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Abstract

In the present work, we used doxycycline hyclate (DX) and tetramethylguanidine (TMG) for the synthesis of silver—silver
chloride nanoparticles (DX-Ag—AgCl NPs) as a simple method for the production of nanoparticles (NPs). A new synthesis
method for DX-Ag—AgCl NPs in aqueous medium, using the DX and TMG as a reducing and stabilizing agent, is reported.
DX-Ag—AgCl NPs were characterized by transmission electron microscopy. The elemental composition and the crystalline
nature of synthesized nanoparticles were determined by energy-dispersive X-ray (EDX) spectroscopy and X-ray diffraction
(XRD) analysis, respectively. From EDX, it is confirmed that synthesized NPs contain elemental silver and chloride, and
their crystalline nature was confirmed by XRD. The Fourier transform infra-red spectra showed the DX present in surface
of DX-Ag-AgCl NPs. Synthesized NPs analyzed for antibacterial activity by agar well method against Gram-positive and
Gram-negative pathogens. Synthesized DX-Ag—AgCl NPs were spherical shaped and in the range of 10-40 nm of size was
observed from TEM images. In the crystalline nature, XRD peaks indicate the presence of silver and silver chloride in pro-
duced NPs. Synthesized NPs show potential antibacterial activity on Bacillus cereus KCCM 11773, Bacillus subtilis KCCM
11316, Staphylococcus aureus KCCM 40050, Escherichia coli KCCM 11234, Klebsiella pneumoniae KCCM 11418, and
Proteus vulgaris KCCM 40211.

Keywords Antibacterial - Doxycycline hyclate - Silver nanoparticles - Silver—silver chloride nanoparticles -
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Introduction

Nanotechnology is emerging as the fastest growing technol-
ogy and interdisciplinary field for manufacturing of material
on the nanoscale. In the recent years, interest in the synthesis
of noble metal nanoparticles (NPs) has increased due to their
significant applications in different fields [1, 2]. Nanoparti-
cle synthesis is currently being focused on in the scientific
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community for the process is simple, rapid, and eco-friendly
[3, 4]. Nowadays, nanotechnology is an active domain for
the synthesis of nanoparticles through the use of natural
resources like plants and microorganisms [5, 6]. Nanoparti-
cles have significant importance in biomedical applications
including antimicrobial, antioxidant, anticancer activities,
and many more [7-10]. The silver nanoparticles (AgNPs)
have emerged in recent decades as a useful chemical tool,
due to their broad applications in microbiology [11, 12] and
biomedicine [13, 14].

Different antibiotics have been reported for the synthe-
sis of AgNPs such as, ampicillin [15], tetracycline [16],
tobramycin [17], and amoxicillin [18]. Drug resistance is a
major challenge, needed to develop new biomedicine to treat
drug resistance pathogens without harming the normal cells
[19]. Inorganic nanomaterials in the form of nanoparticles
such as Ag, silver chloride (AgCl), and silver—silver chloride
(Ag—AgCl) could be alternative drug to control pathogenic
microbial infections. Ag NPs are metal NPs containing only
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silver [20], AgCl NPs are inorganic NPs containing silver
and chloride ions [21], and Ag—AgCl NPs are composite
NPs containing Ag and AgCl NPs [22]. The antibacterial
activity of AgNPs has been well established [11, 12]. AgNPs
target different sites in bacteria and inhibit their growth [5].
From the literatures, AgNPs arrest microbial growth by tar-
geting different sites such as direct binding to cell surface
which causes membrane damage, changes in cell membrane
permeability, leakage of cell constituents [11, 12, 23], for-
mation of reactive oxygen species [24, 25], and inhibition
of vital proteins [26]. All these interactions of AgNPs with
microorganisms are responsible for the inhibition or kill-
ing of microorganisms. Metal nanoparticles with antibiotics
show enhanced bactericidal activity, and can be the alterna-
tive hybrid drug for the overcoming of multidrug-resistant
bacterial infection [16, 17].

Here, we report a simple, one-pot, and rapid method
for the synthesis of DX-Ag—AgCl NPs using doxycycline
hyclate (DX) and tetramethylguanidine (TMG). The syn-
thesized Ag—AgCl NPs were characterized using differ-
ent techniques such as the UV—-visible spectrophotometer,
transmission electron microscope (TEM), energy-disper-
sive X-ray diffraction (EDX), X-ray diffraction (XRD),
and Fourier transform infra-red spectroscopy (FT-IR). The
synthesized NPs were evaluated for antibacterial activity
on Gram-positive (Bacillus cereus KCCM 11773, Bacillus
subtilis KCCM 11316, and Staphylococcus aureus KCCM
40050) and Gram-negative (Escherichia coli KCCM 11234,
Klebsiella pneumoniae KCCM 11418, and Proteus vulgaris
KCCM 40211) pathogenic bacteria by agar well-diffusion
and broth microdilution method.

Materials and methods
Materials

Silver nitrate (AgNO;) was purchased from Fisher Scientific
(New Jersey, USA). Doxycycline hyclate (DX), 1,1,3,3-tetra-
methylguanidine (TMG), and iodonitrotetrazolium chloride
(INT) were purchased from Sigma-Aldrich (USA). Muel-
ler—Hinton Broth (MHB) and Mueller—Hinton Agar (MHA)
were obtained from BD Diagnostic, France. The 96-well
plate was supplied by SPL Life science, Gyeonggi, Korea.

Synthesis of DX-Ag—AgCl NPs

AgNO, (1 mM), DX (50 mg mL™") and TMG (50 mg mL™")
solutions were prepared in triple distilled water. In a 10 mL
of AgNO; solution, 20 puL of DX and 40 pL of TMG were
added, and the reaction was performed at 80 °C for 5 min
with continuous stirring. Immediately after the reaction, the
solution was cooled under running tap water. Separation of
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prepared NPs was performed by high-speed centrifuga-
tion (12,000 rpm, 30 min) and unbounded materials were
removed by washing with distilled water twice. For charac-
terization, powder form of DX-Ag—AgCl NPs obtained by
lyophilization.

Characterization of DX-Ag—AgCl NPs

DX-Ag—AgCl NPs were observed visually, while the absorb-
ance spectra were recorded by Jasco V-670 UV-Vis spec-
trophotometer (Japan) in the range of 300-800 nm during
all reactions. Characterization of synthesized NPs was per-
formed as per procedure reported previously [27, 28]. In
brief, the morphological features such as the size, shape, and
distribution of DX-Ag—AgCl NPs were observed through
TEM, and, for the sample preparation, colloidal suspension
was dropped on a copper disk and then dried at room tem-
perature. TEM (Hitachi, H7500, Tokyo, Japan) images cap-
tured at 120 kV. Lyophilized DX-Ag—AgCl NPs were used to
determine the elemental composition and crystalline nature
by EDX spectroscopy and XRD, respectively. XRD (Philips
X’Pert-MPD Diffractometer, Netherland) was operated at
40 kV and 30 mA using Cu Ka radiations. Fourier trans-
form infra-red (FT-IR) spectra were obtained in transmis-
sion mode on powdered DX and lyophilized DX-Ag—AgCl
NPs that were mixed with dry KBr (1:100) and compressed
into a thin pellet film. The NPs zeta potential and particle-
size analysis (PSA) were analyzed by electrophoretic light
scattering spectrophotometer (ELS-8000, OTSUKA Elec.,
Osaka, Japan). Samples for zeta potential and PSA analysis
were prepared/diluted in tripled distilled water [23]. FT-IR
(Nicolet iS10, Thermo Electron Scientific Inst. LLC, Fitch-
burg, WI, USA) spectra in the range of 4000-500 cm™~! were
obtained to determine the involvement of functional groups
[28].

Antibacterial activity

The pathogenic Gram-positive (B. cereus KCCM 11773,
B. subtilis KCCM 11316, and S. aureus KCCM 40050)
and Gram-negative (E. coli KCCM 11234, K. pneumoniae
KCCM 11418, and P. vulgaris KCCM 40211) bacterial
strains used in this study were purchased from the Korean
Culture Center of Microorganisms (KCCM), Republic of
Korea. Agar well-diffusion method, minimum inhibitory
concentration (MIC), and minimum bactericidal concentra-
tion (MBC) for DX and DX-Ag—AgCI NPs were performed
as per previously published report [28].

Agar well-diffusion method

A single colony of bacterial strain was inoculated in
20 mL of the MHB broth and grown at 37 °C overnight.
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An overnight culture, 0.5 McFarland-standard bacterial
suspension (1 x 108 CFU mL™"), was prepared by adjust-
ing optical density (OD) to around 0.08-0.1, and then used
for agar well-diffusion method. ODy,, was obtained using a
spectrophotometer (Libra S22, Biochrom Ltd, Cambridge,
England). 100 pL of bacterial suspension spreaded over
MHA plate with the help of sterile glass spreader, while the
wells were prepared using 8 mm cork borer. 100 pL of DX
and DX-Ag—-AgCl NPs stock solutions (1 mg mL™") were
dropped in wells, and plates were incubated at 37 °C for
24 h. After incubation, the zone of inhibition (ZOI) diameter
was measured in mm. These experiments were performed
in triplicate.

Determination of MIC and MBC

The MIC and MBC were performed by broth microdilution
and spread plate method, respectively. A 0.5 McFarland-
standard adjusted bacterial suspension (1 x 103 CFU mL™")
was diluted with 1:100 ratios in MHB to obtain
1% 10° CFU mL™". In broth microdilution method, each well
of 96-well plate contained 50 pL of DX and DX-Ag-AgCl
NPs with different concentrations (0.5, 1, 2, 4, 6, 8, 10, 12,
14, and 16 ug mL™") and 50 L of each bacterial strain sus-
pension (1 x 10° CFU mL™") were added separately. Two sets
of 96-well plate were prepared: one for MIC and another for
MBC determination. Negative control was prepared, which
contained only media; while the positive control contained
bacterial strains without DX or DX-Ag—AgCl NPs. Plates
were incubated for 24 h at 37 °C. After that, in one 96-well
plate, 40 uL of INT (0.2 mg mL™!) solution was added to
each well. The plate was further incubated for 30 min, to
interaction of INT with enzyme dehydrogenase. Pink color
formation can be seen in the presence of live cells, while
there will be no color change in dead cells. The lowest dilu-
tion without color change will be indicated as the MIC. From
the second plate, 100 uL. of MIC concentrations was plated
on MHA plate and spread with sterile glass spreader. These
plates were incubated for 24 h at 37 °C. After incubation,
MBC will be recorded as the lowest concentration of DX
or DX-Ag—AgCl NPs that resulted in no bacterial growth.

Results and discussion

Characterization of DX-Ag-AgCl NPs

UV-visible spectroscopy

The reactions were carried out at boiling temperature to
promote AgNO; reduction. A typical reaction solution con-

tained 10 mL of AgNO, (1 mM), 20 pL of DX (50 mg mL ™),
and 40 uL of TMG (50 mg mL™") solution. Reaction was

performed at 80 °C for 5 min. During reaction, the forma-
tion of DX-Ag—AgCl NPs was observed by change in the
color of the solution. After reaction, brown color formation
was observed and characteristic sharp peak at 407 nm in
UV-visible spectroscopy was observed, as shown in Fig. 1.
AgNPs shows characteristic peak, and the surface plasmon
resonance (SPR) absorption band is strongly depending on
the NPs size, surrounding chemicals and dielectric medium
[29, 30]. The SPR peak towards shorter wavelength indicates
decreased size of NPs [29]. Our findings are in good agree-
ment with these reports.

Elemental and crystalline nature of nanoparticles

The DX-Ag—AgCl NPs synthesized by addition of 40 uL of
TMG and 20 pL of DX in 10 mL of 1 mM AgNOj; solution,
and reaction was performed at 80 °C for 5 min with continu-
ous stirring; TMG and DX solutions were prepared in dis-
tilled water with concentration of 50 mg mL~'. Synthesized
NPs was lyophilized for further characterization.

Figure 2 indicates the EDX spectrum, obtained from
lyophilized NPs by EDX on FE-SEM. The EDX analy-
sis confirms the presence of elements in the synthesized
DX-Ag—AgCl NPs. The EDX spectrum shows two signals at
2.7 and 3.0 keV, which correspond to the Cl and Ag, respec-
tively. The characteristic presence of element, Cl and Ag, in
EDX spectrum confirms the composition of the Ag—AgCl
NPs as being consistent with the previous reports [23, 28].

Figure 3 illustrates the XRD diffraction patterns for
DX-Ag—AgCl NPs. Nine peaks were detected on the XRD
pattern, with five peaks corresponding to AgCl and four
to AgNPs. The diffraction peaks at 20=27.96°, 32.35°,
46.26°, 54.97°, and 57.61° correspond to the diffractions
from {111}, {200}, {220}, {311}, and {222} planes of a
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Fig. 1 Ultraviolet—visible spectroscopy of DX-Ag—AgCl NPs synthe-
sized using AgNO;, TMG, and DX
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Fig.2 Energy-dispersive X-ray diffraction spectrum of DX-Ag-AgCl
NPs synthesized using DX and TMG
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Fig.3 X-ray diffraction patterns of Ag and AgCl NPs synthesized
using DX and TMG

face-centered cubic (FCC) AgCl, respectively. Furthermore,
diffraction peaks at 26=138.29°, 44.39°, 64.55°, and 77.69°
correspond to the diffractions from {111}, {200}, {220},
and {311} planes of a FCC Ag, respectively. The bars (FCC
planes) in the graph are from the Joint Committee on Powder
Diffraction Standards (JCPDS) reference diffraction files for
Ag (#87-0720) and AgCl (#01-1013). The crystalline nature
of DX-Ag—AgCl NPs was confirmed by XRD.

The crystalline size of DX-Ag—AgCl NPs was calculated
by Debye—Scherrer’s equation as follows:

_Ka
" B cosh’

where D is the crystalline size in nm, K is the Scherrer’s
constant (K=0.94), 4 is the wavelength of incident X-ray,
is the full width at half maximum (FWHM) of the diffrac-
tion peak, and 26 is the diffraction angle. The major five
diffraction peaks, viz, 32.35, 38.29, 46.26, 64.55, and 77.69
corresponding to (200), (111), (220), (200), and (311) hkl
planes, were considered for the determination of average
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particle size of NPs [31]. XRD spectra revealed highly
crystallinity, and the average crystalline particle size of
DX-Ag—AgCl NPs was found 8.25 nm which was calculated
by Debye—Scherrer’s formula. The plausible reaction mecha-
nism for formation of AgCl NPs is presented in Scheme 1.
These results are compatible with the previous reports of Ag
and AgCl NPs synthesis using biological methods [23, 28]
and chemical method [32].

Morphology of nanoparticles

The shape, size, and distribution of the DX-Ag—AgCl NPs
were observed by TEM. In Fig. 4, the TEM image reveals
the synthesized NPs mostly spherical, and polydisperse. In
addition, the particle size was found to be in the range of
10-40 nm for DX-Ag—AgCl NPs. The polydisperse nature
of NPs is due to the formation of Ag and AgCl NPs. These
patterns were found to be well in agreement with those
observed from XRD peaks and demonstrate the crystalline
nature.

Zeta potential and particle size of nanoparticles

Zeta potential analysis was applied to determine the surface
overall charges on NPs [23]. The zeta potential value of syn-
thesized DX-Ag—AgCI NPs is —5.01 mV (shown in Fig. 5),
which indicates negative charges on the NPs. Distilled water
were used as a dispersion medium for zeta potential and
PSA analysis. Figure 6 indicates the histogram of synthe-
sized DX-Ag—AgCl NPs’ particle-size distribution. From
PSA analysis, it is observed that maximum NPs are in range
of 5-20 nm. This observation is compatible with NPs’ size
observed in TEM image.

Nanoparticle surface study by Fourier transform
infra-red (FT-IR) spectroscopy

The FT-IR measurement was carried out to determine the
presence of biomolecules on the nanoparticles copping
layer. In Fig. 7, the FT-IR spectra of DX and DX-Ag-AgCl
NPs suggested extensive similarities between the samples.
From the FT-IR studies, the characteristic bands for func-
tional groups of DX were identified, including O—H group
at 3318 cm™!, C=0 group at 1683 cm™!, and N-H group at
1573 cm™~L. In particular, the characteristic bands of DX at
1650 cm™! region related to the NH, group, which is known
to interact with HCI, cause a decrease in transmittance inten-
sity. On the other hand, the DX-Ag—AgCI NPs sample had a
more intense peak at 1650 cm™!' which corroborate the fact
that HCI has been removed from the molecular complex and
DX transformed to doxycycline monohydrate [33]. Forma-
tion of the doxycycline monohydrate from DX is presented
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Scheme 1 The possible reaction mechanism for synthesis of DX-Ag—AgCl NPs using DX and TMG

in Scheme 1. The present study results are compatible with
these results.

Plausible mechanism of DX-Ag-AgCl NPs formation

The plausible formation of AgCl NPs can be best explained
on the basis of Scheme 1. Here, the DX is the source of H*
(via HC1) which, under the reaction conditions, can react
with the TMG to produce the Lewis adduct and chloride
anion. The chloride anion thus formed reacts with the free
Ag* in aqueous medium forming the AgCl NPs. However,
the formation of Ag NPs can be best explained on the basis

of hypothetical mechanism reported previously, by the func-
tional groups (-OH) similarity of the DX with quercetin in
the leaf extract [34].

Antibacterial activity of DX-Ag—AgCl NPs

As a potential application, the DX-functionalized
Ag—AgCl NPs were tested as a bactericidal. Antibacte-
rial activity was performed by agar well-diffusion method
against Gram-positive (B. cereus KCCM 11773, B. subtilis
KCCM 11316, and S. aureus KCCM 40050) and Gram-
negative (E. coli KCCM 11234, K. pneumoniae KCCM

* @ Springer
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Fig.4 Transmission electron microscopy image of DX-Ag—AgCl NPs
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Fig.6 Particle-size analysis of DX-Ag—AgCl NPs synthesized using
TMG and DX

11418, and P. vulgaris KCCM 40211) pathogenic bacteria.
The antibacterial activity of DX and DX-Ag—-AgCl NPs
was observed after 24 h. Figure 8 shows the antibacterial
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Fig.7 Fourier transform infra-red spectroscopy of a synthesized
DX-Ag—AgCl NPs and b antibiotic DX
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Fig.8 Antibacterial activity of the DX-Ag—AgCIl NPs and DX against
pathogenic bacteria

activity of synthesized DX-Ag—AgCl NPs compared
with pure DX. The variation in the ZOI was noticed with
respect to the type of bacterium, which might be due to the
difference in the bacterial surface characteristics. Gram-
positive and Gram-negative bacteria differ in several ways
when looking at the cell wall. Gram-positive bacteria have
a thick, multi-layered peptidoglycan (negatively charged),
virtually none of lipopolysaccharide and presence of
teichoic acid; Gram-negative bacteria have a thin single-
layered peptidoglycan, which contains high lipopolysac-
charides and absence of teichoic acid. All these different
cell surface compositions make differences in the sensi-
tivity of bacteria to NPs and antibiotics [35, 36]. Table 1
shows the MIC and MBC of DX-Ag—AgCl NPs and DX,
which was obtained against Gram-positive and Gram-
negative pathogens. From these results, it is observed
that the growth inhibition of Gram-positive (B. cereus
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Table 1 Antibacterial effect of DX-Ag—AgCl NPs and DX on patho-
genic bacterial strains

Bacterial strains ug mL™!

DX-Ag- DX
AgCl NPs

MIC MBC MIC MBC

Gram-positive
Bacillus cereus KCCM 11773 1 1 05 1
Bacillus subtilis KCCM 11316 2 2 0.5
Staphylococcus aureus KCCM 40050 8 10 6 6
Gram-negative

Escherichia coli KCCM 11234 8 12 4 8
Klebsiella pneumoniae KCCM 11418 4 8 4
Proteus vulgaris KCCM 40211 1 2 05 2

KCCM 11773) bacteria inhibited at lowest concentration
of DX-Ag-AgCl NPs (MBC, 1 ug mL™"), while Gram-neg-
ative (E. coli KCCM 11234) bacteria inhibited at higher
concentration of DX-Ag-AgCl NPs (MBC, 12 ug mL™!).
When the antibacterial effect of the DX-functionalized
NPs is compared with that of DX alone, the amount of
DX required is equal or considerably lower. These find-
ings are in good agreement with the reported studies [16,
37, 38]. AgNPs are effective antibacterial agent, which
cause adverse toxic effect on bacterial cells [8]. It is well
known that the antibacterial activity of AgNPs is depend-
ent on their size and shape; smaller AgNPs shows more
bactericidal activity due to their more surface-to-volume
ratio [11, 39].

Conclusions

The study of a simple method for the synthesis of
DX-Ag—AgClI NPs using DX and TMG, which has an anti-
bacterial activity against Gram-positive and Gram-nega-
tive pathogens, has been described here for the first time.
Using the developed methodology, DX-Ag—AgCl NPs are
synthesized rapidly, in 5 min. The synthesized NPs were
spherical shaped with a size of 10-40 nm, and contained
Ag and AgCl. Further studies are required for the synthesis
of NPs with improved functions, and controlled shape and
size. Applications of NPs based on these findings may lead
to valuable discoveries in different fields such as medical
devices and antibacterial systems.
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