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ABSTRACT: Understanding biocompatibility of materials and scaffolds is one
of the main challenges in the field of tissue engineering and regeneration. The
complex nature of cell-biomaterial interaction requires extensive preclinical
functionality testing by studying specific cell responses to different biomaterial
properties, from morphology and mechanics to surface characteristics at the
molecular level. Despite constant improvements, a more general picture of
biocompatibility is still lacking and tailormade scaffolds are not yet available. The
scope of our study was thus the investigation of the correlation of fibroblast cell

rotational motion
anisotropy

growth on different gelatin scaffolds with their morphological, mechanical as well

as surface molecular properties. The latter were thoroughly investigated via polymer molecular mobility studied by site-directed
spin labeling and electron paramagnetic resonance spectroscopy (EPR) for the first time. Anisotropy of the rotational motion of
the gelatin side chain mobility was identified as the most correlated quantity with cell growth in the first days after adhesion,
while weaker correlations were found with scaffold viscoelasticity and no correlations with scaffold morphology. Namely, the
scaffolds with highly mobile or unrestricted polymers identified with the cell growth being five times less efficient (N, = 60 +
25 mm™?) as compared to cell growth on the scaffolds with considerable part of polymers with the restricted rotational motion
(N_ais = 290 + 25 mm™). This suggests that molecular mobility of scaffold components could play an important role in cell
response to medical devices, reflecting a new aspect of the biocompatibility concept.
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B INTRODUCTION

Biomaterial tissue engineering is relatively young research area,’
investigating complex scaffolds and advanced materials by high-
end characterization methods and translating the research from
preclinical to clinical phases to meet diverse clinical
applications.” One of them is scaffold engineering, the rapidly
growing multidisciplinary field which incorporates the synthesis
of biologically relevant materials and the production design,
both essential for the cell-material interface.> To achieve an
increased scaffold complexity while controling morphology and
precisely regulating cell behavior, a computer-aided design
approach is frequently implemented.*®> Mixing different
polymer materials and cross-linking techniques is another
currently implemented practice, producing scaffolds with
extreme functionalities to meet a variety of applications.%’
However, the best approximation of native mechanical and
biological properties are obtained by scaffold fabrication
through decellularization process of the tissues,® where the
preserved extracellular matrix (ECM) provides the native
compositional and structural environment, crucial for cell
recognition and tissue formation, but even with this procedure
many significant challenges remain.’
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The scaffold design currently limits either porosity which can
restrict the perfusion. i.e. blood supply into the scaffold once
introduced into the tissue,'® or production time while achieving
adequately porous tissue networks.'' Poorly controlled cell
seeding combined with lack of cell infiltration into the structure
represent another problem which can reasonably limit
successful implementation of a number of scaffold designs,
essentially calling for modifications.'> However, the crucial
limitation or more precisely the key issue regarding all scaffold
designs is unpredictable biocompatibility, which became even
more difficult to understand while the complexity of the
scaffolds is increasing.’

What makes biocompatibility so elusive is its origin in a
complex world of cell-biomaterial interaction."”'* Its con-
voluted nature imposes extensive preclinical functionality
testing,"> that needs to simulate diverse conditions and
elucidate not only the “first contact” response but also its
time evolution through tissue regeneration and biomaterial
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degradation,'® which altogether features the importance of the
material and tissue contact duration.'” With the additional
requirement of minimazing the inflammatory response after
implantation of biomaterials in the body'® and the need for
their rational cost-effective design,'® the development is
currently focused on mimicking the properties of the native
ECM to promote a relevant physiological environment.”**'
Such a bionic way has successfully resulted in the
composition and functionalization of various scaffold matrices
through identification of the essential molecular ECM
compounds.”* Although many aspects of cell-biomaterial
interaction have been identified> >° the puzzle of their
rational control is still unresolved. Currently, the majority of
preclinical biocompatibility testing of scaffolds, composed from
variety of synthetic and natural polymers, focuses on cell
responses to the substrate, from cell adhesion, proliferation,
migration, differentiation, to ECM secretion. The search for
crucial parameters modulating such cell responses is organized
in three directions (Figure 1): scaffold morphology by evaluation
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Figure 1. Schematic overview of the scaffold properties investigated to
resolve biocompatibility. Traditionally, macroscopic scaffold physical
properties such as morphology and mechanical properties have been
investigated, while recently great attention has been dedicated to
characterize the influence of surface molecular properties, which involves
surface biochemistry, molecular conformation, topography, hydro-
philicity, etc. In our study, combination of properties with special focus
on molecular mobility was studied and correlated with cell growth
(bold text) in order to get more insight into the complex nature of
biocompatibility.

of the pore size”®™*' and interconnectivity,”>>* essential for

cell promotion and nutrition transport; scaffold mechanical
properties by evaluation of the influence of stifiness,
viscoelasticity and physical stimulation,>™** essential for cell
focal adhesion, communication, shape and motility as well as
material degradation dynamics; and scaffold properties on the
molecular level by evaluation of the effect of surface chemistry,
energy, topography and specificity,”*~*° essential for the cell—
scaffold contact.

Despite constant improvements, biocompatibility of partic-
ular material with selected cell line or tissue cannot be
predicted due to lack of generalized picture of cell response to
various materials, precluding the production of tailor-made
scaffolds.*® Traditionally, each scaffold property is correlated by
specific cell response in a statistical way or a trial-and-error

approach (Figure 1), missing the correlation between different
material properties and cell responses and, even more
importantly, scattering the investigation focus away from the
actual mechanisms of biocompatibility.

The aim of our study was thus the investigation of the
influence of scaffold properties on various scales, from
molecular to macroscopic, on the cell growth (presented in
bold text in Figure 1). Motional analysis of the scaffold
polymers, which presents the molecular characterization, was
employed for the first time in scaffold biocompatibility research,
where it has only been noted as being of potential relevance.”"

B EXPERIMENTAL SECTION

Chemicals and Materials. Gelatin type B (Sigma-Aldrich, St.
Louis, MO) derived from lime cured bovine skin with isoelectric point
(pl) of 4.7—5.2, bloom number of 225 and the average molecular
weight of 47 kDa was used as a scaffold material. 0.1 M phosphate and
carbonate buffers were used as a scaffold solutions and were prepared
from sodium phosphate monobasic dihydrate, sodium phosphate
dibasic heptahydrate, sodium carbonate, and sodium bicarbonate, all
purchased from Sigma-Aldrich (Steinheim, Germany). 1-Ethyl-3(3-
(dimethylamino)propyl)-1-carbodiimide hydrochloride (EDC; Carbo-
synth, Compton, UK) and N-hydroxysuccinimide (NHS; Sigma-
Aldrich, Steinheim, Germany) were used to cross-link gelatin amino-
acids during the scaffold preparation. Fluorescein isothiocyanate
isomer I (FITC; Invitrogen, Eugene, Oregon) and 3-maleimido
PROXYL (Sigma-Aldrich, Steinheim, Germany) were further used as a
fluorescent and spin probes to label the side chains of gelatin
polymers, respectively. L929 mouse fibroblasts were purchased from
tissue engineering company Educell d.o.o. (Ljubljana, Slovenia) and
the fatty acid fluorescent probe SPP158 (Figure SS in the Supporting
Information), synthesized at the Faculty of Pharmacy (University of
Ljubljana, Slovenia), was used to label the cell membrane.

Scaffold Preparation. Scaffolds were prepared with 10% (w/v)
gelatin solution at different pH (pH 7.5 phosphate buffer and pH 9.5
carbonate—bicarbonate buffer). The solutions were first let to swell
under gentle stirring at room temperature and then heated up to the
temperature of S0 °C to overcome macroscopic gel—sol or
microscopic helix—coil transition to completely suppress gelatin
chain helicity,** enabling more efficient cross-linking and labeling by
increasing accessibility of the (primarily) lysine sites. Randomly coiled
gelatin polymers were then successfully functionalized by site-directed
labeling mainly toward primary amine groups for further scaffold
analysis. Fluorescent probe FITC (reactive via isothiocynate group®>)
and s;)in probe 3-maleimido PROXYL (reactive via maleimido
group>*) were used in a molar ratio of 1:2000 to the predetermined
number of the available free amino groups, with more than 95% of &-
amines and less than 5% of a-amines, the number estimated by lysine
concentration and the average molecular weight of gelatin chains.
Labeling of cysteines, with approximately 1 order of magnitude faster
reaction at solution pH of 7.5 (higher percentage of unprotonated
groups) and at least 2 orders of magnitude lower molar ratio, can
contribute to minor electron paramagnetic resonance (EPR) signal—
the major contribution still being assigned to labeling of lysines.
Meanwhile, at solution pH of 9.5, cysteine labeling is negligible and
does not contribute to any EPR signal, since the reaction is much more
efficient on lysines due to amine group nucleophilicity. The chosen
molar ratio enabled good detection of FITC fluorescent signal by
fluorescence microscopy as well as good signal-to-noise ratio (S/N) of
acquired EPR spectra, while keeping the sample practically unchanged
due to low percentage of labeled chains. Cross-linking of gelatin
polymers was done by water-soluble EDC and NHS (molar ratio of
4:1) to produce stable amide bonds, where the molar concentration of
EDC with respect to the number of gelatin free carboxylic groups was
1:1 and 0.15:1. Also other cross-linking techniques, such as enzymatic
with tyrosinase and transglutaminase-mediated cross-linking, genipin,
and phenolic acid based cross-linking had been employed, but did not
yield scaffolds which would be as stable and porous as in the case of
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EDC/NHS. To control cross-linking process by temperature
regulation, the cross-linkers were mixed with the gelatin solution
into Teflon Petri dishes (d = S0 mm) placed at the temperature-
controlled plate just prior freezing-thawing process to apply the so-
called cryogelation.”> Thawing cycle was performed between —10
and 0 °C in the time interval of 10 h. The formed ice-templated,
porous scaffolds were dialyzed against the appropriate buffer to
remove the excess of nonreacted cross-linkers and labeling probes.
Samples were then stored at T = 6 °C until further sterilization and
analysis. By using different pH and cross-linker concentration
throughout the preparation, different properties of scaffolds were
obtained for further investigation (Table 1). To simplify terminology,
the scaffolds will be designated as scaffold 1—4.

Table 1. Preparation Parameters of Investigated Scaffolds

samples buffer pH n (EDC): n (free COOH sites)®
scaffold 1 9.5 0.15

scaffold 2 9.5 1

scaffold 3 7.5 0.15

scaffold 4 7.5 1

“Molar ratio.

Scaffold Sterilization. Samples were cut into thin pieces of the
dimensions of approximately 30 mm X S mm X S mm, immersed in a
70% ethanol solution for 2 h (V = 50 mL) and then exposed to UV
irradiation in a sterile atmosphere for 30 min. Samples were dialyzed
three times with sterile PBS (V = 50 mL, buffer changed each day) and
stored at 6 °C for further cell growth experiments.

Polymer Side Chain Mobility Analysis by EPR Spectroscopy.
Site-directed spin labeling (SDSL) with 3-maleimide PROXYL on the
gelatin primary amines and on traces of cysteine thiol groups was
performed before scaffold preparation to elucidate the side chain
conformational dynamics of ?ol_;nners through EPR spectral line shape
analysis, as described before.”®*” Since spin probe size is similar to that
of the protein side chain and much smaller than polymer itself, there is
no significant influence of the probe on the polymer motion.
Consequently, spin probe rotational motion basically reflects available
space for side chain wobbling which is in addition superimposed on
the polymer motion. If protein/polymer backbone is folded then
backbone motion is slow and the anisotropy of the spin probe fast
conformational motion characterizes the packing of the local protein
side chains. These principally depend on the protein secondary
structure and packing of the several proteins together (fibers, bundles,
networks, etc.). In such a case the probe motion is fast, restricted and
thus anisotropic. On the other hand, when protein backbone is
unfolded (i.e., random coil), its reorientational motion is faster and,
more important, much less restricted, significantly increasing the space

available for spin probe to wobble. In this case the probe motion is
fast, unrestricted and thus almost isotropic. The anisotropy of the spin
probe conformational motion can therefore be a good indicator for
local polymer mobility, as schematically presented in Figure 2a.

For the analysis, samples were put into quartz capillary tubes of
diameter of 1 mm and transferred into the temperature-controlled
EPR resonator. EPR measurements were done on X-Band Bruker
Elexsys ES00 Spectrometer (Karlsruhe, Germany), with microwave
frequency of 9.3 GHz, the power of 20 mW, modulation frequency of
100 kHz and field modulation amplitude of 0.2 mT. Several spectra
were accumulated to obtain the signal-to-noise ratio (S/N) of 200—
300, suitable for further spectral simulation and analysis. Temperature-
dependent polymer mobility measurements were performed in
cooling—heating cycles from room temperature down to S °C,
followed by a temperature ramp-up to 80 °C in steps of 15 °C, and a
final decrease down to room temperature to check for reversibility or
potential temperature-induced structural changes.

Spectral analysis took into account that local polymer rotational
motion varies from fast unrestricted at unfolded ends and unstructured
parts of gelatin polymer chains to fast restricted motion within
structured and densely packed parts of chains, both motional patterns
being sensitive to temperature. The impact of the anisotropy and rate
of reorientational motion of the spin label attached to a polymer on
the EPR spectral line shape was employed to detect molecular
motion®” measured at different temperature. The gray bands indicated
in Figure 2b show the spectral regions where the line shape can reflect
the motional anisotropy. To extract the information in these parts, we
needed to employ spectral simulations to decouple a sharp-triplet
component -3 equal hyperfine lines, reflecting part of the labels being
motionally unrestricted - from a component arising from fast tumbling
but sterically restricted labels. Spectrum of a disordered polymers in
solution (Figure 2c), is on the other hand composed of only one
spectral component with the sharp triplet due to its isotropic
wobbling. By the mentioned spectral simulations done within the
software EPRSIM-C (http:/ /Ibfijs.si/ download.html),58 the anisotro-
py of the restricted rotational motion was revealed and described by
free rotational space Q, defined as Q = 0/ (2x)%, where 6 and ¢ are the
two cone angles of restricted rotational motion.””* The free rotational
space analysis through the entire temperature region was used to
characterize the phase transitions of a polymer structure through the
detection of phase transition temperature (T.), dependent on
molecular packing and intramolecular interactions.”’ Additionally,
average free rotational space £,y was calculated at the temperature T
=37 °C as Quyg = 2,4, to characterize an average polymer mobility
at the spin labeled amines. €, presents the free rotational space of the
corresponding spectral component, and d, its weight.

Morphology Characterization by Confocal Fluorescence
Microscopy (CFM). For this purpose, primary amine groups, mainly
on lysine side-chains of polymers, were covalently labeled with reactive
isothiocyanate group of FITC fluorescent probe before scaffold
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Figure 2. Temperature dependent spectral analysis of polymer mobility. (a) Schematic view of site-directed spin labeling and its conformational
dynamics characterized by cone wobbling model. (b) Spectra of anisotropic wobbling of polymers in scaffold matrix composed of several spectral
components. Temperature induced polymer structure changes influence the anisotropy and the rate of reorientational motion reflected in the line
shape indicated within gray bands. (c) Spectra of isotropic wobbling, of polymers in solution (left) and free spin probe in solution (right). Spectra

have a sharp triplet with narrow spectral lines. The bar range is 10 G.
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preparation. Scaffolds were cut to fit into a Nunc Lab-Tek chambered
coverglass (Thermo Scientific, Denmark) and placed onto the inverted
microscope Nikon Eclipse TE 2000-E. Images were acquired under
15X objective magnification in confocal mode with Lambda LS xenon-
arc lamp source (Sutter Instrument, Novato, USA) and iXon EMCCD
camera (Andor, Ireland). For optimal fluorescence detection,
excitation, dichroic and emission filters of the CARV II unit (BD
Biosciences, Franklin Lakes, USA) were selected to meet FITC
absorption/emission spectra.

Acquired images of the optical cross sections were then analyzed to
characterize wall thickness and pore size distributions using several 1D
intensity profiles across an image (Figure 3a). Efficient fluorescent
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Figure 3. Scaffold wall thickness and pore size analysis. (a) Scaffold
walls were located by computer designed surface detection based on
intensity differences in the acquired fluorescence microscopy image
(thin curves surrounding the walls). (b) Line intensity profiles of
horizontal/vertical slices were extracted from an image, and the walls’
signals (shaded regions) were used to fit the wall thickness via
modified Gaussian curves. Calculated values in micrometers are
presented in the bottom, where they were additionally corrected due
to the walls’ and the line profile intersection angle. (c) The wall
thickness and the pore size distributions presented with histograms.

labeling, resulting in a good contrast of fluorescence intensity between
scaffold walls and pores, enabled accurate positioning of the scaffold
wall boundaries (Figure 3a) and wall intensity profiles (Figure 3b),
which were fitted with modified Gaussian curves (shaded regions) to
determine wall thickness at each position detected (the values at the
bottom in um). To correct the obtained wall thicknesses for
nonperpendicular crossings of the walls with the line profile, the
crossing angles were calculated from the shifts of the wall positions at

two reference line profiles in direct vicinity to the primary one (Figure
3a, inset). Analyzing several line profiles across 5—10 images of the
same sample at different sites, sufficient statistics was obtained for
construction of the wall thickness distribution histogram (Figure 3c).
The same intensity profiles were used also to calculate the pore size
distribution, where the distance between two closest walls was used to
estimate the pore diameter. The average wall thickness and pore size
with their standard deviations were finally calculated from acquired
and analyzed images (5—10 for each sample). Several images of
morphology with the corresponding analysis comprehended in
histograms are shown in Figures S2 and S3 in the Supporting
Information.

Mechanical Characterization by Rheology. Dynamic shear
oscillation measurements at small strain were performed to character-
ize the rheological properties of the fabricated scaffolds. This was
carried out at HAAKE RT20 Rotovisco-Oscillatory Rheometer
(Thermo Scientific, Germany) in parallel plates oscillatory mode,
with 30 mm plate diameter and gap distance adjusted to scaffold
thickness. Mechanical spectra were recorded in a constant strain mode
over the frequency range of 0.1—100 rad/s in linear viscoelastic region
(LVE) with the sample deformation of 0.01%, predetermined with
amplitude sweep measurement. Variations in storage (G’) and loss
modulus (G”) were recorded at 37 °C.

In case of classical viscoelastics (spring—dashpot Maxwell
viscoelastic model) the log—log presentation of loss modulus (G")
shows a clear maximum at an eigenfrequency w, and a linear decrease
at higher frequencies, none of which were observed from experimental
data (Figure 8, insets). Maxwell model was thus modified with the
linear combination of spring-dashpot modes (Figure 4) (G, gray

[Pa] G

0.1 05 1.0

50 10.0
w[rad/s]

50.0 100.0

Figure 4. Rheological characterization of scaffolds. The measured
frequency dependent storage (G’) and loss (G”) moduli (black
points) were fitted with generalized Maxwell model as a linear
combination of six spring-dashpot modes (G, gray curves; G/ gray
dashed curves; last three not in range). Each mode was characterized
by its eigenfrequency @,; and corresponding elastic modulus E,.

dashed curves, G gray curves), each characterized by its
eigenfrequency ®,; and corresponding elastic modulus E,—an
analogue of the n-parameter model presented in ref 62. In terms of
scaffold structural or physical properties, @,; can be interpreted as a
quantitative value defining a particular pore type in the scaffold
network, while the corresponding E; as a value describing the stiffness
of the pore wall. For example, smaller pores undulate with higher
eigenfrequencies and thus take over the stress at higher frequencies,
while bigger pores deform more at lower frequencies. On the other
hand, thicker pore walls at the constant cross-linking density possess
higher stiffness and can thus sustain more load in comparison with
thinner pore walls. Since the elastic moduli decreased at higher
frequencies, the scaffold became less stiff at higher frequencies, i.e.
could sustain less load as compared to lower frequencies. Smaller pores
can naturally sustain higher w, before significant deformation, while
thicker pore walls correspond to higher E and can thus sustain more
load.

At least six spring—dashpot modes were required to fit the
frequency dependence of the scaffolds moduli. Pairs of the fitted @y,
and E; are presented graphically in Figure 8 and interpreted as a
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mechanical spectrum of the scaffold. The complexity of the scaffold
viscoelasticity comes from its structural inhomogeneity due to broad
pore size and wall thickness distribution across its profile.

Cell Growth. 1929 fibroblasts were used for cell growth studies on
gelatin scaffolds. Since our objective was to study spreading and
growth of the cells across fabricated, cartilage targeted scaffolds with
large porosity, imitating such tissues, this particular type of cells was
intentionally chosen as they fill spaces and form ECM components
within connective tissues throughout the body including cartilage.

Scaffolds were cut into a small slices (S mm X 3 mm X 3 mm) and
put for 1 h in a cell growth medium (DMEM supplemented with Fetal
Bovine Serum) at 37 °C before cell culturing. Scaffolds were
transported into Nunc Lab-Tek chambered coverglass and seeded
with 400 uL of cell suspension (10° cells/mL), gently poured over the
scaffold in three parallels. Seeded scaffolds were incubated at 37 °C in
5% CO, atmosphere for 2 days. Cell growth was measured with CFM
using fatty-acid membrane fluorescent probe SPP158 with Rhodamine
B attached to the polar head (Figure SS in the Supporting
Information). Briefly, 2 uL of 10™* M of probe diluted in ethanol
was mixed with 400 uL of the DMEM medium, which was used to
stain the cell membranes for S min. Samples were gently rinsed with
sterile PBS before measurements to remove all excess fluorescent
probe. Images were taken under 15X magnification.

Cell number was analyzed via thresholding the cell intensity against
the darker environment (Figure Sb). The cell density (N_y,/unit’) was

Figure 5. Cell growth characterization. (A) Original CFM image
acquired under 15X magnification; (b) detection of cell boundaries by
thresholding image intensity; and (c) surface area of cells in a confocal
optical volume. Average number and its standard deviation were
calculated from S to 10 acquired images.

obtained by dividing cell surface area (red region, Figure Sc) with the
average surface of a single cell estimated prior the analysis. More
valuable representation of cell density was acquired by normalization
of the cell number to the scaffold surface available for cell growth
(N_gp,/unit?). Since the latter depends mainly on the pore size (within
the thin confocal volume), cell density was simply normalized to an

average pore size derived from morphology analysis as described
previously.

B RESULTS

Molecular Mobility of Polymer Side Chains. The
scaffolds were first analyzed in terms of polymer mobility
using spin labeling EPR spectroscopy (as described in the
Experimental Section), characterizing the polymer side chain
rotational motion anisotropy via space angle (cone), where the
side chain is allowed to wobble unrestricted. The revealed
temperature-dependent motional restrictions of the spin
labeled polymer side chains are presented in Figure 6 with
“bubbles”, where each bubble represents one detected motional
pattern characterized with the free rotational space €, related to
the anisotropy of rotational motion (y axis) and the size
corresponding to the relative weight d; of the corresponding
motional pattern (the exact values are presented in Table SI in
the Supporting Information). The results in Figure 6 are sorted
by the measured phase transition temperature ( Ty .) at which
anisotropic motional component disappeared. All other results
in the paper are presented in the same sequence to foster
detection of the potential correlations. T, represents
measurable physical quantity which reflects the temperature
at which tight packing of polymers is lost resulting in a sudden
change from anisotropic-to-almost-isotropic conformational
motion of spin probe caused by structural changes of a
polymer network. Note that conformational entropy of
polymer chains become dominant in the free energy above
this transition and the conformational space of a polymer
chains is maximized. This of course does not mean that the
number of cross-linking sites changes during such a transition.

In the measured temperature range from 0 to 70 °C, Ty
for scaffolds 1—4 was detected at around 0 °C, between 25—35,
40—50, and 55—60 °C, respectively (Figure 6, red dotted
bands). Regarding the coexistence of different motional
patterns through the temperature range scanned, scaffold 1
exhibited nearly isotropic local polymer motion without any
other restricted motion through the entire range as represented
by the dominating motional pattern with high free rotational
space Q. On the other hand, the rest scaffolds were identified
through the coexisting isotropic and anisotropic motional
patterns with the weight of the restricted motional component
increasing from scaffolds 2 to 4. The EPR spectra acquired at T
= 37 °C are shown above the temperature diagrams, where the
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Figure 6. Temperature dependent gelatin polymer mobility via free rotational space Q analysis for scaffolds 1—4 designated with (a—d). The fitted
spectral components characterized with € are presented with bubbles with the size proportional to their weight. EPR spectra acquired at 37 °C are
shown above with indicated the most sensitive parts to the changes in the molecular mobility. Red dotted bands represent the temperature region of

polymer mobility Ty -
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Figure 7. Morphology of scaffolds 1—4 (a—d) with wall thickness (black) and pore size (white) distributions in the insets. Different pH values and
cross-linker EDC/NHS concentrations were used to induce morphology variation. Images of fluorescently labeled scaffolds were acquired with CFM

under 15X magnification.

main spectral differences were observed in the two side
absorption peaks, most sensitive to the anisotropy of the
rotational motion (indicated within colored bands). The other
spectra acquired in the whole temperature can be seen in
Figure S1 in the Supporting Information.

Scaffold Morphology. Morphology of the porous gelatin
scaffolds was studied by confocal fluorescence microscopy
(CEM) by obtaining typical optical cross sections as shown in
Figure 7. CFM images revealed well-defined walls and
interconnected pores resulting from simultaneous freezing
and cross-linking process during scaffold preparation. The
scaffolds’ wall thickness (d) and pore size distributions (I) were
analyzed in terms of histograms as shown in Figure 7 insets,
marked in black and white color, respectively. The scaffolds’
wall thicknesses were d; = 17.1 + 0.7 ym, d, = 19.2 + 0.5 pym,
d; = 10.1 + 0.6 ym, and d, = 11 + 2 um, with an error
representing standard deviation of the average values of
distributions acquired from 5 to 7 analyzed images. Wall
thickness was almost two times smaller in the scaffolds 3 and 4
(Figure 7c and d), which is, considering the scaffold
preparation, a consequence of the pH used. It should be
stressed that the correlation between the wall thickness and pH
reflects the importance of a polymer net charge during scaffold
structure formation throughout cryogelation. Namely, the latter
depends on dissociation of carboxylic groups and protonation
of amino groups. In the applied pH range primarily protonation
of amine groups changed, modifying polymer net charge. With
the latter being modulated and the amount of polymer being
constant in all scaffolds, the wall thickness variation actually
reflects the polymer packing. On the contrary, no correlation
between the wall thickness and the concentration of the cross-
linkers was observed.

The pore size average values of [, =45 + 3.5 um, [, =52 + 6
pum, I; =38 + 3 um, and I, = 52 + 5.5 ym suggest that they are
primarily influenced by the cross-linker concentration and not
the pH. Namely, scaffolds with bigger average pore size were
prepared at higher cross-linker concentration. Since the
influence of the scaffold preparation parameters on its
morphological properties was not the main scope of this
work, we did not investigate them in more details.

Scaffold Mechanical Properties. Mechanical properties
of the scaffolds were determined by rheological measurements
(Figure 8) and possible correlations with their morphology
were searched for. Storage (G’) and loss (G”) viscoelastic
moduli (Figure 8, insets) presented with the black and gray
curve respectively were characterized at physiological temper-
ature T = 37 °C in the frequency range from 0.1 to 100 rad/s.
The moduli showed viscoelastic response analogous to
Maxwell*® with nearly constant storage modulus and decreasing

loss modulus at higher frequencies, characteristic for elastic
material. Comparing the moduli of the measured scaffolds, they
differed substantially with respect to their absolute ranges,
meaning that such scaffolds would respond in a very different
way to stress and handling.

A dloser look at the loss modulus curves revealed multiple
peaks in the low frequency range and no linear decrease at high
frequencies as expected for classical Maxwell viscoelastics,
indicating that the complexity of the system exceeded a simple
Maxwell model. Scaffold mechanical properties were thus
described by a superposition of Maxwell viscoelastic modes as
described in the Experimental Section, providing a set of pairs
of fitted eigenfrequencies @y, (related to 7 = 1/w,, representing
stress relaxation time of the material®®) and corresponding
elastic moduli E;. These sets of pairs are plotted in diagrams in
Figure 8. Each of the points can be interpreted to describe
Maxwell viscoelasticity of a particular domain type in
morphologically complex scaffold structure already revealed
by the pore size and the wall thickness distribution. A
straightforward analogy is the mechanical spectrum of a truss
bridge where differently sized supporting elements damp
various frequencies. The dimensions of supporting elements
are analogous to pore sizes and wall thicknesses in scaffolds.

The results show higher elastic moduli in scaffolds 2 and 4
(Figure 8b and d), which were prepared with higher cross-
linker concentration and vice versa. That indicates the
importance of this parameter in final mechanical properties of
scaffolds. However, the elastic moduli were not found to fully
correlate with the morphological properties since the scaffold
with the lowest moduli (Figure 8a) exhibited neither extreme
pore sizes nor extreme wall thicknesses indicating that
morphological properties do not uniquely determine the
mechanical properties. Moreover, the scaffolds with the similar
average wall thickness of 17.1 & 0.7 and 19.2 + 0.5 pm, shown
in Figure 7a and b, respectively, display very different
mechanical properties as shown in Figures 8a and 8b,
respectively. This originates in the physicochemical properties
of the scaffold walls themselves, which are defined by the
density of gelatin packing and its cross-linking during
preparation. Although this relationship is far from being simple,
we can assume that the position and cross-linking degree
depend on time evolution of local concentrations of gelatin and
cross-linkers. The latter are concentrated by the surrounding
freezing nuclei, where the rate of freezing (i.e., concentrating)
and cross-linking are temperature-dependent. Variable time
evolution of all the concentrations therefore implies also
variable mechanical properties of the material.

As an example, scaffold 1 was engineered with the lowest
amount of cross-linkers at high pH, which influenced the
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Figure 8. Mechanical properties of scaffolds 1—4 (a—d) with pairs of fitted eigenfrequencies ®,, and corresponding elastic moduli E; (black dots) of
the generalized Maxwell model. Raw data of G' and G” is presented in the insets.

Figure 9. Cell growth on scaffolds 1—4 (a—d) measured after 2 days of culture. Cells (red) and scaffolds (green) were labeled with Rhodamine B
membrane probe and FITC respectively. Images were acquired under 15X magnification with CFM using two sets of pairs of light excitation and
emission filters, corresponding to the fluorescence characteristic of each probe.

protonation of the targets involved in cross-linking. Such a
procedure resulted in least cross-linked matrix and loose
packing as seen through almost two-times higher wall thickness
and in the lowest elastic moduli (Figure 8a).

Cell Growth. To investigate the influence of scaffolds’
molecular, morphological and mechanical properties (Figures
6—8) on its biocompatibility, growth of L929 fibroblasts was
monitored after 2 days of culture (Figure 9). By using two sets
of fluorescence detection filters, CFM images nicely show cell
population with respect to the scaffold structure. Noticeable
differences were identified between the group of scaffolds 2—4
(Figure 9b—d) and scaffold 1 (Figure 9a), with the
approximately five times lower cell growth. First, the number
of cells per unit volume (N,;,/mm®) obtained directly from an
acquired CFM images was determined: N, = 9000 + 3000, N,
= 31000 =+ 8000, N5 = 46000 + 4000, and N, = 32000 + 4500.
Second, the number of cells per scaffold surface available for
cell growth (N_,/mm?®) was calculated by normalization with
their average pore sizes: N} = 60 + 25, N, = 270 + 70, N; =
290 + 25, and N, = 280 + 40. The 5—10 cross sections were
selected from total 3 scaffolds with at least one cross-section
from each scaffold. More than two were selected from those
scaffolds that were less homogeneously populated. An error
represents standard deviation of the average cell growth
obtained from three scaffold parallels. For more cell growth
images see Figure S4 in the Supporting Information.

Cell growth was measured also after 1 week of culture using
CFM as well as Resazurin cell viability assay. As the cells started
to crowd, ie. densely populating the scaffold, the precise
evaluation of the growth was not possible. The measurements
of Resazurin fluorescence felt out from the linear regime of
fluorescence intensity-cell number dependency of the viability
test.’ Nevertheless, it seems that cell growth differences

between the scaffold decreased with time indicating that the
cells slowly adapt even to the less appropriate scaffolds, very
likely by producing their own matrix elements which are
incorporated in the local microenvironment and thus masking
the material native properties, including the mobility of a
polymer network.

B DISCUSSION

In scaffold research, dynamics is usually associated with cell
proliferation.”> Some studies connect it also to the scaffold
degradation rate®® and ECM deposition,** where the relative
motion of cells depends on disintegration of the matrix as well.
Since scaffolds can also be exposed to mechanical stress during
their application, dynamics sometimes refers also to material
compression vibration and consequent cell response.**
However, all these perspectives neglect dynamics on smaller,
submicron scales. Our study therefore extended the exploration
to the molecular scale, focusing on correlations between the
polymer molecular dynamics and the cell growth, morphology,
and mechanical properties.

Different scaffolds, composed of a natural biocompatible and
biodegradable polymer, gelatin type B, were fabricated at
different pH and concentration of EDC/NHS cross-linkers.
Without an intention to investigate the chemistry or the efficacy
of the cross-linking of the scaffolds, the variation of these
parameters was implemented only to obtain a set of scaffolds
with different properties to search for correlations with cell
growth (Figure 10). Best correlation was shown with scaffold
molecular mobility, specifically with the polymer dynamics
phase transition temperature Ty, (R* = 0.92), while no
significant correlation was observed with morphology and
partial correlation was identified with mechanical properties (R
= 0.45), with significantly suppressed growth evidently below a
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Figure 10. Search for the best correlation between cell growth
presented as cell surface density and scaffold properties on (a)
molecular scale (polymer mobility phase transition temperature and
average free rotational space), (b) microscopic scale (average wall
thickness and pore size), and (c) macroscopic scale (storage modulus
and elasticity dynamics of generalized Maxwell model). The errors on
y-axis are standard deviation of the average cell growth obtained from
three scaffold parallels and the errors on x-axis standard deviation of
(a) 3, (b) 5-10, and (c) 3 measurements.

threshold value of the storage modulus G’. Here we discuss the
results more systematically.

Over the last years, great attention in the research field of
tissue engineering has been paid to the investigation of the
effect of scaffold nanostructures on cell responses at various
levels. It has been shown that tuning the scaffold structure at
the molecular level by modification of the surface chemistry and
topology affects cell differentiation,*™* alter molecular
conformation of surface bound peptides responsible for cell
adhesion,” modify the surface organization during cell ECM
secretion,*S etc. (Figure 1). Even surface molecular mobility has
been noticed once to impact cell response,’’ but never
investigated thoroughly. Our study was thus focused on the
investigation of the molecular mobility of scaffold polymer
(side) chains by spin labeling EPR spectroscopy. For that
purpose, gelatin polymers were specifically labeled with 3-
maleimide PROXYL spin label, attached to the primary amine

groups of lysines and the potential thiol groups of cysteines
during scaffold preparation,®* resulting in an uniform
distribution of probes across the scaffold and a complex EPR
spectra (Figure 6). The spectral simulations were used to
extract temperature dependent coexisting motional patterns,
presented on the main graphs. Good correlation between cell
growth and polymer mobility described with the motional
pattern phase transition temperature Ty, was observed
(Figure 10a, top). Materials with higher Tphe. promote cell
growth, where the current experimental accuracy suggests
overall dependency as a linear one (with the coefficient of
determination to be R* = 0.92). However, the data does not
exclude the possibility that there exists a threshold value of
scaffold Ty, (between 0 and 30 °C), above which cell growth
would not depend on polymer mobility dynamics anymore.
Note that T, is a thermodynamic property of a scaffold
polymer network used to characterize the samples, while the
cell response reflects directly the polymer mobility itself.
Inefhicient cell attachment and proliferation during the first days
of culture (Figure 9a) is most likely associated with almost
completely nonrestricted motion of polymers with the highest
free rotational space Q,,, and lowest Ty, (Figure 6a). From
the results we can assume that cell growth is promoted if the
appropriate part of polymer side chain motion is substantially
restricted, characterized with the lowest values of free rotational
space Q (Figure 6, gray bubbles). The correlation is presented
in Figure 10a bottom, where the decrease of €2,,, corresponds
to the degree of polymer restricted motion, and where the
dependency shows the significance of such motional
component. The explanation could be found in the cell
attachment properties related to the mobility of polymer side
chains, where it is believed that the mobility related interaction
time for which a polymer binding motif is available for cells to
interact with plays a significant role.

In several studies it was emphasized that cell response,
involving cell attachment, proliferation, migration and differ-
entiation, criticallz depends on the scaffold pore size
distribution,?”**3%% with different cells having different
optimal pore size ranges”® and that subtle changes of the
pore sizes significantly affect the cellular activity.*® In contrast,
some studies reported no effect of the pore size on cell
growth.*> These opposing results question the unique
importance of the pore size. Our study cannot reliably confirm
that scaffold morphology and cell growth would be either
correlated or uncorrelated (Figure 10b). However, the average
wall thickness as well as the pore size seemed to be mostly
uncorrelated with cell growth.

Going beyond the morphology, correlation with the scaffold
mechanical properties was also analyzed. The importance of
mechanical properties of the scaffolds on cell adhesion and
proliferation has been investigated in numerous studies.
Promotion of cellular activity and cell migration was found to
be dependent on material stiffness;***° besides, effect of the
material stiffness has been identified on the actin cytoskeleton
organization and phenotype behavior,”” as well as on the cell-
generated forces and gene expression.’” In our study, scaffold
mechanics (viscoelasticity) correlated with cell growth more
than the morphology but on the other hand less than the
polymer mobility (Figure 10c). Regarding the storage modulus
(G’) measured at @ = 1 rad/s, cell growth did not change
significantly above G’ > 80 kPa and was shown to be much
lower at G’ < S50 kPa. This could mean that a certain
mechanical strength or more exactly a threshold value has to be
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reached for efficient cell growth, where additional material
strength does not have any significant influence. We believe,
however, that cell response might not be directly associated
with the mechanical properties on macro-scale. For example,
mechanical properties such as eigenfrequencies and related
moduli depend on pore size, wall thickness, density of cross-
linking and packing of polymers. On the other hand, molecular
mobility, which correlated with cell growth to the highest
extent, is influenced only by the density of cross-linking and
packing of the polymers. Since pore size and wall thickness did
not influence on cell growth significantly, but affected on
mechanical properties, the latter cannot fully correlate with cell
growth. However, G’ might not be the best representative of
mechanics of such a complex porous material. Instead, the
mechanical spectrum in terms of elastic moduli (E;) vs
eigenfrequency (w,;) dependence could better represent the
scaffold’s viscoelasticity (Figure 10c, bottom). Assuming of that
and of its correlation with cell growth, polymer molecular
mobility was found to be the best indicator of cell growth
during the first days of culture.

H CONCLUSION

By correlating fibroblast cell growth on gelatin scaffolds with
their molecular dynamics studied via spin label EPR spectros-
copy, morphology studied via confocal fluorescence microscopy
and viscoelasticity studied via rheometry, the molecular
mobility was identified to be the most relevant property to
indicate cell growth. We believe that the biocompatibility of
materials should therefore be characterized with their molecular
dynamic properties as well, influencing the cell—scaffold
interaction.
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