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Abstract: We report a novel combinatorial methodology
for characterizing the effects of polymer surface features on
cell function. Libraries containing hundreds to thousands of
distinct chemistries, microstructures, and roughnesses are
prepared using composition spread and temperature gradi-
ent techniques. The method enables orders of magnitude
increases in discovery rate, decreases variance, and allows
for the first time high-throughput assays of cell response to
physical and chemical surface features. The technique over-
comes complex variable spaces that limit development of
biomaterial surfaces for control of cell function. This report
demonstrates these advantages by investigating the sensi-
tivity of osteoblasts to the chemistry, microstructure, and
roughness of poly(d,l-lactide) and poly(�-caprolactone)

blends. In particular, we use the phenomenon of heat-in-
duced phase separation in these polymer mixtures to gen-
erate libraries with diverse surface features, followed by
culture of UMR-106 and MC3T3-E1 osteoblasts on the librar-
ies. Surface features produced at a specific composition and
process temperature range were discovered to enhance dra-
matically alkaline phosphatase expression in both cell lines,
not previously observed for osteoblasts on polymer blends.
© 2003 Wiley Periodicals, Inc. J Biomed Mater Res 66A:
483–490, 2003
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INTRODUCTION

Perhaps the most vital need for developing poly-
meric biomaterials is surfaces that actively control cel-
lular and physiologic responses. Such “bioactive”
polymers could be used in tissue engineering scaffolds
that support and regulate the adhesion, growth, and
function of target cells. Signaling in natural tissues
occurs through binding of soluble and extracellular
matrix (ECM) biomolecules, as well as nonspecific ECM
physical and chemical features. ECM is a multicom-
ponent mixture assembled into well-defined micro-

structures with characteristic chemistry and rough-
ness. Most signaling research has focused on
discovering specific chemical pathways that regulate
cell function. However, a growing literature indicates
that surface structural features dramatically affect cell
function, shape, cytoskeletal tension, and regulatory
pathways.1–11 Extensive investigation with capillary
endothelial cells, for example, has shown that distor-
tion in cell shape changes the sensitivity to signaling
molecules and alters the gene program and cell
fate.2,12–15 It has also been suggested that nuclear
shape, which may be influenced by the overall cell
shape and cytoskeletal tension, can affect gene expres-
sion and protein synthesis.16 Superior bioactive mate-
rials can be designed only by taking into consideration
both the well-studied signaling chemistry and the of-
ten-neglected physical and nonspecific chemical surface
features.
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The challenge to achieving a better understanding
of surface effects stems from the large variable space
(composition and processing conditions) and complex
phenomena that control material surface features.
These complexities overwhelm conventional one-sam-
ple for one-measurement approaches to biomaterials
evaluation. This challenge has been addressed in sig-
naling chemistry, gene expression, and in biomaterials
synthesis with the development of high-throughput
and combinatorial experimental strategies.17,18 These
include plate readers, DNA microarrays, and electro-
phoretic-chromatographic gradient libraries. Unfortu-
nately, combinatorial methods for investigating the
effects of surface features on cell function are not avail-
able. Such an innovation would speed discovery and
improve the quality of hypothesis testing and materi-
als development by assaying cell response to large
numbers of surface features in a single experiment. To
address this challenge, we developed a novel strategy
for preparing gradient combinatorial polymer surface
libraries with property gradients that cover thousands
of compositions, annealing temperatures, and surface
structures. These methods have been demonstrated in
characterizing numerous polymer surface structuring
phenomena.19

In this article, we apply the gradient-library meth-
ods to assay the effect of biodegradable polymer sur-
face features and chemistry on osteoblast cell function.
One advantage is that biomaterial candidates failing to
elicit desired biological responses are rejected quickly,
so that detailed characterization is focused on the most
promising materials. The method also accelerates fun-
damental characterization of bioactive polymers by

allowing rapid correlations among polymer composi-
tion, processing, surface properties, and cell response.
Specifically, we investigate the use of surface features
in blends of poly(d,l-lactide) (PDLA) and poly(�-cap-
rolactone) (PCL) to control cell function. These poly-
mers are FDA-approved for use in certain devices, and
their blends exhibit lower critical solution temperature
(LCST) phase behavior,20 resulting in phase-separa-
tion upon heating to create diverse microstructures
and roughnesses.

MATERIALS AND METHODS

Preparation of composition gradient libraries

PDLA (Mw � 127,000,21 Mw/Mn � 1.56, Alkermes) and
PCL (Mw � 114,000, Mw/Mn � 1.43, Aldrich) were obtained
from commercial suppliers.22 Each T-� combinatorial library
consists of a polymer film on a clean silicon (Si-H/Si) wafer,
with dimensions of 25 � 30 mm along orthogonal gradients
in �PCL and annealing T. The composition gradient deposi-
tion process, shown in Figure 1, is applicable to a wide range
of polymer blends and is described in detail elsewhere.23

Briefly, a PCL solution in CHCl3 is pumped into a mixing
vial initially containing a PDLA solution while the mixture
is withdrawn, resulting in a linear increase in PCL compo-
sition in the vial. A third automated syringe extracts the
�-gradient solution from the vial and deposits it as a thin
stripe on the substrate. A knife-edge coater spreads the
liquid as a film orthogonal to the composition gradient. FTIR
spectroscopy was used to measure compositions to within
mass fraction 4% on libraries by obtaining spectra in the
COH stretch regime (2700 to 3100) cm�1.

Figure 1. Schematic of the continuous composition gradient deposition process.
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Temperature gradient annealing

To explore a large processing T range, the �-gradient films
were annealed on a T-gradient heating stage, with the T-
gradient orthogonal to the �-gradient. This custom aluminum
T-gradient stage23 uses a heat source and a heat sink to
produce a linear gradient ranging between adjustable end-
point temperatures. We verified that the relatively weak
composition (3 mass %/mm) and temperature (1.5°C/mm)
gradients do not induce appreciable flow or diffusion over
the experimental time scale.23

Cell culture

After annealing T-� libraries for 2 h to generate diverse
phase-separated structures, the libraries were quenched to
room temperature and placed in multiwell culture plates. Two
cell lines were used to alleviate concerns that observations of
enhanced proliferation and function were artifacts of the cell
line. UMR-106 (ATCC, Manassas, VA) and MC3T3-E1
(Riken Cell Bank, Tokyo, Japan) osteoblasts were cultured
separately on the libraries for periods of 4 h, 1 day, and 5
days in �-modified Eagle’s medium supplemented with 10%
fetal bovine serum, 100 �g/mL streptomycin, 100 �g/mL
penicillin, and 0.25 �g/mL amphotericin B at 37°C and 5%
CO2. The MC3T3-E1, from fetal mouse bones, and UMR-106,
established from a transplantable rat osteosarcoma, are
clonal cell lines that have been studied extensively and
exhibit expression products characteristic of differentiated
osteoblasts.24–27 These markers include osteocalcin, alkaline
phosphatase, osteopontin, matrix Gla protein, mineraliza-
tion, and activity regulation by parathyroid hormone and
1,25-dihydroxyvitamin D3, among others. Cells were seeded
at 10,000 cells/cm2 (5-day series) and 5000 cells/cm2 (1-day
series). At termination, cultures were washed three times
with 1 mL of phosphate-buffered saline (PBS), and were
fixed in volume fraction 3% formaldehyde in PBS at 4°C for
5 min (UMR-106) or in mass fraction 70% ethanol/30%
water for 45 min at room temperature (MC3T3-E1). Cells
were cultured at identical conditions on tissue culture poly-
styrene (TCPS) coverslips as a uniform surface control.

Cell density and morphology were assayed by optical and
fluorescence microscopy, taking a 10 � 10 grid of 100 images
over each cultured library. For qualitative identification of
cell density and morphology, cultures were treated with
Safranin for general optical identification, or with the fluo-
rescent dyes bis-benzimide trihydrochloride for DNA and
rhodamine-conjugated phalloidin for F-actin identification.
Retention of osteoblast-like phenotype was assessed quali-
tatively by staining for alkaline phosphatase with Sigma kit
86-C (UMR-106) and with a histochemical procedure based
upon Na-�-napthyl phosphate and fast blue RR salt
(MC3T3-E1).28 The UMR-106 and MC3T3-E1 cultures were
performed in separate laboratories at NIST and Georgia
Tech, respectively, and different sterilization, fixation, and
staining procedures were used in each lab, which helps to
establish the generality of the methods.

RESULTS AND DISCUSSION

Figure 2(A) shows the linear variation in PCL compo-
sition on a �-gradient library from FTIR spectroscopy,
along with AFM and optical microscope images indi-
cating the diverse microstructures formed on a T-�
gradient library as a result of PCL/PDLA phase sep-
aration and PCL crystallization. Each library explores
a wide range in processing T (75 � T � 135)°C, and
composition (0 � �PCL � 0.8). The phase-separated
microstructures have sizes from 	0.2 �m to 	300 �m,
a range extending from well below to far above the
size of osteoblasts. At low �PCL values, AFM [Fig.
2(B)] indicates an amorphous PDLA-rich matrix con-
taining dispersed semicrystalline PCL-rich regimes
with diameters of (0.23 
 0.07) �m, for �PCL � 0.10,
and (0.34 
 0.08) �m, for �PCL � 0.20, independent of
temperature. Larger PCL regions with both semicon-
tinuous and droplet morphologies are observed as
�PCL and T are raised into the LCST phase-separation
region, consistent with spinodal decomposition and
nucleation-growth mechanisms of phase separation.
At T, �PCL values below the LCST boundary, semi-
crystalline PCL is uniformly dispersed within an
amorphous PDLA-rich matrix.

Osteoblasts cultured directly on the libraries (post-
annealing) indicate that cell adhesion and function are
influenced strongly by these surface microstructures.
Figure 3 shows digital photographs of T-� libraries
stained with Safranin [Fig. 3(A)] and for alkaline phos-
phatase [Fig. 3(B)] following a 5-day culture with
UMR-106. The white curve is a guide to the eye for the
LCST cloud point boundary, and indicates phase-sep-
arated (inside LCST curve) and homogeneous (outside
LCST curve) regions. UMR-106 adhere to some extent
over the entire T, � range, but adhesion and prolifer-
ation occur preferentially at regions within the LCST
two-phase regime. Figure 3(B) indicates qualitatively
that alkaline phosphatase is detected for cells attached
at all T and �, but alkaline phosphatase expression is
enhanced significantly within the LCST regime. In
contrast to the T-� libraries, Figure 3(C) shows a uni-
form TCPS control surface with uniform cell coverage
and alkaline phosphatase expression.

Figure 3(D) and (E) presents digital photographs of
5-day MC3T3-E1 library cultures stained for alkaline
phosphatase. The darkest stained elliptical regions
near the LCST phase boundary (right center of library)
show a strong enhancement in alkaline phosphatase
expression relative to the rest of the library and the
TCPS control. The region of enhanced alkaline phos-
phatase corresponds to processing conditions of
(96°C � T � 110)°C and 0.4 � �PCL � 0.55. This
regime of enhanced alkaline phosphatase expression
might be missed entirely or misinterpreted as aberrant
data if T and � were screened with a small number of
individual samples, as is the conventional practice.
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However, the gradient library provides a facile ap-
proach for direct observation of such trends. In par-
ticular, a previously unknown surface microstructure,
optimized for osteoblast function, has been observed
on blends of these common biomaterials proposed for
orthopaedic tissue engineering applications.29

Cells presented a spread and multipolar morphol-
ogy at most T, �PCL values, as seen in images of
confluent UMR-106 cells (from within the LCST re-
gime) in Figure 4(A), nonconfluent cells (outside the
LCST regime) in Figure 4(B), and MC3T3-E1 in Figure
4(E) and (F). UMR-106 cultured on some regimes out-
side the LCST regime were rounded [Fig. 4(C)], and
the cell surface coverage, a measure of adhesion and
proliferation, approaches confluency only at T, �PCL
values within and close to the LCST two-phase re-
gime. Interestingly, UMR-106 cells were not confluent
at T � 120°C, deep within the LCST regime, suggest-

ing a maximum amount of tolerable surface phase
separation. These trends for UMR-106 are in good
agreement with control cultures performed on uni-
form PDLA/PCL blend surfaces at �PCL � 0.2, 0.36,
and 0.5. These uniform surface cultures also showed a
dramatic decrease in the density of adhered cells
above �PCL � 0.5. In contrast, the MC3T3-E1 were
confluent over the entire T, �PCL library, but preferen-
tially expressed alkaline phosphatase only in a small
region of T, �PCL processing conditions.

Cell proliferation and alkaline phosphatase expres-
sion are enhanced on the heterogeneous surfaces
within the LCST phase-separated region relative to the
more homogeneous surface regions and TCPS con-
trols. The primary surface differences between regions
within and outside the LCST are the microstructure
(lateral distribution of chemically distinct domains)
and surface roughness. AFM and optical images from

Figure 2. (A) Composition (mass fraction) of PDLA measured with FTIR spectroscopy on a continuous film �-gradient
PDLA/PCL library. (B) AFM and (C) crossed-polar optical micrographs of selected regions from a PDLA/PCL T-� library
illustrating the diverse morphologies generated with LCST-type phase separation. The scale bar in (C) is 190 �m and the
numbers in parentheses are (T, �PCL). The PCL-rich regimes are identified as the droplet phase in the AFM images and bright
regions in optical images. All images were taken from the same T-� library at room temperature, post annealing.
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libraries were used to quantify the surface roughness
and microstructure sizes. The diameter of PCL-rich
regimes, dPCL, increases with both �PCL and T (Fig. 5),
and covers a range of (0.2 � dPCL � 60) �m. Beyond
dPCL � 60 �m the PCL phase becomes continuous with
dispersed PDLA droplets. The fraction of surface area
occupied by PCL-rich regimes, �PCL,S (Fig. 6), in-
creases with �PCL but decreases with T over the range
(0.01 � �PCL,S � 0.9). As T is increased above the LCST
boundary at constant �PCL, the rate of growth of
phase-separated microstructures increases and PCL-
rich regimes consolidate in order to lower interfacial
area. The result is a decrease in PCL-rich surface area
at higher T. Phase separation also induces changes in
the roughness of the surface, attributed to surface
tension differences between chemically distinct do-
mains and between crystalline and amorphous PCL.
With a few exceptions root-mean-square (rms) surface
roughness, R, increases with both �PCL and T over a
range of (2 � R � 500) nm (Fig. 7).

Literature evidence has shown that surface nonspe-

cific chemistry, microstructure, and roughness influ-
ence cell adhesion, proliferation, and differentia-
tion.2,4–11,30 These surface features may influence focal
adhesion formation that subsequently determines cell
shape and cytoskeletal tension. Changes in cell geom-
etry induced by physical and mechanical ECM fea-
tures can cause cells cultured in vitro to switch be-
tween gene programs, independent of the chemical
signaling environment.2,12–15,31 For microstructure,
capillary endothelial cells cultured on microfabricated
islands spread and proliferated on the largest islands,
rounded, and underwent apoptosis on the smallest
islands, and differentiated to form hollow capillary
tubes on the medium-sized islands.14 For roughness,
previous studies observe that osteoblasts and other
cells adhere and proliferate preferentially on rough-
ened surfaces,4–9,30 although much of this work in-
volves metal surfaces. For example, mesenchymal
cells form focal attachments that span the space be-
tween surface peaks on roughened Ti surfaces,32 al-
lowing optimal spreading only for certain peak

Figure 3. (A) Safranin stained and (B) alkaline phosphatase stained T-� libraries after 5-day culture with UMR-106 cells,
showing preferential adhesion and alkaline phosphatase expression on T-� regions approximately within the PDLA/PCL
two-phase LCST regime. (C) Alkaline phosphatase stained tissue culture polystyrene control slide after 5 days; cultured with
UMR-106 cells concurrently with the libraries. (D, E) Alkaline phosphatase stained T-� libraries after 5-day culture with
MC3T3-E1 cells. (F) Alkaline phosphatase stained TCPS control slide for (D, E).
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heights and spacings. It has also been shown that the
relative degree of hepatocyte cell–cell versus cell–
polymer interaction can be controlled by adjusting the
roughness of PLGA surfaces.3 Although the precise
mechanisms by which cell shape is influenced by sur-
face structures and is translated into selection of bio-
chemical signals are unknown, it is possible that the
transduction pathway is closely related to cytoskeletal
tension.2 For example, microcompartments for protein
synthesis have been shown to form at focal adhesion
points following tension-driven restructuring of the
endothelial cell cytoskeleton.33 In addition, the nuclear
shape has been shown to play a role in cell function.16

With this interpretation, the chemistry, shape, and
size of phase-separated regimes in our system may
induce cell shapes and mechanical stresses that lead to
enhanced proliferation and upregulation of alkaline
phosphatase expression. Phase-separated microstruc-
tures present chemically distinct surface regimes to

cells and optical images indicate that cells appear to
attach preferentially on the more hydrophilic PDLA-
rich regimes [Fig. 4(D)].34 The crystalline nature of
PCL may also influence this preferential adhesion, as
fibroblasts have also been shown to be sensitive to
small crystallinity differences on poly(l-lactide).35 In
addition, other workers have observed minimal to no
attachment of osteoblast-like stromal bone marrow
cells to pure PCL and PCL-rich blends with poly(lac-
tide-co-glycolide).1 Because the available PDLA-rich
surface area changes with T and �PCL, (Figs. 2 and 5),

Figure 4. Optical micrographs of UMR-106 from various
regions on libraries. (A) Confluent, spread cells within the
LCST regime, T � 111°C, �PCL � 0.44, 5-day culture. (B)
Nonconfluent, spread cells outside the LCST regime, T �
75°C, �PCL � 0.65, 5-day culture. (C) Nonconfluent, rounded
cells outside the LCST regime, T � 75°C, �PCL � 0.24, 5-day
culture. (D) Early culture of UMR-106 that indicates a pref-
erential attachment to PDLA-rich regimes, T 120°C, �PCL �
0.48, 1-day culture. (E) MC3T3-E1 cells stained for F-actin
and DNA from a 4-h culture at T � 100°C, �PCL � 0.45. (F)
Same as (E) except T � 100°C, �PCL � 0.55.

Figure 5. Average effective diameter of PCL-rich regions,
dPCL, (�m). The variance in this quantity is 
5%.

Figure 6. Surface fraction of PCL-rich regimes, �PCL,S. The
variance in this quantity is 
2%.
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cells are forced to adopt different shapes to maximize
contact with PDLA.

For example, Figure 4(E) and 4(F) show fluorescence
images taken from MC3T3-E1 libraries stained for
DNA (Hoechst) and F-actin (rhodamine phalloidin)
after 4-h culture. The cells demonstrate enhanced F-
actin production and multipolar spreading [Fig. 4(E)]
within the regime of enhanced alkaline phosphatase
expression, T � 100°C, �PCL � 0.45. In contrast, cells
cultured on surfaces just outside of the enhanced al-
kaline phosphatase regime, at T � 100°C, �PCL � 0.55,
show significantly less F-actin, poorer spreading, and
an axial morphology [Fig. 4(F)]. Microstructure sizes
within the preferential alkaline phosphatase expres-
sion regime may promote cell spreading across dis-
tances sufficient to induce stresses that enhance F-
actin production, which correlates with the enhanced
alkaline phosphatase expression in Figure 3(D) and
(E). The T-� libraries allow rapid identification of the
preferred microstructural feature sizes: these are (2 �
dPCL � 37) �m for UMR-106 and (30 � dPCL � 40) �m
for MC3T3-E1. Hence, the UMR-106 cells showed en-
hanced AlP expression over a wider range of micro-
structural sizes than the MC3T3-E1 cells. The surface
feature heights where UMR-106 confluency occurs in
the present study are (0.63 
 0.24) �m, with a rough-
ness range of R � (0.26 
 0.16) �m. For MC3T3-E1,
alkaline phosphatase expression is optimized at a
roughness of R � (0.37 
 0.05) �m.

At a constant T, the equilibrium composition of the
PCL-rich and PDLA-rich regimes is constant within the
LCST regime. Hence, only the size and distribution of
PCL-rich droplets varies with composition. Thus, at
100°C in Figure 3(D) and (E), the only differences be-

tween the surface at �PCL � 0.45 (enhanced alkaline
phosphatase) and �PCL � 0.45 (nonenhanced alkaline
phosphatase) are the surface microstructure and rough-
ness. This observation highlights the important role of
surface physical features, particularly lateral and height
distribution of chemically distinct domains, even when
the surface chemistry of each remains constant.

Serum proteins in culture medium adsorb and coat
surfaces before cells begin to attach. Hence, the effects
of surface features observed above may be mediated
by differences in the amount, conformation, and bio-
logic activity of serum proteins adsorbed, which can
also depend on chemical microstructure and rough-
ness.9 For example, the conformation and biologic ac-
tivity of fibronectin was found to be adjustable by
changing substrate chemistry, which in turn, altered
the binding of integrins and proliferation and differ-
entiation of C2C12 myoblasts.36 Future experiments
using these combinatorial methods will involve the
design of combinatorial libraries to separate the effects
of microstructure, roughness, chemistry, and serum
protein adsorption on cell responses to biomaterials.
In addition, paracrine signaling between cells cannot
be ruled out as a significant factor in the observations
reported here. Future combinatorial approaches
should also involve control experiments in which in-
tercellular signaling is selectively inhibited, to judge
the importance of these effects relative to the surface
chemistry and structure.

CONCLUSIONS

The combinatorial library high-throughput technique
for varying polymer surface structures allows rapid, ef-
ficient, and accurate investigation of the effects of micro-
structure, roughness, and surface chemistry on cell ad-
hesion and proliferation. The high-throughput physical
pattern assay serves as a natural compliment to combi-
natorial chemistry already in use in pharmaceutical, bio-
materials, and genomics research. In particular, the
method is ideal for rapid identification of surface fea-
tures that promote (or reduce) cell adhesion and func-
tion, early in the development and characterization of
new biomaterials. The surprising result is that from two
well-known, FDA-approved materials we have discov-
ered a previously unknown optimal processing temper-
ature and mixture composition that increases dramati-
cally the expression of alkaline phosphatase. We
anticipate the applicability of this new method to the
characterization of a wide range of complex biomedical
polymer–cell systems and its combination with more
sophisticated cell proliferation, function, and gene ex-
pression assays.
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Figure 7. Root-mean-square surface roughness, R (nm).
The variance in this quantity is 
5%.
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