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Abstract

It is of fundamental importance to understand the mechanism of adhesion between a mammalian cell
and a material surface. In the present study, we have used atomic force microscopy (AFM) to measure
the interaction forces between the murine melanoma cells and the single polystyrene microspheres of
different surface chemistries in serum-free culture media: the unmodified hydrophobic polystyrene
(bare/PS) and the carboxyl-modified polystyrene (COOH/PS). The cell-microsphere interaction forces
have been also measured in the culture media containing the free Arg-Gly-Asp (RGD) peptides as an
integrin inhibitor. In the absence of free RGD peptides, the adhesion force for COOH/PS was larger
than that for bare/PS. The adhesion force for COOH/PS decreased with increasing the concentration of
free RGD peptides added in the culture media and then became almost constant at the RGD
concentrations larger than 0.5 mg/mL, whereas that for bare/PS remained very small regardless of the
RGD concentration. In addition, the effects of the microsphere diameter and the contact time on the
adhesion forces were investigated. On the basis of the AFM results, possible mechanism of

cell-microsphere adhesion will be discussed.
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1. Introduction

Adhesion of mammalian cells to various substrata, such as extracellular matrix (ECM) and other
artificial materials, plays a fundamental role in many processes within multicellular organisms. These
processes include the formation and the cohesion of tissues, cell differentiation, cell motility, and
pathologies such as cancer proliferation and metastasis. An understanding of the nature of the cell
adhesion is of fundamental importance in a wide field of biotechnological and biomedical applications,
including bioreactors, tissue engineering, biomaterials, and drug delivery system.

In order to understand the mechanism of adhesion between a mammalian cell and a material surface,
we often need to consider the presence of proteins adsorbed on the material surface; especially, the
component proteins of ECM such as fibronectin, vitronectin, and laminin play a crucial role in the
cell-material adhesion [1]. The integrins are transmembrane adhesion molecules and act as cell-
adhesion receptors that form contacts with ECM. They interact with one of many ECM components,
often by recognizing the tripeptide arginine-glycine-aspartic acid (Arg-Gly-Asp or RGD in single-letter
amino acid code) therein [2]. In the culture media including ECM proteins, the mammalian cells interact
with material surfaces via the ECM proteins adsorbed thereon, where the integrins in cell membranes
bind to the RGD sequences of the ECM proteins [3, 4]. Indeed, in cell culture systems, serum including
ECM proteins is usually added to culture media, helping anchorage-dependent cells adhere to the
surfaces of culture dishes [5].

Atomic force microscopy (AFM) is a good tool to measure the interaction forces of a living cell with
a substrate and has been widely employed for cell adhesion studies [6]. To the best of our knowledge,
Thie et al. [7] are the first to report the AFM study of the interaction forces between a living mammalian
cell and a substrate. Since then, lots of research groups have reported the AFM studies of cell adhesion.
Their main focus is on measuring and interpreting at a molecular level the specific interactions for a pair
of the ligands and receptors related to the cell adhesion, where the ligands are fixed at the substrates or

the AFM probes [8]. Despite their importance for understanding the cell-material adhesion, only a few
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AFM studies have reported the cell adhesion to the artificial materials of the metallic surfaces [9] and
the simple surface chemistries [9-16] such as charged hydrophilic groups (e.g., carboxyl and amino),
uncharged hydrophilic groups (e.g., hydroxyl and polyethylene glycol), hydrophobic groups (e.g., alkyl
and phenyl).

In the earlier studies [14, 16], two types of positively charged silica microspheres modified by silane
coupling agent of  N-trimethylsilylpropyl-N,N,N-trimethylammonium  chloride or  N-
methylaminopropyltrimethoxysilane were employed. The former microsphere surface had the large
positive charge to give the very large adhesion force for melanoma cells [14]. This result is quite
understandable on the basis of the electrostatic attraction between the positively charged microsphere
surface and the cell surface that is often negatively charged at a neutral pH. On the other hand, the latter
had the small positive charge and gave the adhesion force smaller than the carboxyl-modified
polystyrene microsphere [16]. The result is not explained solely by the electrostatic interactions
between the microsphere and cell surfaces. In addition, the hydrophobic phenyl groups on the
unmodified polystyrene microsphere surface gave the very small affinity for melanoma cells [16]. The
aim of the present study is to better understand the cell adhesion to the artificial materials of the simple
surface chemistries, especially carboxyl-terminated groups.

In the present study, we performed the AFM measurements of the interaction forces between the
single murine B16F10 cells and the single microspheres with the surface chemistry of carboxyl groups
or hydrophobic phenyl groups in serum-free culture media. The carboxyl-modified microspheres of
different diameters were employed to investigate the effects of the microsphere size on the
cell-microsphere adhesion. The cell-microsphere interaction forces were also measured in the culture
media containing the free RGD peptides as an integrin inhibitor. On the basis of the AFM results,

possible mechanism of cell-microsphere adhesion will be discussed.

2. Materials and methods



2.1. Reagents and colloid microspheres

The chemical reagents of H-Arg-Gly-Asp—OH (RGD) peptide (Calbiochem, San Diego, CA, USA)
were purchased and used as received. Five types of polystyrene (PS) microspheres purchased from
Bangs Laboratories (Fishers, IN, USA) are listed in Table 1. the unmodified PS microspheres of

diameter 2R = 7.33 um; and the carboxyl-modified PS microspheres of 2R = 3.09, 3.56, 6.90, and 9.95

um, where the number density of carboxyl groups, ncoow, ranged from 0.35 to 2.99 groups/nm?.
Hereafter, the former are referred to as bare/PS microspheres and the latter are called as the COOH/PS
microspheres. All water used in the experiments was purified using an Autopure system (WD500;
Yamato Scientific, Tokyo, Japan) to give a resistance of 18.2 MQ c¢cm and a total organic carbon of less

than 50 ppb.

2.2. Cell line

The murine melanoma cell line (B16F10; kindly provided by Profs. Fukumori and Ichikawa of Kobe
Gakuin University, Kobe, Japan) was cultured in a complete medium composed of an MEM medium
(05900, Eagle’s minimum essential medium with kanamycin, without L-glutamine or sodium
bicarbonate; Nissui Pharmaceutical, Tokyo, Japan), L-glutamine (Nacalai Tesque, Kyoto, Japan) and
10-% fetal bovine serum (FBS; JRH Biosciences, Lenexa, KS, USA); additionally, sodium bicarbonate
(Nacalai Tesque, Kyoto, Japan) was used to adjust the pH to 7.4. Every component of the media was
properly autoclaved or sterile-filtered and the FBS was heat-inactivated, before mixing all of them. The
anchorage-dependent cells were stationarily cultivated in a 75-cm? flask (3110-075; IWAKI, Tokyo,
Japan) containing a 10-mL complete medium, and the flask was stored in an incubator, inside which a
moist atmosphere of 5.0-% CO, was maintained at temperature of 37.0°C. This ensured that the

complete medium exhibited the physiological pH of 7.4. The complete medium was changed every 2

5



days. The cells were subcultured every 4 days, when they formed a subconfluent monolayer of the
surface density 0.7x10° cells/cm® It is noted that a confluent monolayer of the B16F10 cells gave
0.8x10° cells/cm®. For subculture, the cells were first rinsed with 10 mL of Dulbecco’s phosphate-
buffered saline without calcium or magnesium (DPBS, 21600; GIBCO, Grand Island, NY, USA) after
removing the complete medium; subsequently, the cells were separated from the base of the flask by
trypsinization with a 1-mL DPBS solution of 0.25-% trypsin and 0.02-% EDTA. A fresh 9-mL complete
medium was then added into the 75-cm? flask, giving a 10-mL cell suspension of 5x10° cells/mL. A
small amount (0.25 mL) of this cell suspension was added into a fresh 75-cm? flask including a fresh

10-mL complete medium, giving a cell concentration of 2x10° cells/cm?.

2.3. Colloid probes

An AFM probe (Model NP; Veeco Instruments, Santa Barbara, CA, USA), which has a V-shaped,
200-um long cantilever with a spring constant of 0.06 N/m and with an Si3N4 pyramidal tip on its end,
was used. As the PS microspheres were dispersed in water, the water was removed by heating 3 pL of
the microsphere suspensions in a dry oven at 35°C for 15 min. A single microsphere was then attached
to the end of the cantilever with a very small amount of thermoplastic epoxy resin (Grade 1004; Japan
Epoxy Resins, Tokyo, Japan), using a silicone rubber heater (5099-01; Sogo Laboratory Glass Works,
Kyoto, Japan) and an XYZT micromanipulator system (MMO-220B, MMO-202ND, and MMN-1;
NARISHIGE, Tokyo, Japan) mounted on a light microscope (BX51; Olympus, Tokyo, Japan). For the
smaller COOH/PS microspheres of 3.09- and 3.56-um diameters, an additional microsphere was
attached to the free side of the glued microsphere so that the tip of the cantilever never touched the cell

samples during the force measurements.

2.4. Cell samples



To prepare the B16F10 cell samples for AFM measurements, we used a cell suspension of 5x10°
cells/mL, which was obtained by subculture procedure mentioned in Section 2.2. Proper amounts of this
cell suspension and the complete medium were filled in fresh ¢35-mm polystyrene dishes (3000-035;
IWAKI, Tokyo, Japan) to satisfy a liquid surface height of 2 mm and different cell concentrations of
1x10°, 3x10°, and 5x10° cells/mL. After 1-day incubation, all the ¢35-mm dishes were checked by a
light microscope; consequently, only the culture dishes presenting the confluent monolayer cells were
selected for AFM measurements. The selected culture dishes were rinsed with 1 mL of DPBS after
removing the complete medium therein, and filled with 2.5 mL of an L-15 culture medium (11415-064,
Leibovitz’s L-15 medium with L-glutamine; GIBCO, Grand Island, NY, USA) so that the pH of the
solution therein was maintained at 7.4 even in the outside environment for several hours. In several
cases summarized in Table 1, the L-15 solution containing the free RGD peptides as an integrin
inhibitor was used, where the RGD concentration equaled Crgp = 0.1, 0.5, or 1.0 mg/mL. FBS was
never added to the L-15 solution for AFM measurements, eliminating the effects of serum proteins on

the experimental results.

2.5. Optical lever method of AFM

The probe—sample force applied by an AFM is calculated using Hooke’s law, F = k Az, where k and
Az are the spring constant and the vertical deflection of an AFM cantilever, respectively. Thanks to the
optical lever method, Az is determined by Az = S AV, where AV is the total change in the output signal
of the laser beam reflected off the back of the cantilever onto a 4-segment photodiode. The optical lever
sensitivity, S, is defined as the value of the slope in the constant compliance region of a

force—displacement curve, that is, the output signal (V) as a function of a Z-piezo displacement (um).

2.6. Force measurements by AFM



An MFP-3D-SA AFM (Asylum Research, Santa Barbara, CA, USA) was used to measure the
interaction forces between a living cell and a colloid probe in the L-15 solution at room temperature (25
+ 2 °C), as shown in Fig. 1. The cantilever with the colloid probe was fixed on the AFM head (the Z-
scanner). In prior to the cellular force measurement, the optical lever sensitivity, S, was determined
using a clean mica sheet which was sank on a fresh ¢35-mm dish containing water, whereby the surface
cleanliness of the colloid probe was checked at the same time. In replacement of this dish, the prepared
cell culture dish was then placed on the AFM base (the XY-scanner equipped with the manual XY-
translation stages), below which the built-in light microscope was positioned; as shown in Fig. 1, this
enabled us not only to locate the colloid probe over the nucleus of a living cell, but also to monitor the
cell during the force measurement. Because the living anchorage-dependent cells during interphase
adhered to the dish surface and flatten or spread out thereon, they could be easily distinguished from the
mitosis-phase cells and the dead cells, which evidently rounded up to exhibit a spherical shape and were
much more loosely attached to the surface [5]. After more than 20 min of waiting, the AFM
measurement was started using the colloid probe and the cells in the culture dish.

In measurement of a compression force curve (see Fig. 2a and b), the colloid probe was brought in
contact with the cell of interest at a speed of 1.0 um/s and a minimum indentation depth of about 1 um
required for the probe to reach the cell surface and to give a compliance region. This Z-scan speed was
confirmed to be low enough to reduce or eliminate the hydrodynamic effects in the
compression/decompression force curves, by comparison among the force curves obtained using higher
and lower scan speeds. Once the indentation depth reached the typical values of d = 1.0 £ 0.5 um,
resulting in the loading (or pushing) forces of 0.35 + 0.2 nN, the colloid probe was then allowed to
reside on the cell surface for 1 or 5 min, during which time the cell did not migrate but deformed due to
the contact with the probe. The contact (or residence) time of t; = 5 min was used, unless specified
otherwise. This sufficiently long contact time was allowed us to reduce or eliminate viscoelastic effects
in the decompression force curves that may have been caused by the deformation of the cell induced by
the approach of the colloid probe to the viscoelastic cell. After the contact time, the probe was moved
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away from the cell surface at a speed of 1.0 um/s (see Fig. 2c and d), which was low enough to avoid
large complications from the hydrodynamic drag acting on the colloid probe. In the case of strong
adhesions between the cell and the probe, they did not always separate completely after the force cycle
of compression, residence, and decompression. For this reason, the probe was moved to another place
after the force cycle, and then immediately returned to its original position, in order to break any
remaining bonds between the probe and cell; thereafter, another compression force curve was then
collected, the baseline of which was used to define the zero force position for the decompression force
curve [12-16]. Next, the cell culture dish was moved using the manual XY-translation stages of the
AFM base and the next force cycle was then started over the nucleus of another cell. By repeating this
procedure, typically 10-15 force curves were obtained using a pair of the colloid probe and cell culture
dish. The force curves of every probe type under each condition of the contact time t; and the RGD
concentration Crgp Were measured at the position over the nucleus of 15-102 different cells, as

summarized in Table 1.

2.7. Zeta potentials of microspheres

The zeta potential was obtained by electrophoresis at 25 °C using Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, UK), where the velocity of the dispersion in an electrical field was
measured. Every sample was diluted and placed in a Universal Dip Cell (ZEN1002; Malvern
Instruments). The surface charge of the microspheres was calculated from the mean electrophoretic
mobility using Smoluchowski’s equation. The viscosity and dielectric constant of media (pure water and
L-15 with/without free RGD peptides) were used as calculation parameters. L-15 culture medium with

no phenol red (21083-027; GIBCO) was used. Every sample was measured in triplicate to quintuplicate.

2.8. Scanning electron microscopy (SEM)



The B16F10 cells were grown on 9-mmx9-mm coverslips (Matsunami, Osaka, Japan) being sank into
the ¢35-mm polystyrene dishes, where the cells suspended in the complete medium at 2x10* cells/mL
were seeded. Before use, the coverslips were sterilized in ethanol overnight, washed thoroughly in water,
and dried in air inside a bio-clean bench. After 1-day incubation, the dishes with the coverslips were
rinsed with 2 mL of DPBS. For subsequent SEM observation, the samples were fixed in 4-%
paraformaldehyde, 0.1-mol/L phosphate buffer solution, pH 7.3 (Nacalai Tesque, Kyoto, Japan) for 30
min at room temperature, and rinsed three times in 0.1-mol/L phosphate buffer solution, pH 7.4 for
every 10 min. The samples were post-fixed with 1-% OsO, in 0.075-mol/L phosphate buffer solution for
30 min at 4 °C, thoroughly rinsed in water, dehydrated in an ethanol series (70, 80, 90, 99.5, 99.5 %) for
every 10 min at room temperature, and dehydrated twice in t-butyl alcohol for every 15 min at 40 °C,
followed by being frozen in a small amount of t-butyl alcohol at 4 °C and freeze-dried using VFD-21S
(Vacuum Device, Ibaragi, Japan). Finally, the samples were sputtered with a conductive layer of 5-nm
thickness gold using an Emitech K575XD (Quorum Technologies, Ashford, UK) and imaged using a

Keyence VE-8800 (Osaka, Japan).

2.9. Data analysis

The force—displacement curves were analyzed using IGOR Pro software, with which the MFP-3D-SA
AFM system was equipped. The distribution of the adhesion forces under the same experimental
condition will be depicted as a box plot with their six-number summaries: the 0.1-fractile, first quartile,
median (second quartile), third quartile, and 0.9-fractile as well as the mean. The significance of the
differences among multiple independent setups was tested by the Mann—Whitney U-test or the
Kruskal-Wallis test with the Steel-Dwass test, using Microsoft Excel 2003 software and its add-in of

Ekuseru-Toukei 2010 (Social Survey Research Information, Tokyo, Japan).
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3. Results and discussion

3.1. Morphology of apical surface of cells

SEM was used to illustrate the surface of the B16F10 cells and the micrographs are shown in Fig. 3.
The apical surface of the cells appeared to be rather rough and exhibited a dense lawn of microvilli and
microridges. On the other hand, the dynamic mode AFM gave the images of the smooth apical surface

of the B16F10 cells [12, 13] and failed to visualize these detailed structures of the cellular surface. This
is mainly because the colloid probes with a microsphere of 6.84-um diameter, other than the probes
with a sharp tip, were employed for AFM imaging [12, 13]. The complicated structure of the cell
surface explains one of the reasons why molecular-level interpretation of the force—displacement curves

is very difficult, as will be mentioned in Section 3.2.

3.2. Force—displacement curves

Figure 4 displays typical force—displacement curves during compression and decompression
measured between a living B16F10 cell and a microsphere of approximately the same diameter (~7 um)
but of different surface chemistries in culture media without free RGD peptide. The force curves for the
COOHY/PS and the bare/PS microspheres had similar features, as described in the followings.

The compression curve for every microsphere displayed zero force at the distances longer than ~1 um,
at which a repulsive force was detected. This repulsion is not electrostatic in origin, because all the cell-
microsphere interaction forces were measured in the L-15 culture media of a high ionic strength (>140
mM) [12]. It should be noted that electrostatic forces between two charged surfaces become weaker
with increasing the concentration of salt in the intervening medium, where the counterions shield the
charges on the surfaces [17]. Instead, this repulsion at the distances shorter than ~1 um probably

originated from both steric stabilization forces and viscoelastic forces (see also Figs. 2b and 3); the
11



former are caused by the compression of a hydrated layer of long-chain polymer molecules (proteins
and carbohydrates) on the cell surface, while the latter result from the viscoelastic property of a cell [18].
During the contact time of t; = 5 min, no significant change was observed in the force—displacement
curve and the microsphere was not likely to enter the B16F10 cell. Similar results were obtained for the

COOHY/PS microspheres of different diameters of 3.09, 3.56, and 9.95 um. These results suggest that the

B16F10 cells never uptake the microspheres of 3—10 um diameter during the time period of 5 min.

A force curve during decompression after compression and residence is the result of detachment of a
microsphere from the apical surface of a cell (see also Fig. 2c). The decompression force curve for
every microsphere showed an initial, large de-adhesion peak followed by several small steps of 20—40
pN, indicating that two types of the microspheres employed in the present study adhered onto the apical
surface of the B16F10 cell shown in Fig. 3. The small steps are attributable to the breaking of the
multiple bonds formed at different locations of close contact between the cell and microsphere surfaces.
Such small steps are classified into two types: short “J-steps” in short-distance region and long “T-
steps” in long-distance region [6]. After a subset of several J-steps was observed, a few T-steps
appeared to exhibit the force plateaus extending over several micrometers. This behavior of the T-steps
could be explained by membrane tethers of several micrometers long, where the cytoskeleton and
membrane deform upon pulling in the presence of punctuated binding between the cell and microsphere
surfaces [19], as observed by Sun et al. [20]. Similar results of the decompression force curves were
obtained for the COOH/PS microspheres of different diameters of 3.09, 3.56, and 9.95 um. It should be
noted that the decompression force curves for t. = 1 min or Crgp > 0 (not shown) were qualitatively
similar to those of Fig. 4 for t. =5 min and Crep = 0.

Still, it is challenging to interpret the decompression force curve between the cell and material
surfaces from a molecular point of view, because a large number of known/unknown adhesion processes
can occur simultaneously [8] and the apical surface of cells often exhibits a rather rough and complex
structure as shown in Fig. 3. For this reason, the magnitude of the attractive force at the initial de-

adhesion peak (Fagn) has been used as a measure of the overall cell-microsphere adhesion force in the
12



present study. It is noted that F,qn is the force required for detaching the microsphere from the cell; the

larger value of F4g, would indicate the stronger adhesion [8, 21].

3.3. Effects of contact time on adhesion forces

The distributions of adhesion force F,qn between a living B16F10 cell and a COOH/PS microsphere
of 6.90-um diameter for the contact time of t; = 1 and 5 min are depicted as the box plots in Fig. 5. The
distribution of Faqn for t; = 5 min was broader and exhibited the larger values, compared with that for t;
=1 min. The median of Fyq, for t; =5 min (1.16 nN) was about three times larger than that for t; = 1 min
(0.40 nN), demonstrating that the adhesion becomes strong with increasing the contact time [6, 7, 9, 12,
21]. The increase in adhesion force after 5-min contact mainly results from the increase in net area of
close contact between the smooth, hard surface of a microsphere and the rough, soft surface of a
B16F10 cell (see Fig. 3) with time. Thus, the contact time as well as the loading force (or the
indentation depth) are critical parameters for cell adhesion studies, because (i) the number of bonds
formed and the degree of their clustering and (ii) the net area of close contact between the cell and

material surfaces will differ with these two parameters [6].

3.4. Effects of microsphere diameter and surface density of carboxyl groups on adhesion forces

Figure 6 shows the distributions of adhesion force F,q, between a living B16F10 cell and a COOH/PS
microsphere of diameter 2R = 3.09, 3.56, 6.90, and 9.95 um, which had the number density of carboxyl
groups, Ncoon = 2.99, 0.35, 0.87, and 1.06 groups/nm?, respectively. Additionally, the distributions of
the adhesion force normalized by the contact area, F,qn/So, are shown in Fig. 6. One can estimate the
contact area, Sp, from the shape of the compression force curve using the Hertz contact model, where a
spherical indenter of radius R is considered to be pushed onto a smooth, homogeneous, semi-infinite

elastic solid [22, 23]. The depth of indentation, d, was calculated from the compression force curve as
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the difference between the Z-piezo displacement and the deflection of cantilever after the colloid probe
touched the sample surface [24]. The contact area, So, was calculated from the maximum value of d at

the end of indentation, according to the following formulae [10]:
S, = 2pR? .O%Sin gdg= 2pR2(1- cos ) (1)

where @, is defined as

sing, = \Fﬁ (2

It should be noted that Sy is a measure of the contact area of the microsphere surface facing onto the
cell surface and is larger than the net area of close contact between the smooth, hard surface of a
microsphere and the rough, soft surface of a B16F10 cell. The close-contact area increases with contact
time, as pointed out in Section 3.3, and should eventually reach to Sy if the close contact between the
cell and microsphere surfaces is completely established in the contact area.

First, let us make a comparison between the results in Fig. 6 for the 3.09-um microspheres of ncoon =
2.99 groups/nm?® and those for the 3.56-um microspheres of ncoon = 0.35 groups/nm?, where the
difference in diameter between these two types of the microspheres was negligible, but the differences
in ncoon and in zeta potential were significant (see Table 1). The distributions of Fagn and F,an/So for the
former were almost the same as those for the latter with statistical accuracy, where P = 0.99 for F,q, and
Faan/So. Supposed that the adhesion force is given by a sum of individual bonds of 20 pN (see Section
3.2), the number of interaction bonds at work between the cell and microsphere surfaces is estimated as
12.1 and 10.7 bonds/um? (i.e., 1.21x107> and 1.07x10~> bonds/nm?) for the COOH/PS microspheres of
3.09-um and 3.56-um diameters, respectively, which are about five orders of magnitude smaller than
the corresponding values of ncoon = 2.99 and 0.35 groups/nm®. These results indicate that within the
range of ncoon = 0.35-2.99 groups/nm?, the surface density of carboxyl groups as well as the zeta

potential hardly affected the adhesion force. Because four types of the COOH/PS microspheres

employed had ncoon in this range as listed in Table 1, the difference in adhesion force is dominantly
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attributable to the difference in microsphere diameter. Henceforth, we will discuss Fig. 6 in term of the
difference in microsphere diameter.

As shown in Fig. 6a, Fagh in the range of 2R = 3.09-9.95 um seemed to exhibit a maximum at 2R =
6.90 um under the same conditions of contact time (¢, = 5 min) and indentation depth (d ~ 1.0 um),
where the contact area would increase with the microsphere diameter of 2R. This result is contrary to
common expectation that Fag, should increase with 2R. Thus, the cell-microsphere adhesion is
influenced by the microsphere diameter, and its dependence on the diameter is far from straightforward
because of the complications resulting from the active cellular response to the external mechanical
forces exerted by the microsphere. The cellular response includes the viscoelastic stress-relaxation
followed by tension recovery [25], which should depend on the size of indenter and the depth of
indentation and is still open question. It is worth noting that one should use the microspheres of the
same diameter to investigate by AFM how the surface chemistry of the microspheres affects the

cell-microsphere adhesion.

3.5. Effects of surface chemistry of microsphere and free RGD peptides on adhesion forces

Figure 7 displays the distributions of adhesion force F,qn between a living B16F10 cell and a
microsphere of 6.90-um COOH/PS or 7.33-um bare/PS at the RGD concentrations of Crep =0, 0.1, 0.5,
1.0 mg/mL. The distribution width for Fyg, seen from the interquartile range as well as the whisker
range can be thought to depict the variation in the surface properties of individual cells, that is, the cell-
to-cell difference in the number of sites on the individual cell surface that can bind with the microsphere
surface. For the COOH/PS, F4n decreased with Crgp and became almost constant at concentrations of
Creb > 0.5 mg/mL, where the medians of Fyg, were about one fifth of those at Crgp = 0 and 0.1 mg/mL
and the distribution widths were remarkably reduced. On the other hand, the median and the distribution
width of Fuq, for the bare/PS remained small regardless of the RGD concentration, compared with that

for the COOH/PS. Because the COOH/PS and the bare/PS microspheres in Fig. 7 had approximately the
15



same diameter (~7 um), the difference in F,q, between these two types of the microspheres is mainly
attributable to the difference in surface chemistries. The surface of the bare/PS microspheres is
hydrophobic in essence because of phenyl groups (—CgHs) being the main component of the PS
microspheres, whereas a COOH/PS microsphere is considered to be a carboxylic acid functionalized
bare/PS microsphere and its surface can be thought of consisting of both carboxyl and phenyl groups.

The malignant melanoma cells, such as B16F10 cells used in the present study, remarkably express
several types of adhesion receptors from the integrin family of heterodimers of o and  subunits [26].
Many members of the integrin family recognize an RGD motif within their ligands including fibronectin,
vitronectin, and many other glycoproteins [27, 28]. Peptides containing ligand-mimetic RGD sequences
specifically bind the headpiece of integrin [27] and can effectively block the integrin-ligand interactions
[26, 29-32]. However, this is not the case for the considerable decrease of Fun with Crep for the
COOHY/PS shown in Fig. 7, because there is no specific interaction of integrin with COOH motif to the
best of our knowledge.

Instead, the result of Fig. 7 indicates that the COOH groups on the microsphere surface interacted
somehow or other with the cell surface via integrins and the nonspecific COOH-integrin interaction
was reduced by the presence of free RGD peptides. This postulation would be supported by the facts
that the RGD-recognizing integrins have several binding sites for divalent cations such as Ca** and
exhibit three structures: (i) the bent legs with unliganded-closed headpiece; (ii) the extended legs with
unliganded-closed headpiece; and (iii) the extended legs with liganded-open headpiece [27]. It is most
likely that the negatively charged COOH groups on the microsphere surface attractively interacted with
these divalent cations bound to the integrin, and that RGD peptides added in the culture medium
electrostatically neutralized the divalent cations and bound the headpiece of integrin to induce its
structural change from structures (i) and (ii) to structure (iii). These two effects of RGD peptides on
integrin would result in decrease of the attraction between the COOH groups and bound divalent cations,
leading to reduction of Fagn between the COOH/PS microsphere and B16F10 cell. It should be noted

that this reduction of Fqn is not ascribed to the charge neutralization of the negatively charged COOH
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groups on the microsphere surface by RGD addition, because the zeta potential of the COOH/PS
microsphere in the culture medium remained almost constant (~ —16 mV) in the range of Crgp = 0-1.0
mg/mL as shown in Table 1.

As for the bare/PS microspheres, on the other hand, Fig. 7 shows no significant variations of Fag, with
Crep and the small medians. The results indicate that the bare/PS microsphere surface of hydrophobic
nature interacted with the cell surface through van der Waals forces and hydrophobic forces with
hydrophobic portions on the cell surface (e.g., the nonpolar amino acids), as pointed out in the earlier

study [16].

4. Conclusions

In the present study, we performed the AFM measurements of the interaction forces between the
single B16F10 cells and the single polystyrene microspheres of different diameters and different surface
chemistries in serum-free culture media. It was found that the adhesion force became strong with
increasing the contact time, which would result from the increase in net area of close contact between
the microsphere and the cell surfaces with time. The carboxyl-modified polystyrene microspheres of
different diameters exhibited a maximum at the diameter of 6.90 um in the range of 3.09-9.95 um
under the same conditions of contact time (= 5 min) and indentation depth (~ 1.0 um), where the contact
area would increase with the microsphere diameter. The cell-microsphere adhesion is thus influenced
by the microsphere diameter and its dependence on the diameter is far from straightforward, because of
the complications resulting from the active cellular response to the external mechanical forces exerted
by the microsphere. Also, it was found that the adhesion force for the carboxyl-modified polystyrene
microspheres was larger than that for the unmodified hydrophobic polystyrene microspheres, where
these microspheres had nearly the same diameters (~ 7 um). When the free RGD peptides were added

into culture media as an integrin inhibitor, the adhesion force for the former microspheres decreased
17



with increasing the RGD concentration and then became almost constant at the RGD concentrations
larger than 0.5 mg/mL, whereas that for the latter microspheres remained very small regardless of the
RGD concentration. These results indicate that carboxyl-modified polystyrene microspheres interacted
rather strongly with the cell surfaces, whereas the hydrophobic polystyrene microspheres interacted

weakly with the cell surfaces through van der Waals forces and hydrophobic forces.
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Fig. 1. Light microscope image of B16F10 cells and a V-shape cantilever with a glued microsphere

(arrow). The full length of the cantilever is 200 um. The scale bar is 50 um.

Fig. 2. IHlustration of four steps in the acquisition of an AFM force measurement: The arrows indicate

the direction of cantilever movement.
Fig. 3. (a) Scanning electron micrograph of B16F10 cells and (b) the magnification of its central region.

Fig. 4. Typical force—displacement curves during compression (upper, red colored) and decompression
(lower, blue colored) measured between a living B16F10 cell and a microsphere of different surface
chemistries: (a) the COOH/PS microsphere of 6.90-um diameter and (b) the bare/PS microsphere of

7.33-um diameter. The contact time of 7, = 5 min and the culture media of Crgp = 0 were employed.

Fig. 5. The box plots of the distributions of adhesion force F,qn between a living B16F10 cell and a
COOH/PS microsphere of 6.90-um diameter for the contact time of t; = 1 and 5 min in the culture

media of Crep = 0, where P < 0.001.

Fig. 6. (a) The box plots of the distributions of adhesion force F,q, between a living BI6F10 cell and a
COOH/PS microsphere of diameter 2R = 3.09, 3.56, 6.90, and 9.95 um, which had the number density
of carboxyl groups, ncoon = 2.99, 0.35, 0.87, and 1.06 groups/nmz, respectively. (b) The box plots of
the distributions of the adhesion force normalized by the estimated contact area, F,qn/So. P < 0.001 for

panels a and b. The contact time of £, = 5 min and the culture media of Crgp = 0 were employed.

Fig. 7. The box plots of the distributions of adhesion force F,qn between a living B16F10 cell and a
microsphere of 6.90-um COOH/PS or 7.33-um bare/PS at the RGD concentrations of Crep =0, 0.1, 0.5,
1.0 mg/mL: P < 0.001 and P = 0.018 for the former and the latter microspheres, respectively. The

contact time of t; = 5 min was employed.
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Table 1

Physicochemical properties of PS microspheres as well as numbers of force measurements and the
median of adhesion forces (Fuqn) for different PS microspheres and different concentrations of free RGD

peptides dissolved into an L-15 culture medium (Cgrgp) at contact time of t; = 5 min

Surface Diameter, 2R Number density ~ Zeta potential (mV) Median of F.q, (NN)°

chemistry  (um)? of carboxyl
groups, flcopn In water InL-15 0mg/mL® 0.1 mg/mL® 0.5mg/mL® 1.0 mg/mL*
(groups/nm?) 9 L mg o mg 0mg

COOH 3.09+0.32 2.99 _49 _33 0.74 (40)

COOH 3.56 + 0.20 0.35 -32 Aggregation 0.72 (48)

COCH 6.90 £ 0.41 0.87 -52 -16 (-15)¢ 1.16 (100) 0.98 (47) 0.16 (21) 0.26 (15)

0.40 (51)°
COOH 9.95+0.53 1.06 -38 ~4 0.60 (51)
Bare 7.33+£0.36 0 —45 -38 (-26)¢ 0.55 (102) 0.54 (31) 0.40 (23) 0.43 (21)

 The volume mean average diameter with the standard deviation is given.

® The value in the parentheses indicates the number of force measurements.

¢ The value of Cgrgp.

9 The zeta potential in L-15 medium including 1.0 mg/mL free RGD peptides.

¢ The values for t; = 1 min.
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