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Abstract: Two-dimensional thin films consisting of ho-
mopolymer and discrete compositional blends of tyrosine-de-
rived polycarbonates were prepared and characterized in an
effort to elucidate the nature of different cell responses that
were measured in vitro. The structurally similar blends were
found to phase separate after annealing with domain sizes
dependent on the overall composition. The thin polymer films
were characterized with the use of atomic force microscopy
(AFM), water contact angles, and time-of-flight secondary ion
mass spectrometry (TOF-SIMS) and significant changes in
roughness were measured following the annealing process.
Genetic expression profiles of interleukin-1� and fibronectin in
MC3T3-E1 osteoblasts and RAW 264.7 murine macrophages
were measured at several time points, demonstrating the time

and composition-dependent nature of the cell responses. Real-
time reverse transcriptase polymerase chain reaction (RT-PCR)
depicted upregulation of the fibronectin gene copy numbers in
each of the blends relative to the homopolymers. Moreover, the
interleukin-1� expression profile was found to be composition-
ally dependent. The data suggest strongly that optimal com-
position and processing conditions can significantly affect the
acute inflammatory and extracellular matrix production re-
sponses. © 2005 Wiley Periodicals, Inc. J Biomed Mater Res
76A: 491–502, 2006
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INTRODUCTION

New combinatorial approaches to material synthe-
sis and characterization are affording opportunities to
address complex biological hypotheses. These meth-
ods include cell–biomaterial interactions and cover
large variants in the physicochemical parameter space
simultaneously.1–9 Surface characteristics such as hy-
drophobicity, morphology, surface charge, and chem-
ical functionality each play key roles in governing cell
adhesion and proliferation.10 In addition, when mix-
ing two or more individual materials, there are often
instances where the new material shows a synergistic
“improvement” in one or more of the properties of the
material relative to the respective homopolymers.
However, the optimization of polymer mixtures is a
complicated process. Screening all combinations of
materials and processing conditions by traditional
methods for the purposes of optimization is impracti-
cal. Additional variables, not withstanding new chem-
ical and processing methodologies, continually in-
crease the physical parameter space, making gradient
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sample fabrication methods very attractive. Orthogo-
nal gradient methods1,4,5,11,12 developed in the NIST
Combinatorial Materials Center (NCMC) produce
well-defined materials that afford simultaneous cov-
erage of multidimensional chemical, composition, and
physical-property parameter space, and are finding
application in the rapid evaluation of biological hy-
potheses, including biocompatibility.

The in vivo model for determining the biocompat-
ibility of a material is quite complex and involves the
recruitment and interaction of several different cell
types, making specific interactions difficult to identify.
Therefore in vitro analysis methods that provide early
indications of biocompatibility potential would be ex-
tremely advantageous. Thus, two of several cell types
that are likely to co-exist at the site of implantation,
namely, macrophages (RAW 264.7) and osteoblasts
(MC3T3-E1, subclone 4) were chosen for study. Both
of these cell lines have been found to retain many of
the inherent characteristics of native cells found in
mice and humans, and thus provide useful informa-
tion without the complications of in vivo models.13,14 A
detrimental inflammatory reaction is the most promi-
nent host response toward tissue-engineered devices
and is often the primary reason for implant failure.15

In addition to its involvement in many other cellular
processes, interleukin-1 beta (IL-1�) is one of the most
potent proinflammatory cytokines involved in physi-
ological immune responses. Therefore, the monitoring
of IL-1� expression profiles is useful in this study to
monitor inflammatory processes and is crucial to the
elucidation of the physicochemical properties of the
material, which may be responsible for the induction
of an inflammatory response.

After the propagation of the initial inflammatory
response, the wound-healing process begins. Wound
healing is mitigated by numerous mechanisms, in-
cluding the remodeling of the extracellular matrix
(ECM). The molecular and physical interactions that
direct cell attachment to a substrate are crucial to
understanding the fundamentals of cell adhesion,
which influences cell growth, function, and survival.16

Fibronectin (FN) is a large (450 kDa), multidomain
ECM protein that plays a critical role in mediating cell
adhesion, and provides signals to direct cell functions
of adjacent cells, including matrix remodeling and
proliferation, two components of wound healing.17

Cell adhesion to ECM components, including FN, in-
volves a collection of complicated dynamic processes
that is primarily mediated by the integrin family of
heterodimeric receptors.18 Integrin-mediated adhe-
sion is a highly regulated process involving mechan-
ical coupling to extracellular ligands,17 and subse-
quent clustering of bound receptors and rapid
association with the actin cytoskeleton to form focal
adhesions.16 FN also interacts with fibrin and acti-
vated platelets in clot formation and mediates the

attachment and activation of neutrophils, macro-
phages, and other inflammatory cells in the inflamma-
tory response.

In this instance the goal is to define how the surface
topography and surface energy of structurally related
but immiscible blends affect biological response. Thin
films of polymer mixtures macroscopically phase sep-
arate with domain sizes typically on the micron-length
scale and generally lead to changes in the film prop-
erties, including topology, roughness, and surface en-
ergy. A range of variables including temperature, film
thickness, and the chemical nature of both the bound-
aries and individual polymers, respectively, dictate
the extent of phase separation of binary polymer mix-
tures. Recent studies have shown that cells respond to
topographic features on the nanometer- and micron-
length scales.19–22 For example, variations in crystal-
linity lead to changes in surface roughness on nanom-
eter-length scales, which strongly impacts cell
proliferation.4 Model surfaces consisting of microscale
patterns of grooves and ridges influence cell align-
ment along the pattern edges and anisotropies.21,23,24

What remains unclear is how the surface characteris-
tics, including the extent of phase separation, within
this series of tyrosine-derived polycarbonates and dis-
crete blend materials will influence the acute inflam-
matory response and extracellular matrix production.
Initial efforts described herein have been focused on
the characterization of homopolymer and phase-sep-
arated blend films of tyrosine-derived polycarbonates,
developing in vitro assays for the measurement of
inflammation and ECM gene regulation and identify-
ing key physicochemical parameters that influence the
measurable responses. It is anticipated that these in
vitro methods will provide preliminary assessments of
in vivo material performance and provide the basis
from which to explore further material optimization
using combinatorial methods.

EXPERIMENTAL

Abbreviations

AFM: atomic force microscope
ATCC: American Type Culture Collection
EGTA: ethylene glycol bis(2-aminoethyl ether)-

N,N,N�N�-tetraacetic acid,
HBSS: Hank’s buffered salt solution
FN: fibronectin
IL-1�: interleukin-1 beta,
PBS: phosphate-buffered saline
PCL: polycaprolactone
PIPES: piperazine-1,4-bis(2-ethanesulphonic acid)
RMS: root mean square
RPMI: Roswell Park Memorial Institute
RT-PCR: real-time reverse transcriptase polymerase chain

reaction
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TCPS: tissue-culture polystyrene
TNF-�: tumor necrosis factor alpha

Materials

Unless otherwise listed, all solvents and reagents were
purchased from Sigma (St. Louis, MO) and used as received.
�-polycaprolactone was obtained from Sigma (St. Louis, MO,
Mw � 80,000). QuantiTect SYBR Green RT-PCR Kit, and
Rneasy Kit were obtained from Qiagen (Valencia, CA). Cells
were cultured in sterile 150 � 25-mm nonpyrogenic tissue-
culture polystyrene (TCPS) flasks (Daigger, Vernon Hills,
IL). Tyrosine-derived polycarbonates were synthesized as
described previously.25 In these studies, the alkyl ester pen-
dent chain (R) of the poly(desaminotyrosyl tyrosine ester
carbonate) is an ethyl (E), butyl (B), hexyl (H), or octyl (O)
chain. The weight-average molecular mass and molecular
mass distribution (PDI) for each of the polymers used in
these studies are listed. DTE: Mw � 131,000, Mw/Mn � 3.0;
DTB: Mw � 75,100, Mw/Mn � 2.5; DTH: Mw � 57,300,
Mw/Mn � 2.4; DTO: Mw � 61,500, Mw/Mn � 2.7.

Thin-Film preparation

Round glass coverslips (22 mm, Fisher, Pittsburg, PA, No.
11⁄2) were precleaned with the use of a 1-h ultrasonication
bath in a 50:50 (vol %) methanol/water solution. Tyrosine-
derived polycarbonate homopolymers and blends were
spun coat onto the coverslips at speeds of 2000 rpm from
dichloromethane solutions 10 mg/mL in concentration.
Blends were mixed in various compositions with the use of
DTE and DTO tyrosine-derived polycarbonates in 70/30,
50/50, 30/70 ratios (DTE/DTO, by mass). Following the
spin-coating process, the polymer-coated glass disks were
annealed at 105°C for 16 h under vacuum. Prior to cell
seeding the disks were soaked in a 70% (volume fraction)
ethanol solution for at least 30 min followed by several PBS
and cell media rinses.

Contact-angle measurements

The static contact angle of water on the prepared surfaces
was measured at 25°C with the use of water as the probe
fluid by operating a drop-shape analysis system of DSA 10
Mr2 (Krüss, Germany). The standard uncertainty of contact
angle measurements for each composition was determined
by the standard deviation between six independent mea-
surements on each of two sample discs prepared under
identical conditions.

Atomic-Force Microscopy (AFM)

Oscillating mode atomic-force microscopy measurements
were conducted in air with a Nanoscope IV system (Digital

Instruments) operated under ambient conditions with stan-
dard silicon tips (Nanodevices; L, 125 �m; normal spring
constant, 40N/m; resonance frequency, 300–360 kHz). RMS
roughness measurements were determined with the use of
standard Digital Instruments software, and averages and
standard deviations were determined from three measure-
ments from each of two different polymer thin-film samples.

Differential scanning calorimetry (DSC)

The thermal behavior was studied by differential scanning
calorimetry with the use of a Perkin Elmer (Wellesley, MA)
DSC 7 operated under nitrogen and calibrated with indium.
The DSC scanning curves were collected at a heating rate of
10°C/min.

Time-of-flight secondary ion mass spectrometer
(TOF-SIMS analysis)

TOF-SIMS experiments were performed on an Ion-TOF IV
(Münster, Germany) time-of-flight secondary ion mass spec-
trometer equipped with a 10-keV Cs� primary ion beam
source, which bombarded the surface at an incident angle of
45o to the surface normal. The target current was maintained
at 	2-pA pulsed current with a pulse width of 1 ns and a
150-�s cycle time (	6666-Hz frequency). Each spectrum was
averaged over a 120-s time period with a raster size of
	200 � 200 �m. These conditions resulted in Cs� ion doses
that were well below the static SIMS limit of 1013 ions/cm2.
Resulting mass resolutions were typically 
3000. Both pos-
itive and negative secondary ions were extracted from the
sample into a reflection-type time of flight mass spectrome-
ter. The secondary ions were then detected by a microchan-
nel plate detector with a postacceleration energy of 10 kV. A
low-energy electron flood gun was utilized for charge neu-
tralization, where the approximate electron dose per analy-
sis was around 1 � 1020 electrons/m2. It is expected that any
damage from the electron beam is minimal in comparison to
primary ion beam damage.

Cell lines

RAW 264.7 cells were purchased from ATCC and main-
tained in RPMI supplemented with 10 % (volume fraction)
heat-inactivated fetal bovine serum (FBS, Life Technologies,
Rockville, MD), in 5 % CO2: 95% air (volume fractions) at
37°C. To harvest, RAW 264.7 cells were washed with cal-
cium and magnesium-free phosphate-buffered saline, and
subsequently incubated with HBSS to promote release from
the flask. MC3T3-E1 cells (subclone 4) were obtained from
ATCC cultured in flasks (75-cm2 surface area) at 37°C in a
fully humidified atmosphere at 5% CO2 (volume fraction) in
Eagle’s minimum essential medium (�-modified, BioWhit-
taker, Inc., Walkersville, MD). The medium was supple-
mented with fetal bovine serum (10 %, volume fraction,
Gibco, Rockville, MD). Established protocols for the culture

CELLULAR RESPONSE TO PHASE-SEPARATED BLENDS 493



and passage of MC3T3-E1 cells were followed,26 including
passage with trypsin (2.5 g/L, 0.25% mass fraction) contain-
ing 1 mmol/L ethylenediamine tetraacetic acid (Gibco) once
per week.

mRNA extraction

Cells were plated (2 mL, 500,000 cells/mL) in sterile 12-
well nonpyrogenic polystyrene tissue-culture plates (Daig-
ger, Vernon Hills, IL) containing polymer-coated 22-mm
glass coverslips. Following a defined incubation period, the
mRNA extraction was carried out with the use of the mate-
rials and protocol provided in the Rneasy Kit from Qiagen
(Valencia, CA). The mRNA extraction protocol was followed
according to the manufacturer’s specification, except a 21-
gauge needle was used to homogenize the sample. The RNA
was treated with RNA Secure immediately following elution
and stored at �20°C. Standard spectrophotometric measure-
ments were taken and a 2% agarose gel stained with 10
�g/mL ethidium bromide (Sigma, St. Louis, MO) was used
to image the RNA. Densitometry was performed with the
use of the Versa Doc imaging system (Bio-Rad, Hercules,
CA).

Standards

The plasmids containing the cDNA inserts for TNF-�,
IL-1�, and the 18 S ribosomal subunit were purchased from
ATCC. The plasmids were grown in luria-bertani (LB) me-
dium (ATCC, medium 1065) with 100 �g/mL of ampicillin
for selection purposes. Plasmid DNA was isolated with the
use of the Plasmid Giga Kit (Qiagen, Valencia, CA) follow-
ing the manufacturer’s protocol. The standards for fibronec-
tin, actin, and collagen I were created from amplicons. Spec-
trophotometric measurements were made at 260 nm, and a
1% agarose gel stained with 10 �g/mL ethidium bromide
(Sigma, St. Louis, MO) was used to image the DNA. Densi-
tometry was performed with the use of the Versa Doc im-
aging system (Bio-Rad, Hercules, CA).

Primer Design

Primers were designed using Primerfinder (Whitehead
Institute for Biomedical Research) for the RT-PCR experi-
ments. The primers generated were used in both PCR and
RT-PCR experiments. They are as follows:

18S: 5�-agcgaccaaaggaaccataa-3� and 3�-ctcctcctcctc-
ctctctcg-5�

TNF-�: 5�-tttcctcccaataccccttc-3� and 3�-agtgcaaaggctc-
caaagaa-5�

IL-1�: 5�-tgtgaaatgccaccttttga-3� and 3�-gtagctgccacagct-
tctcc-5�

Actin: 5�-aggctgtgctgtccctgtat-3� and 3�-atgtcgaagtggtggt-
gtcg-5�

Collagen I: 5�-aacgagatcgagctcagaggcgaag-3� and 3�-gaag-
cacatttgagggaggtggggt-5�

Fibronectin: 5�-agagcaagaggcaggctcagcaaat-3� and 3�-tcgt-
tcggacttggacttctctgga-5�

RT-PCR

RT-PCR was carried out with the use of the QuantiTect
SYBR Green RT-PCR Kit and protocol (Qiagen, Valencia,
CA). All RT-PCR experiments were performed with the use
of the iCycler (Bio-Rad, Hercules, CA). The protocol utilizes
the following thermal parameters: Reverse Transcription: 30
min at 50°C. Activation step: 15 min at 95°C. 3 Step cycling:
denaturation for 30 s at 95°C, annealing for 2 min at 57°C,
and extension for 2 min at 72°C for 45 cycles. A melt curve
was subsequently performed to analyze the products gen-
erated, which began at 50°C and increased to 95°C in 1°C
increments. With the use of a reverse-transcriptase enzyme,
mRNA was converted to the cDNA template of the specific
marker. Then gene-specific primers, a DNA polymerase, and
a fluorescent moiety were utilized to amplify and label the
amplicon generated. The gene product accumulation was
then measured during the exponential phase of the ampli-
fication reaction.27 The copy number from each of the sam-
ples was obtained by extrapolating to a standard gene curve
of known concentration and copy number to yield quanti-
tative data. The assay also includes the analysis of mRNA
that does not change in relative abundance (18S) during the
course of treatment to serve as an internal control.28 The
positive control in this series of experiments is the addition
of lipopolysaccharide (bacterial cell wall component)29 to
see if the cells are responding to inflammatory stimuli. In
these experiments the cells responded appropriately, but the
data are not included because they are not relevant to the
point emphasized here.

Immunofluorescence staining and fluorescence
microscopy protocol

For visualization of cytoskeletal elements, cells plated at
200 cells/mm2 (2 mL, 100,000 cells/mL) for 16 h were ex-
tracted in 0.5% Triton X-100 in cytoskeleton buffer (50 mM
NaCl, 150 mM sucrose, 3 mM MgCl2, 20 �g/mL aprotinin, 1
�g/mL leupeptin, 1 mM phenylmethylsulfonyl fluoride, 10
mM PIPES buffer, pH 6.8) at 0°C for 10 min to remove
membrane and soluble cytoskeletal components, leaving be-
hind focal adhesion structures. Extracted cells were then
fixed in cold formaldehyde (3.7% in PBS) for 5 min, blocked
in 5% fetal bovine serum for 1 h, and incubated with the
primary antibody (monoclonal antivinculin, V-4505) against
vinculin followed by a 1-h incubation in FITC-labeled sec-
ondary antibody (Molecular Probes, Eugene, OR), Texas
Red-phalloidin (Molecular Probes, Eugene, OR) to stain ac-
tin microfilaments, and counterstained with Hoechst dye
(Molecular Probes, Eugene, OR) to stain DNA. The images
were collected with the use of a Nikon Eclipse TE 300
fluorescence microscope equipped with a 60�, 1.4-numeri-
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cal aperture (NA) oil immersion objective. The images col-
lected were approximately 240 �m � 180 �m in size.

RESULTS AND DISCUSSION

The Rutgers group has developed a library of ty-
rosine-derived polycarbonates for use in orthopedic,
tissue engineering, and drug-delivery applica-
tions.25,30–34 These materials share a structurally iden-
tical backbone with a rich chemical and structural
diversity, which depend solely on the pendent ester
substituent. The physical and chemical nature of the
pendant group significantly affects the mechanical
properties, degradation rates, and cellular responses.
Tyrosine-derived polycarbonates possess three poten-
tially degradable linkages: amide, carbonate, and es-
ter. The carbonate linkage hydrolyzes at a faster rate
than the ester group, and the amide bond is not labile
under in vitro physiological conditions.32,34 The ethyl
side chain hydrolyzes most quickly, followed in in-
creasing order by the butyl, hexyl, and octyl deriva-
tives, denoted herein as DTE, DTB, DTH, and DTO,
which are shown, respectively, in Figure 1.

The rate of hydrolysis was demonstrated to have an
effect on the nature of the resulting cell-substrate in-
terface in vivo, and the investigators have proposed
that the hydrolysis of the pendent alkyl groups creates
biomineral chelation sites on the surface of the poly-
mer implant materials. Differences observed at the

bone–implant interface have included both fibrous en-
capsulation and direct bone apposition,31 with mea-
sured results indicating DTE having produced nearly
70% apposition and 30 % encapsulation, whereas DTO
showed less than 20% apposition, showing clearly that
this small change in side-chain derivation significantly
affects the biological response both in vitro and in vivo.
The observed differences with regard to capsule for-
mation and resulting clinical outcome within this
group of structurally similar materials led us to hy-
pothesize that further optimization of the polymer
composition by material blending would lead to sur-
faces that minimized this type of inflammatory re-
sponse.

Characterization of the polymer thin films

For both the surface characterization and cell exper-
iments, round glass coverslips were spin-coated with
each of the respective compositions. The atomic force
microscopy (AFM) images of the annealed polycar-
bonate homopolymers yielded very smooth amor-
phous thin films that were largely indistinguishable
by optical or AFM methods (Figure 2). The annealing
step did not alter significantly the root-mean-square
(RMS) roughness in any of the homopolymers as mea-
sured by AFM. The experimentally measured water
contact angle and glass transition temperatures for
each of the homopolymers films were within 2° of the
values reported previously in the literature.25,35

A series of discrete blends were made to outline
small areas of physical parameter space to probe
whether more significant differences in cell response
existed and could be measured. The ethyl (DTE) and
octyl (DTO), tyrosyl esters were chosen because they
possessed the largest differences in water contact an-
gle and glass-transition temperature, and significant
biological data have already been acquired for these
materials. The series consisted of 30/70, 50/50, and
70/30 (by mass) DTE/DTO ratios and the acquired
physical characterization data for each are listed in
Table I.

Figure 1. Synthetic scheme and chemical structure desami-
notyrosyl-tyrosine alkyl esters and the resulting polycarbon-
ates. The pendent R groups of the polycarbonates reported
in this article consist of ethyl, butyl, hexyl, and octyl esters,
respectively. The corresponding polymers are referred to as
poly(DTE carbonate), poly(DTB carbonate), poly(DTH car-
bonate), and poly(DTO carbonate).

Figure 2. From left to right in the five 5 � 5-�m AFM images shown above, the amount of DTO is increasing. The discrete
DTE/DTO blends form phase-separated domains under in vacuo, 105°C annealing conditions. The size and spacing of the
domains are tunable by varying the composition of the blend. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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In each of the annealed blend compositions, two
distinct phases, which correspond predominantly to
DTE and DTO, are seen. In the 70/30 DTE/DTO
blend, a two-phase bicontinuous network was ob-
served, whereas the 50/50 and 30/70 blends exhibit
more isolated domains of various size. The darker
phase features in Figure 2 decrease qualitatively with
increasing DTO content. In this instance, a change in
temperature initiated phase separation where the two
blend components spontaneously demixed from their
initially homogeneous state. Prior to the annealing
process, the blends were smooth homogeneous films
slightly rougher than the homopolymer materials.
However, during the annealing process and the ac-
companied phase separation, the blends become sig-
nificantly rougher (Table I). AFM micrographs indi-
cated partial phase separation at 8 h, but generally
16 h at 105°C was required to complete the process.
Annealing for longer periods of time (72 h) did not
change the domain sizes of the respective films signif-
icantly or lead to polymer degradation. Contact-angle
and AFM images acquired after the soaking and rins-
ing processes followed by a brief drying period at
ambient temperature indicated that the surface topol-
ogy and roughness were not altered during the steril-
ization processes.

The heterogeneity of the films accompanying the
phase separation process often leads to changes in the
film properties. In particular, the demixing process of
a blend is influenced by the formation of an interface,
which may lead to surface-oriented phase separation,
the formation of a wetting layer, or surface properties
that differ significantly from those in the bulk. The
possible presence of a hydrophobic wetting layer due
to the water contact angle being very close to that of
the DTO homopolymers led to the use of time-of-flight
secondary-ion mass spectrometry (TOF-SIMS), which
was able to measure the relative amounts of each
polymer present at the surface. The SIMS technique
used in these analyses is sensitive to the top 10 Å of
the material surface, where both of the characteristic
peaks of the DTE and DTO polymers identified pre-
viously by Belu et al.36 have been measured. The
characteristic fragmentation peaks for DTE (191) and
DTO (275) are noted in the respective spectra of Figure

3. In each of the blend samples both sets of character-
istic peaks are present and identifiable. The presence
of both materials on the surface is also evident in the
phase micrographs of the blends imaged by AFM. The
dominance of the contact-angle measurements by the
DTO phase is most likely due to the fact that the water
drops are larger than the respective domain sizes, and
consequently only the contact angle of the most hy-
drophobic phase is observed. Furthermore, the contact
angles were measured over extended periods of time
with no measurable changes. This leads to confidence
that the surface is not remodeling under the time
constraints of these experiments.

HOMOPOLYMER RESPONSES

Real-time polymerase chain reaction (RT-PCR),
which has been utilized previously to monitor cyto-
kine proliferation37 and specifically, the genetic ex-
pression profiles of IL-1� and TNF-�,29,38,39 was uti-
lized to quantitate the cellular responses to the
tyrosine-derived polycarbonates. Following brief eth-
anol incubation and PBS/media washes, macrophages
were seeded on the polymer-coated coverslips and the
cells were allowed to adhere. At 8, 24, and 72 h of
incubation, mRNA was extracted from each of the cell
populations and analyzed by RT-PCR. The inflamma-
tory cytokine expression profiles of the RAW 264.7
cells to the tyrosine-derived polycarbonates (DTE,
DTB, DTH, and DTO, respectively), tissue-culture
polystyrene, and poly(�-caprolactone) at the 24-h time
point are shown in Figure 4 (A). At the 8, 24, and 72 h
time points, measured pairwise differences in TNF-�
mRNA synthesis between the respective substrates
were statistically insignificant. After 8 h of incubation,
insignificant differences were seen in the IL-1� copy
numbers. However, at 24 h, measurable differences
were seen in IL-1� production, though between the
tyrosine-derived polycarbonates, PCL, and TCPS.
However, by 72 h, the measured copy numbers of
both cytokines had returned to baseline levels (data
not shown). PCL and all of the tyrosine polycarbon-
ates except for DTO exhibited significant increases (50-

TABLE I
Homopolymer and Blend Characterization Data

Sample
Composition

Glass-Transition Temperature
(°C)

Contact
Angle

Water (°)

Surface Roughness RMS (nm)

DTE DTO Annealed Unannealed

100 0 99.2 � 0.7 71.4 � 0.8 2.69 � 1.49 2.30 � 2.48
70 30 95.2 � 0.4 53.3 � 1.2 91.1 � 0.9 50.77 � 7.19 5.77 � 3.04
50 50 95.9 � 0.7 54.0 � 0.8 89.1 � 1.8 44.59 � 4.32 4.71 � 3.06
30 70 96.6 � 0.5 51.5 � 0.7 92.7 � 2.2 45.94 � 10.45 5.26 � 2.48
0 100 52.6 � 1.6 91.4 � 1.0 2.40 � 1.30 3.07 � 1.38
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to 172-fold) in IL-1� production compared to TCPS at
the 24-h time point. DTB had the highest relative
production of IL-1� gene copy numbers followed by
DTH, DTE, PCL, and DTO, respectively.

Figure 4 (B) depicts the differences in gene copy
number for each of the tyrosine-derived polycarbon-
ates (DTE, DTB, DTH, and DTO, respectively), TCPS,
and PCL after 3 h of incubation, at which time the vast
majority of the bone osteoblasts were observed to be
adhered to the substrates. It is unclear what this up-
regulation in IL-1� ultimately means to the long-term
viability of the cell. The more detrimental TNF-� cy-
tokine was not upregulated to the same extent, and
negligible differences were measured in flow cytom-
etry experiments over similar time frames. The differ-
ences in TNF-� and IL-1� expression measured in this
series reflect different pathways of signal transduc-
tion40 with regard to both the time frame and the
severity of the response29,41–43 to the respective in-
flammatory stimuli. Additionally, it was hypothesized
that the changes in the expression of the extracellular
matrix proteins (fibronectin and collagen I) and the
cytoskeleton protein actin may provide an early indi-

cation of cellular response to this series of tyrosine-
derived polycarbonate homopolymers, PCL, and
TCPS. The gene expression profiles for each of the
ECM and cytoskeleton markers were downregulated
for all of the desaminotyrosyl tyrosine polycarbonate
homopolymers relative to TCPS. The slight, but in
some instances statistically significant, differences in
inflammatory cytokine expression, extracellular ma-
trix (FN and collagen I) and cytoskeletal (actin) expres-
sion led to the belief that optimizations could be made
with regard to composition.

BLEND RESPONSES

To evaluate the responses of macrophages and os-
teoblasts to DTE, DTO, and the respective blends, cells
of each type were plated on polymer-coated disks, and
mRNA was harvested from the samples after 24 h of
incubation. The studies described herein measure how
the genetic expression levels of IL-1� and FN vary for
the series of blends of DTE and DTO in two different

Figure 3. Negative-ion TOF-SIMS of the tyrosine-derived homopolymers and the respective blends showing the character-
istic peaks for DTE (191) and DTO (275) and the chemical structures for the common ion fragments first identified by Belu
et al.36 show that both materials are present at the surface in the phase-separated blends.
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cell lines. The present focus was on FN expression at
the shorter time points, because it is expected that the
largest differences in collagen I expression would be
measured at longer time points and is currently the
focus of another ongoing study. The first expression
marker investigated was IL-1�, to determine if and to
what extent discrete DTE/DTO blends would affect
the expression profiles of the cells. It has been shown
that statistically significant differences in IL-1� expres-
sion exist between the respective homopolymers and
blend compositions in the macrophage cell line. Each
of the blends elicited an upregulated response relative
to the individual hompolymers. However, the sur-
faces were not cytotoxic, as evidenced by the lack of
TNF-� expression in the samples and by negligible cell
death observed visually or measured in the apoptosis
assays using flow cytometry (data not shown). The
blends elicited a proinflammatory response that was
elevated in comparison to TCPS and the respective
homopolymer samples in the macrophage popula-
tions. The DTE and DTO homopolymers were mea-
sured as having a 2.2-fold and 6.7-fold increase in
IL-1� copy numbers relative to TCPS. As shown in
Figure 5, the increases were much more pronounced
in each of the blend samples with the 70/30, 50/50,
and 30/70 (DTE/DTO) registering 48.4-, 199.7-, and
67.6-fold greater gene copy numbers that TCPS, re-
spectively. The measured difference between the
70/30 and the 30/70 was insignificant (p 	 0.25) but
the 50/50 blend measured 4.1- and 2.9-fold higher
copy numbers than the other blends, respectively.

The osteoblasts also demonstrated significant differ-
ences in IL-1� mRNA levels, but the exhibited trends
were compositionally dependent. For osteoblasts, the
homopolymers DTE and DTO demonstrated 	5.1 �
103- and 1.4 � 103-fold increases in cytokine induction
in relationship to TCPS control levels. The gene copy
numbers produced by each of the homopolymers in
the MC3T3-E1 populations were similar, and the
blend samples were expected to exhibit similar expres-
sion levels. The 50/50 and 30/70 (DTE/DTO) blends
measured 	2.7 � 104- and 1.0 � 104-fold increases
over control levels. However, the 70/30 DTE/DTO
blend only registered at 2.9-fold increase over TCPS at
the 2- h time point. The underlying physicochemical
parameter causing the significant and reproducible
decrease in IL-1� gene expression is unknown at this
point and is currently being investigated further. The
fold increases and the p values (p 
 0.05 significant at
95% confidence) indicating statistical significance are
listed in Table II.

Variations in ECM production on the polymer sam-
ples were measured next by quantifying the expres-
sion profile of FN in each of the cell populations. The

Figure 4. (A) Gene copy numbers of IL-1� and TNF-� in
RAW 264.7 macrophages after 24 h of exposure. (B) Relative
differences in actin, fibronectin, and collagen I gene copy
numbers in MC3T3-E1 osteoblasts for each of the tyrosine-
derived polycarbonates (DTE, DTB, DTH, and DTO, respec-
tively), TCPS, and PCL after 3 h of incubation. Error bars are
representative of one standard deviation from the mean of
triplicate samples harvested from a single population of
cells, and are the estimate of the standard uncertainties.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 5. Depicts gene copy numbers of interleukin-1�
(IL-1�) (A and C), and fibronectin (B and D) after 24 h of
exposure on the respective surface for RAW 264.7 macro-
phages (A and B) and MC3T3 E1 bone osteoblasts (C and D).
Error bars are representative of one standard deviation from
the mean of triplicate samples harvested from a single pop-
ulation of cells, and are the estimate of the standard uncer-
tainties. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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RAW 264.7 macrophages do not express large quanti-
ties of FN; thus it was anticipated that FN copy num-
bers would be lower than other epithelial cell types
such as the fibroblasts (or osteoblasts). The tyrosine
polycarbonate blends displayed levels of FN that were
relative to levels of TCPS. However, FN expression
levels were undetectable on the discs coated with DTE
and DTO homopolymers at 24 h. A similar upregula-
tion trend was seen on each of the discrete blend
populations in the osteoblast populations. The osteo-
blast mRNA expression levels of FN on the DTE and
DTO homopolymers samples were 4.8 � 103- and
9.6 � 103-fold lower than the TCPS population. Fur-
thermore, the osteoblast levels of FN gene expression
on the blend samples were comparable to TCPS levels.

These findings provided data that were comple-
mentary, meaning that the DTE/DTO polymer blends
stimulated the upregulation of FN relative to each of
the homopolymers singly in both cell types. The com-
positionally dependent gene expression data demon-
strate that different compositions and surface topog-
raphies can alter the gene expression behavior in these
cells. Although the roughness in the blend samples as
compared to the homopolymers appears to have con-
tributed significantly to the upregulation in both gene

expression markers, the differences cannot entirely
explain the statistically significant differences between
the respective compositions.

It is hypothesized that the orientation or the distri-
bution of orientations of serum proteins adsorbed on
the respective substrates is contributing to the compo-
sitionally distinct gene expression behavior in the os-
teoblast and macrophage populations. Numerous con-
tributions in the literature demonstrate that the
species, amount, and conformation of the proteins that
bind are dictated by the chemistry of the polymer
surface.43–45 The initial attachment of cells to surfaces
is mediated by proteins from the serum that adsorbed
onto the polymer surface.46 The confirmation and ori-
entation of these adsorbed proteins affects the acces-
sibility of the respective cell-binding sites on the pro-
tein molecule, which could affect the subsequent gene
expression behavior.47,48 Efforts to characterize these
differences in protein adsorption quantity and orien-
tation are ongoing, but are beyond the scope of this
article.

After the mRNA expression profiles in the cell pop-
ulations were quantified, the cell morphology, cy-
toskeleton characteristics, and ECM distribution on
each of the compositions were examined further. The

TABLE II
Measures of Relative Gene Expression Differences and Levels of Statistical Significance for each of the DTE and DTO

Homopolymers and Discrete Blends

Sample

Interleukin-1� Fibronectin

TCPS DTE
70/
30

50/
50

30/
70 DTO TCPS DTE

70/
30

50/
50

30/
70 DTO

RAW 264.7 Macrophages
TCPS – 0.45 0.02 0 0.01 0.15 – – 3.6 3.2 3.3 –
DTE 2.2 – 0.05 0.01 0.03 0.32 – – – – – –

0.013
70/30 48.4 22.1 – 0.24 0.249 7.1 0.28 – – 0.918 0.812 –

0.014 0.015 0.008
50/50 199.7 91.4 4.1 – 2.9 33.3 0.31 – 0.918 – 0.772 –

0.002 0.002 0.009 0.030
30/70 67.6 30.9 0.249 0.34 – 10.0 0.30 – 0.812 0.772 – –

0.034 0.035 0.026 0.029
DTO 6.7 3.1 0.14 0.03 0.10 – – – – – – –

0.002 0.003 0.019 0.002 0.040

MC 3T3 Bone Osteoblasts
TCPS – 0 0.34 0 0 0 – 4860 3.7 2.0 2.0 9640
DTE 5070 – 0.04 0.01 0.04 0.06 0 – 0 0 0 0.189

0.002
70/30 2.9 23.7 – 0 0 0 0.27 1970 – 0.56 0.56 2570

0.001 0.005 0.004
50/50 27200 103 9310 – 2.6 20 0.49 3630 1.8 – 0.962 4710

0.000 0 0.020 0.005 0.010
30/70 10000 23.0 3430 0.38 – 7.1 0.49 3600 1.8 0.962 – 4680

0.002 0 0 0.018 0.004 0.009
DTO 1410 16.7 481 0.05 0.14 – 0 0.189 0 0 0 –

0.004 0.001 0 0 0.002 0.004 0.005 0.004

Note. The top number indicates the relative fold differences, the bottom number denotes the p value (p 
 0.05 significant
at 95% confidence, derived from the Student t test) indicating statistical significance, and bold numbers denote comparisons
that are statistically insignificant.
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MC3T3-E1 osteoblasts and RAW 264.7 macrophages
were stained with the use of immunofluorescent tech-
niques. Texas Red-conjugated phalloidin was used to
stabilize and stain the fibrillar actin, and FITC-conju-
gated secondary antibody to an antivinculin primary
antibody was used to look at the vinculin distribution
to examine if gross changes were occurring in the

cytoskeleton, cell spreading, or in the focal adhesion
contacts (Figure 6). Vinculin is a eukaryotic protein
located on the cytoplasmic side of focal adhesion con-
tacts that is involved in the attachment of the actin-
based microfilaments to the plasma membrane.49 It is
also indirectly linked to FN through direct interaction
with talin, which binds the intracellular domain of the

Figure 6. Immunofluorescent staining for (A) actin, (C) vinculin, (B) overlays of MC3T3-E1 osteoblasts, and (D) RAW 264.7
macrophages, showing the cytoskeleton and focal adhesion contact formation 16 h after seeding on each of the respective
homopolymers and blends. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.
com.]
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FN receptor that mechanically couples to FN. Upon
close examination of the vinculin staining (focal con-
tact assemblies) there are distinct differences in the
amount of cell spreading and the shape and extension
of the lamellapodia (Figure 6). The reduced spreading
and large lamellapodia protrusions of the MC3T3-E1
cells on DTO are readily apparent in comparison to
those imaged on the TCPS and DTE homopolymer.
The extension and distortion of the lamellapodia in-
crease in the blend samples with increasing DTO con-
tent. Also, the cells appear to spread less with increas-
ing DTO content as seen in the distribution of the
fibrillar actin.

In the macrophage populations, the differences in
cell spreading are less apparent. Also, as expected,
there are not any discernable focal adhesion contacts
despite the upregulation of gene expression for FN.
More quantitative measurements using automated
fluorescence microscopy, which characterize the dis-
tributions of cell size, shape and spreading and the
number, size and distribution of focal adhesion com-
plexes between the homopolymers and the blends, are
in progress.

Investigation of the physicochemical parameters
that lead to the compositionally dependent expression
behavior is ongoing. Of particular interest is the trend
depicting upregulation of IL-1� and FN in most of the
blend compositions relative to the homopolymers.
Continuing studies by the Kohn group indicate that
different amounts of various proteins adsorb to the
individual homopolymers (unpublished results). The
differences in phase domain size among the composi-
tions may also influence both the amount and orien-
tation distribution of adsorbed protein. These factors
could contribute significantly to the differential gene
expression seen in the homopolymers and composi-
tional blends, and we are actively exploring new
methods for measuring these phenomena.

CONCLUSIONS

Two-dimensional thin films consisting of ho-
mopolymers and discrete compositional blends of
tyrosine-derived polycarbonates were prepared,
and the surfaces were characterized in an effort to
elucidate the nature of different cell responses that
were measured in vitro. Genetic expression profiles
of IL-1� and FN in both MC3T3-E1 osteoblasts and
RAW 264.7 murine macrophages were measured at
several time points, and the blends exhibited com-
positionally dependent gene-expression profiles
that were significantly different than the respective
homopolymer films. The physicochemical parame-
ters that led to the upregulation of FN in each of the
blend compositions are under investigation. Al-

though the roughness in the blend samples as com-
pared to the homopolymers certainly contributed
significantly to the upregulation in both gene-ex-
pression markers, they cannot explain entirely the
statistically significant differences between the re-
spective compositions. The results of the discrete
blend analyses provide the foundation for examina-
tion of 1D and 2D gradients of DTE and DTO to
examine further the optimal composition and pro-
cessing conditions that maximize extracellular ma-
trix production and minimize IL-1� response. The
results described in this article suggest strongly that
there are numerous opportunities for combinatorial
approaches to polymeric formulations in biomate-
rial applications.
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