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ABSTRACT 

To use a material for the construction of a bone implant or drug delivery system, it is crucial 

to understand how the cells of the body will react to the material, and key to that reaction is 

cellular adhesion. Colloid-probe atomic force microscopy (AFM) is useful for investigating 

these interactions because of its sensitivity, versatility and ability to measure adhesive 

interactions with individual cells.  Cellular adhesion can be rapidly characterized by 

attaching a microsphere of the material to the AFM cantilever, and measuring the forces 

exerted during contact with the cell. We have investigated the pretreatment of borosilicate 

glass probes with serum-free and serum-containing media, and shown that, in the absence of 

serum, the measured adhesive force decreases non-linearly with increasing use, suggesting 

that the probe becomes coated with biological molecules such as proteins, and that the 

serum-free media pretreatment results in a slower decay in adhesion than seen with spheres 

pretreated with water alone.  We discuss how this work fits into the broader understanding of 

the relationship between adhesive and non-adhesive proteins in determining the behavior of a 

surface. 
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INTRODUCTION 

In virtually any biomaterial application, the adhesion of biological cells to the 

material being investigated is of paramount importance; whether designing an implant, a 

surgical implement, a drug-delivery system, or a filter, biomaterials engineers seek to 

maximize, minimize, or selectively control the adhesion of different cell types.  Therefore, 

obtaining a thorough understanding of the material, cellular, and environmental factors 

controlling cellular adhesion to artificial surfaces is at the heart of biomaterial sciences.  In 

this paper, we will discuss the relationship between the adsorption of proteins and ions to a 

glass microsphere and the resulting adhesion between that sphere and osteoblastic cells. 

The methods discussed in this paper and developed for borosilicate glasses are most 

applicable to the study of radioactive microspheres or drug-delivery systems (DDS) to battle 

cancer[1].  The force measurements described below—and in similar studies described 

elsewhere[2-5]—yield information about the interaction of a spherical particle similar to a 

potential DDS with the apical surface
i
 (see Figure 1) of a single cell (rather than a confluent 

cellular „lawn‟).  Unlike most potential DDS glasses and other bioglasses that undergo 

significant ion replacement and develop hydroxyapatite (Ca10(PO4)6(OH)2) surfaces, 

borosilicates are chemically stable under physiological conditions.  This makes them a 

simpler, if less immediately applicable, system to model for these initial studies. 

Background 

Prior to the investigation described in this work, the focus of research by this 

group[6] had been on the adhesive behaviors of various inert and active glass compositions.  

                                                 
i Many studies[7, 11, 20, 21, 23, 29] of cellular adhesion investigate the adhesive properties of the cellular 

basolateral surface, which has significant differences from the exposed apical surfaces a DDS is likely to 

encounter. 
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However, while processing some preliminary data, it was noticed that the first force 

measurement made with a “fresh” sphere was significantly higher than subsequent 

measurements; under three different sets of conditions, shown in Figure 2 but outside the 

scope of this work, this difference ranged from 339%-523%. 

To investigate this apparent decay, we developed the simple method described below 

as “time-resolved adhesion.”  We found that, under certain conditions (matching those in 

Figure 2 a clear decay in adhesion could be seen, as in Figure 3.  Most notably, we found that 

when force measurements were collected in serum-free media
ii
 the decay was significantly 

slower than in serum-containing media, leading us to suspect that the adsorption of 

nonadhesive proteins was a crucial factor. 

The goal of this work was to elucidate more fully the factors contributing to the 

adhesive decay.  By pretreating the glass spheres we hoped to eliminate or elongate the decay 

and, thereby, to identify its cause.  Before discussing these experiments in depth, we present 

below a brief introduction to the concepts most important in this work: cellular adhesion, 

protein adsorption, and atomic force microscopy 

Adhesion 

Although non-specific electrostatic forces predominate in the adhesion of prokaryotic 

organisms to surfaces and might play a role in the adhesion of eukaryotic cells to certain 

charged substrates[7, 8], the general consensus is that eukaryotic cellular adhesion is 

primarily controlled by specific protein-protein interactions.  By far the most important of 

these are integrin-mediated interactions.  Integrin is a heterodimeric (composed of an α-

subunit and a β-subunit) transmembrane protein of approximately 90-160 kDa that is found 

                                                 
ii That is, without any exogenous protein 
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in all animals that have been investigated and is responsible for a variety of signaling 

mechanisms in addition to its role in adhesion.  It binds to extracellular matrix (ECM) 

proteins, such as fibronectin, vitronectin, lamnin, or collagen, at specialized RGD (arginine-

glycine-aspartate) sequences.  Upon the binding of integrin to ECM proteins, a process 

known as “focal adhesion assembly” occurs in which conformational changes in the 

cytoplasmic domains of the integrin allow it to attach indirectly to the actin cytoskeleton via 

an array of proteins, most notably vinculin and talin, thereby strengthening the adhesion[8-

10].  As with many cellular processes, adhesion has a dynamic component: the nature of the 

surface and the adsorbed proteins affect integrin isozyme expression[8, 10].  For an overview 

of integrin function see Siebers et al[10]. 

The fact that integrins bind to other proteins, and not directly to materials, provides a 

functional versatility—specific functional groups or charge distributions on the surface are 

not required—but also means that their function is highly dependent on the adsorption 

kinetics and behaviors of other proteins in the system. 

Adsorption 

Physical Principles 

The adsorptive behaviors of proteins are greatly complicated by their relatively large 

size.  Initial, reversible adsorption is a fairly simple process involving electrostatic forces in 

competition with entropic considerations.  However, once adsorbed, many proteins will 

„unfold‟ on the surface, adopting a conformation that either presses hydrophobic regions 

against the surface or establishes ionic interactions between the protein and the surface. 

Which process occurs depends on the nature of the surface[8, 11-13].  Once the protein is 

denatured in this fashion, the number of interactions between the protein and the material 
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surface make the energy required to desorb the protein essentially insurmountable, and the 

protein is considered to be irreversibly adsorbed. 

This three-state system (proteins can be in the solution, reversibly adsorbed, or 

irreversibly adsorbed) is also limited by the simple consideration that the material surface has 

limited space for adsorbed proteins.  Wertz and Santore have demonstrated that both initial 

adsorption and subsequent denaturation can be limited by steric considerations; therefore the 

faster a protein adsorbs to a surface, the lower the degree of denaturation that occurs before 

the surface becomes packed, and thus, faster adsorption leads to a higher density of adsorbed 

protein[13]. 

The systems considered in this study, and those encountered in in vivo applications, 

have not one, but rather hundreds of protein species, each of which adsorb, desorb, and 

become denatured with different kinetics on different surfaces.  It has also been demonstrated 

that some proteins specifically and actively displace others both in vivo and in vitro, leading 

to a complex serial evolution of the surface known collectively as the Vroman Effect[8, 14, 

15].  There has been a great deal of research into the Vroman Effect, but, in short, it appears 

that the initial surface adsorbate is composed of high-mobility proteins that can then be 

directly desorbed by proteins with higher affinity for the surface but a lower solution 

mobility. 

Because of the slow kinetics of desorption for irreversibly-adsorbed proteins, a 

protein-surface system is generally not at thermodynamic equilibrium.  Instead, the surface 

conditions are highly dependent on the history of the system[13, 16, 17].  For instance, a 

surface exposed to a solution of protein A followed by a solution of protein B will have 

different surface properties than one exposed to B and then A.  Likewise, a surface exposed 
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to A for ten minutes followed by B will show different characteristics than one exposed to A 

for 30 minutes before contact with B.  This dependence, which affects relative concentrations 

as well as orientations and conformationals states, makes knowing the conditions prior to 

contact with a cell crucial to understanding the adhesive response of that cell. 

Relationship to adhesion 

Because integrin, as explained above, binds to specific regions on specific proteins, 

the quantity of those proteins adsorbed to a surface is the major determining factor of the 

adhesion of a cell to that material.  When adsorbing from a complex mixture, the 

concentration of adhesive protein (compared to nonadhesive proteins) is important, although 

some materials will preferentially adsorb certain proteins.
iii

 

The degree and nature of denaturation that occurs can increase or decrease the 

biological activity of that protein, either by burying, exposing, or reshaping key regions.  

When the protein in question is an adhesive ECM protein (fibronectin has been investigated 

in the most detail), both its quantity and its conformational state influence adhesion.  For 

example, Garcia et al. have found cellular adhesion to “bioactive” glasses—those forming a 

surface layer of hydroxyapatite upon exposure to a cell-supporting medium—increases more 

rapidly with increasing surface fibronectin concentration than adhesion to “inert” glasses[11]. 

A number of additional factors have been shown to affect adhesion; these can be 

roughly categorized as factors of the biomaterial surface or factors of the media.  We will 

consider each of these in turn. 

The most investigated properties of surfaces have been topography, 

hydrophobicity/hydrophilicity, and charge, and for all three there is considerable 

                                                 
iii Hydroxyapatite, for instance, is known to preferentially adsorb fibronectin[26, 30]. 
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disagreement in the published literature as to the conditions that maximize cellular adhesion.  

In part, this is because there are different measures of cell adhesion.  For instance, it has been 

reported that cell spreading is increased on smooth surfaces[18], but that initial adhesion 

increases with roughness[19].  However, sometimes results are simply contradictory; for 

instance some authors report that hydrophobic surfaces promote adhesion better than 

hydrophilic ones[13, 20], while others make the opposite claim[7, 8, 18, 21, 22], and some 

say that it makes no difference[3].  These differences are likely a result of other factors of the 

experiment.  Hydrophobic, hydrophilic, or charged surfaces may be better at adsorbing 

certain proteins when they are present, but may be less effective at promoting adhesion 

through other mechanisms; for instance, Lee et al. have shown that fibronectin is more 

important for the adhesion of cells to hydrophilic surfaces than to hydrophobic surfaces[23].  

It is generally agreed that there exists a non-specific interaction of cells to positively-charged 

surfaces due to negatively-charged membrane constituents, although this might vary with 

ionic strength and other serum factors, and plays a less important role in eukaryotes than 

specific protein-based interactions do[3, 7, 8, 18]. 

A number of variables in the composition of the experimental media have been 

shown to have an effect on cellular adhesion.  For instance, low pH is known to increase 

adhesion[20, 24], as is the presence of Ca
2+

 in solution
iv

[24, 25],  Because of its importance 

to the work in this paper, the effect of phosphate ions in solution will be considered in the 

next section in more detail. 

Also of special importance is the effect of protein levels—both adhesive and non-

adhesive—in the media; as with other factors, there is considerable complexity in this area. 

                                                 
iv Garcia et al. have contrarily found no effect from varying solution Ca2+ levels[11]. 
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Schonmeyr and Wong, for instance, have reported that while fetal bovine serum (FBS)
v
 alone 

decreases adhesion to hydroxyapatite, a fibronectin solution supplemented with FBS 

promotes adhesion more than pure fibronectin[26].  Other authors have confirmed both of 

these findings separately[20, 27].  It appears that albumin, the major component of FBS, 

enhances adsorption of fibronectin to surfaces[8, 28].  Gallant et al. have shown that the 

addition of serum to cells in protein-depleted media markedly increases adhesion by 

stimulating cellular production of focal adhesion proteins such as vinculin[29].  Pretreatment 

of borosilicate glasses with FBS for just 10 seconds prior to cell seeding has been shown to 

increase cell spreading[30], although as noted previously cell spreading does not always 

correlate with the short-term attachment examined in this work.  This relationship between 

adhesive and nonadhesive proteins, and their combined effect on adhesion, is still very much 

under investigation, and was one of the major questions guiding the work described in this 

paper. 

Effect of Phosphate Ions 

Though there are many ions in the media used in this study, phosphate (PO4
3-

) 

deserves special attention .  The effect of phosphate ions in buffer systems such as PBS on 

the adsorption of proteins to materials has been investigated to a significant extent in recent 

years, although these results have not, to our knowledge, yet been extended to a biological 

system.  It has been shown that phosphate ions, as well as pyrophosphate and 

tripolyphosphate[31], depress the adsorption of negatively-charged proteins to titanium 

oxide[17, 32], silica-titania[16, 17], and hydroxyapatite[17, 33] and can also desorb 

                                                 
v Fetal bovine serum, also called fetal calf serum is the portion of plasma remaining after coagulation of the 

blood; it contains hundreds of different proteins at levels replicating those present in vivo in mammals.  

Hereafter it is often referred to simply as serum. 
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preadsorbed proteins
vi

[17, 32].  Wei et al. showed an approximately 40-percent
vii

 decrease in 

BSA adsorption to germanium with 0.1 mg/mL PBS[17], and Moulton et al. have 

demonstrated a decreased adsorptive rate at phosphate concentrations as low as 

0.0002M[32]. 

Positively-charged proteins, such as lysozyme, instead experience enhanced 

adsorption[17, 31] and, at a low pH (where virtually all proteins are positively charged), the 

effect disappears[17, 32].  It appears that the effect is primarily due to a simple competition 

for surface adsorption sites between negatively-charged phosphate groups and negatively-

charged carboxyl groups of proteins.
viii

  However, others have suggested that the phosphate 

ions act as a indifferent electrolyte, modifying the thickness of the electrostatic double layer 

(EDL) around the protein or the surface[31, 33]. 

Too our knowledge, no researchers have yet investigated how the presence or absence 

of phosphate ions in solution affect the adhesion of cells to a surface, despite the documented 

effect on protein adsorption and the strong link between adsorption and adhesion.  In this 

study, we sought to investigate this contribution by comparing the adhesion of cells to glass 

treated with a phosphate-containing buffer solution to that against a glass only exposed to 

deionized water.  To bring the glass and the cells into contact, and to measure the resulting 

forces, we used colloid-probe atomic force microscopy (AFM). 

 

 

                                                 
vi It is important to note that only reversibly adsorbed proteins are desorbed by protein-free phosphate 

solutions[17, 32]. 

vii Our approximation based on Figure 3 of the paper, page 2056. 
viii Kandori et al. observe that phosphate groups have a binding affinity to hydroxyapatite more than 20 times 

that of carboxyl groups[31]. 
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Atomic Force Microscopy 

Background and Force Spectroscopy 

First developed in 1986 by Binnig, Quate, and Gerber[34], the atomic force 

microscope (AFM) is a widely used tool for nanoscale imaging and surface investigation.  

The AFM consists of a microscale cantilever with a sharp tip
ix

.  When the tip makes contact 

with the surface, the cantilever bends (in accordance with Hooke‟s Law), and this bending is 

detected by the position of a laser reflected from the cantilever on a photodiode position-

sensitive detector.  To prevent damage to the tip, most modern AFMs have a feedback 

system involving piezoelectric actuators controlling the sample stage or the cantilever holder.  

The primary application of atomic force microscopy is imaging of a surface, either in 

constant contact with a surface or with an oscillating cantilever (also known as “tapping” or 

A/C mode) [35]. 

The AFM is also a powerful tool for force measurement.  If the spring constant of the 

cantilever is known,
x
 then the bending (usually referred to as “deflection”) of the cantilever 

can be converted into a measure of the force experienced by the tip, and when compared to 

the displacement of the piezoelectrics can be used to generate a force-versus-displacement 

graph.  This graph can, in turn, be used to calculate adhesion, stiffness, Young‟s modulus, 

and other nanomechanical properties[35]. 

 

                                                 
ix Radius of curvature is generally of 1-20 nm. 

x A number of methods can be used to calculate this.  The thermal noise method used in this study, a common 

one, relies on a relationship between the observed thermal noise and the spring constant, 
2x

Tk
k B , with some 

corrections made to account for the imperfect nature of the cantilever as a spring.  For a comparison of 

cantilever calibration methods, see Burnham[35]. 
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Colloidal Probe Atomic Force Microscopy 

The pyramidal shape of an AFM probe makes it well suited to the measurement of the 

surfaces and nanomechanical properties of stiff materials, however it is not an ideal geometry 

for biological investigations.  Additionally, silicon nitride, the material from which contact-

mode AFM cantilevers are made, is not a material generally under investigation as a potential 

biomaterial, and investigators generally wish to investigate multiple materials.  Both of these 

issues can be solved by using a colloidal probe technique.  This fairly simple method 

involves attaching a particle of colloidal size to the cantilever, as shown in Figure 4.  A better 

geometry (usually spherical) can thus be obtained that increases the surface area of contact 

and decreases the contact angle and a variety of materials can be investigated by using 

different colloid compositions.  This technique has been used with considerable success in 

the past by a variety of investigators[2-4, 36-38]. 

Use of AFM Force Measurements in Biology 

AFM-based force measurement has been used in studies of biological adhesion since 

the late 1990s; the summary provided below is by no means an attempt to be comprehensive.  

Many of the early works focused on the bacterial adhesion (both to surfaces and to other 

bacteria) towards an understanding of biofilm formation and the resulting fouling of medical, 

agricultural, and sanitation equipment[20, 36, 39-46].  As the concept of tissue engineering—

growing functional tissues from heterogeneous cell cultures—has gained scientific 

acceptance, more researchers have turned these techniques to eukaryotic cells.  In addition to 

fibroblasts and osteogenic cells, there have been investigations of tumor cell attachment[25, 

47] and trophoblast implantation[48].  A variety of methods have been used to measure 

different interactions; in place of the colloidal technique described above some researchers 
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have fixed individual cells on cantilevers or grown confluent cell lawns on them, which can 

in turn probe surfaces, individual cells, or other cellular lawns.  For a good summary of some 

of these techniques, see Benoit[4]. 

A number of researchers have also used atomic force microscopy to characterize the 

nanomechanical properties of cells, including stiffness, apparent hardness, and modulus of 

elasticity (Young‟s modulus)[49, 50].  Although these values are derived from the force-

distance curve (as is the determination of Fadmax used in this paper), we have not attempted to 

determine them. 

 

MATERIALS AND METHODS 

Cells 

The cell line MC3T3-E1 (murine calvalarial bone cells)[51] was provided to us by 

Dr. Carl Simon of NIST.  It was cultured in a medium composed of α-MEM (Cabmbrex 

Biosciences, USA) with 10% (v/v) fetal bovine serum (FBS, Gibco, USA) and kanamycin 

antibiotic (Sigma, USA) on tissue culture polystyrene in an incubator providing a constant 

temperature of 37°C and 5% CO2, optimum for cellular growth[2]. 

The subculture process for each cellular propagation was as follows.  The culture 

medium was removed from the preceding cell-culture flask (75 cm
2
, Fisher, USA) and 

replaced with warm (37°C) trypsin (Gibco, USA).  Gentle tapping of the flask on the lab 

bench, after a few minutes, was then sufficient to lift the cells from the culture flask.  The 

cells and trypsin were decanted into a centrifuge tube and centrifuged to form a pellet of 

cells.  The trypsin was decanted and the cells were re-suspended in a small amount of culture 

medium.  The cells were then counted using a hemocytometer (Fisher, USA) and then added 
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to culture medium in either a new flask or a Petri dish with glass slide coverslips (Corning, 

USA) to give a concentration of 150,000 cells/mL.  The flask was used for subsequent 

subcultures and the slide covers for AFM experimentation.  The slide coverslips were rinsed 

in 70% ethyl alcohol and α-MEM before use. 

AFM Sample Preparation 

Force Measurements on cells were conducted 4-5 days post-transfer.  The media was 

changed in the Petri dishes on culture day 3, and also on culture day 4 for cells which were to 

be used on culture day 5.  Immediately before an experiment, one slide cover would be 

transferred to the wet cell (Closed Fluid Cell, Asylum Research, USA), and covered with 1 

mL of pre-warmed (37°C) α-MEM.  α-MEM was used to minimize the effect of exogenous 

proteins.  Figure 5 shows a prepared slide of cells and a colloid probe-tipped AFM cantilever. 

Sphere Attachment 

Veeco DNP-10 silicon nitride contact-mode cantilevers (Veeco Probes, USA) were 

modified by the attachment of a borosilicate sphere as described previously[2, 4].  Briefly, 

the highest spring constant cantilever (manufacturer supplied k of 0.58 N/m) was brought 

into contact with a droplet of epoxy (Double/Bubble Epoxy, Elementis Specialties, USA) 

using the micromanipulator of an Asylum MFP-3D AFM (Asylum Research, USA).  The 

cantilever was then lowered onto a borosilicate sphere (SRM 1003c: Glass Spheres (Particle 

Size), NIST, USA) optically selected for a diameter of 45-60μm.  The cantilever was held in 

place for a few seconds, and then the cantilever with attached sphere was removed and the 

epoxy was allowed to set for at least 24 hours before the modified cantilever was used.  

Inspection of the mounted sphere was also conducted with an optical microscope (Leica, 

Germany) to check for irregularities or epoxy on the surface of the sphere. 
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Force Curve Collection 

The AFM used in this experiment was an Asylum Research MFP-3D (Asylum 

Research, USA) mounted over an inverted optical microscope. 

For an individual measurement, the prepared cantilever was manually lowered onto 

the nucleus[2] of the cell to a set point deflection voltage of 0.300 V.  It was left in place for 

a constant time, always 15 sec in this experiment, and then the z-piezo was withdrawn 10 μm 

and then immediately extended back 10 μm.  Full indentation was considered the 0 distance 

mark.  The scan frequency was 2 Hz.  The data from the decompression curve was used to 

determine Fadmax, as explained below, and the recompression curve was used to find the zero-

force position, which was important due to thermal drift in the z-piezo[2]. 

Time-Resolved Adhesion Measurements 

To examine the effects of biomolecular adsorption and other time-dependant effects, 

we made repeated adhesion measurements on different cells of the same sample at a rate of 

approximately 1 measurement per 45-60 seconds, and plotted the resulting values of Fadmax, 

the maximal force of adhesion, sequentially. 

Interpretation of Data 

A typical force curve is between a glass microsphere and a MC3T3-E1 cell is shown 

in Figure 6.  The maximum force of adhesion, abbreviated Fadmax, is labeled, as is the region 

of the decompression curve where there is no adhesive interaction between the sphere and the 

cell. 

For the interpretation of time-resolved adhesion sequences, the Fadmax values were 

listed sequentially against a variable „Contact #‟ consisting of the unit series starting at 1.  If 
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a measurement was deemed (subjectively) to be erroneous,
xi

 its data point was omitted but 

the subsequent points were not “shifted up.”  SegReg software[52, 53], shown in Figure 7, 

was used to categorize data as either constant, non-constant linear, or nonlinear using a 

sequence of Student‟s t-tests as described by Oosterban et al.[52], although no adhesion 

sequences were determined to be non-constant linear.  Data determined to be nonlinear were 

fitted with an exponential curve of the form 

p

t
n

FAeF 


0        (1) 

using a Levenberg-Marquardt Algorithm computed on profit software (QuantumSoft, 

Switzerland).  Values of 𝐹1 , 𝜏 ≡ 1 𝑡0 , and Fp are reported.  𝐹1  is the predicted F at Contact 

#1; τ is the time constant of the decay, that is the number of contacts needed for the adhesion 

to fall to a value of 
1

𝑒
𝐴.  Adhesion series with approximately constant force were assigned 

values of 𝐹1 = 𝐹𝑝 =  𝐹𝑎𝑑𝑚𝑎𝑥  , the average Fadmax for that series, and 1 𝑡0 = 0 , effectively an 

instantaneous decay. 

All statistical work was performed using Excel software (Microsoft, USA).  Error 

reported or displayed in charts, unless otherwise noted, is standard error of the mean.  

Statistical probabilities were calculated using a homoscedastic two-tailed Student‟s t-test 

unless otherwise noted. 

Sphere Pretreatment 

Immediate Pretreatment: 

The primary variable investigated in this work is the immediate pretreatment of 

spheres.  Immediately prior to collection of force curves for time-resolved adhesion analysis, 

                                                 
xi Based on a highly unusual shape of the force-distance curve. 
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the cantilever (with attached borosilicate microsphere) must be calibrated (by the thermal-

noise method, described above) in fluid
xii

; this provides an excellent opportunity to condition 

the spheres before they make contact with a cell.  The calibration, which takes 10-15 

minutes, was carried out either in deionized (DI) water (Milli-Q purification system, 

resistance>18 MΩ; Millipore, USA), α-MEM (henceforth labeled “buffer”), or cellular 

growth media
xiii

 (henceforth labeled “serum”).  All of these media were warmed to 37°C in a 

water bath prior to calibration.  A compositional analysis of these can be found in Table 1.  

Phosphate-buffered saline (PBS) and fetal bovine serum (FBS) were also briefly investigated. 

Subsequent to this calibration/conditioning process, the calibration media was 

replaced with a cell-sample and 1 mL α-MEM (as described above) and a time-resolved 

adhesion measurement was recorded.  The time that the sphere was in air during the transfer 

was generally less than 5 minutes. 

Prolonged Pretreatment: 

In these experiments, the cantilever (with attached microsphere) was submerged in a 

polystyrene Petri dish of the medium (buffer or serum) and allowed to equilibrate for 24 

hours at 4°C.  The sphere was then transferred to the AFM and calibrated (that is, treated for 

15 minutes) in DI water as above, prior to time resolved measurements in α-MEM. 

Sphere Reuse 

For some experiments, spheres that had been previously used with cells were reused 

to determine if the surface modification was permanent.  After an experimental series, the 

cantilevers were immediately rinsed gently using copious deionized water followed by 95% 

ethanol (Sigma Aldrich, USA) and dried (via capillary action) using a lab tissue (KimWipe, 

                                                 
xii The calibration is made against a bare glass coverslip of the same type as that used for cell samples. 

xiii α-MEM plus 10% (v/v) fetal bovine serum, as described above. 
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Kimberly-Clark, USA).  The cantilevers were then allowed to dry in air for at least 24 hour 

before reuse.  Reused cantilever were re-examined after pretreatment in the same medium as 

the initial experiment.  Cantilevers were re-calibrated prior to reuse, and cantilevers whose 

spring constant was found to have varied by more than 10% were discarded. 

RGD Peptide Supplementation 

To demonstrate that integrin-mediated adhesion was responsible for the adhesion 

between the glass and the spheres, we purchased a GRGDS-NH2 pentapeptide
xiv

 (Anaspec, 

USA) and dissolved it at 0.5 mg/mL in α-MEM.  Prior to force measurement collection, 

cellular samples were incubated with 1mL of the GRGDS at 37°C in the wet cell for 20 

minutes.  The wet cell was then immediately transferred to the AFM and a time-resolved 

sequence of force measurements recorded.  Immediately thereafter, the wet cell was rinsed 

with water and a fresh sample inserted with 1 mL of pure α-MEM.  The same sphere was 

used to collect a second set of data to use for comparison. 

 

RESULTS 

Short-Term Pretreatment 

The primary focus of this study was the media in which borosilicate spheres were 

conditioned immediately prior to contact with cells.  The three pretreatments used were 

buffer, serum, or Millipore (deionized) water.  Figure 8 shows three representative time-

resolved adhesion series, one for each pretreatment.  With deionized water, a very rapid 

decay in adhesion is seen, with only the first measurement being significantly above the 

                                                 
xiv This pentapeptide contains the RGD recognition sequence for integrin binding, and has been shown to 

competitively inhibit integrin function[11, 27]. 
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“plateau” region.  Pretreatment with serum yields zero decay, or perhaps decay that has 

occurred fully before the first adhesion measurement could be taken.  Pretreatment with 

buffer however, which has a composition nearly identical to that of the serum, but without 

the proteins, yields a decay significantly slower than that observed with DI water.  The 

plateau regions of the three samples are statistically indistinguishable.  A statistical 

breakdown of the curve-fit parameters for these three conditions is shown in Figure 9 and 

Table 2, which show that the series shown in Figure 8 are typical. 

These data are the most crucial and are the only data with meaningful sample sizes.  The 

following data are not from fully-completed experiments, and are presented only for the 

purpose of corroborating the claims above. 

 RGD Peptide 

Because the cellular integrins bind to an RGD (alanine-glycine-aspartate) sequence of 

ECM proteins, preincubation of the cells with an RGD-containing peptide should 

significantly decrease adhesion to proteins adsorbed on the borosilicate spheres by competing 

for binding sites.  Figure 10 shows a time-resolved adhesion curve with RGD-incubated 

(before the arrow) and control (after the arrow) cells.  The rate of decay is equivalent to other 

samples for which the sphere had been calibrated in α-MEM, indicating that the source of the 

observed adhesive decay is not a perturbation of the integrin-fibronectin interaction.  

However, despite the significant scatter, it can be seen that the control cells have a higher 

average adhesion than those in the “plateau” region of the RGD-incubated sample.  The 

31.1% difference (shown in Figure 11) is a statistically significant one (p= 0.0059).  This 

result is similar to that of Garcia et al., who found, using a similar peptide, a 27% decrease in 

median adhesion of osteoblasts to fibronectin-coated bioglass in a spinning-disk 
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experiment[11].  The fact that the decrease in adhesion was not complete can be attributed to 

a preferential binding of intact fibronectin (and other ECM proteins) over the RGD 

fragment[54]. 

 

Long-Term Pretreatment 

The spheres given long-term treatments (24 hours at 4°C as opposed to 15 minutes at 

37°C) show results similar to those of the spheres given the short-term pretreatments.  As 

shown in Figure 12, the spheres treated with buffer showed a significantly slower decay in 

adhesion than those treated with DI water or serum, and the plateau forces are comparable.  

Interestingly, one of the two samples pretreated for 24 hours with serum showed nonzero 

(although very rapid) decay; however given the small sample size we cannot conclude that 

this is indicative of any sort of general trend towards protein de-coating at long time-scales. 

Reuse of Spheres 

Because we believed that the decay phenomenon to be due to a change to the surface, 

rather than to the cells, we investigated whether the decay of adhesion was permanent, even 

upon subsequent reuse of a cantilever.  To this effort, we re-treated used cantilevers 24 hours 

after initial use as described above.  As shown in Figure 13, it appears that the conditioning 

of the surface which causes the decay in adhesion is semi-permanent.  Retreatment with 

buffer and, interestingly, with serum, restore the surface of the sphere to the point where 

decay does occur.  Retreatment with water, however, appears not to restore the surface to a 

“fresh” state, although because short-term treatments with water produce constant time-

resolved adhesion series about half the time, this may be merely a statistical aberration.  The 
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reconditioning, however, does not seem to be a full one, as seen in the reduced 𝐹1 -values for 

the buffer-treated spheres. 

Interestingly, there seems to be a decreased Fp for reused borosilicate spheres under 

all three treatment regimens.  This may be due to the second conditioning process, but seems 

more likely to be an effect of the 24-hour aging of the adsorbed layers, the treatment with 

concentrated ethanol, or other processes involved.  Further study will be needed to fully 

elucidate the source of this discrepancy and relate it to the other findings presented in this 

thesis. 

 

DISCUSSION 

In this study, we have demonstrated that in the absence of proteins, certain cell 

culture media are capable of conditioning a glass surface in a way which temporarily 

increases the adhesion of osteoblastic cells.  These media also are able to partially condition 

surfaces that have already been exposed to proteins. 

Of the media that we found to have this effect, even the simplest (phosphate-buffered 

saline, PBS, data not shown) has a number of components (see Table 1).  However, the 

component that seems most likely to cause this conditioning is phosphate.  We make this 

assumption on the basis of the work of Wei et al.[17] and others, who have shown that 

phosphate ions in a buffer can affect the adsorption rates of proteins.  Ideally, this could be 

confirmed by calibrating the cantilever in a phosphate-free buffer media, such as Tris-Cl,
xv

 

but we were unable to undertake this experiment due to time constraints.  This phenomenon 

has not, to our knowledge, previously been investigated in the context of cellular adhesion, 

                                                 
xv As Wei et al. have done[17]. 
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and while the work in this paper may begin to address this issue it is only the beginning of 

understanding of what may be a complex phenomenon. 

There are three major questions which arise from the results of this study: what 

causes the initial adhesive force between the borosilicate microspheres and the osteoblasts, 

particularly in the case of the buffer- and water-treated spheres; what causes the subsequent 

decay in this adhesive force; and why do the buffer-treated spheres exhibit a slower decay in 

adhesion than do those treated with water?  The results presented in this study may provide 

some initial insights, but we are still far from providing conclusive answers to these 

questions.  Nevertheless, we will attempt to present a number of possible hypotheses. 

Large Initial Force 

Due to secretion and binding of proteins, the microenvironments of cells in protein-

depleted media have more protein than the bulk solution; this is especially true for adhesive 

proteins[8].  Because of the presence of integrins on the apical surface of the cells, the 

surface will display a protein population with significantly higher relative and absolute 

concentrations of fibronectin and other adhesive proteins.  The α-MEM in which these 

experiments were conducted was relatively protein poor; consequently, the population of 

proteins associated with the apical membrane would compose the majority of the proteins the 

cells contact initially.  Additionally, because these proteins are bound to the integrin 

receptors, they are held relatively immobile between the cell and the borosilicate surface, 

enhancing the chance that they will adsorb (see Figure 14).  The increased initial force, then, 

between the osteoblasts and the borosilicate spheres not previously exposed to a protein-rich 

solution, is likely due to the higher proportion of the sphere‟s surface occupied by adhesive, 

rather than nonadhesive, proteins. 
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Decay of Adhesion Strength 

When we consider the evolution of the surface-adsorbed layer of the microspheres 

toward the equilibrium or pseudo-equilibrium state, and the origin of the observed decay in 

adhesive force, a number of possibilities are evident.  Five possible models are described 

below and illustrated schematically in Figure 15.  Although they are presented discretely, we 

in no way intend to imply that the actual behavior of the system could not be a result of 

multiple of these phenomena acting independently or synergistically. 

The decrease in adhesion is potentially due to a decrease in the available RGD 

binding sites for integrin, although this can might also attributed either to direct removal of 

adhesive proteins or to the blocking of these sites.  As the sphere surface approaches 

equilibrium with a system containing vastly more nonadhesive proteins than adhesive ones, 

adhesion will logically decrease.  Although specific displacement does occur, as in the 

Vroman effect, displacing irreversibly adsorbed proteins is usually a very slow process 

kinetically, so a model of multilayer formation, wherein subsequently adsorbed layers 

resemble the bulk more than they do the apically-associated population, seems more likely, 

especially given that Wei et al. have observed protein multilayers forming using ATR-

FTIR[17]. 

The unfolding behaviors of proteins might also play an important role in this increase 

in adhesion.  As discussed above, Wertz and Santore have shown that a decreased rate of 

adsorption leads to increased saturation-level denaturation of proteins[13].  Increased 

denaturation may serve to activate fibronectin[8, 11, 30], so it is possible that the phosphate-

treated spheres do not have more fibronectin but merely more denatured fibronectin.  

However, Wei et al. have found that phosphate does not affect the secondary-structural 
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evolution of adsorbed proteins compared to those adsorbed in a phosphate-free buffer[17] 

and Kandori et al. have seen similar results for pyro- and tripolyphosphate[31].  Therefore 

we do not expect the adsorbed phosphates to play a direct role in affecting fibronectin 

conformation. 

The mechanism of decay could, however, be based instead more on the total quantity 

of protein adsorbed then on the specific nature of the adsorbate.  For instance, Gronowicz 

and McCarthy reported in 1996 that integrin binds directly to glass surfaces without an 

intervening adhesive protein such as fibronectin[27].  Adsorption of protein and other 

organics has also been shown to decrease adhesion in patch-clamp recording[24], but that 

system is also markedly different from the one investigated here.  Although a direct binding 

model—wherein protein blocks direct adhesion and the loss of adhesion is delayed by the 

slowed adsorption of proteins—would simplify the explanation of the phenomena reported in 

this paper, this model runs counter to the general consensus that eukaryotic cellular adhesion 

is a process almost entirely dependent on specific protein-protein interactions.   

It might also be the case that exposure to a protein surface coating that contains a 

higher concentration of proteins could act to deactivate integrin receptors either 

conformationally or by endocytosis.  Cells in a state of serum starvation, such as the cells in 

these experiments, modify expression and activation of integrins and cytoskeletal linker 

proteins[4, 29].  This increased activation could be deactivated by exposure to serum proteins 

on the spheres.  That is, as the levels of protein on the sphere surfaces increased, the relative 

activity of the integrin receptors would decrease, progressively decreasing adhesion.  The 15-

second contact time used in these experiments is definitely sufficient for this process to 

occur.  However, this explanation would predict a change in decay kinetics in the presence of 
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RGD peptides or other inhibitors,
xvi

 and no such change was observed in the—admittedly 

limited—data presented here.  Further studies with these inhibitors, or with cell lines that do 

not express this serum-dependent activation of integrin function, will be necessary to confirm 

or rebut this as a possible alternate cell-based (rather than surface adsorbate-based) 

mechanism for adhesive decay. 

Role of Phosphate in Slowing Adhesive Decay 

Finally, to select among and further develop these models, we must consider by what 

mechanism the slowing protein adsorption by pre-adsorbed phosphate ions slows the decay 

in adhesion.  It is possible that the phosphate suppresses the adsorption of BSA and other 

non-adhesive proteins more than it does fibronectin.  While the iso-electric point of 

fibronectin (5.2) is only slightly higher than that of BSA (4.7), it is possible that this small 

difference is enough to shift the ratio of adsorption from solution, although a number of other 

factors (such as the distribution of those charges) might also lead to this difference in 

adsorptive rates to the phosphate-treated surface.  Kinetic analysis of the relative adsorptive 

rates out of a mixed serum under different solution conditions might be possible by 

combining immunologic techniques with nonspecific ones such as attenuated total 

reflectance Fourier transform infrared spectroscopy (ATR-FTIR), quartz crystal 

microbalance with dissipation (QCMD), or ellipsometry, however this is outside the scope of 

this work and has not, to our knowledge, yet been performed. 

The latter two of the five models presented above do not require any protein 

selectivity in the effect of the phosphate ions.  The mere fact of slowed protein adsorption 

                                                 
xvi Function-perturbing antibodies targeted at the binding domain of integrin have been used in several 

studies[11, 21, 22, 27] and show a greater inhibition of integrin binding than the RGD peptides do. 
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readily explains a slowed decay in adhesion in these cases independent of any protein 

selectivity.  The other cases, however, merit further discussion. 

In addition to slowing the rate of initial adsorption, phosphate ions have been shown 

to delay or eliminate the transition from reversible to irreversible adsorption[16, 31].  

Because of this, fibronectin and other adhesive proteins adsorbed to the surface after initial 

contact can be more easily displaced in the presence of adsorbed phosphate, leading to a 

surface that can approach more closely and rapidly to equilibrium with the system.  

Therefore, a case of protein replacement on the surface should be accompanied by a 

dependence on phosphate levels opposite that actually observed in this study.  As previously 

discussed, there is no demonstrated link between phosphate ions and conformational 

modification, but slower adsorption (based on decreased solution concentrations) has been 

shown to increase denaturation.  Further study of protein adsorption from mixed solution in 

the presence of different salts will be needed to conclusively rule this possibility out, but the 

rate of surface-mediated denaturation of proteins is generally slower than the adhesive decay 

observed in this study[13], so it seems unlikely to be the mechanism. 

Considering the last remaining of the proposed decay modes—that of a multilayer 

formation wherein the outer layers more closely resemble the bulk concentrations—it is 

important to remember that the media in which these experiments were carried out is 

consistently phosphate-containing (it is α-MEM); the difference arises the media in which 

the spheres were pretreated, and is therefore caused only by those salts pre-adsorbed to the 

surface from the buffer, not by those present in the experimental media.  Therefore, the effect 

of these pre-adsorbed ions in a multilayer will apply only to those proteins on the bottom 

layer, as has been demonstrated by Wei et al.[17].  The speed of decay will, therefore, 
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depend on the rate at which a second layer of proteins can form, which will, in turn, depend 

on the formation of a complete monolayer.  Because the buffer-treated glass will form a 

complete monolayer slower because of the pre-adsorbed phosphate, this model is in 

agreement with the observed results.  We therefore believe that the formation of a multilayer 

of adsorbed protein is responsible for the observed decay in adhesion, although further 

studies will be needed to conclusively eliminate the possibility of a dynamic cellular 

response as described in the fifth model above. 

Further Study 

The work described in this thesis opens a new chapter in the complex interaction of 

nonadhesive solution proteins and cellular adhesion.  As described in the introduction, these 

interactions are complex and have yet to be conclusively elucidated—some researchers have 

claimed that the presence of significant quantities of nonadhesive proteins increases the 

activity of adhesive proteins such as fibronectin and others that they decrease that activity.  

If, as we appear to have demonstrated, the history of the surface with respect to salts plays as 

much of a role as this history as regards protein contact, and if these ion-surface interactions 

affect different pools of proteins differently, a great deal of in-depth study will be needed to 

optimize solution conditions for biomaterial experiments and biomaterial applications. 

Any attempt to use these findings for the engineering of superior biomaterials will 

also depend on two sets of follow-up studies.  Firstly, the delayed decay in adhesion 

documented in this study lasts, at most, around 10 minutes, and has only been shown to 

affect contacts of 15 seconds.  Whether these presumably phosphate-based phenomena can 

increase longer-term adhesive interactions will necessarily be crucial before any application 

of these studies can be seriously considered.  Additionally, while borosilicate glasses were 
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chosen for this study due to the simplicity of their chemical interactions, most applications 

would use other, more active, bioglasses or bioceramics.  The influence of ion exchange and 

precipitation on the phenomena described here are yet to be described and likely lead to a yet 

more complex and sensitive set of behaviors than those described here. 

 

CONCLUSIONS 

In this paper, we have used colloid-probe AFM using borosilicate glass probes to 

demonstrate that glass surfaces, in the absence of solution proteins, are conditioned in such a 

way as to temporarily enhance short-term adhesive interactions with osteoblastic cells in a 

serum-depleted media.  We believe this conditioning to consist of the adsorption of 

phosphate ions, in turn selectively altering the adsorption kinetics of the adhesive and 

nonadhesive proteins to the glass surface.  We have suggested a number of mechanisms for 

these events, but have no evidence to confirm or reject any of them.  Additional studies into 

the relationship between phosphate‟s alteration of protein-surface interactions and the 

resulting cell-surface adhesion clearly requires further study, both using techniques similar to 

those described in this paper and others. 
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IMAGES 

 
Figure 1: A schematic of a cell showing the difference between basal and apical to material surfaces.  

Though adhesion in both cases is based on integrin-mediated interactions, the polarity of the cell, as 

well as the difference in contact area, mean that the behaviors experienced by these surfaces might be 

quite different. 

 

 
Figure 2: A preliminary demonstration of the importance of contact number to Fadmax.  The blue bars 

represent the average of the first force measurements recorded with a new cantilever under four 

experimental conditions.  The purple bars represent the average of all subsequent force 

measurements.  The vertical scale is logarithmic and the error bars represent the standard error of the 

mean. 
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Figure 3:  An example of a time-resolved adhesion series showing decay over an approximate range 

of the first 10 contacts.  Note that despite the scatter a trend approximating exponential decay can be 

inferred. 

 

 
Figure 4:  A schematic of the mounting of a glass bead (or other colloidal probe) to an AFM 

cantilever.  Schematic is not to scale; the diameter of the probes used in this experiment is 

approximately 10x the height of the AFM cantilever tip. 

 



 33 

 
Figure 5:  MC3T3-E1 cells at 4 days post transfer in an Asylum Research Closed Fluid Cell with a 

colloid probe-tipped AFM cantilever, moments before a force curve is to be measured on the cell 

circled in red.  Image Credit: Young-Hun Chae 

 

 
Figure 6:  A sample of an AFM force curve.  Fadmax is indicated, as is the zero-force region of the 

retraction and reindentation curves.  For a detailed analysis of force-curve interpretation, see 

McNamee et al.[3] 
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Figure 7:  Example plots of Fadmax vs Contact # with analysis in SegReg, showing constant (left) 

and nonlinear (right) behavior.  The actual parameters in the SegReg fit were not used in this study; 

we merely used its built-in statistical testing to discriminate between constant, linear, and nonlinear 

behavior.  SegReg is distributed as freeware by R.J. Oosterban. 

 

  α-MEM FBS "Serum" PBS 

Ca2+ (mM) 1.80 0.34 1.65 0.00 

Cl- (mM) 124.37 103.00 122.23 155.17 

PO4
3- (mM) 1.01 1.03 1.01 4.03 

K+ (mM) 5.33 11.20 5.92 1.06 

Na+ (mM) 144.44 137.00 143.70 161.11 

Protein 
(mg/mL) 0.00 38.00 3.80 0.00 

 

Table 1:  A comparison of the ion and protein concentrations of four mixtures used in this study.  α-

MEM, which we also call “buffer” is composed of these salts along with glucose, ribonucleosides, 

vitamins, other nutrients, and a pH indicator.  “Serum” is composed of α-MEM plus 10% (v/v) FBS.  
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Figure 8:  Three representative time-resolved adhesion series for short-term pretreatments.  As can be 

seen, DI water has a rapid decay, whereas serum-pretreated spheres experience no decay and the 

decay is slowed in buffer.  Curve-fitting for the DI water and buffer was done in proFit using a 

Levenberg-Marquardt Algorithm to fit Equation 1; the curve fit for serum is of the form F=<Fadmax>, 

the average of all of the data. 
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Figure 9:  The averages of the curve-fit parameters generated using proFit for each of the three 

pretreatment regimens.  As shown, the increased time-constant of decay for serum and the 

approximately equal plateau-force values shown in Figure 10 are representative of the broader sample 

population.  Error bars represent standard error of the mean. N=4, 4, and 5, respectively. 
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Figure 10:  A time-resolved adhesion series.  The cells prior to the arrow were preincubated in α-

MEM supplemented with a GRGDS pentapeptide.  The arrow indicates when the cells were swapped 

out for fresh cells with GRGDS-less α-MEM.  

 

 
Figure 11:  The average force of adhesion for the plateau region of the GRGDS-incubated cells 

(starting at contact 11) and the non-incubated cells.  The difference is 31.1% and is statistically 

significant as indicated by a two-tailed Student’s t-test.  Error bars indicate standard error of the 

mean. 
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Figure 12:  The averages of the curve-fit parameters generated using proFit for each of the three 

long-term pretreatment regimens.  Error bars represent standard error of the mean. N=4, 1, and 2, 

respectively. 

 

 
Figure 13:  The averages of the curve-fit parameters generated using proFit for each of the three 

retreatment 24 hours after original use regimens.  Error bars represent standard error of the mean. 

N=2, 2, and 1, respectively. 
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Figure 14: Our model for the strong initial force of adhesion for borosilicate microspheres not 

previously exposed to protein: the enhanced adsorption of integrin-bound fibronectin due to pressure 

and immobilization.  The red ovoids represent fibronectin and the blue circles represent non-adhesive 

proteins.  The Y-shapes represent integrin. 

 

 

Figure 15 (following page): A visual representation of the five proposed models for 

adhesive decay.  As in Figure 16, the red ovals represent fibronectin, the double Y-forms 

represent integrin, and the blue circles represent non-adhesive proteins such as albumin.  

Increasingly less active conformations of fibronectin, in model 4, are represented by rounded 

rectangles and or rectangles respectively.  The parallel lines in model 5 indicate inactive (or 

potentially endocytosed) integrin.  The first column indicates the presumed state of the 

serum-treated borosilicate spheres throughout the experiment.  The second column indicates 

the state of the water- or buffer-treated sphere after a single contact with a cell.  Columns 

three and four show the water-treated and buffer-treated surfaces (respectively) after three 

contacts, at which point the water-treated surfaces have stabilized at the plateau adhesive 

value and the buffer-treated spheres have had an adhesive decay of approximately 1/3
rd

 of its 

original value.  We believe that Model 2 is the most likely explanation of the decay in 

adhesion, but that more testing will be required before we can conclusively eliminate the 

others, particularly models 3 and 5. 
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