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Abstract

Time-dependent phenotypic response of a model osteoblast cell line (hFOB 1.19, ATCC,
CRL-11372) to substrata with varying surface chemistry and topography is reviewed within the
context of extant cell-adhesion theory. Cell-attachment and proliferation kinetics are compared using
morphology as a leading indicator of cell phenotype. Expression of (ay, as, o4, 05, oy, B1 and B3)
integrins, vinculin, as well as secretion of osteopontin and type | collagen supplement this visual
assessment of hFOB growth. It is concluded that significant cell-adhesion events — contact,
attachment, spreading, and proliferation — are similar on all surfaces, independent of substratum
surface chemistry/energy. However, this sequence of events is significantly delayed and attenuated
on hydrophobic (poorly water-wettable) surfaces exhibiting characteristically low-attachment
efficiency and long induction periods before cells engage in an exponential-growth phase. Results
suggest that a ‘time-cell-substratum compatibility-superposition-principle’ is at work wherein
similar bioadhesive outcomes can be ultimately achieved on all surface types with varying
hydrophilicity, but the time required to arrive at this outcome increases with decreasing cell-
substratum compatibility. Genomic and proteomic tools offer unprecedented opportunity to directly
measure changes in the cellular machinery that lead to observed cell responses to different materials.
But for the purpose of measuring structure-property relationships that can guide biomaterial
development, genomic/proteomic tools should be applied early in the adhesion/spreading process
before cells have an opportunity to significantly remodel the cell-substratum interface, effectively
erasing cause-and-effect relationships between cell cell-substratum compatibility and substratum
properties.

Impact Statement—This review quantifies relationships among cell phenotype, substratum
surface chemistry/energy, topography, and cell-substratum contact time for the model osteoblast cell
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line hFOB 1.19, revealing that genomic/proteomic tools are most useful in the pursuit of
understanding cell adhesion if applied early in the adhesion/spreading process.
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1. Introduction

Adhesion and proliferation are fundamental eukaryotic (mammalian) cellular processes
involved in embryogenesis, immune response, tissue maintenance, and would healing [1]. Cell
contact, attachment, and subsequent adhesion of anchorage-dependent cells are among the first
phases of cell-material interactions [2,3] that profoundly influence integration with tissue and
eventual success or failure of a broad range of implanted biomaterials. For these reasons, as
well as a compelling need to understand prokaryotic adhesion and surface colonization, cell
adhesion has been a focus of research for nearly 50 years. Cell adhesion research has involved
a unique collaboration between biologists and chemists/physicists specializing in material and
surface sciences. As a consequence, a vast literature has arisen over these decades that has been
the subject of a number of very good reviews (see, for examples, refs. [2,4-13]). This literature
attempts to find relationships between material properties (surface chemistry, energy, and
morphology) and bioadhesive outcomes by integrating physicochemical and biological
approaches to the problem. The widespread use of many different kinds of materials in
biomedical, biotechnical, and engineering applications where cell adhesion is important bears
witness to the significant progress that has been made in controlling cell adhesion. However,
at a fundamental level, cell adhesion remains poorly understood. Cellomic, proteomic, and
genomic tools offer new insights into changes in the regulation of the cell machinery
responsible for observed adhesive outcomes in contact with different materials. This
information will revolutionize our understanding of cell adhesion at the intra-cellular level.
How this information might help interpret cell-substratum compatibility (a.k.a.
cytocompatibility) is a particular focus of this review.

As a means of making our objectives tractable, we focus on the specific case of osteoblast
adhesion to different materials, which is of significance to the fast-growing fields of orthopedic
biomaterials and musculoskeletal tissue engineering [14]. Rapid growth of these fields can be
traced to the demographic facts that extended human-life span and higher-activity levels at
older age have greatly increased need for orthopedic healthcare [15-18]. Improved hard-tissue
repair, augmentation, or replacement has thus become a very significant challenge for
orthopedic biomaterials and orthopedic surgery [19-21]. Meeting these challenges depends,
in part, on establishing firm relationships between implant success and orthopedic biomaterial
properties (so-called structure-property relationships) that can guide the design process. These
structure-property relationships critically depend on a thorough understanding of the adhesion
of hard-tissue cells (osteoblasts, osteoclasts, chondrocytes, etc.) to artificial materials.

Various model osteoblasts have been introduced and used to gain insight into the bone-cell
response to candidate orthopedic biomaterials in vitro. The most widely used model cells are
primary cultures derived from normal human and rodent bone fragments, or osteosarcoma cell
lines generated from human-bone tumors. Each of these cell sources has strengths and
limitations for studying the cell adhesion of osteoblasts in vitro [22-25]. For example, primary-
human osteoblasts have a normal osteoblastic phenotype; but these cells are typically quite
fastidious in vitro, grow very slowly, and have a limited life span when successfully brought
into culture. Cultures derived from rodent generally circumvent these problems but may not
be appropriate models for humans due to trans-species differences in phenotypic
characteristics. Osteosarcoma cell lines derived from spontaneous tumors are readily grown
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in vitro, proliferate endlessly, but do not exhibit a normal phenotype. Worse perhaps,
osteosarcoma cells respond abnormally to various hormones and cytokines compared to
normal, differentiated human osteoblasts. In effort to overcome these limitations, Harris et al
[24] established a conditionally-immortalized, human-fetal-osteoblast cell line, hFOB 1.19 that
was stably transfected with a gene coding for a temperature-sensitive mutant (tSA58) of the
SV40 large T antigen. Resultant hFOB cells express osteoblast-specific phenotypic markers
and mineralize extracellular matrix. Later, Subramaniam et al [25] characterized hFOB 1.19
as an immortalized, but non-transformed, cell line with minimal chromosome abnormalities
and normal spectrum of matrix proteins. Because of these inherent qualities, we have chosen
to restrict this review to the behavior of hFOB 1.19 in contact with substrata with different
surface-chemical and topological features. This restriction has the obvious benefit of sharply
focusing scope of the review to only a few investigators, but is at the acknowledged expense
of excluding a burgeoning literature describing the behavior of other osteoblast cell types;
especially the popular murine calvaria cell line MC3T3-E1 (ATCC CRL-2593). We hope that
these omissions do not seriously compromise utility of the work, which is as much aimed at
finding new directions in cell adhesion as summarizing/condensing knowledge acquired over
the last decade or so on osteoblast interactions with biomaterials.

We begin this review by broadly categorizing experimental and theoretical approaches to the
cell adhesion problem that have been taken over the years, attempting to place how genomics
and proteomics can best provide new information in the prospective design of orthopedic
biomaterials. Specific studies of osteoblast interactions with materials are then summarized
with the objective of extracting insights into the short- and long-term influence surface
properties can have on model osteoblasts. A general conclusion drawn from data at hand is
that gene regulation responsible for adhesion selectivity among surface chemistries/energies
is incisive at early stages (< 3 days) of cell-surface interactions and will require focused
experimental strategies to clearly observe.

2. A Reflection on Cell adhesion

2.1 Cell adhesion Theories

Fig. 1 coarsely categorizes different approaches that have been taken to the problem of cell
adhesion, along with some early (but not necessarily first) literature citations that, in the
authors’ view, are archetypes for work that was to follow along the same theme. In the early
years, say 1960’s through mid 1980’s, there was enthusiasm that cell adhesion could be
substantially understood using colloid science, surface chemical, and surface thermodynamic
principles (the pioneering 1924 work of Mudd and Mudd [26,27] in bacteria adhesion was
possibly the first application of surface thermodynamics to cell adhesion). A number of
imaginative physicochemical theories were developed to explain the cell adhesion process
[4-8,28-33] with the goal of establishing a predictive basis for optimizing biocompatibility —
or at least a rational basis for explaining how substratum surface properties so profoundly affect
cell-material interactions. Although some of these theories have been useful in separating and
weighing the relative importance of various material properties (such as charge, wettability,
surface density of cell-binding ligands, etc.), it seems clear now that cell-substratum
interactions ranging from cell-surface contact through proliferation to chronic cell-material
interaction are far too complex to be meaningfully embraced by relatively simple mathematical
models.

Also in these early years, experiment revealed a strong dependence of cell adhesion/
proliferation on substratum surface chemistry, giving rise to the expectation that cell adhesion
could be understood using surface-chemical principles. Rappaport’s early 1970°s work was
among the earliest studying surface-chemical effects on mammalian cell adhesion [34]. Soon
after, a variety of surface-synthesis strategies were explored, ranging from use of liquid-phase
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chemical oxidants [35,36] to application of gas-discharge treatments [37] now commonly
employed in the commercial production of disposable plastic tissue cultureware [38]. Evidence
mounted supporting the idea that a particular surface functional group — hydroxyl or carboxyl
for example —was particularly stimulatory to cell adhesion and proliferation [39-43] over other
functional groups. However, it has proven difficult in subsequent research to clearly separate
cause-and-effect in the cell adhesion/proliferation process, especially in the ubiquitous
presence of proteins, and by doing so, unambiguously separate surface chemistry from all other
influences (such as surface energy/water wettability) [44]. The most general rule connecting
material properties with cell-substratum compatibility emerging from decades of focused
research is that anchorage-dependent mammalian cells (those requiring substratum adhesion
for proliferation) favor modestly water-wettable or hydrophilic surfaces exhibiting a water
contact angle 8 <60° [9,10,31,33,38,45-47]. No doubt surface chemistry and wettability are
inextricably convolved properties because it is the hydrogen bonding of water to surface
functional groups that most profoundly influences wettability (see, as examples, refs. [38,46,
48)).

Viewed from a purely biological perspective, cell adhesion is all about how cells respond to
different surfaces as measured by various morphological and/or phenotypic markers. Grinnell’s
1978 classic published in International Review of Cytology [2] traced cell morphology and
ultra-structure through different stages of adhesion and dependence on substratum properties.
The role of various receptors and adsorbed ligands became evident in this era, ultimately
identifying a pantheon of ‘adhesins’ that rather quickly dominated cell adhesion thought [49—
51]. Interest in, or even remembrance of, physicochemical and surface-science theories faded
very quickly; even though it is self-evident that biology, biochemistry, and physics are
simultaneously operative at some level. Perhaps Hammer and Tirrell [11] captured it best with
the words “...specific recognition between reactive biomolecules or receptors occurs against
a backdrop of polymeric and long-range nonspecific forces.”

Different approaches to cell adhesion captured in Fig. 1 effectively study different facets of a
multi-faceted cell adhesion problem that become more-or-less important at various stages of
cell adhesion. For example, there can be little doubt that surface chemistry, colloid forces, and
surface thermodynamics are more important earlier in the process than later. Thus, an unsolved
problem in cell adhesion is to integrate these separated temporal views in a way that establishes
how preceding stages of cell-surface interaction influence succeeding stages. Pursuing the
example mentioned above a bit further to illustrate this latter point, it is evident that colloid
science considers only forces between cell and surface that occur in close proximity — but not
contact — whereas surface thermodynamics contemplates the energetics of interface formation
and destruction commensurate with intimate cell-surface contact [38]. Thus, colloidal
principles might speak volumes about the forces that bring cells to within a few tens-of-
nanometers of a surface but colloid science is silent about the adhesion process itself.
Conversely, surface thermodynamics might address cell-surface adhesivity but says nothing
about getting the cell close enough to the surface to actually form a cell-surface interface. A
connecting theory is required to bring these parts of the problem together and explain how the
surface-contact step can influence final adhesion. Modified colloid and surface-
thermodynamic theories might indeed build such a bridge [31,33], but the span between the
physics and biology appears much, much broader. Worse, it is not yet apparent what kind of
information can fill this physics-biology gap or how closure can be accomplished in terms that
relate materials properties to cell-substratum compatibility.

2.2 Cell Attachment and Proliferation Kinetics

Cell biologists view the adhesion of anchorage-dependent mammalian cells to a substratum
surface as occurring in four major steps that precede proliferation: protein adsorption, cell-
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substratum contact, cell-substratum attachment, and cell adhesion/spreading [2,9,31,33].
Protein adsorption is complex in its own right, involving molecular-scale interactions with a
hydrated surface that no doubt transpire nearly instantaneously relative to the timeframe of cell
adhesion (see, as examples drawn from many, refs. [52,53]). Cell contact and attachment
involves gravitation/sedimentation to within 50 nm or so of a surface whereupon physical and
biochemical forces conspire to close the cell-surface distance gap. Initial cell contact with the
substratum presumably occurs by extension of filopodia that penetrate an electrostatic barrier
between cell-and-substratum surfaces that usually bear similar net-negative charges [2,38].
Filopodia attach firmly to the substrate and play an important role in orienting cells on the
surface and begin the process of customizing the substratum for improved cell adhesion (see
refs. [2,54] for reviews). Time required to complete contact-and-attachment steps in a simple,
stagnant culture-dish arrangement is usually of the order of 30 min for typical soft-tissue cells
[45] (see also Fig. 2), but clearly depends on a complex interplay between cell, surface, and
suspending fluid-phase composition [38] in a manner that has been only partially described by
aforementioned colloid and surface-thermodynamic theories. Adherent cells then slowly
(typically within hours) spread over the surface, depending on compatibility with the surface,
expressing a strong ‘biological component of adhesion’ [38] that includes secretion of
extracellular matrix (ECM) and results in the flattening of cells on the substratum [2] (spread-
cell length is about 3-10 times height [9]). Needless to say, (protein) composition of the fluid
phase can greatly affect the entire cell adhesion process [31,33,55-59]. Thus, it is apparent that
the short-term (<3 days) cell adhesion/proliferation process spans a broad range of time and
length scales. As a consequence, the biophysics of cell adhesion is very complex and any
successful model of cell adhesion must address this multi-scale aspect of the problem.

Fig. 2 sketches a generalized kinetic profile representing short-term cell adhesion/proliferation
typically observed for the adhesion of mammalian cells to planar surfaces from a stagnant fluid
phase (e.g. plating cells into petri dishes or tissue-culture flasks). Fig. 2 plots attached-cell-
number (expressed as % of originating cell inoculum) as a function of time [14,45,46,60,61].
Annotations on Fig. 2 indicate a number of quantitative parameters than can be extracted from
experimental data comprising such a kinetic analysis. These parameters include time-to-half-
maximal attachment t1/, and maximal attachment %l yay. %lmax IS defined by a steady-state
attachment plateau that has been interpreted as either a pseudo-equilibrium partitioning
between attached and suspended cells [38,45,62] or a kinetic-saturation phenomenon [63—
66]. This steady state precedes cell spreading and, after a dwell time (which can also be
quantified), adherent cells replicate with proliferation rate k and a characteristic population
doubling time tq. As will be discussed subsequently, each of these attachment/proliferation
parameters is quite sensitive to surface chemistry and protein/surfactant composition of the
fluid phase [31,33], as well as being diagnostic of cell-substratum compatibility [45,46].

The whole kinetic process sketched in Fig. 2 is not frequently measured, especially the early
attachment phase characterized by t1 and %l 55 because cell-enumeration protocols are quite
labor intensive (there are a variety of cell-enumeration methods available including dye
techniques [67—74], autoradiography [75], light and electron microscopy [76-78], Coulter
counting [79], hemocytometry [80], spectrometry [81,82], nuclei number [83], total DNA
[84], total protein concentration [78,85] that may or may not give similar results, depending
on cell number and specific experimental conditions). Instead, a variety of experimental short-
cuts are taken, such as measuring attached-cell-number after some arbitrary cell-surface contact
time [86—-89]. In many instances, the fluid-phase composition is changed mid-way through the
cell-attachment assay, as by discarding unattached cells or changing protein composition,
which can completely change the biophysics of the adhesion process. The wide variety of
methods used makes it very difficult to compare results from different protocols or research
groups. It is thus not always clear how measured cell-adhesion parameters correlate, or even
if these different parameters are at all related. This complexity in the literature is exacerbated
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by the fact that there are a number of methods of assessing cell-surface interaction that do not
fall in the category of cell-attachment kinetics. These include measurement of cell spreading
[90-92], cell interfacial energy [93], forces required to dislodge adherent cells [94-96], and
use of detachment indices [97].

2.3 The Cell Morphological Response to Materials

The most obvious and striking difference in cell behavior on different materials is cell shape
(morphology). Variations in cell morphology can be observed by light and electron microscopy
assisted with various cytoskeletal stains such as actin and vinculin stains [61,77,89,98-102].
Morphological changes can be quantified by using image analysis that reports dimensional
parameters such as cell area, perimeter, Feret’s diameter, circularity and coverage per unit
surface area.

Anchorage-dependent cells attached to a surface that supports cell growth undergo a
progressive process of flattening from a very-nearly spherical shape to discoid, as was well
described in Grinnell’s 1978 review [2]. During this shape change, adhesion to the surface is
mediated by formation of focal adhesions and plaques constructed from an assembly of
transmembrane integrins that anchor the cytoskeleton to extracellular matrix (ECM) secreted
by surface-bound cells. Related to Fig. 2, these events occur well after steady-state adhesion
has been achieved but before the exponential-growth phase. VVogler has emphasized that this
‘biological component of the work of adhesion’ [38] expresses itself much later than the
operative timeframe of physical forces that bring cells from suspension in media to the
substratum surface. Using detergent solutions (Tween-80; polyoxyethylene sorbitan
monooleate) to vary liquid-phase interfacial tension or to match that of serum-containing
medium, it has been shown that all phases of cell contact through attachment observed in cell-
culture medium could be observed in absence of proteins [31,33]. Of course, attached cells
ultimately die in the absence of serum (or defined-media) proteins, but cells attached from
detergent solutions apparently grow quite normally if the detergent solution is replaced with
serum-containing medium soon after cells reach the attachment steady-state (Vogler,
unpublished work). All of this suggests that the early-attachment phase does not include
significant ECM production but rather is dominated by physical forces.

Cell-attachment time is clearly an important variable in the correlation of cell morphology to
substratum characteristics -- chemical or topological. Our experience with hFOB summarized
in the next section suggests that the general sequence of events, from round cells to flat, is
substantially independent of the overall cell-substratum compatibility. On surfaces exhibiting
poor cell-substratum compatibility (typically hydrophobic, see Figs. 3,4,5), cells remain
rounded for an extended period of time compared to more compatible surfaces (typically
hydrophilic). But if cells on poorly compatible surfaces survive, even if just barely, flattening
and eventual population of the surface occurs. Thus, expression of morphological traits may
be viewed as delayed on poorly-compatible surfaces, a kind of time-cell-substratum
compatibility-superposition-principle, that suggests cells are engaged in an extended process
of secreting ECM to compatibilize the surface.

2.4 Genomic and Proteomic Tools in the Study of Cell adhesion

Modern genomic and proteomic tools offer unprecedented opportunity to directly measure
changes in the cellular machinery that lead to the observed cell response to different materials.
Perhaps these powerful methods will provide new information that can fill the physics-biology
gap mentioned above, or at least yield insights into how closure can be accomplished in terms
that relate materials properties to cell-substratum compatibility. The objective here is to
systematically relate material properties to the regulation of important genes that ultimately
control cell vitality and evolution of phenotype. But before the genomic/proteomic revolution
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can transform our basic understanding of cell-substratum compatibility, especially as it relates
to material properties, we need to know which of the plethora of genes and proteins should be
monitored and over what time frame.

Time quite clearly plays an important role in cell adhesion of mammalian cells. It seems safe
to guess that gene regulation during these different phases of adhesion would be likewise quite
different, leading directly to the expectation that the outcome of genomic/proteomic analysis
will strongly depend on when in the cell adhesion process these tools are used. For the purpose
of illustrating this important point, it seems useful to speculate when genomic/proteomic
studies might yield results that would correlate most strongly with substratum surface
properties. According to the preceding discussion, biophysical chemistry dominates the initial
phases of cell-surface contact and attachment, at least as it occurs in the highly simplified case
of cell adhesion to a culture dish from a sessile fluid phase. Perhaps cell machinery is in idle
during this phase awaiting the signal to manufacture ECM and integrins that will mediate/
moderate adhesion in subsequent stages of cell adhesion. If this is the case, little-or-no useful
information from genomic/proteomic tools would be anticipated at this very early stage of cell
adhesion (to say nothing of the experimental difficulties associated with data acquisition).
Later, say within the first 4 hours of attachment to a cell-compatible surface such as ordinary
tissue-culture labware, strong up-regulation of genes responsible for production of ECM and
various integrins would be anticipated. Perhaps the extent of up-regulation would correlate
with substratum surface properties in a manner that might suggest cause-and-effect
relationships that can serve as the basis of material design. Still later, say within 4 <t <72 hours
when cells begin to proliferate and are consequently preoccupied with mitosis, substratum-
specific gene regulation might be quite challenging to detect. But data summarized in section
3.1 shows there are significant differences in proliferation rates, at least for hFOB 1.19,
suggesting that this phase of cell adhesion would nevertheless be a likely target for the
application of genomic/proteomic tools. Finally, in the post-mitotic period (t > 72 hours) when
adherent cells begin to express normal physiological processes (such as mineralization of the
surrounding ECM) surface properties might only weakly correlate with substratum surface
properties. Here too, the time-cell-substratum-compatibility-superposition-principle
mentioned in preceding section should be borne in mind because timing of these phases of
adhesion are accordingly shifted to longer times on poorly cytocompatible surfaces and so gene
regulation would presumably be shifted in time as well. Of course, all of this discussion is
highly speculative because focused studies have not yet been carried out with any particular
material, let alone with materials bearing systematically varied surface properties. Studies
reviewed in the next section just begin to provide some of this information.

3.0 Influence of Substratum Surface Chemistry/Energy and Topography on
the Cell adhesion of Human Fetal Osteoblastic Cell Line hFOB 1.19

Time-dependent phenotypic response of hFOB 1.19 (ATCC, CRL-11372) to substrata with
varying surface chemistry and topography is reviewed in this section in light of the cell adhesion
theory outlined in the preceding section. Osteoblasts exhibit many, if not all, of the general
bioadhesive characteristics of other mammalian (soft tissue) cells, plus some interesting
peculiarities presumably specific to osteoblasts. As a consequence, an implicit assumption
prevailing in the literature is that surface-engineering methods applied to improve soft-tissue-
cell cell adhesion (modification of surface chemistry, surface energy/wettability) can be
likewise used to improve osteoblast adhesion to, and proliferation on, orthopedic biomaterials
in vivo. In addition to these standard surface-engineering methods, precision engineering of
surface topography is an alternative receiving considerable interest in orthopedic biomaterials
because of the contemporaneity among nanoengineering, nanomedicine [103-105], and the
demand for improved orthopedic healthcare mentioned in the Introduction. In principle, surface
topography and surface chemistry can be varied independently but, in practice, this is difficult
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to do and even more difficult to prove that chemistry and topography are actually independent
parameters. This latter issue has been become a matter of academic interest in the emerging
field of nanomedicine. Pragmatically, in may not be so important how cell-substratum
compatibility is influenced as long as this surface engineering reproducibly leads to improved
material characteristics. But for the purpose of prospective (rather than accidental) design of
orthopedic biomaterials, it is critical to evaluate which of the aforementioned surface
characteristics are most influential. Careful evaluation of cell adhesion kinetics, morphology,
and application of genomic/proteomic tools outlined in the preceding section are key to
understanding osteoblast response to orthopedic biomaterial characteristics.

3.1 Short-Term Adhesion and Proliferation of hFOB on Different Surfaces

Lim etal. [14,60,61] found that hFOB adhesion efficiency (%l myax indicated in Fig. 2) strongly
correlated with substratum wettability, with high-rates-of-cell-attachment on relatively
hydrophilic surfaces (z° > 30 dyne/cm or a nominal contact angle 8 < 65°) and low-attachment
rates on hydrophobic surfaces (z° < 30 dyne/cm or a nominal contact angle 6 > 65°; where

7 = ] cosf is the adhesion tension of pure water with interfacial tension v}, subtending a
contact angle & on the substratum surface; see refs. [38,48] for a discussion of biomaterial
wetting properties and ref. [106] for use of hydrophilic/hydrophobic terminology applied to
biomaterials). A variety of materials were examined, including silane-treated glass and quartz
(STG, STQ), polylactide/glycolide-based biodegradable polymers, bacteriological-grade
polystyrene cultureware (BGPS), and tissue-culture grade polystyrene cultureware (TCPS).
Lim et al. made no overt attempt to control surface texture in these studies, or any particular
effort to characterize adventitious surface rugosity. It is probably safe to assume that these
materials were rough at the sub-micron level and surface texture was more-or-less random.
Lim’s work has been confirmed by subsequent analysis that focused in the hydrophilic end of
the wetting scale. Fig. 3 compiles unpublished results (Vogler) showing that incremental
increase in PTPS wettability (by air-plasma-discharge treatment) over the range 42 <° <72.8
dyne/cm range did not measurably increase hFOB attachment efficiency over TCPS (Corning
TCPS control surfaces exhibited an advancing water contact angle 6;=55° and receding contact
angle ,=45°). In this regard, hFOB results mirror those obtained with epithelioid and
fibroblastic soft-tissue cells [31,33,45]. However, a noticeable attachment preference of hFOB
for fully-water-wettable quartz (air-plasma treated, PTQ) and discrimination against fully-
water-wettable glass (air-plasma treated, PTG) relative to TCPS seems to be unique for hFOB
compared with soft-tissue cells [60] and possibly generic to osteoblasts. This significant
difference in hFOB attachment efficiency to surfaces exhibiting the same nominal surface
wettability might be due to cytotoxicity of ordinary SiOy glass [107,108] that inhibits early
stages of cell adhesion. But the cause of the attachment preference for the quartz surface
chemistry (> 99.99 % SiO,) remains unresolved. Nevertheless, this glass/quartz difference is
an example where substratum chemistry apparently plays an important role in cell adhesion,
quite independent of water wettability.

Interestingly, cell-proliferation rates also correlated with substratum surface wettability, as
shown in Fig. 4. This correlation suggests that the cellular machinery responsible for replication
is affected by surface chemistry/energy, well after the contact-and-attachment phase occuring
within the 0 <t <2 hour timeframe (see also Fig. 2). No doubt gene regulation associated with
proliferation is in high gear, leading to the speculation that many interesting differences in the
cell-substratum compatibility of various materials could be detected using genomic/proteomic
tools within this early phase of cell-surface interaction, as discussed in section 2.4. The word
“speculation” is purposefully chosen here because, although it makes intuitive sense that gene
regulation at this stage in cell-substratum interaction should be quite different from that
observed in confluent cells, to our knowledge no such measurements have actually been made.
The reward for such experimentally-challenging research should be observation of large
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differences among cells on different materials that is not observed at later times; even at the
extremes of surface energy. That is to say, the opportunity to correlate material properties with
expression of proteins important in the adhesion process may be in the exponential-growth
phase that follows steady-state attachment (see Fig. 2).

Returning to Fig. 4, it is interesting to note that whereas the proliferation rate k on PTQ was
measurably faster than TCPS, reflecting differences observed in attachment rate discussed
above, proliferation on PTG was approximately the same as TCPS. Perhaps this suggests that
attachment efficiency %lax and proliferation rate k are independent parameters in certain
circumstances measuring different aspects of cell-surface compatibility. Stepping back from
these details momentarily, it is quite striking from Figs. 3 and 4 that hFOB response to surface
energy pivots near ¥ ~ 30 dyne/cm (0 ~ 60°), as has been observed for a variety of soft-tissue
cells (and some prokaryotes, see refs. [46,47]). Vogler attributes this to the behavior of water
at surfaces [47] that profoundly influences protein adsorption, among other important
physicochemical phenomenon. Perhaps vicinal water is the medium through which cells sense
physical properties of articifical surfaces in forced contact: surface chemistry/energy affects
the aqueous pericellular milieu immediately contacting attached cells and cells respond
accordingly (see ref. [47] for more disucssion). Clearly, this will remain only so much
speculation until we can measure the intra-cellular response to different materials to see if there
is any correlation with contacting surface energy and behavior of water at these surfaces [46,
47].

Hendrich et al [74] were among the first to measure osteoblast response to purposely-textured
surfaces. They found measurably higher hFOB proliferation on a relatively smooth titanium
surface and lower cell proliferation on relatively rough CoCrMo alloy surfaces. However,
hFOB was found to proliferate at similar rates on CoCrMo and stainless steel surfaces, even
though these two surfaces had significantly different roughness. Hao et al [109] studied hFOB
proliferation on Ti-6Al-4V titanium alloy surfaces with different rugosity, modified either
mechanically or with a high-power diode laser. Cell growth increased considerably on the laser-
treated titanium alloy surfaces and slightly on the mechanically roughed surface (compared to
untreated surfaces). However, it was observed that contact angles decreased (water wettability
increased) with either laser or mechanical treatment (presumably due to an increase in oxygen
content on treated surfaces), indicating both topographic and surface-chemical modification.
Lim et al [110,111] recently reported studies of hFOB adhesion and proliferation on polymer
systems with varying surface texture, chemical composition, and wettability. As surfaces
varied from smooth-to-textured with different topographic feature scale, hFOB adhesion was
observed to exhibit statistically-significant differences in cell-substratum compatibility;
although the full range in adhesion efficiency varied only about 20% among surfaces studied.
Authors noted that “...various biomaterial characteristics (topography, surface chemistry/
energy) are intercorrelated”, emphasizing the point made early in this section that it is difficult
to deconvolve impact of topography from surface chemistry/energy on cell adhesion/cell-
substratum compatibility.

3.2 Morphological Response of hFOB to Different Surfaces

Lim et al. [61] examined differences in cytoskeletal features of hFOB cultured on surfaces
with different surface energy at different culture intervals (3 hours, 1 day, 3 days) by actin/
integrin immunofluorescence staining. This work demonstrated remarkable morphological
difference between cells on hydrophilic and hydrophobic substratum at equivalent times. Cells
cultured on plasma-treated quartz (PTQ, hydrophilic) displayed distinct, large plaques of
integrins (&, and B3 subunits) co-localized with actin stress fibers whereas there was much less
development of these adhesion structures on silane-treated quartz (STQ, hydrophobic). These
observations motivated further examination of cell morphology on substrata with varying
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surface energy and as a function of time in an attempt separate surface energy and time-in-
culture effects. Fig. 5 compares hFOB cultured on PTQ, PTG, TCPS (relatively hydrophilic),
BGPS and STQ (relatively hydrophobic) for 4, 24, 48 and 96 hours (compare to cell attachment
kinetics of Figs. 2,3). Initially-attached cells observed by light microscopy were distributed
randomly on all surfaces (not shown). After 4 hours, hFOB reached maximal attachment on
all surfaces and were found to be significantly more spread on PTQ and PTG than on TCPS,
BGPS and STQ. Notice from Fig. 5 that attached-cell shape is dramatically affected by surface
energy, increasing in size with hydrophilicity from a dimension similar to that of a cell in
suspension (<10um) on STQ. Filopodia extend in all directions from hFOB on PTQ, PTG, and
TCPS but there were relatively fewer filopodia extending from hFOB on hydrophobic BGPS
and STQ that were more directionally oriented as if emanating from a single point of
attachment. Examination of a large number of such micrographs revealed that hFOB
morphology on PTG was more variable than on other surfaces, as illustrated in Fig. 6, possibly
correlating with the observed cytotoxicity of glass mentioned in section 3.1. After 24 hours,
hFOB on all surfaces became more elongated and flattened. Cells were fully spread and in
close contact by extended filopodiaon PTQ, PTG and TCPS, but some cells on BGPS remained
rounded and not fully extended. Fig. 7 uses image analysis (ImageJ, National Institute of
Health) of Coomassie-blue stained cells to quantify this visual assessment of hFOB
morphology on PTQ and STQ and TCPS. In our hands, % coverage and occupied area were
the two most sensitive parameters that seemed to correlate with SEM.

Cells on STQ were the most extended and longitudinally oriented of the group, and retained a
spindle-like shape up to 48 hours. Within 48 hours, cell-rounding associated with cell division
was observed on all surfaces except on STQ, indicating delayed cell proliferation on STQ
consistent with the reduced hFOB doubling time on hydrophobic surfaces reported by Lim et
al. [60]. Morphological differences among cells on the various surfaces all but disappear after
48 hours contact, except perhaps hFOB on STQ that retained a spindle-shaped morphology up
to 96 hours. Nevertheless, it is clear that extremes in surface energy (that quite nearly lead to
life-to-death differences in short-term viability) were substantially remediated after a relatively
short culture period. In this regard, it is interesting to note that evolution of morphology on
hydrophobic surfaces is slower, but otherwise not remarkably different, than that observed for
hFOB on more hydrophilic surfaces - an example of the time-cell-substratum compatibility-
superposition-principle mentioned previously. For example, images of hFOB on BGPS at 48
hours or on STQ at 96 hours might well be traded with that of hFOB on TCPS for 24 hours
without significantly changing perception of trends.

Fig. 8 expands on the work of Lim et al. [61] discussed above using actin and vinculin
immunostaining to visualize evolution of cytoskeleton and focal adhesions of hFOB on TCPS,
PTQand STQ by comparing 3and 24 hour culture intervals. hFOB on PTQ and TCPS displayed
actin bundles at 3 hours, whereas actin was much more diffuse in hFOB on STQ. This is quite
consistent with the gross morphology observed using SEM (Fig. 5) from which it appeared
that hFOB on STQ was attached only at a single point. Vinculin plaques were also distinct at
the leading edge of hFOB on PTQ and TCPS, which was not at all the case of STQ. At 24
hours of cell culture, differences among surfaces were even more evident. hNFOB on PTQ and
TCPS displayed awell-spread and interconnected morphology with well-developed actin stress
fibers and vinculin plaques whereas cells on STQ became more spindle-like shape with less-
developed actin and vinculin structures. Perhaps the most pronounced effect was co-
localization of actin fiber ends and vinculin adhesion structures on TCPS and PTQ that were
conspicuously absent in hFOB culture on STQ. In one sense, these results are not surprising
because it is well known that cell adhesion and spreading is accomplished by significant
changes in cytoskeleton and maturation of adhesion plaques. However, there are relatively few
studies that compare gross morphology to cytoskeletal changes over time on substrata with
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varying surface energy. In fact, reports by Lim et al. are to our knowledge the only
comprehensive studies for hFOB in the literature at this writing.

3.3 Integrin and Extracellular Matrix Protein Expression by hFOB on Different Surfaces

Lim et al. [61] compared integrin (ay, as, o4, 05, oy, B1, B3, and vinculin) protein expression
by hFOB cultured on hydrophilic (PTQ/STQ) and hydrophobic (PTG/STG) surfaces
(hydrophilic/nydrophobic contrast) for 3 and 6 days. Steady-state levels of osteopontin (OP)
and type | collagen (Col 1) mRNA were also quantified, providing a sense of ECM protein
production. In brief summary, Lim found that hFOB cultured on hydrophobic surfaces
expressed significantly lower levels of «, and 3 subunits than on hydrophilic surfaces and that
this difference decreased with time in culture. These results are generally consistent with
expectations outlined in the previous section, including the proposed time-cell-substratum
compatibility-superposition-principle.

To amplify on these trends relative to TCPS as reference surface, Lim’s quantitative data have
been normalized to TCPS and reported in Table 1 in the form of a simple +/-/0 rating
emphasizing significant trends ((+) = higher than TCPS, (=) = lower than TCPS, (0) = not
different than TCPS). Inspection of Table 1 reveals that the most significant differences from
hFOB behavior on TCPS occurred by day 3 (p < 0.01) at which time integrin a,, expression on
STG and STQ was significantly lower and OP mRNA levels on STQ were significantly higher.
By day 6, however, integrin a, and OP expression was only slightly different on STQ (p <
0.05) and were not different on STG. B3 was slightly different on STQ than TCPS on both day
3 and 6 at the p < 0.05 level. Vinculin was down-regulated at STQ on day 3 but recovered by
day 6. The other integrin subunits (ayp, oz, 04, as, B1) and Col | were not significantly different
on glass or quartz relative to TCPS. Integrin and ECM protein expression data correlated with
SEM and other morphological analyses presented in the preceding section, confirming that
hFOB had substantially, but not fully, recovered from poorly-cytocompatible hydrophobic
surface characteristics within 6 days. In particular, we note that a significant down-regulation
of ay integrin (which was uncorrelated with 3) and up-regulation of osteopontin correlated
with retention of spindle-shaped cell morphology on hydrophobic surfaces as compared to on
hydrophilic counterparts.

Stepping back from these details momentarily (which are already highly simplified relative to
Lim’s quantitative analysis), Table 1 suggests that hFOB discrimination between hydrophobic
(STG and STQ) and hydrophilic surfaces (PTG and PTQ) was substantially over within 3 days
if TCPS is used as the standard of reference. Nearly all of the entries are null or only slightly
different in a statistical sense. By day 3, and certainly by day 6, hFOB on both hydrophobic
and hydrophilic surfaces were confluent with no difference in collagen | synthesis among
surfaces. Based on the speculation of section 2.4, it is reasonable to suggest that analysis at
earlier culture intervals would be required to sense differences in cell-substratum compatibility
hFOB experienced on the surfaces, at least for the factors listed in Table 1. In other words,
effects of the life-and-death struggle to populate poorly-compatible hydrophaobic surfaces was
all but erased within 3 days of cell-surface contact during which time hFOB substantially
remodeled STG and STQ surfaces.

3.4 Long-term Viability of hFOB in Culture

The primary focus of this review has been the phenotypic progression of hFOB on different
substrata over relatively short culture intervals. However, growth of isolated osteoblasts into
a mature osteogenic-cell monolayer that significantly mineralizes the surrounding matrix is a
slow process, at least for hFOB that generally requires a week or more of continuous culture
to accrue significant production of mineral nodules. Also, for the purpose of complete cell-
substratum compatibility testing of orthopedic biomaterials in vitro, it may be very desirable
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to culture osteoblasts in contact with candidate materials for extended periods measured in
weeks or months, not days. Thus, it is of interest to end this review with a brief examination
of the viability of hFOB in long-term culture.

Dhurjati et al. recently compared hFOB culture in TCPS for up to 30 days to that obtained in
a specialized bioreactor [112]. TCPS cultures were maintained with medium exchanges every
2 days but without subculture. The bioreactor design was based on the ‘simultaneous-growth-
and-dialysis” method pioneered by Rose in the early 1960’s [113,114] and avoided both
subculture and periodic media exchanges, so that the pericellular environment was extremely
stable within the bioreactor. Fig. 9 quantifies cell attachment, proliferation, and post-confluent
population expansion phases (inset expands time axis and expresses % inoculum on a linear
axis; compare to Fig. 2). Table 2 compares 15 and 30 day culture characteristics, including
alizarin red staining that suggests cultures were mineralizing (although no mineral nodules
were evident by SEM and von Kossa staining was negative). Somewhat surprisingly, TCPS
cultures remained robust in appearance until about 30 days when cell rounding and debris
formation indicated viability issues. TEM and apoptosis assays (see Fig. 10) confirmed loss
of culture integrity. Evidently hFOB cannot be maintained in standard TCPS without
subculture for longer than about 30 days. By contrast, Dhurjati reports indefinite culture
intervals longer than 4 months (10 months in unpublished work), suggesting that long-term
maintenance of an osteogenic tissue is possible in a relatively-simple bioreactor setup.

4. Concluding Remarks

Time-dependent phenotypic response of a model osteoblast (hFOB 1.19, ATCC, CRL-11372)
to substrata with varying surface chemistry and topography has been reviewed in the context
of cell adhesion theory. The general sequence of events — contact, attachment, spreading, and
proliferation — appears to be very similar among all surfaces, independent of surface chemistry.
However, this sequence of events is delayed and attenuated on poorly-cytocompatible
hydrophobic substrata. Poorly-cytocompatible surfaces exhibit characteristically-low
attachment efficiency and long induction periods during which cells are apparently engaged
in a life-or-death struggle to improve the pericellular environment by excretion of matrix
proteins. A kind of time-cell-substratum compatibility-superposition-principle seems to be in
play here in which similar bioadhesive outcomes can be ultimately achieved on all surfaces,
but the time required to arrive at this outcome increases with decreasing cell-substratum
compatibility.

Modern genomic and proteomic tools offer unprecedented opportunity to directly measure
changes in the cellular machinery that lead to the observed cell response to different materials.
This information is key to bridging the gap between a purely physical-chemical and a purely-
biological understanding of cell adhesion in a way that promises to yield structure-property
relationships so critical to the prospective engineering of biomaterials. For this purpose, timing
is critical. Genomic/proteomic tools must be used during a stage of cell adhesion when cell-
surface interactions most profoundly affect cell physiology. Applied too early, little
information will be gained because cells have not yet sensed the interfacial environment in
which they find themselves immersed. Applied too late, little information will be gained
because cells have had time to remodel the pericellular environment. We intuit from the
information reviewed in this paper that the most sensitive stage of cell adhesion for application
of genomic/proteomic tools is within spreading and proliferation phases. Thus, the implication
for cell adhesion research is that genomic and proteomic tools should be applied early in the
adhesion/spreading process before cells have an opportunity to significantly remodel the cell-
substratum interface, effectively erasing cause-and-effect relationships between cell-
substratum compatibility and substratum properties.
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"Surface Chemistry" s : " i .
- (chemical specificity) A. S. G. Curtis "Adhesion of Cells t'?sZgI{'sgtzgine Surfaces," J. Cell Bio., 97, 1500 -
"Surface Thermodynamics" C. J.van Oss, C. F. Gillman, and A. W. Neumann, "Phagocytic Engulfment and Cell | _J
™ (interfacial energetics) Adhesiveness," Marcel Dekker, New York, 1975.
- "Colloid Science” P. R. Rutter, “The Physical Chemistry of the Adhesion of Bacteria and Other Cells,” |_]
(cells as particles) in Cell Adhesion and Motility, Cambridge University Press, London, 1980, 103-135.
- "Biochemical” D. Hammer, and D. A. Lauffenburger "A Dynamic Model for Receptor-Mediated Cell
(ligand/receptor) Adhesion to Surfaces," Biophys. J., 52, 475-487 (1987). -
- "Cell Biological” F. Grinnell, “Cellular Adhesiveness and Extracellular Substrata,” in International ||
(phenotypic behavior) Review of Cytology, Vol. 53, Academic Press, New York, 1978, 67-145.
Figure 1.

Different approaches to bioadhesion with some archetypical literature citations. Each of these
approaches effectively probe different phases of bioadhesion and describe cell adhesion in
different terms.
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Figure 2.

Schematic illustration of cell adhesion and proliferation kinetics identifying quantitative
parameters that can be extracted from measurement of number of attached cells (expressed
here as percentage of (viable) cell inoculum; %Il) with time. %l ,4« is the maximum percentage
of a cell inoculum that adheres to a surface from a sessile cell suspension and t;/, measures
half-time to %I nax. The proliferation rate (k) and cell-number doubling time (tq) measure
viability of attached cells (adapted from ref. [60]).
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Figure 3.

Correlation of % | o (see Fig. 2) with substrata surface energy for hFOB. Surface energy is

here measured by water adhesion tension 7=y} cos#, where y;,=72.8 dyne/cm at 20° C for
pure water and € is the angle subtended by a water droplet on the surface understudy (advancing
6 = filled symbols, receding 8 = open symbols; adapted from ref. [60]). Error bar represents
standard deviation (N >3). Trend-line through advancing and receding data is guide to the eye;
A=TCPS; ¥ ;= BGPS (bacteriological grade polystyrene); e = glass; m= quartz; 4 = PTPS
(plasma-treated polystyrene); = biodegradable polymers of PLGA 5/5 (M, =80 Kk), PLGA 7/3
(Mp =96 k), PLA (M, = 160 k), PCL (M, =80 k), PLCL 7/3 (M, = 82 k), PLGCL 2.5/2.5/5
(M, =60 k), PLGCL 3.5/3.5/3 (M, = 54 k). M, = number-average molecular weight by GPC.
PLGA = poly(lactide-co-glycolide); PLCL = poly(lactide-co-caprolactone); PLGCL = poly
(lactide-co-glycolide-co-caprolactone). See ref. [60] for details on materials preparation and
characterization.
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Correlation of cell proliferation rate constant k with substratum surface energy for hFOB.
Surface energy is here measured by water adhesion tension 7=y} cos¢, where

¥;,=72.8 dyne/cm at 20° C for pure water and @ is the angle subtended by a water droplet on
the surface understudy (advancing 6 = filled symbols, receding 8 = open symbols; adapted
from ref. [60]). Error bars represent standard deviation of N > 3. Trend-line through advancing
and receding data is guide to the eye. Material identification is the same as in Fig. 3.
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Figure 5.

Variation in hFOB morphology on different surfaces after 4, 24, 48, and 96 hours of culture
asassessed by SEM (hydrophilic surfaces: PTQ = plasma-treated quartz, PTG = plasma-treated
glass, TCPS =tissue-culture grade polystyrene; hydrophobic surfaces: BGPS = bacteriological
grade polystyrene, STQ = silane-treated quartz). Scale bar = 10 um. Note that variation in cell
morphology abates with time, especially for hydrophobic specimens.
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Figure 6.

Variation in hFOB shape on plasma-treated glass (PTG) after 4 hours culture as assessed by
SEM showing widely-varying morphological response to apparently cytotoxic SiOy glass.
Scale bar = 10 pum.
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Figure 8.

Actin, vinculin, and composite immunofluorescent images (400X) of hFOB cultured for 3 and
24 hours on hydrophilic substratum (PTQ = plasma-treated quartz, TCPS = tissue-culture grade
polystyrene) and hydrophobic surfaces (STQ = silane-treated quartz).
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Figure 9.

Short- and long-term growth dynamics of hFOB on tissue-culture grade polystyrene (TCPS)
spanning 30 days in continuous culture without subculture. Inset expands short-term
attachment rates using a linear ordinate.
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15 days

Figure 10.

Variation in long-term hFOB morphology on tissue-culture grade polystyrene (TCPS) assessed
by cross-sectional TEM (Panels A: Scale bar =5 um; B: Scale bar = 10 um) showing formation
of multiple cell layers. Note that apoptotic bodies were clearly evident after 30 days of culture.
Apoptotic cells (green) among normal cells (red, Sytox Orange) visualized using confocal
microscopy confirms an increase in apoptosis with culture age (Panels C, D: Scale bar = 50
um). Percent apoptotic bodies noted in lower right of Panels C,D were estimated by image
analysis (see ref. [112] for experimental details).
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Table 2
Long-term hFOB Cell growth in Tissue-Culture Grade Polystyrene (TCPS)
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Culture time 15 days 30 days
Alkaline Phosphatase activity (nmol/mg pr./min) 4.39+0.26 4.47+0.38
Alizarin red (umol) 2.89+0.04 3.03+0.02
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