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Native collagen is arranged in bundles of aligned fibrils to withstand in vivo mechanical loads. Reproducing
such a process under in vitro conditions has not met with major success. Our approach has been to induce
nanolinks, during the self-assembly process, leading to delayed rather than inhibited fibrillogenesis. For
this, a designed synthesis of nanoparticles - using starch as a template and a reflux process, which would
provide a highly anisotropic (star shaped) nanoparticle, with large surface area was adopted. Anisotropy
associated decrease in Morin temperature and superparamagnetic behavior was observed. Polysaccharide
on the nanoparticle surface provided aqueous stability and low cytotoxicity. Starch coated nanoparticles was
utilized to build polysaccharide - collagen crosslinks, which supplemented natural crosslinks in collagen,
without disturbing the conformation of collagen. The resulting fibrillar lamellae showed a striking
resemblance to native lamellae, but had a melting and denaturation temperature higher than native
collagen. The biocompatibility and superparamagnetism of the nanoparticles also come handy in the
development of stable collagen constructs for various biomedical applications, including that of MRI
contrast agents.

tructural proteins, well distributed in mammals determine the functions of the body and thereby are

considered as the most advanced biopolymers'. The translation of these biopolymers into products, though

a complicated process, can be exploited for biomedical applications. For instance, engineering biomaterials
which closely emulate the extracellular matrix (ECM), which plays a vital role in storing, releasing and activating a
wide range of biological processes has been considered as pivotal in successful tissue regeneration®’. Collagen is
the principal structural element of ECM and uses weak interactions to self-assemble, the hydrogen bonding
interaction being the most popular®. The biochemical interaction of collagen molecule, a well-studied topic,
brings about crosslinks between the side chain aminoacids of collagen molecule, leading to stiffness of collagen
fibres. A simple but very effective crosslinking of collagen molecule prevents the 300 nm long tropocollagen
molecules from sliding past each other under stress’. Isolation of collagen from ECM leads to dissociation of the
natural crosslinks, which in turn results in biomaterials formed lacking strength and eventually degrading.
Research in the area of exogeneous crosslinking has gained importance as the molecular structure of the cross-
linked collagen has high mechanical firmness and collagenase resistance® A survey of the literature indicates that
exogeneous crosslinking methods such as a ferrocene group at the N-terminal of the peptide strand’, a cationic
residue at N-terminus and an aromatic residue at the C-terminus to generate interactions between the termini of
collagen triple helices®, introduction of covalent bonds through cyanogen bromide activation’, leading to
enhanced stability have been explored. Though all these methods provide stability to the collagen and thus the
resultant biomaterial, the possible side effects from the use of these reagents like cyanogen bromide has not been
studied. One of the approaches to overcome the cytotoxic effects is the use of alternative chemicals or physical
methods. Use of natural products, such as those with therapeutic applications for enhancing collagen crosslinks is
a new direction. A common condensed tannin molecule such as epigallocatechin gallate provided for structural
stability, along with high resistance to bacterial collagenase and MMP-1". Hydrogels based on polysaccharides,
either individually or in combination, such as alginate", chitosan or its derivatives like N,O-(carboxymethyl)-
chitosan'?, N-carboxyethyl chitosan, oxidized dextran'?, could also be used for crosslinking to collagen, directly or
through zero length or bifunctional crosslinkers such as EDC-NHS, PEG and its derivatives etc'*'>. Our cow-
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orkers, have employed small molecules and amino acids to under-
stand their role in bringing about inter and intramolecular crosslinks
in collagen through a host of physicochemical and molecular mod-
eling techniques'®*. Fibril stabilization being an enthalpy driven
process with water molecules playing an important role in the fibril
structure formation®, exposing collagen to high temperatures under
vacuum (dehydrothermal treatment), removes water mediated H-
bonds and promotes condensation reactions, either through esteri-
fication or amide formation, leading to improved mechanical
properties®*?°.

The advent of nanotechnology and the ability to functionalize
nanoparticles has enhanced the ability to employ them to crosslink
collagen. Gold nanorods modified with polyelectrolyte multilayers or
carrying different polymer chemistries have been reported to
influence the self-assembly process of collagen®. The ability of
chromium(III) oxide nanoparticles functionalized with a polysty-
rene-block-polyacrylic acid to provide thermomechanical stability
to collagen has been reported by us recently®.

It has been reported that the interaction of nanoparticles with
protein can induce cooperative effects leading to promotion or
inhibition of self-assembly and nanotoxic consequences®. It thus
becomes imperative to understand the molecular mechanism of
nanoparticle-collagen interactions for further advances in this area.
A significant amount of research leading to nanoparticle stabilized
collagen has dependent on the thiol or EDC linkages.

During the 50’s, the ability of polysaccharides to stabilize collagen
was reported. The involvement of hydroxyl groups in the polysac-
charide attached to collagen surface in the process of fibril stabiliza-
tion was put forth®. However, in later years, the involvement of
acidic polysaccharides was discounted®. While direct involvement
of starch to bring about fibril stability is scarce, there are reports on
the ability of oxidized starch, such as the dialdehydic starch to sta-
bilize collagen, It is known that polycarboxylic acids crosslink to
starch®. Combining this information, our goal was to develop poly-
saccharide (starch) functionalized iron oxide nanoparticles, which
combines the bioactive features of starch and the anisotropy and
superparamagnetism of the nanoparticle, to achieve synergy between
the desired physical properties and biological compatibility in col-
lagen (Figure 1).

The choice of a-Fe, O3 nanoparticles for such a study was due to its
unique electric, optical, catalytic and magnetic properties which have
been extended to several applications in biological sciences®. For this
work, a greater degree of control over size, size distribution and
morphology was desired so as to gain a better control over the
understanding of the nanoparticle mediated changes to collagen.
Synthesis methodologies ranging from wet chemical co-precipitation
to sol-gel synthesis and hydrothermal treatment have been investi-
gated to achieve greater control over morphological properties®**.
For application studies, synthesized nanoparticles need cap to avoid
agglomeration. In recent years, our group as well as other has been
involved in developing green alternatives to surface active agents,
such as the use of polysaccharides to prevent aggregation of nano-
particles®*°. In this work, a reflux synthesis approach, starting with
the preparation of a Fe-polysaccharide complex and leading to a
polysaccharide stabilized nanoparticles was developed, with a goal
to achieve morphological control over the nanoparticles as per
Figure 2 presented.

Experimental

Materials. All chemicals employed in this work were procured from
M/s. Aldrich Chemicals, USA and used as such without further
purification. Milli-Q deionized water was used throughout the study.

Synthesis of a-Fe,O; nanoparticles. A solution containing FeCls,
acetic acid and starch was prepared such that the effective con-
centration of Fe’, acetic acid and starch in the solution was 0.02,
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Figure 1| 1. Rat tail tendons were teased out from Male albino rats. 2.
Collagen solution is prepared by established procedures. 3. A reaction
between starch capped iron oxide nanoparticles synthesized by a reflux
process (48 h), wherein rhombohedral shaped nanoparticles with a
fluorescent emission occurring at As4o nm and having a superparamagnetic
character is ensured. 4. The resulting collagen-nanoparticle construct has a
higher denaturation and melting temperature than native collagen owing
to the fluorescent crosslinks established between tropocollagen units and
the starch capped nanoparticles. At appropriate collagen to nanoparticle
ratio, these crosslinks form without affecting the natural self assembly
process. 5. Such constructs can be employed as T; contrast agents and is
expected to have applications in tissue engineering and magnetically
targeted drug delivery/imaging (scheme not drawn to scale). Photographs
taken by M.N.

a

1 and 0.2 mM respectively. The solution was refluxed in a 250 ml
round bottom flask, so as to thermally accelerate the reaction
between Fe’* and polysaccharide and subsequently convert Fe** to
Fe,0;. Care was taken to ensure no loss of vapors occurred, by
maintaining adequate cooling of the reflux condenser. Three
different experiments, with reflux time of 24, 32 and 48 h were
performed. The solution, after adequate cooling was centrifuged to
obtain starch coated nanoparticles. The synthesis procedures were
repeated thrice to check consistency of synthesized nanoparticles.

Analysis of corona effect (nanoparticle - polysaccharide inter-
action) on cell viability. The effect of nanoparticle-polysaccharide
interaction (corona effect) on cell viability was analyzed as described
earlier’”**. Nanoparticles at various concentrations ranging from 10-
200 pM were incubated with 1.5 ml DMEM medium containing
10% FCS for 24 hrs at 37°C under sterile condition. The nanopar-
ticles were then collected by centrifugation and re-suspended in fresh
1.5 mL DMEM containing 10% FCS. The medium contacting
nanoparticles was treated to NIH/3T3 cells (10,000 cells per well)
and maintained in culture in a CO, incubator at 95%air/5%CO,
atmosphere at 37°C. The MTT assay was performed as described
above and the viability was analyzed and compared with that of
untreated controls.

Preparation of collagen solution. Collagen solutions were prepared
from freshly dissected 6-month old male albino rat tails as per
established protocols®. The tails were sourced from rats main-
tained by other researchers as a part of their control experiments
and no animals were separately sacrificed for these measurements.
This is with the approval of the institutional (CLRI) ethical com-
mittee constituted under the chairmanship of the head biological
sciences. All experiments reported in this work were in accordance
with relevant guidelines and regulations.
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Figure 2 | Interaction of iron(III) with starch and formation of a-Fe,0O; nanopatrticles by reflux method.

Purity of the collagen solution was confirmed by SDS polyacryla-
mide gel electrophoresis. Hydroxyproline content was estimated for
indirect estimation of collagen concentration in solution®.

To a stock solution of collagen in 5 mM acetic acid (3 mg/mL),
adequate volumes of a stock solution of nanoparticles in 5 mM acetic
acid (10 mg/mL) were added such that the weight ratio of collagen to
nanoparticles was 1:0.02; 1:0.04; 1:0.06; 1:0.08 and 1:0.1 respect-
ively. The solutions marked as 1, 2, 3, 4 and 5 were mixed well and
incubated at 4°C overnight.

Collagen fibril formation was initiated by mixing collagen with
phosphate buffer (0.2 M) and sodium chloride (2 M) in an ice bath.
The pH of the solution was adjusted to 7.4 with sodium hydroxide
(1.25 N). The reconstituted solution of collagen in the absence and
presence of the nanoparticles were poured in polythene trays and
incubated at 37 = 1°C and air dried. The films were extensively
washed with phosphate buffered saline to remove adhering salts.

Characterization of the nanoparticles. Transmission electron
microscopic (TEM) images and selected area electron diffraction
(SAED) pattern were obtained on a JEOL 3010 field emission
electron microscope operating at an accelerating voltage of 300 kV.
For this, the iron oxide nanoparticles were dispersed in water by an
ultrasonic treatment, 10 puL of the same placed on a carbon film
supported copper grid, excess solution wicked away using a filter
paper and dried under natural conditions. Diffraction pattern was
obtained using a Rigaku, Miniflex(IT) desktop X-ray diffractometer
(Operating conditions: Cu-Ka (A — 1.5406A), 30 kV, 15 mA, scan
speed of 4°C/min, step size 0.05°). Zetasizer 3000 HSA (Malvern
Instruments, UK) was employed to obtain the particle size, size
distribution and zeta potential of the nanoparticle dispersion in
water, using concentrations and methods previously standardized
by us*. The size and zeta potential measurement were performed
in triplicate for independent batches of synthesized nanoparticles.
CONTIN analysis was performed to determine the intensity average
diameter and size distribution. The polydispersity index, a dimen-
sionless number extrapolated from the autocorrelation function and
ranging from 0.01 to 1 was employed to further confirm the
monodispersity of the nanoparticles.

Measurement of magnetic resonance relaxivities. MR relaxivities
of iron oxide nanoparticles synthesized at 24 h and 48 h reflux were
measured using a clinical 1.5 T MR scanner (MAGNETOM Avento
Tim System, M/s. Siemens, Germany) equipped with a head coil. For
this, phantoms of different concentration of iron oxide (0-0.45 mM)
were prepared in deionized water and used. For T, relaxometry
calculations, a modified T, relaxometry spin echo sequence with
TE varying from 15-120 ms with Repetition Time (TR) of 2000
ms were run at three different planes of the phantoms and the
pixel intensity with respect to concentration extracted. From the
pixel intensity output, the transverse relaxation for each concen-
tration was calculated by employing a linear fit program.

For T; measurements, an inversion-recovery sequence was used
with 7 non equidistant different time delays of 50, 100, 300, 700,
1200, 2000 and 3000 ms between inversion and the first 90° excita-
tion pulse. Time of Echo (TE) and Time of Repetition (TR) are
chosen as 15 and 4000 ms respectively. From the MR images corres-
ponding to these inversion times, signal intensities for all the T's

were obtained. T, relaxation time of each sample was calculated
applying these data to the intensity function of the MR signal*>**.

Nanoparticle - collagen interaction studies. Contact angle of
nanoparticles were determined by drop shape method*. Kinetic
studies were carried out with UV-1800 Shimadzu spectrophoto-
meter. Fibril formation was measured by monitoring turbidome-
tric increase in absorbance at A3;3,y, immediately after mixing the
solution of nanoparticle and collagen in appropriate quantities. The
fibril formation rate, represented by t;,, (half the value of the plateau
initiation in the kinetic curve) was determined for both native colla-
gen and nanoparticle-collagen composites. Denaturation tempera-
ture (Tq4) of the samples was measured using Ubbelohde viscometer.
For this the solution was incubated at predetermined temperatures of
20-50°C, till equilibrium and the efflux temperature (t) was
recorded. The reduced viscosity was calculated from the efflux
time of the sample and acetic acid with concentration.

CD-spectra were recorded in the wavelength range of 190-300 nm
for every 0.2 nm with a bandwidth of 1 nm at a scan speed of
100 nm/min, under nitrogen atmosphere on a JASCO J-815 CD
spectrometer carrying a Peltier temperature controller. To under-
stand temperature induced conformation changes, the spectra were
measured with a step wise increase of 0.5°C, with 2 min equilibrium
time between each step. For these measurements, the samples were
incubated at 4°C for 24 h before recording the spectra. The measure
of triple helical content (Rpn), defined as the ratio of positive to
negative peak height was also calculated.

For the determination of mechanical properties, the reconstituted
collagen films, in the absence and presence of the nanoparticles were
placed on an Instron Universal Testing Machine operating at a cross-
head speed of 5 mm min~" and stretched till rupture of film. The
thickness of the film was determined using a thickness gauge. From
the load employed for rupture, the tensile strength, elongation at
break and Young modulus of the samples were measured. The mea-
surements were carried out in triplicate.

High resolution scanning electron microscopic analysis of the
reconstituted film in the presence of the nanoparticles were per-
formed using a Quanta 200 FEG SEM. For this, the samples were
rinsed with methanol and then sputter-coated with gold to avoid
possible contamination. Morphology of the reconstituted films were
observed.

Results and Discussion

Morphological features of the nanoparticles. The nanoparticles
had rhombohedral geometry (Figure 1), with aspect ratio of 1.26
(major axis = 99 = 6 nm; minor axis = 79 = 10 nm), 1.22 (major
axis = 93 = 7 nm; minor axis 76 = 8 nm) and 1.32 (major axis = 89
*+ 7 nm; minor axis = 67 = 9 nm) respectively for 24, 32 and 48 h of
refluxing time. While the presence of starch influences the geome-
trically alignment of the nanoparticle phases to a rhombohedra,
increasing reflux time enhanced the aspect ratio. A decrease in size
of nanoparticles (both major and minor axis) was also observed at
higher reflux duration. No further change in size was observed be-
yond 48 h of reflux. Chemical modifications such acid hydrolysis
adopted in this work results in starch nanocrystals with reactive
surface hydroxyl groups to react with Fe’* **. Acid hydrolysis also
impairs the three dimensional network in starch, leading to more
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Figure 3| (a). TEM image of the a-Fe,03 nanoparticles obtained after 24 h of reflux; (b). after 32 h of reflux; (c). 48 h of reflux; (d). HRTEM image of the
nanoparticles after 48 h of reflux, with SAED pattern as inset (e). powder-X-ray diffractogram for the nanoparticles at various durations of reflux;
(f). particle size distribution plot (intensity average diameter — CONTIN analysis) as obtained from DLS measurements; (g). fluorescence emission
spectra for the nanoparticles; (h). room temperature hysteresis loop for the nanoparticles obtained after various durations of reflux, as obtained by VSM.

percolation of Fe’* into the matrix and thus a change in the aspect
ratio. The crystallite size (D.) of the nanoparticles was calculated
from powder XRD data, using the Debye-Scherrer equation

A
(D.=B- cosf, where B is the Scherrer constant, 0.9, A the wave-

length of the Cu-Ko radiation employed, 0.1542 nm, B the full
width and half maximum of the plane (110) and 6 the Bragg
angle). In all three cases, the crystalline size was found to be 38 *
5 nm. An increase in size of the particle as against crystal size could
be attributed to the possible joining of crystal lattices into particles*.

HRTEM image (Figure 3) shows a typical crystalline domain with
inter planar spacing of about 2.69 and 2.47 A which are comparable
with literature values of 2.700 and 2.519 A, corresponding to the
(014) and (110) planes of the hexagonal phases of o - Fe;O3 rhom-
bohedra crystal respectively”’. SAED pattern confirmed the forma-
tion of a-Fe,0; phase, the ring being indexed according to the
rhombohedra a-Fe,Oj3 structure (72-469 JCPDS-ICDD).

Particle size distribution (Figure 3) as measured by dynamic light
scattering (DLS), showed an intensity average diameter of 100 *

5 nm, 93 * 4 nm and 90 * 3 nm and polydispersity index value
of 0.32, 0.28 and 0.27. Low polydispersity index value is a clear
demonstration of monodisperse character of the synthesized nano-
particles””. Usefulness of zeta potential measurement to describe in
vivo interactions between implants and cells has gained major rel-
evance®®. Zeta potential of the synthesized nanoparticles was found to
be 43 £ 2 mV. Compared to previous experiments where the cal-
cination reactions were performed, the nanoparticles from reflux
synthesis were highly stable, probably due to a higher level of capping
provided by starch. It has been reported that nanoparticles with a
positive zeta potential adsorbed more protein than negatively
charged nanoparticles®.

Effect of nanoparticle corona on cell viability. When nanoparticles
interact with starch and other components in the serum, the direct
interaction of the nanoparticle with the cell is replaced with that of
nanoparticle corona with the cell’”**. The cellular morphology of the
NIH/3T3 cells did not undergo any major change when treated with
nanoparticle corona in the concentration range investigated. Cell
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Figure 4| (a). Morphology of NIH/3T3 cells treated with different concentration (50-200 pM) of a-Fe,O; nanoparticles; (b). histogram depicting the

changes in absorbance (MTT assay) with concentration of nanoparticles.

viability greater than 95% was also observed (Figure 4) for the
nanoparticle concentration range investigated. It is known that
nanoparticles possessing a high surface charge and large particle
size are more efficiently phagocytized®. Our observations on the
cell viability in the presence of polysaccharide coated nanoparticles
is in tune with earlier observations, wherein chitosan coated
nanoparticles with a positive zeta potential has been reported to
lack toxicity.

Magnetic resonance relaxivities. The longitudinal relaxivity (r;) and
transverse relaxivity (r,) of the 48 h reflux sample was determined
and compared with that of 24 h reflux sample (Figure 5). It is clear
from the Figure 3 that 48 h reflux sample had better positive contrast
enhancement than the 24 h reflux sample. 48 h reflux sample had an
r; of 3.022 mm™' s™', more than seven times that of 24 h reflux
sample, of 0.412 mm™" s™', as shown in Figure (linear fit). Also the
ratio between transverse and longitudinal relaxivity (r,/r;) was found
to be low for 48 h reflux sample (5.65174), compared to that of 24 h
reflux sample (12.10437). This increase in the r; value coupled with
reduction in r,/r;, is specific and important property for use of a
material as T, contrast agent.

Superparamagnetic materials such as iron, cobalt or manganese
based nanosystems were often used as T, contrast materials for liver
or lymph node MRI****. But here, we have developed iron based
nanosystem as potential T contrast agent which is a more preferred
way of imaging by clinicians. Moreover, this material shows en-
hanced positive contrast than recently reported studies***. Kim
et al* in a recent report have developed iron oxide nanoparticle as
a potential T contrast material, with r,/r, ratio comparable with our
current study. But here, we have adopted a greener route synthesis to
reduce toxic effects and makes it more suitable for clinical applica-

tion, compared to the organic one adopted by Kim et al**. Most
widely used Gadolinium based T; MR contrast materials have a
tendency to cause osmotic nephropathy, which leads to chronic renal
failure®”*®. Our results also indicate that the aspect ratio of the nano-
particle is an important parameter, which can be used to tune the
properties of nanoparticles for specific applications. A 48 h reflux
sample thus has the ability to serve as a T contrast agent.

Nanoparticle - collagen interaction: conformation changes.
Contact angle of rhombohedra shaped o-Fe,O; nanoparticles with
collagen, in the concentration range employed for 5 was 31.45°,
revealing a hydrophilic interaction between the two. It has been
reported earlier that modified collagen surfaces with contact angle
of 32° showed remarkable human dermal fibroblast and myoblast
attachment and proliferation®.

Reconstituting collagen from solution into fibres carrying the sig-
nature biological and physic-chemical properties, yet possessing
advanced features such as thermal, physical and enzymatic stability
than native collagen is a challenge in basic science. For instance,
collagen fibres electrospun out of fluoroalcohols were found to dena-
ture collagen®. Such materials have been reported to have potential
applications in areas such as tissue engineering. Being an optically
active protein with a polyproline II like helical conformation, CD
spectral analysis provides direct information on the conformational
stability of collagen. Native collagen has a negative minima absorp-
tion band at 190 nm and a weak positive maxima absorption band at
210-230 nm, with a crossover from negative absorbance to positive
absorbance at around 213 nm". CD spectral analysis is a very useful
tool to understand protein-ligand interactions and protein denatura-
tion. Additives, more so metal complexes have been reported to
influence collagen stability in a concentration dependent manner®.

| 4:5968 | DOI: 10.1038/srep05968

5



0 mM

a)

0.45 mM

0.45 mM

® % 9 9 % 2

® 9 99

244 m 24h ”
¢ 48h
204 ry=3.023 mm-1s!
;‘a &
2]
-~ 14
-
t 14 1 1
= r4=0.412mMm"'s"
. / e
V& i L}
A m—
e
1
T v T al
00 0 0 04 05
Fe Concentration (mM)
"1 wm 24h »
¢ 48h /
= rp= 17.16 mm-1s"
24 h Ol
o~
S 2 ry=4.99 mM"s_'_"_,.—-
48 h iy
-
0 <‘/._.,-

T v T v T - u - T - u
00 04 o5

01 02 03
Fe Concentration (mM)

Figure 5 | Contrasting effect (a) T, and (b) T, relaxation time of iron oxide nanoparticles synthesized at 24 h reflux and 48 h reflux in MRI. Inset shows

the linear fit plot employed for the calculation of r; and r,.

In this work, the starch capped nanoparticle concentration depend-
ent changes to the CD spectra of collagen was evaluated (Figure 6).
Any change in the CD spectra of protein upon addition of a ligand is
proportional to amount of protein perturbed®”. A complete dena-
turation of the protein is reported to result in complete disappear-
ance of the positive absorbance band and red shift of negative
absorbance band®. With increase in concentration of nanoparticles,
the positive peak at 220 nm diminished, though marginally.
However, no red shift of the negative absorbance band was noticeable

)
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Figure 6 | Circular dichroic spectra of native collagen and collagen
treated with various quantities of rhombohedra shaped a-Fe,0;
nanoparticles (0.02-0.1 wt%).

up to a weight ratio of 1:0.08. At 1: 0.1 ratio, the negative peak at
197 nm showed a tendency to red shift. Rpn value (which refers to
the ratio of positive maximum to negative minimum), which is an
indicative of triple-helix formation® was also evaluated for native as
well as collagen-nanoparticle composites with increasing concentra-
tion of nanoparticles. The Rpn value was found to remain more or
less constant (ranging from 0.115 to 0.110, with the value being 0.115
for native collagen), indicating that the nanoparticles were not
involved in bringing about changes to collagen conformation.

Nanoparticle - collagen interaction: thermal stability of collagen.
Changes in the CD ellipticity at 220 nm for native collagen with
increasing temperature gave a very sharp thermal transition, with a
melting temperature, T, of 38°C. Collagen - nanoparticle composite
(5) also showed a similar transition at 39.5°C, indicating an increase
of 1.5°C in melting temperature upon treatment with starch capped
Fe,O; nanoparticles. A temperature dependent change in the
hydrodynamic radius of collagen as well as collagen — nanoparticle
composite (5) was also observed, indicating an unfolding process,
wherein the collagen molecules underwent a transition from native
trimmers to monomers®.

Nanoparticle - collagen interaction: fibril assembly. Fundamental
to mechanical integrity of collagen is its crosslinks. Healthy
development and injury repair is progressively dependent on
enzymatic rather than non-enzymatic crosslinks®. In vitro collagen
self-assembly is a sigmoidal process, with diameter of the fibrils
increasing with pH. It has been reported that at pH 7.1, there is an
electrostatic interaction promoted unusual alignment of collagen
molecules in fibrils”. To replicate the function of native tissues
that can be used for tissue engineering or regenerative medicine, in
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vitro fibrillogenesis is the key. While natural molecules such as
proteoglycans are known to modulate collagen fibrillogenesis®,
sugars and polyols inhibited fibrillogenesis. Rate of fibre formation
of collagen, in the presence and absence of starch capped
nanoparticles was measured through turbidity kinetic curves”. The
formation of collagen - iron composites have been confirmed from
scanning electron microscopic images (Figure 7), where iron oxide
nanoparticles have been found effectively coated all over the fibres.
Inter fibrillar crosslinks mediated by the functionalized nano-
particles have been observed in the micrographs. Collagen-
nanoparticle composite (5) showed delayed fibril formation, with a
ty, of about 133.33 s, as against 127.06 s for native collagen
(Figure 7). It is reported that collagen fibrillogenesis requires
formation of hydrogen bonded water clusters, which bridge
recognition sites on the opposing helices. When the additive or the
partner to collagen in the composite competes with water for crucial
hydrogen bonds, then water bridges are disrupted®. In our case, the
specific stereochemistry of starch hydroxyls, which defines its
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Figure 8 | Scanning electron microscopic image of collagen fibrils formed
in the presence of starch coated nanoparticles.

preferred hydrogen-bonding pattern, was not conducive for a com-
plete inhibition of the fibrillogenesis process. Binding of starch-
capped iron oxide nanoparticles to collagen is akin to the binding
of proteoglycans to collagen, i.e. fibrillogenesis is modulated but not
completely inhibited. Interestingly, earlier reports had suggested that
soluble starch did not affect the collagen assembly”, as against our
observation on a retarded process. It can therefore be indirectly
concluded that the presence of iron oxide nanoparticles could have
influenced the stereochemistry of the starch hydroxyls, thereby
retarding the rate of fibrillogenesis. Collagen fibrillogenesis being a
time dependent process, a lag period in fibrillogenesis is comparable
to the enhanced denaturation temperature”. This was confirmed
through viscometric analysis, wherein an increase in denaturation
temperature by 3.1°C, from that of native collagen was observed for
the composite (5) (data not shown).

The SEM image of the collagen - nanoparticle composite film is
depicted in Figure 8. It can be clearly seen that the functionalized
nanoparticles clearly coat over the fibres and are involved in bringing
about multipoint crosslinking, which could lead to an enhanced
mechanical properties. The mechanical properties of the collagen —
nanoparticle composite film have been compared against that of the
native collagen in Figure 7. The enhancement in the tensile strength,
Young’s Modulus and elongation at break for the collagen-nanopar-
ticle composite could be attributed to the changes in the spatial
arrangement of fibre bundles and interweaving of the fibres. The
functionalized iron oxide nanoparticles carrying surface hydroxyl
groups are able to bring about interfibrillar crosslinking thus provid-
ing resistance to deformation.

It is known that crosslinking methods such as glutaraldehyde and
EDC/NHS, which are frequently employed in biomedical applica-
tion, are endowed with disadvantages such as aldehyde cytotoxicity
and lower degree of crosslinking”. Our results clearly indicate that
the collagen scaffolds are ideal for biomedical applications.

Starch capped anisotropic iron oxide as a fluorescent nanopar-
ticle. The emission spectrum (Figure 3) of the synthesized rhombo-
hedra shaped a.-Fe,O3 nanoparticles (reflux duration of 24 h) when
dispersed in water showed fluorescence, with A.,, = 540 nm (A, =
420 nm). As the refluxing time was increased, a corresponding red
shift (540-560 nm) in the fluorescent emission was also observed.
The observed fluorescence can probably be attributed to recom-
bination of electron hole pair between d band and sp conduction
band in the o-Fe,O; nanoparticles”. We perhaps report such utility
for a-Fe,O; nanoparticles for fluorescent imaging for the first time.
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Figure 9 | Temperature dependent field cooled (FC) and zero field cooled (ZFC) magnetization for a-Fe,O; nanoparticles after (a) 24; (b) 32; and (c)

48 h refluxing time.

Earlier works on fluorescent magnetic nanoparticles are related to
the coupling of fluoroprobes to magnetic nanoparticles™, rather than
to obtain fluorescent behavior from the o-Fe,O; nanoparticle itself.

Starch capped iron oxide nanoparticles for targeted delivery. The
use of superparamagnetic nanoparticles and a magnetic field
gradient to exert a force on the particles have been in wide use for
biomedical applications”. Nanoparticles obtained after 24 and 32 h
of refluxing time, indicated weak ferromagnetic behavior (Figure 3),
with remnant magnetization, M, values of 0.31 and 0.15 emu/g and
coercivity values of 3657 and 1123 Oe, respectively for 24 and 32 h of
reflux. However, the nanoparticles synthesized at 48 h of reflux had
negligible M, and coercivity values of 0.004 emu/g and 16 Oe,
indicating a shift towards superparamagnetic behavior. Such a
change is attributable to the presence of starch capping over the
nanoparticle surface, as well as shape anisotropy of o-Fe,O;
nanoparticles. Interestingly, from the temperature dependent zero
field cooled and field cooled magnetization measurements (Figure 9),
a decrease in Morin transition temperature (T = 240K,
extrapolated to H = 0), compared to a value of 263 K for bulk a-
Fe,O3 was observed for nanoparticles synthesized at 48 h of reflux.
Such a decrease in Ty can be attributed to the crystalline anisotropy,
lattice strain and crystal defects generated by the rhombohedral
shaped nanoparticles.

It is interesting to understand how starch modulates the shape of
the synthesized nanoparticles. Based on the information available
from literature a plausible mechanism for such a growth has been
proposed (Figure 2). Ferric chloride on interaction with starch forms
ferric hydroxide. Under reflux conditions, a change from hydroxide
to oxyhydroxide is observed, which further condense to a-Fe,Os
nuclei as suggested in literature”®. Reflux synthesis in aqueous solu-
tion aids process of seed formation and oriented growth by generat-
ing numerous hot spots that nucleate crystal growth and generate
massive seeds throughout the bulk solution. More seeds created
under homogenous conditions will lead to faster crystal growth,
and the final products will have narrower size distribution and higher
yields. Once the a-Fe,O; seed start to grow under reflux conditions,
the available source of Fe’* becomes promptly depleted. Such reac-
tions will be determined by a non-equilibrium kinetic process”.
Adsorption behavior of anions on the oxides and hydroxides can
be explained by surface complexation. Unlike other iron oxides,
the extent of adsorption on a-Fe,O5 is face specific because of its
intrinsic crystal structure. o-Fe,O3 crystallizes in the rhombohedra
corundum structure, where the hexagonal unit cell contains six for-
mula units (30 atoms). The oxygen anions form a hexagonal close
packed sublattice with exclusively octahedrally coordinated Fe** spe-
cies located in two third of the octahedral sites’. Morphology con-
trol, in this instance, has been derived from the specific adsorption of

the groups (polysaccharides) on the crystal planes parallel to the ¢
axis, which restrains the crystal growth perpendicular to the c¢ axis.
We have been able to demonstrate a fine control over morphology,
crystalline character (Figure 3) and size of o-Fe,O3 through a change
in the refluxing time.

Starch molecules provide necessary platform for the nuclei to
adsorb. Aggregation of the a-Fe,O3 nuclei, so as to reduce their
surface energy, will be controlled by the starch platform. The shape
and size of the synthesized rhombohedra shaped o-Fe,O; nanopar-
ticles are determined by the preferential adsorption of starch over the
crystalline phases of o-Fe,O; nuclei during the initial nucleation
stage and the subsequent growth stage through the delicate balance
between kinetic growth and thermodynamic growth regimes.
Subsequent to the growth, starch molecules will provide the neces-
sary capping and colloidal stability to the synthesized rhombohedra
shaped o-Fe,03 nanoparticles™.

Conclusion

The present study describes the development of a simple collagen —
nanoparticle construct for potential applications in tissue engineer-
ing and imaging by crosslinking collagen to starch capped o-Fe,O3
nanoparticles. The starch capped nanoparticles were found to be non
toxic to fibroblast cells and thus used for developing collagen con-
structs. The enhancement in thermal stability of collagen without
changes to its conformational stability was systematically explored.
The results showed that the rhombohedral shaped nanoparticles
with a starch cap provided for a 1.5°C increase in T, and 3.1°C
increase in T4 of collagen. Anisotropy of nanoparticles and presence
of a dead layer of starch on surface, conferred superparamagnetic
behavior, with a temperature field dependent decrease in Morin
transition temperature to 240 K. This observation has implications
in the development of magnetically targeted collagen constructs. The
starch capped anisotropic nanoparticles also possessed fluorescent
properties (A, — 420 nm; A, — 540 nm), thus enhancing their
applications as fluorescent probes as well. The tunable relaxivity
values of the nanoparticles enhance their value through their ability
to function as T, contrast agents in MRI. The observations made in
this study are in variation to already existing reports on starch-
collagen interactions, wherein starch was found not to influence
thermal stability of collagen, indicating the presence of the capped
nanoparticle was responsible for the enhanced properties. This is the
first such report wherein a magnetically targetable collagen construct
is able to carry both fluorescent and magnetic resonance probe.
Compared to known collagen composites, the functionalized nano-
particle — collagen construct developed in this study had higher
mechanical properties, associated with increased level of nanoparti-
cle-mediated collagen - collagen crosslinks. For instance, the elonga-
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tion at break, i.e. the resistance to change for the composite
developed in this study was greater than 19% as against 3% reported
for poly (lactide-e-caprolactone)/collagen/nano-hydroxyapatite
composite®. Compared to previous reports®’ the nanoparticles
developed in this study had a lower cytotoxicity due to the presence
of the polysaccharide corona, leading to the possibility of offering
higher doses of collagen-nanoparticle composites for imaging pur-
poses. The polysaccharide corona also provides for a higher r; at low
r,/11, leading to its function as a better T; contrast agent.

In conclusion, the collagen - functionalized iron oxide scaffold
developed in this study is a superior material owing to its ability to
provide higher cell viability due to presence of polysaccharide cor-
ona, better super paramagnetic character, higher mechanical
strength and ability to serve both as fluorescent and MRI probe.
These features are ideal for the use of scaffold in tissue engineering
and biomedicine, such as bio-implants and imaging. These results
may offer a new promising approach to tissue engineering.
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