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Abstract
This study includes the application of graft copolymer (polyacrylamide-grafted 
polyvinyl pyrrolidone—PVP-g-PAM) as wound healing agent. It is hypothesized 
that the branches of the graft copolymer adsorb at various colloidal components of 
blood plasma—thus assisting in formation of a networked structure, i.e. ‘blood clot’. 
Further, the adhesive property of graft copolymer supports in wound closure and 
immobilization of pathogens. Wound healing efficiency of PVP-g-PAM has been 
investigated ‘in vivo’ by excision and incision wound model. The 100% wound con-
traction has been shown by PVP-g-PAM after 13 days. This is superior to both in 
cases of standard drug and ungrafted polyvinyl pyrrolidone (PVP), which fails to 
achieve complete wound closure even after 21 days. Additionally, the graft copoly-
mer-treated mice’s skin exhibited higher tensile strength than that of standard drug, 
PVP and stitched model.

Graphic abstract

Keywords  Graft copolymer · Wound healing · Excision model · Incision model · 
Tensile strength

http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-019-03013-5&domain=pdf


5192	 Polymer Bulletin (2020) 77:5191–5212

1 3

Introduction

Fast recovery from a trauma is directly linked with accelerated healing of wound. 
Wound dressing/closure is essential to restore and repair the damaged epidermal 
and dermal tissues and for skin regeneration. Contemporary approaches discour-
age stitching and stapling for open wound closure as these are coupled with infec-
tion and granule formation (as a consequence of their degradation in the body) 
along with many other shortcomings, such as the related pain/trauma of the pro-
cedure [1]. Therefore, topical application of medical tissue adhesives is in fore-
front of wound management since they have several advantages over conventional 
methods of wound closure. Advantages include less traumatic, non requirement 
of anaesthesia, effective as haemostatic agent and may seal air leakages. Due 
to their effect on local cellular response, they work to sustain the moisture and 
oxygen at the wound, protect peri-wound skin, prevent microbial contamination, 
reduce pain, control the odours and eliminate dead spaces and nonviable cells.

From the last few years, the fabrication of biomimetic products has been 
found to be effective for wound healing [2]. Natural polysaccharides (such as 
chitin) [3] and proteins (like gelatine) [4, 5] are the largely used bioadhesives, 
but due to their lack of efficiency and microbial and water susceptibility, they 
have been replaced by synthetic one [6, 7]. Currently, fibrin-based adhesives [8, 
9] and cyanoacrylates (owing to have high adhesion property) [10] are frequently 
applied as an alternative of natural bioadhesives, but these pose numerous trou-
bles associated with immunogenicity and blood-borne disorders like HIV (human 
immunodeficiency virus) and BSE (bovine spongiform encephalopathy) [11, 12]. 
Moreover, cyanoacrylates release formaldehyde, a carcinogenic product [13] and 
have low biocompatibility [1].

Regardless of various prominent researches, none of the present bio-origin adhe-
sives hold satisfactory controlled degradability and wet tissue adhesion strength 
for sutureless wound treatment [14]. Thus, scientists are continually trying to 
develop novel materials with controllable degradability, high wet adhesion strength, 
enhanced biocompatibility and significantly lower manufacturing expenditure.

A graft copolymer-based adhesive consists of long and flexible side chains. When 
the force is applied to such product (having customized architecture) to separate the 
adhesion bond, the developed network (links between wound cells and adhesive 
molecules) disperses the stress thus generated along the polymer bulk, without com-
promising the surface and hence defends the adhesion focal point. In case of syn-
thetic polymers, it is feasible to incorporate the custom-built properties appropriate 
to the intended application by revising the chemical composition and orientation of 
distinct functional groups so that they can interact with biological cells. The product 
thus obtained has a strong affinity towards cells, therefore adheres to wound tissues 
without any difficulty and thus “mimic” in the final stage of the blood clotting pro-
cess. However, there are several other physiological, chemical and mechanical pro-
cesses involved in the course of wound healing.

It is supposed that the synthetic polymers having property to adhere to bio-
logical tissues cure the wound by overlapping evenly the incision edges. Some 
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examples are polyacrylic acid derivatives, polyacrylate, poly(methacrylate) and 
some cellulose derivatives. Furthermore, the biological polymer such as fibrin 
and collagen has inherent haemostatic characteristic that supports in the coagula-
tion process [15].

Natural polymers exhibit comparatively low mechanical strength than synthetic 
polymers. A number of polymeric materials have been investigated to study the 
cell-polymer interactions. Examples include polyacrylamide (PAM), polydimethyl-
siloxane (PDMS), alginate and agarose, etc. These materials necessitate surface 
modification (generally covalent modification viz. the surface is resistant to pro-
tein adsorption) to endorse cell adhesion. Indeed, the maximum studies evaluating 
the material mechanics affected on cell behaviour have been accomplished with 
polyacrylamide as it is simple and well-characterized macromolecules. Several 
studies exhibited that the acrylamide (a neurotoxin) does not discharge from poly-
acrylamide during degradation [16, 17]. Hence, it does not induce bio-toxicity and 
bioaccumulation.

By suitable modifications like grafting, cross-linking or blending with appro-
priate substances [18–25], the mechanical strength of preformed polymers can be 
enhanced; however, their biocompatibility may be affected up to some extent. The 
key advantages of these modified polymers include anti-haemorrhage effect along 
with tissue adhesion and wound healing activity. These properties are mainly due to 
the high water content and tissue-like consistency. The application of modified poly-
mers may eradicate the threat of blood transmission diseases.

PVP is a functional, synthetic and biodegradable polymer. It is the most common 
compound used in pharmaceutical applications such as a tablet binder, as a lubricant 
in some ophthalmological solution and in contact lens solutions. Povidone–iodine 
complex is used as a disinfectant. It helps in enhancing the solubility of drugs and 
prevents its recrystallisation. It is also used in the preparation of membranes used 
in dialysis and water purification. It is used as food additive, as stabilizer and has E 
number—E1201. It is approved by US Food and Drug Administration for multiple 
applications and is generally regarded as safe [26].

PVP hydrogel membranes synthesized by radiation cross-linking have been stud-
ied earlier for skin regeneration and wound dressing by Darwis [27] and his cowork-
ers and Himly [28] and his coworkers. They reported that the resilient and imperme-
able to bacteria membranes were fit only for healthy skin but not for wound dressing 
[29].

In the present study, the long, coiled side chains of polyacrylamide (PAM) have 
been incorporated onto the skeleton of preformed polymer—PVP, using acrylamide 
(as a monomer) and ceric ammonium nitrate (CAN) as the chemical-free radical 
initiator via microwave radiation resulting to the development of graft copolymer 
(PVP-g-PAM). Although the parent polymer (PVP) has some adhesive property, 
but the prime reason of structural modification of PVP is to enhance its bonding 
strength and to control its rate of degradation (growing with the increase in the 
grafted chains). The resultant product was then characterized by several techniques 
that included 13C NMR, XRD, FTIR, SEM, TGA, etc.

Wound healing activity of the synthesized graft copolymer has been evaluated ‘in 
vivo’ via incision and excision wound model using swiss albino mice, and it proved 
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to be efficient to bind with the wet tissue precisely as well as it has wound healing 
property.

The increased tensile strength indicates improved wound healing stimulation. 
Thus, in the meticulous area of injured tissue healing, PVP-g-PAM may be consid-
ered as a sealant (bioadhesive), that is to say, as a suture adjuvant that supports heal-
ing of the injury.

Materials and methods

Materials

Male swiss albino mice (weight around 25 g) were procured from laboratory ani-
mal house of department of pharmaceutical sciences and technology (Birla Insti-
tute of Technology, Mesra, Ranchi, India). All animal experiments strictly comply 
with approval of institutional animal ethical committee (Protocol no. PROV/BIT/
PH/IAEC/21/2016). Animals were given regularly with water and food during the 
entire period of study.

Microwave‑assisted synthesis of polyacrylamide‑grafted polyvinyl pyrrolidone 
(PVP‑g‑PAM)

This method involves the synergism of chemical-free radical initiator (CAN) and 
microwave radiation to develop the free radical sites on the polymer backbone (PVP) 
[30, 31]. The synthesis details and proposed mechanism have been well described 
in our earlier study [32]. In short, a uniform aqueous solution of PVP, monomer—
acrylamide and free radical initiator—CAN have been prepared at about 50 °C. The 
mixture was then microwave irradiated until the gel has been formed (2 min). The 
product thus obtained was precipitated in an excess of acetone. Dried, fine powder 
of synthesized graft copolymer was prepared for further use. A series of five differ-
ent grades of graft copolymer has been synthesized by varying the concentration of 
acrylamide and CAN. The composition of various grades is tabulated in Table 1 and 
mechanism of synthesis is proposed in Scheme 1.

Table 1   Composition of various grades of PVP-g-PAM

Grafting (%) =
Wt. of grafted PVP−Wt. of PVP

Wt. of PVP
× 100

Polymer grades Wt. of PVP 
(g)

Volume of 
water (mL)

Wt. of CAN (g) Wt. of acryla-
mide (g)

Grafting (%)

PVP-g- PAM 1 1 50 0.2 10 850
PVP-g- PAM 2 1 50 0.2 15 1400
PVP-g- PAM 3 1 50 0.2 20 1702
PVP-g- PAM 4 1 50 0.25 15 1286
PVP-g- PAM 5 1 50 0.15 15 1281
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Scheme 1   Schematic representation for the synthesis of PVP-g-PAM
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Characterization of graft copolymer

The structural modification of synthesized graft copolymers was evident by various 
physico-chemical techniques and discussed earlier [32]. However, some more char-
acterization techniques have been discussed further.

13C NMR spectra of PVP and PVP-g-PAM were recorded at 400 MHz with an 
NMR spectrophotometer (Model: 400 YH; Make: Jeol) using deuterium oxide 
(D2O) as a solvent. The spectra are illustrated in Fig. 1a, b.

Qualitative X-ray diffraction study of PVP and PVP-g-PAM has been evaluated 
by X-ray diffractometer (Make: Rigako, smart lab, 9 kV). The instrument was oper-
ated under the condition of 45 kV voltage and 200 mA current. The 10°/min scan 
rate was applied in fine-powdered samples. Scattering angle (2θ) was varied from 10 
to 80°. The diffractogram is shown in Fig. 1c.

FTIR spectra of finely ground sample were recorded via KBr pellet method using 
FTIR spectrophotometer (Model IR-Prestige 21, Shimadzu Corporation, Japan). The 
spectral range was 4000–500 cm−1. The investigation has been accomplished at a 
resolution of 10 cm−1. The spectra are given in Fig. 2a, b.

The surface morphological profile of the graft copolymers was obtained at vari-
ous magnifications by scanning electron microscope (SEM) (Model: JSM-6390LV, 
Jeol, Japan). The finely ground samples were coated with platinum. Analysis has 
been carried out at a voltage of 5 kV. The microscopic images have been displayed 
and compared with that of PVP in Fig. 3a–d.

The concerned TGA data have been obtained from TGA instrument (Model: 
DTG-60; Shimadzu, Japan). The weight loss has been measured in the temperature 
range of 30–580 °C at a heating rate of 50 °C min−1 under nitrogen atmosphere. The 
thermogram is given in Fig. 4a, b.

Wound healing activity of synthesized graft copolymer

Excision wound model

The mice were anesthetized by open mask method with diethyl ether. After 30 min, 
a full thickness excision wound of the area of 10  mm diameter and 2  mm depth 
has been made by a surgical blade on the shaved back of the mice. The wounding 
day is regarded as day 0. The experimental animal groups were treated with topical 
application of the base gel, PVP, and all synthesized grades of graft copolymers of 
PVP and standard drug till the wound healed completely (i.e. 21 days) [33, 34]. The 
animals were divided into eight groups of six animals each.

Group 1–5: regarded as test group treated with five different grades of PVP-g-
PAM for 21 days.

Group 6: regarded as test group treated with PVP.
Group 7: regarded as reference standard group treated with commercial antibiotic.
Group 8: regarded as control group treated with base gel.
A gradual reduction in the wound area has been observed periodically and meas-

ured on every alternate day viz. 3rd, 5th, 7th, 9th, 11th, 13th, 15th, 17th, 19th, 21st 
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Fig. 1   a 13C NMR of PVP. b 13C NMR of PVP-g-PAM. c XRD pattern of PVP and PVP-g-PAM
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post-wounding days, and the mean percentage of wound contraction has been calcu-
lated [35, 36]. Wound area was measured by tracing the wound on a millimeter scale 
graph paper on every second day. The span of epithelialization has been measured as 
the number of days needed for filling of the dead tissue fragments devoid of which-
ever remaining unhealed wound. The granulation tissues have been seen on 13th, 
15th, 17th and 21st post-wound days (after 100% wound contraction has been shown 
by the group of animals) and analysed for protein content (collagen). Photographical 
representation of excision wound healing is shown in Fig. 5a. The percentage wound 
healing was computed with the help of following formula [37], and the results are 
summarized in Table 2 and are graphically presented in Fig. 5b.

where n = number of days, i.e. 3rd, 5th, 7th, 9th, 11th, 13th, 15th, 17th, 19th, 21st 
post-wounding days.  

Incision wound model

In the incision model [35, 38, 39], the mice have been anesthetized by open mask 
method using diethyl ether. One longitudinal peravertebral incision of about 2 mm 
length and 2 mm deep has been created through the skin and cutaneous muscle at a 
distance about 1.5 cm from the central-line on both side of the hairless back of the 
mice. The animals were divided into nine groups of six animals each.

Wound contraction (%)
wound area on 0th day − wound area on nth day

wound area on 0th day
× 100

Fig. 1   (continued)
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Fig. 2   a FTIR of PVP. b FTIR of PVP-g-PAM
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Group 1–5: regarded as test group treated with five different grades of PVP-g-
PAM for 21 days.

Group 6: regarded as test group treated with PVP.
Group 7: regarded as reference standard group treated with commercial 

antibiotic.
Group 8: regarded as control (treated with base gel).
Group 9: regarded as stitched model (untreated, only stitches given).
After the incision, the wounds have been treated by the same manner as that 

of the excision wound model, i.e. with topical application of the base gel, PVP, 
and all synthesized grades of graft copolymers of PVP and standard drug till the 
wound healed completely. The wounds have been observed regularly, and the ten-
sile strength of newly formed skin has been measured on 10th day [40] (after 
complete healing of wound).

A tiny portion of healed wound (skin) was cut out. Four curved needles were 
pierced through the skin, two on each side. The one side two needles were fixed 
to a shaft, and the other side two needles were attached to a plastic bag, which 
hang up freely in the air (the each side of needles were kept at equal distance 

Fig. 3   a SEM Micrograph of PVP at 100–100 µm. b SEM Micrograph of PVP at 250–100 µm. c SEM 
Micrograph of PVP-g-PAM 2 at 100–100 µm. d SEM Micrograph of PVP-g-PAM 2 at 250–100 µm
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from the healed wound). Then, water was poured bit by bit to a plastic bag until 
the skin broken into two parts. The weight of water in the bag has been regarded 
as an indirect evaluation of tensile strength of the healed skin. Photographic rep-
resentation of tensile strength measurement is given in Fig. 6a.

Fig. 4   a TGA of PVP. b TGA of PVP-g-PAM
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Fig. 5   a Photographical representation of excision wound healing in mice (1) control (2) standard (3) 
PVP (4) PVP-g-PAM 1 (5) PVP-g-PAM 2 (6) PVP-g-PAM 3 (7) PVP-g-PAM 4 (8) PVP-g-PAM 5. b 
Graphical representation of wound contraction (%) in excision wound
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Stitched model

In this model, the incision was made in an anaesthetized animal as in case of 
incision wound model. In this case, the cleaved skin was kept jointly and stitched 
with the help of a curved needle (No. 11) and surgical thread (No. 000) at 0.5 cm 
intervals. The continuous threads were stitched on both wound ends for good 

Fig. 6   a (A) Departed skin tight with thread (B) curved needle used in experiment, (C) measurement of 
tensile strength by measuring the load bearing capacity. b Stitched model. c Tensile strength shown by 
different groups
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closing of wound. The wound remained untreated. The sutures were separated on 
9th day and tensile strength was analysed on 10th day (Fig. 6b).

Tensile strength measurement

The tensile strength of the healed skin corresponds to the extent of wound healing 
as wound healing agents enhance the tensile strength [41, 42]. The tensile strength 
of the graft copolymer-treated wounds was compared with that of control and stand-
ard drug-treated animals and with stitched model. The increased tensile strength 
signifies improved wound healing stimulation by the applied samples. The tensile 
strength has been computed by applying the equation given below:

The tensile strength of tissues treated with various grades of graft copolymer is 
graphically presented in Fig. 6c.

Statistical analysis

The readings were taken from six individual experiment, and results are expressed as 
mean ± SEM (n = 6). *P < 0.05, **P < 0.01, ***P < 0.0001, ns-not significant, when 
all synthesized grades compare to standard, PVP and control. One way ANOVA fol-
lowed by Bonferroni’s comparison test (with 95% confidence level) has been done to 
calculate the percentage contraction in excision wound model. All values in Table 2 
contain ***. The statistical computation and plotting of graphs were accomplished 
via GraphPad Prism software, version 7.03.

Result and discussion

Microwave‑assisted synthesis of (PVP‑g‑PAM)

Five distinct grades of PVP-g-PAM have been synthesized by free radical mecha-
nism using microwave radiation in synergism with CAN. In a polar solvent (water), 
PVP molecule undergoes keto–enol tautomerism [32] (Scheme 1) to generate reac-
tive enol form which readily reacts with Ce(IV) leading to the formation of complex 
[43].

Microwave radiation rotates the small polar molecules (water) entirely resulting 
to the heat generation only. In such a condition, no bond undergoes cleavage and 
hence does not result in the generation of free radicals. While in case of macromole-
cules, only the polar bonds like –OH, –COOH in the functional groups of molecules 
(such as the ‘–OH’ group in ‘enol’ form of PVP) rotate in the presence of micro-
wave radiation, whereas the not so polar bond (like C–C, –CH bonds of main poly-
meric structure) persists inactive under microwave conditions. This partial rotary 

Tensile strength =
Total breaking load (gm)

Cross − sectional area
(

mm2
)
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motion of macromolecules consequences the cleavage of polar bonds, thus leads to 
the development of free radicals [44].

It is believed that ‘Ce’ reacts with the –OH bond of macromolecule and develops 
‘–O–Ce’ bond. The microwave radiation can rotate ‘–O–Ce’ bond more forcefully 
as it is highly polar than –OH bond. This leads to the formation of free radicals onto 
the PVP backbone. These free radicals interact with acrylamide to produce graft 
copolymer via typical free radical reaction mechanism. The long, coiled chains of 
polyacrylamide were grown onto the backbone of PVP. The proposed microwave-
assisted synthesis is depicted in Scheme 1.

Characterization of graft copolymer

13C NMR spectroscopy

13C NMR spectrum of PVP (Fig.  1a) has various peaks. The peaks in the range 
δ = 31–35  ppm belong to C1 and C5 of PVP molecule. The peaks in the range 
δ = 42–45 ppm may be attributed to the C2 and C3. A sharp peak at δ = 17 ppm cor-
responds to C4 of the ring. A small peaks in the range 177–181 ppm correspond to 
C=O (C6) of lactam group (cyclic amide) of PVP [45].

In addition to the peaks in the range δ = 33–41  ppm, the most significant trait 
in the NMR spectrum of graft copolymer (Fig. 1b) is the sharp, and intense peaks 
appeared in the range δ = 179 ppm correspond to the C=O group of grafted acryla-
mide (monomer). The presence and high intensity of this peak confirm the grafting 
of PAM chains onto the PVP backbone.

Qualitative analysis of XRD

The diffractogram of PVP and PVP-g-PAM is shown in Fig. 1c. There is significant 
modification in the intensity of the XRD peaks of the specimen. The diffractogram 
of pure PVP consists of two sharp peaks at around 2θ = 11.12° and 21.32°, exhibit-
ing small crystallinity in its structure.

However, when PAM chains were incorporated into PVP, synthesizing graft 
copolymer, the intensity of the peaks reduces and become broader as shown in 
Fig. 1c, i.e. one broad peak at 2θ = 18.49° and a very small peak at 2θ = 37.62°. A 
reduction in intensity and an increase in width of the peak were observed indicating 
the transformation of crystal phase of the PVP into amorphous phase. The increase 
in amorphousness indicates disordered arrangement of molecules in the polymer 
structure due to the attachment of lengthy and dangling PAM chains [46].

FTIR spectroscopy

In the FTIR spectrum of PVP (Fig. 2a), a sharp peak at 3549 cm−1 may be attributed 
to the N–H stretching. The peaks at 2951 and 2873 cm−1 are associated with asym-
metric C–H stretching vibrations. The peak at 1681 cm−1 belongs to C=O of lactam 
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group. The peaks at 1438 and 1288  cm−1 may assign to C–C ring stretching and 
C–N stretching absorption, respectively.

Similarly, in the FTIR spectrum of PVP-g-PAM (Fig. 2b), the peaks at 2889 and 
2769 cm−1 are attributed to C–H stretching vibrations. The most noteworthy change 
is the diminished intensity of the peak at 1689  cm−1 which corresponds to C=O 
group of amide molecule. Further, the intensity of the peaks at 1446 and 1215 cm−1 
which belongs to CH2 bending vibration and CH2 twist, respectively, has been 
reduced in the spectrum of graft copolymer. The increased intensity of the peak at 
987 cm−1 which belongs to C–O–C stretching vibrations indicates the new bond for-
mation. These modifications in the spectra verify the occurrence of grafted PAM 
chains in the PVP structure.

SEM analysis

After grafting, the glaze, uniform surface of PVP (Fig. 3a, b) has been thoroughly 
modified to rough, coarse (fibrillar) structure as noticed from SEM micrographs 
(Fig. 3c, d). These changes may be attributed to the bonding of grafted monomer 
side chains (PAM) onto the structure of native PVP. These modifications verify the 
planned graft copolymerization and are similar with those observed in case of other 
graft copolymers [31].

Thermal analysis

The TGA thermogram of PVP (Fig.  4a) shows that the polymer is thermally sta-
ble up to 320  °C. On further increasing the temperature up to 500  °C, it readily 
degraded due to thermolysis of complete PVP backbone.

There is a gradual weight loss in case of graft copolymer in three different range 
of temperature (Fig. 4b). First range (30–320 °C) may be assigned to the dehydra-
tion and disintegration of grafted chains. The second range (320–400 °C) indicates 
the decomposition of graft copolymer into its organic components, and third range 
(400–580 °C) exhibits the steady and complete degradation of graft copolymer.

Wound healing activity of synthesized graft copolymer

Excision wound model

The results from excision model exhibited that all grades of synthesized graft copol-
ymers have noteworthy wound healing property by reducing duration of epithelisa-
tion, by enhancing formation of granulation tissue, formation of collagen and have 
greater rate of wound contraction as compared to the control, standard drug and 
PVP-treated animals (Table 2 and Fig. 5b).

In this study, the various grades of synthesized graft copolymers showed much 
better wound healing property compared to that of control, standard and unmodified 
PVP in both parameters evaluated viz. wound contraction and epithelization period. 
From Table 2 and Fig. 5b, it is evident that for PVP-g-PAM 3 wound contraction 
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was 100% by 13th day followed by 15th day for PVP-g-PAM 5, while for PVP-g-
PAM 1, PVP-g-PAM 2 and PVP-g-PAM 4, it was by 17th day. On the other hand, 
for standard drug, it was by 19th day and 100% wound contraction has not been 
exhibited by the control (base gel) and PVP even after 21 day.

Incision, stitched wound model and tensile strength measurement

Tensile strength is the resistance to breaking under tension. It implies how much 
the healed tissue resists breaking under tension and may express the quality of the 
cured tissue. Usually, wound healing agents enhance the tensile strength. In inci-
sion model, the tensile strength of all synthesized grades of graft copolymer (except 
PVP-g-PAM 3) was found to be higher than that of control, standard drug and 
stitched model revealing the presence of good collagen formation (Fig. 6a–c).

The results obtained from our ‘in vivo’ experiments show that in accelerating 
wound healing process, all grades of synthesized PVP-g-PAM were more efficient 
than control (base gel), PVP and antibiotic used (standard drug). This superiority 
was supposed to occur from the stable physical cross-linked network of interchain 
hydrogen bonds formed around grafted PAM chains in the aqueous environment, 
which may work as a supporting structure for cell proliferation and migration dur-
ing entire wound healing period. In other words, it mimics the mechanical support 
provided by extra-cellular matrix in promoting the growth and arrangement of cells 
during the restoration of injured tissue.

Further, it has already been well studied that graft copolymer acts as a floccu-
lant in various other systems like wastewater treatment [22, 24], algal biomass har-
vesting [32], mineral ore beneficiation, etc. so it may be believed that it also takes 
part in haemostasis process during wound healing course. For instance, in the work 
reported here, it has been shown that the synthesized flocculant (PVP-g-PAM) 
encourages the local concentration (agglomeration) of RBCs, platelets and other 
coagulation factors and fasten the adhering of the blood component to its surface 
leaving behind the water (constituent of blood). Further, the colloid substance (floc) 
accumulated after blood flocculation can adhere the graft copolymer to the bleeding 
wound, push the wound vicinity and manage the uncontrolled haemorrhage effec-
tively as a physical barrier. The accumulated colloid thus enhances blood viscosity 
and embellishes the conveyance of platelets to the vascular wall for the natural phys-
iological haemostasis. The floc (clot) dries and develops a scab which in turn gives 
support and strength to the wounded tissue. Thus, haemostasis acts as a supporter 
as well as assists in prompt wound healing [47]. The wound healing properties of 
graft copolymer come from two aspects. Firstly, the branches of the graft copolymer 
adsorb at different colloidal components of blood plasma—thus assisting in forma-
tion of a networked structure, i.e. ‘blood clot’—that stops bleeding. Secondly, the 
adhesive property of graft copolymer leads to wound closure and immobilization 
of pathogens if any. Besides, as other structurally modified polymers used in tissue 
regeneration, PVP derivative (PVP-g-PAM) may also transform wound site inflam-
mation and may take part in their ultimate interaction with particular receptors of 
the cells concerned in tissue rehabilitation mechanisms.
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PVP-based graft copolymer acts positively throughout the healing period. Graft 
copolymer promotes surface-induced thrombosis and haemostasis instantly after 
skin damage that inhibits exsanguinations and develops a matrix to invade cells 
required for healing. Graft copolymer encourages natural blood coagulation by 
affecting platelets activity and clogs nerve endings and consequently decreases 
pain. Graft copolymer can regulate the activity of cells responsible for inflamma-
tion and growth factors thus develop a suitable inflammatory microenvironment 
favourable for healing. Grafted product may increases the various tissues repairing. 
Graft copolymer acts as a non-protein matrix for three-dimensional tissue growth 
and activates macrophages during proliferation phase. It induces fibroblast prolifera-
tion, angiogenesis, collagen deposition and remodelling thus supports prompt heal-
ing. Further, graft copolymer covers the wound area and thus inhibits pathogenic 
micro-organisms.

It is further evident from the results obtained from tensile strength measurement 
(incision model) that the new skin, developed after treating the wound with graft 
copolymer, has more tensile strength (load bearing capacity) than that of treated 
with control and unmodified PVP.

Statistical analysis

Wound contraction results exhibited by various grades of synthesized graft copoly-
mers are highly significant, i.e. P value summary is *** and P value is < 0.0001.

Conclusion

Our study supports that the application of PVP-g-PAM as a bioadhesive is greatly 
beneficial and may have high impact on treatment where surgical bioadhesives, hae-
mostatic agents, sealants, etc. are required.

The potential activity of synthesized graft copolymers in the therapeutic treat-
ment of wound was examined via ‘in vivo’ experiments. The effect of graft copoly-
mer on local cellular response has been revealed by enhancing moisture retention, 
wound collagen matrix, reducing exudates and improving the epithelialization pro-
cess by adhesion and haemostatic property. The adhesive property of graft copoly-
mer plays a key role in the wound healing process as mechanical support for cell 
proliferation and migration. Thus, based on the remarkable properties (graft copoly-
mer exhibited a considerable enhancement in the wound closure rate), a significant 
use can be envisioned for this novel functional materials.

Since a generous awareness regarding the development of moist dressings which 
can replicate the characteristics of skin and which can reside in contact with the 
wound without trouble for entire period of healing is still going on, this graft copol-
ymer may comprise an additional value in these biological applications.
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