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Abstract
Regulation of smooth muscle cell adhesion, proliferation, and motility on biomaterials is critical to
the performance of blood-contacting implants and vascular tissue engineering scaffolds. The goal
of this study was to examine the underlying substrate-smooth muscle cell response relations, using
a selection of polymers representative of an expansive library of multifunctional, tyrosine-derived
polycarbonates. Three chemical components within the polymer structure were selectively varied
through copolymerization: 1) the content of iodinated tyrosine to achieve X-ray visibility; 2) the
content of poly(ethylene glycol) (PEG) to decrease protein adsorption and cell adhesivity; and 3)
the content of desaminotyrosyl-tyrosine (DT) which regulates the rate of polymer degradation.
Using quartz crystal microbalance with dissipation, we quantified differential serum protein
adsorption behavior due to the chemical components DT, iodinated tyrosine, and PEG: increased
PEG content within the polymer structure progressively decreased protein adsorption but the
simultaneous presence of both DT and iodinated tyrosine reversed the effects of PEG. The
complex interplay of these components was next tested on the adhesion, proliferation, and motility
behavior cultured human aortic smooth muscle cells. The incorporation of PEG into the polymer
reduced cell attachment, which was reversed in the presence of iodinated tyrosine. Further, we
found that as little as 10% DT content was sufficient to negate the PEG effect in polymers
containing iodinated tyrosine while in non-iodinated polymers the PEG effect on cell attachment
was reversed. Cross-functional analysis of motility and proliferation revealed divergent substrate
chemistry related cell response regimes. For instance, within the series of polymers containing
both iodinated tyrosine and 10% of DT, increasing PEG levels lowered smooth muscle cell
motility without a change in the rate of cell proliferation. In contrast, for non-iodinated tyrosine
and 10% of DT, increasing PEG levels increased cell proliferation significantly while reducing
cell motility. Clearly, the polycarbonate polymer library offers a sensitive platform to modulate
cell adhesion, proliferation, and motility responses, which, in turn, may have implications for
controlling vascular remodeling in vivo. Additionally, our data suggests unique biorelevant
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properties following the incorporation of iodinated subunits in a polymeric biomaterial as a
potential platform for X-ray visible devices.

INTRODUCTION
Regulation of cell adhesion, proliferation, and motility on biomaterials is critical to the
performance of biomedical implants and tissue engineering scaffolds. In particular,
controlling smooth muscle cell response is crucial for the success of blood contacting
devices as well as vascular tissue engineering materials 1. For instance, a major problem in
cardiovascular stent applications is restenosis after implantation that is caused by excessive
smooth muscle cell proliferation and migration into the intima 2 3. Additionally, in the
development of materials for small diameter vascular replacements, hemocompatibility and
hyperplasia have remained major obstacles. One approach to regulating cellular responses
on biomaterials is to rationally design biodegradable polymers to include chemical
properties that provide hemocompatibility and control cell adhesion, proliferation, and
motility. Alternatively, it is necessary to promote smooth muscle growth and migration to
engineer artificial arterial blood vessels for vascular graft applications as well as for the
development of in vitro models of vasculature 4. For artificial artery applications, synthetic,
biodegradable materials can be used to regulate the structure of smooth muscle cells,
fibroblasts, and endothelial cells into functional constructs 5,6. However, in general, studies
on new materials for tissue engineering and implant applications are limited to few known
polymers with a limited number of conditions evaluated.

Recently, combinatorial polymer synthesis has spurned interest in higher throughput cell and
protein evaluation studies for promising biomaterials 7. Cell – material interactions have
been evaluated using chemical and property gradient films encompassing a wide range of
polymer blend compositions as well as processing conditions 8,9. Studies elucidating the
effects of combinatorial polymer composition on embryonic stem cell differentiation have
also been undertaken 10. To enable higher throughput evaluation, several groups have
developed inkjet inspired spotting techniques to minimize the amount of material required
and to enable large arrays of different materials or conditions for the evaluation of cell –
material interactions 11–14. Challenges for high throughput bioscreening on these
biomaterial libraries include developing test platforms for efficient and precise data
acquisition as well as the ability to process and analyze the large data sets generated. To this
end, we have adopted a customizable grid platform formed by frontal photopolymerization
of an optical adhesive that allows microliters of dilute polymeric solutions to be cast in an
array format on a single coverslip 15. The platform allows each test site to contact the same
experimental solution condition at each step, including the cell suspension solution, which
greatly limits experimental variability.

A biodegradable tyrosine-derived poly(DTE carbonate) was modified by co-polymerization
with monomers of different chemical functionalities to tune specific physical properties.
Specifically, it was modified with poly(ethylene glycol) to improve hemocompatibility;
desaminotyrosyl tyrosine (DT) units to increase degradation rates; and iodination of the
tyrosine ring to impart X-ray visibility, which is the first such report of iodination of a
polymeric biomaterial. This covalent attachment of iodine in the tyrosine ring holds promise
as an important platform for the creation of x-ray visible devices. In this sense, a library of
polymers with variable composition was established. Despite the rational design of the
library to meet with different functionalities, it is not clear how the modifications may singly
or in combination affect basic vascular cell interactions with the resultant polymer library.
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We selected a subset of the library of poly(desamino tyrosyl tyrosine ethyl ester carbonate)s
(poly(DTE carbonate)) to represent a wide range of properties, and examined the
attachment, spreading, proliferation, motility responses of human aortic smooth muscle cells
in vitro. We report that this subset of the virtual polymer library exhibits some very distinct
responsiveness in terms of cellular phenomena. Based on our findings, the polymers can be
designed to optimize different cellular properties and thus customize the composition for the
ultimately targeted application.

MATERIALS AND METHODS
Polymer synthesis

Tyrosine-derived poly(DTE carbonate) and its copolymers (Figure 1) were synthesized
according to published procedures 16,17. The molar fraction of PEG units (Mw = 1000) in
the copolymer was varied between 0 – 15 mol% PEG. Poly(D,L-lactide-co-glycolide)
(Resomer 506) and poly(L-lactic acid) (Resomer L-206) were purchased from Boehringer
Ingelheim (Ridgefield, CT, USA).

Substrate Fabrication
Grid platforms were fabricated as described previously 15. Briefly, a 35 mm glass coverslip
was contacted with a well of Norland 82 optical adhesive. A photomask created by printing
out a negative of the desired pattern on a simple transparency with a 1200 dpi printer. The
sample was then exposed to a collimated long UV wavelength lamp for two minutes at a
distance of eighteen inches. Uncured adhesive was washed away with 70% ethanol and then
a 50/50 mixture of acetone and 70% ethanol. The grid platform was further cured for one
hour, four inches from the UV lamp. Samples were placed in an oven at 60 °C for 24 h to
remove residual volatiles.

Six and half microliters of 1% by weight, polymer solutions were solvent cast into the
microwells in a solvent rich atmosphere 18. Solutions were prepared by weighing 10 mg of
each polymer, diluting each portion with 1 ml of 1.5% methanol and 98.5% methylene
chloride solution followed by thorough mixing. Solutions were filtered through 0.45 micron
filters to remove large foreign particles. The grid platform was then assembled into a POC-R
stage incubator (PeCon GmbH) for cell adhesion, motility and morphology studies.

Protein Adsorption
Quartz crystal microbalance was used to quantify the responsiveness of the subset of
polymer library to protein adsorption from complete serum used in cell culture experiments.
To this end, 1% w/v polymer solutions in dioxane (Fisher Scientific) were spin-coated onto
gold quartz crystals (Q-Sense, QSX 301) at 4000 RPM. Coated crystals were then
equilibrated in PBS for up to 18 hours until a stable baseline (drift < −1 Hz/min) was
reached. Crystals were mounted in the QCM-D (Q-Sense, E4) and 5% fetal bovine serum
was perfused through the system at a flow rate of 24.2 µl/min for 60 minutes. Phosphate
buffered saline (PBS) was then perfused through the system for 90 minutes to rinse off non-
adherent proteins.

Raw frequency and dissipation data were modeled with supplied software (Q-Sense, Q-
Tools) that utilizes the Voigt model 19. Overtones 5 and 7 were used to model the data. The
modeling region was chosen from the beginning of the adsorption to the end of the rinse.
Layer density was fixed at 1200 kg/m3. Viscosity, shear, and thickness were set within
ranges of 0.0005 – 0.01 kg/m-s, 105 – 1011 Pa, and 10−11 – 10−7 m, respectively.

Johnson et al. Page 3

J Biomed Mater Res A. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cell Culture
Human Aortic Smooth Muscle Cells were obtained from Cascade Biologics (C-007-5C).
Cells were thawed from a frozen cell bank, and maintained in a humidified incubator at 37
°C and 5% CO2 in MCDB 131 medium from Biosource International (P174-500)
supplemented with SingleQuats which contain bovine insulin 0.1 %, gentamiacin sulfate
amphotericin-B (GA-1000) 0.1 %, epidermal growth factor, human recombinant (hEGF) 0.1
%, fibroblast growth factor-B, human recombinant (HFGF-B) 0.2 %, and fetal bovine serum
(FBS) 5.0 %.

Cell adhesion study
The grid platform with polymer films was assembled into the stage incubator then pre-wet
with complete media for 1 h prior to cell seeding. Cells were stained with Cell Tracker
Green CMDA (Invitrogen), washed and then seeded at 20,000 cells/cm2 in complete smooth
muscle cell media. After 1 h incubation at 37 °C and 5% CO2, the cells were washed 3×
with sterile PBS. Cells were imaged at 10 × magnification, 488 nm excitation, and 500–535
nm emission. Cell counts were performed with Image-Pro Plus (Media Cybernetics Silver
Spring, MD).

Cell Proliferation
Log phase, passage 8 – 9 smooth muscle cells were grown on grids for 48 h and labeled with
BrdU for an additional 24 h. Incorporated BrdU was detected by immunocytochemistry
using commercially available reagents (BrdU labeling and Detection Kit I; Roche); nuclei
were detected by DAPI staining. Cells were imaged using a Nikon TE2000 microscope and
growth rate is presented as the fraction of BrdU-labeled nuclei.

Cell Motility
Human Aortic Smooth Muscle Cells were stained with Cell Tracker Green (Invitrogen), and
seeded onto the micro well grid in an open cultivation chamber (PeCon) at a density of
20,000 cells/cm2 and incubated for 6 h. After incubation, the chamber was mounted into a
heatable stage insert (Heating Insert P, PeCon). Temperature control was maintained at 37
°C with a temperature control unit (Tempcontrol 37-2 digital, PeCon). Leica confocal
software was used to mark x-y-z positions and control the motorized stage. Fluorescent
images were acquired at 10 × magnification, 488 nm excitation and 500–535 nm emission
using a using a Leica TCS SP2 microscope (Leica Microsystems, Inc., Exton, PA). Three
images were taken for each polymer film every 10 min for 15 h. Images were then processed
using Image-Pro Plus to analyze the paths of the individual migrating cells. For each image,
the x and y location of the cell centroids were recorded throughout each sequence of images.
Cell migration rate was quantified by dividing the net displacement of cell paths over the
time interval of tracking. The migration rate was averaged over multiple cell paths in each
condition (substrate).

RESULTS
Physical Properties

A selection of twelve, tyrosine-derived polycarbonates was evaluated for smooth muscle cell
response. Figure 1 depicts the systematic variation of polymer chemistry. Table 1 groups the
polymers in four families, each containing varying amounts of PEG (X = 0, 4, and 8%). The
four families are: (1) the family of non-iodinated polymers described by the general formula
poly(DTE-co-X%PEG1000 carbonate); (2) the family of iodinated polymers described by the
general formula poly(I2DTE-co-X%PEG1000 carbonate); (3) the family of non-iodinated
copolymers of DTE and 10% DT described by poly(DTE-co-10%DT-co-X%PEG1000
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carbonate; and (4) the family of iodinated copolymers of DTE and 10% DT described by
poly(I2DTE-co-10% I2DT-co-X%PEG1000 carbonate). The glass transition temperatures
(Tg) of the dry polymers were determined using Differential Scanning Calorimetry (DSC).
The chemical variations had the following effects on the Tg: (1) the incorporation of two
iodine atoms into the tyrosine ring substantially increased the Tg of all polymers by about 40
°C; (2) copolymerization with 10% DT moderately increased Tg by 2 –7 °C; and (3) PEG
incorporation decreased the Tg by 6–7 °C for every mol % of PEG1000.

Protein Adsorption
The results of the QCM-D studies of serum protein adsorption are shown in Figure 2. A
polymer-dependent adsorption of protein was observed where the effects of incorporating
PEG1000, DT and iodination of the tyrosine ring are revealed. The thickness of the adsorbed
protein layer was similar for the non-PEG containing polymers (DTE, DTE + 10% DT and
I2DTE). However, the PEG effects were significantly different for each of the polymer
types. For non-iodinated polycarbonates, the addition of PEG1000 (8 mol %) resulted in a
dramatically decreased adsorption of serum proteins. Polycarbonates containing iodinated
tyrosine displayed reduced effect in protein adsorption when compared with the non-
iodinated equivalents. The incorporation of 10% DT also reduced the effect of PEG on
protein adsorption for the polycarbonates studied.

Cell Adhesion
Cell adhesion was sensitively altered by alterations in the chemical composition of the
polymer library. Figure 3a illustrates the decrease in cell attachment caused by an increase in
PEG content within the family of poly(DTE-co-X%PEG1000 carbonate)s. At X = 8 mol %
PEG1000, the number of cells was reduced by 84%. The corresponding family of iodinated
polymers, represented by poly(I2DTE-co-X%PEG1000 carbonate) also showed decreasing
cell adhesion with increasing PEG1000 content, however, the extent of this effect was less
pronounced in the presence of iodinated tyrosine (46% reduction at 8 mol % PEG1000). In
contrast, the findings for the polymers represented by poly(DTE-co-10% DT-co-X
%PEG1000 carbonate) were unexpected: These polymers showed a marked increase in the
levels of cell adhesion (Figure 3b) with the number of cells increasing more than twofold at
8 mol % PEG1000. The interplay between the presence of DT and PEG in these terpolymers
results in a unique increase in cell adhesivity which is not seen in any of the other polymer
families studied here. Notably, only minor variations in cell adhesion were observed in the
closely-related, iodinated polymers represented by poly(I2DTE-co-10%I2DT-co-X
%PEG1000 carbonate). For an internal control, cell adhesion on both PLGA and PLA was
evaluated simultaneously and was found to be 60% of poly(DTE carbonate) or
approximately equal to poly(I2DTE carbonate) (data not shown).

Cell Morphology
As shown in the first and third columns of the panel of images in Figure 4, cultured smooth
muscle cells on poly(DTE carbonate) and poly(I2DTE carbonate) were well spread and
extended. However, upon the incorporation of 4 and 8 mol % PEG1000, the cells lose their
extended morphology and became largely rounded. In contrast, DT-containing polymers
(second and fourth columns) showed extensive cell spreading, even upon the incorporation
of up to 8 mol % PEG1000.

Cell Motility and Proliferation Responses and Their Cross-Correlations
To learn about the effects of substrate chemistry on multiple cellular dynamics, the cell
proliferation rate was quantified in terms of fraction of cells in the S-phase, and plotted
versus cell migration rate.
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Trends in cell proliferation behavior can be analyzed independently. For poly(DTE-co-X
%PEG1000carbonate), the cell proliferation rate decreased upon incorporation of PEG1000 at
4 mol %. However, for poly(DTE-co-10%DT-co-X%PEG1000 carbonate), the cell
proliferation rate increased with increasing PEG1000 content. For poly(DTE-co-10% DT-
co-8% PEG1000 carbonate), the proliferation rate was nearly twice that on poly(DTE-
co-10% DT carbonate) and was higher than for poly(DTE carbonate). For the iodinated
polymer series (poly(I2DTE-co-10%DT-co-X%PEG1000 carbonate)), the proliferation rate
remained unchanged as the PEG1000 content was increased.

Cell motility trends are plotted in Figure 5 and can be first tracked in the absence of any
PEG1000 (compare markers with "0", indicating no PEG in Figure 5). Incorporation of DT in
poly(DTE-co-10% DT-co-X%PEG1000 carbonate), promoted cell motility in relation to that
on poly(DTE-co-X%PEG1000 carbonate), while the incorporation of iodinated tyrosine
lowered cell motility on poly(I2DTE-co-X%PEG1000 carbonate) as well as in poly(I2DTE-
co-10%DT-co-X%PEG1000 carbonate). These observations indicate that the incorporation of
PEG affected cell motility behavior differentially in those polymers that contained both DT
and iodinated tyrosine: Modest PEG content in poly(DTE-co-4%PEG1000 carbonate) and in
the iodinated poly(I2DTE-co-4%PEG1000 carbonate) led to an increase in cell motility,
while a decrease in cell motility was observed in all DT containing polymers represented by
the formulae poly(DTE-co-10%DT-co-X%PEG1000 carbonate) and poly(I2DTE-co-10%DT-
co-X%PEG1000 carbonate). The unique polymer that elicited the highest cell motility was
poly(DTE-co-4%PEG1000 carbonate), while iodinated polymers elicited the lowest values of
cell motility. The entire range of cell motility varied over one order of magnitude between
the highest and lowest levels seen among the test polymers.

Cross-functional analysis of average cell motility rate versus proliferation reveals the diverse
effects of the underlying chemistry on the cellular response (Figure 5). As PEG1000 content
increased in all iodinated tyrosine-containing copolymers, the proliferation rate remained
constant while the average motility rates varied. On the other hand, poly(DTE-co-10%DT-
co-X%PEG1000 carbonate) elicited a strong increase in the levels of proliferation and a
steady decrease in cell motility with increases in PEG1000 content. Poly(DTE-co-X
%PEG1000 carbonate) showed the opposite trends, namely a decrease in cell proliferation
and an increase in cell motility upon increase in PEG1000 content.

DISCUSSION
The development of new polymeric biomaterials has been largely limited to few polymers
studied on few conditions at one time. Advances in combinatorial design and production of
polymeric materials have necessitated higher throughput evaluation of cell-biomaterial
interactions. In this study, we explored the cellular adhesion, motility, and proliferation
responses to a 16-member subset of a combinatorially designed library of tyrosine-derived
polycarbonates. As candidate substrates for vascular biomaterial applications, this library
offers combinatorial multifunctionality in terms of biodegradability, radio-opacity, and
bioactivity. In this study, we report that minute changes in the levels of three major
components of the library, charge, iodine, and poly(ethylene glycol) can singly or
cooperatively shift the cell motility and proliferation behaviors of cultured smooth muscle
cells.

Determining the cellular responses to a combinatorial library of polymers requires large
numbers of experiments, materials and time. To efficiently evaluate a promising series of
biodegradable polymers, we took a systematic approach to explore the trends and interplay
of the key changeable chemical components: PEG, iodination, and a free acid containing
monomer. To evaluate this range of polymers, we adopted a customizable grid platform
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formed by frontal photopolymerization of an optical adhesive that allows microliters of
dilute polymeric solutions to be cast in an array format on a single coverslip 15. The
platform allows for the application of less than 100 nanograms of polymer and all the
polymer test sites see the same cell suspension solution and washing steps limiting
experimental variability.

One of the basic ways to characterize the synthesized polymers is through substrate
adsorptivity of proteins upon progressive incorporation of PEG. We chose to use fetal
bovine serum as a model system to explore protein adsorption. The antifouling properties of
PEG1000 in biomaterial coatings and as copolymers in synthetic materials has been well
documented 20. The presence of PEG in tyrosine derived poly(DTE carbonate) was shown
previously to reduce protein adsorption 21 and increase in PEG levels within limits was
shown to increase cell motility in keratinocytes 22. The effect of PEG, DT and iodine on
protein adsorption was investigated by QCM-D studies. In agreement with previously
published studies by Weber et al. 21 the copolymerization of DTE with PEG results in
significantly decreased levels of protein adsorption. Further, the incorporation of
significantly higher concentrations of PEG has been shown to almost inhibit the adsorption
of protein by QCM 23. In our studies, the incorporation of the negatively charged unit DT
offset this repulsive effect and even appeared to increase the affinity of the surface to serum
proteins compared to DTE. A similar result was reported for the adsorption of fibrinogen on
CH3 and OH terminated SAMs 24. In summary, for non-iodinated polymers, FBS adsorbed
readily to DTE, DTE-co-10% DT, and DTE-co-10% DT-co-8% PEG but as expected, not to
DTE-co-8% PEG. Interestingly, in I2DTE copolymers and terpolymers, the
copolymerization of I2DT and/or PEG appears to make little difference in the surface’s
ability to adsorb proteins. The results suggest that at these compositions, the bulky iodine
atoms may sterically reduce access to DT and PEG segments, and therefore the protein
adsorption behavior varies insignificantly. This has been observed in similar QCM studies
where iodinated polycarbonates suppress water uptake and the nonfouling capability of PEG
is negated (unpublished observations).

To elucidate the direct effect of PEG1000 on cell attachment of human aortic smooth muscle
cells, we contacted the polymer film array with serum containing media and then seeded
20,000 cells/cm2. The reduction in the amounts of adsorption of serum containing proteins
with increasing PEG1000 content was expected to result in fewer cells adhering to the
substrates. In fact, we found that at 15 mol % PEG by molar content (data not shown),
almost no cells attached. However, upon the incorporation of iodine in the tyrosine ring, the
effect of PEG1000 was reduced with smaller decreases in the number of adhered cells with
progressive incorporation of PEG1000. The presence of the rather large iodine atom alters the
physical properties of the polymer by increasing the stiffness of the polymer and increasing
the glass transition temperature. This increase in stiffness and reduction of the polymer
mobility at 37 °C may inhibit the ability of PEG1000 to fully hydrate and achieve its full
antifouling capability.

In contrast to PEG effects on cell adhesion, the incorporation of charge promoted cell
attachment. France and coworkers showed that low concentrations of carboxylic acids
(2.3%) in plasma co-polymers increased attachment of keratinocytes 25. To increase the
degradation rate of our polymer, one of the functional endpoints of the library's performance
space, we included 10% DT monomer units in the copolymerization. The free carboxylic
acid as shown in Figure 1, subjects the polymer to increased hydrolysis rates, thus increasing
the rate of degradation (Pesnell and Kohn, unpublished data). With the addition of
carboxylic acids we initially found fewer cells attached. However, with increasing amounts
of PEG1000 up to 8 mol %, the number of cells progressively increased to twice that of the
base polymer poly(DTE carbonate). In addition, the high resolution fluorescent images
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clearly show that the cells retained the well spread morphology for polymers containing DT
and 0 – 8% PEG1000. The large increase in number of cells adhered to the surface required
the presence of both 10% DT and PEG1000 concentrations over 4 mol %. However, the
corresponding protein adsorption studies only reveal a slight increase in the amount of
protein adsorbed for the highly adhesive surfaces. Further investigation of the mechanism of
action for this adhesive property is needed to reveal whether protein orientation and
configuration effects were affected without altering the amount of adsorbed protein.
Additionally, water uptake studies may give insight to the cell response to the materials as
initial studies suggest that there is an increase in water uptake for the highly cell adhesive
DT and PEG1000 copolymers. This increase in water may allow more contact points and
access to the film by the cells, thus causing an increase in the number of cells adhered to the
surface.

An interesting finding is that all polymers investigated elicited more or less comparable
levels of smooth muscle cell proliferation rates in the absence of any PEG. The
incorporation of PEG, however, altered the spreading and proliferative responses markedly.
For example, progressive PEG incorporation promoted cell spreading on the free acid/DT-
containing polymers, consistent with the trends in increased proliferation rates.
Concomitantly, the rates of cell migration decreased. Thus, PEGylated DT-containing
surfaces support increased smooth muscle cell proliferation and limit cell motility. One of
the key observations of our study is that 8% PEGylated DT-containing polymers were the
most proliferative substrates among the library studied. In contrast, the base polymer
(poly(DTE carbonate) without iodine or free acid) showed decreased cell spreading (and
decreased cell proliferation) and increased cell motility with increased PEG content, which
is consistent with our previous studies that showed that increased PEG on these substrates
promotes cell adhesion activity and lowers cell adhesion strength, thereby increasing cell
motility. The iodine containing polymers exhibit anomalous behaviors: increased PEG
content (within limits) does increase cell motility but by 8% PEG, cells on these polymers
are the least proliferative and least motile. The overall combination of iodine and charge,
which seem to have divergent PEG-dependency and effects on cell spreading and adhesion,
rendered the motility and proliferative responsiveness of the polymers relatively indifferent
to PEG content.

In our study, we focused on the adhesion, motility, and proliferation behaviors of smooth
muscle cells (SMCs) because of their importance in cardiac vessel repair and remodeling
following injury or pathogenesis 27. In particular, hyperplasia is an issue in restenosis that
may be mitigated by controlling SMC migration and proliferation as well as limiting SMC
activation and matrix remodeling. While this investigation does not focus on the matrix
remodeling aspect, we screened the secretion rates of two distinct matrix molecules,
collagen and glucosamine, to evaluate whether there was any correlation between cell
motility and matrix secretion. Glucosamine is produced from glucose by the hexosamine
pathway and is a precursor of Glycosaminoglycan (GAG) biosynthesis. Although elevated
glucose levels (hyperglycemia) accelerate atherosclerosis by increasing vascular cell
proliferation and growth, recent studies report that glucosamine impairs vascular cell
migration, growth, and capillary-like structure formation 28, 29. To the first approximation,
we found that cell motility was inversely correlated with matrix secretion; the combined
presence of iodine and PEG was found to maximize both collagen and glycoprotein
secretion.

In summary, the cross-functional analysis of cell motility versus proliferation revealed the
diverse effects of the underlying chemistry on the cellular response. As PEG1000 content
increases in the copolymers containing iodine and DT, the average cell motility rate
decreased without any change in proliferation rate. On the other hand, poly(DTE-co-10%DT

Johnson et al. Page 8

J Biomed Mater Res A. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



carbonate) elicited increasing levels of proliferation with increases in PEG1000 content and
with an initial drop in average motility. These chemical response signatures can provide
guidance in the selection and design of new biomaterials. For example, applications with
high adhesivity and proliferation requirements, a scaffold containing 10% DT and PEG1000
could be selected; conversely, for vascular materials that limit smooth muscle cell
proliferation and restrict intimal hyperplasia, materials with high PEG and low DT content
may be appropriate. Such correlations would need to be tested further using in vivo
correlates. A parallel approach currently underway in our laboratory entails the elucidation
via surrogate modeling methods of how combination of complex substrate components can
concertedly control protein adsorption and cell dynamic behavior.
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Figure 1.
General chemical structures of tyrosine-derived polymers and possible variation in their
I2DTE, I2DT, and poly(ethylene glycol) (PEG) content. ‘DTE’ stands for desaminotyrosyl-
tyrosine ethyl ester. The tyrosine ring is iodinated. ‘DT’ stands for desaminotyrosyl-
tyrosine. The molar fraction of PEG (Mw 1000 g/mol) units in the copolymer was varied
between 0–15 mol % PEG and the molecular weight of the PEG blocks was 1000. In I2DTE
and I2DT, the desaminotyrosyl ring is iodinated.
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Figure 2.
Protein adsorption behaviors onto substrates coated with tyrosine-derived polymers. *
P<0.05 vs. the other test groups in the graph. The adsorption of proteins from 5% fetal
bovine serum (FBS) was examined on eight test polycarbonate surfaces by perfusion of FBS
through the system at a flow rate of 24.2 µl/min for 60 minutes. Phosphate buffered saline
(PBS) was then perfused through the system for 90 minutes to rinse off non-adherent
proteins. The Voigt model19 was used to calculate the adsorbed protein mass in µg/cm2: 8%
PEG copolymerized with DTE shows a significant decrease in adsorbed protein, but exhibits
no protein repulsion when copolymerized with I2DTE or when polymerized in a terpolymer
with 10% DT and DTE.
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Figure 3.
Polymer chemistry effects on smooth muscle cell attachment. Films were formed by solvent
casting, pre-wet with complete medium for 1 hr, and contacted with 20,000 cells/cm2 for 1
h. Cells were stained with Cell Tracker Green (Invitrogen), imaged at 10× magnification and
counted. Cell number was normalized to the number of cells attached to the homopolymer,
poly(DTE carbonate) (pDTEC). Note: pDTEC was significantly different than
pDTE-4%PEGc and pDTE-8%PEGc (p < 0.05); pDTE-DT-8%PEGc was significantly
different than pDTE-DTc and pDTE-DT-4%PEGc (p < 0.075). No other differences were
statistically observed within any grouping of polymers.
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Figure 4.
Polymer chemistry effects on cell morphology. Cells were stained with Cell Tracker Green
CMDA, washed and then seeded at 20,000 cells/cm2 on solvent-cast polymer films pre-wet
with media for 1 hour, washed after one hour of incubation, and visualized under confocal
microscope.
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Figure 5.
Role of combinatorial variation in composition of a subset of tyrosine-derived polymer
library on cell migration rate and cell proliferation rate.
(A) Cell migration rates were computed in terms of net distance traveled per unit time. (B)
Cross-relations between cell proliferation and migration responsiveness were examined
corresponding to changes in substrate chemistry. Unmodified poly(DTE carbonate)
polycarbonates promote cell proliferation and support basal cell motility. The incorporation
of iodinated tyrosine (poly(I2DTE carbonate)) lowers both proliferation and motility, while
incorporation of charge (with iodinated tyrosine: poly(I2DTE-co-10% DT carbonate), or
without iodinated tyrosine: poly(DTE-co-10%DT carbonate)) promotes motility while
reducing proliferation. Distinct trends in cell motility and proliferation behaviors were
observed as a result of progressive incorporation of poly(ethylene glycol) (PEG), indicated
by 0,4, and 8 mole % PEG on the figure. i) For poly(I2DTE-co-10% DT carbonate) series of
polymers, as PEG1000 is added the migration rate decreases but the proliferation rate remains
unchanged. ii) For the series, poly(DTE-co-10%DT carbonate)), PEG1000 increases the rate
of proliferation with an initial drop in motility. iii) PEG1000 decrease the proliferation rate
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for poly(DTE carbonate), but increases the motility. iv) For poly(I2DTE carbonate) the
motility peaks at 4% PEG1000 with no significant change in proliferation rate.
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Figure 6.
Smooth muscle cell matrix secretion on the subset of tyrosine-derived polycarbonates was
quantified after 3 days in culture in terms of (A) collagen secretion; and (B) N-acetyl
glucosamine secretion. * P<0.05 vs. the other test groups in the graph. Glycoproteins in
extracellular matrix proteins were isolated with the glycoprotein isolation kit (Pierce,
Rockford, IL) 30, 31. Briefly, the extracellular matrix proteins and cells were harvested
using collagenase type 1 and trypsin. The amount of collagen was measured via a
colorimetric assay based on Picro-Sirus Red staining (Direct red 80, Sigma, MO). N-acetyl
glucosamine content was measured by passing extract (200 µg per each condition) through
an affinity column immobilized with wheat germ agglutinin lectin-agarose, washing, elution,
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and quantification with BCA protein assay kit (Pierce). For the series, poly(I2DTE-
co-10%I2DT-co-8%PEG1k carbonate) promotes collagen secretion significantly, while the
other test groups support the basal level of collagen secretion. The following trends were
observed with glycoprotein secretion: The incorporation of iodine and/or PEG in polymers
promoted glycoprotein secretion, while the incorporation of charge in the polymers lowered
glycoprotein production. A marked increase in glycoprotein production was observed on
poly(I2DTE-co-10%I2DT-co8% PEG1kcarbonate).
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Table 1

Representative subset of a library of tyrosine-derived polymers evaluated for smooth muscle cell adhesion,
motility, and proliferation. See Figure 1 for chemical structural details on the polymers.

Polymer description Mn Mw Tg

poly(100%DTE carbonate) 127KDa 179KDa 98 °C

poly(96%DTE-co-4%PEG1K carbonate) 128KDa 174KDa 67 °C

poly(92%DTE-co-8%PEG1Kcarbonate) 176KDa 263KDa 44 °C

poly(90%DTE-co-10%DT carbonate) 241KDa
(201 kDa)

316KDa
(266 KDa)

101 °C

poly(86%DTE-co-10%DT-co-4%PEG1K carbonate) 136KDa 185KDa 71 °C

poly(82%DTE-co-10%DT-co-8%PEG1K carbonate) 120KDa 171KDa 46 °C

poly(100%I2DTE carbonate) 182KDa
(257 kDa)

294KDa
(440 kDa)

141 °C

poly(100%I2DTE carbonate) 257KDa 440KDa 141 °C

poly(96%I2DTE-co-4%PEG1K carbonate) 139KDa 232KDa 108 °C

poly(92%I2DTE-co-8%PEG1K carbonate) 316KDa 326KDa 81 °C

poly(85%I2DTE-co-15%PEG1K carbonate) 178KDa 260KDa 43 °C

poly(90% I2DTE-co-10% I2DT carbonate) 241KDa 209KDa 141 °C

poly(86% I2DTE-co-10% I2DT-co-4%PEG1K carbonate) 137KDa 196KDa 111 °C

poly(82% I2DTE-co-10% I2DT-co-8%PEG1K carbonate) 134KDa 191KDa 85 °C
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