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1. Introduction

The leather making protein collagen is the most abundant protein and a major component of connective
tissue. It is also one of the most common biomaterials with broad applications ranging from drug delivery
to tissue-engineering, scaffolds and materials for wound dressing (1). Stabilization of collagen, thus
confering mechanical stability and retardation of biodegradation is an important requisite for industrial
application. Crosslinking procedures include reactions with glutaraldehyde, polyphenols, isocyanates,
epoxides, bis imidates, metal ions such as Cr, Al, Zr, Fe etc as well as thermal treatment, UV or gamma-
ray irradiation, and photo-oxidation. Many of the chemical crosslinking methods incorporate a “bridge”
molecule as a part of the crosslink. Another way to chemically crosslink collagen is to use so called
“zero-length” linkers; coupling agents capable of forming peptide bonds between collagen units such as
EDC (1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide) (2, 3). Irrespective of the coupling agent
employed, a two-point connection between collagen units is created, while multiple-way crosslinkers are
known to result in development of collagen materials exhibiting novel properties (4). It is in this regard
that the Cr(Ill) ions are effective in bringing about inter-molecular and intra-molecular crosslinking, thus
enhancing the stability of the collagen units. In biomedical applications, multiple-way crosslinks allow
the incorporation of multiple functionalities within the collagen matrix in one step (5). It has been found
that hydrogen bonds can be formed between amine as well as amide groups from collagen and hydroxyl
groups from the crosslinking agent (tanning agent in the case of leather) (6).

In biomedical applications, an agent like glutaraldehyde is replaced, owing to toxicity. Replacements
include L-DOPA (3,4-dihydroxyphenylalanine), a neurotransmitter, which is a naturally present
compound in the living system (7). In leather making also, several of the chemicals, when employed in
large quantities contribute to a significant pollution of soil and ground water, thereby questioning the very
existence of the tanning industry. Tanning industry can perhaps draw similarities and clues from the
biomedical applications of collagen in developing new tanning agents that are benign and provide higher
atom economy through better diffusion and fixation.

Collagen stabilization strategies for biomedical applications: Nanosilver without any functional groups
was reported to alter the positions of amide I and amide II bands of collagen (8). Cross linking with gold
nanoparticles or silicon carbide nanowires has been shown to improve the mechanical properties of
collagenous tissues and increase their resistance to degradation (9). Nanoparticles functionalized using
appropriate reagents such as tiopronin (N-(2-mercaptopropionyl)glycine) (4), gelatin (10), amine groups
(11) has been linked to collagen using EDC, resulting in the formation of an amide bond. However, the



* XXXI IULTCS Congress IULTCS

P Valencia (Spain) - September 27"-30" 2011

EDC has lower crosslinking because of two point fixation (12). Polyamidoamine (PAMAM) dendrimer
with surface amine groups in association with EDC provided substantial stability (12). This is attributable
to the multiple crosslinks that the dendrimer can provide as against the two-way crosslinks. Substantiating
this observation, poly(allylamine) based collagen-mimic compound, bearing more collagen model
peptides than the dendrimer, exhibited a thermally stable higher order structure (13).

Taking clue from the previous studies, current work reports the synthesis of nanoparticles of
chromium(III) oxide, functionalizing it with polymers capable of interacting with the collagen side chains
and bringing about a higher degree of stability to the collagen. The novelty of our work is from the
background knowledge that nanoparticles can be functionalized to provide for effective crosslinking with
proteins, leading to a greener approach to the stabilization of protein without use of harmful chemicals
such as chromium ions, aldehydes, etc. The nanoparticles can be effectively functionalized such that
penetration of the nanoparticles through three dimensional, multipores collagen scaffolds can be
effectively achieved prior to tunable fixation through electrostatic or hydrophobic interactions.

2. Materials and Methods

All chemicals used in this work were purchased from M/s. Sigma Aldrich and used as received. Collagen
fibers were teased out from tails of six-month-old male albino rats (Wistar strain) and thoroughly washed
and stored at -20°C until needed. Collagen extracted from rat-tail tendon (RTT) by known procedures (by
acetic acid extraction and salting out with NaCl) was used for circular dichroism, viscosity and
fluorescence studies. The collagen content of the solution was estimated by the standard procedures.
Purity of collagen was checked by SDS-PAGE.

Synthesis of Cr,0; nanoparticles: 0.025 moles of Cr(NO;);.9H,0 and 0.075 moles of urea were milled
together at the rate of 600 rpm for 60 minutes, resulting in a dark green complex of urea with chromium
ions. This complex was then treated in an autoclave for 20 minutes at a temperature of about ca.120°C
and pressure of 15 lbs. The resulting product was then dried in an air oven at 90°C for 10 hours. The
greed solid obtained was calcined in furnace at 800°C for 60 minutes at the rate of 5°C/min. After
calcination, Cr,O; formed as light green dense-less powder.

Synthesis of chromium oxide copolymer nanostructures: A stock solution of chromium oxide
nanoparticles was prepared in THF (Img/mL) and poly(styrene)-block-poly(acrylic acid) (PS-b-PAA)
was prepared in DMSO (10mg/mL). To encapsulate the chromium oxide nanoparticles, 50uL of PS-b-
PAA stock solution was diluted with a mixture of 2450pL of DMSO and 2000uL of THF and sonicated
for 30 minutes. To this 500uL of chromium oxide nanoparticle stock solution was added gradually under
sonication. After 1 hour, 20mL of water was added to it, and left in sonication for further 90 minutes.
During the addition of water, the solution turned as milky suspension indicating the encapsulation of
polymer on chromium(III) oxide (Cr-PS-b-PAA).

Characterization: Cr,0; nanoparticles were characterized using FTIR, UV-Vis and Scanning Electron
Microscopy (SEM). The nature of interaction between collagen and PS-b-PAA/Cr-PS-b-PAA was
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studied using UV-Vis, Circular dichroism (CD), extent of fibril formation, shrinkage temperature (using
Differential scanning calorimetry, DSC). The experimental procedures has been adopted from our earlier
works (7).

3. Results and Discussion

3.1 Characteristic features of Cr,O; nanoparticles

FTIR Analysis: Stable chromium complexes were formed with urea. The urea molecules may coordinate
with the Cr ions through the nitrogen as well as the oxygen atoms. When the coordination is through the
oxygen, the IR bands are shifted to lower frequencies, whereas when the coordination to Cr is through
nitrogen present in the complex, then the stretching frequencies of the H-N is shifted to higher
frequencies. The FTIR of the Cr,0; nanoparticles synthesized in this study is presented in Figure 1.
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Fig 1. IR spectra of Cr,0O5 nanoparticles synthesized through urea decomposition route

The strong band at 561 cm™ corresponds to the characteristic vibrational mode of a symmetric CrOs
system. The peak at 622 cm™ is attributed to the structural ordering of A,, model of Cr,O5 in amorphous
phase. The peak around the region of 1052 cm™ corresponds to the chromyl (Cr=0) vibrations. The
coordinated -NH, groups shows some characteristic peaks such as, at 1596 cm™ for N-H bond stretching,
at 2270 cm™ for N=C=0 stretching. The peak at 1378cm™ is due to the deformation on NH," ion. The
bands in the region at 3400-3787 cm’ indicates the presence of —OH arising from the chromium
hydroxide intermediate.

UV-Vis spectra analysis: The UV- absorption spectra for the Cr,O; nanoparticles was obtained after
coating the nanoparticles on a white board using linseed oil as medium. The spectra showed two broad
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peaks at 460 nm and 600 nm (Figure 2). The possible transitions of the Cr(Ill) ion in the crystal fields
are
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Fig 2. UV-Vis spectra of Cr,O; nanoparticles coated as film

The transition stated in equation 1 show absorption band around the region of 460 nm and it corresponds
to the octahedral geometry. The transition in equation 2 shows the band in the region of 590 nm and it
corresponds to the six-coordinate geometry.

Morphological studies: Scanning Electron Microscopy images of the synthesized Cr,O; nanoparticles is
presented in Figure 3. From the SEM images the nanoparticles of Cr,O; seem to have rice shape
morphology with average size ranging from 50 - 72 nm. The nanoparticles are more or less uniform in
size and discrete without much aggregation.

PS-b-PAA is a soluble amphiphilic block copolymer consisting of two blocks with different polarity,
which is covalently bonded together. When dissolved in solvent, it can self-assemble into a variety of
three dimensional arrays owing to the microphase-separation of the binding and solvating moieties (14).
The styrene block can be designed to interact strongly with the appropriate inorganic crystals and
surfaces, in this instance the chromium oxide nanoparticles and the -COOH block would be available for
interaction with collagen.
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Fig 3. SEM images of Cr,O; nanoparticles at two different magnifications

3.2 Understanding the nature of interaction of collagen with PS-b-PAA and Cr-PS-b-PAA

Absorption spectra analysis: The absorption spectra of collagen treated with PS-b-PAA and Cr-PS-b-
PAA shows clear absorption spectrum with absorption maximum at 280nm (data not shown). It is
possible that collagen with PS-b-PAA and Cr-PS-b-PAA system could form adhesive—collagen like gels
or matrices by incorporation of PS-b-PAA and Cr-PS-b-PAA in concentration dependent manner.

Influence of PS-b-PAA and Cr-PS-b-PAA on collagen structure: The CD measurements provide ample
information on the nature of transformation occuring in collagen upon crosslinking with PS-b-PAA and
Cr-PS-b-PAA respectively. CD spectra of collagen solution treated with two different concentrations of
PS-b-PAA and Cr-PS-b-PAA is presented in Figure 4 respectively. A negative peak at 197nm and
positive transition at 220nm is characteristic of collagen. The ratio of positive peak intensity over negative
peak intensity (Rpn) is used in establishing helical conformation of collagen in solution. Rpn ratio for
collagen treated with different concentrations of PS-b-PAA and Cr-PS-b-PAA is given in Table 1. Rpn
values (~0.1) are indicative of conformational stability of collagen in the presence of PS-b-PAA and Cr-
PS-b-PAA. The deviations in the molar ellipticity at 220 nm for collagen treated with PS-b-PAA and Cr-
PS-b-PAA are neglible and do not suggest possible conformational changes or denaturation.

Fibril formation: Collagen molecules form fibrils or fibril bundles in tissues and can be extracted as
soluble solution by treatment with acid. Acid soluble collagen molecules self assemble and form fibrils
under physiological conditions. Fibril formation was monitored by the turbidity of solution of native
collagen upon interaction with PS-b-PAA and Cr-PS-b-PAA.

The t;, was found to be 93s, 99s, 147s for native, PS-b-PAA and Cr-PS-b-PAA respectively. An increase
in the t;», when treated with nanoparticles is a measure of the degree of fibril formation. This was further
confirmed by the determination of shrinkage temperature of collagen using DSC. In the presence of Cr-
PS-b-PAA the fibres showed a marginal increase in shrinkage temperature indicative of the ability of the
functionalized nanoparticle to provide stability to collagen.
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Fig 4. CD spectra of collagen treated with PS-b-PAA and Cr-PS-b-PAA

Table 1: Rpn values for collagen treated with PS-b-PAA and Cr-PS-b-PAA

Sample Wavelength (nm) Molar ellipticity Rpn ratio
(deg.cmz.dmol'l)

Native collagen 220 15166335 0.14
197 -107893091

PS-b-PAA (a) 220 18066534 0.113
197 -159016207

PS-b-PAA (b) 220 18635201 0.111
197 -166579471

Cr-PS-b-PAA (2°) 220 18066534 0.118
197 -152647142

Cr-PS-b-PAA (b’) 220 19203867 0.115
197 -166579471

where (a) Coll:PS-b-PAA — 297 uL : 3uL (b) Coll:PS-b-PAA — 270 uL : 30 uL (a’) Coll:Cr-PS-b-PAA —
299 uL : 1uL and (b’) Coll:Cr-PS-b-PAA — 291 uL : 9uL

Polarizing optical micrographs: Highly concentrated solutions of purified collagen molecules
spontaneously form ordered assemblies characterized by polarizing optical microscopy. The polarizing
optical micrographs of native and PS-b-PAA and Cr-PS-b-PAA crosslinked collagen fibrils are given in
Figure 5. The thickness and texture of collagen fibrils crosslinked with PS-b-PAA and Cr-PS-b-PAA do
not present any major change when compared to the native fibres. However, the Cr-PS-b-PAA treated
fibres were shorter in length and this needs further investigation.
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Fig 5. Polarizing optical micrographs of native fibres treated with PS-b-PAA and Cr-PS-b-PAA

4. Conclusion

Chromium(III) oxide nanoparticles functionalized using polymers such as PS-b-PAA have been found to
stabilize collagen. While the extent of stability needs further improvement, the methodology offers ample
scope for successful development of modified collagen with potential applications in biomaterials and
tanning.
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