O 1s high resolution spectra of the
pristine PDA and the nanocomposites. Two oxygen species
corresponding to quinone and catechol groups were observed.
The BE of quinone group were at 532.7, 532.9, 532.7, 532.8,
and 533.2 eV while those of catechol group being at 531.3,
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531.7, 531.3, 531.6 and 531.6 eV for PDA, Ag@PDA (1 mM),
Ag@PDA (10 mM), Ag-PDA (1 mM) and Ag-PDA (10 mM),
respectively. A slight shift in the BE of the nanocomposite
compared to that of pristine PDA was observed which could
be attributed to the interaction of AgNPs and PDA. The decr-
ese on the intensity of catechol peak for AgPDA (1 mM) and
Ag-PDA (1 mM) was an added evidence of the interaction
between AgNPs and PDA.

Chemical structures of dopamine (DA), PDA, Ag-PDA
and Ag@PDA nanocomposites were investigated using FT-
IR spectroscopy, as shown in Fig. 3. The FT-IR spectra show
well-defined characteristic functional groups of DA as indi-
cated in Fig. 3a(i) and 3b(i), respectively. The broad vibra-
tional band around 3250 cm~' shows the overlapping
stretching modes of —OH and —NH groups. The sharp peaks
around 1700 cm™! and 1250 cm™! are attributed to C=0
and C-O vibrations, respectively, while the peak at
1500 cm™' represents the vibrational modes of C=N and
C=C. The PDA, Ag-PDA and Ag@PDA spectra are shown
in Fig. 3a(ii-v), and 3b(ii-v) displayed almost all vibrational
bands present in the pristine DA spectra. The two sets of spec-
tra have aided in elucidating the interaction between Ag and
PDA. The bands of Ag-PDA and Ag@PDA nanocomposites
are broadened and slightly shifted to the higher wavenumber
compared to that of PDA. The broadening and the slight shift-
ing of the bands could indicate the interaction between Ag and
PDA through hydrogen bonding. This interaction promotes
the attachment and stability of AgNPs on the surface of
PDA. There was no noticeable change in the spectra when
the concentration of AgNO; was changed. This shows that
the incorporation of AgNPs does not affect the chemical struc-
ture of PDA.

The thermal stability study of the materials was carried out
using thermogravimetric analysis (TGA) within the tempera-
ture range of 35-900 °C. The TGA thermograms of Ag-PDA
and Ag@PDA are respectively shown in Fig. 4(a & b) and
their derivative-TGA (D-TGA) thermograms in Figure S10
(a, b & c). The multi-step decomposition of PDA can be easily
observed from the D-TGA curves. This is a result of different
chemical groups and the heterogeneous structure of PDA
(Xiong et al., 2014). The first decomposition occurs around

50 °C and can be attributed to the removal of residual mois-
ture. The other decomposition peaks occurred around
360 °C, 510 °C and 620 °C, representing the significant loss
of the polymer backbone and functional groups. The decom-
position around 360 °C was due to the loss of side groups of
the polymer, such as hydroxyl (-OH) and amine (—NH).
Between 510 °C and 620 °C, the polymer completely decom-
poses due to the cleavage of the C-C bonds of the polymer
backbone. It was, however, observed that the decomposition
of PDA was accelerated due to the incorporation of AgNPs.
This can be seen by the shift in the decomposition peaks
towards lower temperatures in Fig. 4(a and b). AgNPs could
be acting as a catalyst, causing the rapid decomposition of
PDA. The total residues of 10, 15 and 20% for Ag-PDA and
5, 8 and 17% for Ag@PDA prepared with varying AgNO;
concentrations were observed. The residue confirms the pres-
ence, and the amount of Ag loaded on the PDA. The amount
of residue increased with an increase in the concentration of
AgNOj; used.

3.2. Biocompatibility studies of AgNPs-DP

The cell viability of Ag-PDA and Ag@PDA at different con-
centrations was assessed by evaluating their cytotoxicity
towards HEK-293 T and HDF cell lines in vitro, using the
MTS cell proliferation assay. This assay is based on the reduc-
tion of the yellow methyltetrazolium salt by live/viable cells to
generate a purple coloured formazan product. This reduction
is carried out by nicotinamide adenine dinucleotide phos-
phate (NADPH)-dependent dehydrogenase enzymes which
are active in viable cells, thus making the absorbance of the
resulting formazan product (at 490 nm) directly proportional
to the number of viable cells.

Furthermore, the effect of Ag loading (in terms of the
AgNOj; concentration) on the cytotoxicity was also evaluated.
As shown in Figs. 5 and 6, both Ag-PDA (a) and Ag@PDA
(b) did not show a significant level of cytotoxicity towards both
HEK-293T and HDF cells, especially at low concentrations.
Ag-PDA did not show significant toxicity even at a concentra-
tion as high as 250 pg/mL for HEK-293T cell, with cell viabil-
ity exceeding 50% for all the Ag loadings (i.e., 1, 5 and 10 mM
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Fig. 5

Cell viability of HEK-293 T cells exposed to (A) Ag-PDA and (B) Ag@PDA at different concentrations of AgNOs.
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Fig. 6  Cell viability of HDF cells exposed to (a) Ag-PDA and (b) Ag@PDA at different concentrations of AgNOs.

AgNO3). Against HDF, Ag-PDA exhibited cell viability of
over 50% only at the lowest concentration of Ag loading
(1 mM) Ag-PDA.

Ag@PDA displayed significant signs of toxicity to the cells
at higher concentrations than Ag-PDA. This is be attributed to
the fact that AgNPs are encapsulated inside PDA for Ag-
PDA, whereas AgNPs are supported on the surface of PDA
in Ag@PDA, making them directly exposed to the cells. Since
AgNPs are encapsulated inside PDA, the release of Ag ions
and the direct contact to the cells is limited, hence low toxicity.
The amount of Ag loading on the PDA also influenced the

cytotoxicity. These observations were more evident on the
Ag-PDA than on the Ag@PDA samples, which showed a clear
trend. At a high concentration of Ag loading, Ag-PDA
becomes more toxic to the cells. The HEK-293T and HDF cell
viability was almost 100% at lower loading of Ag (i.e., 1 and
5 mM AgNOj;) between the concentration range of 31 to
250 pg/mL. As the loading increases (i.e., 10 mM AgNO3),
the cell viability decreases drastically.

The cytotoxicity effect of Ag-PDA and Ag@PDA towards
the cell lines was further evaluated by determining the mini-
mum concentration at which they kill 50% of the cells, also
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Table 1 Summary of the CCs, values obtained for Ag-PDA
and Ag@PDA nanocomposites prepared with different con-
centrations of AgNO3 (A) 1 mM, (B) 5 mM (C) 10 mM, and
(D) PDA.

Sample CCsp (ug/mL)
HEK-293T HDF
Ag-PDA Ag@PDA Ag-PDA Ag@PDA
A 476 231 352 241
B 430 210 232 159
C 400 180 166 126
D _ _

known as 50% cytotoxic concentration (CCsgy). The CCs, val-
ues of Ag-PDA and Ag@PDA against HEK-293T and HDF
cells were determined from the sigmoid curves. The curves
are shown in Figures S11 (a & b) and are recorded in Table 1.
The CCs, values are relatively high, indicating that Ag-PDA

(2)

and Ag@PDA are less toxic towards HEK-293T and HDF
cells. Ag-PDA has high CCs, values compared to Ag@PDA,
which supports the cell viability findings. The CCso values of
Ag-PDA were observed to be high for low loading of Ag, a
phenomenon observed in the cell viability assay.

3.3. Antimicrobial activity of AgNPs-DP

The antimicrobial activity of the nanocomposites was deter-
mined by a standard well-diffusion method against gram-
negative (E. coli) and gram-positive (S. aureus) bacteria. The
qualitative antimicrobial activity was done by monitoring the
ability of each material to inhibit bacterial growth. The
nanocomposites have proven to possess antimicrobial proper-
ties as indicated by clear zones of inhibition around the wells
on the agar plates. The zones of bacterial inhibition were pho-
tographed in the agar plates and are shown in Fig. 7 (a and b)
for Ag-PDA and Ag@PDA nanocomposites, respectively. A
slight increase in the diameter of zones of inhibition in
response to an increase in the concentration of AgNPs loaded

Fig. 7
(A) 1 mM, (B) 5 mM and (C) 10 mM] and (D) PDA.

Inhibitory Zones photographs produced by (a) Ag-PDA and (b) Ag@PDA nanocomposites at different AgNO; concentrations |
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on PDA was observed for both bacterial strains. These obser-
vations were more apparent in Ag@PDA compared to Ag-
PDA samples.

Since AgNPs are supported on the outside surface of PDA
for Ag@PDA, it becomes easy for them to penetrate, interact
and destroy the vital cell organelles. On the other hand,
AgNPs in Ag-PDA does not get direct exposure to the bacte-
rial cell wall since they are encapsulated inside the PDA, which
reduces their antimicrobial activity. Additionally, the activity
of Ag@PDA was deduced to be higher compared to Ag-
PDA against both E. coli and S. aureus. It is important to note
that the pristine PDA did not show any antimicrobial activity
against both bacterial strains as there was no clear zone of
inhibition observed. The measured inhibition zones were
recorded in Tables 2 and 3 for Ag-PDA and Ag@PDA
nanocomposite.

To further investigate the antimicrobial activity of the
nanocomposites, the minimum inhibitory concentrations
(MIC) and the minimum bactericidal concentrations (MBC)
of Ag-PDA and Ag@PDA were determined. The MIC and
MBC values of Ag-PDA and Ag@PDA are respectively sum-
marized in Tables 2 and 3. Equal MIC values of 50 pg/mL for
all Ag-PDA samples with different Ag loading (Table 2A, B
and C) were observed in both the bacterial strains. The MICs
for Ag@PDA samples were low compared to Ag-PDA, as
shown in Table 3. The MICs were found to decrease with an
increase in the concentration of AgNPs loading as indicated
in Table 3(A, Band C) for 1, 5 and 10 mM AgNO; used. These
findings signify the requirement of less amount of Ag@PDA
to inhibit bacterial growth compared to Ag-PDA. The MIC
of as low as 3.125 pg/mL was obtained from the Ag@PDA
sample prepared by 10 mM AgNOj3. The MIC values obtained
for the Ag-PDA nanocomposites were between 8- and 10-fold
lower than the CCs values, while MIC values obtained for the
Ag@PDA were between ~6- and 26-fold lower than the CCs,
values. These results show that these materials could poten-
tially be used as antimicrobial agents without eliciting toxicity
against mammalian cells.

The ability of the nanocomposites to kill the bacteria was
investigated through MBC. The MBC was obtained by swab-
bing each bacterial strain treated with the nanocomposites on
the agar plates shown in Figure S12 (a and b) for Ag-PDA and
Ag@PDA, respectively. The bacterial growth was observed
within 24 h of swabbing the Ag-PDA nanocomposites plate.
This indicates that Ag-PDA nanocomposites can only inhibit
bacterial growth and cannot kill the bacteria. Ag@PDA
nanocomposites prepared by 10 mM AgNO; [Figure S12b
(C)] exhibited bactericidal properties with the MBC of
3.125 pg/mL [Table 3b(C)] for both bacterial strains. At the
AgNOj; concentration of 5 mM [Figure S12b(B)], Ag@PDA
only exhibited the bactericidal activity against E-coli with the
MBC of 6.25 pg/mL [table 3b(B)]. S-aureus was resistant since
the growth was observed within 24 h of swabbing. Significant
growth was observed for Ag@PDA prepared with 1 mM
AgNO; [Figure S12b(A)] against E. coli and S. aureus.

The antimicrobial activity of the nanocomposites was also
evaluated by studying the bacterial growth kinetics in the med-
ium (LB Broth) containing each bacterial strain (E. coli and S.
aureus) and the nanocomposites. The media containing only
the bacterial cells and PDA were used as controls. The bacte-
rial proliferation was examined by measuring the cell suspen-
sion’s optical density (OD) at 600 nm. The growth kinetics
were studied at a concentration range of 3.125-100 pg/mL
for both Ag-PDA and Ag@PDA prepared with different con-
centrations of AgNO; as shown in Fig. 7.

Fig. 8 (a and b) represent the bacterial growth curve of Ag-
PDA prepared with 10 mM of AgNOj; against E. coli and S.
aureus, respectively. Rapid bacterial growth was observed
within the first hour of incubation for the control samples.
There was no significant difference between the suspension
containing PDA and those containing only bacterial cells
(E. coli and S. aureus). This was an indication that PDA could
not inhibit bacteria from growing. At low concentrations of
the nanocomposites (between 3.125 and 25 pg/mL), Ag-PDA
inhibited E-coli from growing in the first 2 h, as shown in
Fig. 8a. The bacterial (E-coli) growth was indicated by the

Table 2 Summary of the zone of inhibition, MIC and MBC of Ag-PDA nanocomposite prepared with different concentrations of

AgNO3(A) 1 mM, (B) S mM (C) 10 mM, and (D) PDA.

Sample Zone of Inhibition (mm) MIC (ug/mL) MBC (u1g/mL)
E-Coli S-Aureus E-Coli S-Aureus E-coli S-aureus
A 11 11 50 50 - -
B 12 11 50 50 - -
C 12 12 50 50 - -
D 0 0 = = = =

Table 3 Summary of the zone of inhibition, MIC and MBC of Ag@PDA nanocomposite prepared with different concentrations of

AgNO;3(A) 1 mM, (B) 5 mM (C) 10 mM, and (D) PDA.

Sample Zone of Inhibition (mm) MIC (ug/mL) MBC (u1g/mL)
E-Coli S-Aureus E-Coli S-Aureus E-coli S-aureus
A 12 11 6.25 12.5 - -
B 13 11 6.25 12.5 12.5 -
C 15 14 3.125 3.125 12.5 12.5
D 0 0 - - - -
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Fig. 8 The bacterial growth curves of (A, B) Ag-PDA and (C, D) Ag@PDA against E-coli and S-aureus.

increase of OD readings and the turbidity of the suspension.
The bacteria continued to grow with time, as witnessed by
the increasing turbidity and the OD. When the concentration
of Ag-PDA was increased to 50, and 100 pg/mL, inhibition
of bacterial growth was observed throughout the testing period
study. Ag-PDA showed weak antimicrobial activity against S.
aureus, as indicated in Fig. 7b. S. aureus started to grow within
the first hour, as was evident from increasing OD and the tur-
bidity of the suspensions. At low concentrations of AgNPs
loading (i.e., 1 and 5 mM AgNO3), a similar trend of bacterial
growth was observed for Ag-PDA against both bacterial
growths, as shown in Figure S13 (a-d).

On the other hand, Ag@PDA nanocomposites could inhi-
bit both bacterial strains (E. coli and S. aureus) from growing,
as shown in Fig. 8c and d. The OD was constant throughout,
and there was no turbidity observed in the suspensions. These
results further prove the strong antimicrobial activity of
Ag@PDA over that of Ag-PDA. At low concentrations of
AgNPs loading (i.e., 1 and 5 mM AgNO3) as shown in Fig-
ure S13 (e-h), bacterial growth (E. coli) was observed within
the first and the fourth hour for 3.125 pg/mL Ag@PDA.
Above the concentration of 3.125 pg/mL, the bacterial growth
was retarded the entire time. However, S. aureus seemed to be
more resistant even at concentrations as high as 25 pg/mL
since bacterial growth was observed within an hour. Only
when the concentration of Ag@PDA was raised to 50 and
100 pg/mL did the bacterial growth get retarded for the entire
study time. It was noticed that E. coli is more sensitive to both
Ag-PDA and Ag@PDA nanocomposite than S. aureus. This
may be attributed to the fact that gram-positive bacteria (S.
aureus) have a thick cell membrane that is stable than that of

gram-negative bacteria (E. coli). Gram-negative bacteria are
more susceptible to AgNPs as compared to gram-positive.
According to previously reported work, AgNPs inhibit or
kill bacteria through various mechanisms of action.. Accord-
ing to reported data, AgNPs kill bacteria by damaging the cell
membrane leading to the leakage of organelles (Xie et al.,
2019). It was also suggested that AgNPs first interact with
the bacteria’s cell wall or cell membranes, which disturb their
properties. This is followed by the penetration of AgNPs inside
the bacterial cell, resulting in DNA damage. Thirdly, Ag NPs
undergo dissolution resulting in the release of silver ions which
can possibly interact with thiol-containing proteins inside the
cell (Shuai et al., 2020). Various studies also investigated the
production of ROS by AgNPs and their ability to deplete
antioxidants within the cells thereby inactivating the bacteria.
In this study, Ag@PDA could kill and inhibit bacterial growth
at concetration as low as 12.5 pg/mL. Ag-PDA was only found
to be bacteriostatic instead of being bactericidal, even at
100 pg/mL. This means it will require larger amount Ag-
PDA for bactericidal activity compared to Ag@PDA. The
proposed mechanism of action of these nanocomposites to kill
the bacteria is illustrated on a schematic in Fig. 9. The fast and
prominent antimicrobial activity of Ag@PDA compared to
Ag-PDA is due to the fact that AgNPs are exposed, and can
easily interact with the negatively charged bacteria membrane
and organelles. In addition, the release of Agion will be quiker
from Ag@PDA compared to that of Ag-PDA. The direct
interaction of Ag-PDA with bacteria membrane will be lim-
ited, and therefore, will mostly relies on penetrating the mem-
brane, release the ions and production of ROS within the cell.
It has also been reported that the interaction of Ag with PDA
can induce the generation of ROS which can result in a signif-
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Fig. 9  Schematic illustrating possible machanisms of action of the as-synthesized nanocomposites against bacteria.

Table 4 Comparison of antimicrobial perfomace of Ag-PDA and Ag@PDA with related literature.

Structural feature(s) Antimicrobial performance Concentration  References
701 MIC Bactericidal/bacteriostatic OIReNES
(mm) (ug/mL)  and MBC (ug/mL)
Ag coated with PDA (Ag-PDA) 12 50 Bacteriostatic 5 mM This work
Ag loaded on PDA surface (Ag@PDA) 13 6.25 12.5 5 mM This work
Ag incorporated on PDA coated on a Not Not Bactericidal (MBC not 12 mM Sileika and Kim, 2011
substrate reported reported reported)
Ag loaded on PDA spheres Not 40 Bacteriostatic (MBC not 1.96 mM Wu et al., 2015
reported reported)
Ag coated with PDA Not Not Bactericidal (MBC not 4.8 nM Niyonshuti and
reported Reported reported) Krishnamurthi, 2020
Ag loaded within polymers scaffold matrix 14.4 Not Bactericidal (MBC not 20 mM Shuai et al 2019
(PLLA-PGA/6Ag@pMBG) reported  reported)
Ag-Cellulose nanocomposite 63 0.25 Not reported 1 mM Adepu and
Khandelwal, 2018
Ag loaded on GO 13.1 50 Not reported 10 mM Adepu and

Khandelwal, 2018

icant damage of bacteria cell membrane (Niyonshuti and
Krishnamurthi, 2020). The antimicrobial activity of the as-
synthesized nanocomposites was further compared with other
Ag based nanomaterials reported in related studies, as shown
in Table 4. It is clear that the antimicrobial activity of the
nanocomposites depends on various parameters such as con-
centration, composition, and structure of the nanocomposites.
Ag-PDA and Ag@PDA showed increased antimicrobial activ-

ity at relatively low concentrations compared to other reported

nanomposites (Table 4).

4. Conclusions

Ag-PDA and Ag@PDA nanocomposites were successfully designed
through a facile and green synthesis method. The diameters of AgNPs
were controlled by varying the concentration of AgNOs. As the con-
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centration of AgNOj; increased, the AgNPs diameter also increased.
The stability of AgNPs was achieved by either coating or incorporating
them on the surface of PDA. Both the nanocomposites have shown
excellent thermal stability, as evident from the TGA. The toxicity of
the nanocomposites towards HEK-239T and HDF cells was relatively
low. However, at the high concentrations, the nanocomposites became
toxic as expected. Ag@PDA affected the cell viability than Ag-PDA,
rendering it more toxic than the latter.

Also evident from the results obtained in this study is that the Ag-
PDA and Ag@PDA nanocomposites showed inhibition of bacterial
growth at notably lower concentrations than their minimum cytotoxic
concentrations. The antimicrobial activity of these composites against
E. coli and S. aureus was excellent. It was found that the amount of
AgNPs loading in terms of AgNO; had more effect on the nanocom-
posites’ antimicrobial activity than their sizes. At high Ag loading, the
antimicrobial activity was also increased. Ag@PDA nanocomposites
were more active than Ag-PDA. Moreover, Ag@PDA nanocompos-
ites were bactericidal at a high concentration of Ag loading, wherein
Ag-PDA nanocomposites were only bacteriostatic. With these find-
ings, it is clear that the synthesized nanocomposites pose great poten-
tial in advanced wound care treatment. This is because of their ability
to kill bacteria at low concentrations and their good biocompatibility
towards HDF, which are the main cells present in skin connective tis-
sue (dermis) and play a crucial role during cutaneous wound healing.
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