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Uropathogenic Escherichia coli (UPEC) is a primary causative agent of urinary 

tract infections (UTIs), often complicating treatment and recovery. This study 

involved the isolation and identification of UPEC strains from various clinical 

specimens collected at hospitals in Baghdad, including Al-Emam Ali Hospital 

and Al-Kindi Hospital. The investigation focused on evaluating the potential of 

chitosan-based cryogels, impregnated with cell-free supernatants (CFSs) 

derived from lactic acid bacteria (LAB), against clinical UPEC isolates. 

Lactobacillus sporogenes CFSs were prepared and incorporated into chitosan-

based cryogels. Antibacterial activity was assessed using disc diffusion and 

broth dilution assays, along with evaluations of biofilm inhibition, ATP 

depletion, and lipid peroxidation. Additionally, the expression of virulence-

associated genes was analyzed using real-time polymerase chain reaction (RT-

PCR). Scanning electron microscopy (SEM) revealed that the synthesized 

cryogels featured a highly porous matrix. Significant antibacterial and 

antibiofilm effects were observed when compared to the positive control group 

(p < 0.05). Broth dilution assays demonstrated potent bactericidal activity, with 

the cryogels exhibiting a minimum inhibitory concentration (MIC) as low as 

37.2 µg/mL (p < 0.05). Biofilm biomass was reduced by 83%, lipid peroxidation 

increased by 74%, and ATP levels declined by 61%. Furthermore, the 

expression of key virulence-related genes—ompA, ompF, ompC, and tolC—was 

downregulated by 13%, 12%, 32%, and 15%, respectively. These findings 

underscore the effectiveness of CFS-loaded cryogels as a promising therapeutic 

strategy against UPEC infections. The developed cryogels demonstrate strong 

potential as antimicrobial coatings for urinary catheters and wound dressings, 

offering an innovative approach for managing bacterial resistance and biofilm-

associated complications. 
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1. INTRODUCTION

Urinary tract infections (UTIs) are some of the predominant 

bacterial diseases that occur globally and impact millions of 

people per year. They are a serious challenge to both clinical 

practice and the economy, particularly in developing countries, 

where such infections are ranked as the second most frequent 

nosocomial infections after those of the respiratory tract [1]. 

About 80% of the infections in the urinary tract are attributed 

to uropathogenic Escherichia coli (UPEC), which has been 

known to possess different kinds of virulence factors that 

include adhesion, invasion, and biofilm formation, thus 

resulting in persistence and resistance to antibiotics. The 

deposition of UPEC between the cells of the epithelium of the 

bladder leads to recurrent infections, reduced antibiotic 

effectiveness, and the need for new antimicrobial agents [2, 3]. 

Hence, interest is growing in creating novel biomaterial-

mediated delivery systems that can efficiently reduce bacterial 

virulence and resistance development. 

Chitosan-based cryogels refer to macroporous sponge-like 

materials that are prepared by freezing and freeze-drying 

chitosan solutions or at least chitosan-based polymers or 

nanoparticle solutions [4]. They are biocompatible, 

biodegradable, and inherently antibacterial, making them 

applicable in wound dressings, haemostatic agents, and 

controlled drug delivery systems [5]. They have a high 

porosity, three-dimensional structure that allows them to be 

highly absorbent of water and mechanically stable, containing 

cationic amino functionalities of chitosan interacting with 

anionic bacterial cell membranes to destabilize the membrane 

of cells and cause bacterial death [6-8]. Also, chitosan can 

chelate the essential metal ions and disrupt bacterial DNA 

replication, which offers several antibacterial modes of action. 

The cell-free supernatant (CFS) derived from lactic acid 
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bacteria (LAB) is a potent antimicrobial agent, as it comprises 

an array of substances that include organic acids, bacteriocins, 

hydrogen peroxide, and enzymes whose mixture is capable of 

inhibiting most of the pathogens of the wide range of groups 

of microbes, like E. coli, Salmonella spp. and Staphylococcus 

aureus [9-11]. These bioactive agents lead to the rupture of 

bacterial membranes, the prevention of biofilm formation, and 

antioxidant and anti-inflammatory effects that together revive 

an eco-friendly and naturally antimicrobial alternative. LAB-

CFS is also reported to disrupt the extracellular polymeric 

substance production and bacterial motility, which 

compromises the formation of the biofilm and the severity of 

infections [12]. Although the antimicrobial and antibiofilm 

potentials of both chitosan cryogels and LAB-CFS are 

significant alone. Their application in combination with each 

other has not been explored fully yet. It is expected that the 

incorporation of LAB-CFS into a chitosan cryogel matrix will 

be advantageous in the form of improved bioactivity of LAB-

derived metabolites, with the structural stability and 

controlled-release ability of chitosan giving the bioactivity it 

possesses. This synergistic effect may be able to guarantee a 

sustained, localized antimicrobial effect, enhanced antibiofilm 

efficacy, and reduced development of bacterial resistance in 

comparison with each agent separately. 

There is still no available study that has investigated this 

synergistic interaction, especially in comparison with 

clinically relevant UPEC strains. This study, thus, aimed at 

synthesizing chitosan-based cryogels that are conjugated with 

isolated LAB-CFS fractions and investigating their 

antibacterial, antibiofilm, and antivirulence properties against 

the UPEC isolates. The cryogels developed were scanned 

using scanning electron microscopy (SEM), and their 

biological activity was assessed using the broth dilution assay, 

biofilm inhibition assays, ATP production assay, and 

expression profiling of virulence genes using quantitative PCR. 

So, the current approach aims to fill a major gap by 

establishing how the antimicrobial and antivirulence activities 

of LAB-CFS can be synergistically boosted on chitosan 

cryogels to create a basis for their potential application as 

topical antimicrobial coatings for infection control. 

 

 

2. MATERIALS AND METHODS 

 

2.1 Materials 

 

Samples collection: Isolates used were from MTCC 729. 

The study included isolation and identification of samples 

from different clinical sources in some Baghdad hospitals: Al-

Emam Ali hospital, Alkendi hospital, and for the diagnosis of 

uropathogenic E. coli isolates (Figure 1).  

 

 

 
 

Figure 1. Phylogenetic tree and similarity of the isolated strains in the study 
 

2.2 Methods 

 

2.2.1 Preparation of cell-free supernatants of LAB  

Cell-free supernatants were made following the protocol 

described by research [13], but with slight modifications. The 

experiment started with the addition of powder (later 

confirmed to be Lactobacillus sporogenes, a probiotic lactic 

acid bacterium based on the specification from the Sporlac 

sachet; Sanzyme Pvt Ltd, India), about 0.1 g, into 10 mL of 

MRS broth. The materials were then incubated at 37℃ in an 

incubator. Following the period of incubation, about 100 µl of 

the starter culture was harvested and inoculated into 100 mL 

of MRS broth. The broth that was inoculated was then 

incubated for 2 days at 37℃. The suspension of the culture 

was filtered and centrifuged for 10 minutes at a rate of 8,000 

rpm at 4℃. The obtained supernatant was again filtered using 
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0.2 m-sized cellulose filter paper, and finally, the CFS was 

utilized in the following synthesis process. 

 

2.2.2 Fabrication of cryogels with CFS 

Cryogels were prepared following the protocol described by 

research [14], but with slight modifications. Chitosan cryogels 

were prepared by adding about 0.2 g of chitosan (mid-range 

molecular weight, degree of deacetylation ~85%, Sigma-

Aldrich) into 10 mL of acetic acid solution (6%). To prepare 

chitosan-based gelatine composite cryogels, gelatine was 

added at a 75:25 (w/w) ratio of chitosan to gelatine into the 

acetic acid–based chitosan preparations. The solution was then 

added to 2.5 mL of 6% (v/v) glutaraldehyde solution (final 

concentration) and mixed thoroughly in a magnetic stirrer. To 

the suspension, about 5 mL of CFS (undiluted) was added and 

mixed thoroughly with constant stirring for about 30 min.  

The solution obtained was added to a 2.5 mL plastic syringe 

and incubated for 3 hr at -16℃. Following 3 hr incubation, the 

samples were maintained for a period of 24–48 hr in the 

freezer at −16℃. The resulting cryogels were taken out of the 

syringes and dissolved in distilled water to wash off the 

unreacted ingredients. Washing was carried out 3 times, and 

then freeze-dried. The dried powder obtained was then 

pulverized into fine powder form. The prepared samples were 

refrigerated at +4℃. The cryogels loaded with positive control 

(colistin, 10 mg/mL, free drug concentration equivalent to that 

incorporated into the cryogel) were similarly fabricated. 

 

2.2.3 FTIR analysis 

The obtained cryogels in powder form were characterized 

by Fourier transform infrared spectroscopy (FTIR) spectral 

analysis using a Perkin Elmer Spectrum One FTIR 

spectrophotometer (Bomem MB100). The lyophilized 

samples were evenly mixed with KBr in a 1:100 proportion 

and carefully pulverized in a clean, dry agate mortar. The 

powder was compressed using a tablet press and scanned in 

the energy range of 400 to 4000 cm−1 [15]. 

 

2.2.4 SEM analysis  

The morphological structures of the prepared cryogel 

powder samples were examined employing a field emission 

scanning electron microscopy (FESEM)- energy dispersive X-

ray spectroscopy (EDX) at an accelerating voltage of 15 KV 

(SEM; Philips XL30 ESEM) [16]. 

 

2.2.5 Antibacterial assessment employing disc diffusion assay  

To evaluate the produced cryogels’ antibacterial activity, an 

agar disc diffusion experiment was conducted. The cryogels 

made in the shape of discs were used for the study. The test 

strain overnight culture was employed to create bacterial 

suspensions (E. coli), which were then disseminated using 

sterile swabs on top of Luria Bertani (LB) agar plates after 

being adjusted to a turbidity of 0.5 McFarland standards [17]. 

Cryogels shaped into discs were placed onto LB agar plates 

seeded with E. coli. Wells were created for CFS, positive 

control (colistin, 5 mg/mL), and negative control (sterile 

water). Blank cryogels served as an additional control to 

evaluate the matrix’s inherent activity. A positive control was 

examined. As a negative control, sterile distilled water was 

employed. A blank cryogel served as an additional control to 

evaluate the independent activity of the matrix. Positive 

control (5 mg/mL) and CFS (30 μL) were applied to each well. 

Upon completion of a 24-hour incubation at 37℃, the plates 

were inspected, and the widths of the inhibition zones 

surrounding the discs were measured to determine the 

antibacterial activity. 

 

2.2.6 Determination of MIC using the broth dilution assay 

The microdilution method, which was utilized in 

accordance with research [18] with minor adjustments, was 

used to compute the minimum inhibitory concentration (MIC). 

The lowest antibiotic concentration that prevents detectable 

planktonic bacterial cell development is known as the MIC. 

Each series of labelled test tubes received approximately 5 mL 

of LB broth before being injected with 10 μL of overnight 

culture (1 × 105 CFU/mL). About 20 μL of aseptic distilled 

water served as the negative control, and 20 μL of the 

respective positive control and control (CFS) were used in 

their labelled tubes. Cryogel powder was dispersed by 

vortexing in sterile broth for 5 min to ensure uniform 

suspension before addition. To the well-labelled treatment, 20 

μl of cryogel powder was added at varying concentrations (5, 

10, 20, 40, and 80 μg/mL) and maintained at 37℃ overnight. 

The lowest concentration at which no bacterial growth was 

detectable was taken as the MIC. Each test was run in triplicate. 

 

2.2.7 Biofilm inhibition assay 

Bacterial biofilm inhibition was conducted following [19], 

but with slight modifications. Each well in a 96-well microtiter 

plate was filled with 200 µL of LB broth, and each well was 

inoculated with 10 µL of bacterial culture, with the exception 

of the negative control. Positive control at different 

concentrations (1/4 MIC, ½ MIC, and MIC) was studied. CFS 

(control) was analyzed in undiluted form. Cryogels were 

examined at varying concentrations (1/4 MIC, ½ MIC, and 

MIC). Each well received 20 µL of the sample of their 

respective treatments. For 24 to 48 hr, the microtiter plates 

were maintained at 37℃. Following the incubation period, the 

medium was discarded, and phosphate-buffered saline (PBS) 

was added to the wells three times. The cells were stained with 

0.1% crystal violet, which is meant to adhere to the wells, and 

then they were cleansed thrice employing PBS (pH 7.4). A 

plate reader (Genetix Ltd.) was then used to measure the 

absorbance of the eluate at 595 nm after the cell-bound dye 

had been eluted using around 200 µL of ethanol:acetone 

(80:20). 

 

2.2.8 Congo red agar assay  

The Congo red agar assay (CRA) was performed in 

accordance with the guidelines provided by study [20], but 

with a few adjustments. The culture isolate was grown on LB 

agar containing 5% (w/v) sucrose and 0.08% (w/v) Congo red. 

After autoclaving, the medium was combined with 100 µl of 

the treatment (CRYO) and the positive control. Each plate was 

filled with both treatments at MIC. Each plate was streaked 

with spots from the overnight culture, which was then 

maintained at 37℃ for 24 hr. The plates were inspected to 

check for the formation of any biofilm after incubation. Black 

colonies verify the creation of the biofilm. Red colonies are 

used to confirm which strains do not form biofilms. For cryo 

treatment, the culture was grown in a 5 mL LB broth 

containing powdered cryogel for 4 hr. The culture was then 

spotted on the plate. 

 

2.2.9 ATP measurement assay 

Following the manufacturer's instructions, the ATP 

luciferin-based assay (Sigma Aldrich, 119107) was used to 

quantify the amount of ATP in the bacterial cells as indicated 
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above, following treatment with cryogels (½ MIC and MIC). 

Cryogels at the specified MIC and inoculum (1 × 105 

CFU/mL) were brought to a total volume of 100 μL and 

maintained for 4 hr at 37℃. The plates were incubated for 4 

hr at 37℃. Following incubation, 50 μL of the sample was 

moved to a 96-well plate, and reconstitution buffer containing 

luciferase and substrate (luciferin) was added. Luminescence 

was quantified at 600 nm. The proportion of ATP production 

inhibition in CRYO-treated bacterial cells relative to control 

(untreated) cells was used to express the results. 

 

2.2.10 Lipid peroxidation assay  

Lipid peroxidation in the isolate was measured by 

employing the thiobarbituric acid reactive substance (TBARS) 

assay following [21]. Briefly, log-phase cultures of E. coli 

were exposed to ½ MIC and MIC of cryogels for 4 hr. The 

isolates were centrifuged and given a single wash with sterile 

distilled water after treatment. Glass beads were then added, 

and the pellets were vigorously vortexed after being 

resuspended in 200 µL of PBS (pH 6.8). After that, the 

contents were centrifuged at 25℃ for 8 minutes at 8000 rpm. 

The TBA reagent (0.5 M HCl, 12% trichloroacetic acid, and 

0.375% thiobarbituric acid) was mixed with 1 mL of solution 

and maintained for 20 minutes at 90℃. A microtitre plate 

reader (Genetix, India) was utilized to quantify the absorbance 

at 535 nm after cooling. Malondialdehyde was used as a 

standard, and the outcomes were reported as µmoles of 

malondialdehyde (MDA)/mg of protein. 

 

2.2.11 Real-time polymerase chain reaction (RT-PCR) 

About 20 mL of the culture treated with cryo and positive 

control (MIC) in the previous section was used for the real-

time expression. The HI Media RT PCR kit was used to extract 

and purify total RNA following the manufacturer's protocols. 

A UV spectrophotometer was used to determine the extracted 

total RNA concentrations (Shimadzu, 1800). The synthesis of 

cDNA was achieved utilizing random oligos. The HI Media 

cDNA reverse transcription kit was used to create cDNA from 

the isolated RNA, and Eppendorf systems were used for 

amplifying the result. The Corbett Research cycler (Bio-Rad) 

was utilized to quantify the samples (treated and control) in 

real time. Primers ompA, ompF, ompC, and tolC (Table 1) 

were employed in the amplification procedure at a 

concentration of 600 nM. Using 1.14 μl of the RNA products, 

the program ran for 40 cycles at 95℃ for 30 seconds 

(denaturation), 55℃ for 40 seconds (annealing), and with an 

elongation at 72℃ for 50 seconds. Together with the pertinent 

genes of interest, the housekeeping gene recA was amplified 

to compare the mRNA expression. The mRNA abundance 

within the experimental samples (including the control) was 

compared employing the Ct values (ΔΔCt method). The 

threshold cycle (Ct) values corresponding to the target gene 

were obtained and compared to its housekeeping gene. 

 

2.2.12 Statistical analysis  

Each experiment was run in triplicate. Two-way analysis of 

variance (ANOVA) was employed to evaluate the obtained 

data, and the Tukey test was employed to confirm that 

differences between samples were statistically significant (p ≤ 

0.05). Throughout the analysis, analyses were carried out 

using the Faculty Edition of the Statistical Package for the 

Social Sciences (SPSS) program. 

 

Table 1. Nucleotide sequences of the primers employed for the study 

 
Gene Dir. Sequence (5’ – 3’) L Tm (℃) GC (%) Product Size (kb) Ref. 

ompF 
FW CGTACTTCAGACCAGTAGCC 20 58.76 50 

240 [19] 
RV GAACTTCGCTGTTCAGTACC 20 58.73 50 

ompA 
FW TGGACCAACAACATCGGTGAC 20 58.99 50 

210 [20] 
RV CAACTACTGGAGCTGCTTCGC 20 59.05 55 

ompC 
FW CACAACAAGGCTGCCCATTC 20 60.04 55 

470 This study 
RV ATTGTTCTAGCAGTCGCCCC 20 60.11 55 

tolC 
FW AAGCCGAAAAACGCAACCT 20 58.98 55 

217 [21] 
RV CAGAGTCGGTAAGTGACCATC 20 58.91 55 

recA 
FW ATCTCCGTCAATCTCCGCAC 20 59 55 

382 [22] 
RV ACGCGCTGAACAAAAGGTTC 20 59.97 50 

Dir.: Direction; FW: Forward; RV: Reverse; L: Primer length; Tm: Melting temperature; GC: Guanine and cytosine content. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Physical parameters of the synthesized cryogels 

 

The synthesized cryogels were found to be porous and 

stable at room temperature for over 10 days (Figure 2).  

 

3.2 FTIR analysis of chitosan-glutaraldehyde crosslinked 

polymers 

 

The FTIR spectra shown in Figures 3(A, B) were utilized to 

investigate the structural configuration of chemical bonds of 

the polymers used and the structural alterations brought about 

by crosslinking with glutaraldehyde. The absorption bands for 

chitosan at about 2979.03 and 2888 cm-1 correspond to 

asymmetric and C-H symmetric stretching, respectively 

(Figure 3(A)). Amide I (C=O stretching), Amide II (N-H 

bending), and Amide III (C-N stretching) are responsible for 

the peaks detected at 1645.53, 1559, and 1381cm-1, 

respectively [22]. The intensity and locations of the peaks 

were found to shift dramatically after the polymers were 

crosslinked in the presence of glutaraldehyde. The free amino 

group (amide A) and the OH group's absorption peak moved 

from 2979 to 3305 cm−1. The chitosan and gelatine peaks 

overlapped to generate four strong absorption peaks in the 

spectra, which were located at 1645.57, 1551, 1410, and 1068 

cm-1 (Figure 3(B)). Furthermore, during cross-linking, a novel 

absorption peak was produced at 1031 cm−1, which was 

assigned to the C–O–C–O–C structure [23]. 

 

3.3 Antimicrobial activity of synthesized cryogels  

 

With the cryogel (CRYO) formulation, strong antimicrobial 

activity was observed. Comparing CRYO to the positive 
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control, it demonstrated strong antibacterial action. 

Conversely, the control (CFS) had the least amount of 

antibacterial activity. There was a dose-dependent bactericidal 

activity (p < 0.05). For CFS, CRYO, and positive control (p < 

0.05), the corresponding inhibition zones were 5.12 ± 0.18, 

26.1 ± 1.04, and 34.45 ± 2.01. The enhanced inhibition 

observed with CRYO compared to CFS alone indicates a 

synergistic effect between chitosan’s cationic nature and LAB-

CFS metabolites. 

 

 

 
 

Figure 2. (A, B) The synthesized cryogels, and (C, D) The scanning electron microscopy images  
 

 
(A) 

 
(B) 

 

Figure 3. (A) FTIR spectra of chitosan, (B) FTIR spectra of cryogel synthesized with glutaraldehyde 
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3.4 Minimum inhibitory concentration of synthesized 

cryogels  

 

From the results, the % inhibition of CRYO increased to 

83% at 80 µg/mL when compared to the control (CFS; 42.7%) 

at 80 µg/mL. On the other hand, positive control showed 95% 

inhibition at the same concentration. The percent inhibition 

was found to be dose-dependent (p < 0.05) (Figure 4(A)). 

From this, MIC values were calculated to be 37.2 and 31.3 

µg/mL, respectively, for CRYO and the positive control 

(Figure 4(B)). On the other hand, CFS showed 23% of MIC, 

which is significant but low when compared to the test and 

positive. This demonstrates that the CRYO formulation 

achieved a substantially lower MIC compared to CFS, 

confirming that integration into the cryogel matrix enhances 

antimicrobial potency. 

 

 
 

Figure 4. Comparing antimicrobial effectiveness among test samples: (A) Percent inhibition, (B) Minimum inhibitory values 
CRYO: synthesized cryogels; CFS: cell-free supernatants; POS: positive control. 

 
3.5 Antibiofilm activity of synthesized cryogels  

 

The absorbance values for CRYO, POS, and CFSF at their 

respective MICs were determined to be 0.24 ± 0.035, 0.11 ± 

0.021, and 0.81 ± 0.03512, respectively. For CRYO and POS, 

the percentage biofilm inhibition was 83 and 92%, 

respectively (p < 0.05), as presented in Figure 5. The CRA 

assay also confirmed the CRYO capacity to suppress biofilms. 

The dark colonies (Figure 6) indicate strong biofilm formation. 

Reddish coloured colonies on the CRYO and positive plates 

confirm the antibiofilm activity. This suggests that the CRYO 

formulation not only prevents bacterial growth but also 

disrupts biofilm establishment, an essential advantage over 

CFS or chitosan alone. 

 

 
 

Figure 5. Percentage of biofilm inhibition 
Colistin was utilized as a positive control. All the values are averages of 

triplicates. 

 

 
 

Figure 6. Colonies formed on the Congo red agar plates 
C: control (black colonies); CRYO: synthesized cryogels; POS: positive 

control. 

 

 
 

Figure 7. Toxicity of cryogels measured by ATP synthesis 

inhibition assay 
Values are represented in percentage (%); Absorbance of the control was 

found to be 0.88. 

 

3.6 Toxicity of cryogels as an antibacterial agent 
 

The present research employed the measurement of ATP 

levels in bacterial cells to determine the toxicity of cryogels as 

a possible antibacterial agent. ATP levels were markedly 

reduced in the cryogel-treated E. coli (Figure 7) when 

compared to the positive control. Following treatment with the 
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MIC dosage of cryogels, bacterial cells' ATP production was 

significantly reduced. The percent inhibition was found to be 

24 and 61%, respectively, for CRYO at ½ MIC and MICs (p < 

0.05). On the other hand, positive control showed 78.5% 

inhibitions at MIC (p < 0.05).  The significant decline in ATP 

levels implies metabolic suppression, likely due to oxidative 

stress and membrane damage induced by LAB metabolites and 

chitosan interaction. 
 

3.7 Lipid peroxidation induced by cryogels 
 

The results showed a significant rise in the lipid 

peroxidation as expressed in %. The lipid peroxidation for 

CRYO increased to 74% from 23% at MIC. The positive 

control showed 86% at MIC. The absorbance values were 

found to be 0.23 and 0.12, respectively, for CRYO and 

positive at MIC (Figure 8). The enhanced rise in the lipid 

peroxidation values signifies the amount of stress the isolates 

had during the treatment.  
 

 
 

Figure 8. Lipid peroxidation values of the cryogels and the 

positive control 

3.8 Expression of the outer membrane protein genes  
 

The expression of the selected genes ompA, ompF, ompC, 

and tolC, as well as the housekeeping gene recA, was 

measured using RT-PCR. Figures 9 and 10 illustrate the down-

regulation of the selected genes based on the transcriptional 

expression profile as measured by the Ct values. The observed 

patterns of expression aligned with the research on the 

suppression of biofilms in vitro. The results revealed that the 

virulence genes ompA and ompF were significantly down-

regulated upon exposure to MIC of CRYO (p < 0.05). At the 

MIC level of CRYO, the relative expression levels of ompA 

and ompF were 0.87 and 0.78, respectively, compared to the 

control (1 or 100%). Conversely, ompA and ompF for the 

positive control were 0.76 and 0.81, respectively (p < 0.05). 

Similarly, it was found that, compared to the control (1 or 

100%), the gene members associated with antimicrobial 

resistance (ompC and tolC) were significantly down-regulated. 

At the MIC level of CRYO, the relative expression amounts of 

ompC and tolC were 0.68 and 0.85, respectively, in 

comparison to the control (1 or 100%). The ompC and tolC 

values for the positive control were 0.68 and 0.82, respectively 

(p < 0.05). The findings were consistent with the studies on 

biofilm inhibition (Figure 11). 

Over the past few decades, there has been a growing number 

of reports of antimicrobial resistance (AMR) in bacteria that 

cause UTIs, which has grown to be a serious public health 

concern. Escherichia coli [24], a widespread gram-negative 

bacterium and member of the Enterobacteriaceae family, is the 

most frequent cause of UTIs worldwide. One of the most 

prevalent extra-intestinal pathogenic E. coli (ExPEC) that are 

encountered is UPEC [25]. Mobile genetic elements (MGE), 

such as plasmids, insertion sequences, transposons, and gene 

cassettes/integrons, are commonly used by E. coli to acquire 

AMR genes [26]. 

 

 
 

Figure 9. Histogram depicting RT-PCR's validation of the gene members 
The recA gene was used as an internal reference (housekeeping gene) for normalization of gene expression. All experiments were conducted in triplicate. 
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Figure 10. Agarose gel (1%) image showing the expressed DNA bands of the ompC gene member on treatment with cryogels 

(CRYO), positive control (POS), and control (C) 

 

 
 

Figure 11. CT curves depicting RT-PCR's validation of the gene members 
The recA gene was used as an internal reference (housekeeping gene) for normalization of gene expression. All experiments were conducted in triplicate. A: 

ompA; B: ompF; C: ompC; D: tolC 

 

Antibiotic-loaded cryogels are macroporous polymer 

networks created by freeze-thaw cycles that act as drug 

carriers for the local, regulated administration of antibiotics, 

frequently in tissue engineering or wound healing applications. 

Antibiotics incorporated into cryogels are absorbed and 

released under controlled conditions due to their porous 

structure. Over time, the antibiotic diffuses out of the gel 

matrix to do this. Antibiotics can be locally administered at the 

infection site by loading them directly into a cryogel [27]. This 

increases drug concentration at the target and lessens the 

requirement for systemic (oral, for example) antibiotic 

treatment. Additionally, the antibiotic's presence in the cryogel 

may improve efficacy and may overcome bacterial resistance 

by delivering a long-lasting therapeutic effect at the infection 

site [28]. 

Significant antibacterial activity was observed for the 

CRYO formulation. The CRYO showed strong antibacterial 

activity as compared to the positive control. In contrast to the 

positive control, it was discovered that the manufactured 

cryogels did release the antimicrobial chemicals and were 

visible with the clear zone (p < 0.05). The synthesised cryogels 

demonstrated a minimal MIC of 37.2 µg/mL (Figure 4(B)), 

which is highly significant in relation to the positive control (p 

< 0.05), and bacterial growth inhibition was confirmed 

through broth dilution. In accordance with MICs, biofilm 

inhibition was investigated. Comparing the synthesized 

CRYO to the positive control (92%) showed a significant 

(83%) inhibition of biofilm development (p < 0.05). The CRA 

assay, which showed brownish to light brown colonies after 

treatment with the cryogels, also validated the assay.  

Assays for lipid peroxidation and ATP measurement were 

used to assess the antibacterial properties of the bacterial cells 

after they were treated with cryogels. When compared to the 

positive control, the cryogel-treated E. coli showed a 

significant decrease in ATP levels. At the cryogels' MIC, a 

61% decrease in ATP levels (p < 0.05) was observed. The level 

of stress that the isolates experienced during treatment was 

indicated by the notable increase (Figure 7) in lipid 

peroxidation (74%) at MIC that was observed.  

Based on the qPCR analyses, it was discovered that the 

study's gene components were significantly down-regulated 

upon exposure to CRYO (p < 0.05). Comparing ompA and 

ompF to the control (1 or 100%), they were decreased to 0.87 

and 0.78, respectively (Figure 9). Compared to the control (1 

or 100%), the relative expression levels of ompC and tolC at 

MIC were 0.68 and 0.85, respectively. The results align with 

the biofilm inhibition research.  

Studies verify that different kinds of cryogels successfully 
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stop bacteria from growing, especially when antimicrobial 

chemicals are added. These cutting-edge biomaterials are 

utilized in biomedical scaffolds, active food packaging, and 

wound dressings [6, 29]. The main mechanism of bactericidal 

chemicals' antibacterial action is their regulated release. 

Research has demonstrated that within two hr, pullulan 

cryogels containing the antibiotic ciprofloxacin can totally 

stop the growth of Staphylococcus aureus and Escherichia coli 

[30]. Carboxymethyl chitosan (CMC) cryogels laden with 

ciprofloxacin are designed to deliver the antibiotic in a 

regulated way in proportions that are adequate to totally stop 

Klebsiella oxytoca from growing [31]. It is claimed that 

calcium peroxide (CP) microparticle cryogels limit the growth 

of bacteria resistant to antibiotics, such as MRSA and 

Pseudomonas aeruginosa, and emit hydrogen peroxide [32]. 

Staphylococcus aureus and E. coli have been shown to be 

significantly inhibited by silver nanoparticle-containing 

cryogels, such as hybrid polyacrylamide-AgNPs and 

recombinant keratin-chitosan cryogels coated with gallic acid-

reduced AgNPs [33]. Tests have demonstrated that 

ceftriaxone-loaded poly(vinyl alcohol) cryogels can 

effectively cure infected wounds by forming a "growth 

inhibition zone" against Staphylococcus aureus and E. coli, 

serving as transient antimicrobial implants [34]. 

According to reports, a variety of nanoparticles can cause 

bacteria to express fewer outer membrane proteins (OMPs), 

which can increase membrane permeability and prevent the 

growth of germs. This action is a key component of some 

nanoparticles' antibacterial function. Research conducted on 

Escherichia coli demonstrates that exposure to AgNPs can 

cause resistant bacterial strains to express fewer OMPs, such 

as OmpC and OmpF [35]. Although their effectiveness may 

vary depending on the species, chitosan nanoparticles (CSNPs) 

are efficient against both Gram-positive and Gram-negative 

bacteria. According to reports on E. coli, CSNPs may have 

antibacterial properties by preventing the formation of outer 

membranes and metabolic processes. Genes linked to DNA 

absorption and processing, including those involved in cell 

membrane permeability (ompA and ompC), have been shown 

to have their expression downregulated in E. coli when 

exposed to low concentrations of CeO2 nanoparticles. This is 

connected to a decrease in membrane permeability and 

reactive oxygen species (ROS) [36]. It has been observed that 

titanium dioxide (TiO2) nanoparticles alter the expression of 

outer membrane proteins in E. coli [37]. 

One of the main mechanisms of chitosan nanoparticles' 

(CNPs) antibacterial action is the downregulation of outer 

membrane proteins (OMPs) in bacteria. Protein synthesis and 

function are impacted when the positively charged CNPs 

attach to the negatively charged bacterial surface, changing the 

permeability of the cell membrane. According to a recent 

study, silver nanoparticles coated with chitosan can attach to 

UPEC adhesins, such as PapG and FimH. According to this 

interaction, chitosan may prevent bacterial attachment and 

colonization by interfering with particular outer membrane 

proteins involved in adhesion [38]. Chitosan nanoparticles 

dramatically reduced the expression of the genes (LasI and 

RhlI) that control virulence factors in P. aeruginosa. As a 

result, these vital genes were downregulated, motility was 

decreased, and biofilms were formed [39]. The effect of 

deacetylated chitosan on P. aeruginosa and S. aureus was 

investigated in a 2011 study. The leaking of intracellular 

contents, including soluble proteins, demonstrated that 

chitosan enhanced cell membrane permeability [40]. 

On the basis of available information, there have been 

reports of nanoparticles working against UPEC by inhibiting 

the expression of outer membrane proteins. Numerous reports 

of chitosan-based nanoparticles have confirmed their promise 

as antibacterial agents, particularly against strains of UPEC. 

However, very little information about the application of 

cryogels against UPEC strains, particularly to target the 

expression patterns of the outer membrane proteins, has been 

published. 

The absence of a blank control in our confirmatory studies 

is one of the study's limitations. This choice was made in light 

of the unfavourable outcomes of our preliminary experiments 

(MIC), which indicated that the blank control would not 

produce useful data. However, we are unable to completely 

rule out background effects or minute experimental artifacts 

due to the lack of a blank control. Future research using 

suitable blank controls might improve the findings' 

dependability and offer a more thorough validation of the 

observed results. 

 

 

4. CONCLUSION  

 

The findings of the present study showed that the 

synthesized cryogels were stable, porous, and demonstrated 

clear antibacterial, antibiofilm, and antivirulence effects 

against clinical isolates of UPEC. The drug-loaded cryogels 

are intended for further evaluation as short-term implants with 

potential effects on tissue recovery following the removal of 

the corresponding gel insertions. Cell-free supernatant was 

utilized as the antibacterial agent to develop chitosan-coated 

cryogels through a simple freeze–thaw process. The cryogels 

prepared showed high antibacterial activity, high biofilm 

formation inhibition, and virulence gene associated with the 

outer membrane protein (ompA, ompF, ompC, and tolC) 

repression. All these findings indicate the multifunctional 

efficacy of the formed cryogels in breaking bacterial virulence 

and resistance mechanisms. These cryogels, based on their 

performance and biocompatibility, can be used as a topical 

antimicrobial coating on urinary catheters, wound dressings, 

or localized sources of prevention of infection in implants. It 

should also be stressed that these findings need further 

validation in terms of the protein expression research, and 

further investigation to determine the effect of these materials 

is necessary using both in vivo and ex vivo studies. 
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