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ABSTRACT

Wound management is a crucial aspect of any post-operative care, or trauma. Achieving
efficient wound management hinges on employing advanced dressing materials possessing
exceptional biocompatibility, high exudate absorption capacity, robust mechanical attributes,
and superior anti-inflammatory, antioxidant, and antibacterial properties. Additionally, an ideal
wound dressing should facilitate rapid healing, maintain aesthetic appearance, and allow
painless removal during changes while preserving healed tissue integrity. Focusing on these
objectives, the current study aimed to design and develop carrageenan based bioactive

hydrogel membranes, striving to incorporate all essential attributes of an ideal wound dressing.

This investigation involves developing hydrogel membranes comprising k-carrageenan (CG)
and polyethylene glycol (PEG) to establish a moist environment and achieve robust
mechanical performance. The addition of PEG aids in plasticizing the membranes, thereby
enhancing their flexibility and handling characteristics. Through a facile solution casting
approach without employing any toxic solvents or chemical crosslinkers, CG was blended with
PEG in various ratios to fabricate CG-PEG hydrogel membranes. A comprehensive
examination of their morphological and mechanical properties was conducted, investigating
the variation of these properties with increasing PEG content. Observations from scanning
electron microscopy (SEM) and atomic force microscopy (AFM) revealed a smoother and
homogenous surface with up to 30% PEG content. Rheological studies unveiled a decrease
in viscosity as PEG concentration increased. DSC studies delved into the impact of PEG
content on compatibility and interactions within the CG matrix, analyzing parameters like glass
transition temperature (Tg), melting temperature (Tm), and heat of fusion (Hrf) of the
membranes. Notably, an increase in mechanical strength occurred up to 30% PEG content
due to polymer chain interactions via hydrogen bonding, followed by a decline attributed to an

anti-plasticizing effect that compromised tensile performance. Moreover, the modulus



decreased while elongation at break increased, signifying the plasticizing impact of PEG from
10% to 40%. The investigation also encompassed analyzing membrane swelling concerning

PEG content.

In the subsequent phase of this research, the incorporation of Lecithin (LC) into CG-PEG
membranes was conducted, resulting in the development of k-carrageenan-PEG/lecithin
((CG-PEG)/LC) hydrogel membranes. Physicochemical analyses of (CG-PEG)/LC hydrogel
membranes involved scanning electron microscopy (SEM), Fourier transforms infrared
spectroscopy (FTIR), X-ray diffraction (XRD), differential scanning calorimetry (DSC), and
mechanical assessments. The morphology of these membranes was explored using scanning
electron microscopy (SEM) and atomic force microscopy (AFM), revealing no microphase
separation in the matrix. These (CG-PEG)/LC membranes exhibited notably enhanced
mechanical properties with exceptional flexibility and displayed a high swelling capacity
(>1000%), fostering a moist environment conducive to wound healing. Investigation into water
vapor transmission rate (WVTR) and x-ray diffraction (XRD) in relation to LC content was also
conducted. Furthermore, the (CG-PEG)/LC hydrogel membranes demonstrated reduced peel
strength (26.5 N/m) due to the weakening of the hydrogel-gelatin interface in an in vitro gelatin
peeling test. Additionally, the membranes exhibited potent antibacterial adhesion against both
S. aureus and E. coli. Moreover, these hydrogel membranes displayed antiadhesive
properties against NIH3T3 cells, indicating their potential as dressing materials for easy

detachment from healed tissue without causing secondary damage.

To produce simple and bioinspired wound care system, natural bioactive agents were further
integrated into CG-PEG-LC hydrogel membranes. The process involved casting a mixture of
biopolymers in water at 55°C, followed by the addition of Calendula officinalis (CL), Moringa
oleifera (MO), and Vitis vinifera (GS) at room temperature, resulting in CG-PEG-LC/CL, CG-
PEG-LC/MO, and CG-PEG-LC/GS bhioactive wound dressings. Assessment via DPPH
analysis showcased remarkable antioxidant activity in a dose-dependent manner. The

dressings were tested for antibacterial properties against both S. aureus and E. coli at varying



drug concentrations. Evaluation of water vapor transmission rate (WVTR) and swelling
behavior of the membranes was conducted. The effectiveness of the bioactive dressings in
microbial inhibition was evaluated using a plate/CFU count method over 24 h. A bacterial
adherence test demonstrated the dressings' efficiency in preventing microbial invasion.
Spectrophotometric monitoring was employed to study the drug release behavior of CG-PEG-
LC/CL, CG-PEG-LC/MO, and CG-PEG-LC/GS bioactive dressings. Biocompatibility
assessments using the MTT assay on NIH3T3 cells revealed >90% cell viability, indicating

their cytocompatibility.

A comparative assessment of the wound healing efficacy among optimized dressings,
including CL, MO, and GS (CG-PEG-LC/CL, CG-PEG-LC/MO, and CG-PEG-LC/GS), was
conducted through an in-vivo wound contraction (%) test, focusing on their rapid wound
healing activity. In vivo studies on wound healing and subsequent histological examinations
were performed using male Swiss albino mice of Balb/C strain. CG-PEG-LC/CL dressings
exhibited >80% wound healing within the initial day of treatment and accomplished complete
healing within 7 days, notably preventing scar formation. Histological analysis validated
complete wound healing, evident in well-structured epidermal layers, significant collagen
deposition, and skin appendage formation in herbal drug-loaded bioactive dressings
compared to CG-PEG and CG-PEG-LC dressings. This research culminated in a bioactive
wound dressing combining biopolymer based hydrogel technology (CG-PEG-LC) with herbal
bioactive agents (CL, MO, and GS), presenting a simple, affordable, and effective solution for
painless, scarless, and faster wound healing, especially beneficial for economically

disadvantaged populations.
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Figure 3.18: Digital illustrations of adhered bacterial colonies via colony counting assay for a)
negative control, membranes with different compositions b) CG, ¢) CG-PEG, d) (CG-PEG)/LC.
Figure 3.19: Quantitative estimation of E. coli and S. aureus adhesion on the membranes.
Error bars indicate mean + S.D. (n = 3). *P value < 0.05, **P value < 0.01, & ***P value <
0.001.

Figure 3.20: SEM images of E. coli and S. aureus adhered on negative control, CG, CG-PEG,
(CG-PEG)/LC membranes.

Figure 3.21: Fluorescence staining images of E. coli and S. aureus adhered on negative
control, CG, CG-PEG, (CG-PEG)/LC membranes. Scale bars: 100 pm.

Figure 3.22: Digital images representing peeling of hydrogel membranes from skin surface
without disrupting its structural integrity.

Figure 3.23: Schematic illustration of the 90° peeling process between the hydrogel membrane
and in vitro gelatin model.

Figure 3.24: Snapshots of front views of the peeling of a membrane on a gelatin substrate
after 24 h contact.

Figure 3.25: SEM images of the surface of different membranes after peeling process.
Figure 3.26: (A) Force-displacement curves of the peeling test for the membranes. (B)
Measured peeling force (N/m) obtained by peeling membranes from in vitro gelatin model (n
= 6). *P value < 0.05, & **P value < 0.01.

Figure 3.27: Bright field and fluorescence microscopic images of in vitro NIH3T3 cells attached
on TCPS, and (CG-PEG)/LC hydrogel membranes using calcein-AM as the cell staining agent

after incubating for 24 h. Scale bars: 100 ym.

Chapter 4
Figure 4.1: Digital image of Calendula officinalis.
Figure 4.2: Digital image of Moringa oleifera.

Figure 4.3: Digital image of Vitis vinifera.
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Figure 4.4: Schematic diagram presenting the preparation process of herbal wound care
system.

Figure 4.5: Photomicrographs of CG-PEG-LC/CL dressings at different CL concentrations.
Figure 4.6: Photomicrographs of CG-PEG-LC/MO dressings at different MO concentrations.
Figure 4.7: Photomicrographs of CG-PEG-LC/GS dressings at different GS concentrations.
Figure 4.8: Digital photos of the CG-PEG-LC/CL, and CG-PEG-LC/MO membranes after
being stretched, folded and twisted.

Figure 4.9: (A) UV-vis absorption spectrum of CG-PEG-LC/CL hydrogel membranes
containing different CL concentration, treated DPPH solution, (B) DPPH scavenging activity
(%) of CG-PEG-LC/CL hydrogel membranes. Error bar represents mean £+ S.D. (n=3).

Figure 4.10: (A) UV-vis absorption spectrum of CG-PEG-LC/MO hydrogel membranes
containing varying concentration of MO, treated DPPH solution, (B) DPPH scavenging activity
(%) of CG-PEG-LC/MO hydrogel membranes. Error bar represents mean + S.D. (n=3).
Figure 4.11: DPPH scavenging activity (%) of CG-PEG-LC/GS hydrogel membranes. Error
bar represents mean + S.D. (n=3).

Figure 4.12: (A) Digital images of ZOIl of CG-PEG-LC/CL dressings with increasing CL
concentration (10-40 wt%) and (B) ZOIl measurements of CG-PEG-LC/CL dressings against
E. coliand S. aureus

Figure 4.13: (A) Digital images of ZOIl of CG-PEG-LC/MO dressings with increasing MO
concentration and (B) ZOIl measurements of CG-PEG-LC/MO dressings against E. coli and
S. aureus.

Figure 4.14: (A) Digital images of ZOl of CG-PEG-LC/GS dressings with increasing GS
concentration and (B) ZOl measurements of CG-PEG-LC/GS dressings against E. coli and S.
aureus.

Figure 4.15: (A) Photographic representation of bacterial colonies on agar plate depicting (a)
Control, and CG-PEG-LC/CL membrane with varied CL concentration of (b) 10%, (c) 20%, (d)
30%, (e) 40%. (B) Assessing the antibacterial effectiveness (%) of CG-PEG-LC/CL with

increasing CL concentration against E. coli and S. aureus.
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Figure 4.16: (A) Visual representation of bacterial colony growth on agar plates for (a) Control,
and CG-PEG-LC/MO membranes featuring different MO concentrations: (b) 10%, (c) 20%, (d)
30%, (e) 40%. (B) Evaluation of CG-PEG-LC/MO effectiveness (%) with increasing MO
concentrations against E. coli and S. aureus.

Figure 4.17: (A) Visual representation of bacterial colony growth on agar plates for (a) Control,
and CG-PEG-LC/GS membranes featuring different GS concentrations: (b) 10%, (c) 20%, (d)
30%, (e) 40%. (B) Evaluation of CG-PEG-LC/GS effectiveness (%) with increasing GS
concentrations against E. coli and S. aureus.

Figure 4.18: SEM images of E. coli and S. aureus adhered on glass substrate (Negative
control).

Figure 4.19: SEM images of E. coli and S. aureus adhered on CG-PEG-LC dressings.

Figure 4.20: SEM images of E. coli and S. aureus adhered on CG-PEG-LC/CL bioactive
dressings.

Figure 4.21: SEM images of E. coli and S. aureus adhered on CG-PEG-LC/MO bioactive
dressings.

Figure 4.22: SEM images of E. coli and S. aureus adhered on CG-PEG-LC/GS bioactive
dressings.

Figure 4.23: CG-PEG-LC dressings efficacy against E. coli and S. aureus observed over a 48
h duration.

Figure 4.24: Antibacterial efficacy of CG-PEG-LC/CL dressings against E. coli and S. aureus
observed over a 48 h duration.

Figure 4.25: Antibacterial efficacy of CG-PEG-LC/MO dressings against E. coli and S. aureus
observed over a 48 h duration.

Figure 4.26. Antibacterial efficacy of CG-PEG-LC/GS dressings against E. coli and S. aureus
observed over a 48 h duration.

Figure 4.27. Time kills log curves of S. aureus and E. coli incubated with CG-PEG-LC/CL

bioactive dressings.
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Figure 4.28. Time kills log curves of S. aureus and E. coli incubated with CG-PEG-LC/MO
bioactive dressings.

Figure 4.29. Time kill growth histogram (plate/CFU) in the presence of CG-PEG-LC/GS
dressings in comparison to CG-PEG-LC dressings (control) against S. aureus and E. coli.
Figure 4.30. TEM images of S. aureus and E. coli treated by CG-PEG-LC dressings.

Figure 4.31. TEM images of S. aureus and E. coli treated by CG-PEG-LC/CL bioactive
dressings.

Figure 4.32. TEM images of S. aureus and E. coli treated by CG-PEG-LC/MO bioactive
dressings.

Figure 4.33. TEM images of S. aureus and E. coli treated by CG-PEG-LC/GS bioactive
dressings.

Figure 4.34: Percentage of in vitro drug release from CG-PEG-LC/CL bioactive dressing.
Figure 4.35: Quasi-Fickian release profile of CL from the CG-PEG-LC/CL bioactive dressing.
Figure 4.36: Percentage of in vitro drug release from CG-PEG-LC/CL bioactive dressing.
Figure 4.37: Quasi-Fickian release profile of MO from the CG-PEG-LC/MO bioactive dressing.
Figure 4.38: Percentage of in vitro drug release from CG-PEG-LC/GS bioactive dressing.
Figure 4.39: Quasi-Fickian release profile of GS from the CG-PEG-LC/GS bioactive dressing.
Figure 4.40: Swelling (%) of the CG-PEG, CG-PEG-LC, CG-PEG-LC/CL, and CG-PEG-
LC/MO hydrogel membranes and photographs of swollen CL and MO loaded CG-PEG-LC
hydrogel membranes.

Figure 4.41: WVTR of CG-PEG-LC, CG-PEG-LC/CL, CG-PEG-LC/MO, and CG-PEG-LC/GS
bioactive dressings.

Figure 4.42: In vitro biocompatibility of NIH3T3 cells for hydrogel membranes via MTT assay.
Figure 4.43: Contact angle analysis indicating the highly hydrophilic nature of the CG-PEG-

LC/CL and CG-PEG-LC/MO dressings.

xXXii



Chapter 5

Figure 5.1: Digital images indicating the establishment of wound model and treatment
schedule of wounds treated by bioactive hydrogel dressings.

Figure 5.2: Visual depiction of wound appearance with bioactive dressings immediately after
the wound is formed (day 0).

Figure 5.3: Visual representation of wound healing with bioactive dressings observed on the
1%t day after the wound was created.

Figure 5.4: Visual representation of wound healing with bioactive dressings observed on the
3" day after the wound was created.

Figure 5.5: Visual representation of wound healing with bioactive dressings observed on the
7" day after the wound was created.

Figure 5.6: Visual representation of wound healing with bioactive dressings observed on the
14" day after the wound was created.

Figure 5.7: Histograms indicating wound size reduction (%) in bioactive hydrogel dressings
with time.

Figure 5.8: Histological examination of excised wound tissue mice on day 14" after treated
with CG-PEG dressing.

Figure 5.9: Histological examination of excised wound tissue mice on day 14" after treated
with CG-PEG-LC dressing.

Figure 5.10: Histological examination of excised wound tissue mice on day 14" after treated
with CG-PEG-LC/CL dressing.

Figure 5.11: Histological examination of excised wound tissue mice on day 14" after treated
with CG-PEG-LC/MO dressing.

Figure 5.12: Histological examination of excised wound tissue mice on day 14" after treated

with CG-PEG-LC/GS dressing.
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