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Abstract : Photochemical crosslinking is a best alternative method when compared to conventional
crosslinking methods such as chemical and physical methods, by using vitamins like riboflavin and ascorbic
acid as photochemical initiators to enhance the physicochemical properties of collagen poly (vinyl pyrrolidone)
blend without any toxic by products. Collagen and poly (vinyl pyrrolidone) blends were investigated by Fourier
transform infrared spectroscopy (FTIR), Differential scanning calorimetry (DSC), Swelling studies, Tensile
testing and the surface properties were studied by Contact angle measurements and Microscopy. Collagen and
PVP blended samples were irradiated with the UV light wavelength 2=300nm for 30 minutes by using 0.03%
riboflavin and ascorbic acid as photosensitizers and the samples were air dried at room temperature. Collagen-
PVP blended hydrogels showed good swelling properties and the lower contact angles indicate their
hydrophilic nature. The photochemical crosslinking also improved the thermal stability of the hydrogels which
can be confirmed by broad endothermic peak between 80-180°C in the thermoscan. The FTIR spectral changes
clearly exhibited that these two polymers were strongly crosslinked and miscible.
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I.  Introduction

Collagen is the most abundant and ubiquitous protein in our body [1] and is the major component in the
skin, bones and cartilage. It is treated as a good biomaterial for drug delivery and tissue engineering [2] from
decades because of its excellent biocompatibility [3] and biodegradation properties. However applications of
collagen are limited because of its weak mechanical properties, degradation upon swelling and low
processability and intolerance to chemical and enzymatic attacks in the body [4]. To enhance the applications of
collagen as a drug delivery vehicle and as a scaffold in tissue engineering, there is a need for modification
methods to improve its physicochemical properties without compromising stability and biocompatibility [5].
Poly (vinyl pyrrolidone) is a water soluble synthetic polymer with good absorption and complex forming
properties [6]. The hydrophobic methylene group and hydrophilic amide group ratios in the polymer makes PVP
as a one of the best choices in the biomedical field for preparation of synthetic plasma and as a carrier for drug
delivery [7] [8] [9]. Polymer blending is an interesting criterion to create new materials for wide usage in drug
delivery, wound dressing and as a scaffold for tissue engineering [10]. Collagen and Poly (vinyl pyrrolidone)
based hydrogels are more interested due to their excellent biocompatibility and biodegradative features [11].
Collagen and PVP are completely miscible and interacts with each other by formation of inter and intra
molecular hydrogen bonding [12]. This can be best achieved by photo polymerization which mainly involves
exposure to light in presence of photo reactive species to generate free radicals which in turn helps in the
formation of bonding in the hydrogels [13] [14].

The previous research supports the use of dyes like proflavin [15], methylene blue [16] and rose Bengal
[17] as photochemical initiators for crosslinking of different biomaterials. Riboflavin [18] and ascorbic acid [19]
particularly participate in hydroxylation of amino acids like hydroxyproline, proline and glycine [20] which in
turn facilitates the crosslinking. In our laboratory we recently developed a non-toxic easy to use technique with
the combination of UV light and the vitamins as photosensitizers to enhance the physicochemical properties
such as tensile strength, swelling rate and thermostability of collagen based blends.

This study was mainly focused on proving that the riboflavin as well as ascorbic acid can acts as photo
sensitizers, specifically it was aimed to study the use of non toxic photoinitiators to enhance photochemical
crosslinking of collagen-PVP hydrogels. In this regard the principal hypothesis of this work was that
photochemical crosslinking can generate hydrogels with greatest improved properties for protein delivery
without any toxic crosslinking by-products. To examine this hypothesis the hydrogels were synthesized with
ascorbic acid and riboflavin and studied their chemical and mechanical parameters to compare the effectiveness
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of these photo initiators as crosslinking agents. Followed by characterization, the gels were incorporated with
selected model protein bovine serum albumin to understand it’s release kinetics and ability to entrap the protein.

1. Materials and Methods

Collagen - Poly (vinyl pyrrolidone) blended hydrogels were prepared by modifying the previously
described method by Makarand et al (2000) [21]. Calf bovine collagen type | was used as the source of collagen
for the hydrogel preparation. All the other chemicals like PVP and buffer solutions were analytical grade and
obtained from (Sigma, Germany). Riboflavin and ascorbic acid were purchased from (Sigma, Germany). 2%
collagen was dissolved by adding 0.25mMol acetic acid and stirred overnight with a magnetic stirrer (Sartorius,
AGB Scientifics Ltd) at room temperature. The homogeneous paste was blended with PVP (4%). To this
mixture 0.03% of photo initiators were added and mixed thoroughly and then 0.5ml of collagen suspension was
poured in a casting apparatus and kept under UV light for 30 minutes in an enclosed chamber. After the process
of curing they were air dried and sealed in a vacuum pack for further use. In the same manner collagen and
collagen - PVVP blend was prepared without any photo initiator and used as a control samples.

I11.  Results and Discussion
3.1 Surface morphology
The surface morphology of hydrogels were determined using scanning probe light microscope
(Olympus, BX60, Lab equip). Dried hydrogels were mounted on a glass slide and the images were scanned and
recorded at the magnification of 50 x.
The surface morphology of hydrogels showed a good porosity with interconnected network like structures.
There is a great change in surface morphology and strength in cross linked hydrogels when compared to non

crosslinked control samples as shown in Fig. 1(a) and (d).
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(a)Collagen, (b) Collagen —PVP with riboflavin, (c) Collagen —PVP with ascorbic acid,(d) Collagen-PVP
Figure. 1 Microscopic images of the hydrogels at 50X magnification

3.2 Fourier transform infrared spectroscopy

The FTIR spectra of the different treatment groups were shown in Fig. 2. IR spectra of these hydrogels
are useful in predicting the secondary structure of the molecules and to elucidate inter and intra molecular
interaction among the polymers. Non crosslinked collagen showed the amide A at around 3270cm™. The amide
| and Il were falling in 1627 and 1533cm™ respectively and amide 111 at 1259cm™. These positions are very
sensitive in relation to change in conformation of the molecules and the water bonded to these molecules. In the
present situation we observed a shift of amide A band towards higher wave numbers (3280, 3286¢cm™) except in
riboflavin (2961cm™) crosslinked hydrogels due to NH stretching coupled to hydrogen bonding and also a slight
shift of amide | to lower wave number (1625cm™ and 1624cm™) and amide Il and 111 shifting towards higher
wave numbers (1539 and 1545cm™) when compared to non crosslinked collagen (1533cm™)

Regarding the PVP blend without any crosslinking agent the amide A band position at 3286cm™, which
was reduced to 3270cm™ and was diminished in riboflavin crosslinked blend and showed a band at 2962cm™
due to — CH2 asymmetrical stretching.

The amide | and amide 11 were also shifted towards lower wave numbers. There is no change in amide
Il band. This might be due to the complete mixing and uniformity of the collagen with PVP and the blend is
homogenous. All these hydrogels exhibited the bands at around 3270 — 3286cm™ due to NH stretching coupled
with hydrogen bonding and the bands between 2960 to 2962cm™ as a result of -CH2 asymmetric stretch and
C=0 stretch or coupling of hydrogen bonding with C=0 at around 1650cm™
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Figure. 2 FTIR spectra of different treatment groups of hydrogels

3.3 Contact angle determination

The contact angle between the liquid and solid surface of the polymer membrane determines the polar
nature of the hydrogels. Hydrogel membranes were mounted on the space provided on the Goniometer
(Olympus, TGHM, Germany) and 0.1 — 0.2 pl of liquid drop was placed on the polymer membrane with the
help of a micro syringe and the contact angles were measured with the two liquids water and glycerol. The
values obtained for collagen and collagen —PVP blended samples are almost all similar indicating that these two
polymers are well miscible and have good interaction with each other.

Table 1 Contact angles of hydrogels (°)

Liquid Collagen Collagen-PVP with | Collagen-PVP with | Collagen-PVP
riboflavin ascorbic acid

Water 43 44 43 42

Glycerol 59 62 65 66

3.4 Swelling studies

To understand the swelling properties of these hydrogels, the dry weights were measured before
immersing in the solution of phosphate-buffered saline (PBS) pH 7.0. At particular time intervals the hydrogels
were removed from the solution and blotted with tissue paper to remove excess surface water and the wet
weight of each hydrogel was measured with the help of a sensitive balance (Sartorius, AGB Scientifics Ltd).
The same procedure was repeated at different time periods.

The following formula was used to calculate the swelling ratio of the hydrogels.
Ww — Wd

Qs = 1)
wWd

Where Qs = Swelling ratio
Ww = Wet weight and
Wd = Dry weight

The swelling patterns were followed as shown in Fig. 3 non crosslinked collagen exhibited rapid swelling with
in 24h time and reached to equilibrium. In case of crosslinked hydrogels there was a prolonged and regular rate
of swelling until 120h of time. After that they reached to equilibrium. Collagen-PVP blend without any
crosslinking agent reached to maximum swelling at 24h time and reached to equilibrium. In case of non
crosslinked collagen the trend was similar to PVP blended hydrogels and they also showed the maximum
swelling at 24h of time. Basing on the swelling ratios we can conclude that the hydrogels were strongly
crosslinked with increased stability.
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Swelling ratios of different hydrogels
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Figure. 3 Maximum swelling ratios of different hydrogels (mg/h)

3.5 Measurement of thermo stability

Collagen and collagen — PVP blend membranes with a dry weight of 7 — 9 mg were sealed separately in
aluminium pans before thermal analyses using a differential scanning calorimeter (Pyris, 6 DSC, Perkin Elmer,
Germany). Thermo scans were recorded from 5-250°C with the rise in 5°C for every 10 min with 20 ml/min of
Nitrogen purge. The heat flow during the thermo scan was obtained by Pyris manager software.
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Figure. 4 Thermoscans of different treatment groups of hydrogels

Thermal analysis was performed to understand the stability of hydrogels. Fig. 4 was the representatives of the
thermoscans for different samples. Denaturation temperature depends upon the amount of water bonded to the
collagen: the higher the water content the lower is the temperature. For the absolute dried collagen it will be
nearer to 200°C, but the common denaturation temperature for collagen is 117°C (Yang and Zhang, 2001) [22].
Hydrogels which were crosslinked showed two peaks: the first one which is around 118°C for collagen —PVP
with riboflavin crosslinked and 115°C for ascorbic acid crosslinked hydrogels. The second peak was around 220
and 218°C respectively, which was characteristic of complete degradation of the materials. In the control groups
like non crosslinked collagen and collagen —PVP blend, there was an endothermic first peak at around 114°C
and 110°C, second one at around 210 and 214°C. The broad endothermic peak between 80-130°C indicates that
these hydrogels were strongly crosslinked and required more heat for denaturation.

3.6 Measurement of tensile testing

The dimensions of collagen membranes were measured using a digital height gauge (Heidenhain
VRZ405) and digital callipers (Mitutoyo, CD6CSX). A tensile testing machine (LLOYD LRX Tensometer, UK)
connected to a load cell of 10N and the collagen membranes were mounted to the custom made fixtures and a
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uniaxial force at a constant strain rate of Smm/min was applied. Young’s modulus for each sample was
calculated from stress strain relationship.

The mechanical strength of the hydrogels was presented in Fig. 5. Young’s modulus was calculated
from the stress strain relationship and the hydrogels which were crosslinked with ascorbic acid were superior in
their strength over collagen—PVP blends crosslinked with riboflavin. The hydrogels which were strongly
crosslinked showed maximum load (N) and high % strain and this tendency was decreased with non crosslinked
hydrogels.

ss0 - Young's modulus of hydrogels
400 -
350 -
300 -
250 -
200 -
150 A
100 -
50 A

Young's modulus Mpa

Collagen Collagen-PVP Collagen-PVP Collagen-PVP
with riboflavin with ascorhic acid
Types of gels

Figure. 5 Young’s modulus of different hydrogels

3.7 Protein release studies

Bovine serum albumin (mg/ml) was dissolved in Phosphate buffered saline and it was dropped slowly
on to the dried hydrogel membranes with a micro syringe until they were saturated. After that the hydrogels
were air dried and weighed again using sensitive balance (Sartorius, AGB Scientifics Ltd) to get the amount of
entrapped protein.

To study the release pattern of this protein, hydrogel pieces (4 — 5mg) were immersed in PBS solution
andlml of the solution was taken out from each and assayed for released protein at 540 nm using a
spectrophotometer (Perkin Elmer UV/Visible Spectroscope, Lambda 2). The amount of protein released was
calculated from standard graph.

Protein release from hydrogels was studied in phosphate buffered saline pH 7. The release profiles of
these proteins were shown in Fig. 6. Hydrogels crosslinked with riboflavin and ascorbic acid gave a controlled
rate of protein release against time. They showed maximum release of 0.48ug and 0.45pg in case of riboflavin
and ascorbic acid at 96h of time respectively. In case of non crosslinked collagen-PVP blend hydrogels showed
maximum release at 24h (0.43-0.44pg).Collagen showed maximum release (0.42pg) at 12h. There was a good
protein release rate in case of crosslinked hydrogels because of their porosity and stability in aqueous media.
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Fig. 6 Protein release profiles of different hydrogels

IV.  Conclusion

The main focus of this study was to improve the physicochemical properties of collagen based
hydrogels for protein delivery by photochemical crosslinking using vitamins as photochemical initiators. This
method is more efficient and less time consuming when compared to other methods. The important thing aimed
in this work was the effective use of vitamins like riboflavin and ascorbic acid as photochemical sensitizers in
the process of collagen crosslinking with PVP. The data obtained from the above experimental parameters
indicated that these vitamins are as efficient as other chemical crosslinking agents like glutaraldehyde.
Photochemically crosslinked collagen—PVP blends with the vitamins shows superiority over the control samples
without any photoinitiators. Crosslinking influences the swelling property of collagen gels which is the major
ascribed characteristic feature for controlled drug delivery studies. Swelling of hydrogel helps in the diffusion of
proteins and other molecules from inside to outside and outside to inside in the microenvironment of the
hydrogels. In the current study the gels show good swelling ratios against time.

The high Young’s modulus of around 350.50 to 424.36Mpa for crosslinked hydrogels indicates
improvement in mechanical properties which is a critical feature in the preparation of the hydrogels and this
technology particularly enhanced the thermal stability of collagen membranes. Their broad endothermic peak
between 80-130°C and their high denaturation temperatures between 200-220°C clearly suggests the
crosslinking and strong interaction between collagen-collagen and collagen—PVP. This demonstrates that the
crosslinking was caused by covalent and thermo-stable intermolecular interactions.

In addition to thermal analysis, an IR spectral shift of amide linkages also confirms the existence of
intermolecular interaction of collagen molecules in hydrogels. The other interesting fact involved here is that
ascorbic acid crosslinked hydrogels are competitive to the riboflavin crosslinked gels. Ascorbic acid made the
hydrogels more hydrophilic and stronger, similar to the riboflavin crosslinked gels. Moreover it easily dissolves
in water and there is no need for any specific solvents for dissolution. The present study and experimental
results showed that the photochemical crosslinking with vitamins as photochemical initiators is able to produce
hydrogels with fine porous structures and with improved physicochemical properties. These criteria are very
important in the designing and manufacturing of collagen based hydrogels for controlled drug delivery studies
and also as a scaffold for cell and tissue culture applications.
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