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BIOCOMPATIBLE POLY (AMIC ACID) AND 
METHOD OF PREPARATION THEREOF 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is a National Phase application claiming 
the bene?t of PCT/CA201 1/050189 ?led on Apr. 8, 2011 in 
English, Which further claims priority to Us. Provisional 
Application No. 61/322,178, titled “BIOCOMPATIBLE 
POLY(AMIC ACID) AND METHOD OF PREPARATION 
THEREOF” and ?led on Apr. 8, 2010, the entire contents of 
Which are incorporated herein by reference. 

FIELD OF THE INVENTION 

This invention relates to poly(amic acids) and their meth 
ods of preparation. More particularly, this invention relates to 
biocompatible poly(amic acids) and biomedical devices and 
compositions comprising biocompatible poly(amic acids). 

BACKGROUND OF THE INVENTION 

The potential biomedical applications of neW synthetic 
polymers continue to increase in both number and complex 
ity. Substantial impact on patient management has already 
been achieved With a variety of devices such as controlled 
release delivery systems (as found in coronary artery stents) 
or in polymer/cell combinations as exempli?ed by arti?cial 
skin used to treat burn patients [1]. 

Perhaps the most popular class of synthetic biocompatible 
polymers currently used for medical applications are polyes 
ters. Although Widely used, polyester applications have been 
limited by their hydrophobicity and, as a result, their useful 
ness has been hindered in aqueous environments. Tailoring 
the polymer backbone is also dif?cult since pendant func 
tional groups are lacking, restricting the covalent attachment 
of bioactive molecules [2]. For degradable polyesters, the 
nature of the degradation products has also raised concerns 
about pH ?uctuations and its effect on the local tissue envi 
ronment [3, 4]. 

SUMMARY OF THE INVENTION 

In a ?rst aspect, there is provided a poly(amic acid) poly 
mer of the following formula: 

n 

Where n is an integer. 
The polymer may further comprise a conjugated bioactive 

moiety, Wherein the bioactive moiety is conjugated to one or 
more of an amide group and a carboxylic group, and Where 
the bioactive moiety may be selected from the group consist 
ing of drugs, peptides, sugars, and cell-speci?c ligands. 

In another aspect, there is provided a biomedical implant 
comprising: a substrate; and a biocompatible layer coating a 
surface of the substrate; Wherein the biocompatible layer 
comprises the aforementioned poly(amic acid). 
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2 
In another aspect, there is provided a biomedical implant 

comprising the aforementioned biocompatible poly(amic 
acid). In yet another aspect, there is provided a tissue engi 
neering scaffold comprising the aforementioned biocompat 
ible poly(amic acid). In another aspect, there is provided a 
controlled release drug delivery vehicle comprising the afore 
mentioned biocompatible poly(amic acid). In another aspect, 
there is provided a cellular growth substrate material com 
prising the aforementioned biocompatible poly(amic acid). 

In yet another aspect, there is provided a process for pre 
paring a poly(amic acid) comprising the steps of: forming a 
solution of comprising a quantity of ethylenediaminetet 
raacetic dianhydride in an aprotic solvent; adding to the solu 
tion a quantity of paraphenylenediamine, Wherein a molar 
quantity of the paraphenylenediamine is approximately equal 
to a molar quantity of the ethylenediaminetetraacetic dianhy 
dride; and reacting the ethylenediaminetetraacetic dianhy 
dride With the paraphenylenediamine to form a polymer solu 
tion of poly(amic acid). 

The step of reacting the ethylenediaminetetraacetic dian 
hydride With the paraphenylenediamine to form a polymer 
solution of poly(amic acid) may be performed While main 
taining a temperature of the solution for a selected time inter 
val, and the temperature may be maintained Within a range of 
approximately 20 degrees Celsius to 45 degrees Celsius. The 
step of reacting the ethylenediaminetetraacetic dianhydride 
With the paraphenylenediamine to form a polymer solution of 
poly(amic acid) may be performed in a substantially inert 
atmosphere. 
The aprotic solvent may be selected from the group con 

sisting of N-methyl-2-pyrrolidone (N MP), N,N dimethylfor 
mamide (DMF), dimethyl sulfoxide (DMSO) and N,N-dim 
ethylacetamide (DMAc). 
The process may further comprise the step of extracting the 

poly(amic acid) from the polymer solution. The step of 
extracting the poly(amic acid) may comprise precipitating the 
poly(amic acid) from the polymer solution and ?ltering the 
solution to obtain the poly(amic acid), or may comprise per 
forming a solvent evaporation step. The process may further 
comprise the steps of: forming a casting solution by dissolv 
ing the extracted poly(amic acid) in a solvent; casting the 
poly(amic acid) onto a substrate; and drying the poly(amic 
acid) to obtain a solid. The solid may optionally be stored in 
an environment suitable for removal of residual gases, and 
may further be thermally incubated for a pre-de?ned time 
interval at a temperature suitable for removal of solvent 
remaining in the solid. 
The substrate may comprise a mold, and Wherein the pro 

cess further comprises the step of separating the solid from 
the mold. 
The substrate may comprise a surface of a biomedical 

implant, and Wherein the solid comprises a poly(amic acid) 
layer coated onto the biomedical implant. The biomedical 
implant may be a coronary stent. The biomedical implant may 
comprise a tissue engineering scaffold, and the process may 
further comprise the steps of: seeding the poly(amic acid) 
layer With adherent cells; and culturing the adherent cells. 
After having implanted the biomedical implant, the process 
may further comprise the step of enzymatically degrading the 
poly(amic acid). 
The process may further comprise the step of conjugating 

a bioactive moiety to one or more of an amide group and a 

carboxylic group of the poly(amic acid), Where the step of 
conjugating the bioactive moiety may be performed prior to 
extracting the poly(amic acid). 

In another aspect, there is provided a poly(amic acid) poly 
mer prepared by the steps comprising: forming a solution of 
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comprising a quantity of ethylenediaminetetraacetic dianhy 
dride in an aprotic solvent; adding to the solution a quantity of 
paraphenylenediamine, wherein a molar quantity of the par 
aphenylenediamine is approximately equal to a molar quan 
tity of the ethylenediaminetetraacetic dianhydride; reacting 
the ethylenediaminetetraacetic dianhydride with the paraphe 
nylenediamine to form a polymer solution of poly(amic acid). 
A further understanding of the functional and advanta 

geous aspects of the invention can be realized by reference to 
the following detailed description and drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the invention will now be 
described, by way of example only, with reference to the 
drawings, in which: 

FIG. 1 shows a diagram illustrating the synthesis of poly 
(amic acid). 

FIG. 2 provides a ?ow chart illustrating a method of pre 
paring a poly(amic acid). 

FIG. 3 provides representative ATR-FTIR spectra for (a) 
poly(amic acid) ?lm, (b) paraphenylenediamine monomer, 
and (c) ethylenediaminetetraacetic dianhydride monomer. 

FIG. 4 shows the 1H-NMR Spectrum (d6-DMSO) of PAA. 
FIG. 5 shows the 13 C-NMR Spectrum (d6-DMSO) of PAA. 
FIG. 6 shows the DSC Thermogram of PAA. 
FIG. 7(a) provides confocal images of porcine radial artery 

cells (RAC)s at 4 and 24 hours on an uncoated (control) and 
PAA coated cover slips. FIG. 7(b) provides confocal images 
of aorta endothelial cells (EC)s at 4 and 24 hours on an 
uncoated (control) and PAA coated cover slips. 

FIG. 8(a) plots the percentage of RAC viability determined 
by the WST-l assay on PAA ?lms after 96 hours of incuba 
tion. FIG. 8(b) plots the percentage of EC viability deter 
mined by the WST-l assay on PAA ?lms after 96 hours of 
incubation. 

FIG. 9(a) shows phase contrast microscopy images of 
RACs seeded on control and on PAA ?lms at 24, 48 and 72 
hours, and FIG. 9(b) plots RAC proliferation measured by the 
number of adherent cells on coated and uncoated cover slips 
at 24, 48 and 72 hours. 

FIG. 10(a) provides phase contrast microscopy images of 
ECs seeded on control and on PAA ?lms at 24, 48 and 72 
hours, and FIG. 10(b) plots EC proliferation measured by the 
number of adherent cells on coated and uncoated cover slips 
at 24, 48 and 72 hours. 

DETAILED DESCRIPTION OF THE INVENTION 

As required, embodiments of the present invention are 
disclosed herein. However, the disclosed embodiments are 
merely exemplary, and it should be understood that the inven 
tion may be embodied in many various and alternative forms. 
The Figures are not to scale and some features may be exag 
gerated or minimized to show details of particular elements 
while related elements may have been eliminated to prevent 
obscuring novel aspects. Therefore, speci?c structural and 
functional details disclosed herein are not to be interpreted as 
limiting but merely as a basis for the claims and as a repre 
sentative basis for teaching one skilled in the art to variously 
employ the present invention. For purposes of teaching and 
not limitation, the illustrated embodiments are directed to a 
method of poly(amic acid) polymer synthesis using a mono 
mers comprising ethylenediaminetetraacetic dianhydride and 
paraphenylenediamine. 
As used herein, the terms, “comprises” and “comprising” 

are to be construed as being inclusive and open ended, and not 
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4 
exclusive. Speci?cally, when used in this speci?cation 
including claims, the terms, “comprises” and “comprising” 
and variations thereof mean the speci?ed features, steps or 
components are included. These terms are not to be inter 
preted to exclude the presence of other features, steps or 
components. 
As used herein, the terms “about” and “approximately, 

when used in conjunction with ranges of dimensions of par 
ticles, compositions of mixtures or other physical properties 
or characteristics, is meant to cover slight variations that may 
exist in the upper and lower limits of the ranges of dimensions 
so as to not exclude embodiments where on average most of 
the dimensions are satis?ed but where statistically dimen 
sions may exist outside this region. It is not the intention to 
exclude embodiments such as these from the present inven 
tion. 
As used herein, the term “exemplary” means “serving as an 

example, instance, or illustration,” and should not necessarily 
be construed as preferred or advantageous over other con?gu 
rations disclosed herein. 

In one embodiment, a method is provided wherein a poly 
(amic acid) polymer comprising amide and acid functional 
groups is synthesized via ring opening polymerization using 
an aliphatic dianhydride monomer and a diamine monomer in 
an aprotic solvent. Preferably, the aliphatic dianhydride 
monomer comprises ethylenediaminetetraacetic dianhy 
dride. The diamine monomer may comprise an aromatic, 
aliphatic, or alicylic diamine, and more preferably comprises 
paraphenylenediamine. Various aprotic solvents may be 
employed, and in a non-limiting embodiment, the aprotic 
solvent is selected from the group consisting of N-methyl-2 
pyrrolidone (NMP), N,N dimethylformamide (DMF), dim 
ethyl sulfoxide (DMSO) and N,N-dimethylacetamide 
(DMAc). 

FIG. 1 illustrates the preferred poly(amic acid) (PAA) 
structure, and its synthesis based on the monomers ethylene 
diaminetetraacetic dianhydride (EDTAD) (a linear dianhy 
dride) and paraphenylenediamine (PPD) (an aromatic 
diamine). 

Referring to FIG. 2, a ?ow chart is provided that illustrates 
a method of preparing the PAA shown in FIG. 1. In step 100, 
PPD is dissolved into an aprotic solvent. The dissolution 
process is preferably controlled at a ?xed temperature, where 
the ?xed temperature is preferably approximately 37° C. In a 
non-limiting example, the temperature may be controlled 
using a heater and a water bath. Suitable dissolving means 
may be employed, such as a stirring bar and a magnetic stirrer. 
Preferably, the apparatus further comprises a condenser. 

In step 110, a molar equivalent quantity of EDTAD is 
added to and dissolved in the PPD solution, at which point the 
polymerization reaction is initiated. Without being bound by 
theory, the polymerization is believed to be initiated through 
an uncatalyzed mechanism in which the nucleophilic amine 
from the PPD attacks the carbonyl groups of the cyclic anhy 
dride, as shown in FIG. 1. The polymerization reaction is 
allowed to proceed for a selected time interval, over which the 
viscosity of the solution increases. In a preferred embodi 
ment, the time interval is between approximately 24 and 30 
hours. During the time interval, the solution temperature is 
preferably maintained at a controlled value (preferably at 
within the range of approximately 20 to 45° C., and more 
preferably at approximately 37° C.). Preferably, the reaction 
is performed in an inert atmosphere, for example, under nitro 
gen gas. This may be achieved, for example, by periodically 
purging the reaction vessel with an inert gas such as nitrogen. 

In step 130, the polymer is extracted from solution. Prior to 
extraction, the synthesized PAA solution may be stored until 
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further use and is preferably stored in a refrigerated environ 
ment. PAA polymer may be extracted from solution, for 
example, by precipitation in cold water, and subsequent ?l 
tration, or by solvent evaporation. The extracted PAA is then 
washed for the removal of residual monomers and oligomers. 
A casting solution is then prepared in step 140 by redis 

solving the extracted PAA in a suitable solvent. The solvent is 
preferably NMP, and other non-limiting examples of suitable 
solvents include any of the aforementioned aprotic solvents 
(DMSO and DMAc). The resulting PAA solution is then cast 
into a desired shape or surface coating on a substrate. Alter 
natively, the PAA may be spun into ?bers of desired diameter, 
or formed into a micro- or nanoporous material (preferably 
suitable for tissue engineering applications), as further 
described below. 

In one non-limiting embodiment, PAA may be cast onto a 
Te?on mold for forming coatings or solids with smooth sur 
face pro?les. Cast PAA is preferably subsequently stored in 
an environment suitable for the evaporation of residual gases 
(such as a fume hood). Following the removal of residual 
gases, the cast PAA is preferably thermally incubated in a 
controlled thermal environment (such as an oven) for a pre 
determined time interval in order to remove solvent remain 
ing in the polymer. A preferred time interval for thermal 
incubation is approximately 3-7 days, and a preferred tem 
perature range is approximately 35-400 C. This step is pref 
erably employed when the PAA is to be used in biomedical 
applications, where the toxicity of the solvent may be other 
wise problematic. 

While the process described above recites various ranges 
for the process parameters, it is to be understood that the 
process parameters, such as the mixing rate, controlled tem 
perature, and reaction time interval may be varied without 
departing from the scope of the present embodiments. 

The PAA polymer prepared according to the above process 
exhibits properties that signi?cantly improve over known 
polymer materials. Advantageously, the poly(amic acid) dis 
closed in FIG. 1 exhibits the unique property of biocompat 
ibility with cells and cellular growth. As shown in the 
Examples below, the biocompatibility of the PAA composi 
tion disclosed above was assessed in terms of its cell compat 
ibility. To achieve this, primary cultures of porcine radial 
artery cells (RACs) and descending aorta endothelial cells 
(ECs) were seeded onto PAA ?lms to measure cell adherence, 
morphology and proliferation. The observed biocompatibil 
ity of the PAA with both cell types underlines its unique 
biocompatibility and suitability for a wide range of biomedi 
cal devices, compositions, and uses. 

Accordingly, embodiments of the invention include vari 
ous biomedical devices and compositions comprising the 
presently disclosed PAA prepared from the EDTA-PPD 
monomer combination. In a preferred embodiment, the PAA 
may be cast as a biomedical implant, or may be coated onto 
the surface of a biomedical implant. In a non-limiting 
example, the surface of a biomedical implant such as a coro 
nary stent may be coated with the presently disclosed PAA to 
provide an implant having a biocompatible surface. 

The implant may comprise a permanent replacement, or a 
temporary replacement. In a preferred embodiment, the PAA 
may be degraded enzymatically via the amide linkage. This is 
an attractive feature for biomedical applications and may be 
considered for a wide range of applications, including, but not 
limited to, a tissue engineering scaffold material, a controlled 
release/drug delivery vehicle and/or a temporary replacement 
medical device material. 

The functional groups present in the structure shown in 
FIG. 1 allow for tailoring of the material properties of the 
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6 
PAA for biomedical uses. Possessing two functional groups 
of a carboxylic acid and an amide per monomer unit, PAA can 
provide for covalent attachment to bioactives molecule or 
agents and/ or ligands. Non-limiting examples of such bioac 
tives and/ or cell speci?c ligands include drugs, peptides, sug 
ars, and cell-speci?c ligands. The conjugation of bioactive 
agents can be accomplished either in a homogeneous solution 
or after the PAA has been converted into the desired shape for 
a particular application. 

In a preferred embodiment, one or more bioactive agents 
are conjugated to the PAA in order to provide delivery of the 
bioactive agents to targeted sites and/or cells. Such bioactive 
agents may also be conjugated to the PAA to provide a con 
trolled-release drug delivery vehicle. An example of a drug 
that can be bene?cially conjugated is the well known antican 
cer drug doxorubicin. Conjugation to PAA of bioactives may 
prevent their premature enzymatic degradation and enhance 
their circulation time, which can be therapeutically advanta 
geous. This may also improve the solubility and bioavailabil 
ity of the drug. 

In another embodiment, PAA as described above may pro 
vide a suitable material for tissue engineering. PAA can be 
transformed into a porous or ?brillar scaffold on the 

micrometer to nanometer scale, which can recruit cells after 
implantation. Such structures are described in M. M. Stevens 
and J. H. George, Science 310, 1135 (2005), K. M. Woo, V. J. 
Chen, P. X. Ma, J. Biomed. Mater. Res. A 67, 531 (2003), F. 
Yang, R. Murugan, S., Ramakrishna, X. Wang, Y.-X. Ma, S. 
Wang, Biomaterials 25, 1891 (2004); Mina Mekhail, Kenneth 
Kar Ho Wong, Donna Teresa Padavan, Yan Wu, David B. 
O’Gorman and Wankei Wan, Journal of Biomaterials Science 
(2011) DOI:10.1163/092050610X538209, which are incor 
porated herein by reference in their entirety. Alternatively, 
PAA scaffolds can also be seeded with the desired cells and 
precultured before implantation. PAA has the advantage of 
sustaining both approaches. Bioactivity can be further 
enhanced by making use of the functional groups present as 
stated in the paragraph above. 
The following examples are presented to enable those 

skilled in the art to understand and to practice the present 
invention. They should not be considered as a limitation on 

the scope of the invention, but merely as being illustrative and 
representative thereof. 

EXAMPLES 

Example 1 

Synthesis of PAA Films 

Samples of the PAA polymer were prepared using the 
dianhydride monomer EDTAD (Sigma Aldrich, Oakville, 
Canada) and the diamine monomer PPD (Therrno Fisher 
Scienti?c Company, Acros, Belgium). The EDTAD was 
received sealed under nitrogen to avoid moisture, had a purity 
of 98% and was used immediately upon breaking the seal. 
The PPD was of high purity and was used as received. All 
organic solvents; N-methyl-2-pyrrolidone (NMP), N,N dim 
ethylforrnamide (DMF), dimethyl sulfoxide (DMSO) and 
N,N-dimethylacetamide (DMAc) were also obtained from 
Sigma Aldrich in sealed vials and either used directly after 
opening or were dried over molecular sieves having a nominal 
pore diameter of 3 A and ?ltered prior to use. The chemicals 
needed for preparing the Phosphate Buffered Solution (PBS) 
[sodium chloride (NaCl), potassium chloride (KCl), diso 
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dium hydrogen phosphate (Na2HPO4) and potassium dihy 
drogen phosphate (KHZPO4)] were also purchased from 
Fisher Scienti?c. 

In a typical polymerization, PAA polymers comprising 
amide and carboxylic acid groups were synthesized via ring 
opening polymerization using a dianhydride and a diamine as 
monomers in various aprotic solvents such as DMF, DMAc, 
DMSO and NMP (Scheme 1). A 1 mol equivalent of PPD was 
placed into a 100 mL, three-necked round bottomed ?ask and 
dissolved in an aprotic solvent at a ?xed temperature of 370 C. 
The apparatus consisted of a condenser, heating element, 
water bath, stirring bar and magnetic stirrer. A 1 mol equiva 
lent of EDTAD was added to the PPD solution containing 
PPD and the chosen reaction solvent. Nitrogen gas (N 2) was 
purged periodically throughout the duration of the experi 
ment and the experiment was triplicated for reproducibility. 
All experiments were conducted for a minimum of 24 hours 
during which time the viscosity of the polymer’s solution 
increased. The synthesized PAA solution was stored at 4° C. 
in the refrigerator until further use. 

Samples were removed from the refrigerator, precipitated 
in cold water, ?ltered over a Buchner funnel and cast on either 
cover slips or in a Te?on mold to produce smooth, circular, 
coatings having a diameter of 1.8 mm. Samples were placed 
in a fumehood overnight to evaporate any residual solvent, 
and then placed into the vacuum oven of 300 C. for 72 hours. 
The dried ?lm was removed from the glass cover slip or 
Te?on mold and rinsed with cold water and placed into the 
oven for an additional 24 hours. 

Samples were prepared in the aforementioned solvents to 
determine their effect on cell seeding experiments. The poly 
merization was initiated through an uncatalyzed mechanism 
in which the nucleophilic amine from the PPD attacked the 
carbonyl groups of the cyclic anhydride (Scheme 1). Control 
over polydispersity and quantitative yield is achievable by 
maintaining a 1:1 stoichiometric monomer molar ratio in 
which EDTAD is added to a PPD solution, reaction tempera 
ture of 370 C. is sustained and reaction time of 24 hours is 
upheld. The reaction solution became viscous over the course 
of 24 hours and appeared as a viscous yellowish reddish 
solution. The PAA polymer was readily soluble in polar apro 
tic solvents such as DMF, DMSO and NMP but insoluble in 
aqueous solutions. PAA was isolated and prepared for char 
acterization. 

Example 2 

Characterization of PAA Films 

Attenuated Total Re?ectanceiFourier Transform Infrared 
(ATR-FTIR; Pike Technologies Inc., Madison, Wis.) spec 
troscopy was used to analyze chemical structure and confor 
mation of the PAA ?lm. Infrared spectra were obtained with 
a horizontal ATR attachment using a diamond crystal on a 
Bruker Vector 22 FTIR spectrometer (Milton, ON). Spectra 
were recorded with 128 signal averaged scans at resolution of 
4 cm'1 and displayed in absorption mode. All spectra were 
normalized and smoothed using OPUS-NT 3.1 software to 
enhance the signal to noise ratio. 
FTIR spectroscopy analysis was used in the range of 1500 

1700 cm‘1 and 2800-3500 cm“. FIG. 3 shows the represen 
tative ATR-FTIR spectra for the PAA ?lm. As anticipated, 
common bands associated with PAA appeared at approxi 
mately 1675 cm'1 (amide I) and 1520 cm“1 (amide II), cor 
responding to the stretching vibration of C:O band and 
combination band of NiH bending and CiN stretching 
vibration respectively. Additionally, peaks associated with 
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8 
the C:O stretching vibration of the dianhydride bond (181 1 
cm‘1 and 1752 cm“) disappeared as would be expected in the 
presence of a nucleophilic species (diamine) [8]. Similarly, 
the disappearance of the two well de?ned peaks linked to the 
symmetric stretching of the NiH band in the PPD spectra 
(between 3250 and 3450 cm_l), clearly suggests that the 
primary amines have reacted. The presence of a weak broad 
peak at 3250 cm“1 in the ?nal product represents a secondary 
amine signifying the NiH band from the amide. There was 
very little difference in FTIR spectra among all PAA samples. 
To identify PAAs con?rmation, proton and carbon nuclear 
magnetic resonance was performed. 
NMR spectra (Proton Nuclear Magnetic Resonance (1H 

NMR) and Carbon Nuclear Magnetic Resonance (13C 
NMR)) were recorded on an INOVA 600 (Varian, 600 MHz) 
instrument using deuterated dimethylsulfoxide (d6-DMSO) 
as the solvent and tetramethylsilane (TMS) as the reference 
(TMS:0 ppm). The relaxation delay and the angle pulse used 
for the 1H-NMR spectra were 1 second and 45 degrees. The 
number of scans for 1H-NMR and l3C-NMR were 128 scans 
and 1024 respectively. ACD Labs Version 11.0 software was 
used to process NMR data. In the analysis, phasing param 
eters and baseline points were determined on the ?rst trans 
formed spectrum. Data transformation and peak height mea 
surements were automated and integration was performed 
manually. Coupling constants and chemical shifts were given 
in hertz (Hz) and parts per million (ppm), respectively. 

FIG. 4 shows the spectrum of PAA synthesized in DMF 
and quanti?ed in DMSO-d6. Peaks observed in the 1H-NMR 
spectrum (600 MHz, DMSO-d6, 1 wt %), 6 (ppm): 2.69 (s, 
3H); 2.79 (2s, 4H labeled ‘D’); 2.85 (s, 3H); 3.40-3.45 (m, 8H 
labeled ‘B and C’); 7.49-7.53 (4H, labeled ‘F’); 9.98 (s, 2H 
labeled ‘A’) con?rmed PAA structure. The spectrum was 
normalized with the aromatic protons from the PPD mono 
mer. Peaks in the range 6 7.54 and 6 6.44 ppm corresponded 
to the aromatic hydrogens in the backbone of the PAA poly 
mer as well as hydrogen residues from the PPD monomer. 
The sharp peak at 6 9.98 ppm was attributed to the hydrogens 
from the amide group. The peak at 6 2.79 ppm signi?ed 
hydrogens attached to carbons neighbouring nitrogen in the 
backbone of the PAA polymer. In addition to the nuclear 
resonances mentioned above, there were ?ve distinct peaks 
appearing at 6 2.46, 6 2.69, 6 2.85, 6 3.34 and 6 7.91 ppm 
representing DMSO-d6, methyl group from DMF, another 
methyl group from DMF, presence of moisture and an NiH 
proton from DMF respectively. In this particular spectrum, 
the acid proton was not captured, and is often difficult to 
capture as a result of deuterium exchange. It was anticipated 
and observed that the acid hydrogen has a large chemical 
shift, down?eld near 6 12 ppm since it is highly deshielded as 
a result of its direct attachment to oxygen. The integrals of the 
peaks at 6 9.98 ppm (amide protons), 6 7.52 ppm (aromatic 
protons), 6 340-6 3.44 ppm (methylene protons neighbour 
ing an amide or acid) and 6 4.27 ppm (methylene protons off 
a carbon adjacent to a nitrogen) provided the actual content of 
the PAA polymer and was consistent with the corresponding 
number of protons in the repeating unit of PAA. To verify the 
presence of the acid segment of PAA, l3C-NMR was per 
formed to identify the carbonyl carbon associated to the acid. 

FIG. 5 illustrates a characteristic PAA 13 C-NMR spectrum 
in d6-DMSO displaying typical carbonyl resonances associ 
ated with amides and acids between 6 162-6 174 ppm. The 
l3C-NMR spectrum shows three down?eld signals at 6 
173.42 (labeled ‘E’), 6 169.69 (labeled ‘A’) and 6 162.73 
representing the acid carbonyl carbon, the amide carbonyl 
carbon and the amide carbonyl carbon from the reaction 
solvent DMF respectively. The spectrum of PAA also shows 
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two comparatively distinct signals at 6 134.66 and 6 1 19.90 in 
the aromatic region representing aromatic carbons in the 
backbone of the PAA polymer as a result of the PPD mono 
mer. A subtle shift of the aromatic carbons in the PAA back 
bone is evident compared to the PPD monomer (6 139.34 and 
6 115.86). In addition to the solvent peak at 6 40 ppm, ?ve 
up?eld signals at 6 58.53 (labeled ‘C’), 6 55.98 (labeled ‘C’), 
6 52.66 (labeled ‘D’), 6 36.21 and 6 31.20 are discrete and 
denote methylene carbons adjacent to an acid, amide and 
nitrogen and methyl groups as a result of trace amounts of 
DMF. 13 C-NMR spectroscopy proved to be a valuable tech 
nique in the detailed analysis of PAA. 

Dried PAA samples were analyzed on a Perkin-Elmer Pyris 
1 DSC instrument. Indium was used as the temperature and 
enthalpy calibrator. Five mg samples were weighed and ?xed 
in an aluminum pan with lid while an empty pan with lid was 
used as a reference. The glass transition temperature was 
examined between 50 and 500° C. at a heating rate of 10° 
C./min using nitrogen as a purge gas at 40 ml/min. All 
samples were held at 500° C. for 5 minutes and then cooled at 
a rate of 10° C./min. PAA thermograms were analyzed to 
determine the decomposition temperature using Pyris 1 Ver 
sion 3.01 software. 
The endothermic peak of PAA cast from DMF solution is 

seen in FIG. 6 and appears around 214° C. The broad peak 
represents the decomposition temperature of PAA and the 
initiation of PAAs cyclization prior to its conversion into 
polyimide. Glass transition temperature was not detectable in 
any of the thermograms. 
PAA samples were mounted on a carbon paper and exam 

ined and photographed using an SEM and an EDX instru 
ment. Measurements of the product PAA ?lms were obtained 
using the LEO-Zeiss 1540XB FIB/SEM which was equipped 
with an EDX Si-detector (Oxford Instruments). A low accel 
erating voltage of 8 kV was used to minimize the surface 
charging effect of PAA with the sample tilted at 45° to the 
incident electron beam. 

The presence of three large intensities; carbon (Cls:0.28 
KeV), oxygen (015:0.52 KeV) and nitrogen (N 15:0.39 KeV) 
on the EDX survey scan were clearly evident. Table 1 shows 
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is a non-conductive polymer, a low accelerating voltage of 8 
kV was used to minimize the surface charging effect instead 
of applying a carbon or gold coating which might compro 
mise the accuracy of the elemental analysis. 

TABLE 1 

Elemental Analysis 

Experimental Experimental Experimental 
Values Values Values Theoretical 

Atomic (%) Atomic (%) Atomic (%) Values 

Element PAA 1 PAA 2 PAA 3 Atomic (%) 

Carbon 55.80 56.25 58.28 55.84 

Oxygen 24.07 23.19 22.92 27.88 

Nitrogen 20.13 20.56 18.80 16.28 

Total 100 100 100 100 

The molecular weights; number average molecular weight 
(Mn) and weight average molecular weight (MW), and poly 
dispersity index (PDI) of the PAA samples were obtained by 
gel permeation chromatography (GPC). GPC was conducted 
in hexa?uoroispropanol (HFIP) (0.75 mL/min) at 40° C. 
using a Viscotek Model 302-050 chromatography system 
equipped with a refractive index, light scattering and viscos 
ity detectors and three columns (2, PolyAnalytik HFlP-604 
and 1, PolyAnalytik HFlP-606) in series. NIST-traceable 
polymethylmethacrylate (Polyanalytick PMMA 98K) stan 
dards were used for calibration. PAA samples were diluted to 

6 mg/mL in DMF and injected three times per sample at an 
injection volume of 100 uL. 

TABLE 2 

Summary ofGPC Data 

Mn MW Temp M [ ] Reaction Time 
Molar Ratio (g/rnol) (gmol) PDI (° C.) (mols/L) (hours) Solvent 

Sl 1:1 101,381 144,290 1.423 36.6 0.25 24.0 DMAc 
82 1:1 123,254 180,455 1.464 37.0 0.25 24.5 DMF 
S3 1:1 190,398 239,176 1.256 37.2 0.25 25.5 NMP 

“The molar ratio represents [diamine]0/[dianhydride]0, 
Mn = Number Average Molecular Weight, 

MW = Weight Average Molecular Weight, 
PDI = Polydisersity Index = MW/Mn, 

Temp = Temperature, 

M [ ] = Monomer Concentration 

the experimental relative amounts of carbon, oxygen and 
nitrogen from three PAA samples and compares them to their 
theoretical values based on the repeating unit of PAA. The 
average experimental atomic % for the three polymers 
samples (% Carbon:56.8:1.3, % Oxygen:23.4:0.6 and % 
Nitrogen:1 8.8109) were comparable and relatively close to 
the theoretical values. However, the % composition for both 
oxygen and nitrogen were statistically signi?cant (t-test; 
p<0.05) most probably due to radiation damage by the elec 
tron beam, surface charging of the samples and overlapping 
intensities between the nitrogen and carbon peaks. Since PAA 
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The ring opening polymerization of EDTAD with PPD led 
to a viscous yellowish/red solution with high yield and high 
number average molecular weights (Mn) ranging from 100, 
000 to 200,000 g/mol. Table 2 displays a summary of the data 
obtained from GPC. The Mn of PAA seemed to increase 
linearly with increasing temperature and reaction time. From 
table 2, it was concluded that all PAA samples synthesized 
had relatively narrow molecular distributions with polydis 
persity index (PDI)<1.45 suggesting that polymerizations 
proceeded in a controlled fashion. PAA containing acid and 
amide functional groups were successfully synthesized at this 
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point and characterized using a variety of analytical tools: 
FTIR, lH-NMR, 13C-NMR, DSC, EDX and GPC. As a result, 
chemical structure and physical properties were established. 
PAA has a high molecular weight and exhibits good thermal 
stability with a decomposition temperature of 2140 C. To 
assess the materials biocompatibility, the latter part of this 
paper will focus on cell adhesion, cell proliferation and cell 
toxicity. 

Example 3 

Assessment of PAA Biocompatibility 

Primary cultures of porcine radial artery cells (RACs) and 
porcine descending aorta endothelial cells (ECs) were iso 
lated as previously described [5, 6]. Radial artery cells were 
maintained in Medium 199 (M199) supplemented with 10% 
fetal bovine serum (FBS) and 1% Penicillin/Streptomycin 
(lnvitrogen Canada, Burlington, ON). ECs were maintained 
in endothelial growth medium (EGM) with 5% PBS, 1% 
Penicillin/Streptomycin and a bullet kit containing rhEGF, 
thGF-B, VEGF, R3-IGF-1, gentamicin/amphotericin, 
hydrocortisone, and ascorbic acid (Lonza Canada lnc., 
Shawinigan, QC). All cells were maintained at 370 C. under 
humidi?ed gas mixture of 95% air/5% CO2. RACs (passages 
four to six) and ECs (passages three to ?ve) were indepen 
dently seeded onto PAA coated cover slips at an initial cell 
density of 7,000 cells/cm2. Uncoated cover slips were seeded 
at the same density to serve as time-matched controls. Cell 
growth and adhesion was examined at 4, 8, and 24 hours and 
cell proliferation was quanti?ed at 24, 48 and 72 hours. 

The number of adherent cells was measured using phase 
contrast microscopy at 10x magni?cation. Phase-contrast 
microscopy was performed on live cells using an Olympus 
CK40 inverted microscope (Olympus Canada lnc., 
Markham, ON) with a Sony 3CCD Color Video Camera 
(Sony of Canada Ltd., Toronto, ON) and Northern Eclipse 
Version 7.0 imaging software (Empix Imaging lnc., Missis 
sauga, ON). Ten random frames per sample were imaged to 
analyze proliferation over time. For each frame, the number 
of adherent cells was counted and cell counts were averaged 
to generate cell density values at 24, 48, and 72 hours. Studies 
were preformed in triplicate to con?rm reproducibility. Fol 
lowing phase-contrast microscopy, cells were ?xed in 10% 
formalin for immunolabeling. 

Radial artery cell-seeded cover slips were stained with 
monoclonal mouse anti-smooth muscle (x-actin (SMA)-Cy3 
conjugated lgG2a primary (clone 1A4, 1:50) (Chemicon, 
Temecula, Calif.). Endothelial cell-seeded cover slips were 
stained with polyclonal rabbit anti-Human Von Willebrand 
Factor primary lgG (A0082, 1:50) (Dako Canada lnc., Mis 
sissauga, ON) and AlexaFluor® 488 goat anti-rabbit lgG 
secondary (1:200) (lnvitrogen Molecular Probes, Eugene, 
Oreg.). Nuclei were labeled with Hoechst 33342. lmmunola 
beled cover slips were analyzed with a Zeiss LSM 410 laser 
scanning confocal microscope system and LSM-PC imaging 
software (Carl Zeiss Canada Ltd., Toronto, ON). 

Cell viability was evaluated using the WST-l assay. 
Brie?y, ECs and RACs were seeded into a polystyrene 
96-well ?at-bottom plate coated with PAA (50 ML polymer 
solution placed in 96-well plate and dried in a fumehood for 
24 hours) or uncoated (control) in triplicate for each polymer 
sample at a density of 5000 cells/well. Cells were incubated 
for 24, 48, 72 or 96 hours and viability was measured using 
the WST-l assay. A solution of 10 uL/well of WST-l/ECS 
was added and the optimal incubation time for this experi 
mental setup was determined as 2 hours. Quantitative mea 
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surements were obtained on a multi-well spectrophotometer 

(microplate reader) by measuring the absorbance of the 
treated and untreated samples at 450 nm with background 
subtraction (reference wavelength) at 600 nm [7]. 

Data analysis was carried out using OriginPro Version 8.0 
(OriginLab software, Northampton, Mass.) statistical soft 
ware package. Data was analyzed by either a one-way analy 
sis of variance (ANOVA) or student’s ttest. In all instances, a 
p value of less than 0.05 was considered signi?cant. 

Assessing polymeric materials for cell compatibility is 
necessary prior to their application in the biomedical ?eld. 
The following subsections provide preliminary cell compat 
ibility assessment of PAA using an in vitro cultured cell based 
system consisting of primary porcine radial artery cells 
(RACs) and descending aorta endothelial cells (ECs). 
RACs and ECs were seeded independently onto PAA 

coated and uncoated (control) glass cover slips having a 
diameter of 1.8 mm at a cell density of 7000 cells/cm2. Cell 
adhesion and morphology was examined at 4, 8 and 24 hours. 
FIG. 7a and FIG. 7b display confocal images of RACs and 
ECs at 4 and 24 hours respectively. At 4 hours, there was a 
distinct difference between both cell types and their respec 
tive controls. FIG. 7a (n:8) clearly displays the differences in 
cell morphology at 4 hours between the coated and uncoated 
cover slips. The RACs, identi?ed by their nuclei 200 and 
(x-actin cyto skeleton 210 on the uncoated cover slips, adhered 
at 4 hours and began to extend cellular processes. In contrast, 
the RACs seeded on the PAA coated cover slips at the same 
time point appeared round in shape with an uneven cellular 
border. Minimal cell processes were visible. However, 24 
hours later, cellular processes were observed from RACs on 
both the uncoated and coated cover slips and the RACs exhib 
ited the formation of cellular contacts in a similar manner. 

Unlike RACs, ECs formed a con?uent layer. FIG. 7b (n:4), 
displays confocal images of ECs (nuclei are shown at 250 and 
Von Willibrand factor, a cytoplasmic protein, is shown at 260) 
at 4 and 24 hours. At the 4 hour time point, ECs seeded on the 
PAA coated cover slips adhered and cellular processes were 
observed to extend toward neighbouring cells. In contrast, the 
ECs on the uncoated cover slips at 4 hours appeared clustered 
and rounded with no evidence of cytoplasmic extension. 
However by 24 hours, in a manner similar to the RACs, the 
ECs had normal morphology on both the coated and uncoated 
cover slips. While the ECs exhibited growth at 24 hours, 
con?uence was not reached. Preliminary trials also indicated 
a greater number of ECs on the uncoated cover slips than on 
the PAA coated cover slips. 

Cytotoxicity of the PAA ?lms were initially investigated by 
direct observation of the RACs and ECs on an inverted micro 
scope, and cell viability was determined by conducting a 
WST-l assay. Brie?y, WST-l is a tetrazolium salt which is 
converted into a soluble form of formazan by cellular mito 
chondrial dehydrogenases. As the number of viable cells 
increased, the overall activity increased, leading to an 
increase in the amount of formazan dye formed and readily 
quanti?ed by spectrophotometry. The spectrophotometer 
(plate reader) measures absorbance of the released dye and 
these values can be used as a quantitative indication of cell 
viability. 

FIGS. 8a (n:4) and 8b (n:4) display the viability results 
for both RACs and ECs respectively. The results displayed at 
each time point are presented as a percentage of the control (a 
polystyrene 96-well containing cells and culture medium) 
which is rated as 100% at 24 hours. Both RACs and ECs were 
viable after contacting the PAA ?lms for the duration of 96 
hours, as was anticipated from the adhesion studies. These 
results corroborated observations seen under the inverted 
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microscope as well. FIG. 8a clearly shows the RACs as being 
viable. The observation of cell adhesion by microscopy con 
?rmed cell viability on PAA and results were very similar to 
the controls. At some time points (48 hour and 72 hours) the 
cell growth on PAA was higher than on the control surfaces. 
Unlike the RACs, ECs growth (viability) was slowed on PAA 
for the ?rst 3 days (FIG. 8b) and results differed signi?cantly 
(p<0.05) compared to the controls on each day but not 
between trials. Between 72 hours and 96 hours, a sudden 
decline in EC growth was apparent on the control. This was 
likely due to aging media and the consumption of growth 
factors. Control cells reached con?uence before 96 hours 
whereas, the cells seeded on PAA continued to increase and 
almost doubled in number compared to the ?rst day of seed 
ing. Microscopy once again corroborated these trends. The 
WST-l assay was reproducible and clearly indicated that 
PAA does not have a toxic effect on the cells after 96 hours of 
incubation. In addition, it is important to note that hydrolysis 
of the amide bond in the PAA backbone will not occur in such 
a short time frame of the experiment and would not a contrib 
uting factor in the viability studies. There is no measurable 
degradation across 10 days (data not shown). Since little to no 
toxicity and successful cell adhesion was observed with both 
cell types, cell compatibility could then be assessed to inves 
tigate their proliferative nature on the PAA ?lms. 

Since viability studies showed con?uence was reached 
after 72 hours, it was decided that preliminary proliferation 
studies would run for 3 days (72 hours). FIG. 9a (n:8), FIG. 
9b (n:8), FIG. 10a (n:4) and FIG. 10b (n:4) display the 
proliferation results for RACs and ECs respectively. The 
rather low contrast of these uncorrected images was most 
likely due inpart to the scattering of the incident light by PAA. 
FIG. 9a and FIG. 9b clearly showed RACs seeded on PAA 
adhered, spread and proliferated at an equivalent rate com 
pared to the control. The number of adherent cells measured 
72 hours after cell seeding was 7800:1560 cells/cm2 for the 
PAA coated cover slips and 77001770 cells/cm2 for the con 
trol. There was no statistical difference in the cellular prolif 
eration rates between the control and the PAA coated cover 
slips. Similar to the RACs, ECs seeded on PAA adhered, 
spread and proliferated. However, the rate of proliferation 
was not comparable to the controls. FIG. 10a and FIG. 10b 
clearly show the statistical difference (p<0.05) between ECs 
seeded on cover slips versus ECs seeded on PAA coated cover 
slips at each time point. Unlike the RACs, ECs seeded on the 
control almost quadrupled in number by 72 hours whereas 
ECs seeded on PAA tripled in number at the same time point. 
The major noticeable difference was the amount of EC pro 
liferation. At the 72 hour time point, the number of adherent 
cells measured after cell seeding was 7300:2920 cells/cm2 
for the PAA coated cover slips and 1780011780 cells/cm2 for 
the control. Despite these statistically signi?cant differences, 
ECs proliferated on the PAA ?lms and preserved their phe 
notype for up to 72 hours. Overall, the PAA coating did not 
affect RAC and EC cell morphology when compared to 
uncoated controls. 

The foregoing description of the preferred embodiments of 
the invention has been presented to illustrate the principles of 
the invention and not to limit the invention to the particular 
embodiment illustrated. It is intended that the scope of the 
invention be de?ned by all of the embodiments encompassed 
within the following claims and their equivalents. 

REFERENCES 

1. R. Langer and D. A. Tirrell, Nature 428, 487 (2004). 
2. X. Jiang, E. B. Vogel, M. R. Smith and G. L. Baker, 

Macromolecules, 41, 1937 (2008). 
3.A.A. Ignatius and L. E. Claes,Biomaterials 17, 831 (1996). 

30 

35 

40 

45 

55 

60 

65 

14 
4. M. Hakkarainen,A. Hoglund, K. Odelius andA. C.Alberts 

son, Journal ofthe American Chemical Society 129, 6308 
(2007). 

5. D. E. Johnston, D. R. Boughner, M. Cimini and K. A. 
Rogers, JBiomed Mater Res A, 78A, 383 (2006). 

6. K. A. Rogers, P. Boden, V. l. Kalnins andA. l. Gotlieb, Cell 
and Tissue Research, 243, 223 (1986). 

7. Millipore, WST-l Cell Proliferation Assay, http://www 
.millipore.com/cellbiology/cb3/wst-1 (August, 2009) 

8. D. L. Pavia, Introduction to spectroscopy, Brooks/Cole, 
Cengage Learning, Belmont, Calif. 2009. 

Therefore what is claimed is: 
1. A poly(amic acid) polymer of repeating units of the 

following formula: 

COOH 

O f l 

2. The polymer according to claim 1 further comprising a 
conjugated bioactive moiety, wherein said bioactive moiety is 
conjugated to one or more of an amide group and a carboxylic 
group. 

3. The polymer according to claim 2 wherein saidbioactive 
moiety is one of drugs, peptides, sugars, and cell-speci?c 
ligands. 

4. A biomedical implant comprising: 
a substrate; and 
a biocompatible layer coating a surface of said substrate; 
wherein said biocompatible layer comprises a poly(amic 

acid) according to claim 1. 
5. A biomedical implant comprising a biocompatible poly 

(amic acid) according to claim 1. 
6. A tissue engineering scaffold comprising a biocompat 

ible poly(amic acid) according to claim 1. 
7. A controlled release drug delivery vehicle comprising a 

biocompatible poly(amic acid) according to claim 1. 
8. A cellular growth substrate material comprising a bio 

compatible poly(amic acid) according to claim 1. 
9.A process for preparing a poly(amic acid) comprising the 

steps of: 
forming a solution comprising a quantity of ethylenedi 

aminetetraacetic dianhydride in an aprotic solvent; 
adding to said solution a quantity of paraphenylenedi 

amine, wherein a molar quantity of said paraphenylene 
diamine is approximately equal to a molar quantity of 
said ethylenediaminetetraacetic dianhydride; and 

reacting said ethylenediaminetetraacetic dianhydride with 
said paraphenylenediamine to form a polymer solution 
of poly(amic acid). 

10. The process according to claim 9 wherein said step of 
reacting said ethylenediaminetetraacetic dianhydride with 
said paraphenylenediamine to form a polymer solution of 
poly(amic acid) is performed while maintaining a tempera 
ture of said solution for a selected time interval. 

11. The process according to claim 10 wherein said tem 
perature is maintained within a range of approximately 20 
degrees Celsius to 45 degrees Celsius. 

12. The process according to claim 9 wherein said step of 
reacting said ethylenediaminetetraacetic dianhydride with 




