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Abstract

A brand-new class of Jeffamine-modified fluoro-containing polyimide (6FPI-
J, series, where x is ranging from 10 to 30% by weight) was developed in this
study. Existing pristine fluoro-containing polyimide (6FPI) is a flexible and
high-performance polymer with low surface energy for advanced engineering
applications. Although it has been considered as promising biomaterial for its
good blood compatibility, it has known to be toxic to normal cells. Here, we
modified 6FPI (with ~C (CF,),- group on backbone) with hydrophilic diamine
monomer, Jeffamine, which denoted as 6FPI-J , where x is the molar percentage
of the total diamines. The newly synthesized 6FPI-J series was systematically
characterized in terms of surface properties included surface texture, chemistry,
potential, and charging. Besides, the 6FPI-J copolymer exhibited good
mechanical and stability as pristine 6FPI. With addition of Jeffamine (x=10%),
6FPI-J, displayed considerably improved blood and cell compatibility compared
to 6FPI, which was explainable as a combined effect of morphological texture and
chemical environment of resulting surface. The new class of 6FPI-J, exhibited
excellent solubility toward a number of organic solvents, which rendered the
6FPI-J,; a great potential candidate as biocompatible coating for implantable

medical devices and also for potential therapeutic applications.

Keywords: Fluoro-containing PI; Jeffamine; 6FPI-J_ series; Biocompatibility;
Surface biofunctionalization

Introduction

Polyimide (PI) has readily been a widely-used polymeric material
in industry for its outstanding properties included high mechanical
strength, good electrical insulting, high thermal stability and excellent
chemical resistance over many polymeric alternatives. These merits
render PI a perfect candidate in high-performance engineering
applications since the past decades. Till recently, PI has been
proven to be a biocompatible material and promoted for biomedical
applications [1-6]. For instance, PI was applied as electrodes in
biosensing microdevices [2,6,7], such as the elegant work reported by
S. Metz et al. who developed flexible, implantable PI microprobes that
allowed simultaneous, selective chemical delivery/probing and multi-
channel recording/stimulation of bioelectric activity [1]. The devices
can be used to collect the chemical and electrical signals between cells
in vitro and in vivo.

The introduction of fluorine atoms into PI also brings attractive
features such as low water uptake, water and/or oil repellence, low
dielectric constant, low refractive index, resistance to wear and
abrasion, and good thermal and chemical stabilities [8], thus fluoro-
containing PI has already drawn attractions from microelectronic
and optoelectronic sectors. On the other hand, one of the technical
advantages of fluoro-containing PI is its good miscibility with organic
solvents. Previous studies also showed that fluoro-containing PI can be
prepared via one-step imidization (chemical and solution imidization)
[9], which allowed a shape-forming procedure to be processed

under relatively low temperature compared with conventional
high-temperature imidization, and the mechanical strength of such
kind of PI is also guaranteed. This characteristic appears to provide
technical flexibility in biomedical uses, especially when active or
therapeutic molecules are simultaneously incorporated during the
forming procedure. Although the work of fluoro-containing PI in
the field of biomedicine was not extensively explored, there were
interesting features that should provide technical and biological
advantages over other polymeric candidates. Kawakami et al
reported that fluorinated polyimide showed good blood compatibility
and provides the suppressions of protein adsorption, neutrophil
adhesion, and complement activation [10-12]. These properties were
likely contributed from the CF, groups on the backbone and thus the
overall hydrophobicity was improved. The CF, groups also provided
strong negative zeta potential which inhibited adhesions of some
negatively charged plasma proteins such as albumin and fibrinogen
[13]. Considering those aforementioned advantages, fluoro-
containing PI is expected to exerting clinical potential, for example,
as biocompatible or non-fouling coating for implanted devices in the
areas of orthopedics, dentistry, endovascular stents, and implantable
drug delivery systems. However, technical information about fluoro-
containing PI in biological performance is still insufficient to support
more critical application, such as its relatively high hydrophobicity
and strong negative surface charging that may potentially exert
adverse effects toward cells, blood or tissues. It is more biologically
desirable if hydrophilic and charging character can be finely tuned in

Ann J Materials Sci Eng - Volume 1 Issue 2 - 2014
ISSN : 2471-0245 | www.austinpublishinggroup.com
Whang et al. © All rights are reserved

Citation: Teng-Yuan L, Yen-Jen W, Dean-Mo L and Wha-Tzong W. Surface Bio-Functionalization of a Novel
High-Performance Hydrophilic Jeffamine-Modified Fluoro-Containing Polyimide for Biomedical Applications. Ann
J Materials Sci Eng. 2014;1(2): 8.



Dean-Mo Liu and Wha-Tzong Whang

Austin Publishing Group

a control manner into the fluoro-containing PI to optimize resulting
biocompatibility for a vast number of biomedical uses.

With the advancement of current biomaterials technology, it
is more desirable and biomedically significant with the stringent
requirement in clinical practices, a further improvement of the
biocompatibility of the fluoro-containing PI was our primary
concern. Here, we explore a new synthetic methodology by using a
nontoxic monomer to synergize fluoro-containing PI copolymer with
improved biocompatibility, while maintaining sufficient solubility to
facilitate shape-forming capability. Some existing soluble PIs have
been suffered from the problems of brittleness due to low reactivity
between monomers and backbone structure factors. How to achieve
a balance between solubility and mechanical strength is essential. In
this work, polyethylene glycol (PEG) was employed as a nontoxic
polymer and has been known to be highly water soluble, non-
immunological, non-fouling, and compatible in medicine for years
[14-17]. While PEG alone is unable to support cellular activities,
many kinds of PEG-containing copolymers have been successfully
investigated in vitro and in vivo, as drug delivery systems and tissue
scaffolds [17]. The nonionic and hydrophilic features of PEG also
guarantee good biocompatibility of PEG-containing copolymers.

Here, a combination of 6FDA-BisAAF, as the main fluoro-
containing PI matrix, and diamine-terminated PEG molecule
(Jeffamine), as copolymer monomer was designed. In concern of
sufficient solubility and mechanical strength of the resulting PI, ratios
between Jeffamine and BisAAF were carefully chosen here to ensuring
the resulting copolymer that can undergo solution imidization and be
mechanically flexible after casting films. The properties of Jeffamine-
containing PI were experimentally verified and the comparisons
between PIs with different Jeffamine ratios were made for property
optimization included structure morphology, contact angle, zeta
potential, surface chemistry, and cytocompatibility and blood
compatibility.

Experimental

Materials

2,2’-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride
(6FDA) and 2,2-Bis(4-aminophenyl) hexafluoropropane (BisAAF)
were purchased from ChrisKev, INC. 2,2’-(Ethylenedioxy)
bis(ethylamine) (Jeffamine EDR-148, denoted as Jeffamine in this
paper, 97+%) and m-Cresol (99%) were obtained from Alfa Aesar.
Isoquinoline (97%) was obtained from ACROS. The molecular
structures of monomers employed are given in Figure la.

6FPI-J_ series synthesis

Four different ratios of BisSAAF and Jeffamine were chosen
here and the ratios were 10:0, 9:1, 8:2, and 7:3, respectively. The PI
containing Jeffamine was denoted as 6FPI-J , where x was the molar
percentage of the total diamines. The reason why we did not choose
more Jeffamine additions was that when the proportions of Jeffamine
exceeded 30 mol% of the total diamine, the 6FPI-] series precipitated
in the solvent and could not undergo solution imidization. BisAAF
and Jeffamine were added into 32g m-cresol and stirred until all
diamines were fully dissolved. After diamines dissolving, 0.24g
isoquinoline was added into the solution and the solution stirred
for 1 hr at room temperature. The amount of isoquinoline was

0.3 wt% of the total solid content of the 6FPI-] series. 6FDA was
separated into three pieces to add into the solution. The next piece
of 6FDA was added until the former part was fully dissolved. When
the total 6FDA was totally dissolved, the solution continued to stir
for 2 hrs at room temperature. And then the solution was heated to
50-70°C and 130-150°C for 2hrs, respectively. After the two-stages
of heating, the solution was stirred at 180°C for 48 hrs. When the
synthesis was finished, the 6FPI-] series solution cooled down to
room temperature and was poured into the mixed solution of water
and ethanol (ratio: 1:1). The 6FPI-]_series precipitated in the mixed
solution. We collected this precipitation and washed them for two
times in mixed solution of water and ethanol to make sure that left
m-cresol was washed out from precipitation. The 6FPI-]J series
precipitation was then baked at 110°C under vacuum atmosphere for
24 hrs to remove ethanol and water. This dried 6FPI-] series can be
redissloved to organic solvent to perform coating. Figure 1b shows
a highly foldable 6FPI-], film (as a representative sample), ensuring
the film possessed high flexibility and sufficient mechanical strength.
Surface coating on metal was performed by dipping stainless steel 304
rod into tetrahydrofuran (THF) solution containing 20wt% 6FPI-]_
and then dried at room temperature.

Fourier transforms infrared spectroscopy

The Fourier transform infrared spectroscopy (FTIR) spectra of
6FDA-BisAAF and 6FPI-] series were obtained by Fourier transform
infrared spectrometer (FTIR, Perkin Elmer Spectrum 100 Optica).
The spectra were obtained with 64 scans for each sample under N,
atmosphere. The scan range of IR spectra was from 450 cm™ to 4000
cm™.
Atomic force microscopy

Atomic Force Microscopy (AFM, Innova Scanning Probe
Microscope) was used for deriving the surface roughness profile and
phase distributions. All the measurements were performed in a dry
environment at room temperature in tapping mode over a sampling
area of 3 x 3 um’* for 6FDA-BisAAF and 6FPI-]_series, respectively.
The images had a resolution of 512 x 512 pixels and were acquired at
a scanning rate of about 0.5 Hz. The images obtained were processed
with the diSPMLab software (Veeco).

Electron spectroscopy for chemical analysis
The surface chemistry of 6FDA-BisAAF and 6FPI-]_series films

(a)

BisAAF

Jeffamine

Figure 1: (a) The monomers structures used in 6FPI-J series synthesis.
(b) The 6FPI-J, membrane can be easily folded, showing good mechanical
flexibility.
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was characterized by Electron Spectroscopy for Chemical Analysis
(ESCA, Ulvac-PHI PHI 1600) with 15 kV Al/Mg X-ray source. In
this study, all the ESCA measurements were performed by using Mg
K, emission at 1253.6 eV. A single survey scan spectrum (0-1100
eV) and narrow scans for Cls (280-300 eV) were recorded for each
sample with a pass energy of 1 and 0.1 eV, respectively. Background
was subtracted by using the Shirley formula. The deconvolution
was done by fitting the spectra to multiple peaks comprised of a
Gaussian function. The charge effect was compensated by setting the
binding energy of aromatic carbons, which does not link to oxygen or
nitrogen, at 285.0 eV.

Contact angle measurement

Contact angles of water on PIs were examined by using a contact
angle meter which was also used in previous published research [18].
Surface wetting ability of the samples was determined by measuring
the water contact angle with one drop (5 pl) of deionized water using
a contact angle meter at room temperature. Six measurements were
performed on each sample to evaluate the average contact angle 0,
at5s.

Membrane zeta potential measurement

Measurements via a streaming potential apparatus were carried
out with 0.01 M aqueous KCI solution with pH=7, at four pressure
differences ranging from 0.1 to 0.6 MPa. The zeta potential was given
by the Helmholtz-Smoluchowski equation with the Fairbrother and
Mastin approach [19]:

(= AEnk/AP g g

where { is the zeta potential, AE is the streaming potential, AP is
the applied pressure, 1) is the viscosity of the solution, k is the solution
conductivity, € and ¢, are the permittivity of the test solution and free
space, respectively.

Cytotoxicity assay

A10 vascular smooth muscle cells (VSMCs) from Food Industry
Research and Development Institute (Hsinchu, Taiwan) were
cultured in DMEM supplemented with 10% fetal bovine serum and
1% antibiotic antimycotic solution (Gibco, USA) in a humidified
atmosphere containing 5% CO, in air at 37°C. The investigation of
cell viability is a common method to evaluate the biocompatibility
of biomaterials. The cytotoxicity of 6FDA-BisAAF and 6FPI-J
series was evaluated using VSMCs by MTT colorimetric procedure.
VSMCs were plated at 2 x 10* cells per well in a 24-well culture plate
(Corning, USA) for 48 h to attach, followed by replacement of the
sample solutions and incubation for a predetermined time. At a
predetermined time, the medium containing samples was aspirated
and the wells were washed twice using PBS solution. Then, MTT
solution (0.5 mg/mL) was added and incubated for 4 h. The purple
formazan was solubilized with isopropanol and measured in a
microplate reader (GDV model DV 990 BV4, Italy) at 595 nm.

Activated partial thromboplastin time

For the activated partial thromboplastin time (APTT)
measurements, the 6FDA-BisAAF and 6FPI—]X series were put into a
special test tube. The 100 pl fresh human platelet-poor-plasma (PPP)
was obtained by centrifuging the whole blood at 3000 rpm. 100 pl
actin-activated cephthaloplastin reagent were then added into the
above tube containing 6FDA-BisAAF and 6FPI-]_series, followed by

the addition of a 0.03 M Actin FSL CaCl, solution (100 pl) after 3
min incubation at 37°C. We used a coagulometer (CA-50, Sysmex) to
measure the clotting time of the plasma solution.

Results and Discussion

Structural analysis

Figure 2 shows the FT-IR spectra of 6FPI-] series with different
Jeffamine ratios. The typical characteristic peaks designated to
PI at 1780 cm™ (C=0O asymmetrical stretching), 1720 cm™ (C=0
symmetrical stretching), 1380 cm™(C-N stretch) and 1550 cm™ (C-
NH of polyamic acid) were absent [20], indicating that the 6FPI-J
series were fully imidized through the synthesis. With increasing
Jeffamine addition, two peaks (2939 and 2870 cm”, designated as
CH,-O asymmetric and symmetric stretches, respectively) appeared
and their intensity increased with increasing Jeffamine concentration
[21]. However, no detectable peak of alkyl ether group near 1120 cm™
in the full range spectrum was found [22], suggesting the interferences
resulting from the 6FDA-based polyimide which has native peaks at
1104 (imide band) and 1140 cm*(C-F stretching) [23-25]. Figure 3
shows the FTTR deconvoluted spectrum of 6FPI-], from 1090 to 1160
cm™ wherein the ether peaks at 1123 cm™ was lying between 1102
(imide band) and 1144 cm™ (C-F stretching). Since the fluorinated
monomers were the main monomers, the peak of alkyl ether signal
could not be observed because of the strong absorbance of 6FDA-
BisAAF native function groups. According to FTIR spectra, the
6FPI-] series remained structurally stable even after dissolution in
organic solvent such as DMAC and THF during film casting process
indicating the newly-formed 6FPI-] provided a wider and milder
processability.

Surface characterization
The surface structure of the 6SFDA-BisAAF and 6FPI-]_series was
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Figure 2: The FT-IR absorbance spectrum of 6FDA-BisAAF and 6FPI-J,
series. The characteristic peaks of 6FDA-BisAAF and 6FPI-J_ series are
labeled in this figure. Left top sub-spectrum shows the absorbance of CH,-O
asymmetric (2939 cm™) and symmetric stretches (2870 cm™) of 6FPI-J,
series. These two peaks are absent in 6FDA-BisAAF curve.
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Figure 3: The deconvolution FTIR spectrum of 6FPI-J,; from 1090 cm™ to
1160 cm™.

examined using AFM, as shown in Figure 4 and Table 1. The surface
prepared with 6FDA-BisAAF showed a very smooth morphology
with R (average roughness) = 0.377 nm and Rq (route mean square
roughness) = 0.476 nm. For 6FPI-]J series, Table 1 gives that R
and R gradually increased as the Jeffamine increased. The surface
remained flat until Jeffamine reached 20%, above which a number
of grooves of several hundred nm width appeared. When Jeffamine
concentration reached 30%, there was a noticeable enhancement of
roughness (R =1.46 nm and Rq:2.68 nm) for 6FPI-]J, compared to
other samples. The 6FPI-], showed a surface texture with randomly
distributed “hills” of height range of 20~50 nm, giving rise to
enhanced roughness. The roughness was increasing with the amount
of Jeffamine addition and to specify what caused the change in surface
textures, we adopted phase images as supporting information to
elucidate the evolution of copolymer surface.

Figure 5 illustrates the phase diagram of 6FDA-BisAAF
and 6FPI-J series, wherein the brighter regions in the diagram
represented softer phases of surfaces. The phase signal changed when
the probe encountered regions of different compositions. Phase shifts
corresponded to the changes of mechanical properties of sample
surface. In principle, when oscillating cantilever interacts with softer
regions of surface, more changes in the cantilever’s deflection or
vibration amplitude lead to stronger shifts in phase angle, reflecting
as the brighter regions. Phase contrast generates by transforming the
changes in phase lag to bright and dark regions in phase images. When
Jeffamine ratio was increased to 10%, the bright spots distributed
uniformly throughout the surface, ensuring smooth morphology,
similar to that of 6FDA-BisAAF sample, Figure 5a. The brighter
regions corresponded to PI segments containing Jeffamine since

Figure 4: The AFM surface morphology spectrums of (a) 6FDA-BisAAF; (b)
6FPI-J,.; (c) 6FPI-J,; (d) 6FPI-J, ;. The scan area was 3x3 ym? and z axis
range was 10 nm.

207

Table 1: The average roughness (R,), root-mean-squared roughness (R and
maximum height (R__ )values of 6FDA-BisAAF and 6FPI-J_ series.

max

R, R, R
6FDA-BisAAF 0.377 nm 0.476 nm 5.59 nm
6FPI-J,, 0.753 nm 0.973 nm 6.49 nm
6FPI-J 0.914 nm 1.13 nm 7.15nm
6FPI-J., 1.46 nm 2.68 nm 53.3nm

Figure 5. The AFM phase diagrams of (a) 6FDA-BisAAF; (b) 6FPI-J,; (c)
6FPI-J,; (d) 6FPI-J,,.

207

Jeffamine possesses ether backbones, which are mechanically softer
than aromatic backbones. The 6FPI-] series exhibited softer main
chains than that of fluorinated monomers, but poorer solubility. The
reason that the roughness increase could come from the decreased
solubility of 6FPI-]J series compared to fluoro-containing PI. When
ether groups were incorporated into fluoro-containing PI backbones,
since ether groups were not bulky in volume, the segment containing
ether groups showed poorer solubility toward organic solvent [26].
These segments with ether backbones “precipitated” first on resulting
surface upon film formation, leading to phase separations. For 6FPI-
J, series containing above 10% Jeffamine, surface textures including
grooves and hills in Figure 4c-d, matched the bright regions displayed
in Figure 5¢-d, further confirming that the PEG-containing segments
of 6FPI-] generated new phase from the native PI matrix. AsJeffamine
addition increased, these precipitations caused more phase separation
as was observed from AFM images and phase diagrams. Combining
those technical data from surface texture and phase images, ether-
containing phases generated more pronounced topological textures
as Jeffamine ratio increased. For higher Jeffamine ratios, the surface
structure became more morphologically heterogeneous as a result of
aggregation, leading to grooves and hills texture and thus increased
surface roughness.

Surface chemistry
The profile of the chemical bonding on the surface of 6FDA-
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BisAAF and 6FPI-] series is given in Table 2. After Jeffamine was
added, the O 1s proportion from 10.64% to 13% and remained
unchanged as the Jeffamine ratios increased. There had a drop in
concentration of F 1s spectrum for 6FPI-J, and then increased to
11.17 atomic percent as Jeffamine ratio reached 20%. For 6FPL-],
F 1s atomic percent decreased to 6.70% but was still higher than that
of 6FPI-] . Figure 6 shows the C 1s spectrums of 6FPI-] series with
several ratios of Jeffamine addition. Figure 6a indicates that the split
peaks from C 18 signal of 6FDA-BisAAF were C-C (285 eV), C-N
(286.2 V), C=0 (288.6 €V) and CF, (293 eV), respectively [27,28].
When Jeffamine addition ratio reached 10%, the C-O signal coming
from the ether groups of Jeffamine backbone appeared at 286.5 eV
in Figure 6b. The CF, signal decreased significantly compared to
that of 6FDA-BisAAF. As Jeffamine ratio reached 20%, the intensity
of CF, signal increased but the intensity of C-O remained almost
unchanged. For 6FPI-],  the signal of CF, became slightly weak and
there was still no measurable increase of C-O peak intensity. Table
3 shows the area proportions of deconvoluted binding peaks of C 1s
signal for 6FPI-] series. The changes in CF, signal matched the F 1s
atomic proportions on the surfaces. The C-O proportion of 6FPI-J |
was slightly higher than others but there was no direct correlation
over different Jeffamine additions.

It is concluded, from current ESCA analysis, that with low
Jeffamine addition, the intensity of CF, groups was suppressed by the
introduction of ether group and thus hydrophilicity of 6FPI-]_series
increased. As Jeffamine ratio increased to 20% and 30%, there was
no appreciable variation in intensity of ether groups. Ether groups
are hydrophilic and thermodynamically unfavorable to expose as
part of surface structure due to surface energy concern. Since air

Table 2: The surface element atomic proportions of 6FDA-BisAAF and 6FPI-J,
series.

Cis N 1s O1s F1s
6FDA-BisAAF 74.09% 2.86% 10.63% 12.42%
6FPI-J 79.78% 2.40% 13.04% 4.78%
6FPI-J . 73.54% 3.71% 11.57% 11.17%
6FPI-J,, 77.97% 2.26% 13.06% 6.70%
(b)
CF;
02 58 B4 20 202 258 284 w0
Binding Energy (eV) Binding Energy {eV)
(c) (d)
CFy
CF;
B el o
2 1 784 80 292 284 ET
Binding Energy (eV) Binding Energy (eV)
Figure 6: The C 1s ESCA spectrums of (a) 6FDA-BisAAF; (b) 6FPI-J,; (c)
6FPI-J, ; (d) 6FPI-J,;. The deconvoluted binding peaks of C 1s are labeled in
each sub-figure. The split peaks from C 1s signal of 6FDA-BisAAF and 6FPI-
J, series were C-C (285 eV), C-N (286.2 eV), C-O (286.5 eV), C=0 (288.6 eV)
and CF, (293 eV), respectively.

Table 3: ESCA bindings and relative peak area percentages of deconvoluted C
1s spectra obtained from 6FDA-BisAAF and 6FPI-J, series.

c-C C-N C-0 C=0 CF,
6FDA-BisAAF 72.63% 14.68% 0% 5.69% 7.00%
6FPI-J 75.20% 4.9% 11.82% 7.49% 1.40%
6FPI-J 73.39% 3.65% 9.93% 6.53% 6.50%
6FPI-J 79.97% 2.43% 10.23% 5.90% 2.69%

was considered to be hydrophobic environment, more hydrophobic
groups like CF, are preferred to evolving as segregating phase on
top of the surface instead of ether groups during film formation.
On the other hand, the Jeffamine-containing phases were randomly
distributed throughout sample surface from AFM exanimation.
Aggregation of Jeffamine-containing phase increased with Jeffamine,
i.e., for 6FPI-] with x > 20, and transformed homogeneous 6FDA-
BisAAF surface to heterogeneous one. Randomly distributed surface
textures caused by Jeffamine-containing phases could interfere with
the detection accuracy on the distribution of functional groups along
the surface since ESCA has a detection limitation over a length below
50A from top surface. However, since hill-like textures on 6FPI-]
surface tends to be more easily detected compared to flat region of the
6FDA-BisAAF phase, such a discrepancy may cause a potential risk
of measuring error in estimation of the correlation between analytical
results and real Jeffamine addition ratios.

Contact angle

From those aforementioned measurements, it is expected that
both the textural variation and hydrophobicity of the resulting surface
will affect the contact behavior of biological substances such as blood,
cells, proteins etc. Here, we first conducted a measurement on contact
angle with water droplet. Table 4 gives the contact angle of 6FDA-
BisAAF and 6FPI-] series. As expected, 6FDA-BisAAF exhibited
hydrophobic feature with a high contact angle of 80.34 + 1.60°. With
different amounts of Jeffamine coordinated into the fluorinated PI
matrix, 6FPI-J = showed slight enhancement in hydrophilicity with a
contact angle of 78.29 + 0.68°. However, the contact angles of 6FPI-]
series were slightly increased and reached to that of 6FDA-BisAAF
(80.32 + 0.54° for 6FPI-], ) when 30% of Jeffamine was incorporated.
The change in contact angle was not significant even we deployed
more Jeffamine in our synthesis. 6FPI-] series with increasing
Jeffamine ratios did not show increasing wetting ability. We inferred
that the variation in wetting ability of the resulting 6FPI-]J should
result from the changes of surface chemistry and surface roughness
(textural variation). Even ESCA results showed that 6FPI-], exhibited
lowest CF, and highest C-O signal, the increase in hydrophilicity was
not obvious as we predicted. When Jeffamine concentration further
increased, the increase in contact angle might contribute from the
increase of surface roughness according to topological examination
with AFM.

Table 4: Contact angle values of 6FDA-BisAAF and 6FPI-J series.

Contact angle (degree)
6FDA-BisAAF 80.34 + 1.60
6FPI-J, 78.29 £ 0.68
6FPI-J,, 79.05+0.77
6FPI-J,, 80.32+0.54
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Zeta potential

Besides the chemistry and energy distribution of the resulting
surface, surface charge has been well-recognized to play a major
role in manipulating the behavior of cells and biomolecules in host.
According to Kawakami et al. [10-12], 6FDA-BisAAF illustrated
a strong negative zeta potential and further decreased as curing
temperature increased. For the new compositions developed in this
work, Table 5 indicates a reduction of zeta potential to -5.26 mV for
6FPI-]  after Jeffamine was incorporated (10%). In other words, the
zeta potential of 6FPI-] series was approaching neutrality after small
proportion of Jeffamine was added. For the case of 6FPI-J,,
potential was turning into positive value (4.64 mV). Such a variation
in fine tuning the surface zeta potential may provide advantages for
optimization of surface-host interactions upon practical biomedical
applications. Previous study of PEG-PLGA copolymer also indicated
a variation of surface charge from negatively-charged polymers to
positive zeta potential while increasing PEG ratios in co-polymer
synthesis [29]. The change in surface charge for 6FPI-] is believed
due to the complexes formation of polyether that might interact with
alkali metal ion like Na* and K*in the aqueous solution, as being
described in literature [30-32]. Since zeta potential measurements
were performed in KCl solution and thus hydrophilic ether backbones
were preferentially appeared on surface. The interaction between K*
and the ether groups could explain the decrease in surface charge
and as the Jeffamine ratios increased, the surface potential further
transformed to positively charge for 6FPI-], .

zeta

In vitro cytocompatibility

The cytocompatibility of the 6FDA-BisAAF and 6FPI-] series
toward VSMCs was evaluated by the MTT assay. 6FDA-BisAAF
and 6FPI-]J series were incubated with VSMCs for 48 hrs. Figure
7a shows that the cell viability for 6FDA-BisAAF was 74.3 £ 2.43%
after 48 hours. However, for 6FPI-], , cell viability remained nearly
100% (100.94 + 2.50%), indicating that the 6FPI-J = exhibited
excellent cytocompatibility toward VSMCs. In other words, the
cytocompatibility of 6FDA-BisAAF can be considerably improved by
addition of Jeffamine. However, further increase in Jeffamine ratios
did not retain the cytocompatibility, adversely, cell viability gradually
decreased, for instance, below 85% (84.82 + 1.68%) when Jeffamine
ratio reached 30%. However, the cell viability of the 6FPI-], was still
higher than that of the 6FDA-BisAAF. This finding indicated that the
outstanding cytocompatibility of the 6FPI-] series can be optimized
with small incorporation of Jeffamine. Figure 7b-c shows the optical
microscopy image of VSMC as a control and in the presence of
6FPI-] . The VSMC remained unchanged in its cellular geometry on
6FPI-], as that on the control set. The white spots represented dead
VSMC nucleuses. Although dead VSMC nucleuses on 6FPI-], were
more than that of the control, 6FPI-], still exhibited very nice cell
viability performance as the control, indicating VSMC proliferated
very well on 6FPI-J .

Table 5: Zeta potential values of 6FDA-BisAAF, 6FPI-J, and 6FPI-J
membranes.

Zeta potential (mV)
6FDA-BisAAF -42~-64 [11]
6FPI-J, -5.26
6FPI-J,, 4.64

Cell vinbility

190 100,94

Figure 7: (a) The VSMC cell viability of 6FDA-BisAAF and 6FPI-J_ series
after 48 hrs. Each data point is represented as mean + SD (n = 3). The optical
microscopy images show VSMC cellular geometry on (b) control; (c) 6FPI-J, .

Factors like wetting ability and surface roughness had been well-
known to give great impact on cell attachment and proliferation
[33-38]. From ESCA and AFM examinations, the wetting ability of
the 6FPI-J was inferred from a combination of textural roughness
and chemical environment of the surface. From current observation,
VSMC could react differently on 6FPI-] series even though the
scale of surface roughness (in nanometric length) was much smaller
compared to cell dimension. Considering roughness issue, randomly
distributed topology caused by phase separations seemed to have
great impacts on VSMC adhesion and proliferation. The smoother
and more hydrophilic surfaces of 6FPI-], performed well in in-vitro
tests. Surface charge will be another important factor, strong negative
charge of 6FDA-BisAAF led to poor cell adhesion since VSMC had
slightly negative charge. For 6FPI-] series, no direct correlations can
be established between zeta potentials and cell viability since the zeta
potentials of 6FPI-] series closed to neutrality. Although it is hard
to give a precise and quantitative estimation on the surface-induced
cellular behavior in this preliminary investigation, the variation
of surface properties for the 6FPI-] as a function of Jeffamine was
essential for a responsive cellular behavior and can be selectively
employed for specific applications.

Blood compatibility

The APTT test is widely-used standard protocol for the clinical
detection of abnormality of blood plasma and for the primary
screening of the anticoagulative chemicals. The control APTT time
for a healthy blood plasma was regarded to be about 39.5 + 1.1s
(Figure 8). The APTT of 6FDA-BisAAF was 40.3 + 0.28s and showed
that fluoro-containing PI had good blood compatibility as previous
work reported [10-13]. When the blood plasma was incubated with
6FPI-] , the APTT were increased to 40.8 + 2.12s, indicating that
addition of Jeffamine improved the blood compatibility comparing
with fluoro-containing PI. When the blood plasma was incubated
with 6FPI-] series with higher percentage of Jeffamine, the APTT
gradually increased as Jeffamine proportionally increased. APTT was
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Figure 8: APTT results of 6FDA-BisAAF and 6FPI-J, series. Each data point
is represented as mean = SD (n = 3).

further prolonged to 42.15 + 0.35s for 6FPI-], , indicating ether group
can prolong the occurrence of intrinsic pathway system. Therefore,
incorporating Jeffamine addition should play an important role
in inhibiting the activities of some clotting factors of blood plasma
involved in APTT.

The improvements in blood compatibility exhibited an increasing
trend with increasing Jeffamine addition. The strong negativity
of 6FDA-BisAAF was the main factor contributing to the anti-
protein adsorption, leading to good blood compatibility [10-13].
With increasing Jeffamine ratios, the zeta potentials decreased, the
contribution from surface charges became less pronounced, likewise,
PEG copolymers exhibited less thrombogenic feature, due to the
flexibility and hydrophilicity of the backbone [39]. From current
experimental observation, we believed that the improvement in blood
compatibility in 6FPI-] was contributed from the ether backbones of
the Jeffamine monomers.

Figure 9a shows the SEM images of 6FPI-], coating on stainless
steel 304 rod. The whole coating process was carried out at room
temperature. In Figure 9a we can clearly see that 6FPI-], coating
smoothly covered the whole rod surface. The magnified image of
6FPI-],  coating which placed in top-right corner of Figure 9a further
proofed the flatness and homogeneity of the surface coating as AFM
results showed. These SEM images indicated the capability of 6FPI-]_
as biocompatible coating on metal implant. Furthermore, the surface
chemistry can also be tuned by soaking 6FPI-] in 1M KOH aqueous
solution. Figure 9b shows the FTIR spectrum of pristine and base-
treated 6FPI-] . According to previous lecture, surface imide content
can obtained by calculating the ratio between peak intensity at 1720
cm” (C=0 symmetric stretching) and peak intensity at 1500 cm™
(benzene peak) [40]. The relative surface imide content of untreated
6FPI-]_was setas 100%. After immersing in KOH aqueous solution for
30 min, the signal of aromatic ring at 1500 cm™ remained unchanged
but the peak intensity at 1720 cm™ greatly dropped. Thus we could
obtain the relative imide content of treated 6FPI-] by comparing
peak intensity at 1720 cm™. The absorption intensities at 1720 cm
were 2.6 and 1.08 for pristine and base-treated 6FPI-] , respectively.
We found the relative imide content of base-treated 6FPI-] dropped
to 41.54%, indicating part of imide groups were cleaved to form
carboxylic acids and amide groups. According to the lecture published

Bistermmmber fem

Figure 9: (a) SEM image of 6FPI-J, coated stainless steel 304 rod. The top-
right sub-image is the magnified image of 6FPI-J, surface. (b) FTIR spectrum
of pristine and base-treated 6FPI-J_films.

by our group, base treatment rendered the tunable surface chemistry
for further modification such as metalization [40]. We believed this
biocompatible 6FPI-] had good potential for biomedical application
such as implant coating and flexible bioelectric uses.

Conclusion

We have successfully synthesized the Jeffamine-containing 6FPI-
J, series in this work. The 6FPI-] series exhibited good mechanical
flexibility and excellent solubility toward organic solvent. With
proper addition of hydrophilic Jeffamine, considerable improvement
in cell and blood compatibility was observed. By optimizing Jeffamine
addition, 6FPI-], exhibited moderate hydrophilicity and smoother
surface, which facilitated VSMC adhesion and proliferation.
Considering the factors manipulated the surface properties, this
newly-synthesized 6FPI-] co-polymer envisioned a great potential
as a new class of biomaterials for particularly coating applications
toward a vast number of implantable medical devices. Its milder
processing and forming capability compared to existing synthesis
alternatives permits a potential incorporation of therapeutic or
vulnerable molecules for multifunctional practices, and is currently
under investigation.
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