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Abstract

Introduction: Diabetic foot ulcers (DFU) are the main devastating complications for diabetic patients. The involvement of multidrug-resistant
microorganisms with the ability to produce biofilms in DFUs renders them difficult to treat. Nanotechnology has emerged as an innovative and
promising technology in the therapy of diabetic foot lesions. Therefore, this study was designed to assess the prevalence of drug resistance and
biofilm-forming pathogens in DFU and the antimicrobial activity of nanoparticles against these pathogens.

Methodology: A total of 111 adults with diabetic foot ulcers were randomly included. The clinical parameters and data of the classification and
grading of the wound, along with microbiological factors, were analyzed.

Results: Nanoparticles were synthesized from Withania coagulans and Fagonia cretica. The results showed that the majority of patients were
male (76%), with an average age of 54 years. The majority of ulcers were polymicrobial (56%), while Staphylococcus aureus (21.2%) was the
predominant pathogen. A significant increase in methicillin-resistant Staphylococcus aureus (76.5%), extended-spectrum B-lactamase (ESBL)
producers (55.8%), carbapenem-resistant Pseudomonas aeruginosa (46%), and vancomycin-resistant Enterococci (18.1%) was observed.
Gram-negative isolates (31%), particularly Pseudomonas aeruginosa, exhibited strong biofilm formation activity compared to gram-positive
(6%) and fungal isolates (24%).

Conclusions: The tested nanoparticles showed significant antimicrobial activity against strong biofilm forming bacterial and fungal isolates.
Controlling certain extrinsic and metabolic parameters and comprehensively evaluating nanoparticle-based therapeutics can serve as powerful
tools in curing chronic diabetic wounds.
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the prevalence of diabetes. According to the World
Health Organization, approximately 422 million
individuals suffer from diabetes globally, with the
majority residing in low- and middle-income countries.
The disease is directly responsible for 1.5 million

Introduction

Diabetes mellitus is a chronic metabolic disorder
and the most prevalent non-communicable disease. The
hallmark of diabetes mellitus is persistent
hyperglycemia, which leads to insulin resistance,

decreased insulin production, or both [1]. The disease is
associated with multiple pathological complications
such as high blood glucose levels causing
immunosuppression, delayed wound healing, persistent
chronic infections, and damage to kidneys, eyes,
nerves, and blood vessels through the onset of
nephropathy, retinopathy, and neuropathy,
respectively. These complications further affect the
quality of life of patients and their families [2,3]. Over
the past three decades, there has been a steady rise in
both the number of cases and incidence of diabetes
worldwide. Sedentary lifestyles, aging populations,
unhealthy eating habits, and rising obesity rates are
some of the factors contributing to the rapid increase in

mortalities annually [4]. Pakistan is also predicted to
rank among the four largest diabetic populations by
2030 owing to its steadily increasing diabetes
prevalence rates [5].

Diabetic foot ulcers (DFU) are the most complex
and devastating complications that are continuously
increasing in diabetic patients owing to the complex
interaction of factors, including ischemia and peripheral
neuropathy [6]. DFUs are also considered the most
expensive long-term complication of diabetes, with
adverse consequences on the patient’s life and imposing
a substantial economic burden on the family of patients
[7]. The exact cost of diabetic wound care at the global
level is not known, but it is thought to be billions of
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dollars [8,9]. In DFUs, the tendency of bacterial
pathogens to produce biofilms is a major determinant of
the chronicity and persistence of infections. A further
challenge in managing biofilm-associated infections in
DFU is multidrug resistance, as bacteria are present in
close synergistic associations within the biofilm
environment [10]. Consequently, in biofilms, non-
pathogenic commensals or opportunistic bacteria can
act symbiotically with pathogenic bacteria, leading to
the development of chronic lesions that are extremely
difficult to cure [11].

DFUs are mostly polymicrobial and are responsible
for the emergence and dissemination of antibiotic
resistance genes [12] Current therapeutic choices are
severely limited by MDR bacteria, which are
characterized as those that are resistant to three or more
types of antibiotics. Escherichia coli, Pseudomonas
aeruginosa, Klebsiella pneumoniae, Proteus species,
Acinetobacter baumannii, methicillin-resistant
Staphylococcus aureus, and Enterococci are common
MDR pathogens that are frequently isolated from DFUs
[13]. Various resistance mechanisms, including [-
lactamase production, efflux pumps, and modification
of antibiotic target sites, are displayed by these
superbugs. These mechanisms of resistance are further
enhanced in biofilm conditions, which complicates
therapy and calls for the adoption of different
approaches to control these diseases [14,15]. Literature
reports also emphasized that 49-85% of all diabetic
foot-related problems, causing major socioeconomic
collisions, are avertable if timely, suitable, and
appropriate therapeutic strategies are adopted [16].
These measures can eventually result in decreased
chances of lower-limb disability, reduced healthcare
costs, and improved life expectancy and productivity.
Unfortunately, conventional therapeutics are vanishing
because of several underlying reasons, stressing the
development of new therapeutics [16,17].

Nanotechnology has emerged as an innovative and
promising technology in the therapy of diabetic foot
lesions. Recently, many studies have emphasized the
biological potential of nanomaterials in the treatment of
diabetic ulcers. Some metal nanoparticles, such as
silver nanoparticles, possess antibacterial and anti-
inflammatory activities and help stimulate cellular
mechanisms for curing chronic diabetic wounds [18].
Bioglass nanoparticles have significant angiogenic and
antimicrobial effects. Some studies have shown
progressive healing of chronic diabetic wounds using
dressings containing metal nanoparticles [19,20].

Subsequently, this study comprehensively assessed
recent trends in microbial resistance, the ability of
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pathogens to create biofilms in diabetic wound
infections, and the antimicrobial action of iron and
silver oxide nanoparticles. This study aimed to develop
new strategies for treating diabetic foot complications
and to offer a comprehensive dataset for empirically
managing DFU. Ultimately, it protects patients from the
traumatic experience of losing a foot or a leg.

Methodology
Study Design

This cross-sectional study was conducted at Dr.
Ruth K. M. Pfau Civil Hospital Karachi from January
2021 and December 2021. Diabetic patients (> 18 years
old) who visited the outpatient department with
lesions/ulcers on either surface of their foot were
included. A systematic questionnaire including general
sociodemographic, behavioral, and clinical
characteristics was used to conduct random interviews
with the patients. Patients who satisfied the study
selection criteria were enrolled in this study. Children,
pregnant women, patients with significant ischemia,
patients with osteomyelitis, and patients receiving
systemic antibiotic treatment for chronic non-DFU
infections, such as persistent urinary tract infections,
within the previous two weeks were the main exclusion
criteria.

Sample Collection

A standardized and systematic strategy was used to
ensure reliable microbiological examination. The
classification and grading of the wound or ulcer of the
diabetic foot were performed according to the
University of Texas diabetic wound classification [21].
The ulcer was washed with sterile normal saline and
debrided aseptically. During the collection process,
great care was taken to prevent unintentional
contamination, and all specimens were quickly shifted
into the proper transport media to maintain microbial
viability. For traceability and contextual interpretation,
extensive documentation was maintained, including the
sample site, ulcer features, and patient data. All
specimens were immediately transported to the
Department of Microbiology, University of Karachi.

Institutional Ethics Approval

A summary of the study was provided to the
patients before written consent was obtained. This study
was approved by the Institutional Bioethical Committee
of the University of Karachi (IBC KU-204/2021).

Microbial Profiling and Examination
All pus discharge and debrided tissue samples were
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processed using standard protocols. Identification and
antibiotic susceptibility of the isolated bacterial isolates
were carried out using a BD Phoenix automated
analyzer according to the recommendations of
standards of the Clinical Laboratory Standard Institute
[22].

Biofilm Formation Assay

The biofilm formation assay was performed
following the protocol described previously by
O'Toole, with slight modifications [23]. Muller Hinton
broth (MHB) was used to perform biofilm assays in a
flat-bottom 96-well microtiter plate. All wells were
seeded with 1 x 10° CFU mL"! of the test isolates.
Control wells were also prepared, for example, positive
(medium + known biofilm former) and negative
(medium only). The biofilm microtiter plate was
incubated for 24 hours at 37 °C. After incubation, the
medium was discarded without disturbing the biofilm,
and the 96-well microtiter plate was washed thrice with
distilled water. Afterward, 125 pL of 0.1% crystal
violet dye was added to each well of a 96-well
microtiter plate, and the plate was left at room
temperature for 15-20 minutes. After staining, the plate
was washed three times by submerging it in a distilled
water tub and left to dry in air for a few hours. Finally,
the results were recorded by adding 125 pL of 30%
glacial acetic acid (v/v) to each well and analyzed using
an ELISA reader at a wavelength of 540 nm.

Synthesis of Iron oxide nanoparticles

Two samples of iron oxide nanoparticles were
synthesized using the plant extract of Withania
coagulans. FeCls.6H,O and FeCl,.4H,O (1:2 molar
ratios) were dissolved in 100 mL of double-distilled
water in a 250 mL beaker for the synthesis of both iron
oxide nanoparticles. One sample was heated for one
minute, and the other was heated for 5 min at 80 °C
while being stirred with a magnetic stirrer. Following
this, 20 mL of the Withania coagulans extract in an
aqueous solution was added to each mixture. After 15
min, 20 ml of sodium hydroxide aqueous solution was
added to both mixtures at a rate of 3 mL per minute, and
a color change was noted [24].

Synthesis of silver oxide nanoparticles

Silver oxide nanoparticles were synthesized using
the plant extract of Fagonia cretica. For the synthesis
of silver oxide nanoparticles, 1 L of 0.1 mM silver
nitrate solution was prepared. Adding 20 mL of AgNOs
solution to 5 mL of Fagonia cretica extract in 50%
ethanol, the reaction was carried out for 5 h at 50°C

J Infect Dev Ctries 2025; 19(7):1055-1065.

using a magnetic stirrer spinning at 150 rpm in a reagent
bottle. A color change indicated the formation of
nanoparticles. The pellet was separated by
centrifugation for 20 min at 6000 rpm and stored at 4°C
for further use. By adding 2 mL of water, the weight of
the particles was determined as 2.7g/ 2 mL of water
[24].

Antimicrobial Activity of Nanoparticles

The antimicrobial potential of the nanoparticles was
screened using a disc diffusion assay, as described by
Bauer et al. with slight modifications [25]. Mueller
Hinton agar was used to determine the antibacterial
activity of nanoparticles. A bacterial lawn was prepared
by swabbing a bacterial count of 1 x 108 CFU mL"! on
an agar surface in three different directions. Presoaked
sterile filter discs (nanoparticles impregnated at a
concentration of 100 pg mL"') were placed on the
inoculated plates and allowed to diffuse for 5 min.
MHA plates were incubated for 18-24 hours at 37 °C.
Gentamicin (10 pg/disc, Oxoid) was used as the
positive control. The negative control was prepared by
loading 10 uL. of DMSO on a sterile filter disc.

Table 1. Microbiological factors of participants (n = 111).
Name of Variable Occurrence Percentage

Type of Infection

Bacterial Infection 92/101 91
Fungal Infection 29/101 28.7
No Infection 10/111 9
Nature of Infection

Polymicrobial Infection 56/101 56
Monomicrobial Infection 45/101 44
Gram Positive Pathogens

Staphylococcus aureus 34/160 21.2
Methicillin resistant Staphylococcus 26/34 765
aureus

Methicillin sensitive Staphylococcus 3/34 235
aureus

Coagulase negative Staphylococci 14/160 8.8
Staphylococcus epidermidis 9/14 64.3
Staphylococcus luteus 3/14 21.4
Staphylococcus saprophyticus 2/14 143
Enterococcus faecalis 11/160 6.9
Beta haemolytic Streptococci 6/160 3.8
Gram Negative Pathogens

Klebsiella pneumoniae 27/160 16.8
Proteus mirabilis 19/160 11.9
Proteus vulgaris 8/160 5
E. coli 24/160 15
Pseudomonas aeruginosa 13/160 8.1
Morganella morganii 3/160 1.9
Acinetobacter baumannii 1/160 0.6
Fungal Pathogens

Candida species 18/29 62
Candida albicans 12/18 413
Candida tropicalis 4/18 13.7
Candida glabrata 2/18 6.9
Aspergillus niger 11/29 38
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Statistical Analysis

Statistical analysis was conducted using Statistical
Package for the Social Sciences (SPSS) software
version 22 (IBM SPSS Inc., Chicago, IL, USA). The
study population was characterized using descriptive
statistics with different variables. Bivariate correlation
and chi-square tests were used to identify the qualitative
factors associated with foot ulcers. The (significant) p
was set at < 0.05, for predicting the association of
different factors with DFUs.

Results

A total of 111 adults with diabetes were included in
this study. Among the participants, 84 (76%) were male
and 27 (24%) were female. Most of the patients’ ages
ranged from 25 to 85 years, with a mean age of 54 years
+ 10. Greater infection rates were observed in the
majority of patients with grade 2 ulcers, accounting for
61 cases (60.3%), followed by grade 1 ulcers with 23
cases (22.7%). Grade 3 and 4 ulcers were the least
common, found in 10 patients (9.9%) and 7 patients
(6.9%), respectively. Most of the patients (89%) with
chronic DFU had uncontrolled HbAlc levels (> 7.0 %).

Microbiological Analysis

Among the 111 pus and tissue samples processed,
101 (91%) were positive for microbial growth, whereas
10 (9%) showed no microbial growth. Among the 101
positive samples, 92 (91%) showed bacterial growth,
and 29 (28.7%) were positive for fungal infections.
Most samples (56%) were polymicrobial (Figure 1). A
total of 160 bacterial pathogens, including 65 (41%)
Gram positive and 95 (59%) Gram negative pathogens,
were isolated from the 111 samples.

Staphylococcus — aureus  (21.2%) was the
predominant isolate, followed by Klebsiella
pneumoniae (16.8%), Escherichia coli (15%), Proteus

J Infect Dev Ctries 2025; 19(7):1055-1065.

Figure 1. Polymicrobial vs monomicrobial infection among
diabetic foot ulcer patients.
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mirabilis (11.9%), coagulase-negative Staphylococci
(8.8%), Pseudomonas aeruginosa (8.1%),
Enterococcus faecalis (6.9%), Proteus vulgaris (5%),
B-hemolytic Streptococci (3.8%), Morganella morganii
(1.9%), and Acinetobacter baumannii (0.6%). Among
the fungal isolates, Candida species (62%) were
predominant, followed by Aspergillus niger (38%). C.
albicans (41.3%) was the most common species
isolated from the majority of samples, followed by C.
tropicalis (13.7%), and C. glabrata (6.9%) (Table 1).
A significant increase in extended spectrum beta
lactamase (ESBL) producers was observed among E.
coli, Klebsiella pneumoniae, Proteus species, and
Morganella morganii, with prevalence rates of 75%,
74%, 51.8%, and 33.3%, respectively. Pseudomonas
aeruginosa exhibited greater resistance to carbapenem
(46%), while notably increased resistance rates were
observed among all members of Enterobacteriaceae
against 3™ and 4" generation cephalosporins,
carbapenems, and quinolone antibiotics. However,
aminoglycosides and piperacillin/tazobactam showed

Table 2. Antibiotic resistant pattern of Gram-negative bacteria (Resistant %).

e e Klebsiella . Pseudomonas Morganella Acinetobacter
Antibiotics . E. coli Proteus spp. . .. ..
pneumoniae aeruginosa morganii baumannii
Isolates (n) 27 24 27 13 3 1
ESBL 20 (74%) 18 (75%) 14 (51.8%) - 1 (33.3%) -
Ampicillin - 23 (95.8%) 24 (88.8%) - -
Amoxicillin/ Clavulanic acid 25 (93%) 22 (91.6%) 21 (77.7%) - - -
Ceftazidime 20 (74%) 18 (75%) 14 (51.8%) 7 (53.8%) 2 (66.6%) 1 (100%)
Ceftriaxone 20 (74%) 18 (75%) 14 (51.8%) - - -
Cefepime 17 (63%) 14 (58.3%) 11 (40.7%) 3 (23%) 0 (0%) 1 (100%)
Imipenem 9 (33.3) 7 (29%) 6 (22%) 6 (46%) 0 (0%) 1 (100%)
Meropenem 9 (33.3%) 7 (29%) 6 (22%) 6 (46%) 0 (0%) 1 (100%)
Piperacillin/ Tazobactam 10 (37%) 11 (45.8%) 9 (33.3%) 7 (53.8%) 0 (0%) 1 (1000%)
Gentamicin 12 (44%) 10 (41.6%) 10 (37%) 6 (46%) 2 (66.6%) 1 (100%)
Amikacin 4 (15%) 0 (0%) 2 (7.4%) 3 (23%) 0 (0%) 1 (100%)
Ciprofloxacin 15 (56%) 19 (79%) 13 (48%) 5 (38.4%) 2 (66.6%) 1 (10%)
g&‘gﬁ‘;ﬁégek 20 (74%) 17 (70.8%) 18 (66.6%) 3 (100%) 1(100%)
Colistin 1 (3.7%) 2 (8.3%) 3 (23%) - 0 (0%)
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Table 3. Antibiotic resistant pattern of Gram-positive bacteria (Resistant %).

J Infect Dev Ctries 2025; 19(7):1055-1065.

Coagulase negative

Antibiotics Staphylococcus aureus  Enterococcus faecalis BHS Staphylococci
Isolates (n) 34 11 6 14
Inducible Clindamycin Resistance 12 (35.2%) - - 3 (21.4%)
Ampicillin - 4 (36.3%) 0 (0%) -
Cefoxitin 26 (76.5%) - - 9 (64.2%)
Tetracycline 16 (47%) 5 (45.4%) 2 (33.3%) 8 (57.1%)
Erythromycin 21 (61.7%) - 3 (50%) 10 (71.4%)
Clindamycin 15 (44%) - 1 (16.6%) 6 (42.8%)
Ciprofloxacin 24 (70.5%) 7 (63.6%) 2 (33.3%) 9 (64.2%)
Trimethoprim/ Sulfamethoxazole 20 (58.8%) 5 (45.4%) 2 (33.3%) 11 (78.5%)
Gentamicin 15 (44%) - - 9 (64.2%)
Amikacin 3 (8.8%) - - 2 (14.2%)
Linezolid 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Fusidic Acid 13 (38.2%) - - 8 (57.1%)
Teicoplanin 0 (0%) 3 (27.2%) 0 (0%) 0 (0%)
Vancomycin 0 (0%) 2 (18.1%) 0 (0%) 0 (0%)

comparatively lower resistance rates (Table 2).

Methicillin resistance in Staphylococcus aureus and
Coagulase negative Staphylococci accounted for 76.5%
and 64.2%, respectively. Twelve (35.2%) isolates of
Staphylococcus aureus showed inducible clindamycin
resistance. Vancomycin-resistant Enterococci
accounted for 18.1%. None of the isolates showed
resistance to linezolid (Table 3).

Biofilm Formation Assay

Among the 189 isolates from DFUs, 55% (104/160)
of bacterial and 62% (18/29) of fungal isolates showed
moderate to strong biofilm formation activity. Most of
the strong biofilm formers (61.8%) possessed multidrug
resistance. A total of 29 (31%) Gram-negative out of 95
isolates showed strong biofilm formation activity,
followed by 4 (6%) out of 65 Gram-positive isolates,
and 7 (24%) out of 29 fungal isolates. All Gram-
negative isolates showed moderate to weak biofilm
formation, except two isolates (Table 4). Acinetobacter
baumannii (100%) exhibited the strongest biofilm
forming activity, followed by P. aeruginosa. (54%), K.
pneumoniae. (37%), and E. coli (29%) (Figure 2).

Most gram-positive isolates (40%) showed
moderate biofilm-forming activity. Among the Gram-
positive isolates, coagulase-negative staphylococci
(14%) exhibited strong biofilm formation activity,
followed by methicillin-resistant S. aureus (8%) (Table
5). Among the fungal isolates, C. albicans (31%)

Table 4. Biofilm formation activity of Gram-Negative isolates (n = 95).

Pathogen Isolates (n)
Acinetobacter species 1
Escherichia coli 24
Klebsiella pneumoniae 27
Morganella morganii 3
Proteus mirabilis 19
Proteus vulgaris 8
Pseudomonas aeruginosa 13
Total isolates 95

Figure 2. Biofilm formation by Gram negative isolates.
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Figure 3. Inhibition of Gram negative, Gram positive and fungal
isolates growth by nanoparticles.
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Table 5. Biofilm formation activity of Gram-Positive isolates (n = 65).

Pathogen Isolates (n)
Beta Hemolytic Streptococci 6
Coagulase negative Staphylococci 14
Enterococcus faecalis 11
Staphylococcus aureus MRSA 26
Staphylococcus aureus MSSA 8
Total isolates 65

Table 6. Biofilm formation activity of Fungal isolates (n = 29).

Strong

Pathogen Isolates (n)

Aspergillus niger 11 3
Candida albicans 12 4
Candida tropicalis 4 0
Candida glabrata 2 0
Total isolates 29 7
showed the strongest biofilm-forming activity,

followed by 4. niger (27%) (Table 6).

Antimicrobial Activity of Nanoparticles

Iron oxide and silver oxide nanoparticles showed
antimicrobial activity against 38-43% of the isolates
(Figure 3). Gram-negative bacteria were more
susceptible to these nanoparticles. Iron (I) oxide
nanoparticles showed the highest antibacterial activity
against E. coli (15%), followed by coagulase-negative
Staphylococci (13.8%) and methicillin-resistant S.
aureus (12.5%). Iron (II) oxide nanoparticles showed
the highest activity against E. coli (17%), followed by
P. mirabilis (13.5%), and methicillin-sensitive S.
aureus (12.3%). Silver oxide nanoparticles also showed
significant antibacterial activity against E. coli (20%),
followed by P. aeruginosa (15.2%) and K. pneumoniae.
(14%). Iron (I) oxide and silver oxide nanoparticles also
exhibited moderate activity against C. albicans and A.
niger (Figure 4a, 4b, and 4c).

Discussion

Foot ulcers are a common complication that can
cause permanent disability in patients with diabetes.
The progression of foot ulcers or wounds to the
amputation stage marks them as a serious public health
issue. Understanding the underlying contributing risk
factors can help control and manage this devastating
complication among diabetic patients [26].

Microbiological Analysis

Infection burden is a common consequence and a
major source of morbidity in DFUs, as evidenced by the
high incidence of microbial growth (91%) in pus and
tissue samples. Bacterial infections (91%) were
predominant, with a notable presence of polymicrobial
infections (56%). Polymicrobial infections often

J Infect Dev Ctries 2025; 19(7):1055-1065.
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Figure 4A. Number of Gram-negative isolates inhibited by
nanoparticles; B. Number of Gram-positive isolates inhibited by
nanoparticles; C. Number of fungal isolates inhibited by
nanoparticles.
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complicate treatment, necessitating the use of broad-
spectrum or combination antibiotic therapies to
effectively manage the diverse microbial community
present [27].

S. aureus (21.2%), followed by Proteus species, and
K. pneumoniae (16.8%) were the most frequent
bacterial isolates. S. aureus is a well-documented,
frequent pathogen in skin and soft tissue diseases while
the prevalence of Gram-negative pathogens such as
species of Proteus and Klebsiella indicates the diversity
of the bacterial flora and the possibility of involvement
of multiple drug-resistant strains. Significant fungal
infections (28.7%) were also observed, with Candida
albicans (41.3%) being the most common pathogen.
Indeed, Candida species are frequent colonizers of
diabetic foot ulcers. Fungal infections, especially C.
albicans, can be difficult to treat since they require
antifungal medication for a long duration and can result
in mixed fungal-bacterial infections [28]. This
emphasizes the stipulation of comprehensive microbial
analysis and a multifaceted approach to infection
control, integrating broad-spectrum antibiotics and
antifungal agents where appropriate. Moreover, the
isolation of biofilm-forming organisms, such as
Pseudomonas  aeruginosa, further  complicates
treatment because of their intrinsic resistance to

Table 7. Recent Clinical Trials on Nanoparticles in DFU.
Nanoparticle Type Study Design

In vitro antimicrobial and antibiofilm activity on
Gram positive organisms. /n-vivo response of
cAgNPs on chronic diabetic foot ulcers patients

Colloidal silver nanoparticles

Zinc oxide Nanoparticles

Ointment containing cinnamon NPs loaded on
chitosan- gelatin NPs to treat on burn wound

Cinnamon nanoparticles
healing in diabetic foot ulcers in rat

Zinc nanoparticles Nanoparticles zinc paste bandage

Copper nanoparticles copper oxide

Silver nanoparticles

Toluidine blue conjugated
chitosan coated gold-silver

core—shell nanoparticles polymicrobial biofilms.

In vivo therapeutic potential
Phenytoin-loaded chitosan-

alginate nanoparticles diabetic pressure ulcer model

Nanofibrous wound patch loaded with three drugs
(phenytoin, sildenafil citrate and simvastatin) each
in a separate layer in-vivo diabetic wound rat

Polylactic acid-based
nanofibrous wound patch
model

Thermosensitive poly (d,l-lactide)-poly(ethylene
glycol)-poly(d,l-lactide) (PDLLA-PEG-PDLLA)
hydrogel (PLEL)-based wound dressings

Prussian blue nanoparticles

Tadalafil-loaded nanoparticles

Calcium alginate dressings with ZnO nanoparticles

2-layer antibacterial dressing embedded with
Assess clinical efficacy of silver nanoparticles
dressing vs standard moist wound dressing

In vitro efficacy of TBO—chit-Au—AgNPs
mediated photodynamic therapy against

In vivo wound healing potential in rats using

In vivo wound healing potential in rat model

J Infect Dev Ctries 2025; 19(7):1055-1065.

conventional cures [29].

We observed methicillin-resistant Staphylococcus
aureus (76.5%), extended spectrum beta lactamase
(ESBL) producers (55.8%), carbapenem-resistant
Pseudomonas aeruginosa (46%), vancomycin-resistant
Enterococci (18.1%) with the potential of forming
strong biofilms in our patients. This is in line with
worldwide patterns, wherein Pseudomonas resistance
to carbapenems has been documented more frequently,
primarily as a result of the abuse of these drugs and the
existence of carbapenemase producing strains.
Carbapenem-resistant Pseudomonas can also develop
biofilms, which makes eradication much more difficult
and contributes to persistent and non-healing wounds.
Limited treatment choices for this organism is a serious
issue. One of several resistance mechanisms in these
bacterial populations, including target-site
modification, carbapenemase synthesis, and efflux
pump overexpression can be involved [29-31].
However, aminoglycosides and piperacillin/tazobactam
showed slightly lower resistance rates, suggesting that
they could be used to treat these infections. However,
these drugs should be used with caution because of the
development of antibiotic resistance and other
underlying physiological conditions in diabetic
patients.

Findings Reference
Significant in-vitro bactericidal and bacteriostatic activity
against MRSA, MSSA and VRE.
Significant reduction in microbial load and in the number of 34
moderate to strong biofilm producing organisms after
treatment

Better tissue regeneration, improves wound closure and 35

reduce healing time

Accelerated repair of the wounds in DFU/CNP-CGNP group. 36

Significant wound size reduction and faster healing times 37
Wound size reduction and bioburden reduction 38
Reduced bacterial burden and chronic interstitial wound fluid, 39
increased vascularity and cytokine expression.
Promising antibacterial activity. Reduced Cytokines level, 40
improved wound healing
Superior wound healing, granulation tissue formation, tissue 41
maturation, and collagen content
Proper wound healing, cell regeneration and arrangement 4
without forming scars
Improved diabetic wound healing, decreased ROS production,
promoted angiogenesis, and reduced pro-inflammatory 53
interleukin-6 (IL-6) and tumor necrosis factor-o (TNF-o)
levels within diabetic wounds
Improved wound closure in a diabetic rat model, reduced 44

inflammation and enhanced angiogenesis
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Biofilm Formation Assay

Biofilm production is a multi-step phenomenon that
involves diverse groups of bacteria. The existence of
biofilms is one of the primary causes of DFUs'
resistance to healing and chronicity [32]. In this study,
approximately 28.8% of DFU isolates exhibited strong
biofilm formation in patients with uncontrolled
diabetes, with HbAlc levels ranging from 10.2-16.9%.
Approximately 68.8% of gram-negative isolates
showed moderate to weak biofilm formation, and the
majority were polymicrobial. Gram-negative bacteria
were predominantly isolated from DFUs and
demonstrated high antibiotic resistance and biofilm
formation [33]. The adhesive matrix of biofilms is
composed of extracellular DNA, proteins, and
exopolysaccharides. In this study, Acinetobacter
species, followed by P. aeruginosa and
Enterobacteriaceae  strains, demonstrated strong
biofilms (Table 4). P. aeruginosa has great significance
in causing chronic and recurrent diabetic foot infections
due to its multidrug resistance and its potent ability to
form biofilms. Quorum sensing is associated with
biofilm formation by P. aeruginosa. Among gram-
positive bacteria, the majority of methicillin-resistant S.
aureus strains (23%) exhibited moderate biofilm
formation, whereas C. albicans (34.4%) showed
significantly strong to moderate biofilm formation
among fungal isolates.

Antimicrobial Activity of Nanoparticles

In modern therapeutics, metal nanoparticles,
including iron and silver nanoparticles, have received
attention for the treatment of infectious diseases.
Globally, researchers have investigated various types of
nanoparticles to improve wound healing, antimicrobial
properties, promotion of angiogenesis, antioxidant and
anti-inflammatory effects, and controlled drug delivery.
A summary of recent clinical trials employing
nanoparticles over the past three years is presented in
Table 7.

Certain topical medicines contain silver because of
its exceptional catalytic properties, conductivity,
stability,  antibacterial, and  anti-inflammatory
characteristics. Silver nanoparticles have long been
familiar for their strong antimicrobial properties and
have been found effective against a wide range of
bacteria, fungi, and even some viruses [45]. Silver
nanoparticles cause oxidative stress by releasing silver
ions, which kill microorganisms by intruding on their
cell membranes and interfering with their normal
functions. Another possible mechanism involves the
generation of reactive oxygen species (ROS), such as

J Infect Dev Ctries 2025; 19(7):1055-1065.

superoxide ions and hydroxyl radicals, which can cause
oxidative stress in microorganisms, ultimately killing
them. There have been reports of some Ag
nanoparticles interacting with microbial DNA, causing
problems with transcription and replication that lead to
cell death [46].

In advanced nanomedicine, iron nanoparticles are
commercially used to treat iron deficiency and cancer.
Magnetite (Fe;Os) and maghemite (Fe.Os) are iron
oxide nanoparticles with antibacterial capabilities. A
special characteristic of iron nanoparticles is their
capacity to heat up in the presence of an alternating
magnetic field, in addition to physically damaging
microbial cell membranes and generating reactive
oxygen species (ROS), contributing to the destruction
of microorganisms. It is possible to use localized
hyperthermia to kill certain bacteria in the vicinity of
the lesion [47].

Silver and iron nanoparticles offer numerous
therapeutic applications for the treatment of diabetic
foot ulcers. They can be added to hydrogels, lotions, or
wound dressings to help treat and prevent infections in
foot ulcers. These nanoparticles may accelerate the
healing process by improving the environment for
wound healing by lowering the microbial burden and
infection-related problems [48]. Iron nanoparticles can
deliver localized hyperthermia therapy when combined
with an external magnetic field. This method targets
and destroys microorganisms in the wound region while
preserving healthy tissues. The use of nanoparticles
might lessen the need for conventional antibiotics,
potentially preventing the emergence of multidrug-
resistant bacterial strains [49,50]. In the present study,
we found that both iron and silver nanoparticles had
significant antibacterial activity against gram-negative
bacteria. We observed slightly significant antibacterial
activity of iron (II) nanoparticles against . coli and
Proteus  species. Silver nanoparticles showed
significant activity against E. coli, P. aeruginosa, and
Klebsiella species, while moderate to weak activity was
observed against gram-positive and fungal isolates.
Most gram-negative isolates were multidrug-resistant
and exhibited antibiotic resistance against ampicillin,
cephalosporins, carbapenems, cephalosporins, co-
trimoxazole, and chloramphenicol. Both iron oxide
nanoparticles showed slightly higher antibacterial
activity against gram-positive bacteria than silver
nanoparticles (Figure 4b).

Conclusions

Our study concludes that multidrug-resistant
biofilm-formers can increase the complexity and
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chronicity of diabetic wounds. The findings emphasize
the crucial need to create individualized interventions
based on culture and sensitivity findings to achieve the
best possible results and urge the implementation of
targeted antibiotic stewardship programs to reduce the
likelihood of developing multiple drug resistance
superbugs. To prevent and treat DFU infections, it is
also essential to provide education to patients with
diabetes, appropriate wound care, and timely and
correct diagnosis. Moreover, further comprehensive
evaluation of nanoparticle-based therapeutics can serve
as a powerful tool for curing chronic diabetic wounds
in healthcare settings with resource limitations, where
advanced therapeutic alternatives are not always
available.
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