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ABSTRACT

Brucellosis caused by Brucella bacteria is an important public health problem throughout the

world. The aim of this study was the conjugation of doxycycline with silver nanoparticles to
evaluate its efficiency to kill Brucella bacteria. At the first, doxycycline molecules were
conjugated with silver nanoparticles and the interaction was approved by FT-IR analysis. The
antimicrobial activity of the doxycycline-silver nanoparticles conjugate was determined against
B. abortus 544 by agar well diffusion method. Minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of the conjugate were determined by macrodilution
method. Then, the infected animal model was used to study the antimicrobial effect of the
doxycycline-silver nanoparticles conjugate in vivo. The results showed the enhanced
antimicrobial activity of doxycycline-silver nanoparticles conjugate in comparison with
doxycycline or silver nanoparticles alone in vitro and in vivo.
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INTRODUCTION

Brucellosis is an important public health Indian Subcontinent, Mexico, and some parts
problem throughout the world, especially in of Central and South America (1, 2). In 1986,
the Mediterranean region, Arabian Peninsula, the World Health Organization (WHO)
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recommended the use of a 6 week course of
doxycycline plus rifampicin to provide a
totally oral regimen in the treatment of
human brucellosis (3). Roushan et al
reportedthe combination use of doxycycline
for 6 weeks plus streptomycin for 14-21 days
the highest rate of cure and the lowest rate of
relapse in 2006 (4).

antibiotic classes have been clinically tested

Numerous other

in the treatment of brucellosis (5). However,
the researchers believe that antibiotics not
suitable for brucellosis treatment. Therefore,
it is necessary to find a new treatment for
brucellosis (5). Doxycycline is a tetracycline
antibiotic with a potent antibacterial activity
against a wide variety of bacteria. However,
poor cellular penetration limits its use for the
treatment of infectious diseases caused by
intracellular  pathogens. One  potential
strategy to overcome this problem may be the
use of nanoparticles as a carrier that can help
to target the intracellular sites of infections
(6).Silver ions and silver salts have been used
for decades as antimicrobial agents in various
fields because of their growth-inhibitory
capacity against microorganisms. It is well
known that silver ions and silver compounds
have strong antimicrobial effects and many
investigators are interested in using inorganic
nanoparticles as antibacterial agents. The

antimicrobial properties of silver was

previously reported by Russell and Hugo in
1982 and these studies have established the
bactericidal effect of silver nanoparticles on
Brucella melitensis (8, 9).In this study, we
used glutathione for conjugation of silver
nanoparticles to doxycycline. Glutathione
(GSH) is an important antioxidant in plants,
animals, fungi and some bacteria and
archaea, preventing damage to important
cellular components caused by reactive
oxygen species such as free radicals and
peroxides. It is a tripeptide with a gamma
peptide linkage between the carboxyl group
of the glutamate side-chain and the amine
group of cysteine which is attached by
normal peptide linkage to a glycine (7). The
structure of glutathione was shown in figure
1.
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Figurel: The structure of glutathione
Greenhalgh et al. in 2009 prepared penicillin-

conjugated polyacrylate nanoparticles as a
new opportunity for development of a new
anti-MRSA agent (10). They reported high
activity of the

antimicrobial prepared

complex against methicillin-resistant
Staphylococcus aureus in comparison with
the non-conjugated form of the antibiotic. In
another study Haider Naqgvi et al. investigated

antimicrobial activity of the combined form
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of biologically synthesized silver
nanoparticles and different antibiotics such as
ciprofloxacin,

imipenem, gentamycin,

vancomycin, and trimethoprim against
multidrug-resistant bacteria and showed the
synergistic effect of the antibiotics and
nanoparticles  combination(11). They
concluded that silver nanoparticles can be
effectively used in combination with
antibiotics in order to improve their efficacy
against various pathogenic microbes (11).So
far,the antibacterial activity of doxycycline
conjugated with silver nanoparticles has not
been investigated.

MATERIALS AND METHODS

Materials and media

Doxycycline was purchased from Sigma
Aldrich, USA. Brucella abortus 544 was
bank of the

Tehran, Iran.

obtained from microbial
University  of Silver
nanoparticles was purchased from NanoNasb
Parscompany, Tehran, Iran in the size range
of 3-18 nm and the concentration of 4000
ppm. The female BALB/c mice (6-8 weeks
old and 25-35 g weight) were purchased from
institute Pasture, Tehran, Iran. All the other
chemical materials and microbial media were
purchased from Merck, Germany.
Conjugation of doxycycline with silver

nanoparticles

The conjugation of silver nanoparticles with
doxycycline was performed in four steps as
the followings:

1. Conversion of Lipoic Acidto 5-(1,2-

dithiolan-3-yl) pentanoyl chloride

Lipoicacid(1) was converted to lipoyl
chloride(2)to find capability for binding to
amino groups of doxycycline in the following
procedure:Lipoic acid (0.688 g, 3.33 mmol)
was dissolved in 15 ml of dry
dichloromethane (DCM) in 0°C. Then,4-5
drops of N,N-dimethyl formamide (DMF)
and oxalyl chloride (2.38 ml, 27.3 mmol) was
added to the solution. When the gas bubbling
was stopped, the solution was allowed to be
stirred for an additional 20-30 min under the
argon stream. Then,10 ml of DMF was added
to the solution and the mixture was
concentrated under the reduced pressure.
Next, the residue was further dried under
high vacuum at ambient temperature (12).
The crude product was used in the next step
without further purification (Figure2).

2. Binding of lipoyl chloride to

doxycycline
Trifluoroacetic acid (TFA) (0.58 ml, 4.16
mmol) was added dropwise to freshly
dissolved doxycycline (3) (2.77 mmol) in 30
ml of dichloromethane, and cooled to 0°C
under Nygasstream. Lipoyl chloride (2)(3.30

mmol) was re-dissolved in 5 ml of
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dichloromethane and added dropwise to the
solution. The solution was allowed to be
warmed to the ambient temperature
overnight. Then, the reaction mixture was
diluted with20 ml ethylacetate (EtOAc) and
the pH was adjusted to 2 using the aqueous

IN HCI. Next, the precipitate was filtered

OH O OH 0O o

(3

and rinsed with ethylacetate. Then, it was
washedusing50 ml of 1IN HCI and brine,
dried with Na,SO,, filtered and concentrated
under the reduced pressure to obtain (4)
(0.247 g, 27%) in powder form (12) (Figure
3).

0 oH 0O 0 o
oH

4)

Figure 3: Binding of lipoyl chloride(2) to doxycycline(3)

3. Coating of silver nanoparticles

with Glutathione
350ul of colloidal silver nanoparticles
(SNPs) was mixed with 350ul of
glutathione (GSH) and 100 mM of Tris-
HCI, and was allowed to react at ambient
temperature on a shaker for 3 days. The
product was precipitated and washed with
methanol  (3X) and collected by
centrifugating at 6000 g to obtain GSH-

SNP. The GSH-SNP was then resuspended
in 50% aqueous glycerol (12).
4. Conjugation ofSNP-GSH with
lipoyl chloride-doxycycline
GSH-SN Pandlipoyl chloride-doxycycline
were mixed in
(75:12.5:12.5, respectively) for 10 days.

Then, the solution was centrifuged at 4°C

methanol/H,O/glycerol

for 5 min at 13000 rpm. The supernatant
was removed and the product was washed

with methanol (3X)and centrifuged at
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mentioned conditions one more time. The
supernatant was removed and the
precipitate was kept for the next step. In
order to remove the non-conjugated silver
nanoparticles and free  doxycycline
molecules, the solution washed with
methanol (3X) and centrifuged at 4°C for 5
min at 13000 rpm. Then, the supernatant
was discarded and the precipitate was

dissolved in the deionized water(12).

FT-IR analysis
The FT-IR spectra of GSH, GSH-SNP,
doxycycline-Lipoylcholoride and

doxycycline-Lipoylcholoride-GSH-SNP
conjugate were recorded by Perkin-Elmer
Fourier transform infrared spectroscopy
(model FT/IR-Jasco 6300)to confirm the
formation of the complex (13).
Antimicrobial activity assessment

Well diffusion Agar assay

Muller-Hinton agar was supplemented with
1% of sheep blood. 5 mm diameter wells
were prepared and 1.5x10®CFU/ml of B.
abortus 544 suspension was cultivated in
plates with the sterile swab. Then, the wells
were loaded with dilutions of SNP-
to 1:256),

doxycycline, silver nanoparticles and normal

doxycycline conjugate (1:2

saline (control). The plates were incubated at
37°C under 7-10% COygas for 72 h. Then,

the zone of growth inhibition was measured

by a ruler (9, 14).This process was repeated
three times.

MIC and MBC determination assay

Serial  dilutions of  SNP-doxycycline
conjugate (1:2 to 1:256) were prepared in
Muller-Hinton broth supplemented with 1%
of sheep blood in tubes. Then, 5x10°CFU/mI
of B. abortus 544 suspension was added to
each tube and incubated at 37°C under 7-10%
CO; for 72 h. Next, the tubes were examined
for turbidity. The lowest concentration of
SNP-doxycycline conjugate that inhibited
growth of the bacteria was designated as
minimum inhibitory concentration (MIC).
For calculation of minimum bactericidal
concentration (MBC) of the conjugate, 0.1 ml
of inoculums from each tube was sub-
cultured on Muller-Hinton agar plates
supplemented with 1% of sheep blood (9,
15). The number of colonies on agar was
counted after 72 h of incubation at the same
conditions and compared with the number of
bacteria in the original inoculums. The lowest
concentration of SNP-doxycycline conjugate
that could kill 99.9 % of the bacteria was
determined as MBC. The above steps were
repeated for determination of MIC and MBC
of silver nanoparticles alone and doxycycline
alone for comparison.

Mouse Model
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The animal study was conducted in 4 arms
including: (@) SNP-doxycycline conjugate,
(b) silver nanoparticles alone, (c) doxycycline
alone and (d) normal saline (control). The
twenty BALB/c mice were injected
intraperitoneally ~ with
5x10°CFU/mI B.abortus 544 at the first day.

The mice were divided into 4 groups of

suspension  of

5mouse and 0.5 ml of MBC concentration of

the above treatments was injected
intraperitoneally to each group separately on
the second day. After 7 days, the mice were
killed with an anesthetic. Then, the mice
spleens were removed aseptically and each
was homogenized in 10 ml of sterile saline
buffer. Next, the suspensions of spleens were
cultured in plates containing Mueller Hinton
agar media. The plates were incubated at
37°C in the presence of 7-5% CO-gas for 72
h. Then, the bacteria colonies were counted
by streaking (14).

Statistical analysis

The results were analyzed by one way
ANOVA test by SPSS 18 software. P-value
in this test was less than 0.05.

RESULTS

FT-IR

The FT-IR spectrum GSH,GSH-SNP,
conjugated SNP-GSH with lipoyl chloride
andlipoyl chloride-doxycycline were shown
in figure 4.TheS-H vibration (2524 cm-1
band), which appears in GSH spectrum was
missed in GSH-SNP spectrum, because of the
new S-Ag’ bond. In GSH, the band at 1713
cm™ was attributed to the -COOH group of
the glycine residue, which is absent in GSH-
SNP. This indicates interaction of -COOH
with  metal ions. In lipoyl chloride-
doxycycline the S-S vibration frequencies
were appeared in 498 cm™. This band is
absent in conjugated SNP-GSH with lipoyl
chloride-doxycycline because of S-S bond

cleavage (figures 1-2).
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Figure 4: (A) FT-IR comparison of Glutathione (GSH) with Glutathione-Silver Nanoparticles (GSH-SNP)
and (B) doxycycline-lipoylcholoride with doxycycline-lipoylcholoride-GSH-SNP

Well diffusion agar assay

The agar-well diffusion assessment showed
that SNP-doxycycline conjugated has more
antimicrobial effect against B. abortus 544 in
comparison with silver nanoparticle or
doxycycline antibiotic alone. It can be seen
that the concentration of silver nanoparticles
and doxycycline in the conjugated formare a
half of SNP and doxycycline alone (Table 1).
MIC and MBC

The MIC and MBC of SNP-doxycycline
conjugate against B.abortus 544were 1:16
and 1:8, respectively. The results showed that

the SNP-doxycycline conjugate has more

antibacterial activity in comparison with
silver nanoparticles or doxycycline alone. So
that it can be seen that the concentration of
silver nanoparticles and doxycycline in the
conjugate reduced by half for the same
antimicrobial effect. The MIC and MBC
ofthe conjugate, silver nanoparticles and
doxycycline have been shown in table 2.
Mouse Model

The statistical analysis of in vivo results
showed that the SNP-doxycycline conjugate
sharply reduces the colonization of B.abortus
544.The results of colony counting in the

spleen culture were listed in table 3.
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Table 1: Antibacterial effect of silver nanoparticle (SNP)and doxycycline in different concentrations on Brucellaabortus

544.
SINEP S Doxwoerwcline IDiameter of
(Gohobsaly] (sl imnhibition =Zomne (Iairr)
4 i | Sl
s = 10O1
1= = 5 e et
1 = 2012
B= = 2542
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128 32 3S5SES
256 &< 4 O="7

Table 2: MIC and MBC of silver nanoparticles, doxycycline and the conjugate

Treatments MIC | MBC
Silver nanoparticles (ppm) 8 10
Doxycevceline (ug/ml) 8 16
SMNPs-doxvcycline SWNP (ppm) 4 4]
Conjugated
Doxvevceline 4 8
(hg/ml)

Table 3: Mean * Standard deviation of grown bacteria in spleen suspension culture

Brucella abortus 544
Groups CFU/Spleen
Silver Nanoparticles-Doxycyeline Conjugate 45+£8%
Silver Nanoparticles 521+156*
Doxycycline 18+2 x 10° *
Normal Saline (control) 3x 10191 .22 108

* Indicates a significant difference compared with control group.

DISCUSSION researchers are  searching for new
Due to the outbreak of infectious diseases antibacterial agents (15, 16). Antibiotic
caused by different pathogenic bacteria and resistance is a type of drug resistance where a
the development of antibiotic resistance, the microorganism has developed the ability to
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survive when exposes to an antibiotic. The
volume of antibiotic prescribed is the major
factor in increasing rates of bacterial
resistance rather than compliance with
antibiotics (16). In recent years increasing of
drug resistance of Brucella bacteria has
created many problems. So trying to find the
new treatments for brucellosis isone of the
World  Health

Organization (17).Silver nanoparticles have

top priorities of the

emerged up as the novel antimicrobial agents
owing to their high surface area to volume
ratio and its unique chemical and physical
properties (16). Previously, the highest
synergistic  antibacterial  activity = was
observed with silver nanoparticles combined
with some antibiotics such as penicillin G,
amoxicillin, erythromycin, clindamycin, and
vancomycin (18).Silver nanoparticles have
high affinity for binding to amino groups
after the sulfur groups(19). In this study,
doxycycline was attached to silver
nanoparticles to have a stable binding via the
lipoyl chloride. FT-IR results showed that the
conjugation of silver nanoparticles to
doxycycline has been carried out correctly.

Agar well diffusion method was performed to
evaluate the antimicrobial activity of the new
agent as well as its dependent agent B.
abortus 544(20). In the present study, it was

observed that with increasing of the

concentration  of  SNP-  doxycycline,

conjugated the bacterial growth was
decreased. These results are quite consistent
with findings of Ayala et al. in Mexico in
2009 (21).

Determination of MIC and MBC showed that
MIC fell by half in the conjugate. In2005,
Ping Li et al. attached the silver nanoparticles
to the p-lactam compounds. They found that
these complexes have more antibacterial
effect in comparison with  p-lactam
compounds and concluded that the p-lactam
and silver nanoparticles when complexed
together show synergistic effect (18). Also,
Shahverdi et al. in 2007showed that the
antibacterial activities of penicillin G,
amoxicillin, erythromycin, clindamycin, and
vancomycin were increased in the presence
of silver nanoparticles against
Staphylococcus aureus and E. coli. In their
study the highest enhancing effects were
observed for vancomycin, amoxicillin, and
penicillin G against S. aureus (23).Study of
antimicrobial effects of silver nanoparticles-
doxycycline conjugate in animal model
revealed that there were significant
differences between experimental group and
the control group. The results showed that the
numbers of bacteria grown out in the group

treated with doxycycline-silver nanoparticles
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conjugate was significantly less than other
groups.

CONCLUSION

Overall, the results of this study showed that
the  antimicrobial  effect of  silver
nanoparticles-doxycycline

than the

conjugate  was

greater silver  nanoparticles

ordoxycycline alone against B. abortus 544in

vitro and in vivo.
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