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Designing materials that regulate cell function in a desired manner is a major goal of biomaterials engineering.
Challenges include the vast material property space to be explored, the complexity-afucklte interactions,

and the empirical nature of research in this field. To address these challenges, combinatorial methods have been
developed in recent years for screening cell responses to material surfaces. Previous work using gradient libraries
of biodegradable polymers poty€aprolactone) and poly(L-lactide) showed qualitatively that alkaline phosphatase
activity of MC3T3-E1 osteoblasts was dramatically enhanced at specific blend compositions and temperatures.
In this study, we expand the combinatorial screening to measure quantitatively early events in the osteoblast life
cycle: attachment, spreading, and proliferation. In addition, this work relates these cell assays to quantitative
measures of polymer surface microstructure and topography. In general, cell attachment was favored on the more
hydrophilic PDLA domains. However, cell spreading was strongly influenced by phase-separated microstructures
on the polymer surfaces. Regions of enhanced cell proliferation shifted from one microstructural region to others
as the culture progressed from 3 to 8 days. Viability showed no response to the surface features of the libraries.
These screening results indicate the precise preparatory conditions and microstructure/topography ranges that
should be used to design future confirmatory studies of the fundamental mechanisms of cell response to these
heterogeneous patterned surfaces. Given the complex nature and breadth of these parameters, the simplification
of the parameter space to be explored is an important advance.

1. Introduction patterning the internal surfaces of complex three-dimensional
tissue engineering constructs, which is a limitation of litho-
The interaction of cells with materials is exceptionally graphic patterning methods. Challenges to finding a polymer
complicated, and its study is of great relevance in the develop- blend with the optimum combination of chemical and physical
ment of functional biomaterials for use in tissue engineering surface properties include the vast number of compositional and
and biomedicine. Surface chemistry is a crucial aspect in experimental variables involved and the complexity and noise
determining the degree of biocompatibility of a particular inherent to cell-based assays. These challenges hinder develop-
material® In fact, surface chemical groups of synthetic materials ment of new biomaterials based on the demixing concept. The
have strong effects on focal adhesion, intracellular signaling recent emergence of combinatorial sample design and prepara-
events, and cell functiofr. Modifying material surface chem-  tion, coupled with high-throughput screening techniques, in
istry with grafted functional groupsimmobilized peptide$? polymer and materials science offers opportunities to streamline
and other approach¥d! are effective ways to improve bio-  thecharacterization of complex material-dependentcellrespénges.
compatibility and influence cell behavior. Similarly, surface These techniques provide a suitable framework to address the
physical patterning and microtopography exert significant large variable spaé€®and sensitivity to environmental effects.
influence on attachment-dependent cells, being able to modulateln complex, multivariate systems, primary screening (high
cell shape and cytoskeletal tensi@nt* which in turn impact throughput, low accuracy) is used in order to “discover”
cell attachment, migratiot?,cellular orientatiorif proliferation, parameters where hypotheses can be tested optimally in second-
and protein expressio. 1° ary (low throughput, high accuracy) experiments.

Ideally, biomaterials would display a combination of physical ~ Poly(e-caprolactone) (PCL) and poly{-lactide) (PDLA),
and chemical surface characteristics designed specifically tobroadly used in FDA-approved biodegradable devices, hold
regulate cell behavior in a desired manner. One class of materialscontrasting material properties (i.e., crystallinity, glass transition
that shows promise in this regard is demixed polymer bléhds, temperature, degradation rate, and tensile modifitigt make
which phase separate as a function of composition and tem-them excellent candidates for the development of materials that
perature to produce chemically distinct nano- and micropatterns. €xplore a wider range of physicochemical properties and
Various cell types have been shown to respond to changes inbiological interactions than homogeneous polymers. Yet, few
the size, shape, and chemistry of these nano- and microstructuragtudies have examined the cell responses to mixtures of these
feature$®22 Polymer blends may offer opportunities for ~and similar material® PCL/PDLA blends exhibit lower critical

solution temperature (LCST) phase behatidhnat in conjunc-

t School of Chemical and Biomolecular Engineering. tion with PCL crystallization generates temperature- and
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composition and annealing temperature gradients that create 2.2.3. Atomic Force Microcopy (AFMgBurface topography char-
diverse surface morphologies across the libraries, allowing acterization was performed with an Explorer scanning probe microscope
concurrent evaluation of the effect of hundreds of dissimilar (SPM) (Veeco Instruments Inc.) using a gold-coated silicon nitride
surface characteristics on cell function. The potential of this V-shaped cantilever (part no. MLCT-EXMT-A, Veeco metrology
approach was shown in previous work in which specific group). Data was acquired in contact and force modulation modes over
combinations of composition and process temperature produceoGG distinct locations along the libraries. Sampling area and scanning

an amplification of alkaline phosphatase (ALP) production in
MC3T3-E1 osteoblast-like celfS.While promising, this previ-

ous work utilized only a qualitative assay of protein expression
and did not explore other cell events that occur prior to ALP

expression. Here, we examine other key developmental stages

rate were 10Qum x 100 um and 200um/s, respectively. Surface
structure of different spots of annealed PCL/PDLA libraries was
visualized from the-modulation maps (force modulation mode), while
average microdomain height and root-mean-square roughness were
determined from the topography maps (standard air contact mode).

of MC3T3-E1 osteoblasts, including attachment, spreading, and 2.2.4. Cross-Polarized Optical Microscopyurface structure visu-

proliferation on PCL/PDLA. The purpose of this primary

screening study is to discover the “active” regions of parameter
(temperature, composition) space that have the strongest effect

we demonstrate the use o;(i.e., shading and contrast equalization), processed (i.e., thresholding

on early cell events. In so doing,
quantitative immunofluorescence assays at a high density o
points on the combinatorial libraries. The value of this study is

the discovery of parameter sets that will be used to design future

alization was conducted using an automated BX51 cross-polarized
microscope (Olympus Corp.). Polarizer filters were operated at a high
xtinction factor to achieve high contrast between the glassy amorphous
DLA phase and the crystalline PCL phase. Images were corrected

and binary filtering), and analyzed using ImageJ (NIH, public domain)
and SigmaScan Pro (Systat software Inc.) for microdomain size
characterization, expressed as particle maximal Feret’s diankgigy. (

experiments that seek cause-and-effect relationships betweeRye eyaluated 36 locations per library, matching those scanned using

demixed microstructure and cell response.

2. Materials and Methods

2.1. Preparation of Combinatorial Libraries. PCL/PDLA com-
binatorial libraries with linear composition gradients were prepared from
identical mass fraction solutionsX(= 0.05) of PDLA (Alkermes
Medisorb 100DL high L.V. polyg,L-lactide), My, = 127 000,M,/M,
= 1.56, lot no. 0103-442) and PCL (Aldrich Chemical CM,
80 000,M,/M, = 1.425, lot no. 07526HI) dissolved in chloroform (EM
science, ACS grade), using a gradient-film coating technigtfelhe
libraries were prepared on 24 mm 24 mm silicon <100> chips
(Silicon, Inc.), previously etched in 6:1 buffered oxide etch (HF/MHF
J.T. Baker) to create a hydrophobic surface and avoid polymer
delamination throughout the cell culture period. Diverse surface
morphological lateral patterns were obtained inducing PCL/PDLA
LCST®* phase separation by annealing the librarie2fb over a linear

AFM.

2.2.5. Static Contact Angl&urface wettability was measured with
a Rame-Hart 100 goniometer using the sessile drop method for static
contact angles. Images of deionized water drops (approximatedy 2
uL) placed over the library surface were analyzed using ImageJ (NIH,
public domain) to account for contact angle values.

2.3. Cell Harvesting and Culturing. Murine MC3T3-E1 cells were
acquired from the RIKEN Bioresource Center Cell Bank (lbaraki,
Japan). Established from newborn mouse calvdrtag MC3T3-E1
cell line has been shown capable of differentiating into osteoblast and
osteocytes in vitrd* MC3T3-E1 cells have been shown to exhibit
specific bone-related protein expression patterns, under different
developmental stages, similar to mouse calvaria primary tefighis
cell line is a good in vitro model for investigating cell behaviors,
regulations of such behaviors, and underlying mechanisms of early
stages of osteoblast maturatiSiCells were cultured in alpha minimum

temperature gradiefftorthogonal to the composition gradient. Finished ~€ssential mediumocMEM) (Invitrogen Corp.) supplemented with 10%
libraries presented orthogonal composition and process temperature€t@! bovine serum (FBS) (Hyclone) and 1% penicittistreptomycin

gradients ranging from 0.18 ¢ppia < 1 and 76.3C < T < 120°C,
respectively. Approximately 82 libraries were used in the course of

(Invitrogen Corp.). Prior to seeding cells were washed with"€and
Mg?t-free phosphate-buffered saline DPBS<{1(Invitrogen Corp.)

this study, including samples for both physical characterization tests @"d detached via trypsinization (0.05% trypsin, 0.53 mM EBAMa;

and bioassays.
2.2. Characterization of Combinatorial Libraries. 2.2.1. Ellip-
sometry.Thickness of combinatorial libraries was measured with a wide

spectral range V-VASE variable angle spectroscopic ellipsometer (J.A.

Woollam Co.). Optical constants and film thickness were obtained

Invitrogen Corp.). Cell viability was>95% based on trypan blue
exclusion. Libraries were sterilized by immersion in a 70% ethanol
30% water solution for 10 min and placed in Costar six-well ultralow
attachment microplates (Corning, Inc.). Cells, passages, vere
seeded on the libraries at a low density of 5000 cell3/cnu-MEM

executing a point-to-point data fitting on the transparent Cauchy region Supplemented with 10% FBS and 1% penicittistreptomycin. Cell

(700 < 4 < 1100 nm) (WVASE32, J.A. Woollam Co.). Thickness
values were determined by several iterations using the Marguardt
Levenberg algorithm.

2.2.2. Fourier Transform Infrared Spectroscopy (FTIRDsorption
spectra were collected with an IRscope Il (Bruker Optics Inc.) using a

culture media was exchanged every other day. Starting at day 3 in
culture, osteogenic supplements (BG/mL L-ascorbic acid (Sigma-
Aldrich, Inc.) and 3 mM Ngs-glycerophosphate (Sigma-Aldrich, Inc.)
were added to the cell culture media. Cells were cultured at identical
conditions on tissue culture polystyrene (TCPS) dishes as a uniform

KBr beam splitter at room temperature. Spectra were measured angsurface control.

averaged 128 times at a resolution of 4¢érfor several locations of
distinct composition over the library. Bands in the £&symmetric/
symmetric stretch regiorn(= 2970-2950/2886-2860 cnt?') and the
CH, asymmetric/symmetric stretch regian< 2935-2915/2865-2845

2.4. Cell Adhesion and Spreading (Morphology).Initial cell
attachment and spreading&h was determined via immunofluores-
cence labeling of cytoskeleton F-actin fibers and the focal adhesion
component vinculin as previously descrilfé@old cytoskeleton buffer

cm 1) were resolved using Peakfit (Systat Soft Inc.) peak separation (50 mM NaCl, 150 mM sucrose, 3 mM Mg&bH,O, 50 mM Tris, pH

and analysis software. Deconvolution and fitting to obtain the area of

6.8) supplemented with 0.5% Triton X-100 (IBI/Shelton Scientific) and

the IR absorption peaks in the aforementioned regions was carried outprotease inhibitors (2@g/mL aprotinin, 1ug/mL leupeptin (Sigma-

using Peakfit's Gaussian amplitude IRF deconvolution procedure

Aldrich, Inc.), 2 mM phenylmethylsulfonylfluoride (EM Science)) was

following a spectrum baseline subtraction via a zero second-derivative added for cell permeabilization, followed by fixation in 3.6% (v/v)
algorithm. Ratios of these areas and the areas of equivalent peaks oformaldehyde (4°C). Cells were incubated in mouse antivinculin

PCL/PDLA polymer standards of known composition (25%, 50%, 75%, antibody (Upstate Group Inc.), rinsed, and incubated in AlexaFluor488-
and 100% PCL) were used to determine the approximate composition conjugated goat antimouse 1gG (Molecular Probes, Inc.) and rhodamine-
of different spots over the library. conjugated phalloidin (Molecular Probes, Inc.). Cell nuclei W&FBV
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Figure 1. PCL mass fraction vs position over a PCL/PDLA library.
The solid line represents the expected PCL mass fraction (mass
balance). Markers represent the average value of the PCL concentra-
tion calculated at the same location in two separate libraries (closed
triangles: nonannealed libraries. Open diamonds: libraries annealed
for 2 h at 100 °C). Standard uncertainty given by error bars (+SEM,
n = 2 replicates).
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Cell morphology was assessed via image analysis using a custom
adaptive edge detection procedure developed with ImageJ. Following
background subtraction from negative control libraries and image
equalization images were converted to grayscale. The procedure
automatically iterates through different threshold values (binary images)
for image segmentation using a “chessboard” distance transform
Oenessboakd K1, j1],[Kz, j2]) = max(ky — Kal,|j1 — j2I), wheredchesshoatl K1,
jal.[ke, j2]) is the distance between two pixel&.[ ji] and [k, j2l.
Watershed segmented areas are divided in variable size grids, and a
Sobel detector is used to approximate derivatives to find the maximum
gradient along the grid’s edges or pixel neighborhoods, corresponding
to the intersections of the cell boundary and the grid. Cell boundaries
were formed by a sequence of linear segments of contiguous local
maxima points. Morphology was quantified by a cell circularity factor
C defined as #(A/P?), whereA andP are the cell area and perimeter,
respectively.

2.5. Cell Proliferation. Cell proliferation was assayed by immun-
ostaining of BrdU (a thymidine analog) incorporated during DNA
replication. BrdU (Sigma-Aldrich, Inc.) (1@g/mL) was added to the
cell culture medim 6 h prior to cell fixation. Cells were treated with
ice-cod 2 N HCI for 20 min and washed three times with 100 mM
TRIS-50 mM NacCl (pH 7.6). Following washing in DPBS and blocking
in 5% goat serum, cultures were incubated in monoclonal anti-BrdU
(clone BU 33, Sigma-Aldrich, Inc.) and AlexaFluor488-conjugated goat
antimouse 1gG antibodies. Cell nuclei were counterstained with ethidium
homodimer-2 (Molecular Probes, Inc.). Cultures were scored by

counterstained with Hoechst (Molecular Probes, Inc.) and used to fluorescence microscopy for proliferation as the ratio of cells positive
quantify cell density. Cells were visualized using a Nikon Eclipse E400 for BrdU incorporation relative to cell nuclei. Cell proliferation was

fluorescence microscope (Nikon Corp.) coupled with a SPOT RT slider

monitored on separate libraries at 3, 4, 5, 8, and 13 days after the initial

camera (Diagnostic Instruments, Inc.). The following dilutions of stock culture time.

antibodies in PBS were utilized: antivinculin 1gG 1:500, rhodamine-

2.6. Cell Viability. Cell viability was evaluated measuring intrac-

conjugated phalloidin 1:200, AlexaFluor488-conjugated antimouse IgG ellular esterase activity and plasma membrane integrity via a two-color

1:200, and Hoechst 1:10 000.

Roughness ("™

fluorescence LIVE/DEAD Viability/Cytotoxicity assay kit (Molecular

o
=1

Figure 2. Library surface roughness characterization. (a) Root-mean-square surface roughness profile of an annealed PCL/PDLA composition-
gradient library. Values presented as averages + SEM (indicated by error bars delimited with inverted cone markers, n = 3 replicates). (b)
Average root-mean-square surface roughness contour map over the library. The solid “U-shaped” line indicates the boundary of the LCST
regime. (c) Three-dimensional extensions of AFM topography maps representing the surface microstructure of various locations of the PCL/
PDLA libraries (scanned area: 100 um x 100 um): 10%PCL/90%PDLA 95 °C, nonsegregated continuous morphology (left), 26%PCL/74%PDLA
120 °C, discrete PCL-rich droplet-like domains dispersed in a continuous PDLA-rich matrix (middle), 53%PCL/47%PDLA 120 °C, merged PCL-

rich domains forming a bicontinuous PCL/PDLA matrix (right).
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Figure 3. Library microstructure size characterization. (a) Microstructure morphology of a phase-separated PCL/PDLA polymer blend: Polarized
optical micrograph. Bright and dark regions correspond to crystalline PCL and amorphous PDLA, respectively. Image size is 500 um x 330 um.
(b) Outlines of the measured regions generated during the image analysis procedure. (¢c) PCL domain Feret's diameter profile across a temperature-
annealed PCL/PDLA composition-gradient library. Values presented as averages + SEM (indicated by error bars delimited by inverted cone

markers, n = 4 replicates). (d) Average contour map of the PCL domain Feret's diameter values over the composition-gradient library. The solid
curve represents the LCST cloud point boundary.

Probes, Inc.). Optimal dye concentrations were found to beuM8 libraries have been presented previou$l{2 we include here
calcein AM and 3.uM EthD-1 for TCPS positive controls and 2.1

an investigation of the effects of thermal annealing on the
uM calcein AM and 4.2«M EthD-1 for PCL/PDLA libraries. Samples

gradient. It is possible that diffusion during annealing above
were incubated for 45 min at room temperature after being concurrently the glass transition temperature would lead to significant

stained with calcein AM and EthD-1. Quantification of cell viability  gistortion of the gradient and mistaken identification of com-
was completed by fluorescence microscopy and image analysis. Cell

position during later screening. PCL compositiops) before
viability assays were performed in parallel, in separate libraries, with : : : : ;
th tty h yt/ g. d Ipf tion t tp annealing, obtained by area integration of the PCL signature
€ aftachmentispreading, and profiieration tests peak in the CH symmetric stretch regime of the FTIR spectra
2.7. Statistical Analysis.Data for the cell density assay was analyzed (v = 2864 cn1, Supporting Information Figure 1) and direct
by two-way analysis of variance (ANOVAR = 0.05 was defined as ¢ 0arjson with a calibration (Materials and Methods) (Figure
significant. The Tukey post hoc test was used for pairwise comparisons 1), show good agreement with the linear profile predicted from
of significant factors. All results are expressed as meastandard a r’nass balance model of the preparation process (model shown
error of the mean (SEM). . . prep P :
elsewherd!). A diffusion length ¢/Dt) of approximately 849
nm (equivalent to 0.0035% of the library width) suggests
minimal diffusion influence during #1 2 h library annealing

step on the composition-gradient integrity. This was corroborated
3.1. Library Characterization. While measurements dem-  with PCL compositions measured on the same libraries after

onstrating the linear composition gradients in polymer blend annealing aff = 100 °C (Figure 1). The PCL compositio&DV

3. Results and Discussion
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Cell density (cells/cm?)

Figure 4. (a) MC3T3-E1 attachment density over PCL/PDLA combinatorial libraries after a 6 h culture period. Values presented as averages
+ SEM (n = 5 replicates). (b) Overexposed fluorescent images (530—560 nm excitation wavelength) of rhodamine phalloidin-stained MC3T3-
E1 osteoblasts adhered on different locations inside the phase-separated regime of combinatorial PCL/PDLA libraries. Brighter and darker
background structures correspond to PDLA-rich and PCL-rich domains, respectively. Highlighted areas show cell attachment points onto PDLA-
rich areas. (c) Fluorescence images under green filter from the same image as the lower-left in panel b, indicating vinculin staining. Vinculin
accumulations are found predominantly on PDLA regions, typical of results found on the entire library.

profile after annealing was statistically indistinguishable from um, covering a wide span above and below the MC3T3-E1
that before annealing. osteoblast mean size.

A general trend of increased surface roughness with annealing It should be noted that the locus of the LCST cloud point
temperature was evident throughout the entire composition rangecurve shown in Figures 2b and 3d is an approximation of the
(Figure 2). Roughness passed through a maximum value as d@rue thermodynamic phase boundary. Kinetic effects due to
function of PCL composition at constant temperature. Surface varying heating and cooling rates during annealing, dissimilar
roughness ranged from approximately 5 to 255 nm, being phase separation rates between nucleation and growth and
markedly augmented in the upp&rand ¢pc. regions of the spinodal decomposition near critical composition regions, and
LCST regime T = 114 °C and¢pc. = 0.5). The noticeable  anisotropy induced by the film coating process are some of the
increase in surface roughness deep inside the LCST regime andactors that can generate moderate shifts of the phase boundary.
gradual decrease toward the LCST limits is representative of These factors may contribute to demixed domains that extend
the micropatterned structures formed during polymer demixing. to regions just outside of the “expected” LCST cloud point

Image analysis of cross-polarized optical micrographs of the curve.
annealed libraries (Figure 3) revealed a continuous increase of 3.2. Cell Attachment and Morphology. Initial osteoblast
PCL-rich domain size (Feret’s diameter) with increasing anneal attachment density to combinatorial libraries aties hculture
T inside the phase-separated regime. The domain size is ais shown in Figure 4a. The number of adherent cells per unit
complex function of the free energy of mixing of the polymers, area was significantly greater on areas of moderate to low PCL
the blend stability (bimodal vs spinodal behavior), and the concentration¢pc. < 0.35), reaching the highest cell density
kinetics of nucleation and growth. Response of microstructure levels (~2100 cells/crd) close to ¢pc. = 0.15. This was
size to composition variations presented a similar trend to that comparable to an average cell density of 28300 cells/cnd
of surface roughness. PCL-rich domain size initially increased observed on “positive” TCPS controls. épc below 0.15 cells
as PCL mass fraction entered the LCST region. As PCL adhered nearly uniformly along lines of constant composition
composition increases inside the LCST, a maximum PCL insideandoutside the LCST boundary, regardless of the varying
diameter is reached, indicating phase inversion to a demixedsurface morphology generated by the annealing temperature
blend with cocontinuous or continuous PCL with PDLA-rich gradient. Moreover, cell density was low600 cells/cr) in
domains. The average Feret's diameter of PCL-rich regions the PCL-rich region¢pc. = 0.71). Measurements of surface
encompassed a range of approximately 0% < dpc. < 70 wettability of PCL and PDLA showed average contact an%%il
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Figure 5.

Ao,

(a) Cell boundary identification by adaptive edge detection for circularity analysis. (b) Circularity of MC3T3-E1 cells cultured over

PCL/PDLA combinatorial libraries for 6 h. Values presented as averages + SEM (represented by inverted cone marker error bars, n = 5 replicates).
(c) Contour map of average circularity values. Solid line represents the PCL/PDLA LCST cloud point.

of 60.4 + 0.4° and 78.8 + 0.8 for pure PDLA and pure PCL,

F-actin stress fibers and high cell area, were predominant on

respectively, suggesting that cells attach preferentially to higher the rougher regions of the LCST regime. Bipolar, spindle-shaped

surface energy PDLA regions (more hydrophilic). Consistent
with this result, no significant effects of temperature (signifi-
cance levelp = 0.62) or combined temperature/composition
effects p = 0.73) were detected, leaving the composition effect
as the only statistically significant factop (< 0.01) that
influenced initial cell adherence over the libraries.
Differences in PCL and PDLA autofluorescence when
overexposed (1215 s excitation, & gain) using a 536560

cells characterized by reduced cell area and minimal F-actin
stress fibers were predominant outside the two-phase region
(Supporting Information Figure 2). A cell circularity factor was
used to quantify cell spreading as a function of composition
and process temperature. Circularity is relatively sensitive to
“branched” morphologies (i.e., multipolar mammalian cells),
allowing one to account for spreading levels and cell shape.
Circularity values approaching 0 indicate increasingly elongated

nm excitation source helped corroborate the aforementionedprofiles, while a value of 1 indicates a perfect circle. Well-

results. High-magnification (600) overexposedfluorescent

spread cells, however, normally present polygonal processes that

images of rhodamine phalloidin-stained MC3T3-E1 osteoblasts give them a stellate aspect rather than a circular shape and,
inside the demixed zone revealed that cells are stretched betweemence, present reduced circularity. The circularity of well-spread

attachment sites on the PDLA-rich domains, (Figure 4b).
Vinculin counterstaining (via normal exposure) indicated that
the highest densities of vinculin were located on the PDLA
islands on the overexposed images (Figure 4c).

While cells presented pleomorphic forms all over the libraries,

stellate morphologies of MC3T3-E1 cells over TCPS ranges
between 0.4< C < 0.6. Bipolar-shaped cells that are less well-

spread present circularity values between Gs08 < 0.2, which

is typical of MC3T3 attached to surfaces treated with hydro-
phobic plasma deposited polymers, neutral hydrophilic hydro-

spreading and cytoskeletal rearrangement showed a markedyels, or amine and methyl silane-treated surfé€es.
dependence on physical surface features. Spread multipolar Circularity was measured by adaptive cell boundary detection
morphologies, characterized by numerous highly organized image analysis (Materials and Methods) (Figure 5a). Measefg\-/
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Figure 6. Immunofluorescence staining for proliferation of MC3T3-E1 osteoblasts over a PCL/PDLA combinatorial library after a 3 day culture.
Cells were stained with Alexa Fluor 488 (green) for BrdU incorporated into proliferated cells and counterstained with EthD-2 (red) to quantify the
total number of cells. Numbers in parenthesis indicate PCL mass fraction and temperature in °C, respectively. Cell passage number was 5.

ments performed over five distinct libraries show a clear cell to that of TCPS standards (average circularity for TCPS controls
spreading enhancement in the LCST regime compared to thewas 0.34+ 0.09) (Figure 5b).
one-phase region (Figure 5, parts b and c). However, this 3.3. Cell Proliferation. Figure 6 displays an arrangement of
increase in cell spreading was not general to the entire demixedfluorescent micrographs of multiple locations over a BrdU and
portion of the library as circularity was particularly high (0.40 EthD-2 stained library aftea 3 day culture, revealing the
< C < 0.47) toward the center (area comprised betweett®5  existence of marked differences in proliferation levels as a
< T < 100°C and 0.3< ¢pcL < 0.4), and a gradual decline  function of process temperature and composition. For example,
was noticed toward the upper and lower areas (high- and low- MC3T3-E1 proliferation was higher in the lower portion of the
temperature regions of the LCST regime), where circularity library (¢pc. = 0.5 and 90.3°C < T < 95.2 °C). Proper
reached values as low as 0.24 and 0.16, respectively. quantification of the cell proliferation ratio (proliferated cells
The preferential adhesion of MC3T3-E1 osteoblasts to more to total number of cells) over the libraries was performed via
hydrophilic PDLA-rich domains and the influence of surface image analysis. Results are shown in Figure-da
microstructures and topography on cell morphology and cy-  Aninteresting trend in MC3T3-EL1 proliferation was observed
toskeletal organization suggest that there is an optimal polymerafter 3 days in culture (Figure 7a); cells have a higher
demixing level (lateral pattern size and surface roughness proliferation ratio (0.88t 0.18) near the lower limit of the LCST
distribution) that promotes cell spreading. Based on the responsephase-separated region (0.47ppc. < 0.51 and 9CC < T <
of the cytoskeleton to stress conditions imposed by the underly- 94 °C). This region, characterized by small to medium diameter
ing substrate witnessed in other cell [if8324°we hypothesize ~ PCL domains (approximately 24m < dpc. < 33 um) and
that internal stress generated when cells stretch over PCLmoderate roughness (85 nm Rrus < 105 nm), presented
domains promotes multipolar spreading and production of remarkably poor cell spreading and cytoskeletal organization
F-actin stress fibers. In fact, the region betweerf@5< T < upon initial attachment (0.18 C < 0.28). The results suggest
100 °C and 0.3< ¢pc. < 0.4, corresponding to PCL-rich  that the enhanced spreading (Figure 5c) in the mid-to-lower part
diameters of 2km < dpcL < 40 um and roughnesses of 113  of the LCST (resulting from cell stretching between PDLA-
nm < Rrums < 177 nm, exhibited 1737% improved cell rich domains) is not necessarily beneficial for cell proliferation.
spreading (circularity range 0.4 C < 0.47) when compared A possible explanation for this behavior can be nonunif%lﬂv
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after (a) 3 day culture (cell passage 5), (b) 4 day culture (cell passage 7), (c) 5 day culture (cell passage 4), (d) 8 day culture (cell passage 4).
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Bottom images: Average proliferation ratio contour map showing the PCL/PDLA LCST phase boundary. cDV
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tension in the cytoskeleton of the well-spread morphologies Table 1. Preparatory Condit_iqns and Physical Characteristics of
attained inside the LCST regime. Nonuniform tension has been PCL/PDLA Blends That Exhibited Enhanced MC3T3-E1 Cellular
reported to delay, or even inhibit, the progression of the G1 Response

phase of the cell cycle, resulting in a restriction of cell assay PpcL T(°C) _ dpc (um) Rrws (NM)
proliferation!4 Notice also that recent studies of MC3T3-E1 6hh adfzgsrl]on ding) 038—8-23 6100 2040 115177
: ; _ shape spreading .30—0. - - -
proliferation response to nanometer scalg surface rough_n.ess3 day proliferation 047—051 90-94  21-33 85105
suggest the existence of a local, and material-dependent, critical 4 gay proliferation 0.35-042 91-97 14-32  123—164
roughness value above which proliferation is drastically re- 5 day proliferation 0.18-0.26 109-114 11-20 68—96

duced® This behavior has been previously noticed for different 8 day proliferation ~ ~0.61-0.70 ,

cell lines. For example, proliferation of rat calvarial cells °<ainephosphatase? 0.40-0.55 96-110 30 =407 370 + 50

increased with roughness up to a point where further roughness @ Ref 26. » The PCL island size in the previous work by Meredith et al.

rise led to decreased cell proliferati&fiThis may be related to g:rfniﬁgrizsi‘é?':haes i;r;:n%q%:a'e”;qii‘gfg) (dTiﬁr;f;;rug‘; astzi(fjc'eu"s"gg EEZ

the fact that the S phase of th_e cell cycle can only proceed Whenmaximal Feret's diameter as tﬁqe PCL chara.cteristic dimensior): since it is

cells are spread to amppropriatedegree® more appropriate for nonregular shapes, such as phase-separated
After 4 days in culture (Figure 7b) the high MC3T3-E1 Mmicrostructures.

proliferation regime (proliferation ratio 0.84 0.15) shifted to

the lower portion inside the two-phase region (0:83%pcL <

0.42 and 91°C < T < 97 °C). A small increase in cell

proliferation was also observed in the high PDLA concentration

region (left portion outside the LCST regime,<O¢pcL < 0.3)

as well as the upper part of the LCST regime. The high PCL

concentration region, on the other hand, followed the tendency

seen aftea 3 day culture in the same region, showing marginal

proliferation levels (0.16t 0.14). There was also a reduction

in proliferation (0.56+ 0.09) in the area with the highest levels

of cell replication for the 3 day assay, which seems to be in

agreement with the_ downr_egulatl_on_ of proliferation as cell temperatures. However, this advantage in breadth prevents the

density increases prior to Q|ﬁergnt|at|on. o identification of cause-and-effect with respect to the material
Results of the 5 day proliferation assay are shown in Figure microstructure For example, composition and temperature both

7c. At this point proliferation was prominent only in some areas jnfluence the number and size of PCL domains, the phase

of the high PDLA concentration region at the upper left portion  jorphology, surface roughness, and hydrophilicity. Since these

of the LCST region (0.18< ¢pci < 0.26 and 109C < T < are varied simultaneously, it is difficult to identify a cause-and-

114°C), where the proliferation ratio was approximately 0.72 gffect relationship about the role of microstructure on cell

+ 0.16. The rest of the Ii_brary, with the except_ion of the hig_h response. The value offered by high-throughput-deitbmaterial

PCL concentration domain, seemed to be leveling and lowering screening is the ability to identify anomalous behavior and to

the cell replication rate as cells were almost confluent (prolifera- gqyt important versus unimportant combinations of material

tion ratio ~0.4). The effect of the diverse topographies across factors rapidly and efficiently.

the library on cell proliferation is seen easily by following the

maximum proliferation positions at each time point: the LCST .

transition region with low roughness and moderate to small 4. Conclusions

microstructures just outside the LCST regime at day 3, middle

and lower parts of the two-phase regime at day 4, and upper

parts of the phase-separated region at day 5.

being evaluated. A summary of these “active” parameter
combinations, including with the optimal PCL/PDLA properties
(i.e., processing and physical) for each cell assay, is presented
in Table 1. While composition is the only significgmeparatory
variable with respect to cell attachment (6 h adhesion), other
properties such as proliferation and shape were dependent on
both composition and annealing temperature. The nature of the
combinatorial library design allows large numbers of parameter
combinations to be screened rapidly under identical culture
conditions. One can thus identify microstructures that are
associated with the “active” versus “inactive” compositions and

Combinatorial libraries were used to screen the effects of
preparatory conditions (temperature and composition) of com-
. ) plex, multifeature patterned surfaces on osteoblast biological

The 8 day assay (Figure 7d) showed an upsurge in the \oqonses. The microstructural patterns were created by phase
proliferation ratio (0.66t 0.12) at high concentrations of PCL. separation of two biodegradable polyesters, PCL and PDLA.
This increase in cell growth in the most hydrophobic area of \ye gpserved that certain combinations of temperature and
the library, after a prolonged cell culture, suggests that cell ., nosition for the PCL/PDLA blends led to enhanced cell
proliferation is retarded by low-energy substrata. On the other ¢, ions. These “active” conditions differed depending on the
hand, the rest of the library was almost confluent and exhibited .o function assayed as well as with culture time. For example,
signs of strong downregulation of proliferation, which is o region ¢, T) of maximum proliferation ratio changed
characteristic of the onset of differentiation, although assays depending on the day at which the assay was performed. By
for differentiation were not performed in this study. After 13 day 8 temperature no longer had a significant effect on
days (data not shown) proliferation leveled out and the entire , sjiteration. Cell adhesiont# h was a significant function
surface of each library was confluent (proliferation rat0.09). only of the composition, but cell circularity was a function of

Only negligible cell growth activity was witnessed at randomly i, 1 andg. Cell viability, on the other hand, did not depend

chqgen Iocatio'ns, s'uggesting a microstructure-independent ir"significantly on composition or temperature at any time point
hibition of proliferation.

assayed.
Cell viability ranged between 98.5% and 100% throughout High-throughput screening may be viewed asppliedtool
the entire library surface, and no significant viability differences for engineering biomaterial surfaces to target a particular cell
among library compositions were observed. (Data not shown.) event and elicit a desired response for therapeutic applications.
On the whole we observed that cell response to PCL/PDLA Screening also can play an important roléindamentastudies
surfaces is distinctly influenced by the polymer blend processing of cell—surface interaction. High-throughput screening experi-
conditions. The effect of particular temperatsimmposition ments were successful in identifying the sampteparation
regimes on the libraries was found to vary with the cell event conditions (composition, temperature) that should be incIung/
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in a detailed confirmatory experiment. It is likely that a
combination of chemistry and physical surface features (height,

droplet size, shape, spacing) works to enhance or suppress 17)

functions of adherent cells. The dependence of microstructure

and roughness on both composition and temperature prevented

a cause-and-effect conclusion regarding the controlling surface
feature. However, the specific combination of microstructure

and roughness at the “active” compositions and temperatures

are known from the library. This information is crucial in
designing an experiment to vary these effects independently.
This challenge is the subject of forthcoming work.
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