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Introduction

This study proposes an alternative approach for the use of chitosan silver-based dressing for
the control of foot infection with multidrug-resistant bacteria. Sixty-five bacterial isolates were
isolated from 40 diabetic patients. Staphylococcus aureus (37%) and Pseudomonas aeruginosa
(18.5%) were the predominant isolates in the ulcer samples. Ten antibiotics were in vitro tested
against diabetic foot clinical bacterial isolates. The most resistant S. aureus and P. aeruginosa
isolates were then selected for further study. Three chitosan sources were tested individually
for chelating silver nanoparticles. Squilla chitosan silver nanoparticles (Sq. Cs-Ag®) showed the
maximum activity against the resistant bacteria when mixed with amikacin that showed the
maximum synergetic index. This, in turn, resulted in the reduction of the amikacin MIC value
by 95%. For evaluation of the effectiveness of the prepared dressing using Artemia salina as the
toxicity biomarker, the LC;, was found to be 549.5, 18,000, and 10,000 pg/ml for amikacin, Sq.
Cs-Ag’, and dressing matrix, respectively. Loading the formula onto chitosan hydrogel
dressing showed promising antibacterial activities, with responsive healing properties for the
wounds in normal rats of those diabetic rats (polymicrobial infection). It is quite interesting to
note that no emergence of any side effect on either kidney or liver biomedical functions was
noticed.
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Egypt has more diabetic individuals then before [60] and
the amputation incidences accounted for up to 20% of

Diabetic neuropathy, peripheral vascular diseases, and
ischemia are usually the major factors involved in diabetic
foot ulceration (DFU), which represents one of the major
complications for diabetic patients [42]. Upon a polymicrobial
infection, these ulcers heal slowly and patients may suffer
more complication of the heavy exudate formation that
may lead to limb loss [48, 20]. Better understanding of the
pathophysiology and molecular biology of the bacteria
infecting these diabetic wounds may help for finding the
most efficient solutions for curing the diabetic ulcers and
for enhancing the healing process, and much more attention
must be paid to actively promoting the expression of
biological factors [38].
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hospital admissions. This may relate to barefoot walking,
inadequate facilities for diabetes care, low socio-economic
status, and illiteracy [50]. Patients became more vulnerable
to the acquisition of the methicillin-resistant Staphylococcus
aureus (MRSA) owing to long hospital stay and excessive
use of antibiotic therapy [28]. Infection with the multidrug-
resistant (MDR) Pseudomonas aeruginosa is increasing at an
alarming rate worldwide, especially through nosocomial
infections [31]. Moreover, about 30% of the DFUs are
associated with MRSA. DFUs with MDR bacterial infection
may result in worse consequences, which ultimately lead to
mortality [15].

Bacterial resistance to antibiotics poses a huge concern
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Table 1. Specific primers used to identify certain genes in MRSA and P. aeruginosa.

Strain Primer Sequence Gene Amplicon size (bp) Reference

S. aureus MecA-F GTA GAA ATG ACT GAA CGT CCG ATAA mecA 310 [9]
MecA-R CCA ATT CCA CAT TGT TTC GGTCTAA
FemB-F TTA CAG AGT TAA CTG TTA CC femB 365 [13]
FemB-R ATA CAA ATC CAGCACGCTCT

P. aeruginosa gyrB-F CCTGACCATCCGTCGCCACAAC gyrB 222 [23]
gyrB-R CGCAGCAGGATGCCGACGCC
ETA-F GACAACGCCCTCAGCATCACCA ETA 397 [35]
ETA-R CGCTGGCCCATTCGCTCCAGCG
oprL-F ATGGAAATGCTGAAATTCGGC oprL 504 [22]
oprL-R CTTCTTCAGCTCGACGCGACG
Pal6S-F GGGGGATCTTCGGACCTCA 165 rDNA 618 [53]
Pal6S-R TCCTTAGAGTGCCCACCCG

and treatment with any new antibiotic will eventually
result in the emergence of resistant bacterial isolates [58].
Chitosan has been successfully included in a wide variety
of pharmaceutical applications, such as transdermal drug
delivery carriers [10] and especially those used for wound
dressing [4]. Chitosan films also can be used as a proper
candidate in healing DFUs, which are common in patients
with diabetes mellitus. It works efficiently and in a faster
manner for combating long-term complications [32].
Chitosan-containing metal nanoparticles can significantly
overcome multiple drug resistance mechanisms, such as
uptake decrease and efflux increase of drug from the
microbial cell, and inhibit biofilm formation. Moreover,
nanoparticles target antimicrobial agents to the infected site
where higher doses of drug are successfully delivered [41].

Treatment of DFUs represents a challenge in the
development of new and widely satisfying wound dressings
[36]. Polysaccharide hydrogels are very convenient for
producing effective dressings. Hydrogel wound dressings
are available in different forms or as a spreadable viscous
gel of three-dimensional polymeric networks. They are
semipermeable to gases and water vapor and can provide a
moist and hydrated environment for the wound area [45,
49, 17]. Hydrogels can be the most effective form of chitosan
for chronic wound dressings that can provide completion
of the healing process for wounds of all requirements [54].

The present study aimed at finding a suitable and
effective formula for a potent antibacterial activity with an
effective healing of the infected diabetic ulcers.

Materials and Methods

Isolation of Clinical Samples

Bacterial samples were collected over a period of 6 months (July
to December), 2012, from forty diabetic patients admitted to the
Vascular Surgery Unit and the Diabetic Foot Unit, Alexandria
Main University Hospital, Faculty of Medicine, Egypt. Bacterial
samples were isolated from heel, dorsum, and amputation sites.
Bacterial isolation from the samples was performed by swabbing
[12], aspiration, and tissue biopsy [39]. All samples were
immediately transferred within 1-2 h to the laboratory, incubated
at 37°C for 24 h in sterile nutrient broth tubes, vortexed, and then
inoculated onto sterile blood agar plates using sterile swabs. All
bacterial samples were initially identified by gram-staining and
the application of routine biochemical tests. Selected bacterial
isolates of S. aureus and P. aeruginosa were also identified with the
API NE system (bioMerieux, Paris, France). The results obtained
were interpreted using the APILAB PLUS software (ver. 3.3.3,
France).

Identification of Bacterial Isolates by Polymerase Chain Reaction
(PCR)

Bacterial isolates were finally identified by PCR technique using
specific primers purchased from Sigma Aldrich, Germany (Table 1).
Genomic DNA was extracted according to the procedure given in
the protocol of the Gene Jet Genomic DNA Purification Kit
(Thermo Scientific) (Sigma Aldrich, Germany).

The PCR amplification process was carried out (using Maxima
hot start green PCR master mix kit; Sigma Aldrich) for 40 cycles of
95°C for 4 min, annealing at 59°C for 30 sec, and extension at 72°C
for 15 sec. After PCR amplification, to estimate the sizes of the
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amplification products, 5 ul was removed and subjected to agarose
gel electrophoresis (2% agarose, 1x Tris-buffered-EDTA, 100V,
90 min) and compared with a 1KB standard ladder (Qiagen,
Australia). The gel was stained with 10 ug/ml ethidium bromide,
and the amplicons were visualized using a UV illuminator. MRSA
ATCC 43300 was used as a positive control, whereas MSSA ATCC
25923 was used as a negative control for methicillin resistance.
P. aeruginosa ATCC 27853 was used as a positive control.

Antimicrobial Agents and Isolates Identification

The 10 antibiotics used in this study represent five antibiotic
groups (aminoglycosides, B-lactams, chloramphenicol, macrolides,
and quinolones). Antibiotics used were amikacin (30 pg/disc),
meropenem (10 pug/disc), cefepime (30 pug/disc), azetronam
(30 pg/disc), piperacillin (100 pg/disc), amoxicillin/clavulanic acid
(30 pug/disc), vancomycin (30 pg/disc), ciprofloxacin (5 pg/disc),
levofloxacin (30 pg/disc), and erythromycin (15 pg/disc). Antibiotics
were purchased from Novartis Pharma, Kahira Pharma, and Amria
Pharma Industrial Companies, Egypt. Antimicrobial activities of
the tested antibiotics were determined by Kirby-Bauer’s disc
diffusion method according to Clinical Laboratory Standards
Institute recommendations [7]. Inoculums sizes were adjusted to
0.5 McFarland turbidity standard for each bacterial isolate.

Chitosan Preparation

Chitosan was prepared by chitin deacetylation from crab
(Corystes cassivelaunus), shrimp (Palaemon serratus), and Squilla
(Squilla mantis). It was dissolved in 1% lactic acid. The degree of
deacetylation was the same for the three types of chitosan (85%).
The molecular mass amounted to 5,000 g/mol [16].

Antibacterial Activity of Chitosan

Antibacterial activity was assessed by application of the disc-
diffusion method [7]. Each disc received 10 ul of 6.9 mg/ml from
each chitosan source and was added to a plate inoculated with
tested bacteria, incubated at 37°C for 24 h, and the inhibition zone
diameter was measured in millimeter unit.

Preparation of Chitosan-Based Silver Nanoparticles

Nanoparticles were prepared from three crustaceans according
to Wie et al. [59] with some modifications. A solution of 52.0 mM
AgNO; and chitosan (6.9 mg/ml) was prepared and stirred well
until homogeneity. Modification was performed by adding the
prepared chitosan solution in sterile test tubes (1 ml) and then
different volumes of AgNO; solution were added (5, 10, 20, 30, 40,
and 50 pl). The previous step was repeated at a narrower scale by
adding 1, 2, 3, up to 10 ul of AgNO; to the chitosan solution. The
above-mentioned mixtures were kept standing for 12 h in 95°C.
The color of the solutions changed from colorless to light yellow
overnight after the reaction was initiated. They contained chitosan-
based silver nanoparticles, which were tested for antibacterial
activity. A modification step was performed by increasing the
temperature and time of the deacetylation process.
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Characterization of Silver Nanoparticles

Transmission electron microscopy (TEM). Silver nanoparticles
were characterized using a transmission electron microscope
(Joel-100 CX, Japan) at the Electron Microscope Unit, Faculty of
Science, Alexandria University, Alexandria, Egypt. The voltage
used was 25 KeV. The samples were dissolved in deionized water
and a drop was transferred onto copper grids pre-coated with
carbon for microscopic observation.

UV-visible spectroscopy (UV-Vis). For tracking silver nanoparticles
formation in the chitosan matrix, a UV-visible spectrophotometer
was used, using 2 cm quartz cuvettes with an optical path of 1 cm.
Determination of total silver concentration. Yellow solutions of
chitosan-silver nitrate solutions used in chitosan silver nanoparticles
synthesis were used for determination for total silver concentration.
Atomic absorption was used to determine the final concentration
of silver metal in the dressing preparation.

Combinational Antibacterial Effect of Antibiotics and Chitosan-
Based Silver Nanoparticles

Each antibiotic disc (6 mm inner dimension) received 10 pl of
each source of the chitosan-based silver nanoparticles. Discs were
then placed onto the inoculated plates (0.1 ml suspension containing
1 x 10° CFU/ ml) and incubated at 37°C for 24 h, and then inhibition
zone diameters if any were measured (in mm).

Synergetic/Antagonistic Indices
Synergetic/antagonistic indices were calculated according to
the following equation.

Practical results

Synergetic/antagonistic index = —
ynergetic/ & Additive results

The combinatorial activity among the tested antibiotics and the
three sources of chitosan-based silver nanoparticles was determined.
Synergetic effect was concluded if the index <1, antagonistic effect
if the index >1, and additive effect if the index =1. Practical or
additive results are expressed by the inhibition zone diameter
(measured in mm) [11, 21].

Minimum Inhibitory Concentration (MIC) of Amikacin

MIC values were determined by the broth-dilution method [1].
Inoculum sizes of the bacterial isolates were adjusted to 0.5
McFarland turbidity standard.

Effect of Nano-Formula on Cell Morphology of S. aureus and
P. aeruginosa by Scanning Electron Microscopy (SEM)

A mixed culture of S. aureus and P. aeruginosa was incubated
together with a chitosan-based silver nanoparticle formula (less
than MIC dose) at 37°C for 24 h. Bacterial pellets were fixed (2.5%
formaldehyde and 0.1 M sucrose) and incubated at 37°C for 1.5 h.
Then, fixed cells were dehydrated through gradient concentrations
of ethanol (70%, 80%, 90%, and 95%). Bacterial samples were
passed through sequential steps of air-drying, mounted on SEM
stubs, and gold coated for 5 min, creating a 20 nm gold layer for



SEM examination (Joel-JSM-5300, Japan) at the Electron Microscope
Unit, Faculty of Science, Alexandria University, Alexandria, Egypt.

Preparation of Starch Chitosan Hydrogel Dressing

Dressing preparation was performed according to Baran et al.
[5] with some modifications. Soluble starch was dissolved in
distilled water (5 mg/ml) and then sodium iodate (0.1 v/v) was
added. Reaction was continued for 30 min at room temperature
with occasional shaking. Glycerol was added (0.2 ml) for each
milliliter of reaction medium and mix for 10 min. Oxidized starch
(6 ml) was mixed with chitosan (20 ml, 1% (w/v)). Mixtures were
cast in plastic Petri dishes (10 cm’) and allowed to dry for several
days at room temperature. After drying, carbonate buffer (0.5 M,
pH 8.5) was poured over the membrane in a Petri dish and
incubated for 3h. A modification step was performed by
increasing glycerol and decreasing the starch volume added to the
dressing matrix. Formula was added (4 ml) before drying of the
membrane. Cubes of the dressing preparation (1.5 x 1.5 cm?) were
tested for their antibacterial activity.

Biotoxicity of the Prepared Dressing

The toxicity of the dressing components was tested against
Artemia salina as a toxicity biomarker. Different concentrations of
amikacin (2, 20, 200, and 2,000 pg/ml), chitosan silver nanoparticles
(6,900, 8,000, 15,000, and 18,000 pg/ml), and dressing matrix (starch
(5 mg/ml) + sodium iodate (10, 100, 1,000, and 10,000 png/ml)) were
prepared. Ten milliliters of a sterile brackish water was added in
20 ml glass vials. Ten Artemia salina nauplii were transferred to
each vial. The number of the viable biomarker was counted after
24 h of application of tested matter. The control vial contained
only brackish water, with 10 nauplii. The LCs, of this combination
(the concentration at which 50% of the biomarker nauplii individuals
died) was determined from the best-fit line obtained by using the
probit analysis method [30].

SEM of Cross-Section of Chitosan Hydrogel

Morphologies of the surface and the cross-section of the hydrogel
samples were visualized using a Joel JSM-5300 scanning electron
microscope (JEOL Technics Ltd., Japan) at the Electron Microscope
Unit, Faculty of Science, Alexandria University, Alexandria, Egypt.
The microscope had an accelerating voltage of 25 KeV after gold
coating for SEM observations at 5,000x and 15,000x magnification
powers.

In Vivo Potency of the Prepared Dressing

Forty-eight male albino rats (Rattus norvegicus albinus) weighing
150—180 g were used. All rats were adults of 4 months of age, kept
at 23-25°C and 10-14 h light and dark cycles. This experiment
was performed in an approved animal care center in accordance
with the rules of the ethics committee at Alexandria University
and the corresponding animal care protocol. Twenty-four rats
were normal non-diabetic (group 1), eight replicates for negative
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and positive controls and treatment. For induction of diabetes
mellitus, another set of 24 (group 2) were injected with alloxan
(40 mg per kg of body weight) (Sigma Aldrich, Germany) in their
penial vein [8]. After 48 h, blood sugar was analyzed with a blood
glucose monitoring system (On Call Plus, China). After confirmation
that group 2 was diabetic, rats were anesthetized with anesthetic
ether. For both groups, the dorsum surface was shaved of body
hair, the skin was disinfected with 70% isopropyl alcohol, and a
1 cm wound was made in the middle of the dorsum. Bacterial
suspensions of S. aureus (0.1 ml) and P. aeruginosa (0.1 ml) were
adjusted (0.5 McFarland turbidity standard) to correspond to
approximately 10° CFU/ml [6] and then vortexed and dropped on
the wounds. Negative controls from both groups were not
infected and not treated with dressing. Positive controls from both
groups were infected by the mixed culture of S. aureus and
P. aeruginosa and were not treated with dressing. Rats were
previously infected with mixed culture and treated with the
prepared dressing. It is worthy to mention that the change of the
dressing was on a daily basis. The wound healing rate (WHR) was
then calculated as follows: WHR (%) = A, - A,(100)/A,, where A,
is the wound area on day 0; n = day 2, 7, or 14 [29].

Effect of the Prepared Dressing on Some Parameters of Kidney
and Liver Functions

Blood samples were collected from the dorsal pedal vein into
clean tubes before and after 12 days of the dressing treatment [40].
Samples were stored in an icebox at —4°C until transferring to the
analysis laboratory. Samples were centrifuged for 3 min at 1,500 rpm
until clear sera were obtained. Analysis was performed within
24 h of blood collection using kits from Diasys Diagnostic Systems
for biomedical analysis (Star Dust FC, Germany) (n = eight for
each group).

Statistical Analyses of the Data

Data were analyzed using IBM (SPSS, 2012) software package
ver. 20.0. Qualitative data were described using number and
percent. Comparison between different groups regarding categorical
variables was tested using the Chi-square test. Statistical significance
was set at p < 0.05.

Results

Bacterial Isolates

Sixty-five clinical bacterial isolates were obtained from
40 patients. Thirty-seven isolates (56.9%) were proved to be
gram-positive bacteria and 28 isolates (43.1%) were gram-
negative bacteria. There were 24 isolates (37%) of S. aureus,
10 isolates (15%) of MRSA, 12 isolates (18%) of P. aeruginosa,
7 isolates (11%) of E. coli, 5 isolates (8%) of Klebsiella
pneumoniae, 4 isolates (6%) of Proteus mirabilis, and 3 isolates
(5%) of S. pyogenes. Of the cases, 62.5% were polymicrobial
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infections and 37.5% were mono-microbial infections.

Antibiotic Sensitivity Pattern of the Bacterial Isolates

A sensitivity profile was determined for the most six
resistant isolates of S. aureus (MRSA) and MDR P. aeruginosa
(three isolates each). The most resistant S. aureus and
P. aeruginosa isolated were selected for further study.
Vancomycin recorded the maximum average inhibition zone
diameter (16 mm), whereas cefepime and erythromycin
failed to show any antibacterial activity. All S. aureus
isolates were methicillin resistant by testing sensitivity to
methicillin and oxacillin. For P. aeruginosa, imipenem
recorded the maximum average inhibition (15.67 mm), and
there was complete resistance to cefepime, azetronam, and
erythromycin as no inhibition was recorded. All P. aeruginosa
isolates were multidrug resistant. Vancomycin and amikacin
had a significant effect over the rest of the antibiotics
against S. aureus and P. aeruginosa (p = 0.0253 and 0.0251),
respectively.

Molecular Identification of the Bacterial Isolates

Selected bacterial isolates were further identified by PCR
using specific primers for each (Fig. 1). All Staphylococcus
isolates in lanes 1-5 were proven to be S. aureus and
methicillin resistant, showing amplicon sizes of 310 bp and
651 bp (for mecA and femB primers, respectively), except
MSSA ATCC 25923, which showed the absence of mecA
gene. For P. aeruginosa, four primers were used to amplify
four highly specific gene fragments of P. aeruginosa (16S
rDNA, gyrB, oprL, and ETA), giving amplicons with sizes of
618,222, 504, and 397 bp, respectively in lanes 1—4.

Synthesis and Characterization of Chitosan-Based Silver
Nanoparticles

Silver nanoparticles were synthesized at 5 pl of silver
nitrate (golden color solution). Dark color solutions appeared
upon addition of 10 ul of AgNO, which indicated the
formation of silver oxide in nanoparticles synthesis. When
silver nitrate was added in a narrower scale, silver oxide
was formed at 6 pl of silver nitrate, which indicated that
5 pl of silver nitrate was the optimum volume for silver
nanoparticle synthesis. The size of particles was determined
for 100 particles as shown in the histogram, and ranged
from 6 to 9 nm in the chitosan solution (Fig. 2A). They were
also characterized by UV- Vis absorption, showing maximum
peak A, = 420nm, indicating the presence of silver
nanoparticles with a, spherical structure. There were not
any detected impurities, as there were clear sharp peaks at
different time intervals, which confirmed the stability of
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Fig. 1. Agarose gel electrophoresis patterns showing PCR

amplification products from different S. aureus and
P. aeruginosa isolates.

For S. aureus; M: (Marker) 1KB DNA ladder; Lane 1: MRSA 1; Lane 2:
MRSA 2; Lane 3: MRSA 3; Lane 4: MRSA ATCC 43300 (positive
control); Lane 5: MSSA ATCC 25923 (negative control). In the first
five lanes, the amplicon products of mecA are at 310 bp, which
disappeared in the fifth lane. The other five lanes; the amplicon
products of femB at 651 bp. In the case of P. aeruginosa; Lane 1:
P. aeruginosa 1; Lane 2: P. aeruginosa 2; Lane 3: P. aeruginosa 3; Lane 4:
P. aeruginosa ATCC 27853 (positive control). The first four lanes
represent the amplicon gene products of gyrB at 222 bp and the
second four lanes represent the amplicon gene products of ETA at
397 bp. The third and fourth four lanes are the amplicon gene
products of oprL at 504 bp and 16S rDNA at 618 bp, respectively.

the synthesized nanoparticles (Fig. 2B).

Antibacterial Activity of Chitosan and Chitosan-Based
Silver Nanoparticles

The total average inhibition zone diameter of bulk
chitosan for S. aureus and P. aeruginosa was 11.88 and 14.11
mm, respectively. The total average inhibition of chitosan-
based silver nanoparticles against S. aureus was 14.67 mm,
and for P. aeruginosa was 15.67 mm. For both S. aureus and
P. aeruginosa, Squilla chitosan and Squilla chitosan-based
silver nanoparticles exhibited the maximum average
inhibition. Chitosan silver nanoparticles showed more activity
than bulk chitosan. S. aureus showed more resistance
towards chitosan and chitosan-based silver nanoparticles
than P. aeruginosa (Fig. 3).

Determination of the Total Concentration of Silver Metal
Yellow chitosan-silver nitrate solution (Cs Ag’) gave a
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Fig. 2. Characterization of chitosan-based silver nanoparticles.
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concentration of silver equal to 5 ppm to be the total
concentration of silver in prepared dressing. The silver
metal concentration was measured in the chitosan silver
nanoparticle solution where 5 pul of silver nitrate was added
to chitosan.

Synergetic/Antagonistic Indices

Synergetic/antagonistic indices for evaluation of the
combinatorial activity among antibiotics and the three
sources of chitosan-based silver nanoparticles were
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Fig. 3. Comparison of chitosan-based silver nanoparticles
efficiency to the bulk chitosan against both S. aureus and
P. aeruginosa.

Cs: Chitosan. Av IZ: average inhibition zone diameter for most
resistant tested bacterial strains.

determined. Upon combination of the tested antibiotics,
individually and with each source of chitosan based-silver
nanoparticles, amikacin had the maximum average
synergetic/antagonistic indices with all sources of chitosan
nanoparticles for six isolates of both S. aureus and
P. aeruginosa, which were 1.460 and 1.523, respectively.
Aztreonam was antagonistic with all sources of chitosan
silver nanoparticles, giving an average index of 0.414 for
S.aureus and 0.801 for P. aeruginosa isolates, forming
the worst combinations (Fig. 4A). Squilla chitosan silver
nanoparticles showed maximum average synergetic/
antagonistic indices when combined with tested antibiotics
for S. aureus (1.225) and P. aeruginosa (1.321), with highest
synergy, followed by shrimp and then crab chitosan-based
silver nanoparticles (Fig.4B). Squilla chitosan nanosilver
showed maximum activity and synergy with amikacin
(1.57 and 1.6) for S. aureus and P. aeruginosa, respectively,
than shrimp and crab chitosan silver nanoparticles. This
combination was chosen as a potential formula (Fig. 4C).

MIC Values of Amikacin Against S. aureus and P. aeruginosa

The MIC values (Fig. 5) of amikacin for all bacterial
isolates decreased, after the combination of amikacin and
Squilla chitosan-based silver nanoparticles, from the total
average of 48 pg/ml to 2 pg/ml. The MIC for all bacterial
isolates decreased by 95% after the combination between
amikacin and Squilla chitosan-based silver nanoparticles,
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Amox/Clav: Amoxycillin/Clavulanic acid.

confirming that the antibacterial activity is synergetic.
Impact of the Suggested Formula on Bacterial Cell

Morphology
After formula addition in a concentration less than the
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MIC dose, the bacterial cells (S. aureus and P. aeruginosa)
were completely lysed and lost their structural entity
(Fig. 6B). For S. aureus, the cell wall seemed rough and
shrinking (arrow) at 15,000x magnification (Fig. 6C). In the
case of P. aeruginosa, the cell wall was ruptured, forming
holes (arrow), with magnification of 35,000x (Fig. 6D),
compared with the intact control cells (Fig. 6A).

Evaluation of Hydrogel Dressing Preparation

The prepared hydrogel dressing (flexible and semi-
transparent) was assessed for its antibacterial activity
against the bacterial isolates. The inhibition zone diameter
(in mm) for P. aeruginosa 1 amounted to 65 mm, P. aeruginosa
2 was 56 mm, S. aureus 1 was 59 mm, and S. aureus 2 was
50 mm. Regarding the inhibitory activity of the hydrogel
dressing, the application of dressing treatment resulted in
an increase in the activity by 3.9-fold compared with the
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Fig. 6. Scanning electron micrographs of (A) mixed culture of S. aureus and P. aeruginosa (control), (B) after treatment for 24 h with
the suggested formula, (C) treated S. aureus cells, and (D) treated P. aeruginosa cells.

application of amikacin alone.

Toxicity Test on Artemia salina Biomarkers

The LCs, was found to be 2.74, 4.255, and 4 for amikacin,
Squilla chitosan-based silver nanoparticles + 5 ppm Ag’,
and dressing matrix (sodium iodate + starch), which were
equivalent to the concentration of 549.5, 18,000, and
10,000 pg/ml, respectively. All used concentrations were
quiet safe and much lower than the LCj,

Morphology of Hydrogel Dressing

Scanning electron micrographs of the hydrogel exhibited
silver nanoparticles embedded into a smooth porous
surface. A cross-section of the sheet showed large pores
and tubules (arrows) with spongy appearance, which
showed the porosity of the dressing and the cross-linking
between main composing polymers (chitosan and starch).

Response of Wound Healing Rates to the Prepared
Dressing Application

After bacterial infection, symptoms developed, such as
swelling in skin around the wound area, appearance of
green exudates, pus formation, and skin dehydration.
Prepared dressing had antibacterial and healing effects on
the infected wounds (with mixed bacterial culture) for both

non-diabetic and diabetic rats. There was no sign of skin
redness (flushing) and irritation. Dressing treatment showed
significant wound healing rates (p = 0.0042, 0.001) compared
with negative and positive control non-diabetic groups and
diabetic ones (p = 0.0021, 0.001), respectively. Diabetic rats
showed slower impaired wound healing than normal ones.
Treated, and negative and positive control diabetic rats had
lower wound healing rates compared with the normal
ones, by 26.8%, 32.5%, and 49.4%, respectively, on the third
day. However, on the sixth day of follow-up, the percentage
decreases were 16.7%, 22.8%, and 50.1%, and were 3.5%,
11%, and 10.2% on the eleventh day of follow-up (Figs. 7
and 8).

Effect of Dressing Application on Kidney and Liver
Functions

All parameter levels of blood urea nitrogen, ALT (alanine
aminotransferase), AST (aspartate aminotransferase), serum
creatinine, serum uric acid, and total bilirubin for the
experimental rats were found to be within the normal
range. There was no significant change in the tested
parameters before and after treatment for non-diabetic and
diabetic rats (p < 0.05) at 0.05 level and there was no sign of
nephrotoxicity, which confirmed the safety of the dressing
treatment on kidney functions. Moreover, the dressing
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Fig. 7. In vivo evaluation of the application of the topical hydrogel dressing on wound healing of normal and induced diabetic

experimental rats.

Wounds were about 1 cm in diameter and photographed with a digital camera.
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Fig. 8. Response of wound healing rates to the topical dressing
treatments in the treated and control groups.
Results are presented as the mean + SD (1 = 8). Each point represents

the mean percentage of wound healing rates.

preparation had no adverse side effects on liver biomedical
functions (Table 2).

Discussion

Combinational therapy and nano-dressing are the most
safe alternative approaches than conventional antimicrobial
agents. This approach holds promise in that it seeks
complete infection recovery without selection pressure that

J. Microbiol. Biotechnol.

leads to the emergence of resistant strains and for not
forcing a patient to lose a part of the body. Both MRSA and
P. aeruginosa were the most distributed and the main
causative agents of the infected ulcers. Similarly, Sugandhi
and Prasanth [55] recorded that out of 51 bacterial isolates,
S. aureus (41%) and P. aeruginosa (35%) remained the
causative agents of diabetic foot ulceration compared with
the other species such as Enterococcus spp. (4%), E. coli (4%),
Salmonella spp. (4%), Bacillus spp. (4%), Micrococcus spp.
(2%), Listeria spp. (2%), Shigella spp. (2%), and Proteus spp.
(2%). The antibiotic sensitivity pattern was similar to the
present study in choosing amikacin as one of the most
effective antimicrobial agents against different bacterial
species.

The identification of S. aureus (MRSA) was carried out by
the PCR technique using specific primers to certain genes
for S. aureus species (femB) and for the identification of
methicillin resistance (mecA gene). As approved by Jonas et
al. [19], were confirmed reliable results for MRSA
identification within 18 h with the application of duplex
PCR of mecA and femB. Lin et al. [26] also developed a
duplex regime for the PCR assay for rapid microbial
detection of S. aureus and P. aeruginosa, using the femB gene
of S.aureus and the DNA gyrase subunit B gene of
P. aeruginosa. Moreover, P. aeruginosa isolates were identified
in this study via specific gene fragments; namely, 165
rDNA, gyrB, oprL, and ETA. Anuj et al. [3] proved that the
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Table 2. Kidney and liver function parameters for both non-diabetic and diabetic rats before and after dressing application.
-ve control +ve control Before -ve control +ve control After
treatment Treatment
Non-diabetic =~ BUN (mg/dl) 15.6 £ 0.7 16.5+1.0 15.8 +1.19 16.0 £ 1.0 16.9 0.8 16.6 +1.18
Serum creatinine (mg/dl) 0.43 +0.05 0.48 +.062 0.47 +0.05 0.44 +0.05 0.49 +0.06 0.49 +0.06
Serum uric acid (mg/dl) 1.63 +0.14 1.5+0.1 1.56 +0.2 1.6+0.1 1.65+.0.11 17+0.1
Total bilirubin (mg/dl) 0.24 +0.02 0.25 +.04 0.24 .03 0.24 £0.04 0.26 + .04 0.25 +.03
ALT (U/]) 18.76 + 1.3 186+1.2 19.48 + 0.99 19.1+£1.34 19.6 £ 1.33 193+£1.3
AST (U/]) 496+17 52+1.0 467 +12 52+20 50 £ 1.0 4725+1.8
Diabetic BUN 16 £ 1.0 153+ 0.6 15.7 +0.57 15.7 +1.15 15.6 +1.15 17 £1.7
Serum creatinine 0.58 = 0.06 0.61 +0.07 0.65 +0.04 0.59 +0.07 0.63 +0.8 0.66 + .02
Serum uric acid 1.64 +0.11 1.57 +0.09 1.6 £0.12 1.75+0.07 161 1.63+0.14
Total bilirubin 0.26 + .02 0.26 +0.03 0.25 +0.04 0.24 +0.03 0.28 +0.03 0.26 +0.04
ALT 1893 +1.2 19.1+1.8 19.63 +1.3 195+1.8 18912 19513
AST 502+ 1.6 512+0.5 5317 512+1.16 50.7 £ 0.65 47824

BUN = blood urea nitrogen.

ALT = alanine aminotransferase.

AST = aspartate aminotransferase.

N.S.: Nonsignifican.

All values are presented as the mean + SD (standard deviation).

gyrB gene coding a type II topoisomerase is a better
candidate for bacterial species identification. De Vos et al.
[10] concluded that the specificity of the oprL gene-based
PCR for P. aeruginosa eliminated the chances for the
emerging of false-positive results of closely related species.
Hussien et al. [18] evaluated the specificity of the ETA gene
in the identification of P. aeruginosa and the results yielded
96% to 100% specificity using specific primers to certain
ETA gene fragments.

Exhibition of chitosan antibacterial activity against six
resistant bacterial isolates is due to attraction to negative
cell-walled bacterial cells adsorbing bacteria on their
surface, as it is the only cationic natural polymer. This can
be further explained on the grounds proposed by Lee et al.
[24] who stated that the positive charge of chitosan allows
for electrostatic interactions between positively charged
polymer and carboxyl-negative charge on the bacterial cell.
The activity of chitosan molecules was enhanced by their
chelation to silver nanoparticles. Mock et al. [33] stated the
synergetic effect between chitosan acetate and nanoparticle
silver on MRSA, A. baumannii, P. mirabilis, and P. aeruginosa
by enhancing bacterial cell wall permeability. Silver
nanoparticles could also increase the activity of antibiotics
in a similar study by Mohammed [34], who studied
gentamicin (an aminoglycoside with a very similar
structure and same active groups as amikacin) with silver
nanoparticles against the MRSA isolate. The antimicrobial

activity of gentamicin increased because of its combination
with silver nanoparticles, which may be due to interaction
of the active groups in the antibiotic molecules such as
hydroxyl and amide groups present, which chelate silver
nanoparticles. In a similar study by Gohar et al. [14],
combination of Squilla chitosan as a capping agent to silver
nanoparticles showed the highest synergetic indices with
cephradin and piperacillin, separately against diabetic foot
bacteria. The reduction in the MIC value by 94% for gram-
positive bacteria and 88% for gram-negative bacteria was
attained. In this study, the synergy between the formula
components resulted in the decline of MIC value by 95%
against all clinical isolates.

As evidenced by the SEM study, bacterial cells from both
species lost their structural entity when exposed to the
proposed formula for 24 h, leading to cell wall roughness,
shrinkage, and disaggregation for S. aureus clusters, and
forming large holes in the outer wall layer for P. aeruginosa.
These results matched the observations reported by Tao et
al. [57] about bacterial cells rupturing after the exposure to
chitosan for 20 min. On the other hand, Regiel et al. [43]
observed an increased roughness of the cell surface,
appearance of filaments, presence of pits in the cell wall,
and complete lysis of cells for S. aureus and E. coli upon
exposure to chitosan films containing silver. Sondi and
Salopek-Sondi [52] have explained that the antimicrobial
inhibitory effect of silver nanoparticles resulted in the

February 2016 | Vol. 26 | No. 2
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formation of “pits”” in the cell wall of bacteria and this is
concentration dependent.

Amikacin is considered the most potent aminoglycoside
with broad-spectrum activity, especially against gram-
negative rods. Amikacin is proved as an effective antibiotic
[44, 47, 56, 61] for the treatment of patients infected with
gram-negative bacteria, even for those suffering bacteremia
caused by gentamicin-resistant bacteria. Combinations of
amikacin with doripenem, colistin, or levofloxacin were
synergistic against 100 P. aeruginosa isolates [56]. Savov et
al. [47] demonstrated that there was a significant decrease
in MICs for amikacin and ampicillin/sulbactam compared
with the MIC values of each antibiotic alone against 52
strains of multi-resistant A. baumannii, showing a synergistic
effect against 98% of the isolated strains. Rey-Jurado et al.
[44] stated that the drug combination of amikacin,
levofloxacin, and ethambutol was the best choice over all
the tested combinations, with a mean decrease of log 5.84
CFU/ml against 12 isolates of Mycobacterium tuberculosis. In
vitro synergy of bactericidal activities upon combination of
amikacin with a Chinese drug was beneficial for the
combinatorial therapy of MRSA infection [61].

Based on the above-mentioned results, the proposed
formula (amikacin (4 pg/ml) + Squilla chitosan-based silver
nanoparticles (5ppm Ag in 6.9mg/ml chitosan)) is
recommended for the treatment of MRSA and P. aeruginosa
chronic wound infection. Sasikala and Durai [46] reported
that hydrogel sheets produced from chitosan promote
significant wound contraction and healing process in
tested Wister rats. Lee et al. [25] showed the effectiveness of
chitosan alginate hydrogels on wound healing progress in
a type 1 induced diabetic rat model, which exhibited a
higher wound healing rate than the conventional hydrogels.
Anisha et al. [2] showed the potential antimicrobial activity
of the wound dressing of chitosan-hyalurunic acid/nAg
composite sponges for DFU infected with resistant S. aureus,
MRSA, P. aeruginosa, and K. pneumonia. The amikacin dose
used in this dressing preparation (4 ng/ml) is much lower
than the prescribed dosage of the topical antibiotic
(125 mg/ml). It is reported that higher doses of amikacin
(as an aminoglycoside antibiotic) can lead to nephrotoxicity
[37, 51]. After therapy initiation, nephrotoxicity is termed
as an increase of the serum creatinine by 0.5 mg/dl or 50%,
whichever is greater, [27]. In this current study, treatment
by this proposed dressing preparation did not show any
sign of nephrotoxicity. It was also proved safe for liver
biochemical functions.

In conclusion, this study proposed a safe new formula of
Squilla chitosan silver-based nanoparticles in hydrogel

J. Microbiol. Biotechnol.

dressing form, which may have multi-functions. To the
best of our knowledge, this formula has not been reported
elsewhere, especially for the rare use of Squilla chitosan or
against polymicrobial infections. It may propose a promising
and successful healing regime by overcoming the resistance
of MRSA and P. aeruginosa inhabiting diabetic foot ulcers.
One more advantage to this study is the use of the lowest
concentration of amikacin compared with the concentrations
reported in other published studies. Although it could be
applied as a promising dressing, further studies are still
required to prove its clinical significance, and this dressing
can be envisioned to other different wound types.
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