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ABSTRACT: To construct biocompatible surfaces of
polypropylene (PP), poly(ethylene glycol) methyl ether
methacrylate (PEGMEMA) was melt-grafted onto PP back-
bones; this was followed by the restructuring of the sur-
face mircostructure of the grafted PP by water treatment.
The grafted products were analyzed by Fourier transform
infrared spectroscopy and "H-NMR; the surface microstruc-
ture of the graft copolymer was characterized by X-ray pho-
toelectron spectroscopy and atomic force microscopy, and
the biocompatibility was evaluated by water contact angle,
protein adsorption, and platelet adhesion measurements.

This study showed that highly biocompatible surfaces of PP
could be obtained by a combination of melt grafting and
surface restructuring techniques, and the formation of hole-
with-rim patterns and the enrichment of the PEGMEMA
chains on the topmost surface were the key factors for the
improved biocompatibility. This work advances functional-
ized PP generated by melt grafting as a promising candi-
date for applications in blood-contact devices. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

The construction of biocompatible surfaces is a piv-
otal requirement for medical or analytical devices
that contact blood.'™ Such devices include catheters,
blood-vessel grafts, vascular stents, artificial heart
valves, and hemodialysis, hemapheresis, and oxygen-
ator membranes.”™* One strategy to improve biocom-
patibility is surface modification with poly(ethylene
glycol) (PEG), which has protein- and cell-repellent
properties.” Traditional methods aimed at grafting
PEG onto a substrate surface include covalent-bond-
formation processes, such as chemical coupling
reactions,® and plasma treatment and subsequent
UV-induced graft polymerizations.” However, both
approaches require special instruments to pregenerate
the functional groups on the surfaces, followed by
multistep heterogeneous reactions.®” Furthermore,
most studied substrates have been silicon, gold, and
membranes, which are rather ideal compared to the
real materials applied in blood-contacting devices.* A
practical alternative is the direct grafting of PEG-
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related moieties, such as poly(ethylene glycol) methyl
ether methacrylate (PEGMEMA) and poly (ethylene
glycol) methyl ether acrylate, onto bulk polymers to
form graft copolymers by either reactive mixing or
extrusion.”® Despite the commercial importance of
this process, the challenge of constructing biocom-
patible surfaces by melt grafting remains: Graft
copolymers prepared by melt grafting are random
copolymers; the graft points are distributed ran-
domly along the backbone, and the graft length is
much shorter than the backbone.”’® Unlike block
copolymers with well-defined architectures, random
graft copolymers cannot self-organize into ordered
microstructures on the surface.''™'® Kinetic barriers
arising from the presence of quenched disorder and
architectural complexity limit the extent of long-
range order in these copolymers.'*'> The rough sur-
face with a disordered microstructure increases the
protein adsorption and platelet adhesion and results
in poor biocompatibility in the graft copolymer.'® In
addition, grafted PEG-related moieties often have a
higher surface energy than the polymer substrate;
during film preparation by a hot press or casting,
the surface rearrangement driven by a reduction in
the surface energy results in the depletion of PEG-
related moieties from the top layer of the surface;'”
this leads to a slight improvement in the biocompati-
bility on the surface.

To overcome these limitations, it is necessary to
find an efficient method to restructure the surface



and enrich the surface with grafted chains. It has
been reported that graft copolymers undergo a nota-
ble restructuring by responding to the change in the
contacting medium from air to water.'” Because of a
specific affinity of grafted chains for water,”® water
can be used to induce the grafted chains to the top
layer of the surface and to order the microstructure
on the surface.

In this article, we report a facile method for con-
structing biocompatible surfaces of polypropylene
(PP) through melt grafting and water-induced sur-
face restructuring. PP is a promising candidate for
blood-contact devices because of its broad-ranging
mechanical properties, ease of processing, excellent
chemical resistance, nontoxicity, and low price.'®"
However, because of a lack of polar functional
groups along the polymer backbone, PP exhibits
poor biocompatibility.'”” The preparation of biocom-
patible PP, therefore, is an ongoing challenge. In this
study, PP was melt-grafted with PEGMEMA to gen-
erate PP-g-PEGMEMA; then, spin-coated films of
PP-g-PEGMEMA were treated with water to restruc-
ture the nanostructure/microstructure on their surfa-
ces. Compared to those on the surface of neat PP,
the protein adsorption and platelet adhesion were
substantially suppressed on these restructured surfa-
ces of modified PP. This study is of practical signifi-
cance because it showed the availability to order the
structures on the surface of an intrinsically disor-
dered graft copolymer with water and paved the
way to notably improve the biocompatibility of poly-
mers by industrial process.

EXPERIMENTAL
Materials

Pellets of a commercial PP with a weight-average
molecular weight of 529 kg/mol were obtained from
Panjin Ethylene Plant (Panjin, Liaoning, China). Dif-
ferent PEGMEMA grades (weight-average molecular
weights = 300, 475, and 1100; Aldrich) were purified
with an inhibitor-removing column (Aldrich). Ace-
tone and xylene were reagent-grade products.

Grafting reactions and purification of the
grafted samples

Grafting reactions of PEGMEMA onto PP were car-
ried out in a Thermal Haake batch mixer (Karlsruhe,
Germany) at a temperature of 200°C and a rotor
speed of 50 rpm. The monomer concentration was in
the range 1-8 wt % of the feedstock. To obtain a
graft copolymer with a high grafting degree (GD)
while avoiding as much as possible degradation
phenomena, we used a preirradiated PP as the ini-
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tiator (20 wt % of the feedstock), as described
elsewhere.'®

Several grams of raw grafted PP material (after
melt grafting) were pressed into thin films with
thicknesses lower than 0.1 mm with a hot press
operating at 190 = 2°C. The raw grafted PP films
obtained were then extracted for at least 24 h with
water at room temperature. Unreacted PEGMEMA
monomer and PEGMEMA oligomers were thus
removed from the film. About 1 g of the water-
insoluble grafted PP material thus obtained was dis-
solved in 100 mL of xylene at 130°C, and the result-
ing solution was slowly poured into acetone; most
of the grafted PP with high molecular weight pre-
cipitated. A small amount of grafted PP with a very
low molecular weight, referred to as residue 1, was
kept in the mother liquor and was recovered by
removal of the mixture of acetone and xylene under
0.2 MPa in a vacuum oven. The precipitated grafted
PP material, referred to as residue 2, was dried in a
vacuum oven at 90°C for 24 h.

Characterization of the grafted PP

The grafted PP with high molecular weight (residue
2) was analyzed by Fourier transform infrared
(FTIR) spectroscopy (Bio-Rad FTS-135 IR instrument,
Hercules, California) at a resolution of 4 cm ™' and
with five scans.

The grafted PP with very low molecular weight
(residue 1) was analyzed by "H-NMR spectroscopy
(Bruker AV400 spectrometer). 'H-NMR spectra of
the samples were recorded at 125°C in CgD,Cl,
(7.260 ppm). The best conditions for the experiments
were optimized at sweep width (SWH) = 4194.6 Hz,
relaxation time = 8.00 s, and pulse = 90° for 6.8 ps.
The typical groups, PP, —CH;3 (6 = 0.8-1.0 ppm),
—CH,— (6 = 1.0-1.5 ppm), and —CH— (5 = 1.5-1.8
ppm), were observed. The functional groups of
grafted PEGMEMA were assigned as follows:
—CH,C(CH;) COO— (a, @, a"; 8 = 1.9-25 ppm),

—CH,C(CH;) COO— (b; & = 09-1.0 ppm),
—COO—CH,—CH,—O0— (¢ & = 4244 ppm),
—COO—CH;—CH,—O— (d; & = 3435 ppm),
—O—CH,—CH,~0O— (d; & = 3539 ppm),
—O—CH,—CH,—O—CH; (e, & = 37-39 ppm),

—O—CH,—CH,—O—CH; (f; 6 = 3.2-34 ppm), and
—CH,—CH(CH;)COO— (g; 6 = 2.5-2.7 ppm).

Sample preparation and surface restructuring

The xylene solutions of the grafted copolymers
(0.2 wt %) in the temperature range from 90 to
120°C were spin-coated onto heated silicon wafers to
form thin films. The film thickness was about 200
nm, as measured by an optical ellipsometer (UVISEL
ER, Jobin Yvon S. A. S., Paris, France). The thin films
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were then heated at 100°C in a vacuum oven for 4 h
and immersed in distilled water at 60°C for 24 h.
The treated films were finally dried in a vacuum
oven at room temperature.

Surface characterization

The surface elemental compositions were deter-
mined by highly sensitive X-ray photoelectron spec-
troscopy (XPS, West Sussex, UK) with a VG Scien-
tific ESCA MK II Thermo Avantage V 3.20 analyzer
with an Al/K (binding energy (hv) = 1486.6 eV) an-
ode mono-X-ray source. The vacuum level during
XPS measurements was 2.6 x 10~ mbar. All of the
samples were carefully dried in vacuo before obser-
vation. Angle-dependent XPS data were collected at
nominal photoelectron takeoff angles from 0 to 60°.
The surface spectra were collected over the range 0-
1200 eV. The atomic ratios were determined from
XPS measurements.

The static water contact angles of the membranes
were measured at room temperature by the sessile drop
method with drop shape analysis contact angle goniom-
eter (DSA KRUSS GMBH, Hamburg 100, Hamburg,
Germany). For each sample, at least six measurements
were performed.

Atomic force microscopy (AFM) observations
were carried out with a SPI3800N instrument
equipped with a cantilever with a bending spring
constant of 40 N/m and a resonance frequency of
190 kHz (Seiko, Inc., Morioka, Japan). The film sur-
face was characterized by standard noncontact mode
scanning at 0.5 Hz from the largest area (10 x 10
pm?) to the smallest area (1 x 1 pm?). The data were
analyzed with SPI3800N probe station software
(Seiko, Inc.). All images were processed with plan-
fitting and flattening procedures.

Protein adsorption

Bovine serum albumin (BSA) was used as the model
protein to evaluate the antiprotein adsorption of the
graft copolymer films in phosphate buffered saline
(PBS) solution (pH 7.4). Neat PP and the spin-coated
films (2 x 1 cm® of grafted PP were accurately
weighted and immersed into the PBS solution (pH
7.4) for 12 h. The specimens were then transferred into
PBS solutions containing BSA (1.0 and 2.0 mg/mL) to
incubate at 37°C for 2 h. Each sample was rinsed
five times in the fresh PBS solution by gentle shak-
ing and were then transferred into a well-plate filled
with 2.5 mL of PBS solution containing 1 wt %
sodium dodecyl sulfate; the protein adsorbed on the
surface was then completely desorbed by sonication
for 20 min. On the basis of the bicinchoninic acid
method, a microbicinchoninic acid protein assay rea-
gent kit was used to determine the concentration of

the protein in the sodium dodecyl sulfate solution.
The BSA concentrations were determined on the
basis of the absorption at 570 nm with a TECAN
ultraviolet-visible spectrometer (TECAN GENIOS,
Grodig, Austria)."” The reported data are the mean
values of three different specimens for each film.

Platelet adhesion

The spin-coated films (2 x 1 cm?) were placed in a
tissue culture plate. Then, 20 pL of fresh platelet-rich
plasma was dropped onto the center of the mem-
brane and incubated for 60 min at 37°C. After
the membranes were washed with PBS solution
(pH 7.4), the platelets adhered on the film were
fixed by treatment with 2.5 wt % glutaraldehyde in
PBS at 4°C for 10 h. Finally, the films were washed
several times with the PBS solution and dehydrated
with a series of ethanol/water mixtures (30, 50, 70,
90, and 100 vol % ethanol for 30 min for each mix-
ture).’® The film surface was observed with field
emission scanning electron microscopy (XL 30 ESEM
FEG, FEI Co., Eindhoven, The Netherlands) operat-
ing at a voltage of 15 kV.

RESULTS AND DISCUSSION
Grafting reactions

The grafting reaction as a function of the reaction
time is shown in Figure 1; the grafting reaction
occurred after the polymer was melted, and the GD
increased very rapidly in a few minutes. A slight in-
crement in GD was observed after 5 min; this indi-
cated that the melt-grafting reaction was fast and
was almost completed in 5 min. The grafting reac-
tion as a function of monomer concentration is
shown in Figure 2. GD increased monotonously with
increasing monomer concentration, reached a maxi-
mum at a monomer concentration of 6 wt % of the
feedstock, and then decreased with further increases
in concentration. This trend could be explained
by the completion between the grafting reactions
and the homopolymerization of the monomer.'®?!
Monomers with short chain lengths (PEGMEMA ;)
showed the highest reactivity toward macromolecu-
lar radicals.

Characterization of PP-g-PEGMEMA

Figure 3 shows the representative FTIR spectra of
the neat PP and purified PP-g-PEGMEMA (Residue
2) samples. To compare the characteristic peak inten-
sities of each sample, the absorbance peaks were
normalized by the intensity of the methyl band of
PP at 898 cm '. The new peak at about 1717 cm ™!
appearing in the grafted samples was due to
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Figure 1 Grafting reactions as a function of the reaction
time. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

carbonyl group (C=O) stretching vibrations of the
grafted PEGMEMA; this provided qualitative evi-
dence of grafting in the melt.’> The intensity of this
peak at 1717 cm ' decreased with increasing chain
length of the grafted monomer. This indicated that
the smaller the molecule was, the easier its grafting
onto the PP chains was. GD was obtained from the
FTIR spectra on the basis of a method described else-
where.'®?! The maximum GDs of PP-g-PEGMEMA 5,
PP-g-PEGMEMA,75, and PP-g-PEGMEMA;,o, were
4.6, 3.8, and 2.5 wt %, respectively.

Figure 4 shows the representative "H-NMR spec-
trum of PP-¢-PEGMEMA;,, with low molecular
weight (residue 1). Clearly, the 'H-NMR analysis
provided evidence for the grafting reaction. Because
the unsaturated o carbon in the CH,=C(CHj;)
COO— group should have been saturated with
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Figure 2 Grafting reactions as a function of the monomer

concentration. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 3 IR spectra of the neat and grafted PP. The ab-
sorbance peaks were normalized by the intensity of the
methyl band of PP at 898 em ™. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

hydrogen to terminate the grafting reaction,” we
could calculate the average degree of polymeriza-
tion for the grafted chains (X,,,g) on the basis of the
methine hydrogen intensity in the —CH,—CH
(CH3)COO— group: L+1,+1,
ng =y )
2,

where (I, + Iy + I,»)/2 is one hydrogen intensity in
the methylene of the —CH,C(CH3)COO— group and
I; is the hydrogen intensity in the methine of the
—CH,—CH(CH;3)COO— group. The physical proper-
ties of PEGMEMA and the corresponding graft copoly-
mer, PP-g-PEGMEMA, (where x denotes the molecular
weight of PEGMEMA), are presented in Table 1.

a b £y b a b
: H |CH3 H l|3H3 H |CH3
e
B l-l (<0 H =0 H ¢=0 ;Isz
C?H;t $H;r (FH:r h | k k'
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Figure 4 '"H-NMR spectrum of PP-g-PEGMEMA 3.
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TABLE I
Monomer Structures and Results of the Grafting Reactions onto PP
Monomer Structure GD (wt %) Xg
PEGMEMA 40 ("J 2.7 2.0
H,C= C —C—O0(CH, CH,0) CH,
4
CH,
PEGMEMA 40 ("J 46 35
H,C= C —C—O0(CH, CH,0) CH,
4
CH,
PEGMEMA 5 | 2.0 15
HyC= (|: —C—O0(CH, CH,0) cH,
9
CH;
PEGMEMA 5 | 3.8 3.0
HyC= (|: —C—0(CH, CH,0) CH,
9
CH;
PEGMEMA ;100 | 12 1.0
H,C= C —C—O0(CH, CH,0) CH,
23
CH;
PEGMEMA 1199 2.5 2.0

CH,

I
H,C= (|: —C—0(CH, CH,0) CH,

23

Surface properties of the spin-coated film

The results of the static water contact angle measure-
ments on the surfaces of the spin-coated films of
neat and grafted PP are shown in Figure 5. The static
water contact angle on the surface of the neat PP film
was 105.1° [Fig. 5(a)], in agreement with data reported
for PP plates.” As PEGMEMA had a hydrophilic
character, it was expected that the static water contact
angle would decrease with increasing GD.>* How-
ever, only a slight decrease in the water contact angle
of the grafted samples was observed [Fig. 5(b—d)];
regardless of GD, the three grafted samples showed
similar hydrophobicities (with contact angle values of
about 97°). This result indicated that only small
amounts of grafted PEGMEMA chains were located
on the top layers of the graft copolymer surface.
Figure 6 shows the angular-dependent XPS spec-
tra at two sampling depths (angle = 60°, ~ 3 nm;
angle = 0°, ~ 10 nm) for the spin-coated film of PP-
§-PEGMEMA ;5. The sampling depth for the Ci;
photoelectrons decreased from about 10 to 3 nm as
the take-off angle increased from 0 to 60°.° The Cq
core-level peak position of the carbon atoms was

approximately 284.5 eV, and the peak position for
oxygen was centered around 532.5 eV.** To compare
the content of oxygen atoms at different sampling
depths, the peak intensity was normalized by the
peak intensity of the carbon atom. Figure 7 shows
the XPS depth profiling of the spin-coated films for
the neat PP [Fig. 7(a)] and graft copolymer PP-g-
PEGMEMA 75 [Fig. 7(b)], respectively. The oxygen
atoms in the neat PP sample may have come from
oxidation or contamination of the PP surface.** No
difference in the oxygen content was observed at dif-
ferent positions along the sampling depth for the
neat PP films. In contrast, the oxygen content for the
PP-g-PEGMEMA 75 sample decreased with increas-
ing take-off angle; this suggested that the grafted
chains did not cover the topmost layer of the surface
but distribute themselves in a gradient along the
depth from the topmost layer.

This surface se%re%ation analysis was governed by
enthalpic factors.” = As the surface energy (y) of
PEGMEMA was higher than that of the PP chains
(ypp = 30 mN/m < vprgg = 43 mN/m),*** PEG-
MEMA tended to be covered by PP chains to reduce
the surface energy of the graft copolymer. Thus, the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Water contact angle values on the surfaces of the neat and grafted PP: (a) neat PP, (b) PP-g-PEGMEMA;;, (GD
= 4.8%), (c) PP-g-PEGMEMA,75 (GD = 3.8%), and (d) PP-g-PEGMEMA oy (GD = 2.5%).

oxygen content on the surface was lower than that
simply calculated on the basis of GD. This was the
reason that the surface hydrophilicity of the melt-
grafted copolymer did not vary linearly with GD.*

Restructuring of the spin-coated film

To obtain a graft copolymer with a restructured sur-
face enriched in PEGMEMA microdomains, the
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Figure 6 Angular-dependent XPS spectra at two sam-
pling depths (angle = 60°, ~ 3 nm; angle = 0°, ~ 10 nm)
for the spin-coated film of PP-g-PEGMEMA,;; (GD =
3.8%). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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spin-coated films were annealed at 100°C for 4 h
and then immersed in distilled water at 60°C for
24 h. The oxygen content at the surface, detected by
XPS, was used to monitor the diffusion of PEG-
MEMA chains, and the water contact angle was
used to characterize the wetting activity of the sur-
face. The XPS detection was fixed at take-off angle
of 60°, and at this take-off angle, the detected depth
was estimated to be about 3 nm.>?® Thus, the XPS
detection was assumed to detect the topmost layer
of the graft copolymer.

The XPS and water contact angle results of the
spin-coated PP-g-PEGMEMA,5 film before and after
treatment are shown in Figure 8. The oxygen content
obtained from XPS was observed to decrease with
annealing time; this indicated that annealing facili-
tated the microphase separation, and grafted PEG-
MEMA tended to deplete from the topmost layer.>!”
Correspondingly, the water contact angle increased
from 98 to 102°. After the sample was immersed in
water for 24 h, the oxygen content ([O]/[C]) increased
from 33 to 71%. The water contact angle decreased
correspondingly from 102 to 78°; this indicated that
surface rearrangement occurred, and more PEG-
MEMA was induced to enrich the topmost layer of
the surface by PEGMEMA-water interaction.

The surfaces of the treated films were examined
by noncontact mode AFM. The surface morphology
is shown in Figure 9. The spin-coated film showed
isolated dark domains dispersed in a bright matrix
[Fig. 9(a)]. On the basis of the composition of grafted
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Figure 7 Depth-dependent XPS results for the spin-
coated films: (a) neat PP and (b) PP-¢-PEGMEMA,;5 (GD
= 3.8%). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

PP, the bright and dark areas in the image were
assigned to the PP matrix and PEGMEMA cylinders,
respectively. The dark spherical domains decreased
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Figure 8 XPS and water contact angle results of the spin-
coated PP-g-PEGMEMA 75 film before and after treatment.
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Figure 9 AFM images of the spin-coated PP-g-PEG-
MEMA 75 film before and after treatment: (a) height image
of the as-prepared film, (b) height image of the film
annealed for 4 h, (c) height image of the film after solvent
induction for 24 h, (d) height image of an enlarged area of
part ¢, (e) phase image of part ¢, and (f) phase image of
part d. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

after the sample was annealed for 4 h [Fig. 9(b)]; this
indicated that the topmost surface of the graft
copolymer was covered by the lower surface energy
component, PP, at equilibrium after annealing. A
hole-with-rim pattern was observed after sample
induction by water for 24 h [Fig. 9(c)]. The holes
were shown to be similar in their sizes, that is, 15-20
nm in diameter and 5-10 nm in depth [Fig. 9(d)].
The hole-with-rim structure was observed in an ini-
tial stage of a dewetting process, when a thin liquid
layer on a solid substrate became unstable to rupture
itself.'! The dewetting process continued, accom-
panied by an enlarging of hole size and a grouping
of rims to form two-dimensional foams, with subse-
quent breakup of the walls of the foam into isolated
droplets. The restructured structure is shown in Fig-
ure 9(e). The phase separation was clearly detectable
from the phase image of an enlarged area [Fig. 9(f)].
The covalent bonding between the grafted PEG-
MEMA chains and PP backbone led to microphase
segregation (0.05-0.1 um).*! The phase separation in
the thin film of the graft copolymer restructured the
film surface and resulted in a low water contact

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 10 Schematic picture of the response to the treatments on the surface of PP-g-PEGMEMA 475. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

angle (78°). As shown in Figure 10, the topmost PP
layer on the studied graft copolymer surfaces likely
underwent dewetting by immersion into water. The
thin PP layers became unstable up to their rupture
to form a hole-with-rim structure. The dewetting
process was further promoted by the surface swel-
ling of the PEGMEMA domains. In addition, the
dewetting process was hindered by geometric con-
finement of the PP segment covalently linked to the
PEGMEMA segment. Because the formation of the
PEGMEMA-water interface was the major driving
force for the surface rearrangement process, the
holes-with-rims were easily covered by the grafted
PEGMEMA component, and the restructured struc-
ture on the PP-g-PEGMEMA graft copolymer formed
a hydrophilic surface.

This result was very important because it demon-
strated the possibility of modifying bulk materials
through melt grafting and posttreatment to improve
their biocompatibility. It is worth noting that the
formation of the hole-with-rim patterns was not
observed for the homologous PP-g-PEGMEMA 3, and
PP-g-PEGMEMA oy samples after annealing and
water treatment; this indicated that both GD and the
length of the grafted chains substantially affected the
surface restructuring. On the basis of thermodynamic
theory for microphase separation of diblock copoly-
mers, the equilibrium morphologies were determined
by the copolymer composition and the segregation
degree (xN) between the two blocks.* Similarly, the
equilibrium morphologies of random grafting copoly-
mer (RGC) depended on GD and yN, where y is the
Flory-Huggins segment-segment interaction parame-
ter and N is the degree of polymerization.'”'" In the
case of PP-g-PEGMEMA, N was the sum of the aver-
age number of propylene repeating units between
two consecutive PEGMEMA grafts and the number
of monomeric units in one PEGMEMA graft. y is a
temperature-dependent parameter and is constant at
a specific temperature, and N is mainly dependent on
GD. That is, a relatively high GD ensured relatively
short PP segments between two graft points and mi-
croscopic heterogeneities in the composition at a
length scale comparable to the molecular dimen-
sions.” This favored microphase separation. At the

Journal of Applied Polymer Science DOI 10.1002/app

same time, long graft chains increased the probability
of interaction between water and PEGMEMA. In our
study, GD for PP-¢-PEGMEMA 75 was no less than
3.8 wt %, and the length of the grafted chains was no
less than 42 carbons. These were the conditions under
which microphase separation could be observed.

Biocompatibility of the restructured surface

It was reported that when a foreign surface contacts
blood, the initial response is blood-protein adsorp-
tion on the surface, followed by platelet adhesion
and activation of coagulation pathways, which lead
to thrombus formation.>® Therefore, protein adsorp-
tion on the investigated surfaces was tested to evalu-
ate the biocompatibility of the graft copolymer.
Herein, BSA (concentrations of BSA = 1.0 and
2.0 mg/mL) was used as a model protein. The pro-
tein adsorption on the surfaces of the neat PP and
PP-g-PEGMEMA,;5 films with and without treat-
ment is shown in Figure 11. Because of its hydro-
phobicity, the neat PP film was found to exhibit the

BSA adsorption (pgfcmz)

1 2
BSA concentration (mg/mL)

Figure 11 Dependence of the BSA adsorption on the film
surface for different BSA concentrations: (a) neat PP,
(b) PP-g-PEGMEMA 75 without treatment, and (c) PP-g-
PEGMEMA,;5 after treatment. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 12 SEM pictures of platelet adhesion on the surfaces of the neat PP and PP-¢-PEGMEMA films: (a) neat PP, (a’)
enlarged area of part a, (b) PP-¢-PEGMEMA without treatment, (b’) enlarged area of part b, (c) PP-¢-PEGMEMA after

treatment, and (c’) enlarged area of part c.

highest BSA adsorption. The adsorption amounts
were 10.6 and 13.5 pg/cm2 in 1.0 and in 2.0 mg/mL
BSA solutions, respectively. Decreased BSA adsorp-
tion was observed on the PP-g-PEGMEMA, 75 film
without treatment (8.4 pg/cm” in the 1.0 mg/mL
BSA solution and 10.2 pg/cm2 in the 2.0 mg/mL
BSA solution). In contrast, the average amounts of
BSA adsorption on the PP-g-PEGMEMA 475 film after
treatment were 3.9 pg/ cm? in the 1.0 mg/mL BSA

solution and 4.8 pg/cm?® in the 2.0 mg/mL BSA
solution; this corresponded to about a 65% reduction
in protein adsorption at the surface with respect to
the neat PP film. These results demonstrate that the
graft copolymers with restructured surfaces (enrich-
ment of PEGMEMA on the topmost layer) possessed
high biocompatibility.*>**

SEM images of the platelets adhered on the neat
PP and PP-¢g-PEGMEMA 75 films with and without

Journal of Applied Polymer Science DOI 10.1002/app
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treatment after 60 min of incubation are shown in
Figure 12. For the neat PP film [Fig. 12(a)], a great
number of platelets were attached to the surface,
and most of them had extended pseudopodia
[Fig. 12(a’)]. The adhesion of platelets on the surface
of PP-¢-PEGMEMA 75 without treatment was only
slightly diminished [Fig. 12(b,b")]. The platelet adhe-
sion was substantially decreased on the surface of
PP-g-PEGMEMA 75 after water treatment. A negligi-
ble amount of nonactivated platelets were attached
as disk-shaped cells typically from 2 to 5 pm across
[Fig. 12(c,c)]. Note that the water contact angle on
PP-g-PEGMEMA ;5 with treatment was 78°, nearly
within the moderate (55° < 0 < 75°) water contact
angle range at which the surface exhibits minimal
activation of blood-plasma coagulation through the
intrinsic pathway.>> The overall results provide evi-
dence that the restructured surfaces of the copoly-
mer enriched in PEGMEMA chains possessed high
biocompatibility.

CONCLUSIONS

We demonstrated that highly biocompatible PP
could be prepared by melt grafting and water-
induced surface restructuring. A hydrophilic mono-
mer, PEGMEMA, was melt-grafted onto PP back-
bones, and films of the grafted copolymers were
treated by distilled water. The formation of hole-
with-rim patterns and the enrichment of PEGMEMA
chains on the topmost surface were key factors for
the observed improved biocompatibility. The GD
and length of grafted chains were important param-
eters in the control of the surface restructuring pro-
cess. The method proposed here allows, in general,
for the possibility of creating a highly controlled sur-
face coverage of a hydrophobic substrate by higher
energy polymer chains linked via melt grafting. It
also advances graft copolymers generated through
melt grafting as new candidates for applications not
only in the field of blood-contact materials and devi-
ces but also for biomedical implants requiring good
hydrophilicity and protein adsorption resistance.

This work was carried out in the framework of a Research
Cooperation Agreement between the Chinese Academy of
Sciences and the National Research Council of Italy. The
authors thank the reviewers for their constructive comments
on this article.
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