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ABSTRACT: Understanding the cell-biomaterial interface
from the very first contact is of crucial importance for their
successful implementation and function in damaged tissues.
However, the lack of bio- and mechano-analytical methods to
investigate and probe the initial processes on the interface,
especially in 3D, raises the need for applying new experimental
techniques. In our study, optical tweezers combined with
confocal fluorescence microscopy were optimized to inves-
tigate the initial cell-scaffold contact and to investigate its
correlation with the material-dependent cell growth. By the
optical tweezers-induced cell manipulation accompanied by
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force detection up to 100 pN and position detection by fluorescence microscopy, accurate adhesion dynamics and strength
analysis was implemented, where several attachment sites were formed on the interface in the first few seconds. More
importantly, we have shown that dynamics of cell adhesion on scaffold surfaces correlates with cell growth on the days scale,
which indicates that the first seconds of the contact could markedly direct further cell response. Such a contact dynamics analysis
on 3D scaffold surfaces, applied for the first time, can thus serve to predict scaffold biocompatibility.
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B INTRODUCTION

In recent years, tissue engineering in regenerative medicine
(TERM) has focused strongly on the investigations of
material—cell interactions to understand biocompatibility of
the materials.' An order-of-magnitude increase of research
article publications in the past decade’ with increasing
interdisciplinarity and yet relatively small number of
commercially available materials,® indicates that biomaterial—
tissue interface science needs more conceptual breakthroughs
to better understand biocompatibility.

Although cell adhesion is the very first process that reflects
the specific properties of the material, the majority of the
studies is focused on material—cell interaction by exploring the
response of the cells with already established focal complexes
between membrane integrins and specific ligands on bio-
material sites.* The studies of cell behavior comprise
investigation of specific cell dynamics during and after
establishing focal adhesions,® exploring the signaling processes
governed by mechanotransduction,” or revealing specific gene
expression and differentiation, proliferation, and migration
through the biomaterial matrix, the so-called scaffold.® On the
other hand, the intrinsic material—cell interaction that is
expected to be reflected and exposed during the initial contact
can be modulated by the cell-secreted components that can
mask the real material properties making the choice of the
experimental detection even more important.
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Quick review through the literature reveals that material—cell
interaction is commonly investigated by cell counting assays
applied hours after most likely occurring adhesion.” "' To
study the mechanics of the initial attachment, few methods with
different force and time detection range have been
implemented. Among them, spinnin§ disk technique'® and
microfabricated post array detection' enable force measure-
ment of cell adhesion up to hundreds of nanonewtons, while
the micropipette aspiration technique'* and centrifugation
assay'® allow this up to hundreds of piconewtons. However, in
all the described methods the adhesion is studied minutes to
hours after initial cell-material contact; thus, it is unable to
identify the first molecular events responsible for further strong
integrin-based adhesion. Furthermore, the above experimental
setups lack a direct eflicient probing of cell—substrate interface,
which makes the interpretation of the behavior of cell on the
interface even more difficult. To address this issue, two
advanced methods, single-cell force s})ectroscopy (SCFS) using
atomic force microscopy (AFM) ® and optical tweezers
(OT)," have been successfully implemented allowing accurate
investigation of the adhesion dynamics of single cells in the first
seconds to minutes after the initial contact with approximate
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piconewton accuracy,"®"® while, for the detection of single

molecular events at the very beginning of the contact, new
methods have recently been developed, a tension gauge tether
(TGT) approach to measure single integrin-ligand bonds*® and
molecular tension-based fluorescence microscopy (MTFM), to
measure piconewton forces exerted by cell surface rece}ators.
Due to the force resolution of less than piconewton*** and
particularly the ability of 3D manipulation of cells with
independent 2D or 3D control,”* accompanied by easier
handling and visualization of the investigated systems such as
presented in our study, OT is considered favorable over SCFS
and the latter single molecular detection methods. However,
the physical principles of OT>® limit the force detection range
to a maximum of a few hundred piconewtons which can
balance only about a few hundred H bonds. OT is commonly
combined with an imaging techniques such as fluorescence
microscopy,”®>® convenient to investigate complex cell—
material® or cell—cell adhesions.>**'

In our work, the application of OT combined with
fluorescence microscopy was optimized to study the initial
cell-material contact and address the biophysical background
of the material-dependent cell-adhesion. Biocompatibility of the
3D gelatin porous scaffolds that has been previously studied
through polymer molecular mobility®* has now been addressed
in the perspective of the adhesion dynamics with the optical
tweezers used for cell manipulation and force detection coupled
to confocal fluorescence microscopy used for an accurate
scaffold surface, cell, and OT position detection through a two-
photon excitation.*®

B EXPERIMENTAL SECTION

Materials. Gelatin type B, sodium phosphate monobasic dihydrate,
sodium phosphate dibasic heptahydrate, sodium carbonate, and
sodium bicarbonate were purchased from Sigma-Aldrich as a scaffold
material and its fabrication solution compounds. 1-Ethyl-3(3-
(dimethylamino)propyl)-1-carbodiimide hydrochloride (EDC; Carbo-
synth) and N-hydroxysuccinimide (NHS; Sigma-Aldrich) were used as
cross-linking agents for gelatin polymers. Fluorescein isothiocyanate
isomer I (FITC; Invitrogen) was used as a fluorescent probe to label
the side chains of gelatin polymers. 1929 mouse fibroblasts were
purchased from tissue engineering company Educell d.o.o. (Ljubljana,
Slovenia), whereas fatty acid fluorescent probe SPP-158 (Figure SS in
the Supporting Information) was employed to stain cell membranes
obtained as a generous gift from the Faculty of Pharmacy (University
of Ljubljana, Slovenia). Si microspheres (Bangs Laboratories, Inc.) of
the sizes 2.3, S, and 7 ym were used for the optical tweezers force
calibration and for cell—scaffold adhesion characterization.

Scaffold Preparation. Gelatin scaffolds were prepared using
temperature controlled cryo-gelation®* with tunable freezing and
thawing cycle as described before.** Briefly, 10% (w/v) of gelatin in
phosphate (pH 7.5) and bicarbonate buffer (pH 9.5) was heated up to
a temperature of 50 °C to overcome the sol—gel or helix—coil
transition to completely suppress nucleation of helical aggregates.
Thus, efficient covalent functionalization of amine groups was done
with the fluorescent FITC isothiocyanate probe (reactive isothiocya-
nate group). Buffer solution of EDC and NHS in the molar ratio 4:1
(V = 0.7 mL) was mixed with the heated functionalized gelatin
solution (V = 6 mL) to cross-link the polymer matrix simultaneously
with cryogelation process. Different concentrations with respect to
gelatin free amine groups were used (Table 1) to produce scaffolds
with variable properties. Cryogelation was done in the Teflon Petri
dishes (d = SO mm) placed on the temperature-controlled plate. After
final thawing, fabricated scaffolds were dialyzed against the appropriate
buffer to remove all nonreacted cross-linkers and labeling probes.
Scaffolds were sterilized with 70% ethanol solution for 2 h and UV
light exposure in the sterile atmosphere for 30 min prior cell growth
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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.

and cell adhesion dynamics experiments. Finally, they were dialyzed
three times with sterile PBS (V = S0 mL), changed each day, and
stored at 5 °C. Before measurements, scaffolds were cut into thin slices
(5 mm X S mm X 5 mm) and tempered in PBS at 37 °C for 10 min.

Scaffold Characterization. Morphological, mechanical, and
molecular properties of scaffolds were investigated and are thoroughly
presented in the Supporting Information, pages 2—6, Figures S1—S4.
Briefly, morphological analysis was done using confocal fluorescence
microscopy (CFM), where polymer primary amine groups were
labeled with FITC-isothiocyanate during scaffold fabrication to enable
detection. Mechanical analysis was done by atomic force microscopy
(AFM), where a nanoindentation technique was used to measure the
elastic modulus. Last, the molecular dynamics/mobility of polymer
side chains in the scaffold structure was measured using electron
paramagnetic spectroscopy (EPR). A methodology for morphological
and molecular analysis was described in detail in our previous paper>>
and is briefly described in the Supporting Information.

Cell Preparation for Cell Growth Analysis. 1929 fibroblasts
were cultured in DMEM containing 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin (PS) at 37 °C and 5% CO,. Cells were
harvested from the culture plate at the confluent state by incubating in
trypsin solution for 2 min at 37 °C. Cells were resuspended with
serum-supplemented DMEM and transferred into the 15 mlL test
tubes (V = 5 mL) with the cell concentration of 10° cells/mL. Sliced
scaffolds of the size S mm X 5 mm X 5 mm were added into cell
suspension and a gentle stirring method using a temperature
controlled shaking bath (Julabo) was used for 2 min for the controlled
cell administration onto the scaffolds. Seeded scaffolds were removed
from cell suspension, put into 96-well plates, resuspended with serum-
supplemented DMEM, and transferred into the cell culture incubator.

Cell Growth Analysis by CFM and by Viability Assay. Cell
membranes were stained with SPP158 diluted in DMEM at the
concentration of ¢ = 5 X 1077 M for § min. Prior the analysis, cell
staining suspension was changed with body temperature serum-
supplemented DMEM to remove all excess fluorescent probe. CFM
images were taken under 15X magnification. Cell number was
calculated via thresholding the cell intensity against the darker
environment as described before.>* Briefly, the density of cells was
calculated as the number of cells per scaffold surface available for cell
growth (Ng/unit*), with the essential role of the morphology, which
had to be thoroughly characterized.

To quantify cell growth with a complementary test, fluorometric
analysis using Resazurin cell viability assay (Invitrogen) was applied.
Fluorescence intensity was measured 4 h after Resazurin incubation at
the concentration of ¢ = 500 uM in DMEM in the corresponding
emission filter of 580—650 nm. The reference signal of DMEM was
measured to subtract the background. To estimate the total number of
cells on scaffolds, Resazurin calibration curve were done by measuring
the fluorescence signal at different concentrations of cells grown in cell
culture plates (Figure S6 in the Supporting Information).

The viability assay was measured six times for each scaffold, whereas
CEM was applied three times with five images analyzed for each
sample. The analyses were done on the first and seventh day after cell
scaffold culturing.

Cell Preparation for Adhesion Dynamics Analysis. Following
the protocol of culturing and trypsinization described above, cells were
suspended in serum-supplemented DMEM containing fluorescently
labeled fatty-acid membrane probe SPP158 at concentration of ¢ = § X
107 M for 1 min to stain the cell membranes for fluorescence
detection. Cell suspension (4 X 10° cells/2 mL) was centrifuged at
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300g for 2 min to remove the supernatant with nonlabeled probe and
resuspended in serum-supplemented DMEM or PBS at a concen-
tration of 10° cells/mL. A 400 L portion of cell suspension was
seeded on a tempered scaffold placed in a Nunc Lab-Tek chambered
cover glass suitable for high magnification and highly efficient optical
manipulation and detection.

Cell Adhesion Analysis by Optical Tweezers (OT) and CFM
Detection. Cell manipulation with optical tweezers was performed
immediately after transferring the cell suspension into the sample
chamber containing the scaffold sample. Experiments were performed
on the inverted microscope Nikon Eclipse TE 2000-E, implemented
with optical tweezers system (Tweez 200si, Aresis) and CARV II unit
(BD Biosciences) for the fluorescence detection.® Cells were trapped
in the close proximity to the scaffold surface individually and then
accurately positioned in direct contact with the scaffold surface
(Scheme 1a). For cell manipulation in the 3D, acousto-optic deflection

Scheme 1. Scheme of Cell-Scaffold Adhesion Experimental
Setup (a) Preparing the System for Cell Adhesion
Experiments—Trapping, Bringing, and Manipulation of
Cells on the Scaffold Surface; (b) Cell Adhesion Analysis
with Two Different Scenarios: When Adhesion Strength Is
Measured after a Particular Time of Contact (Static
Conditions, No F,, Induced on the Interface) or Measured
in Time (Dynamic Conditions, F,,, Induced on the Interface
by OT Manipulation in the Parallel Direction to the Scaffold
Surface)”
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“Cell displacement amplitude (dashed black line) was tracked to
evaluate the binding force.

system (AOD) mode of the optical tweezers system combined with
the z-stage position controller was used. A high Z-axis working
distance of 170 um and high trapping power for sufficient 3D
manipulation in the whole Z working distance was enabled by high
numerical aperture (NA = 1.27) of the 60X water immersion objective
(Nikon) and strong infrared (IR) laser source of S W. Due to localized
cell heating®” and known photothermal damaging effect on cells
produced by strong focused optical fields,"”*® the laser power applied
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on cells was limited to P = 500 mW, with the maximum exposure time
of 1 min. The limiting power was defined by measuring power
dependent focal heating using temperature sensitive quantum yield of
fluorescent NBD attached to the probe SPP268 (Figure SS in the
Supporting Information) and by modeling using heat equation, where
both nicely correlated.’® The temperature in the focal volume was
increased for nearly 7 °C and for that reason the heater of the cell
chamber was tuned on a 30 °C to not exceed 37 °C in the exposed
volume. With such power, enough optical force was induced to
counteract relevant forces at the interface during and after the
adhesion governed by specific ECM proteins,"”** which is in the range
from a few to tens of piconewton. More precisely, the setup enabled
force measurement up to 100 pN without imposing high thermal stress
onto the cells and maintaining biologically relevant conditions.
Adhesion analyses were done approximately at the constant height
of 50 ym to avoid trapping force being varied by the height.*'

For a quantitative characterization of the forces on the scaffold—cell
adhering interface, OT force calibration was required first. Generally, a
trapping stiffness ki, and a maximal trapping force Fy,,, are measured
by implementing different techniques of a trapped particle tracking
such as monitoring the phase lag between the trap and the moved
object when imposing a forced oscillation,””* applying thermal
fluctuation method for a trapped object,*”** or applying dynamic
viscous drag force approach on a trapped object.*** In our study, the
latter method was used to calculate F,,,, which was done through the
measurement of a critical velocity of the surrounding fluid at which its
drag force on the trapped object according to Stokes levels with the
maximum opposite directed restoring gradient trapping force Fg4
which is exactly F,,,.. Characterization was done using trapped 2.3, S,
and 7 pm sized Si microspheres, placed in a fixed trap and moving
motorized sample stage with a resolution of 40 nm. The indirect
calibration with microspheres was applied due to nonhomogeneous
cell surface and its prolate spheroidal shape in the OT field, which
prevent accurate flow velocity determination.” Afterward, the
calibrated force on microspheres was used to calibrate force on a
cell, loosely bound to the scaffold surface, by comparing its
displacement exerted directly by OT and indirectly by microspheres
trapped in OT with predefined F,,,, = 100 + 5 pN for the laser power
P = 500 mW (see the movie clip amSb00235_si_002.avi in the
Supporting Information). On the basis of the comparison of
displacement amplitudes of an adherent cell, the maximal exerted
force directly by OT was calculated F,,,, = 100 & 10 pN. This force
was induced when OT trap had been brought from the center of cell
toward the cell membrane, where dense membrane structures
accompanied by cytoskeleton form the highest difference in refractive
index (with respect to water). The criteria for successful cell adhesion
was defined as the event when OT induced F,,,, could not detach the
cell bound with Fy; g > F .\

After trapping and bringing the cell to a direct contact with scaffold
(Scheme 1a), two different cell adhesion analyses scenarios were
implemented (Scheme 1b). In the first case, cell adhesion was analyzed
after particular time of the contact during which no external force was
exerted on the cell. Briefly, cell attachment was analyzed by monitoring
the amplitude of cell displacement resulted from a single, two seconds
lasted OT move (dashed line in Scheme 1b) with the amplitude of 30
pum parallel to the scaffold surface, conducted after the initial contact
time of 1—20 s. The time window was chosen according to the highest
OT force sensitivity as measured by preliminary experiments and latter
adhesion strength according to the force induced cell displacement,
described in more details in the Results and Discussion section.
Experiments were done in DMEM growth media and in PBS with 50
to more than 100 tests to reach adequate statistics. Examples of cell—
scaffold adhesion experiment are shown in the movie clips
am5b00235_si_003.avi to amSb00235_si_006.avi in the Supporting
Information.

In the second case, the time track of adhesion was analyzed by
measuring change in the amplitude of cell displacement through
periodical OT moves across the cell (dashed curve in Scheme 1b).
Under such a scenario, an external force was constantly introduced on
the cell, where its magnitude depended on the relative OT trap
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position within the cell. Thus, its effect on the lifetime of bonds*® as
well as on their dissociation rate*” needed to be considered. In our
model, cell displacement was inversely related to the number of
binding sites established between the cell and the scaffold surface
assuming interactions are homogeneous and nonspecific.

Cell displacement was analyzed by acquiring cell positions through
the cell shape fitting from CFM images with 100 nm resolution. High
contrast of the cell shape was achieved through cell labeling with
fluorescent membrane probe.

B RESULTS AND DISCUSSION

Scaffold Biocompatibility. To check whether cell
adhesion dynamics constitutes biocompatibility concept,
reference fibroblast growth was monitored first on a set of
the 3D gelatin porous scaffolds fabricated with different
parameters of chemical cross-linking and pH (Table 1)
resulting in different morphology (Figure 1) and other
properties (see the Supporting Information). Scaffolds 1—4
(Figure la—d, respectively) were used to measure cell growth
during the first day as well as the first week via CFM and cell
membrane staining. Although some differences can be
identified already after 1 day of culture, especially between a

0 days

1 day 7 days

Figure 1. Fibroblast cell growth on scaffolds 1—4 assigned with a—d.
Images in the first column show scaffold morphology, while the images
in the second and the third column show cell growth after 1 and 7 days
of culture, respectively. Images were taken using confocal fluorescence
microscopy with 10X magnification. Scaffold polymers were labeled
with fluorescein isothiocyanate (FITC) during fabrication and cells
with SPP158 membrane probe prior analysis to acquire good
fluorescent resolution and contrast. Results presented here are
complemented with cell viability assay results shown in Figure 2b.
The scale bar in the upper right corner represents 100 ym.
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pair of scaffolds 1 and 2 and a pair of scaffolds 3 and 4, the
statistical analysis (Figure 2a) cannot confirm this result as a
significant one (P = 0.135; all the data compared simulta-
neously). The major problem originates in the high deviation of
the cell number throughout the images due to generally low
number of adherent cells that were counted over the limited
field of view of 0.6 mm?. To resolve this issue, cell growth was
additionally analyzed with Resazurin cell viability assay,*® which
reaches better statistical relevancy by measuring the number of
cells across the whole sample (Figure 2b). Analysis was done in
six parallels. By this test, significant difference in cell growth
between individual scaffolds was acquired already after 1 day of
cell culture, with P < 0.005 when comparing scaffold 3 with 1
and 2 and P < 0.001 comparing scaffold 4 with 1 and 2, while
no significant difference was acquired between pairs of scaffolds
(1 and 2) and (3 and 4). The Resazurin assay thus clearly
revealed that cell growth differentiates already during the first
day of culture. In addition, the ratios between scaffolds
remained practically unchanged for the whole week with no
notable change in P value between individual pairs. The total
number of cells on scaffolds was estimated from the Resazurin
calibration curve (Figure S6 in the Supporting Information).
Although the CFM analysis cannot adequately support the
Resazurin results due to high deviation, it can on the other side
provide insight into the cell morphology, proliferation, and
migration through the scaffold. For example, efficient cell
spreading around scaffold pores with more layers was observed
on scaffolds 3 and 4, while less spreading with weak contact
between cells was observed on scaffolds 1 and 2 (Figure 1, third
column).

To understand the measured difference in cell growth
established already during the first day (Figure 2b), we thus
focused on the characterization of cell adhesion, a complex
process involving integrin—ligand recognition followed by the
launch of specific signaling pathways and cascades generating
focal adhesions and further cell spreading and shape.*

Classification of Cell Adhesion. To search for correlation
between initial cell adhesion and cell growth, adhesion
dynamics was studied by using advanced system of optical
tweezers combined with confocal fluorescence microscopy
detection. During the analysis different adhesion strength was
observed through the measured cell displacement within OT
manipulation as depicted in Scheme 1b. Accordingly, three
scenarios were defined, connecting different trap position
dependent profiles of cell displacement and OT force induced
on the interface (Scheme 2):

(a) In the case of high adhesion, the initial adhesion was too
strong to be broken by the OT force of 100 pN. In this
scenario the amplitude of cell displacement corresponds
to the inverse number of integrin—ligand bonds at the
interface. Due to strong adhesion slight cell displacement
was observed only when the highest force was exerted
(illustrated with D,), ie. when the optical trap was
positioned in the region with the highest refractive index
gradient An,*® which is in the close proximity to the cell
membrane (first vertical dashed line). When passing this
point of the highest OT force, the cell could not be
detached from scaffold. Instead, cell was released from
the trap (illustrated with D,) and shifted back to the
initial position, due to release of the force-induced
stretching (second vertical dashed line). Maximum
amplitude of cell displacement of 5 pm was estimated
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Figure 2. Cell growth of fibroblasts on scaffolds 1—4 assigned with a—d measured by a fluorescent detection of stained cells (a) and by Resazurin
viability assay (b). Analysis was done after 1 and 7 days in culture. Measurements are represented with dot density plots with raw data on the left side
of the bars. The boundary of the box closest to zero indicates the 25th percentile, lines within the box mark the median (black) and the mean (red),
and the boundary of the box farthest from zero indicates the 75th percentile. Error bars above and below the box indicate the 90th and 10th
percentiles. Data was correlated pairwise using statistical analysis: (*) P < 0.00S; (**) P < 0.001. Optical detection was performed in three parallels
each with 5—10 acquired images, and viability assay, in six parallels.

Scheme 2. Observed Scenarios of Cell Adhesion to the Scaffold Surface (a—c), Characterized with Optical Trap Position
Induced Cell Displacement (Green) and OT Exerted Force (Blue)”

(a) (b) (c)
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“The x axis shows the position of optical trap steadily moving from the center of a cell towards the cell membrane. In all cases, cell adhesion is strong
enough to withstand the force of OT. However, different cell displacement points to different adhesion strength and mechanism: (a) small cell
displacement is observed due to too strong adhesion to break initial attachment site; (b) high cell displacement is observed due to the breakage of
initial attachment sites, where new ones are formed before cell detachment leading to rolling of the cell along the scaffold surface; (c) high cell
displacement is observed due to formation a fluid tethers, through which adhesion is formed. They could be seen optically or recognized by OT
induced cell displacement profile. The profiles have specific characteristics, which is denoted with characteristics D;—Ds: (D,) slight cell
displacement is observed when the highest force exerted with its profile unchanged by the direction of OT manipulation due to the type of adhesion;
(D,) cell displacement back into equilibrium position after the release of the stretched cell from a trap; (D;) rapid increase in cell displacement and
decrease in force induced on the interface due to bond detachment (optional); (D,) bond stretching; (D;) tether formation and tether growth.
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for this adhesion type assuming geometrical and
topological aspects of the cell surface with multidomain
bindin§ structures extending out of the lipid bilayer for
50 nm*® accompanied by the surface microvilli of the size
up to 500 nm,*” and considering additional bond and cell
stretching due to OT force. % Such an adhesion is
presented in the movie clips am5b00235_si_003.avi and
am5b00235_si_004.avi.

In the case of low adhesion the amplitude of cell
displacement was higher than 5 pm, meaning that OT
force of 100 pN was strong enough to break the initial
contact. However, new attachment sites were formed
before cell detachment. In this scenario the amplitude of
cell displacement corresponds to the inverse rate of bond
formation while rolling the cell along the scaffold surface.
By such a dynamic binding analogous to the rolling
attachment mechanism of leucocytes to endothelium in a
shear flow,>' ™ force can induce an increase in bond
rupture during manipulation. The latter can be detected
through the rapid increase in cell displacement caused by
bond release which changes also the force profile
(illustrated with Ds). Otherwise, the force profile is
similar to the first scenario with high adhesion, as long as
the trap is positioned within the cell where it experiences
bond stretching (illustrated with D,). Such an adhesion is
presented in the movie clip am5b00235 _si_005.avi in the
Supporting Information, where rolling of the cell is
observed accompanied by the breakage of the initial
attachment sites, followed by formation of new ones.
Note that the cell cannot move back to the initial
position after the force is released.

In another case of low adhesion cell binding is realized
through the membrane tethers where cell displacement
ranges from 5 to 20 ym. The amplitude corresponded
more to the size of the extracted tether and not so much
to the number of bonds formed through the tether or
membrane—cytoskeleton tension, which was therefore
approximated as being constant. Tethers were recognized
through the cell displacement at small exerted force
which is characteristic for lateral translocation/flow of
lipids. In this roughly linear regime, force induced tether
formation and stretching can be well described with
spring constant,”* where the force profile was of a similar
shape as the cell displacement profile (illustrated with
D;). Note that the force induces flow of the lipids from
the cell membrane reducing the cell internal volume and
thus creating an increased pressure inside the cell. After
the force is released, the internal pressure tends to
increase the volume again by retracting the lipids from a
tether back into the normal membrane state. This results
in a backward motion of a cell toward the initial position
(before force was applied). Binding through tethers with
the visualized tether stretching and attachment point can
be seen in the movie clip am5b00235 si 006.avi in the
Supporting Information.

(b)

(c)

Each individual cell adhesion was classified with respect to
the described cell attachment scenarios, which is presented in
Table 2. The adhesion strength (1—4) was defined according to
the measured amplitude of cell displacement. For cell
displacement of less than 5 um, cell adhesion type was
identified as type (a) with adhesion strength 3—4. The number
of bonds was roughly estimated according to the known
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Table 2. Classification of Cell Adhesion According to the
Amplitude of Cell Displacement

cell
adhesion adhesion displacement number of bonds”
type  strength [0—4] (um] (Nyonas)
Scheme 4—high <1 >10
2a
3—high 1-5 a few to 10
cell
adhesion adhesion displacement  binding rate tether
type strength [0—4] [pm] (Nponas/s)  OR size
Scheme 2—low 5-15 >1 a few
2b OR ¢ microns
1-low >15 ~] 10 ym
and
more
0.5 slow <1 /
detachment
0 instant >0 /
detachment

“Number of bonds was estimated according to the experimental data
of force per bond.'*?%4%%*

experimental data of force per single integrin mediated bond
with specific ECM amino acid sequence which was shown ~50
pN after the interaction with collagen matrix,'® ~40 pN after
interaction with RGDfK peptide,”> and ~20 pN after the
interaction with fibronectin."” For cell displacement of more
than S pm, cell adhesion type was identified with low strength
(1—2) and as type b or ¢ dependent on the characteristic force
and cell displacement profile. Accordingly, binding rate (Npqpas/
s) or tether size was roughly estimated. In case of nonadherent
cells or cells detachable by the force of OT, the adhesion
strength was identified with 0 or 0.5, respectively.

Seconds Scale Adhesion Dynamics Correlates with
Cell Growth. As described, each cell adhesion experiment was
characterized with the strength 0—4 and the corresponding
time of contact which was represented with 2D Gauss
probability profile:

(t—t)* (Adh - Adhavg)z
2

f(t, Adh) = exp| — 5
205dn

20,
with the variances ¢ defined by corresponding measurement
errors. By summation of all data points, contact time dependent
distribution of adhesion strength was obtained as represented
with contour plot (Figure 3). Final probability distributions
were normalized to the number of data points.

The results of cell adhesion analysis are presented in Figure
4, where the measurements were done both in serum
supplemented growth media DMEM and in PBS to check for
the potential influence of serum proteins. Comparison between
scaffolds 1—4 (a—d) was studied through the difference in
distributions, taking into account adherent and nonadherent
cells separately or all data points (adherent and nonadherent
cells together). Adhesion strength was measured comprising
only adherent cells, whereas determination of overall adhesion
comprising all the data (Figure 4, third and fourth column).
Cell adhesion was found to be significantly different between
scaffold 2 and scaffold 3 with the P value of 0.01 and even more
significantly different between the scaffolds 2 and 4 with P value
of 0.001, both measured in growth media. In PBS, the
significance is even more pronounced (lower P values for the
correlation in both cases). Scaffold 1 was not identified as
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Figure 3. Construction of the contact time dependent adhesion strength probability distribution. Each analyzed cell adhesion was represented by a
2D Gauss function with the variances corresponding to the measurement errors (o, = 1 s and 6,4, = 0.5). After summation of all data points, the
distribution was represented with color-coded contour plots.

Adhesion strength Cell growth

Cells in growth media Cells in PBS

Non-adherent cells Adherent cells All cells All cells

f >
1

Figure 4. Distributions of cell adhesion on the surfaces of scaffolds 1—4 (a—d) measured in different media (first four columns) and the comparison
with cell growth (fifth column). Adhesions strength was characterized with 0—4 (y-axis) after the contact time 0—20 s (x-axis). Distributions
represented with contour plots were normalized to the number of analyzed cell adhesion events, with their number shown in the upper right corners.
Besides, the increase of the average adhesion strength from the one on scaffolds with the lowest adhesion is depicted with white arrows. Raw data of

cell adhesion events shown in Figures S7 and S8 in the Supporting Information was correlated pairwise using statistical analysis with (*) P = 0.01
and (**) P = 0.001.
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Figure S. Dynamics of cell displacement normalized to the initial value at time ¢ = 0 (first column) and bond formation rate (second column) on the
surfaces of scaffolds 2 (a) and 3 (b). The corresponding cell growth is depicted in the third column. A higher density of data points is seen as brighter
regions. The analysis on scaffolds 2 and 3 was obtained from 7 and 14 cell adhesion kinetics analysis, respectively.

significantly different from scaffold 2. The probability of the cell
attachment might therefore play an important role in overall
adhesion characterization. Being correlated with cell growth,
the adhesion strength might therefore serve as an indicator to
predict the initial cell growth.

By focusing back on the results of adhesion distribution
analysis, a remarkable increase of probability of adhesion from
scaffold 1 to 4 can be seen throughout the contour plots
presented in first two columns. In addition, cells adhere to
scaffold 1 to 4 with nearly increasing strength. This can be seen
in the shift of the average value of adhesion distribution, i.e. in
the shift of distribution maximum toward higher strengths
(from 2 to 3). An increase of adhesion strength is indicated by
the arrows with respect to the poor average adhesion strength
on scaffolds 1 and 2, where the majority of cells did not
establish strong attachment sites yet in the measured time
window of a few to 10 s. Note that these few bonds are already
strong enough not to be detached with the force induced by
OT. Potentially, binding was to some extent governed through
membrane tethers. However, scaffold 2 was identified with
slightly wider distribution indicating more probable strong
adhesion. On the other hand, the average adhesion strength on
scaffolds 3 and 4 indicates that the majority of cells were able to
establish strong attachment sites during this short time of
contact, with more than just a few bonds (Table 2). The
deficiency of serum proteins in PBS did not significantly modify
cell adhesion as confirmed by statistical analysis (a slight time
delay of adhesion when measuring in PBS cannot be confirmed
as significant due to too low statistics in the acquired time
range). This indicates that serum proteins do not impact the
initial contact time and strength during the first few to ten
seconds of adhesion, which is shown to be crucial for
establishing first strong contacts. This finding is in accordance
with some previous studies, where no significant effect of the
presence of serum proteins was observed on cell growth on
different polymer materials.® The latter can be explained either
by the weak protein adsorption onto the highly hydrophilic
surface of the scaffolds used in our study or by the barely
changed scaffold surface by serum protein adsorption.

6789

To summarize, cell adhesion analysis in the first seconds
showed good correlation with cell growth during the first week
of culture. The fact that the majority of the adhesion events
established binding forces stronger than 100 pN in about 5 s
can additionally indicate how first-seconds time-scale binding
events determine initial cell growth.

To understand the relationship between adhesion dynamics
and cell growth more thoroughly, additional analysis of
dynamic manipulation with OT was implemented. Beside the
measurements of adhesion strength after particular time of the
contact through which we estimated the number of bonds
(Table 2), real-time dynamics of bonds formation was
measured by dynamic OT manipulation of adherent cells as
well (Scheme 1b). Cells were moved by periodical sequential
optical trapping parallel to the scaffold surface, where the
amplitude of cell displacement was measured in real-time. Time
dependent cell displacement was then related to the time
dependent number of bonds, and the last transformed into the
rate of bond formation (Figure S). By such manipulation,
conditions analogous to the ones in vivo were mimicked, where
cells in a shear flow adhere dynamically employing their rolling
mechanism on adhesive surfaces.’*>>” Adhesion dynamics is
thus not dependent just on the rate of receptor—ligand binding
(k,,), their concentrations and their diffusion in the contact
area as in the previous case, where adhesion strength was
measured after static contact, but also on the considerable
detachment rate (k.g) induced by the external force.***” In our
case, this was induced by OT with the loading rate dependent
on the attachment scenario (Scheme 2) and maximum force of
100 + 10 pN with the trap positioned close to the cell
membrane.

The time dependent cell displacement and bond number
evolution was analyzed on scaffolds 2 and 3, characterized with
significantly different cell growth (Figure 2), to check if such
analysis can also support different cell growth on scaffolds.
Distribution of adhesion dynamics was again obtained with
Gaussian representation of data (Figure 3) with the variances
defined by measurement errors (6, = 3 s, Opisp = 0.1 and opongs
= 1). Amplitude of cell displacement was normalized to the
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initial value which was 4.8 + 3.0 ym for scaffold 2 and 3.7 + 2.8
um for scaffold 3, indicating that the majority of analyzed cells
on scaffold 3 was characterized with strong adhesion not being
able to break the initial contact, while approximately half of the
analyzed cells on scaffold 2 were characterized with low
adhesion with thus lower ability of bond formation. Indeed, cell
displacement shows dramatic difference between scaffold 2 and
3. On the time scale of 10 s to 1 min, the adhesion strength
(number of bonds) is approximately S times larger in the case
of scaffold 3 than in the case of scaffold 2. Since the analyzed
binding dynamics depicts competition between attachment and
detachment rates, k,, and k.g respectively, one quickly notices
that k,, prevails over k. on more biocompatible scaffold 3 even
though the external force is constantly induced, endeavoring to
break bonds*” or to drastically decrease lifetime of bonds.** On
less biocompatible scaffold 2, k,, and k. seem to be of similar
value. To sum up, the OT analysis revealed that the cell
adhesion forces stronger than 100 pN can build up in the first
few seconds. The observed results could serve to identify which
scaffolds are suitable for efficient initial cell growth, a few orders
of magnitude slower process.

B CONCLUSION

Scaffold dependent cell growth measured throughout the first
week of culture can be efficiently identified with cell adhesion
dynamics on a second time scale. Cell adhesion strength in the
acquired time interval applied by optical tweezers manipulation
techniques and confocal fluorescence microscopy detection
analysis was found to correlate with cell growth, clearly
indicating that the first seconds of the contact can markedly
direct further cell response. Such an adhesion analysis on 3D
scaffold surfaces, applied for the first time, can thus represent a
novel approach in gathering the essential information on initial
cell-scaffold surface dynamics and more importantly can

predict scaffold biocompatibility.
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