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ABSTRACT
Different types of wounds and the complications arising from them including multi-drug resistant bacterial infections
cause prolonged morbidities and high rates of mortalities resulting in worsening economic stability and hospital
systems in developing countries. The management of wounds is a complex process as they provide typical environment
for the colonization of contaminated microorganisms including normal floral members with abundance of nutrients,
optimal physical conditions, and lesser resistance by the weaker host immune system. Several different types of
Gram-positive and Gram-negative bacterial species have been isolated and the infections by the so-called notorious
“ESKAPE” pathogens viz. Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacter species/ Escherichia coli are more serious because of their
extensively drug resistance nature. Silver and its various compounds were used in the management of wounds since
time unknown and the silver nanoparticles (AgNPs), in recent decades, have shown potential, promising activities
against most of the drug-resistant bacterial pathogens. When conjugated with protein-based compounds like
antimicrobial peptides (AMPs – which are known for their potential antimicrobial properties), AgNPs were reported
to have shown enhanced activities against pathogens. So, the present study was designed to isolate and identify
predominant bacterial pathogens from different types of acute and chronic wounds (as accident/trauma, diabetic
wounds/ulcers and burn wounds) from the in-patients at a tertiary care hospital and to analyze their responses in
in vitro to AgNPs, AMPs, AgNP-AMP conjugates and to the wound healing spacer materials coated with AgNP-AMP
conjugates. The results were highly encouraging in observing that the AgNPs, AMPs and their conjugates have shown
potential activities against the predominant members of the isolates. When coated with the AgNP-AMP conjugates,
the wound healing spacer materials could prevent the bacterial growth with a wider inhibition zone than in any of
the other cases. So, we realize and recommend that these materials should be investigated more for the benefit of the
communities in developing countries.
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INTRODUCTION

Wounds, which are the disturbances or
destructions in the structural integrity of the

dermal tissues are broadly classified as acute
(like trauma, burns, surgical etc.) or chronic (like
pressure sores or bed sores, diabetic wounds of
foot (DFUs) etc.), pose a considerable threat to
the healthcare and economic system all over the
world [1-3] and the infections and complications
arising from such wounds are considered as one
of the major causes of prolonged morbidities
and high rate of mortalities in developing
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countries [4-6]. The management of different
types of wounds is a complicated process as the
wound healing has several interrelated cellular
and extra-cellular phases as inflammatory,
proliferative and remodeling [2,3].

As the hypodermis being exposed and the host
immune system is compromised [7], the wound
formation provides an optimal, favorable
condition with moisture, optimal temperature,
and rich nutrition [4,8] for the contaminated
microorganisms to grow and colonize and to
proliferate, thereby increasing the chronicity
of the wound and making the healing process
complicated and delayed [9,10]. Also, other
factors like the site of wound, its depth, and
dimensions along with the type of contaminating
microbes also play an important role in deciding
the fate of wound healing [6,11].

The microorganisms can reach the wound site
from the environment or from the adjacent
skin or from the internal environment like
mucosa [7]. Thus, once the wound infection–
pathogenic microbial proliferation of cutaneous
and subcutaneous soft tissues and the microbes
including pathogens invade into the viable, inner
tissues [6,12]. When the bacterial members are
of antimicrobial resistant (AMR) or multidrug
resistant (MDR) strains, they bring about serious
complications resulting in prolonged morbidity
and high costs of healthcare [6,13]. Several
bacteria including MDR strains have been
isolated from such wounds and the common
ones include Gram-positive bacterial species
like Staphylococcus epidermidis, Staphylococcus
aureus, Streptococcus pyogenes and other
Strptococci and Enterococci, and Gram-negative
species like Klebsiella pneumoniae, Pseudomonas
spp., Escherichia coli and Proteus spp. [4,6,14].
Among these bacteria, according to the Infectious
Diseases Society of America–IDSA, there are five
prime members which require special attention
as they pause bigger threat [15] by managing
to “escape” the actions of antimicrobial agents
thereby forming a group of MDR (multidrugresistant) and XDR (extensively drug-resistant)
pathogens, causing two-third of all healthcareassociated infections (HAIs). They are dubbed
as “ESKAPE” pathogens and are: Enterococcus
faecium (E), Staphylococcus aureus (S), Klebsiella
pneumoniae (K), Acinetobacter baumannii (A),
Pseudomonas aeruginosa (P) and Enterobacter
species/ Escherichia coli (E) [16,17].
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Recorded as early as 1850 BC, in Egypt, the metal
silver has been used in wound management
and its advantages have been described by
Hippocrates in his textbooks [2]. Even though
the discovery and wide application of antibiotics
made the silver usage less popular, now, in recent
decades, the scientific world is analyzing metals
and compounds of natural backgrounds including
silver, in the wake of widespread resistance of
various pathogens against antibiotics [2,18]. The
potentials of silver nanoparticles (AgNPs) as a
promising antimicrobial agent have been proven
in several studies [16,18] and are in application
level [19]. Thus, the nanoscience provides metal
nanoparticles with unique mode of action for
improved and fastened wound healing both in
acute and chronic complications [2,19,20]. When
these nanoparticles are embedded and coated
with biomaterials like wound healing spacer
materials, it has been noted that the overall
process of wound healing is further improved
[20,21].

Antimicrobial peptides (AMPs), otherwise
known as "natural antibiotics" [22] are relatively
short, evolutionarily conserved amino acid
hydrophobic residues with an overall positive
charge [23,24]. In marine invertebrates, these
AMPs are the prime actors of the only defense
mechanism–the innate immune system and
have shown a broad spectrum of potentials
against all the microorganisms including
pathogens from bacteria, viruses, and fungi
[25-27].
The studies on the interaction between different
proteins like AMPs and silver nanoparticles
have proven that, such conjugations enhance the
biocompatibility of the nanomaterial thereby
increasing its antimicrobial activities. Complex
compounds like peptides, proteins and even free
amino acids have been found to have control
over the structure of the silver nanoparticles at
the time of its synthesis and can improve the
stability in different situation [28,29]. Also, it is
interesting to note that the bio-functionalized
silver nanoparticles can detoxify and remove
the endotoxin, which in turn, promising their
potential in various applications [30,31]. Thus,
the present study was designed to isolate and
identify prominent bacterial pathogens from
different types of wounds from the in-patients
of a tertiary hospital and to analyze the activity
of wound healing spacer materials coated
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with green synthesized silver nanoparticleantimicrobial peptide (AgNP-AMP) conjugates
against these isolates.
MATERIALS AND METHODS

J Res Med Dent Sci, 2021, 9 (4):501-510

Harbor, Kozhikode, Kerala, India. The specimen
was identified by the scientists at the Calicut
Centre CMFRI (Marine Fisheries Research
Institute) and confirmed at ZSI (Zoological Survey
of India) center, Kozhikode, Kerala.

Extraction, green synthesis, and characterization of
AgNPs [32]

Extraction and purification of antimicrobial peptides
(AMP) from Loligo duvauceli Orbigny [33,34]

The selected plant material-mature plant of
Picrorhiza kurroa Royle ex Benth was collected
from Narikkuni, Kerala and was identified on
30/09/2017 by Dr. Shamna, Pharmacologist,
MVR Ayurvedic Medical College, Kannur, Kerala,
India. 20 gm of the plant material was properly
washed with de-ionized water for four times
and air dried. The material was the finely cut
and mixed with 100 ml of water (deionized)
and stirred for 20 min at a temperature of at
60°C, and then boiled. It was then cooled to
room temperature and a filtered to 75ml and
kept at 40C for further use. Then, 5mL of plant
broth was mixed with 45 ml of AgNO3 (0.01M,
99.99%) aqueous solution, and then kept at
ambient condition for reaction. The color change
of the mixture to dark brown was an indication
of AgNP formation. The solution of AgNPs was
centrifuged and the excess liquid was evaporated
using a dryer to get silver nano-powder with black
color. It was stored in a dry place. The integrity
and morphology of the AgNPs were analyzed
and recorded by standard procedures and
protocols including field emission scanning
electron microscopy (FESEM with TM-1000,
Hitachi, Japan). Also, the silver nanoparticle’s
UV-visible absorption was analyzed with a UVVis spectrophotometer (Shimedzu 2400). The
particle size was also determined. The FTIR
spectroscopy of the green (Picrorhiza kurroa)
synthesized silver nanoparticle composite
was performed with the equi-grams (100gm)
of the product and the spectral grade KBr and
pressed under hydraulic pressure. The FTIR
spectra were recorded in the 4000-400 cm-1
range.

20 g of the tissue samples of the marine
invertebrate - Loligo duvauceli Orbigny
(common squid) was taken and homogenized
in 200 ml of 0.2 M sodium acetate, 0.2% Triton
X-100, and 1 mM phenyl methyl sulfonyl fluoride
which is used as the extraction medium. Then,
at 20000Ug, the homogenate was centrifuged
for 30 minutes using Himac SCR20BR. After
homogenization, the supernatant was collected.
Using ion-exchange chromatography, the
purification of the crude extract was done, and
the fractions were collected separately.

Selection, collection, and identification of marine
invertebrate

Based on the available research reports on the
antibacterial potentials of the antimicrobial
peptides (AMPs) from marine invertebrates, the
source showing remarkable activity was selected.
Thus, live specimens of the common squid-Loligo
duvauceli Orbigny-was collected from Fishing

Preparation of AMPs-AgNP conjugates

The anti-microbial peptides-silver nanoparticles
were prepared (AMPs-AgNPs) conjugates were
prepared mixing them in the ratio 1:1 (100 mg of
AMPs was mixed in 1 ml of sterile distilled water
and 100mg AgNPs was added drop wise. It was
stored for further analysis.
Isolation of bacterial species from common wounds
[35]

The clinical samples were collected from
different types of wounds and various wound
sites of in-patients in the trauma care and the
burn unit at the Government hospital, Erode,
reported between June and December 2017.
The samples were processed, cultured and
the isolates were identified using standard
procedures and protocols.
Activity of AMPs-AgNPs conjugates against selected
wound bacterial isolates

The activity of the AMPs-AgNPs conjugates
was tested against ESKAPE members of the
predominant isolates from the wounds using
standard protocol. Sterile Nutrient Agar media
(Composition g/L: Peptone: 5; Beef extract:
3, Sodium chloride: 5, Yeast extract: 5, Agar
15 and final pH adjusted to (7.0 ± 0.2) were
prepared and the plates were solidified. Using
a pre-calibrated sterile inoculation loop, 0.1%
inoculum suspension, from each of the test
bacterium was uniformly swabbed on the agar
surface. Wells with a diameter of 6mm were
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Distribution of predominant bacterial pathogens in
wound isolates

prepared on the agar surface using sterile
procedures. These well were loaded with the
conjugates at a volume of 50µl each and the
plates were incubated at 370C for 24–48 hours.
The plates were observed for the formation
of inhibition zones and were measured and
recorded in millimeter.

From the total of 83 wound swab samples
collected, the identified bacterial pathogens were
classified as Gram negative and Gram positive.
The predominant ones were taken as they were
the members of most antimicrobial resistant
(AMR) ESKAPE species. Their distribution was as
follows: Gram positive species of Staphylococcus
aureus (80.2%), Enterococcus spp. (9.9%)
and others the remaining (9.9%). Among the
Gram-negative species, Escherichia coli showed
the highest presence (29%) followed by
Pseudomonas aeruginosa (22%) and Klebsiella
pneumonia (19.7%), Acinetobacter baumannii
8.2% and others with an occurrence of 21.1%.
Around 62.5% of the total bacterial isolates were,
virtually, the members of ESKAPE pathogens
and the list of the bacteria from different wounds
have been shown in Table 1 and the graphical
representation of the percentage of individual
ESKAPE member in Gram positive and Gramnegative groups have been shown in Figures 2
and 3.

Anti-ESKAPE activity analysis wound healing spacer
materials coated with AMP-AgNP conjugates

The wound healing spacer materials were
coated (by a standard dip-coating technique)
with the conjugates. The coated spacer materials
were cut into discs (20mm) and anti-bacterial
activity was observed using disc diffusion
method. The anti-ESKAPE testing was done by
using the standard AATCC – 147 test methods
(Parallel streak method) with the basic principle
described elsewhere in this work.
RESULTS

Analysis of the green synthesized AgNPs

The
green
synthesized
AgNPs
were
topographically analyzed for their structural
integrity, particle size and stability by FESEM,
UV-Vis Spectrum (absorption peak at 278 nm.
and the FT-IR which showed the FT-IR response
as shown (Figure 1).

Anti-ESKAPE activity of AMP-AgNP conjugates

The AMPs-AgNPs conjugates shown enhanced
activity against all the ESKAPE pathogens. The
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Figure 1: FT-IR analysis of Picrorhiza kurroa -AgNPs.
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Table 1: Distribution of bacterial species in common wounds (the bacteria shown in gray shade are ESKAPE members).
Accident/trauma

Diabetic wound/ulcers

Burn wounds

S. aureus

S. aureus

S. aureus

E. faecium

E. faecium

S. epidermidis

P. aeruginosa

S. pyogenes

P. aeruginosa

E. coli

S. mutants

E. coli

K. pneumonia

P. mirabilis

K. pneumonia

S. viridans

E. coli

P. mirabilis

P. mirabilis

K. pneumonia

Acinetobactor sp.

Acinetobactor sp.

S. epidermidis

E. faecium

Figure 2: Distribution of percentage of Gram positive ESKAPE members in wound isolates.

Figure 3: Distribution of percentage of Gram negative ESKAPE members in wound isolates.

zones of inhibition formed was measured as
22mm ± 0.0 mm against Enterococcus faecium,
23mm ± 1.15 mm against Staphylococcus
aureus, 22mm ± 1.15 mm against Klebsiella
pneumoniae, 21mm ± 0.0 mm against
Acinetobacter baumannii, 21mm ± 1.15 mm
against Pseudomonas aeruginosa and 24mm
± 0.0 mm against Escherichia coli. The highest
inhibitory zones were obtained against E. coli.
Thus, the order of organisms based on inhibitory
zones was found to be E. coli.>Staphylococcus
aureus>Enterococcus faecium=K. Pneumonia>P.
aeruginosa=A. baumanii. The results have been
shown in Table 2. Results showing a comparative
analysis have also been shown in Figure 4.

Anti-ESKAPE activity of wound healing spacer
materials coated with AMPs-AgNPs conjugates

The growth of all the members of ESKAPE
pathogens have been suppressed to a greater
extend when they were treated with the
wound healing spacer materials coated with
AMPs-AgNPs conjugates. E. coli has shown the
maximum growth suppression with a 35 mm
wide zone whereas A. baumannii formed the
lowest width with a length of 30 mm (Table 3
and Figure 5). The comparison of anti-ESKAPE
activities of AMPs-AgNPs conjugate and wound
healing spacer materials coated with AgNP–AMP
conjugates is shown in Figure 6.
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Table 2: Antibacterial activity of conjugates (AMPs-AgNPs) against ESKAPE pathogens.
Sl. No.

Test bacteria

1

Enterococcus faecium

Zone of inhibition (in mm)
22 ± 0.0

2

Staphylococcus aureus

23 ± 1.15
22 ± 1.15

3

Klebsiella pneumoniae

4

Acinetobacter baumannii

21 ± 0.0

5

Pseudomonas aeruginosa

21 ± 1.15

6

Escherichia coli

24 ± 0.0

Figure 4: Comparison of Anti-ESKAPE activities of antimicrobial peptides (AMPs), green synthesized silver nanoparticles (AgNPs) and AMPAgNP conjugates (composites). a. Enterococcus faecium, b. Staphylococcus aureus, c. Klebsiella pneumoniae, d. Acinetobacter baumannii, e.
Pseudomonas aeruginosa and f. Escherichia coli.
Table 3: The average width of the zone of inhibition around the test specimen when screened with wound healing spacer materials coated
with AMP-AgNP conjugates.
Sl. No.

Test bacteria

Av. width of zone of inhibition (in mm)

1

E. faecium

32

2

S. aureus

33

3

K. pneumoniae

31

4

A. baumannii

30

5

P. aeruginosa

32

6

E. coli

35

Figure 5: Anti-ESKAPE activity of wound healing spacer material coated with AgNP–AMP conjugates. a. Enterococcus faecium, b. Staphylococcus
aureus, c. Klebsiella pneumoniae, d. Acinetobacter baumannii, e. Pseudomonas aeruginosa and f. Escherichia coli.
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Figure 6: Comparison of anti-ESKAPE activities of AMPs-AgNPs conjugate and wound healing spacer materials coated with AgNP–AMP
conjugates.

DISCUSSION

In this study, basically, the antibacterial activities
of the wound healing spacer material coated
with silver nanoparticles–antimicrobial peptide
(AgNP-AMP) conjugates against wound derived
ESKAPE pathogens were analyzed. 62.5% of total
bacterial species from different types of wound
isolated in this study were, virtually, the members
of ESKAPE pathogens. Table 1. among the Grampositive species, Staphylococcus aureus showed
the highest number with a percentage of 80.2%
and in Gram negative pathogens, Escherichia coli
was the bacterium with highest occurrence with
a presence in 29% of the samples, as described by
the Figures 2 and 3. Different studies conducted
in various parts of the world underline these
findings. An investigation by Shimekaw et al. [6]
showed gram-positive Staphylococcus aureus
as the most predominant species. Among the
gram-negative bacterial bacteria, Pseudomonas
aeruginosa was the most predominant 27.1%)
followed by Escherichia coli (26.2%). Another
investigation showed the Staphylococcus aureus
at a rate of 32.1% of isolates and Pseudomonas
aeruginosa with a presence of 15.4% of total
samples [36].
The AgNPs used in this study was prepared
using the medicinal plant Picrorhiza kurroa
Royle ex Benth. The green synthesis has many
advantages including eco-friendly, cost effective,
accurate and the process is simple [16,37]. Also,
the plant in this study has been widely studies
for its medicinal and antibacterial activities [38].
The green synthesized silver nanoparticles used
in the present study has shown activity against
all the members of the ESKAPE pathogens as
shown in the Figure 4. There are many other

investigations reported in which the green
synthesized silver nanoparticles shown potential
antibacterial activities. For example, silver
nanoparticles synthesized using the leaf extract
of Moringa oleifera shown activity against eleven
pathogens [39]. Another study in which the
green synthesis was performed using peels of
Citrus sinensis, Citrus limon and Citrus tangerine
displayed activities against two strains of the
major ESKAPE members i.e., Escherichia coli and
Staphylococcus aureus. [40]. In other research,
AgNPs synthesized by using extracts of apricot
have demonstrated activities against different
strains of Staphylococcus aureus, B. cereus, P.
aeruginosa and E. coli [41].

The antimicrobial peptide used in this study was
extracted from the marine invertebrate-Loligo
duvauceli Orbigny (common squid). The AMP
has also displayed potential activities against all
the ESKAPE pathogens as visible in the Figure 4.
This result is in correlation with the findings of
many other studies including those described
by Mukhopadhyay et al. 2020 [42]. The AgNPAMP conjugate displayed enhanced activity
against all the ESKAPE members as shown
in Table 2, Figure 4. The highest activity was
recorded against E. coli and the lowest against A.
baumannii. The antibacterial potentials of silver
nanoparticles in conjugation with peptides/
proteins have been studied extensively. The
findings of such investigations justify the result
in the present study. An analysis by Yang et al.
[43] with the silver-containing spacer material
had shown 100% reduction of wound bacteria
in just one hour. The activity in this work was
extended to both Gram-positive members like
Staphylococcus aureus and the Gram-negative
pathogens like Klebsiella pneumoniae. A work
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conducted by Pal et al. [44] found that the AgNPAMP conjugates has showed increased activity
against Klebisella pneumoniae and E. coli. In
another interesting study, the silver nanoparticles
coated with multifunctional peptide (MFP@
AgNPs) shown greater activity against multidrug
resistant Acinetobacter baumannii [45]. The
wound healing spacer material when coated
with AgNP-AMP conjugate has shown antiESKAPE activities as shown in Table 3 and
Figures 6. Various researchers have adapted
different methods to enhance the healing
and antibacterial activities of wound healing
spacer materials. A study by Yingnan Zhu et al.
[46]. developed a new material to be used in
wound dressings. It was a polycarboxybetaine
(PCB) hydrogel with silver nanoparticles
(AgNPs) and they displayed activity against
Staphylococcus aureus and Escherichia coli.
Another experiment by Siju Liu et al. [47]
with PEG hydrogel wound dressings have
also demonstrated enhanced antibacterial
activities against wound pathogens.
CONCLUSION

The health and economic burdens by the
different types of acute and chronic wounds
on developing countries are increasing. The
wound management is a complex issue as the
healing itself is a multi-phased process with
a high risk of contamination by pathogens
from the environment and from the adjacent
tissues. Scientists across the world have been
working on this issue and when the microbial
resistance against antibiotics increased, their
attention turned to different metals–which
were used in the past, their nanoparticles, and
natural compounds. Hundreds of reports have
been published on these investigations and
the present study also underlined the previous
findings. Green synthesized silver nanoparticles
and antimicrobial peptides extract4d from
marine invertebrates were shown to have
promising activities against “ESKAPE” members
of the clinical isolates. When conjugated, AgNPAMP complex showed enhanced activity and
the wound healing spacer material when coated
with the AgNP-AMP.
Conjugate displayed a higher suppression
on all the members analyzed in the order of
E. coli.>Staphylococcus aureus>Enterococcus
faecium=P.
aeruginosa
K.>Pneumonia>A.
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baumanii. The findings in this study underlines
the importance for further investigations on
silver nanoparticles and their coating on wound
healing spacer materials in conjugation with
proteinaceous compounds.
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