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Abstract

Adsorption of fibrinogen on various surfaces produces a nanoscale multilayer matrix, which
strongly reduces the adhesion of platelets and leukocytes with implications for hemostasis and
blood compatibility of biomaterials. The nonadhesive properties of fibrinogen matrices are based
on their extensibility, ensuing the inability to transduce strong mechanical forces via cellular
integrins and resulting in weak intracellular signaling. In addition, reduced cell adhesion may arise
from the weaker associations between fibrinogen molecules in the superficial layers of the matrix.
Such reduced stability would allow integrins to pull fibrinogen molecules out of the matrix with
comparable or smaller forces than required to break integrin—fibrinogen bonds. To examine this
possibility, we developed a method based on the combination of total internal reflection
fluorescence microscopy, single cell manipulation with an atomic force microscope and
microcontact printing to study the transfer of fibrinogen molecules out of a matrix onto cells. We
calculated the average fluorescence intensities per pixel for wild-type HEK 293 (HEK WT) and
HEK 293 cells expressing leukocyte integrin Mac-1 (HEK Mac-1) before and after contact with
multilayered matrices of fluorescently labeled fibrinogen. For contact times of 500 s, HEK Mac-1
cells show a median increase of 57% of the fluorescence intensity compared to 6% for HEKWT
cells. The results suggest that the integrin Mac-1-fibrinogen interactions are stronger than the
intermolecular fibrinogen interactions in the superficial layer of the matrix. The low mechanical
stability of the multilayer fibrinogen surface may contribute to the reduced cell adhesive properties
of fibrinogen-coated substrates. We anticipate that the described method can be applied to various
cell types to examine their integrin-mediated adhesion to the extracellular matrices with a variable
protein composition.
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1. Introduction

Fibrinogen is a multifunctional plasma protein, which plays a central role in hemostasis and
wound healing. During blood vessel injury, fibrinogen is converted to a fibrin clot, which
seals the breach and prevents blood loss. Fibrinogen also contains binding sites for integrin
receptors on platelets and leukocytes. Consequently, in addition to acting as a mechanical
scaffold of clots, fibrin(ogen) can serve as an adhesive substrate for blood cells. Besides its
role in hemostasis, fibrinogen deposition on implanted biomaterials may affect their
biocompatibility by promoting the adhesion of platelets and leukocytes, which, as generally
believed, can trigger unwanted processes such as thrombosis and inflammation. We have
recently identified a previously unrecognized fibrinogen-dependent mechanism that controls
adhesion of blood cells [1-4]. Specifically, we have found that the ability of fibrinogen to
support cell adhesion strikingly depends on its coating concentration: while low-density
fibrinogen is deposited in a (sub)-monolayer form which is highly adhesive for platelets and
leukocytes, its adsorption on various surfaces at high concentrations results in the formation
of multilayered matrix incapable of supporting integrin-mediated cell adhesion. In the
multilayer, fibrinogen molecules interact with each other through their flexible a.C regions
[1]. The conversion of a highly adhesive, low-density fibrinogen monolayer to the
nonadhesive fibrinogen multilayer occurs within a very narrow range of fibrinogen coating
concentrations [1-4]. A molecular basis for the nonadhesive properties of the fibrinogen
matrices is their extensibility, ensuing the inability to transduce strong mechanical forces via
cellular integrins and resulting in weak intracellular signaling. Reduced cell adhesion may
also arise from the weaker associations between fibrinogen molecules in the superficial
layers of the matrix leading to reduced stability. The latter would allow integrins to extract
fibrinogen molecules from the matrix with comparable or smaller forces than necessary to
break integrin—fibrinogen bonds.

Atomic force microscopy (AFM) [5], primarily known as a high resolution imaging
technique, can be utilized for precise force measurements with pN resolution [6-11]. In
single cell force spectroscopy (SCFS) [2,12-22], AFM is applied to manipulate single living
cells and quantify interaction forces between the cells and substrates or other cells. For this
technique, a single cell is attached to a tipless AFM cantilever, brought into contact with the
surface or another cell, and retracted while the acting force is monitored. AFM can be
combined with various optical microscopy techniques like widefield optical epifluorescence
and differential interference contrast microscopy [23], total internal reflection fluorescence
microscopy (TIRFM) [24-26], two-photon microscopy [27], confocal fluorescence
microscopy [28-30], fluorescence lifetime imaging microscopy [29-31], and optical
superresolution microscopy techniques [32].
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In this paper, we describe a novel method based on the combination of single cell
manipulation by an AFM, TIRFM and microcontact printing [33] (Fig. 1a) to study the
stability of multilayer fibrinogen matrices and address a question whether weak
intermolecular forces in the matrix can play an additional role in the low adhesive properties
of such surfaces.

2. Methods
2.1. Combined AFM-TIRFM setup

A MFP-3D AFM (Asylum Research) placed on an inverted microscope (1X71, Olympus)
was used in combination with a custom setup for objective-type TIRFM. This setup is part
of a combined AFM-confocal fluorescence lifetime microscope [29,30,34]. We used a 100x
oil immersion objective with a NA of 1.45 (Olympus) and a 640 nm diode laser (LDH-D-
C-640, PicoQuant). The total internal reflection angle was aligned manually. The laser was
pulsed at 10 Hz during image sequencing. Image sequences were recorded using an
EMCCD camera (Ixon+ DU897, Andor) with 132 ms per frame. The image sequences were
analyzed using ImageJ [35]. The average pixel intensity was determined from measuring the
intensity of all pixels within a 15 pm diameter circle surrounding the location of the cell.

2.2. Cantilever preparation

The cantilevers were prepared as described in [2]. Briefly, tipless silicon nitride cantilevers
(HYDRA, AppNano, Santa Clara, CA) were plasma-cleaned at 29.6 W, 400 mTorr in O,
gas using a plasma cleaner (PDC-001, Harrick Plasma, Ithaca, NY). Cantilevers were
incubated in 2 mM (3-Aminopropyl)triethoxysilane (APTES, Sigma) in chloroform solution.
After 40 min at 22 °C, the cantilevers were rinsed with chloroform, followed by ethanol and
deionized water. Deionized water was supplied from a Milli-Q Synthesis system (Millipore).
Cantilevers were incubated in 1.25 mM Bis(sulfosuccinimidyl) suberate sodium salt (BS3,
Sigma) solution for 30 min and then placed into 0.5 mg/ml concanavalin A (Sigma) solution
for 30 min at 22 °C. Cantilevers were then rinsed with phosphate buffered saline (PBS) and
stored in 1 M NaCl at 4 °C.

2.3. Sample preparation

Human fibrinogen was obtained from Enzyme Research Laboratories (South Bend, IN).
Fibrinogen was labeled with Alexa647 (Invitrogen) fluorescent dye according to the
manufacturers specifications with an average final 1:1 degree of labeling according to the
Invitrogen protocol. Aliquots of labeled protein were stored at —20 °C. Glass bottom petri
dishes (Fluorodish FD-5040, World Precision Instruments) were patterned using
microcontact printing where a PDMS stamp was placed on the glass surface creating a
temporary microfluidic network [36]. The inverted microstructure was created on a Si wafer
via photolithography as previously reported [37,38]. Briefly, a Si wafer was spin-coated
with the negative photoresist SU-8, UV-exposed through a chrome on soda-lime photomask
(Photosciences), and developed in a developer bath. This structure served as the master
wafer for elastomer molding. The latter step was performed by casting PDMS on the master
wafer and curing for 4 h at 65 °C. Subsequently, the structured PDMS slab was peeled off
from the wafer. In total, 100 pL of 100 pg/mL fibrinogen solution was drawn into the
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microfluidic network via vacuum and allowed to incubate for 1 h. Excess fibrinogen was
removed by flowing 300 L of PBS through the temporary microfluidic network. Upon
removal of the stamp, 2 mL of PBS containing 1% bovine serum albumin (BSA) was
allowed to incubate on the surface. BSAwas selected as a commonly used nonadhesive
substrate for integrin-bearing cells. The BSA solution was rinsed away and replaced with
Hank's balanced salt solution (HBSS) containing Ca?* and Mg?* and 0.1% BSA.

2.4. Cell culture

3. Results

Human embryonic kidney 293 cells (HEK 293) stably expressing leukocyte integrin apmp2
(aka Mac-1) have been described previously [39,40]. The appo-expressing HEK 293 cells
(HEK Mac-1) and their wild-type counterparts (HEK WT) were maintained in Dulbecco's
Modified Eagle's medium (DMEM) cell growth media with 10% FBS, 100 IU/mL
penicillin, and 100 ug/mL streptomycin at 37 °C. Prior to experiments, cells were detached
from the flask with cell dissociation buffer (Cellgro, Mediatech Inc., Manassas, VA),
washed in HBSS, and suspended in HBSS with 0.1% BSA.

and discussions

For our experiments, glass surfaces were functionalized with human fibrinogen labeled with
Alexa647 and BSA in a defined pattern using a temporary microfluidic network (MFN) in
which the fibrinogen solution was drawn into at 100 pg/ml, a concentration known to
produce nonadhesive multilayer matrices [2,3]. Upon removal of the stamp, the remaining
surface was coated with BSA to prevent nonspecific binding of cells. This process generates
well-defined micrometer fibrinogen/BSA patterned surfaces. Fig. 1b shows a fluorescence
microscopy image of such a patterned surface. The brighter stripes are areas covered with
the labeled fibrinogen, while in the dark stripes the glass surface is covered with unlabeled
BSA. The PDMS stamp was designed to create 20 stripes, each 100 pm wide, of labeled
fibrinogen with a section of contrasting BSA 100 pm wide between each stripe.

This patterned surface was used for single cell measurements. A typical measurement
sequence is shown in Fig. 1c. First, HEK 293 Mac-1 cells stably expressing the leukocyte
integrin appP2 or HEK 293 WT cells as control were pipetted onto the surface and
maintained at 37 °C in HBSS. Then a single cell on the BSA coated region of the surface
was selected and picked up by pressing the concanavalin A functionalized AFM cantilever
with a contact force of ~500 pN for ~5-30 s on the cell. After the retraction of the cantilever,
the cell was allowed to firmly attach to the cantilever. Since this cell was not in contact with
an adhesive substrate this assured that no integrin-mediated outside-in signaling occurred.
Fig. 1d shows a bright field microscopy image of a single cell attached to an AFM
cantilever.

Next, to reduce background we photo-bleached an area in the BSA region using a 640 nm
diode laser with maximum intensity for 10 s. On this spot, the previously selected cell was
pressed down with a contact force of 500 pN and the fluorescence signal of the cell was
imaged in the TIRFM mode for 10 s with a 10 times attenuated laser intensity. The
fluorescence intensity recorded in this step is used as reference intensity. The cell was then
lifted from the BSA coated substrate and transferred to a fibrinogen region on the sample
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surface and pressed down with a contact force of 500 pN remaining on the surface for 500 s.
Finally, the cell was lifted again, and moved back to the BSA region.

Fig. 2 shows the retracting parts of force—distance curves of HEK Mac-1 and HEK WT cells
after the contact with the fibrinogen multilayer matrices. The observed adhesion forces of
both cell types are in good agreement with our previous study [2]. Fig. 2a shows the force—
distance curve of a HEK Mac-1 cell with an adhesion force of about 360 pN, while the
control measurement with the HEK WT cells shows a lower adhesion force of about 90 pN
(Fig. 2b). In our previous study [2], we systematically quantified the adhesion forces of the
two cell types under a variation of conditions and substrates. For HEK Mac-1 cells on
multilayer matrices (coating concentrations of 2 and 20 pg/mL) we found adhesion forces of
200-400 pN for contact times between 10 and 120 s.

Before the cell was lowered to the BSA region with the same contact force, the area below
the cell was photo-bleached for 10 s with maximum laser intensity. The time between when
the cell was lifted from the fibrinogen and then lowered onto the BSA after photo-bleaching
was less than 60 s.

Fig. 3a shows a TIRFM image of a HEK Mac-1 cell before the contact with a fibrinogen
matrix. A low fluorescence background at the position of the cell is visible. After the
contact, the fluorescence intensity is increased, indicating that fluorescently labeled
fibrinogen molecules were removed from the fibrinogen matrix and attached to the cell (Fig.
3b). As control, the same experimental procedure was performed with HEK WT cells. In
Fig. 3c and d, TIRFM images of a HEK WT cell before and after the contact with the
fibrinogen matrix are shown. Here, the fluorescence intensity in both images is very similar
indicating no significant transfer of fluorescently labeled fibrinogen molecules.

For quantification, we calculated the average fluorescence intensities per pixel for 14 HEK
Mac-1 and 18 HEK WT cells before and after the contact with multilayered matrices. The
first image captured during image sequencing was used for quantification of average
fluorescent intensities per pixel before and after contact with fibrinogen. The fluorescent
intensities of all pixels within a 15 um diameter circle surrounding the cell were averaged.
Fig. 4 shows box plots for the relative increase in the average fluorescence intensity per
pixel before and after the contact of the cells with the matrices. For the HEK Mac-1 cells,
the median of the relative increase is 57%, the 25th percentile is 14%, and the 75th
percentile is 93%. For HEK WT cells, the median is 6%, 25th percentile is 2%, and 75th
percentile was 19%. The results suggest that integrin appBo—fibrinogen interactions are
stronger than the intermolecular fibrinogen interactions in the superficial layer of the matrix.
The low mechanical stability of the multilayer fibrinogen surface may contribute to the
reduced cell adhesive properties of fibrinogen-coated substrates.

4. Conclusions

We developed a sensitive single cell method to study the transfer of molecules from a
surface to a cell during the detachment process. We found that ap, integrins are able to
pull fibrinogen molecules out of multilayered matrices. The interaction forces between
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fibrinogen molecules in multilayer matrices are smaller or comparable with integrin—
fibrinogen interactions suggesting a low mechanical stability of the matrices. This indicates
that together with the well accepted increased extensibility of the fibrinogen multilayer the
low stability of its surface plays a role in the reduced cell adhesive properties of the
fibrinogen matrices. We anticipate that the method described in this paper can be applied to
other cell types to examine their integrin-mediated adhesion to extracellular matrices with a

val

riable protein composition. Further, our approach may be used advantageously in defining

the activation state of the cell before the experiment and precisely controlling activation
times, which is of general interest for all single cell force spectroscopy experiments.
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Fig. 1.
(@) Hlustration of the experimental setup. A living cell is attac%ed to a tipless AFM cantilever and imaged using TIRFM. The
surface contains separated regions with multilayer fibrinogen matrices and BSA. (b) Fluorescence microscopy image of a micro
patterned surface. Alexa647 labeled fibrinogen stripes are patterned onto the surface with contrasting unlabeled BSA stripes
using microcontact printing methods. (c) Schematic of experimental procedure. A cell is lowered to a surface area covered with
unlabeled BSA and imaged with TIRFM (1), the cell is then moved to a surface covered with labeled fibrinogen, and allowed to
adhere for 500 s (2), the cell is then transferred back to the unlabeled region, and the fluorescence intensity is measured with
TIRFM again (3). (d) Bright field microscopy image of a cell attached to a tipless AFM cantilever.
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Fig. 2.
Retraction part of force—distance curves after the cell was in contact with the fibrinogen surface. (a) HEK Mac-1 cell is attached

to the AFM cantilever and (b) HEK WT cell.
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Fig. 3.
TIRFM images of cells before (a and c) and after (b and d) contact with a matrix of fluorescently labeled fibrinogen. In (a) and
(b) HEK Mac-1 cell, and in (c) and (d) HEK WT cells are shown. The HEK Mac-1 cell shows a considerable increase in
fluorescence intensity after contact with a fibrinogen coated surface.
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