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Hydrophilic Polymers towards Improving Its Hydrophilicity
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ABSTRACT: Poly-L-lactide (PLLA) has been used to prepare scaffolds to guide tissue
regeneration in tissue engineering research. However, one of the limitations to the use
of PLLA as an ideal biomaterial is its high hydrophobicity. To improve the hydrophi-
licity of PLLA, hydrophilic polymers were grafted onto PLLA membrane surfaces
through the combination of photooxidization in hydrogen peroxide and subsequent
ultraviolet (UV)-induced grafting copolymerization in the monomer solution. Three
kinds of modified PLLA membranes (i.e., PLLA-g-polyhydroxyethyl methacrylate,
PLLA-g-polyacrylamide, and PLLA-g-polymethacrylic acid) were obtained, resulting in
the more wettable PLLA membranes. The occurrence of the grafting polymerization
was confirmed by attenuated total reflectance infrared spectroscopy (ATR-IR) and
X-ray photoelectron spectroscopy (XPS) analysis. Surface morphology of the modified
PLLA membranes was studied by scan electronic microscopy (SEM). © 2002 Wiley

Periodicals, Inc. J Appl Polym Sci 85: 2163-2171, 2002

Key words: graft copolymers; modification surfaces; biocompatibility

INTRODUCTION

In recent years, biodegradable polymer scaffolds
with large areas per unit volume have become
particularly attractive in three-dimensional tis-
sue culture for the creation of tissue-engineered
organs, such as articular cartilage®? and artificial
skin.? Poly-L-lactide (PLLA) is one such polymer
that is widely used because of its good biodegrad-
ability and biocompatibility. After a desired time
in vivo, the PLLA scaffold degrades into L-lactic
acid, which is a cellular metabolite, leaving tis-
sues devoid of any foreign materials.

However, one of the limitations to the use of
PLLA is its high hydrophobicity.* Its static water
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contact angle, measured by the captive bubble
method, is 71°.° The adhesion rate of human en-
dothelial cells on PLLA is only 8% after 30 min
and 10% after 1 h, compared with a corresponding
43% and 59% on tissue culture polystyrene
(TCPS), whose static water contact angle is 35°.°
Although the relationship between cell behaviors
and surface properties of biomaterials is not com-
pletely understood, it has been widely accepted
that cells prefer to attach to hydrophilic surfaces
than hydrophobic surfaces.’ It has been demon-
strated that cells attach and spread more easily
and effectively on hydrophilic surfaces modified
with positively charged amine groups than on
hydrophobic surfaces, both in the presence and
absence of serum.® Other studies have demon-
strated that maximum cell attachment was ob-
served on materials with moderate wettability
(water contact angle between 20 and 60°).%”
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Hence, surface modification of PLLA to im-
prove its hydrophilicity is necessary. Moreover,
the hydrophilic groups, such as hydroxyl, amide,
and carboxyl, have potential reaction properties
that can be used to further immobilize biologically
active ligands, such as adhesion peptides and gly-
cosaminoglycans, to produce bioactive surfaces.®
In the past few years, methods to improve the
surface hydrophilicity of polymers, such as
plasma treatment,*!® y-ray irradiation-induced
grafting,'! photo-induced grafting,'” and chemi-
cal grafting,'®!* were widely used to graft hydro-
philic vinyl monomers onto hydrophobic polymer
surfaces. Among these methods, the combination
application of photooxidization and UV-induced
grafting copolymerization has been successfully
used in grafting hydrophilic polymers onto poly-
urethane (PU) surfaces.'®'® The attachment and
growth rate of human umbilical vein endothelial
cells on the modified PU membranes were greatly
improved.'”

Here we report the surface modification of
PLLA using the same method. Hydrophilic poly-
mers [i.e., polyhydroxyethyl methacrylate
(PHEMA), poly-acrylamide (PAAm), and poly-
methacrylic acid (PMAA), containing —OH,
—CONH,, and —COOH, respectively] were im-
mobilized onto PLLA by UV-initiated grafting co-
polymerization. After modification, the wettabil-
ity of PLLA membrane surfaces was considerably
improved.

EXPERIMENTAL

Materials

The PLLA was synthesized using the method de-
scribed by Schindler and Harper'® The 1,4-diox-
ane (analytical degree) was obtained from Shang-
hai Chemical Industries Company, Ltd. with out
any further purification. PLLA membranes were
prepared by spreading the 1,4-dioxane solution
containing 6 wt % PLLA (M, = 200,000, M,
= 400,000) onto stainless steel plates. The mem-
branes were placed in the air at room tempera-
ture to evaporate the 1,4-dioxane, then were dried
under vacuum to constant weight. The mem-
branes obtained were ~ 0.7-mm thick and were
cut into 2 X 2-cm pieces. Before use, the mem-
branes were cleaned by immersion in ethanol for
30 min, followed by distilled water at room tem-
perature for 30 min, and then dried under vac-
uum to constant weight. The vinyl monomers

were purified either by distillation under vacuum
for hydroxyethyl methacrylate (HEMA, Sigma)
and methacrylic acid (MAA, Sigma ) or by recrys-
tallization from acetone for acrylamide (AAm,
Sigma).

Photooxidization and Grafting Copolymerization

The PLLA membrane was placed in 40 mL of
hydrogen peroxide solution (30%) which was
stirred for a given time at 50°C under UV light
generated from a high-pressure mercury lamp
(250 W). Then the photooxidized membrane was
rinsed with deionized water to remove the excess
hydrogen peroxide and dried at room temperature
in a vacuum. The membrane was then immersed
into the monomer solution of a given concentra-
tion in a Pyrex glass tube purged with nitrogen.
Graft polymerization was carried out under UV
irradiation at a distance of 12.5 cm for 60 min at
50°C.

The grafted membrane was rinsed with deion-
ized water at 70°C to remove the homopolymer.®
The membrane was occasionally brushed with a
cotton swab to aid the removal of the final trace of
the homopolymer. To verify the effectiveness of
this method, a control experiment was done as
follows. PLLA membranes were immersed in
PHEMA, PAAm, or PMAA solution for 60 min at
50°C, then were rinsed using the method already
described. The attenuated total reflectance-infra-
red (ATR-IR) and X-ray photoelectron spectros-
copy (XPS) spectra of these membranes were the
same as that of the control PLLA membrane
(spectra are not shown).

The grafted membrane was subsequently dried
in vacuum at room temperature for at least 24 h
before characterization.

Characterization

The content of hydroperoxide on the membrane
surface was determined by the modified iodome-
try method.?° The ATR-IR spectra were obtained
on a Nicolet Magna-IR560 machine. XPS spectra
were obtained on a ESCA LAB Mark II spectrom-
eter employing ALK« excitation radiation. The
charging shift was referred to the C(1S) line emit-
ted from the saturated hydrocarbon. The take off
angle of the XPS was 30°. The intensity ratio of
C(1S) : O(1S) : N(1S)is 1:2.85 : 1.77.

The wettability of the membranes was charac-
terized by static water contact angle and water
adsorption ratio. The sessile contact angle (SCA)



IMPROVING THE HYDROPHILICITY OF POLY-L-LACTIDE 2165

— OOH
-— OOH
— OOH
— OOH
— O0H
— OOH g
— COH

T
/I///,|//i

|
CH, =C—COOH

CH;

— ) ~

g
OH
\ H OH UH

OH UH
o -
OH
H (1H (3H
l_ o~
OH
H OH UH

COOH

L

Figure 1 Schematic representation of the photooxidization and the subsequent UV-

induced grafting copolymerization.

was determined by placing a tiny drop of water
(0.8 uL) on the surface and recording the angle
between the horizontal plane and the tangent to
the drop at the point of contact with the sub-
strate. Captive bubble contact angle (CBCA) was
measured by observing the air bubble in water at
room temperature within 30 s after it contact
with the polymer surface.® For both methods,
each value was averaged from 15 measurements.
The water adsorption ratio was determined by
first immersing the membrane (w,) in deionized
water at room temperature for 24 h. The mem-
brane was then removed, blotted dry, and
weighed immediately (w,). The water adsorption
ratio was defined as (wy, — w)/S, where S is the
surface area of the membrane.?!

RESULTS AND DISCUSSION

The UV-induced grafting of the hydrophilic mono-
mers onto PLLA membranes can be achieved by
the combination of photooxidization and UV-in-
duced grafting copolymerization. Photooxidation
resulted in hydroperoxide groups on the surface of
the membrane, which under UV light decomposed
into macromolecular radicals P—O-, where P rep-
resents polymer chain, and free hydroxyl radicals
OH-. The macromolecular radicals initiated graft-

ing copolymerization whereas the hydroxyl radi-
cals initiated homopolymerization. Hence, pho-
tooxidization of the polymer surface to introduce
hydroperoxide groups is the key step in UV-in-
duced grafting (see in Figurel).

Grafting Copolymerization

The content of hydroperoxide groups on the sur-
faces of the photooxidized PLLA membranes was
determined by the iodometry method.2’ The con-
centration of the hydroperoxide groups increased
with photooxidization time and reached maxi-
mum at ~ 40 min and then decreased, as shown
in Figure 2. A similar variation trend of hydroper-
oxide content has also been observed on PU mem-
branes.'® The explanation is that the UV light can
induce both the generation and the decomposition
of peroxide. Irradiation for a longer time is more
in favor of the decomposition. Therefore, 40min is
thought to be the optimal photooxidization time
for further grafting to yield a maximum degree of
grafting. Previous work has demonstrated that
the degree of grafting under UV light irradiation
increases with irradiation time.'® In this paper,
the irradiation time was controlled at 1 h. If the
irradiation time was too long, there would be too
much homopolymer in the bulk solution, making
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Figure 2 Effect of photoxidiaztion time on the con-
tent of hydroperoxide on the surface of PLLA mem-
brane.

the rinsing of the homopolymers from the sur-
faces of the modified membranes very difficult.

It was difficult to quantitatively determine the
grafting degree on the modified PLLA membranes
because the amount of the grafted hydrophilic
polymers could not be weighed effectively. In con-
trast, previous work has demonstrated that using
the same grafting method, the grafted hydrophilic
polymers on the PU membranes could be gravi-
metrically detected.'® There is no big difference
between the content of hydroperoxide groups
yielded on PLLA and PU membranes. The possi-
ble reason for the lower grafting degree on PLLA
is that the repulsion between the hydrophobic
PLLA surface and the hydrophilic monomers is
stronger because the wettability of PLLA is
poorer than that of PU, which leads to a lower
monomer concentration near the PLLA mem-
brane surface. Moreover, PLLA is degradable and
it may hydrolyze during the process of the pho-
tografting. However, the occurrence of the graft-
ing copolymerization can be confirmed by ATR-IR
and XPS spectroscopy.

Surface Characterization

The ATR-IR spectra showing the alteration of the
chemical composition on PLLA membrane sur-
faces after grafting are presented in Figure 3.
According to the molecular structure of PLLA,
there is no absorption above 3000 cm !, which is
attributed to the stretching vibration of O—H or
N—H, but a strong absorption exists at
~ 1750 cm ™! due to the existence of the abundant
carbonyl groups in the bulk PLLA. Therefore, the
emergence of the broad absorption between 3000

and 3700 cm !, which can be assigned to hydroxyl
groups in PHEMA, amide groups in PAAM, and
carboxyl groups in PMAA, proves that the graft-
ing copolymerization had occurred, producing
PLLA copolymers (i.e., PLLA-g-PHEMA, PLLA-g-
PAAm, and PLLA-g-PMAA, respectively) on the
membrane surfaces. The quantitative analysis
data are listed in Table I. The intensity ratios of
C—H stretching vibration (2800—3000 cm ') ab-
sorption to the absorption of the carbonyl groups
(~ 1750 cm ™ ') were increased after grafting be-
cause the contents of CH, and CHj are higher in
the grafted polymers. The results in Table I also
revealed that for the monomer HEMA, a higher
O—H absorption intensity was obtained using a
higher monomer concentration, indicating that
the grafting degree increased with the monomer
concentration.

The alteration of the surface chemical compo-
sition was further investigated by XPS. The C(1S)
spectra of the control and modified membranes
are shown in Figure 4. Detailed chemical infor-
mation on the outer-most layer of the membrane
surfaces was obtained by fitting the XPS spectra
with standard peak values corresponding to the
known binding energies of carbon functional-
ities.?2232 All binding energies were referenced to
the saturated hydrocarbon at 285.0 eV. The C(1S)
spectra of all the samples gave three main peaks,

R
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Figure 3 ATR spectra of (a) control, (b, ¢c) PLLA-g-
PHEMA, (d) PLLA-g-PAAm, and (e) PLLA-g-PMAA:
monomer concentration, 5% [except for (¢), which was
25%]; photooxidization time, 40 min; irradiation time,
1h.
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Table I ATR Analysis of Control and Modified PLLA Membranes

Area Ratio of the peak at
2800—3000 cm ! to the

Area Ratio of the Peak at
3000-3700 cm ™! to the

Sample Carbonyl Peak Carbonyl Peak
Control 0.31
PLLA-g-PHEMA® 0.99 0.52
PLLA-g-PHEMA?® 0.92 0.90
PLLA-g-PAAm“ 0.74 1.77
PLLA-g-PMAA“ 3.0 4.2

“ Monomer concentration, 5%.
® Monomer concentration, 25%.

with binding energy at ~ 285.0, ~ 286.6, and
~ 289.0eV, which correspond to the saturated
hydrocarbons, carbon atoms with a single bond to
oxygen (O—C—C=0 or —C—0O—C=0), and car-
bon atoms in carbonyl groups (—C=0) , respec-
tively. In the C(1S) spectra of all modified mem-
branes, the area percentage of the peak at 285.0
eV in the total C(1S) peak was larger than that of
the control membrane (see Table II) because
PHEMA, PAAm, and PMAA all have higher con-
tent of saturated hydrocarbons (50, 66, and 75%,
respectively) than PLLA (33%). In the spectra of

290.0 285.0

binding energy, ev

the membranes grafted with PAAm and PMAA,
the peaks at 286.6 eV were much smaller than
that of the control membrane (Table II) because
these two polymers do not have carbon atoms
with a single bond to oxygen. All modified mem-
branes had a higher mole ratio of C to O than the
control membrane because the mole ratios of C to
O in PHEMA (2 : 1), PAAm (3 : 1), and PMAA (2
: 1) are higher than that in PLLA (3 : 2). These
results are consistent with the surface chemical
alteration after grafting copolymerization and,
hence, further prove the occurrence of the surface

19 f
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Figure 4 XPS spectra for C(1S) of (a) control, (b, ¢) PLLA-g-PHEMA, (d) PLLA-g-
PAAm, and (e) PLLA-g-PMAA. (f) Total XPS spectra of PLLA-g-PAAm. Photooxidiza-
tion time was 40 min, irradiation time 1 h, and the monomer concentration was 5%,

except for (c) for which it was 25%.
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Table II XPS Analysis of Control and Modified PLLA Membranes

Area Percent of
C(1S) Peak at
285.0 eV in Total

Area Percent of
C(1S) Peak at
286.6 eV in Total

Area Percent of
C(1S) Peak at

289.0 eV in Total Mole Ratio of

Sample C(1S) Peak, % C(1S) Peak, % C(1S) Peak, % CtoO
Control 37 26 37 1.71
PLLA-g-PHEMA“ 44 29 27 1.89
PLLA—g-PHEMAb 49 29 22 2.14
PLLA-g-PAAmM* 65 13 22 2.39
PLLA-g-PMAA“ 58 19 23 2.05

“ Monomer concentration, 5%.
® Monomer concentration, 25%.

modification. Again, a higher HEMA concentra-
tion generated a higher degree of surface varia-
tion that corresponds to a higher degree of graft-
ing. In the XPS spectrum of the membrane mod-
ified with AAm, the N (1S) peak was very obvious
(see Figure 4), directly confirming the grafting of
PAAm on the membrane. The mole ratio of N to C
on the surface of the PLLA membranes grafted
with PAAm increased with the monomer concen-
tration, also indicating that the grafting degree
increased with the monomer concentration (see
Figure 5).

Wettability

The water contact angle and water absorption
ratio of the control and modified membranes are
summarized in Table III. No difference existed
between the photooxidezed membrane and the
control membrane. The water contact angles of
PLLA-g-PHEMA, PLLA-g-PAAm, and PLLA-g-
PMAA were lowered, whereas the water absorp-

1 5 25

monomer concentration, wt%

0.12+
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0.06

mole ratio of Nto C

0.04 4

0.02+

Figure 5 The mole ratio of N to C on the surface of
the PLLA membranes grafted with PAAm.

tion ratios were increased. These results indicate
that the surface wettability of the modified PLLA
membranes was enhanced. When the monomer
concentration was increased, the water contact
angle became smaller and the water absorption
ratio became larger. The lowest water contact
angle was found for the membrane grafted with
PMAA for both SCA and CBCA. It should be
noted that a large degree of water contact angle
reduction was found for CBCA compared with
SCA. This result is because in air, the hydropho-
bic sections of the grafted hydrophilic macromol-
ecules tend to segregate near the membrane-air
surface, leaving the hydrophobic backbones face
towards the air so that the surface free energy can
be greatly reduced. On the other hand, the
grafted hydrophilic macromolecules rearrange
their conformation in water to let the hydrophilic
groups face towards the water to reduce the sur-
face free energy, as schematically represented in
Figure 6.

The purpose of the modification in this study is
to improve the hydrophilicity of the membrane.
From the results in Table III it is evident that the
water contact angle of the modified PLLA mem-
branes decreased significantly when the mono-
mer concentration rose from 1 to 5%, but didn’t
decrease or decreased only slightly when the
monomer concentration rose from 5 to 25%. On
the other hand, we don’t expect that much graft-
ing of hydrophilic polymers occurred on the mem-
brane surfaces because these hydrophilic poly-
mers are not biodegradable. The nonbiodegrad-
able hydrophilic polymers will remain in the
body, which may induce an inflammation effect
for a long time. Therefore, the monomer concen-
tration we prefer is 5%.
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Table III Water Contact Angle and Absorption Ratio of Control and Modified PLLA-Membranes®

Monomer Water Absorption
Sample Concentration, % SCA, degree® CBCA, degree® Ratio, 10~ * g/cm?
Control — 82.0 £ 2.3 72.2 = 2.4 1.1+01
Photooxidized PLLA? — 81.5 £ 2.8 719 £ 3.1 12+12
PLLA-g-PHEMA 1 69.8 = 5.28 42.3 = 2.58 40=*+12
PLLA-g-PHEMA 5 51.1 £ 554 40.1 = 3.59 6.2+ 1.5
PLLA-g-PHEMA 25 55.1 £ 3.7 37.7+1.5 55+ 2.2
PLLA-g-PAAm 1 70.2 = 3.4 59.6 £ 5.1 21+x15
PLLA-g-PAAm 5 65.4 = 4.01 41.8 = 3.76 43=*15
PLLA-g-PAAm 25 59.3 = 1.63 33.1 £4.14 7.8 £3.0
PLLA-g-PMAA 1 57.8 =441 42.1 = 0.97 42+ 25
PLLA-g-PMAA 5 51.0 = 3.15 39.8 £ 441 6.2 +3.0
PLLA-g-PMAA 25 57.5 = 5.49 35.4 = 3.27 11.0 = 2.0
¢ Each value was averaged from 15 measurements.
b Sessile contact angle.
¢ Captive bubble contact angle.
¢ Photooxidized PLLA membrane without further photografting.
Surface Morphology CONCLUSION

Surface morphology has an important effect on
the cytocompatibility of biomaterials. It has been
reported that surface morphology plays a critical
role in the adhesion process of adjacent cells and
that increase of surface roughness promotes more
cell adhesion.?* The surface morphology of the
PLLA membranes was observed by scanning elec-
tronic microscopy (SEM). As seen in Figure 7, the
surfaces that face towards the air (top surface)
and the surfaces that face towards the plate (bot-
tom surface ) have different morphologies. There
are many ripples on the top surfaces, which were
formed due to solvent evaporation in the process
of the membrane preparation. After grafting with
hydrophilic polymers, the membrane surfaces be-
came smoother. When a higher monomer concen-
tration (25 vol %) was used, small particles, which
are probably composed of homopolymers that ad-
hered too tightly on the membrane surface to be
rinsed, become evident.

It should be noted that no pores were de-
tected in the SEM photograph (x10,000) of the
PLLA membranes because the membranes were
prepared at room temperature and the solvent
evaporated very slowly. We don’t expect there
were pores on the membranes because the ho-
mopolymers could enter the pores and would be
very difficult to be removed, which made the
characterization of the membranes more com-
plicated.

Surface modified PLLA membranes (i.e., PLLA-g-
PHEMA, PLLA-g-PAAm, and PLLA-g-PMAA)
were obtained by grafting the corresponding
monomers onto PLLA membrane surfaces. ATR-
IR and XPS analysis confirmed the occurrence of
the grafting. The wettability of the grafted mem-
branes was considerably improved. For all three
kinds of monomers, the best results can be ob-
tained when the monomer concentration was 5
vol % (for AAm, 5 wt %). It is expected that the
increase of the surface hydrophilicity and the al-
teration of the surface chemical composition may
improve the cell compatibility of the material, as
found for polyurethane membranes.!” The func-
tional groups, like hydroxyl and carboxyl, intro-
duced on the PLLA surface may be used to pro-
vide a connective bridge to immobilize bioactive
species, such as oligopeptides, proteins, and
growth factors, and therefore, to construct a more
bioactive interface.

air
water

1) : 4
or °% 0m om om 6By

"

&/ Z. A | ryy A
PLLA membrane
(hydrophobic)

Figure 6 Schematic representation of the conforma-
tion of the grafted hydrophilic macromolecule in air
and in water, which correspond to the lowest interfacial
energy states.
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Figure 7 Morphology of the control (a, d) and PHEM-modified PLLA membranes,
with a monomer concentration of (b, e) 5 vol % and (c, f) 25 vol %. The photooxidization
time was 40 min, and the irradiation time was 1 h.
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