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Purpose: Antimicrobial resistance (AMR) complicates surgical site infections (SSI), making it important to address surgical bleeding
and bacterial bioburden. Oxidized regenerated cellulose (ORC) is a topical hemostat that generates a localized acidic microenviron-
ment hostile to the survival of microbes. The present study evaluated the intrinsic antibacterial action and wound healing results of
a commercial ORC-based hemostat in an infected wound environment.

Methods: In vitro and in vivo experimental designs were used to evaluate the antibacterial activity. An in vitro experiment was
designed to show inhibition zones against 32 Gram-positive and Gram-negative bacterial strains, including antibiotic-resistant
pathogens, compared to the negative control. In vivo efficacy was tested in a Wistar rat excisional wound model (n = 42), in which
polymicrobial inoculation was performed with the same bacterial strains, and animals allocated to specific groups were monitored for
hemostasis time, wound contraction, clinical observations, and histopathology over 28 days.

Results: Using an agar diffusion method, ORC hemostat exhibited in vitro antibacterial activity against all the 32 tested strains. In
vivo, hemostasis time was significantly reduced in the test groups compared to that in the disease control group (adjusted p < 0.001),
achieving hemostasis within 42.2-54 seconds. Similarly, wound healing was statistically significant for the test specimens, achieving
up to 88.5% wound closure by day 28 (adjusted p < 0.001). Histopathological analysis after 28 days revealed complete re-
epithelialization of the wound bed and reduced inflammatory infiltration.

Conclusion: Within the study limitations, the commercial ORC-based hemostat (Surgi-ORC®™) exhibited inherent antibacterial
potential against various pathogens including antimicrobial-resistant organisms and provided rapid hemostatic action. These preclinical
findings suggest that ORC may help reduce microbial burden, support wound healing along with tissue regeneration. Further clinical
studies are warranted to establish the relevance of these observations in surgical practice.

Keywords: oxidized regenerated cellulose, ORC, antibacterial activity, wound healing, topical hemostat, antibiotic resistance, tissue
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Introduction

Microbial contamination is an important factor that interferes with the healing of surgical and traumatic wounds. It
disrupts the normal repair processes and increases the risk of complications. This slows down tissue regeneration and
prolongs inflammation and recovery. If it spreads from the wound and becomes uncontrolled, serious systemic problems
such as sepsis can occur.' According to the World Health Organization (WHO), surgical site infections (SSIs) are the
most common healthcare-associated infections globally. Their occurrence is reported to be differed by type of surgical
procedures but generally more pronounced in low- and middle-income countries.>* This burden is driven, in part, by the
pathogens frequently involved in wound infections, such as Staphylococcus aureus, Acinetobacter baumannii and

. . .1 . - . . . 4—
Pseudomonas aeruginosa, which use specialized virulence factors to facilitate adherence, invasion, and persistence.*®
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In line with these underlying pathophysiological mechanisms, SSIs attributable to AMR organisms continue to be
a recurrent and clinically meaningful problem that significantly increases morbidity, mortality, and healthcare costs.” '

Wound healing occurs in a biological complex of tissue dynamics; therefore, objective assessments must be
performed using clinical, biochemical, and histological parameters. Histology incorporates key repair processes including
angiogenesis, inflammatory cell infiltration, fibroplasia, collagen deposition, wound contraction and remodeling as well
as epithelialization and tissue differentiation.'* '* Effective haemostasis and infection control are closely interconnected.
Uncontrolled bleeding can lead to the formation of a protein-rich hematoma, creating a favorable environment for
bacterial growth and potentially increasing the risk of surgical site infections. Against this background, topical hemostatic
agents which are commonly employed in the treatment of bleeding that can simultaneously control hemorrhage and
reduce bacterial burden may offer additional benefits in contaminated surgical environments.*

ORC-based hemostats have been well-characterized for their ability to control hemorrhage. Their mechanism of
action is linked to the oxidation of cellulose, which creates a localized acidic environment that promotes clot formation
through vasoconstriction, protein denaturation, restricted local blood flow and red blood cell lysis.'>™!” This localized
acidic microenvironment generated upon application, confers intrinsic antibacterial properties through a non-specific,
pH-mediated mechanism which in turn inhibit the growth of both susceptible and antibiotic resistant organisms,
rendering conventional resistant mechanisms less effective.'® Previous studies have reported that ORC exhibits anti-
bacterial activity against several clinically important resistant pathogens, including methicillin-resistant Staphylococcus
aureus (MRSA), vancomycin-resistant Enterococcus (VRE), and penicillin-resistant Streptococcus pneumoniae (PRSP),
under in vitro conditions.® In addition to its haemostatic and antibacterial properties, ORC has been reported to support
primary wound healing by promoting re-epithelialization and reducing post-hemostatic fibrosis.'”** Although the
antibacterial properties of ORC have been previously documented, most published studies have evaluated a limited
number of bacterial species, focused primarily on in vitro testing, or assessed antimicrobial activity and wound-healing
outcomes separately. Additional evidence evaluating ORC against a clinically relevant pathogens, including antimicro-
bial-resistant pathogens, together with biological validation in vivo with wound healing analysis, would further
strengthen the understanding of its potential role in contaminated surgical environments.

Therefore, the present study was designed as an extension and validation of previous findings regarding the
antibacterial activity of ORC. Using a combined in vitro and in vivo preclinical approach, we evaluated
a commercially available ORC-based hemostat (Surgi-ORC) against 32 clinically relevant bacterial strains, including
AMR strains commonly associated with SSIs. The in vitro phase employed an agar diffusion assay, a validated method
for assessing antibacterial activity of solid textile biomaterials. In the in vivo phase, we investigated whether the observed
antibacterial activity was associated with favorable wound-healing outcomes, including wound contraction, re-
epithelialization, histopathological characteristics, and hemostatic performance in an infected animal wound model. By
integrating microbiological and biological assessments, this study aims to provide additional preclinical evidence
supporting the multifunctional role of Surgi-ORC as a hemostatic material with antibacterial activity and favourable
wound healing effects in contaminated wound environments.

Materials and Methods

A: In-vitro

This test was performed using commercial bacterial strains and did not need ethical approval. The microorganisms used
in this study were obtained from the American Type Culture Collection (ATCC) and National Collection of Type
Cultures (NCTC). The ORC-based hemostat (Surgi-ORC Original/Standard — manufactured by Aegis Lifesciences
Private Ltd.) was used as test specimens and Trulene polypropylene synthetic fabric [Sterile Non-Absorbable Surgical
Polypropylene Mesh, from Healthium Medtech Ltd.] was used as negative control (Figure 1).

Method Description
To evaluate the antibacterial efficiency, a total thirty-two bacterial strains were categorized into Groups A, B, C and
D (Table 1), and ORC samples were challenged against these microorganisms over a period of 24 h. A double-layer agar
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Figure | Products used for the in-vitro antibacterial evaluation. (A) An absorbable oxidized regenerated cellulose (ORC) hemostat (test material) manufactured by Aegis
Lifesciences Private Ltd., and (B) a sterile non-absorbable polypropylene surgical mesh (negative control) manufactured by Healthium Medtech Ltd.

> l

diffusion method*=*

poured into each sterilized petri plate and allowed to solidify. For the upper layer, 15-20 mL of sterile molten agar was
prepared and cooled to 45 + 1°C in a water bath, after which 1 + 0.1 mL of bacterial working culture (1-5 x 10® CFU/mL)

was inoculated into 150 mL of agar and mixed thoroughly to ensure uniform bacterial distribution. Approximately 5 +

was employed for testing, where sterile agar was prepared for the lower layer and 10 = 0.1 mL was

0.1 mL of the inoculated agar was poured onto each plate and allowed to congeal. The test specimens were aseptically cut
into circular shapes with a diameter of (25 £ 5) mm, placed on the agar surface, and gently pressed to ensure complete
contact with the medium throughout the incubation period. The plate was incubated at 30-35°C for 18-24 h immediately
after specimen placement. After incubation, the plates were visually inspected for the presence or absence of bacterial
growth zones around the test specimens as well as for the eventual appearance of an inhibition zone around the specimen.
When a clear inhibition zone was present, its width was calculated by using following formula and the results were
expressed in millimeters (mm) (Table 2).

Table | Groups of Microorganisms Used for Infection Creation

Sr. No. | Group Microorganisms Strain No. Gram Staining Morphology

| A Staphylococcus aureus ATCC 6538 +Ve Cocci (Cluster)

2 Staphylococcus epidermidis ATCC 35984 +Ve Cocci (Cluster)

3 Micrococcus yunnanensis ATCC 7468 +Ve Coccoid or cocci

4 Streptococcus pyogenes ATCC 12384 +Ve Round-to-ovoid cocci

5 Streptococcus agalactiae ATCC 12386 +Ve Round-to-ovoid cocci

6 Streptococcus salivarius ATCC 13419 +Ve Cocci

7 Enterococcus faecium ATCC 6057 +Ve Ovoid cocci

8 Streptococcus pneumoniae ATCC 6303 +Ve Cocci
(Continued)
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Table 1 (Continued).

Sr. No. | Group Microorganisms Strain No. Gram Staining Morphology

9 B Lactobacillus johnsonii ATCC 11506 +Ve Rod

10 Bacillus spizizenii ATCC 6633 +Ve Rod

I Corynebacterium xerosis ATCC 373 +Ve Rod

12 Microbacterium testaceum ATCC 15829 +Ve Rod

13 Clostridium bifermentans ATCC 638 +Ve Rod

14 Clostridium perfringens ATCC 13124 +Ve Rod

15 C Moraxella catarrhalis ATCC 23246 -Ve Diplococci

16 Escherichia coli ATCC 8739 -Ve Rod

17 Klebsiella aerogenes ATCC 13048 -Ve Rod

18 Salmonella enteritidis ATCC 13076 -Ve Rod

19 Serratia marcescens ATCC 14041 -Ve Rod

20 Proteus vulgaris ATCC 33420 -Ve Rod

21 Bacteroides fragilis ATCC 25285 -Ve Rod

22 Enterobacter cloacae ATCC 13047 -Ve Rod

23 Pseudomonas aeruginosa ATCC 9027 -Ve Rod

24 Pseudomonas stutzeri ATCC 17588 -Ve Rod

25 Proteus mirabilis ATCC 12453 -Ve Rod

26 Shigella dysenteriae ATCC 13313 -Ve Rod

27 D Methicillin-resistant Staphylococcus aureus ATCC 33591 +Ve Cocci

28 Vancomycin-resistant Enterococcus ATCC 51299 +Ve Cocci

29 Carbapenem-resistant Acinetobacter baumannii NCTC 13304 -Ve Spherical, rod-shaped

30 Extended-spectrum beta-lactamase-producing bacteria | NCTC 13351 -Ve Rod

31 Plasmid-mediated Fluoroquinolone Resistance NCTC 13439 -Ve Rod

32 SHV p-lactamase ATCC 700603 -Ve Rod
H=D-d/2

where H is the inhibition zone in millimeters, D is the total diameter of the specimen and inhibition zone in millimeters,
and d is the diameter of the specimen in millimeters.

The inhibition zone values reported in this study represent the radial width of the clear zone (distance from the edge
of the specimen to the edge of visible bacterial growth) rather than the total inhibition diameter.

B: In vivo

Animals

This animal study was conducted at Ribosome Research Centre Pvt. Ltd. (Registration No. 2078/PO/RcBi/S/2019/
CCSEA) following the recommendations and ethical practices as laid down in the Committee for the Control and
Supervision of Experiments on Animals (CCSEA) guidelines. The animal study protocol was reviewed and approved by

4 https: Medical Devices: Evidence and Research 2026:19



Patel et al

Table 2 Inhibition Zones of Bacterial Strains Exposed to ORC Hemostat After 24 H

S. No. Microorganisms Diameter of Diameter of Specimen and
Specimen (mm) Inhibition Zone (mm)
Group A
| Staphylococcus aureus 23.00 27.87
2 Staphylococcus epidermidis 23.00 26.97
3 Micrococcus yunnanensis 23.00 24.42
4 Streptococcus pyogenes 23.00 31.63
5 Streptococcus agalactiae 23.00 27.40
6 Streptococcus salivarius 23.00 34.17
7 Enterococcus faecium 23.00 28.14
8 Streptococcus pneumoniae 23.00 27.94
Group B
9 Lactobacillus johnsonii 23.00 30.79
10 Bacillus spizizenii 23.00 25.32
11 Corynebacterium xerosis 23.00 43.47
12 Microbacterium testaceum 23.00 28.11
13 Clostridium bifermentans 23.00 28.89
14 Clostridium perfringens 23.00 32.28
Group C
15 Moraxella catarrhalis 23.00 41.49
16 Escherichia coli 23.00 26.42
17 Klebsiella aerogenes 23.00 24.82
18 Salmonella enteritidis 23.00 24.75
19 Serratia marcescens 23.00 23.92
20 Proteus vulgaris 23.00 25.45
21 Bacteroides fragilis 23.00 28.54
22 Enterobacter cloacae 23.00 27.22
23 Pseudomonas aeruginosa 23.00 25.75
24 Pseudomonas stutzeri 23.00 30.66
25 Proteus mirabilis 23.00 27.67
26 Shigella dysenteriae 23.00 30.12
Group D
27 Methicillin-resistant Staphylococcus aureus 23.00 27.49
28 Vancomycin-resistant Enterococcus 23.00 27.00
29 Carbapenem-resistant Acinetobacter baumannii 23.00 23.62
30 Extended-spectrum beta-lactamase-producing bacteria 23.00 27.02
31 Plasmid-mediated Fluoroquinolone Resistance 23.00 23.86
32 SHV p-lactamase 23.00 26.48

the Institutional Animal Ethics Committee (IAEC) of Ribosome Research Centre Pvt. Ltd. (Approval No. RRC/IAEC/13/
2024/066; approved on 15 October 2024). A total of 42 male Wistar rats (Rattus norvegicus), aged less than 12 weeks,
with mean body weight of 255.3 + 18.3 g and were randomly assigned to seven experimental groups (Table 3). Only
male animals were selected to avoid hormonal variability associated with the estrous cycle in female rats, which can
influence wound healing measurements. At the end of the study, all surviving animals were humanely euthanized using
carbon dioxide (CO,) inhalation with gradual fill method, in accordance with CCSEA guidelines which are consistent
with the American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of Animals.
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Table 3 In vivo Experimental Design

Group Animal Treatment
Numbers
Gl 1-6 Normal Control (Animals not operated for wound creation

and not treated with anything)

G2 7-12 Disease Control (Group A + B + C + D and not treated with anything)

G3 13-18 Group A + Test Item

G4 19-24 Group B + Test Item

G5 25-30 Group C + Test Item

Gé 31-36 Group D + Test Item

G7 3742 Positive Control (Group A + B + C + D and treated daily with framycetin sulfate 1% w/w cream until 85% wound
closure)

Notes: Group A: Gram +ve organisms (Cocci morphology); Group B: Gram +ve organisms (Rod morphology); Group C: Gram -ve organism (Cocci and Rod morphology);
Group D: Antibiotic-resistant organisms (Cocci and Rod morphology).

Preparation of Microbial Consortium

The microbial consortium was prepared, and 10® CFU was estimated using the serial dilution technique. Culture
suspensions were prepared up to —107'° dilution. From each dilution, 0.1 mL was inoculated into a sterile Petri dish
in duplicate. Then, 15-20 mL of sterile soybean casein digest agar (SCDA) was poured into each Petri dish allowed to
solidify and then transferred to incubator at 32.5°C for 2448 h. For obligate anaerobic organisms, including Clostridium
spp. and Bacteroides spp., cultures were incubated under anaerobic conditions using an anaerobic culture system to
ensure optimal growth and viability prior to preparation of the microbial consortium.

Treatment Procedure

All animals were anesthetized with suitable anesthetic agents, except those in Group G1. All animals were shaved and
the selected area was sterilized with 70% ethanol. Animals from groups G2 to G7 were placed on the lateral side, and the
dimensions of the wound (approximately 2.5 x 2.5 cm) were made on the dorsum cervical region, using infected straight
surgical scissors/blade and tissue forceps with a culture of microorganisms. Different groups of microbial consortia (eg
Group A/B/C/D) were applied to the scalpel or surgical blade before wound creation in all the animals of different
groups. Animals from Group G1 were kept without wounds. For animals in group G2, all four groups of microorganism
strains (32 strains) were applied to the wound area without any treatment. Animals from groups G3—-G6 were assigned to
the respective groups of microbial organisms along with the test item after wound creation, as per the experimental
design. Animals from group G7 were infected with all 32 bacterial strains and subsequently treated with the positive
control, Soframycin® cream (framycetin sulfate 1% w/w in a cream base; Sanofi India Ltd). Test items were applied
on day 1, and the positive control was applied for up to 85% wound contraction according to their intended clinical use.
The test and reference items were applied in such a way that the treated area of the wound was covered. Bandage was
applied (applicable group) for at least 6 h to prevent the loss of test items.

Observations
During the course of the study, observations were made are as below;

Mortality/morbidity was checked twice daily throughout the study period.
General clinical signs were observed once daily throughout the study period.
The body weight of each animal was recorded on day 1 before dosing and weekly thereafter.

el S

The wound area was measured on days 1, 8, 15, 22, and 28 using digital planimetry with the software
“imitoMeasure”.>>

5. At the end of the experiment, swab samples were collected to identify the microbial strains using the VITEK 2
automated system.”® The isolated organisms were inoculated into identification cards containing specific biochem-

ical substrates. The system monitored microbial growth by detecting the optical changes within the microwells.
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These reaction patterns were then analyzed and compared with the reference database to determine the identity of
the organism and its antimicrobial susceptibility profile.

6. Duration of hemostasis was determined on day 0 after treatment.

7. Wound skin samples were collected and fixed in 10% neutral buffered formalin. After fixation, tissues were
processed using a tissue processor. After processing, tissues were embedded in paraffin to create blocks. Sections
were cut from these blocks using a semi-automated rotary microtome to prepare slides. Finally, the slides were
stained with Hematoxylin and Eosin (H&E) for microscopic examination.

8. Histopathological examination was performed on the preserved organs (skin) of all animals. In addition, all gross
lesions from all animals were examined microscopically. Tissues selected for histopathological evaluation were
processed, embedded, and sectioned for further processing and microscopic examination. Data were compiled
based on the incidence and severity of the changes.

Above all measurements were performed by trained operators of Ribosome Research Centre Pvt. Ltd, a third-party
contract research organization and investigators (authors) were blinded to treatment allocation during wound measure-

ments or histopathological analysis.

Statistical Analysis

Data are presented as mean + standard deviation (SD). Normality was assessed using the Shapiro-Wilk test, and
homogeneity of variances was verified with Levene’s test. One-way analysis of variance (ANOVA) was performed for
hemostasis time and wound area on day 28. When ANOVA was significant (p < 0.05), pairwise comparisons were
conducted using Tukey’s HSD post-hoc test to control the family-wise Type I error rate. As a sensitivity analysis,
non-parametric Kruskal-Wallis and Wilcoxon rank-sum tests with Bonferroni correction were also applied to confirm the
robustness of the findings. All statistical analyses were performed using R version 4.3.2. A corrected p-value <0.05 was
considered statistically significant. No a priori power analysis was conducted; the sample size of n = 6 per group was
based on previously published similar preclinical studies evaluating wound healing and antimicrobial activity in rodent
excisional/superficial wound models.”’* This sample size is also consistent with the principles of ISO 10993-2:2022
(Animal Welfare Requirements) and the 3Rs concept, ensuring that the minimum number of animals is used.”’

Results

In-vitro Antibacterial Efficacy

Following a 24-hour exposure period, the negative control showed no clear zone, whereas the Surgi-ORC exhibited
a clear zone against all tested Gram-positive and Gram-negative bacterial strains, indicating effective antibacterial
activity. The 23 mm test specimens consistently prevented bacterial colonization, which is demonstrated by total
inhibition diameters ranging from 23.62 mm to 43.47 mm. Among the tested groups, the maximum inhibition zones
were observed as follows: Group A, Streptococcus salivarius (5.6 mm); Group B, Corynebacterium xerosis (10.2 mm);
Group C, Moraxella catarrhalis (9.2 mm); and Group D, MRSA (2.2 mm). The zone of inhibition was more pronounced
against Gram-positive bacteria, such as Corynebacterium xerosis and Moraxella catarrhalis demonstrating a stronger
bacteriostatic effect on these species. Figures 2 and 3 represent the zones of inhibition for all microbial strains, including
antibiotic-resistant microbes.

In vivo Safety and Pathology Observations

Throughout the 28-day observation period, no morbidity, mortality, or adverse clinical signs were observed in either the
vehicle or treatment groups. All animals had normal body weights within the expected parameters. Furthermore, gross
necropsy revealed no macroscopic lesions in any of the terminally sacrificed animals. These results demonstrate the
safety of the tested specimens.
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Bacterial Strains Before Incubation After Incubation (24 h)

Figure 2 Inhibition zone analysis showing the antibacterial activity of ORC against pathogenic and antibiotic-resistant bacterial strains.

In vivo Hemostasis Kinetics

Following wound creation on day 0, animals treated with ORC-based hemostat exhibited reduced hemostasis times
(42.2-54 s) compared with the untreated disease control group (66.7 s) and were comparable with the positive control (36
s) group, indicating effective bleeding control. As shown in the Figure 4A, hemostasis time was significantly reduced in
all ORC-treated groups compared with the disease control group (adjusted p <0.001 for all groups). Groups A, B, C,
D and positive control group demonstrated shorter hemostasis times, with the shortest times observed in Group D and the
positive control group. The mean haemostasis time for individual groups is mentioned in Table 4.

In vivo Wound Contraction and Pathogen Clearance

Table 5 provides details about the wound contraction in groups of animals over the 28-day study period. The disease
control group exhibited only a relatively small reduction in mean wound areas, decreasing only from 2.31 cm?® to
1.36 cm? by day 28. In contrast, test cohorts demonstrated progressive wound closure, with mean wound areas declining
from 1.89 to 0.36 cm” (Group A), 1.60 to 0.24 cm? (Group B), 1.44 to 0.14 cm? (Group C), and 1.42 to 0.77 cm? (Group
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Figure 4 Effect of ORC hemostat on (A) hemostasis time and (B) wound area on day 28. Data are presented as mean * SD. Significance asterisks indicate Tukey-adjusted p-
values compared to the disease control group: *** p adjusted < 0.001, * p adjusted < 0.05. Colors represent different treatment groups.

D). The positive control group showed a reduction from 2.73 to 0.45 cm® over the same period. By Day 28. All treatment

groups showed smaller residual wound areas than the disease control group (Figure 4B). Significant reductions in wound
area were observed in Groups A, B, C, and the positive control group (adjusted p < 0.001), while Group D (resistant
organisms) demonstrated a smaller though statistically significant, improvement in wound area (adjusted p < 0.047).
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Table 4 Effect of ORC Hemostat on Hemostasis Time

Group Hemostasis Time (s),
Mean £ SD
Disease Control (A + B+ C + D), (n = 6) 66.7 £ 3.5
Group A + Test Item, (n = 6) 540 £ 3.6
Group B + Test Item, (n = 6) 51.5+3.6
Group C + Test Item, (n = 6) 49.0 + 4.8
Group D + Test Item, (n = 6) 422 +27
Positive Control (A + B + C + D), (n = 6) 36.5 £ 3.1

Notes: Group A: Gram +ve organisms (Cocci morphology); Group B: Gram +ve
organisms (Rod morphology); Group C: Gram -ve organism (Cocci and Rod mor-
phology); Group D: Antibiotic-resistant organisms (Cocci and Rod morphology).

Table 5 Effect of ORC Hemostat on Wound Contraction (%) in Terms of Area

Group Day | Day 8 Day I5 Day 22 Day 28 Mean % Wound p Value (vs p Value (vs
Closure Achieved Disease Positive

Control) * Control) T

Disease Control (A + 231 £0.52 1.79 £ 0.76 1.67 £ 0.70 1.53 + 0.66 1.36 + 0.58 428 - -

B+ C + D), (n=6)

Group A + Test 1.89 £ 0.35 1.13 £0.59 0.57 £ 023 0.47 £ 0.20 036 £ 0.16 80.3 0.00017 0.996

Item, (n = 6)

Group B + Test Item, 1.60 + 0.30 0.96 £ 0.17 0.38 £0.12 032 £0.11 0.24 £ 0.08 83.6 0.00003 0.879

(n=6)

Group C + Test 1.44 + 0.67 0.98 £ 0.50 0.23 £ 0.06 0.18 £ 0.05 0.14 £ 0.03 88.5 0.000008 0.611

Item, (n = 6)

Group D + Test 1.42 + 0.68 1.05 + 0.38 1.00 + 0.37 0.92 £ 0.35 0.77 £ 0.37 49.8 0.04699 0.545

Item, (n = 6)

Positive Control (A + 2.73 £ 0.63 1.39 £ 0.51 0.66 + 0.50 0.56 + 0.44 0.45 + 0.40 83.5 - -

B+C+D),(n=6)

Notes: Data are presented as mean * SD, wound contraction (%) in terms of area (cmz). * p value from one-way ANOVA followed by Tukey’s HSD post-hoc test (disease
control as reference). T p value from Tukey’s HSD comparing each test group to positive control. All p-values are adjusted for multiple comparisons. Statistically significant
differences (p < 0.05) are shown in bold. Group A: Gram +ve organisms (Cocci morphology); Group B: Gram +ve organisms (Rod morphology); Group C: Gram -ve
organism (Cocci and Rod morphology); Group D: Antibiotic-resistant organisms (Cocci and Rod morphology).

Among the ORC-treated groups, Group C exhibited the smallest residual wound area. Non-parametric analyses
(Kruskal-Wallis and Wilcoxon with Bonferroni) confirmed these findings, with consistent significance for Groups A—
C. Overall, wound closure in the treatment groups reached up to 88.5% by Day 28.

Furthermore, microbial identification using the VITEK system on day 28 revealed that pathogen clearance was not
uniform across test groups. The disease control group remained colonized by multiple pathogenic organisms, while the
test groups (G3—Go6) exhibited a substantial reduction in the pathogen load, although complete elimination of pathogens
was not achieved. In contrast, complete pathogen clearance was observed in the positive control group (G7). These
results suggest that Surgi-ORC’s antibacterial efficacy may be varied by organism category, with greatest efficacy against
Group B (Gram-positive rods) and more limited activity against Group C (Gram-negative) and Group D (antibiotic-
resistant) organisms. The findings of VITEK system are summarized in Table 6. The entire wound healing process, from
full-thickness wound creation, material application, achievement of hemostasis to complete wound closure, and lack of
visible inflammation by day 28, is illustrated with the graphical images of Wistar rats in Figure 5.

Histopathological Evaluation

Histopathological evaluation revealed no abnormalities in the control group, whereas the treatment groups showed
varying degrees of inflammation and progressive healing. Re-epithelialization was observed in most test groups, with
complete healing in the higher groups. Histopathological analysis suggested that Surgi-ORC promoted tissue regenera-
tion and reduced the inflammatory response compared with the disease control group (Table 7).
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Table 6 Identification of Organism Strain by VITEK Method

Group Identified Microorganisms
G3 (Group A+ Test item) Staphylococcus aureus
G4 (Group B + Test item) Bacillus spizizenii
G5 (Group C + Test item) Klebsiella aerogenes
Shigella group

Escherichia coli

G6 (Group D + Test item) Acinetobacter baumannii complex
Enterococcus faecalis

G7 (Positive Control (A + B + C + D) with Soframycin) | Not detected

Notes: Group A: Gram +ve organisms (Cocci morphology); Group B: Gram +ve organisms (Rod morphol-
ogy); Group C: Gram -ve organism (Cocci and Rod morphology); Group D: Antibiotic-resistant organisms
(Cocci and Rod morphology).

Discussion
Contamination of wounds and post-operative infections is still a clinical overburden, especially in surgical procedures
where exposure to multiple bacteria as well as antimicrobial-resistant (AMR) pathogens creates difficulties in manage-
ment strategies. In this context, local hemostatic materials with intrinsic antibacterial properties are theoretically
advantageous for providing concomitant control of hemorrhage while reducing the microbial burden at the surgical
site. Traditionally, the effectiveness of ORC has been tested mainly in isolated situations using microbiological tests or in
a single in vivo surgical model. The current study extends existing evidence on ORC by employing dual experimental
design proceeded in a step-wise manner, starting with controlled in vitro evaluation against 32 bacterial strains, including
antimicrobial resistant organisms, and followed by in vivo assessment of hemostatic performance and wound-healing
outcomes of a commercial ORC matrix in an infected wound model. The 32 different bacterial strains studied were
prevalent in contaminated environments and hospital settings, representing a key source of exposure. They confer an
enhanced risk of nosocomial infection with complications, including systemic infection, sepsis, delayed wound healing,
and progressive tissue necrosis.>**!

ORC promotes hemostasis via a combination of biochemical and physical effects. Upon contact with blood, it
transforms into a brownish or black gelatinous mass, which facilitates platelet adhesion and aggregation, leading to the
formation of a platelet-fibrin plug.** Oxidation converts the cellulose hydroxyl groups into carboxyl groups to form

polyuronic acids. This modification creates an acidic microenvironment that enhances clot formation by promoting

Day 0 Day 0 Day 0 Day 28

Figure 5 Representative photographs of hemostasis and wound healing in a Group C animal following ORC application: (A) Full-thickness excisional wound immediately
after wound creation (Day 0), (B) ORC test item applied to the wound bed (Day 0), (C) Wound appearance after achieving hemostasis (Day 0), (D) Complete wound
closure with re-epithelialization (Day 28). Photographs are shown for illustration only; wound area measurements were performed independently using calibrated digital
planimetry (imitoMeasure), as described in Methods.
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Table 7 Summary of Severity-Wise Histopathological (Microscopic) Observations

Group | Animals ID | Organ/Tissue Microscopic Observations

Gl 1-6 Skin No abnormality detected in epidermis or dermis

G2 7-12 Skin Presence of inflammatory cells in the epidermis; pustule formation observed in some animals
G3 13-18 Skin Mild inflammatory cells present in some animals; Re-epithelialization observed, indicating healing
G4 19-24 Skin Inflammatory cells present in some animals; Re-epithelialization observed, indicating healing

G5 25-30 Skin Complete Re-epithelialization observed, indicating healing

Gé 31-36 Skin Inflammatory cells present in some animals; Re-epithelialization observed, indicating healing

G7 37-42 Skin Complete Re-epithelialization observed, indicating healing

Notes: GI; Normal control; G2: Disease control (All 32 organisms) + non-treated; G3: Group A organisms + Test item; G4: Group B organisms + Test item; G5:
Group C organisms + Test item; G6: Group D: Antibiotic-resistant organisms + Test item; G7: Positive control (All 32 organisms) + Soframycin treatment.

vasoconstriction, protein denaturation, restriction of local blood flow, and red blood cell lysis, while simultaneously
inhibiting bacterial growth.'>'® As a bioabsorbable hemostatic material, in vivo ORC undergoes degradation and
resorption gradually through hydrolytic and cellular processes.’*** Although degradation kinetics and local wound pH
were not directly evaluated in the present study, previous reports have shown that acidic effect is meant to diminish over
time as the material is progressively absorbed and loses its structural integrity after implantation with resorption expected
within approximately 7 to 14 days of application.'*> Consequently, the antibacterial activity associated with ORC may
be most pronounced during the early post-application period, while the continued wound-healing progression observed
through Day 28 probably represents combined effects of early bacterial burden reduction, rapid hemostasis and
subsequent host-mediated tissue repair processes (Supplementary Figure 1).

While ORC have an established safety profile, some potential adverse effects reported in literature should be
discussed. The acidic microenvironment generated by ORC has been reported to induce localized tissue irritation and
cytotoxicity particularly in neuronal and fibroblast cell lines.*® In addition, foreign-body reactions and granuloma
formation resulted from chronic inflammatory response to retained ORC material have been occasionally reported in
confined anatomical spaces and may mimic tumor recurrence on post-operative imaging.*®*” Although ORC is typically
absorbed within 2—-8 weeks, delayed or incomplete absorption has also been described in isolated cases and may present
diagnostic challenges during postoperative follow-up.® None of these adverse effects were observed in the present
animal model with 28-day observation period, consistent with generally favourable tolerability of ORC in superficial
wound environments, although further studies evaluating ORC in enclosed surgical compartments would provide
additional insight into its safety profile.

In vitro study demonstrated antibacterial activity against a comprehensive panel of Gram-positive and Gram-negative
bacteria, including antibiotic-resistant pathogens. These results were based on inhibition-zone assays, indicating contact-
mediated antibacterial properties linked to its known acidic microenvironment mechanism. Spangler et al demonstrated
that the low pH of ORC affects a wide range of bacteria through a nonspecific mechanism; even antibiotic-resistant
strains remain susceptible to the antimicrobial effect of ORC. In their study, three ORC variants were tested against nine
bacterial strains, including four antibiotic-resistant isolates of MRSA, methicillin-resistant Staphylococcus epidermidis,
VRE and PRSP, where three-log or greater reductions were observed at 24-h exposure.'® In another study, Alhetheel AF
and others have reported that ORC and its variants (standard, knit, fibril, and non-woven) effectively inhibited the growth
of 32 distinct bacterial strains, with inhibition rates ranging from 40% to 100%. Notably, this included resistant
pathogens, such as MRSA, VRE, and PRSP.®

In vivo findings suggest that ORC may contribute to reducing bacterial burden while simultaneously supports
hemostasis and wound healing in contaminated wounds. While interpreting comparative wound healing outcomes, the
difference in dosing frequency of test groups and positive control should be considered. Treatment with ORC resulted in
faster control of bleeding across all groups compared with the disease control group, confirming its hemostatic
performance (adjusted p < 0.001). Furthermore, animals in Groups G3, G4, and G5 showed enhanced wound healing,
achieving wound closure rates of 80.3%, 83.6%, and 88.5%, respectively, which were significantly higher than those
observed in the disease control group. However, Group G6 (antimicrobial-resistant organisms) showed comparatively
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lower wound closure rate (49.8%), suggesting that ORC produced a smaller, but still statistically significant improvement
against antibiotic-resistant organisms (adjusted p = 0.047). These in vivo findings indicate that in vitro antibacterial
activity does not necessarily translate into complete pathogen elimination in vivo, particularly against highly resistant
organisms.***° This may be attributed to factors not present in agar diffusion method, such as buffering of the acidic pH
environment by wound exudate, biofilm formation by MRSA and Acinetobacter baumannii, and the inherent resistance
mechanisms of Group D organisms. Similar animal studies have proven ORC’s capability to control hemorrhage.
Khoshmohabat et al assessed 20 rats with liver lacerations and noted that ORC led to a reduction in total blood loss
and more frequent clot formation relative to gauze packing (p < 0.001), facilitating its use in management of traumatic
hemorrhage.*' Furthermore, an exploratory study from J. Velazquez-Avifia et al showed that ORC can successfully
reduce bleeding in gastric mucosal resection lesions in anticoagulated rabbits. Closed-pore ORC was significantly faster
than open-pore ORC in achieving hemostasis (24.5 vs 66.5 seconds; p < 0.001), and no rebleeding, complication, or
mortality occurred.** Clinical case reports have demonstrated that ORC provides rapid and effective haemostasis across
diverse surgical settings. In myomectomy and ENT procedures, achieved haemostasis within approximately 1 to
2.1 minutes, with no reported adverse events or treatment-related complications.****

Histopathological analysis further supported the favourable wound healing results, revealing tissue re-epithelialization
and reduced inflammation. These findings are supported by Liu et al, who reported that esophagotomy wounds showed
good healing outcomes on post-operative day 10, and microscopic analysis on day 5 demonstrated significantly reduced
inflammatory cell infiltration in ORC-treated wounds compared with those without ORC.* Similarly, Kang et al reported
that ORC (Surgicel) resulted in milder inflammation and better healing than gelatin (Spongostan), which causes severe
tissue reactions and delayed wound healing. These findings indicate that ORC-based hemostatic materials may provide
advantages over gelatin in supporting favorable wound healing.*® Furthermore, our VITEK analysis presented reduction
in inoculated pathogens compared with the disease control group, although complete pathogen clearance was not uniform
across all test groups, particularly in G6 (Group D organisms).

Overall, dual assessment approach study provides preliminary preclinical evidence that evaluated ORC-based
hemostatic material (Surgi-ORC) possesses antibacterial activity against clinically relevant microorganisms including
AMR pathogens while supporting hemostasis and wound healing. These observations may be relevant in contaminated
surgical fields where reducing early microbial burden is desirable. Although promising, the results will need further
mechanistic and controlled clinical studies before its efficacy and expanded clinical application for antibacterial activity
can be determined.

Study Limitations

First key limitation of present study design is the non-equivalent bacterial inoculation burden between test groups and
control groups. The G3 to G6 test groups were challenged with individual bacterial groups (8 strains each), whereas
control groups received the full polymicrobial inoculum (total 32 strains); therefore, data from G3—G6 groups should be
interpreted primarily as evidence of within-group wound healing progression in a specific bacterial context, rather than as
superiority evidence relative to the control groups. Second limitation is for the in vitro design, where antibacterial activity
was evaluated using an agar inhibition zone method, which is standard for solid biomaterials but does not provide
Minimum Inhibitory Concentration (MIC) or Minimum Bactericidal Concentration (MBC) values. Third, quantitative
histopathological scoring including semi-quantitative inflammation grading, collagen deposition scoring, angiogenesis
assessment and epithelial thickness measurements was not performed. These all together would significantly strengthen
the conclusions and should be incorporated in future studies.

Conclusion

The present preclinical findings support the antibacterial potential of evaluated ORC-based hemostat (Surgi-ORC),
a property predominantly mediated by the characteristic low pH microenvironment of the material. The in-vitro study
established effectiveness of ORC against a variety of Gram-positive, Gram-negative and antimicrobial resistant patho-
genic strains, thus supporting a hypothesis that ORC hemostat may contribute to reducing microbial colonization at
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wound site. In vivo observations further demonstrated faster haemostasis, favourable wound healing progression and
improved histopathological outcomes compared with the untreated disease control group.

Considering degree of response varied among microbial challenge groups, particularly those having antimicrobial-
resistant organisms, these preliminary data suggest that the tested Surgi-ORC may function as a multifunctional surgical
aid that not only covers the traditional hemostatic role but also contributes to reducing bacterial burden during the early
stages of wound healing. However, confirmation of its effectiveness in preventing SSIs requires well-controlled clinical
trials on humans.
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