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Abstract

The study investigated the effect of polyphenols present in Cassia auriculata (CA) leaves
in enhancing the stability of the collagen protein and the wound healing potential of col-
lagen films. The crude ethanol extract of CA was analyzed for the presence of phytochemi-
cals and purified by column chromatography using solvents with increasing polarity. The
ethanol eluted active fractions (EEAF) that precipitated gelatin was characterized using
HP-TLC, FTIR spectroscopy, ESI-FT-MS/MS, and 'H NMR spectroscopy. The active
compound was identified to be procyanidin B belonging to the proanthocyanidins group.
The wound healing property of EEAF and collagen type I extracted from Clarias batra-
chus fish skin and the bovine tendon was assessed by in vitro scratch assay on L929 mice
fibroblast cell lines. The EEAF-treated collagen coating enhanced in vitro wound closure
in comparison with the uncoated dish. It was observed that EEAF treatment improved the
physical strength of collagen films. The in vivo wound healing of the EEAF-treated col-
lagen film was examined in male Wister rats and the wound site tissues were assessed.
In vivo wound examination showed enhanced healing with EEAF incorporated collagen
films. Comparatively, the EEAF-treated bovine tendon collagen films showed improved
physical properties and better wound healing property than fish collagen films.

Keywords Clarias batrachus collagen - Cassia auriculata - Bovine tendon collagen -
Procyanidin B

Introduction

Wound dressing helps in protecting the wound from infectious agents, aid in faster recovery,
and accelerate healing. Hence, the selection of the wound dressing for a particular wound type
and stage of healing becomes important. The healing process involves different phases, and
the duration of each phase may vary depending on the health of the individual [1]. There are
different classes of wound dressings available based on the functionality of the material and
treatment requirements. Passive wound dressings made of non-functional synthetic materials
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only cover the wound to protect it from further damage. Nowadays, functionalized bioma-
terials like collagen, hyaluronic acid, elastin, alginate, and chitosan support wound healing
self-sufficiently [2, 3] or in combination with other active compounds like antibiotics and
cytokines are being used [4, 5]. These biomaterials will act as a structural scaffold to support
cell attachment and proliferation. Though they are biocompatible, they can be easily degraded
and hence must be applied to the wound repeatedly. The development and modification of bio-
based wound dressing materials for improved stability and functionalization are active areas of
research in wound management [6].

Collagen is the most abundant protein in the extracellular matrix (ECM) with essential
structural and biological functions assisting in cell attachment, proliferation, and tissue forma-
tion. Tissue collagen is considered to play a central role in controlling the events of wound
healing. The exposed collagen in the wound plays a hemostatic role by interacting with the
blood to form clots over the wound immediately and attract the inflammatory cells by acti-
vating the growth factors. In the inflammatory phase, the collagen is degraded by proteolytic
cells to form peptides that have a chemotactic effect to attract macrophages and are directed
to secrete inflammatory cytokines [4, 7]. During the proliferation phase, the collagen cleavage
products activate fibroblast production to produce more collagen, endothelial cells to promote
angiogenesis, and keratinocytes to undergo epithelization for scar formation. The increased
understanding of the biochemical events in wound healing emphasizes the need for an exog-
enous collagen-based wound dressing that could correct the imbalances in the wound micro-
environment [8].

Collagen extracted from different sources like bovine skin, porcine skin, fish skin, rat
tail, and tendons could be fabricated in different forms to be used as a dressing material [6].
Though collagen has certain advantages as a wound dressing material, it has been stabilized
by chemical cross-linkers to improve stability [9]. The chemical cross-linkers such as formal-
dehyde and glutaraldehyde are cytotoxic [10]. Plant-based compounds could replace chemical
cross-linkers taking the biocompatible and safety attributes into consideration [11, 12]. The
plant polyphenols cross-link the collagen protein through hydrogen bonding, hydrophobic,
and aromatic interactions to improve stability [13].

The plant extracts have been exploited for healing wounds for many years and are preferred
due to their less toxic nature and effectiveness, though neither their mechanism of action nor
the active components are much known. CA is an Asian herb belonging to the Caesalpini-
aceae family used for medicinal purposes for ages in Siddha and Ayurveda [14]. It is also
known as tanners’ senna as it is used to preserve skins [15]. The leaves and flowers are known
to possess bioactivities like antioxidant and anti-diabetic properties. The active compounds so
far identified in this plant extract are flavonoids, proanthocyanidins, tannins, alkaloids, antho-
cyanins, saponins, proteins, carbohydrates, and steroids [14, 16]. Apart from pharmacological
properties, the plant polyphenols could help in stabilizing the protein [17].

Collagen films cross-linked with plant polyphenols have been studied in the present work
to explore newer wound treatment strategies. This work focuses on the extraction and charac-
terization of the active compound in CA that improved the stability and wound healing effi-
cacy of collagen films.
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Experimental
Materials

The plant CA was collected, taxonomically identified, and authenticated by the Head of
the Department of Botany, Voorhees College, Vellore, Tamil Nadu, India. Cell line L929
(murine fibroblast) was sourced from National Centre for Cell Science, Pune, India. The
type I collagen extracted from Clarias batrachus fish skin and bovine tendon collagen by
acid hydrolysis method was used in this study. The chemicals and solvents used were of
analytical grade.

Purification and Characterization of Plant Extract

The crude ethanol extract of CA leaves was purified in silica 60—120 gel column and eluted
in gradient mode using solvent systems of increasing polarity with a flow rate of 2 ml/
min. The different ratios of solvent combinations successively used in the elution process
are given as follows; n-hexane: chloroform—350:0, 40:10, 35:15, 25:25, and 0:50; chloro-
form: acetone—50:0, 40:10, 35:15, 25:25, and 0:50; acetone: ethyl acetate—50:0, 40:10,
35:15, 25:25, and 0:50; ethyl acetate: ethanol—50:0, 40:10, 35:15, 25:25, and 0:50 etha-
nol: water—50:0, 40:10, 35:15, 25:25, and 0:50. Gelatin precipitation assay was carried
out to determine the protein cross-linking property of the eluted fractions. The 20 and 50 ul
of ethanol fractions were mixed with the 10 ug/ml gelatin, and absorbance was measured at
600 nm after 10 min.

Characterization of the EEAF

The EEAF was subjected to qualitative analysis using high-performance—thin-layer chro-
matography (HP-TLC) system (CAMAG, Muttenz, Switzerland) fitted with visionCATS
software. The samples were injected and run on precoated HP-TLC silica gel 60 F,s,,
Merck using a HPLC-grade methanol as solvent and developed using iodine. The TLC
plate was visualized using TLC visualizer 2 under RT white, and UV—254 nm [18, 19].

Fourier transform infrared spectroscopy (FTIR) for EEAF was analyzed using Cary 630
FTIR (Agilent Technologies, US) in ATR mode in the spectral range of 4000 to 400 cm™!
with a resolution of 4 cm™' and a cycle of 32 scans. The spectrum was obtained using
OriginPro 8 software [20].

The molecular mass of the EEAF was measured using Fourier transform mass spec-
trometry (FT-MS/MS) in positive—electron spray ionization (ESI) mode as the source.
Mass range was set to 50 to 2000 Da with a scan speed of 0.2 s per scan. The operation of
the instrument, data acquisition, and processing was performed using Xcalibur 2.0 soft-
ware (Thermo Fisher Scientific) [21, 22].

Proton—Nuclear Magnetic resonance spectroscopy ('"H NMR) spectrum for the EEAF in
deuterated DMSO was measured in Bruker AM 500 NMR spectrometer (400 MHz) using
tetramethysilane (TMS) (5, 0.0) as standard. The spectrum was analyzed using Bruker
TOPSPIN 4.0.7 acquisition software and ACD/Spectrus Processor package (Advanced
Chemistry Development, Inc., Toronto, ON, Canada) [23, 24].
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In Vitro Scratch Wound Assay

1929 fibroblast cells were seeded onto three sets of dishes: control (no coating), 0.5 ug/
ml of collagen-coated, and 0.5 pg/ml of collagen with 100 uL of EEAF coated dishes. The
scratch wound closure assay was performed as per the protocol [25].

Collagen Film Preparation and Characterization

Collagen film was prepared by mixing 5 ml of (3 mg/ml) purified collagen with 100 to
200 pl of EEAF stock according to the procedure of Varkey et al., (2015) [26]. The films
were subjected to physical tests to determine the swelling property and tensile strength
[27].

In Vivo Wound Healing Property of Collagen Films

Male Wistar rats were split into five groups and maintained in a central animal house facil-
ity, VIT, Vellore. A 2x2 cm? full-thickness open excision wound was created on the back
of the rats, dressed up with respective collagen films topically and observed for a period
of 16 days. Rats were sacrificed and the wound tissues were removed on the 4, 8, 12, and
16" day post-wound infliction which were used for histological analyses (hematoxylin and
eosin stain). The contraction of the wound site was measured to assess the percentage and
quality of wound healing according to the formula of Hill et al., (2004) [28]. The tissue
samples from the wound site were subjected to hydroxyproline (HP) quantification [29].

Statistical Analysis

All data were presented as mean and standard deviation using GraphPad Prism. One-way
analysis of variance was used for the analysis of differences between groups. P-value < (0.05
was considered statistically significant.

Results and Discussion
Preliminary Phytochemical Screening and Purification of the CA Ethanolic Extract

The preliminary studies revealed the presence of tannins, anthocyanins, proanthocyanidins,
and other polyphenols in ethanolic extracts of CA. The crude ethanol extract was chosen
for further analysis as it contained many of the phytochemicals (Table S1). The key molec-
ular interactions exerted by polyphenols on proteins are colloidal turbidity, denaturation
of enzymes, astringency, and tanning [12]. Proanthocyanidins, commonly occurring poly-
phenols, are further grouped based on substitution and degree of oxidation. Procyanidins,
the most commonly occurring proanthocyanidins in plants, have varied biological activ-
ity depending on the degree of polymerization [30]. Procyanidins are also known as con-
densed tannins are known to interact and cross-link with proline-rich protein collagen to
form a compact protein network [31]. Proanthocyanidin extracted from plants were natural
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cross-linkers of gelatin [32]. Hence, the procyanidin oligomers have been gaining attention
in the tissue engineering field for their cross-linking ability and therapeutic properties [13,
31, 32].

Gelatin precipitation assay was used to screen the chromatographic fractions obtained
by gradient elution using solvents of varying polarity. The fraction that precipitated gelatin
was examined by visual assessment and turbidity measurement at 600 nm (Fig. 1a and b).
The screened EEAF were pooled and evaporated to dryness. The stock was prepared with
25 mg of the dried extract in 1 ml of ethanol and used for further experiments.

Characterization and Identification of the EEAF

The TLC spots of purified EEAF were visualized under RT white and UV 254 nm with
an R; value around 0.63 (Fig. 2I) [33]. The distinct purified spot encircled in red in the
image of the HP-TLC plate (Fig. 2I) was further subjected to structural characterization.
The analysis of the FTIR spectrum indicated the characteristic bands of polyphenols at
3286.7, 2920.23, 2850.75, 1560.41, 1409.96, 1361.74, 1267.23, 1201.65, 1114.86, and
1064.71 cm™" corresponding to the O—H bond stretching in alcohol group (polyphenols);
C-H stretching in alkane and alkene group; C=C bond stretching in aromatic compounds,
O-H bending of phenols; C-O stretching in aromatic rings, O-H in the deformation of
polyphenols, and sp3 C-O-H bond stretching of primary alcohol respectively (Fig. 2II) [20,
34, 35]. Mass spectrum revealed the relative abundance of molecular ions at m/z 413.14,
291.05, 211.06, and 103.07 which relates to 8—(2,4-dihydroxybenzyl) — 2—(3,4-dihy-
droxyphenyl) chromane—3,5,7—triol; 2—(3,4-dihydroxyphenyl)—3,4-dihydro—2H - 1
— benzopyran—-3,5,7-triol; 2,8-dimethyloctahydro-2H—1 — benzopyran—3,5,7-triol; and
oxan-3-ol respectively. The structures presented in Fig. 2III were the probable molecular
jon fragments from the backbone structure of procyanidins [18]. The 'H-NMR spectra
(Fig. 2IV) contain & 10.2 (a — H, alcohol, H-7), § 9.48 (b — H, alcohol, H-5), 6 9.32 (c
— 2H, alcohol, H-3" and H-4"), 8 6.61 and & 6.58 (d — 3H, benzene, H-2', H-5" and H-6'),
8 5.76 (e — 2H, benzene, H-6, and H-8), 6 5.32 (f — H, alcohol, H-3), & 4.65, & 4.62 and
8 4.6 (g — 2H, methine, H-2, and H-4), and & 1.88 and § 1.82 (h — 2H, methine, H-4)
(Fig. S1). The structure was identified to be procyanidin B which contains two monomers
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Fig. 1 Gelatin precipitation assay of the EEAF. a Visual assessment of precipitation and b turbidity meas-
urement graph of gelatin precipitation by different concentrations of EEAF
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Fig.2 Structural characterization of EEAF. I Images of HP-TLC plate visualized under visible, and p
UV-254; lane 1—crude extract of CA and lane 2—EEAF. The spot of active compound is marked in EEAF
lane (red circle). II FTIR spectrum of EEAF. The wavenumber (cm™") of the transmittance peaks is given.
IIT FT-MS/MS spectrum of EEAF. The probable fragmentation pathway of the compound with m/z and
chemical structures of the fragment ions. IV 'H-NMR spectrum of EEAF (6 in ppm). The protons present
in the identified compound are marked in the chemical structure (right) corresponding to the signal in the
NMR spectrum (left)

of epicatechin molecules. The results are well corroborating with the previously reported
result of procyanidin B structure [23, 36, 37].

Cell Migration and In Vitro Wound Closure

The stages of wound healing involve the hemostasis, inflammatory, proliferation, and
remodeling phase. The migration of fibroblasts to the wound area is important to secrete
more ECM proteins to provide a scaffold for further cell attachment, proliferation, interac-
tion, and migration. In the in vitro scratch assay of the present study, the cells started to
migrate into the wound area at 24 h and the wound closure was almost complete in 48 h
in EEAF-treated collagen-coated dishes (Fig. 3). The major ECM protein involved in the
wound healing process is type I collagen which has a prime role in enhancing cell prolif-
eration, migration, and differentiation [38]. The ability of the EEAF-treated collagen to
promote cell fibroblast migration was confirmed by in vitro wound closure assay [25]. The
fibroblast migration with fish collagen treated with EEAF was comparatively faster than
bovine collagen. Proanthocyanidin nanodispersion was found to induce fibroblast migra-
tion and inhibit the expression of inflammatory cells in the wound area to hasten the wound
healing process [39] Similarly, collagen has also been reported to influence the migration
of cells and promote wound healing[40].

Collagen Film Preparation and Characterization

Collagen is well known to promote wound healing, but extracted collagen is degradable.
The films with weak physical strength would fail to stay on the wound area for long and
tend to degrade faster. The collagen should be made robust to combat degradation and
inhibit the entry of invading microflora in the skin. Earlier work on the incorporation of cat-
echin, a plant polyphenol into rat tail collagen enhanced the thermal stability of the protein
for use as biomaterials. The stabilized collagen showed an increase in shrinkage tempera-
ture and maintained the secondary structure of the protein even upon chemical denaturation
treatment [11]. The influence of tannic acid concentration in the degree of cross-linking of
dermal sheep collagen and in vivo burn wound healing activity of the cross-linked films
was assessed in a study [12]. Hence, an attempt has been made to study the effect of the
extract on improving the stability and wound healing property of collagen films [27]. The
EEAF-treated films were compared to the control films based on physical properties. The
control films appeared to be translucent and resilient (Fig. 4a). The EEAF-treated bovine
collagen films were found to be less resilient among the prepared collagen film groups. The
EEAF-treated collagen films were slightly brown in color due to the cross-linking. The
tensile strength of the fish collagen films increased from 8 to 13 MPa, whereas the bovine
collagen films showed a significant increase from 15 to 25 MPa upon EEAF incorpora-
tion (Fig. 4b). This could be due to the higher percentage of proline and hydroxyproline in
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Fig. 3 In vitro scratch wound closure assay using 1.929 fibroblast cell line. Scale bar 100 um

tendon collagen, which interacts with procyanidins. The swelling tests were done to assess
the strength and moisture absorption capacity of the films. The swelling rates of fish and
bovine collagen films decreased upon EEAF incorporation. The EEAF-treated bovine col-
lagen film showed the least swelling activity than the collagen film groups (Fig. 4c). This
could be attributed to the decreased polarity of the film upon treatment with the EEAF
probably due to stacking interactions between proline rings of collagen and phenol rings
(C-H—= hydrogen bonding) of procyanidins by displacing water. The other main inter-
action between the polyphenols and collagen protein is mainly due to hydrogen bonding
involving the hydroxyl groups of polyphenols with the functional carbonyl group of Pro
residues present in the collagen (O-H—-O) (Fig. 4d) [13]. Thus, the collagen polypeptide
chains are interlocked with each other through procyanidin compounds without disrupting
the triple helix structure of collagen [32]. Unlike the chemical cross-linkers glutaraldehyde
and formaldehyde, procyanidins are cytocompatible and are known to be non-toxic [41].

In Vivo Wound Healing
In the present study, the wounds were completely closed by the 16" day in the EEAF-

treated collagen film groups and there was no sign of infection (Fig. 5a). However, the
EEAF-treated bovine collagen film group showed a noticeable wound closure compared
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Fig.4 Comparison of characterization of untreated and treated collagen films. A—collagen film without
EEAF treatment; B—collagen film with 100 uL EEAF treatment; C—collagen film with 200 uL. EEAF
treatment. a Images of prepared collagen films. b Tensile strength measurement of collagen films. ¢ Swell-
ing test of the collagen films. A single dollar sign ($) indicates significant change between control untreated
fish collagen and EEAF-treated fish collagen film (values-value <0.05); a single number sign (#) indicates
significant change between untreated bovine tendon collagen film and EEAF-treated bovine collagen film
(P-value <0.05), and d probable interaction of procyanidin B with the Pro residues of collagen protein
through hydrogen bonding

to other groups at the end of 12 days. On day 4, the wound created on the rat skin con-
tracted to 19.6+ 1.6, 32.75+4.13, 45+ 1.39, 36.73 +£0.64, 59.23 +1.41% in groups I to V
respectively (Fig. 5b). The better healing in EEAF-treated films could be due to the longer
retention of stabilized collagen films or maybe a synergistic therapeutic effect on healing.
Groups III and V (EEAF-treated fish and bovine films) showed the maximum amount of
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Fig.5 In vivo wound healing. a Visual assessment of wound healing potential of treated and untreated col-
lagen films; b wound contraction at the site of the wound from day 4 to 16; and ¢ collagen content of the
granulated wound tissue determined by HP quantification on days 4 and 8

collagen deposition in the wound sites that would have helped in accelerating the wound
healing process which was well correlated with the wound contraction measurements
(Fig. 5¢).

The histopathological analysis was done to assess the wound healing in epidermal and
dermal regions of the rat skin (Fig. 6). The healed skin in histopathology analysis would
indicate well-defined epidermis with regenerated epithelial tissues and dermis regions;
densely packed connective tissue; the appearance of hair follicles, sebaceous glands,
and blood vessels; cellular infiltration of keratinocytes and fibroblasts; and absence of
inflammatory cells such as neutrophils and lymphocytes [2, 3, 42]. Histological findings
and scoring are given in Table 1. The control group which did not receive any treatment
showed very high infiltration of inflammatory cells (IC) near the wound site. On day 8, the
epidermis remained damaged and the granulation tissue layer was observed to be loosened.
Acanthosis, thickening of the skin layers stratum basale and stratum spinosum, and scaring
were observed until the 16™ day. In groups II and IV, scab formation was observed in the
wound site and epidermis was still damaged on day 4 and the IC infiltration was seen near
the wound site. On days 8 and 12, the infiltration of IC continued with damaged epidermis
and acanthosis but hair follicles (HF) and blood vessels (BV) started to form indicating
the onset of angiogenesis in the wound. On day 16, the re-epithelialization was seen dis-
tinctively with BV and HF formation. In group III, the onset of re-epithelialization was
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Group Il - Fish Group |l - Treated Fish Group IV - Bovine  Group V - Treated Bovine
Collagen film Collagen film Collagen film Collagen film

Group | - Control

Fig.6 Histopathological analysis of the wound tissue sections. Scale bar 20 um. Red arrow, asterisk, black
arrow, HF, BV, CT indicate damaged epidermis, inflammatory cell infiltration, re-epithelialization, hair fol-
licle, blood vessel formation, and connective tissue respectively

observed from day 4 and the infiltration of IC was lesser compared to control and group
IT treated tissues. In groups III and V, the IC infiltration was considerably reduced and the
dermis started to appear compact on the 8™ day. At the end of the 12" day, the re-epitheli-
alization was completed with BV formation and fibroblast migration. The firm and distinct
epidermis and dermis with HF and BV were seen which almost appeared like normal skin
on day 16. In group V, the re-epithelialization rate was very high compared to other treat-
ment groups.

It was obvious that the EEAF treatment had an impact on wound healing and improved
the applicability of collagen films. Procyanidin B2 has been proven to accelerate wound
healing by enhancing the function of epithelial progenitor cells (EPC) for promoting angio-
genesis in the wound sites of diabetic mice. It also attenuated the levels of reactive oxy-
gen species level in the EPCs by activating the Nrf2 signaling pathway. Thereby, procya-
nidin B2 facilitated the survival, function, and migration of EPCs in angiogenesis impaired
wound [43]. Earlier studies also established that dietary procyanidins possess anti-inflam-
matory and anti-tumor properties because of their high antioxidant potential [44, 45].
Therefore, the incorporation of procyanidin B in the collagen films not only offers mechan-
ical strength but also aids in wound healing. Evidently, the in vivo study showed that the
EEAF-treated bovine collagen film tends to accelerate wound healing better in comparison
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to fish collagen films. The improvement in physical properties of EEAF-treated bovine col-
lagen film could have supported wound healing greatly. However, fish collagen has a cer-
tain advantage as it would be devoid of the potential risk of bovine spongiform encepha-
lopathy got from the bovine source [46].

A study was performed on the reinforcement of bovine skin collagen scaffold with fur-
fural, a plant-based inorganic compound to improve its mechanical and thermal stability.
The scaffolds re-established the tissue integrity in the wounds and were found to be hemo-
compatible [47]. Another study involved the impregnation of rat tail tendon collagen scaf-
folds with juglone, a quinone functionalized silver nanoparticles for improving thermal sta-
bility and wound healing potential [48]. The calf skin collagen films were stabilized with
magnesium ascorbyl phosphate and have proven to enhance the thermal properties and
mechanical strength of the films. The stabilized collagen films fastened the wound healing
process and completely closed the wound on 16™ day of the wound healing process and
increased the rate of collagen fibrillation [49]. The studies conducted on collagen films in
combination with plant extracts or chemical stabilizing agents enhanced the positive effect
of stabilized exogenous collagen on wound healing.

Conclusion

Though several wound care management strategies have been investigated, the present
study pitches the role of plant-based compounds incorporated in collagen films for external
wound treatments. In summary, collagen films treated with procyanidin B from CA leaf
extract showed promising results in wound healing. The materials used in preparing the
wound dressing are of natural origin that are compatible and promote the wound repair
process. The plant extract improved the physical properties of collagen films that improved
ease of application and controlled degradation. Collagen films cross-linked with phyto-
chemicals might provide a newer approach in finding wound treatment strategies and can
be taken to the next level of experimentation.
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