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Abstract—Polypropylene (PP) is one of the most commonly used
plastics because of its low density, outstanding mechanical properties,
and low cost. However, its drawbacks such as low surface energy,
poor dyeability, lack of chemical functionalities, and poor
compatibility with polar polymers and inorganic materials, have
restricted the application of PP. To expand its application in
biomedical materials, functionalization is considered to be the most
effective way. In this study, PP was functionalized with a chiral
monomer, (S)-1-acryloylpyrrolidine-2-carboxylic acid ((S)-APCA),
by free-radical grafting in the solid phase. The grafting degree of
PP-g-APCA was determined by chemical titration method, and the
chemical structure of functionalized PP was characterized by FTIR
spectroscopy, which confirmed that the chiral monomer (S)-APCA
was successfully grafted onto PP. Static water contact angle results
suggested that the surface hydrophilicity of PP was significantly
improved by solid phase grafting and assistance of surface water
treatment. Protein adsorption and platelet adhesion results showed that
hemocompatibility of PP was greatly improved by grafting the chiral
monomer.

Keywords—Functionalization, polypropylene, chiral monomer,
hemocompatibility.

I. INTRODUCTION

P is one of the most commonly used materials in medical

apparatus and instruments, owing to its outstanding
mechanical properties, non-toxic, and low cost. However,
because of a lack of polar functional groups along the polymer
backbone, neat PP exhibits poor biocompatibility, which limits
its potential application in biomedical field. To expand its
application, a lot of modification methods have been applied.
Among these methods, graft copolymerization with polar
monomers offers an effective approach to introduce polar
functional groups on the inert PP backbone and thus introduce
some desirable properties for PP.

Grafting of PP with polar monomers can be performed in
solution, in the melt or in the solid state, whereas, in the latter,
grafting modification is generally on the surface of membranes
[1], [2]. Solid-phase grafting is a relatively new method
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developed in the early 1990s, which is performed below the
melting point of PP powder [3], [4]. Compared with other
grafting methods, solid-phase grafting has been attracted much
attention because of its advantages such as lower reaction
temperature, lower solvent requirement, and simpler reaction
equipment. In addition, solid-phase grafting techniques assisted
by supercritical carbon dioxide [1], [5]-[7], pan-milling [8],
ball-milling [9], [10] or addition of comonomers [2], [11] have
prepared graft copolymers with high grafting degree.

The most commonly used monomers for solid-phase grafting
of PP are respectively maleic anhydride (MAH) [3], [4],
[9]-[13], styrene (St) [14]-[16], glycidyl methacrylate (GMA)
[11, [2], [17], methy]l methacrylate (MMA) [18], [19]. Other
monomers, such as acrylonitrile (AN) [18], butyl acrylate (BA)
[51, [20], [21], butyl methylacrylate (BMA) [22], 4-vinyl
pyridine (4-VP) [23], 2-hydroxyethyl methacrylate (2-HEMA)
[6], have also been reported. However, chiral monomers have
rarely been reported for the modification of PP. In this study,
functionalization of PP with a chiral monomer containing
amino acid residue, (S)-APCA, by solid-phase grafting was
reported. The advantage of using chiral monomers with amino
acid residues to modify polymers is that amino acid residues
might modulate the bio-availability of polymers. Thus, the
biocompatibility of polymers could be greatly improved.

II. EXPERIMENTAL

A.Materials

PP (P340) was supplied by Panjin Petrochemical Co., Panjin,
China. It consists of ca. 5% ethylene content, a density of 0.91
g/cm’® and MFR of 3.3 g/10 min (ASTM D-1238). Benzoyl
peroxide (BPO, Tianjin Gugangfu fine Chemical Research
Institute, China) was purified by recrystallization from
methanol and stored in the refrigerator until use. Styrene (St,
Tianjin Kermel Chemical Reagent Co., Ltd., China) was
distilled under vacuum. L-Proline (Shanghai Jingchun
Chemical Co., Ltd., China) and acryloyl chloride (Shanghai
Hatch Chemical Co., Ltd., China) were used as received. The
monomer (S)-APCA was synthesized by the reaction of
acryloyl chloride with L-proline according to the procedures
reported previously [24]. Other chemicals, such as xylene,
acetone, methanol, ethanol, sodium hydroxide (NaOH),
potassium hydroxide (KOH), N,N’-dimethylformamide
(DMF), were all analytical reagent and used without further
purification.

B. Grafting Procedure

The solid-phase grafting reaction was carried out according
to the following procedure (Fig. 1). (S)-APCA was dissolved in
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DMF, St and BPO were dissolved in xylene. PP was placed in a
two-necked flask equipped with a condenser tube and
three-way stopcocks in a dry nitrogen atmosphere. (S)-APCA
solution, St and BPO solution were introduced to the flask with
syringes under nitrogen, then the flask was sealed. The mixture
was stirred at room temperature for 1h for sufficient adsorption
of the monomers and the initiator onto the PP particles, and the
flask was placed in an oil bath at 110 °C for 30 min. The raw
grafted PP was dissolved in xylene at 110 °C and precipitated in
a large amount of methanol. The methanol-insoluble part,
referred as PP-g-APCA/St, was extracted for 24h with acetone
and methanol, respectively, and dried under vacuum at 60 °C.

BPO «  (S)-APCA, St

1nec solid phase grafting o

N o]
Qummc/
AN

OH

Fig. 1 Preparation of PP-g-APCA/St by solid phase grafting

C. Determination of Grafting Degree

The grafting degree of PP-g-APCA was determined by
chemical titration method following the reference with a slight
modification [25]. 0.2 g of purified PP-g-APCA was dissolved
in 50 mL of xylene at 110 °C. After completely dissolved, 10
mL of 0.05 mol/L potassium hydroxide solution in ethanol was
added into the flask, and the system was kept refluxing for 1h.
The formed solution was back titrated with 0.05 mol/L (C,)
acetic acid solution in xylene (V1). A blank test for PP was
carried out by the same method. Grafting degree was calculated
from the following equation:

C,(V,-V))
G(%wt) = mx M s, apca ¥100% (1

where G(wt.%) is the grafting degree of PP-g-APCA, C,
(mol/L) is the concentration of the acid solution, Vo (mL) is the
volume of the acid solution used in the blank test, V; (mL) is the
volume of the acid solution used in the test with the sample, m
(g) is the weight of the sample, and Ms)-apca=169.07 is the
molecular weight of monomer (S)-APCA.

D.Spin Coated Film Preparation and Surface Restructuring

The xylene solutions of the grafted copolymers (0.5 wt.%) in
the temperature range from 90 to 120 °C were spin-coated onto
heated coverslip to form thin films. The thin films were then
heated at 60 °C in a vacuum oven for 4h and immersed in
distilled water at 60 °C for 24h. The treated films were finally
dried in a vacuum oven at room temperature.

E. Characterization

Fourier transform infrared (FTIR) spectra of the hot-pressed
films were measured by a PerkinElmer Spectrum 100 Series
FTIR spectrometer. And the FTIR spectra of samples were
recorded from 4000 to 450 cm™! with a 4 cm! resolution.

FTIR microscopy images of PP-g-APCA/St were recorded

on a PerkinElmer Spotlight 400 FTIR imaging system equipped
with a liquid nitrogen cooled 16x1 pixel linear Mercury
Cadmium Telluride (MCT) detector. The spectrum of air was
used for the background subtraction. The FTIR spectra were
collected with a 16 cm™! resolution, a pixel size of 6.25 pm in
the transmittance mode or 1.56 um in the ATR mode, and 60
scans per pixel from 4000 to 650 cm™'. The false color FTIR
micrographs were processed from the chemical map of the
integrated C=0 stretching vibration of monomer (S)-APCA at
1730 cm’!, 1650cm™ and specific vibration of benzene ring of
comonomer styrene at 699cm’!, respectively.

The static water contact angles of the films were measured
by the sessile drop method with a KRUSS GMBH DSA 100
drop shape analyzer at room temperature. For each sample, at
least six measurements were performed.

For platelet adhesion test, 20 pL of fresh platelet-rich plasma
was dropped onto the center of the spin-coated films (2 x 2 cm?)
and incubated for 2h at 37 °C. After incubation, the films were
washed with PBS solution (pH 7.4) for three times to remove
any non-adhered platelets, and the platelets adhered on the
films were fixed by treatment with 2.5 wt.% glutaraldehyde in
PBS at 4 °C for 10h. Finally, the films were washed with
deionized water for three times and dehydrated with a series of
ethanol/water mixtures (30, 50, 70, 90, and 100 vol.% ethanol
for 30 min for each mixture). The films were then gold
sputtered in vacuum and observed by a FEI XL 30 field
emission scanning electron microscopy (FESEM) [26].

To evaluate the nonspecific protein adsorption resistance, the
samples were first incubated in PBS solution for 2h, then
soaked in PBS solution containing FITC-labeled fibrinogen or
RBITC-labeled BSA (200 pg/mL) at 4 °C for 12h, rinsed and
dried. The fluorescence intensity scanning was carried out by a
confocal laser scanning microscope (Zeiss, LSM 700). The
samples labeled with FITC and RBITC were exposed to an
excitation source of argon ion laser at 488 nm and 555 nm,
respectively. In order to obtain fluorescence intensity, original
fluorescent images were analyzed using Image-Pro software.
Fluorescence intensity value was measured from six different
positions of each fluorescence image.

III. RESULTS AND DISCUSSION

A.FTIR Spectrum of PP-g-APCA/St

FTIR spectra of PP and PP-g-APCA/St are shown in Fig. 2.
The strong absorption band from 2980 cm™ to 2830 cm! is
attributed to the stretching vibration of C-H bond in the PP
molecular chain, while those at 1456 cm™ and 1376 cm’! is
assigned to the bending vibration of C-H bond in the PP
molecular chain. Compared with the spectrum of PP, three new
absorption bands at 1730 cm, 1650 cm’!, and 699 cm,
respectively, appear in the spectrum of PP-g-APCA/St. The
former two bands are attributed to the carbonyl group of
carboxyl group and tertiary amido group in the grafting
monomer (S)-APCA, while the latter band at 699 cm™ is
assigned to the benzene ring in the comonomer styrene. These
features indicate that (S)-APCA and St are successfully grafted
on the molecular chains of PP.
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Fig. 2 FTIR spectra of PP (a) and PP-g-APCA/St (b) (grafting degree
of APCA =5.1%)

B. Distribution of Functional Groups in PP-g-APCA/St

For grafted PP, conventional FTIR spectrum can only
provide the information of chemical composition. FTIR
microscopy imaging, on the other hand, allows the possibility
to further visualize the distribution of functional groups. The
false color FTIR micrographs of PP and PP-g-APCA/St
obtained in the transmittance mode are shown in Fig. 3. The
false color code represents the signal intensity of the
corresponding vibration when the intensity scales range from
dark blue (low intensity) to pink (high intensity). Figs. 3 (b)
and 2 (by) reveal the chemical map of the integrated C=0O

stretching vibration of monomer (S)-APCA in PP-g-APCA/St
at 1730 cm™ and 1650 cm’!, respectively. It can be seen that the
two groups are well distributed in PP-g-APCA/St, which
indicates an even distribution of APCA segments in
PP-g-APCA/St. Fig. 3 (bs) represents the integrated specific
vibration of benzene ring of comonomer styrene in
PP-g-APCA/St at 699 cm’!, which shows a well-distribution of
styrene segments in PP-g-APCA/St. Conversely, the very low
intensity of the above three vibration bands indicates that there
are nearly no functional groups in the neat PP, as shown in Figs.
3 (a1), (a2), and (a3).

C.Surface Properties of PP-g-APCA/St Film

To evaluate the surface hydrophilicity of the PP films, the
static water contact angle of the neat PP and grafted PP on the
surfaces of the spin-coated films was measured, and the results
are shown in Fig. 4. The static water contact angle of the neat
PP film is 130.8°. After solid-phase grafting with (S)-APCA,
the static contact angle significantly decreased to 112.0°.
Nevertheless, the surface of grafted PP film is still
hydrophobic. On the other hand, after the film of the grafted PP
was immersed in water at 60 °C for 24h, the static contact angle
decreased correspondingly from 112.0° to 86.5°. This indicated
that surface rearrangement occurred, and more (S)-APCA
segments were induced to enrich on the topmost layer of the
surface by the interaction with water [27].

Arh. Arb
oo ooso—| oo . e | 1209
130 | 0044 150 | ! S ORRE fmtmac | 1.143
o ooz (8l g =it TN 1.078 |
003 1.010
“ a0 @ 50 4 >
o o
i, 0028 i, 2 : 9433
5 omMa 5 ) - ETES
o g = S | ) y
E A0 o3 EOOSL /3 A = | &3
. 3 2 v .
100 | 0an7 100 | > paus : ,:__’_ oo | T
a0 (NI N R 0000 o150 (SN AN rp vy 6774
s s gty ol g DT N gy -
BT e T O O 2000 L2 . % ! e
-200.0 0 o0 |-0912 2000 0 0.0 | S445
Micrometers Micrometers
(a1) (b1)
Arb. Ak
won . - - vy ’ 0076 2000 _ . - . 5564
A AT A Y (O ! BN OR e o
190 A S o D0 150 | e e ALY | 5147
£ ’:. - (] A lr .-..'T. g
o 5= : o 0055 |1 100 [P el (s o e | 4670
-a" b A - - u
: Ly 0044 3 e tlace | a0
L Pt = (i o g 0] (O ial BEa roh i
T, i. e DA e 0033 g, $ Sr3enNed |
5 5 ® i ‘ N 0023 5 £ 3329
] 5 ' y i, B ] LA R 1 P Pt O
= e e drggieL Bl | oz [l = 00 (SRR S5 U | e
1o | s e ARl Yo 100 ARSI L, "}
i e e b h S 0001 oo ST PR aar, 2435
. - U Araee, A - A - .
150 _,", ~ et |-ooo 150 P [ampg T e 1988
R g : i f ! . E s
> » o ey - o - D= - :
zonp PO R e [0 2000 SRSV e o R
-200.0 0 o0 |-003 2000 0 2000 | 1094
Micrometers Micrometers
(a2) (b2)

184



International Journal of Chemical, Materials and Biomolecular Sciences

ISSN: 2415-6620
Vol:11, No:2, 2017

Micrometers

Micrometers

Arb.
oiro

0142
o114
oos7
oosg
oo
oo03

- 0025
- 0053
-.ooE
- 0108

Micrometers

w00 _

150 JESSEESEE

o0 |

aono JEo

ST

5 S

-200.0

Micrometers

200.0

Arh.
2473 ]

2253
2032 [
1812
1.591
1357
1150
8300

7095
4590
2685

(a3)

(b3)

Fig. 3 False color FTIR micrographs of PP (a) and PP-g-APCA/St (b) (grafting degree of APCA = 5.1%) from the chemical map of the integrated
vibration at (1) 1730 cm™, (2) 1650 cm™'and (3) 699 cm’!

(a) 130.842.2°

(b) 112.042.6° (c) 86.5+4.6°

Fig. 4 Water contact angle values on the surfaces of neat PP (a),
PP-g-APCA/St (GDarca = 5.1%) before (b) and after (c) surface
restructuring

To confirm the enrichment of (S)-APCA segments on the
surface of the grafted PP films, FTIR micrographs before and
after surface restructuring were obtained in ATR mode and are
shown in Fig. 5. Figs. 5 (a;) and (a,) reveal the chemical map of
the integrated C=0 stretching vibration of monomer (S)-APCA
before surface restructuring at 1730 c¢cm™ and 1650 cm,
respectively. While Figs. 5 (b) and 4(b,) reveal the chemical
map of the integrated C=O stretching vibration of monomer
(S)-APCA after surface restructuring at 1730 cm™ and 1650
cm’!, respectively. Comparing Fig. 5 (b;) with Fig. 4 (a;), the
intensity of absorption band at 1730 cm™ for the surface
restructuring sample is over two times more than that of the
sample without surface restructuring. And same results can be
observed from the comparison of Fig. 5 (b,) with (ay) for the
absorption band at 1650 cm™'. These results suggest that C=0
groups, represented the (S)-APCA segments, are induced to
enrich on the surface of the grafted PP film by the surface
restructuring.

D. Protein Adhesion

It has been reported that when a foreign surface contacts
blood, the initial response is protein adsorption on the surface,
followed by platelet adhesion and activation of coagulation
pathways, which lead to thrombus formation [28]. Therefore,
protein adsorption on the film surfaces is essential to evaluate
the hemocompatibility of the biomaterials. Herein, fibrinogen
and BSA were used as model proteins. The protein adsorption
on the surfaces of the neat PP and PP-g-APCA/St films with
and without surface restructuring is shown in Fig. 6.

As shown in Fig. 6 (a;), the neat PP film was found to exhibit
the highest fibrinogen adsorption because of its
hydrophobicity. Decreased fibrinogen adsorption was observed
on the PP-g-APCA/St film without surface restructuring (Fig. 6
(b1)). Further fibrinogen adsorption decrease was observed on
the PP-g-APCA/St film after surface restructuring (Fig. 6 (c))).
These results demonstrate that the graft copolymers with
restructured surfaces (enrichment of (S)-APCA segments on
the topmost layer) possessed high biocompatibility. Fig. 7
shows the corresponding normalized fluorescence intensity of
the neat PP and PP-g-APCA/St films with and without surface
restructuring. Adsorption of FITC-labeled fibrinogen decreased
75% and 43% for the PP-g-APCA/St films with and without
surface restructuring, respectively. While adsorption of
RBITC-labeled BSA decreased 73% and 62% for the
corresponding films.
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Fig. 5 False color FTIR micrographs of PP-g-APCA/St (grafting degree of APCA = 5.1%) from the chemical map of the integrated vibration at
(1) 1730 cm and (2) 1650 cm™! before (a) and after (b) surface restructuring

E. Platelet Adhesion

SEM micrographs of the platelets adhesion on the neat PP
and PP-g-APCA/St films before and after surface restructuring
are shown in Fig. 8. For the neat PP film (Fig. 8 (a)), a rough
surface with superhydrophobic structure was observed. After
contacting with platelet-rich plasma, almost no platelets
adhered on the surface of neat PP film (Fig. 8 (b)). For
PP-g-APCA/St film without surface restructuring, a great
number of platelets were attached to the surface, and most of
them showed extended pseudopodia (Fig. 8 (c)). For
PP-g-APCA/St film after surface restructuring, nonactivated
platelets adhesion was rarely observed (Figs. 8 (d) and (e)). But,
a high number of small particles were observed on the surface
of PP-g-APCA/St film after surface restructuring. By
comparing with the control sample of PP-g-APCA/St film (Fig.
8 (f)), the small particles may come from the domains rich in
(S)-APCA chains. The overall results provide evidence that the
restructured surfaces of the functionalized PP enriched in
(S)-APCA chains possessed high biocompatibility.

(a) (a2)

(b1) (b2)

(c1) (c2)

Fig. 6 Confocal laser scanning micrographs of FITC-labeled
fibrinogen (1) and RBITC-labeled BSA (2) adsorption on the surfaces
of (a) neat PP, (b) PP-g-APCA/St without surface restructuring and (c)

PP-g-APCA/St with surface restructuring

1.2 Fib
BXX1 BSA

Normalized fluoresence intensity
=)
i

00

a b [

Fig. 7 Adsorption of FITC-labeled fibrinogen and RBITC- labeled
BSA on the surfaces of (a) neat PP (b) PP-g-APCA/St without surface
restructuring, (c) PP-g-APCA/St with surface restructuring

IV. CONCLUSIONS

Chiral monomer (S)-APCA was successfully grafted onto PP
in the solid phase, which was confirmed by FTIR spectroscopy.
FTIR micrographs indicated a homogeneous distribution of the
functional groups in the modified PP. After solid phase

186



International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:11, No:2, 2017

grafting, the surface hydrophilicity of PP was significantly
improved by the assistance of surface water treatment. Chiral

monomer modified PP shows a potential application in
hemocompatible materials.

Dol WD p———— 2pm
SE 112

(e)

(d)

®

Fig. 8 SEM micrographs of the neat PP film (a), platelet adhesion on the surfaces of the neat PP (b), PP-g-APCA/St film without surface
restructuring (c), PP-g-APCA/St film with surface restructuring (d) and (e), and control sample of PP-g-APCA/St film with surface restructuring
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