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ABSTRACT: The adsorption of proteins on poly(2-hydroxyethyl methacrylate) (PHEMA) brushes was
systematically studied by quartz crystal microbalance (QCM) and fluorescence microscopy as a function of graft
density and protein size. The graft density o (chains/nm?) ranged from 0.007 (dilute or semidilute brush regime)
to 0.7 (concentrated brush regime), and the protein size ranged from 2 to 13 nm in an effective diameter. The
lowest-density brush (¢ = 0.007) adsorbed all the tested four proteins, while the highest-density brush (c=10.7)
adsorbed none of them. The middle-density brush (o = 0.06) showed an intermediate behavior, adsorbing the
smallest two proteins but effectively repelling the largest two. PHEMA cast films adsorbed a probe protein with
the adsorbed amount increasing approximately proportionally to the film thickness, indicating that the adsorption
mainly occurred in the bulk of the film. The noted results for the brushes support the idea of size-exclusion
effect, an effect characteristic of concentrated polymer brushes, in which the graft chains are highly extended
and highly oriented so that large molecules, sufficiently large compared with the distance between the nearest-

neighbor graft points, are physically excluded from the entire brush layer. In this regard, the behavior of the
lowest-density brush should be essentially similar to that of the cast film, as was in fact observed. :

Introduction

Living radical polymerization (LRP) has been applied to
surface-initiated graft polymerization, allowing controlled graft-
ing of well-defined polymers from various solid surfaces with
dramatically high surface densities.’~® The surface density o
reached as large as 0.7 chains/nm? for common polymers like
poly(methy) methacrylate) (PMMA) and polystyrene (PS).? This
density was more than 1 order of magnitude higher than those
of typical “semidilute” brushes, going deep into the “concen-
trated brush” regime which had been little explored systemati-
cally because of the unavailability of such brush samples. Recent

studies revealed that these concentrated brushes have structure -

and properties quite different and even unpredictable from those
of semidilute brushes:® most strikingly, the PMMA concentrated
brushes swollen in a good solvent (toluene) exhibited an
equilibrium film thickness as large as 80—~90% of the full
(contour) length of the graft chains, indicating that the chains
are extended to a similarly high degree.%!° The surface density
of 0.7 chains/nm? for a PMMA brush, for example, also means
that the thickness of the dry film reaches about 40% of the full
length of the chains, which is much larger than the mean size
of the chains in a random-coil (or so-called “mushroom”)
conformation. Presumably reflecting this characteristic confor-
mational feature of concentrated brushes, dry PMMA brushes
had a glass transition temperature significantly higher,’? and a
plate compressibility markedly smaller,'? than those of the
equivalent cast films. More interestingly, they were immiscible
even with free PMMA of an oligomeric chain length.%!3 This
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last observation suggests that concentrated brushes in the melt
have a size-exclusion effect of (conformational) entropic origin.
A similar effect is expectable for concentrated brushes swollen
in a good solvent, as, in fact, was demonstrated chromatographi-
cally by using the silica monolith column coated with concen-
trated PMMA brushes. %4

As one of the most interesting potential applications .of
polymer brushes, attention has been directed toward biointer-
faces to tune interactions of solid surfaces with biologically
important materials. For example, proteins will adsorb on
surfaces through nonspecific interactions, often triggering a
biofouling, e.g., the deposition of biological cells, bacteria, and
so on. Attempts have been made to modify surfaces with
polymer brushes to prevent protein adsorption. To understand
the process of protein adsorption, the interactions between
proteins and brush-coated surfaces can be modeled by the three
generic modes illustrated in Scheme 1a (after Curie et al.!s with
seme modifications). One is the primary adsorption, in which
a protein diffuses into the brush and adsorbs on the substrate
surface. The secondary adsorption is the one occurring at the
outermost surface of the swollen brush film. The last one is the
tertiary adsorption, which is caused by the interaction of protein
with the polymer segments within the brush layer. For relatively
small proteins, the primary and tertiary adsorptions would be
particularly important, but they should become less important
with increasing protein size and increasing graft density, since
a larger-protein would be more difficult to diffuse against the
concentration gradient formed by the polymer brush, and this
gradient, clearly, is a function of graft density. However, the
size and density dependence of protein adsorption would
manifest itself much more clearly for concentrated brushes due
to a different mechanism. As already noted, the graft chains in
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Scheme 1. Schematic Illustration of (a) Possible Interactions of Scheme 2. Schematic DNlustration of Graft Polymerizations on
Probe Molecules with a Polymer Brush and (b) Slze-Exclusmn an Inorganic Substrate: (a) Surface-Initiated ATRP and (b) a .
Effect of Concentrated Brush : Grafting-To Method
a) 8) Surface-iniiizted ATRP
primary secondary tertiary Et0 ¢y
adst:rpuon adsorption adsorption . Fixed iniSator EIO—;‘A—( e },0-c-C— 8 .
\ E10 BHE O CHy [(( (J(’(’()( )( )()( (,
S0, L JJsriteeesyrayeesy ATRP zz ««‘ ) g‘g
Cu(l)B1figand, EBIB
in MeOH
b) Grafting-to method

19
®
)

® = yialkoxysityl proup  -Si(OR); R =CHy0r CoHg

°°"°°""a'°d brush . Experimental Section _
‘ . . Materials. 2-Hydroxyethyl methacrylate (HEMA) (99%, Nacalai
a Foncentrated brush are highly extended and hence highly Tesque, Japan) sz p‘ur);ﬁeg acco rdg; o gﬁitem)nsre};’Cu(l)Br
oriented so that the entire brush layer, from the sub§ﬁate surf:.ice (99.9%, Wako Pure Chemical, Japan), ethyl 2-bromoisobutylate
to the outermost surface throughout, could have a size-exclusion (EBIB) (99%, Wako), 2,2-bipyridine (bpy) (99%, Nacalai), metha-
effect (Scheme 1b). By the terms “size exclusion”, we stress nol (99%, Nacalai), phosphate-buffered saline (PBS) (pH = 7.4,

the physical aspect of the phenomenon, meaning that the protein Wako), ammonia (28% aqueous, Nacalai), 3-mercaptopropyltri-
(or probe molecule) is excluded from the brush layer to.avoid methoxysilane (S810) (Chisso, Japan), and 2,2’-azobis(4-methoxy-
the large (mainly conformational) entropy loss caused on the 2,4-dimethylvaleronitrile) (V70) (99.9%, Wako) were used as
highly extended chains by the entrance of the large molecule.. received. 6-(2-Bromo-2-isobutyloxy)hexyltriethoxysilane (BHE), a

Since the degree of chain extension is much less significant in fixable initiator for ATRP, was prepared, as previously reported.>
Bovine serum aprotinin (Aprotinin), bovine serum albumin (BSA),

idilut hes, this effect should be minor for them.
senl;’f}‘l: © btmso]es(’e th'sl: ::;ize;"(’],ﬁo‘; """1;" p °lrutf Zm e fluorescein isothiocyanate-labeled BSA (FITC-BSA), bovine serum
past, poly(ethylen -gralied suriaces wer . immunoglobulin G (IgG), and horse heart myoglobin (Myoglobin)

extensive}y studied to disgus]sst_};leir protein a(?sorption behavior were purchased from Sigma-Aldrich and used as received.
as a function of graft density. However, since those surfaces Silicon wafers were cleaned by ultrasonication in CHC), for 30
were prepared by physisorption of block copolymers or comb- min and ultraviolet (UV)/ozone treatment for 10 min. The UV/
like polymers using a'self-assembling or the Langmuir—Blodgett ozone treatment effectively removed organic contaminants on the
technique, the graft density should have been in a semidilute wafer surfaces. QCM chips (optically polished square-shaped AT-
regime, i.e., too low to observe the mentioned effect clearly, if cut quartz crystals (1 x 1 cm?) with gold electrodes) (Seiko EG&G,

Seiko Instruments Inc.) were similarly cleaned. On the cleaned chip,
Cr and then SiO, were deposited in a vacuum with the thicknesses
of 5 and 40 nm, respectively.’

Preparation of High-Density Brushes (o = 0.7 Chains/nm?).

any present: Well-defined concentrated brushes achievable by
surface-initiated LRP would set up size-exclusion limits at much
smaller sizes of probe molecules, thus allowing us to exp]ore

them with available proteins. Most recently, poly(acrylamide),2 i P
poly(2-(dimethylamino)ethy] methacrylate),?* poly(oligo(ethy}- ﬁfﬁgpdexl?hzv}zf hﬂlAs‘:;u:I?;s ;V:“;p:ﬁi;d :,);él:ﬁ:: g l;msl?(t)ezd
ene glycol) methyl methacrylate),” and poly(2-methacryloxy- deposited QCM chip were immersed in a tetrahydrofuran (THF)
ethylphosphorylcholine) (PMPC)?~?7 brushes were prepared by solution of BHE (1 wt %) and NH; (1 wt %) for 12 h at room
* surface-initiated LRP and observed to show good adsorption temperature and washed with THF. The BHE-immobilized substrate
resistance for proteins and cells. From a mechanistic point of (wafer and chip) was immersed in a degassed methanol solution

view, however, these studies remained purely qualitative, paying of HEMA (4.5 M), Cu()Br (25 mM), bpy (63 mM), and the free

little attention to the mentioned characteristics of concentrated initiator EBIB (22.5 mM), sealed under vacuum in a glass tube (1
brushes. cm diameter), and heated at 40 °C for a prescribed time. This

polymerization condition was referred to Armes et al, who
In this work, we have attempted to substantiate the postulated successfully prepared low-polydispersity free polymers of HEMA 3

snze-excl_usnon eﬁ'e?t of concent}'ated po{y mer bru;hes_ by After polymerization, the solution was diluted with N, N-dimeth-
systematically studying the adsorption behavior of varying sizes ‘yiformamide (DMF) to a known concentration and analyzed by
of proteins on the substrates grafted with a poly(2-hydroxyethyl gel permeation chromatography (GPC). The conversion was
methacrylate) (PHEMA) brush of varying surface densities, by determined from the GPC peak area. The substrate was rinsed in a
means of quartz crystal microbalance (QCM) and fluorescence Soxhlet-apparatus with methanol for 5 h to remove physisorbed
microscopy. PHEMA is a hydrophilic, biocompatible polymer,28 free polymers and impurities.

but the biocompatibility of PHEMA cast film is reported to be Preparation of Middle- and Low-Density Brushes (o = 0.06

and 0.007 Chains/nm?). Middle- and low-density PHEMA brushes
were prepared by a grafting-to method, as shown in Scheme 2b.
Namely, PHEMA chains with an alkoxysilyl group at one chain
end were immobilized on a silicon wafer and a SiO;-deposited QCM

not as good as e.g. PMPC®+0 and poly(2-methoxyethyl acrylate)
cast films.?'32 Hence, any favorable results that PHEMA brushes
may present could be ascribed more to the structural, rather than

thermodynamic, [properties of the system. Our u!tqr}ate goal is chip in solution. Two end-functionalized PHEMAs with different
to develop, by utilizing the advantages of surface-initiated LRP, chain lengths were used. The shorter one (M, = 9800 and M,/M;
a concentrated brush-based, new biointerface  that will com- = 1.2) was synthesized by ATRP with BHE (with a triethoxysily!
pletely suppress the adsorption of small as well as large proteins. group) used as a free initiator: a degassed methanol solution of
This work should be an important step for this goal. HEMA (4.5 M), BHE (22.5 mM), Cu(I)Br (25 mM), and bpy (63

' 34
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Table 1. Characteristics of Studied PHEMA Surfaces
surface? Mocons® Mapect MM L9(nm) o°/(chain nm~2) &l(nm) 68/(deg)

high-density brush 1700 3500 1.21 2 0.7 1 29
high-density brush 9700 8000 1.26 10 0.7 1

high-density brush 16800" 12300 1.30 15 0.7 1 29
middle-density brush 19000 15300 1.27 2 0.06 4 27
low-density brush 1.2 x 108 124 2 0.007¢ 12 29
cast film >4 % 10° 30 ’ 23
cast film >4 % 105 90 - 23
cast film >4 x 105 330 23
BHE/ 55

¢ Characteristics of brushes were almost identical on silicon wafers and QCM ¢hips, and typical values on silicon wafers are listed. ® Calculated according
to eq 3..€ Estimated by PEG-calibrated GPC. ?Film thickness, the error is within 10%. ¢ Graft density, calculated with L and M; conv according to eq 2.
/ Average distance between the nearest-neighbor graft points, calculated according to d = 072, & Contact angle; the error is within 2°. # The M, amavLs is
17600 (see text). ' Calculated with L and Mamarrs (1.8 x 10%) according to eq 2./ BHE-immobilized surface. ’

mM) was heated at 30 °C for 1 h. After reprecipitation with cooled
water, there was isolated a PHEMA (M, = 1.5 x 104 and M,/M,
= 1.2) possessing a triethoxysilyl group (derived from BHE) at
one chain end. A silicon wafer and a SiO;-deposited QCM chip
were immersed in a methanol solution of the PHEMA (1 wt %)
and NH; (2 wt %) for 12 h at room temperature and rinsed in a
Soxhlet apparatus with methanol for 5 h, yielding a middle-density
brush (o = 0.06 chains/om?). g

The longer end-functionalized PHEMA was prepared by the
conventional radical polymerization with the chain transfer agent
S810: a methanol solution of HEMA (4.5 M),-5810 (chain transfer
agent; 9 mM), and V70 (9 mM) was heated at'\40 °C for 2 h. The
obtained polymer was fractionated by use of a preparative GPC,
yielding a PHEMA (M, = 1.2 x 105 and M, /M, = 1.2) possessing
a trimethoxysilyl group (derived from S810) at one chain end. This
polymer was immobilized on a silicon wafer and a SiO,-deposited
QCM chip as described above, yielding a low-density brush (o =
0.007 chains/nm?),

Preparation of Cast Films, PHEMA (M, = 106) (Aldrich), after
having purified by reprecipitation from a methalol solution into
cold water, was dissolved in methanol. The cast films were obtained
by spin-casting the PHEMA solution onto a silicon wafer using a

" homemade spin-coater at a spinning speed of 2000 rpm for 2 min,
followed by annealing at 80 °C for 24 h in a vacuum. The film
thickness was controlled by changing the concentration of PHEMA
solution. '

QCM Measurement. Protein adsorption was studied at 25 °C
with a quartz crystal analyzer 917 (Seiko EG&G) driving a 9 MHz
QCM chip. The QCM chip was mounted in a thermostated
homemade QCM cell by means of O-ring seals, which allowed
only one face of the chip to come in contact with the solution.
Before injection of a PBS solution of a protein, the QCM cell was
initially filled with PBS and rinsed several times until a stable
baseline was established. The stability of the frequency of QCM
was £0.3 Hz within 1 h at 25 °C in water. The adsorbed amount
Am (ng) is represented by36

Am = —Af Aup)I2F )" M
where Afis the frequency change (Hz), F; is the parent frequency
of QCM (9 MHz), u, is the shear modules of quartz (2.947 x 10"
g/{cm s?)), pq is the density of quartz (2.648 g/cm?), and 4 is the .
surface area of electrode (0.196 cm?).

Fluorescence Microscopic Observation. The sample was im-
mersed in a PBS solution of FITC-BSA (1.0 g/L) for a prescribed
time at room temperature. The sample was washed by softly
immersing in PBS, and this procedure was repeated five times with
fresh PBS. Fluorescence images were taken on an optical micro-
scope (Eclipse TE2000, Nikon, Tokyo, Japan) equipped with a
highly sensitive CCD camera (ORCA-ER, Hamamatsu Photonics,
Shizuoka, Japan). The observation was made on at least five spots
for each sample, and the fluorescence intensities of these spots were
averaged. To check reproducibility of the FITC-BSA adsorption,
at least three samples were prepared under the same conditions
and examined. ’ .

Other Measurements. The GPC analysis for PHEMA was made
on a Tosoh CCP&B020 series high-speed liquid chromatograph
(Tokyo, Japan) equipped with two Shodex gel columns LF804 (300
x 80 mm; bead size = 6 um; pore size = 20—3000 A) (Tokyo).
DMF was used as eluent with a flow rate of 0.8 mL/min (40 °C).
The column system was calibrated with Tosoh standard poly-
(ethylene glycol)s (PEGs). Sample detection and quantification were
made with a Tosoh differential refractometer RI-8020. Sample
detection was also made with a multiangle laser light scattering
(MALLS) detector, a Wyatt Technology DAWN EOS (Santa

. Barbara, CA), equipped with a Ga—As laser (1 = 690 nm). The

refractive index increment dn/dc was determined to be 0.075 mL
g~ by a Wyatt Technology OPTILAB DSP differential refracto-
meter (1 = 690 nm).

For the GPC analysis of proteins, the above-noted chromatograph
equipped with a Shodex gel column KW804 (300 x 80 mm; bead
size = 7 um; pore size = 300 A) (Tokyo) was calibrated with
Shodex standard pullulans. PBS was used as eluent with a flow
rate of 0.8 mL/min (30 °C). .

The fractionation of PHEMA was made on a preparative LC-
918 liquid chromatograph (Japan Analytical Industry, Tokyo)
equipped with JAIGEL GS-510 poly(viny!l alcohol) gel columns
(500 x 21.5 mm; bead size = 16 xm). Methanol was used as eluent
with a flow rate of 5.0 mL/min (room temperature).

The thicknesses of the deposited Cr and SiO; and the grafted
and spin-casted PHEMA layers were determined by a compensator-
rotating, spectroscopic ellipsometer (M-2000U, J.A. Woolam,
Lincoln, NE) equipped with D, and QTH lamps. The polarizer angle -
was 45°, and the incident angles were 60°, 65°, and 70°. From the
ellipsometric data, the thickness of PHEMA layer was evaluated
using the optical .constants determined for the spin-cast layer with
a thickness of ca. 200 nm. The graft density o was estimated from

0 = LpN,/M, 2
where L is the thickness of graft layer, p is the bulk density of
PHEMA (1.15 g/em3), N, is the Avogadro number, and M, is the

" number-average molecular weight.

Contact angles (6) were measured at room temperature with a
contact angle meter CA-X (Kyowa Interface Science, Saitama,
Japan). The measurement was made on at least five spots for each

‘sample, and these @ values were averaged.

Results and Discussion

Preparation and Characterization of PHEMA Brushes.
The “high-density” PHEMA brushes were prepared by surface-
initiated ATRP. A few previous. reports dealt with surface-
initiated LRP of HEMA 7% but we made an independent effort
to optimize polymerization conditions to meet our purpose.
Three samples with different chain lengths of PHEMA (and

. hence, different thicknesses of the graft layer) were prepared
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by varying the polymerization time. Table 1 lists the M, and
M,/M, of the free polymers simultanecusly produced from the
free initiator in the solution. These values can be used as
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Figure 1. Plot of L vs M, on for the high-density brushes prepared
on (@) silicon wafer and (O) QCM chip.

sufficiently accurate indices for those of the graft polymers.?
The M. /M, was 12—1.3 in all cases, suggesting a well-
controlled polymerization. The My conv Was calculated using the
following equation:

M, .., = [HEMA]/[EBIB], x MW x C/100  (3)

where [HEMA)y and [EBIB]), are the feed concentration of
HEMA and EBIB, respectively, MW is the molecular weight
of HEMA, and C is the monomer conversion in percent. This
value is the theoretical M, for an ideal living polymerization.
“To evaluate the absolute value of M,, the GPC detection was
made with a MALLS detector for the highest-molecular-weight
sample (prepared by the ATRP): the thus-determined M,
(MymarLs = 17 600) agreed well with the theoretical value
(M corv = 16 800) rather than the PEG-calibrated M, (M;pec
= 12 300). For the oligomeric PHEMAs prepared by nearly
-the same ATRP system, Armes et al. reported that the absolute
M, determined by NMR was approximately equal to the
M, conv.3® We will use M, cony for the absolute value.

The thickness L of the graft Jayer measured by ellipsometry
linearly increased with increasing Mnconv Of the free polymer
(see Figure 1), suggesting a uniform growth of graft polymer
‘with a constant surface density. From the slope of the line in
Figure 1, the graft density g was estimated to be ca. 0.7 chains/
nm?, whlch is similar to the highest values reported for PMMA
and PS brushes.? Brushes with lower graft densities were
prepared by a grafting-to method using two end-functionalized
PHEMAs with M, = 1.5 x 10# and 1.2 x 10°. They gave the
“middle-density” (6 = 0.06 chains/nm?) and “low-density” (o
= 0.007 chains/nm?) brushes, respectively. These PHEMA
brushes can be grouped into two series: one series is the high-
density brushes with a nearly constant graft density of 0.7 chains/
nm? and different dry film thicknesses 2, 10, and 15 nm, and
the other is the brushes with nearly the same dry film thickness

. Poly(2-hydroxyethy! methacrylate) Brushes 2287
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Figure 2. Plot of fluorescence intensity of adsorbed FITC-BSA vs
soaked time ¢ (25 °C) for the cast films with L = (A) 330 nm, (&) 90
nm, and ([J) 30 nm and the high-density brush with L = 15 nm (H).
The FITC-BSA concentration was 1.0 g/L. ~

with PHEMA segments in all cases. The effect-of the chain
end (bromine for the high- and middle-density brushes and
hydrogen for the low-density brush) is not evident even for the
high-density brushes, in which, because of their oriented
structure stressed above, the free chain ends and hence the
bromine groups should be popu]ated in the outermost surface

" of the film.

Adsorption of BSA. By fluorescence microscopy, we
examined the adsorption of BSA on PHEMA cast film as a
function of thickness: the cast films with different thicknesses
(L = 30, 90, and 330 nm) prepared on silicon wafers were

~ soaked in a FITC-BSA solution (1 g/L) at room temperature
- for a prescribed time, rinsed with PBS, and then observed by a

of 2 nm and different graft densities 0.007, 0.06, and 0.7 chains/ -

nm?,

The contact angle 6 was measured in water by the air-bubble
method for these brushes as well as a BHE-immobilized wafer
and three PHEMA spin-cast- films of thicknesses 30, 90, and
330 nm (Table 1). The BHE-immobilized surface (nongrafted
surface) was much more hydrophobic than the PHEMA-coated
samples (brushes and cast films). The brushes had a 6 value
slightly (about 5°) higher than the cast films (the experimental
error in @ was =2°), for an unclear reason. The observed
dependence (or independence) of & on graft density and film
thickness suggests that the substrate was completely covered

fluorescence microscope. The fluorescence intensity was almost
unchanged by further rinsing with PBS, confirming an irrevers-
ible adsorption. The fluorescence images suggested that BSA
was homogeneously adsorbed (in an optical microscopic scale).

Figure 2 shows the plot of fluorescence intensity vs soaked time.

Unfortunately, the fluorescence intensity was not calibrated to
the amount of adsorbed BSA, but the proportional relationship
between them may reasonably be assumed. As a rough measure
of the adsorbed amount, we may refer to the previous study
reporting that 0.38 ug/cm? of BSA was adsorbed on PHEMA -
cast films.3? The fluorescence intensity and hence the amount
of adsorbed BSA gradually increased in several hours, ap-
proaching a constant (saturation) value. As Figure 3 shows, the
intensity at 12 h, as a measure of the saturation value, increased
almost proportionally to film thickness L. This means that BSA
diffuses deeply into the bulk of the cast film, and that the
adsorption in this system consists mainly of the tertiary
adsorption with minor contributions of the primary and second-
ary ones. It naturally took a very long time to reach the saturation
value (as compared with the case of high-density brush samples,
for example, to be described below).

Next, we examined the adsorption of BSA on the brushes
and the BHE-immobilized surfaces by QCM. This method
allows in situ monitoring of the adsorption process with a usually
high sensitivity. However, when it is applied to a viscoelastic

layer in solution, the dissipation” effect causes an error in

343

estimating the mass according to eq 1. This error becomes larger
with increasing layer thickness, and for this reason, our cast
films were too thick to apply QCM. We confirmed that the
QCMs with different fundamental frequencies (5 and 9 MHz)
gave a consistent result for the brush samples with L = 10 nm
or thinner, meaning that the dissipation effect was minor for
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Figure 3. Plot of intensity of adsorbed FITC-BSA vs L for the cast
films soaked for 12 h (25 °C). The FITC-BSA concentration was 1.0
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Figure 4. Time evolution of the amount of adsorbed BSA (25 °C) on
(a) PHEMA brushes (o = 0.007, 0.06, and 0.7 chains/nm?) with L =
2 nm and (b) high-density PHEMA brushes (¢ = 0.7 chains/nm?) with
L =2,10, and 15 nm. The BSA concentration was 1.0 g/L.

them. Figure 4 shows the results of the QCM measurement (25
°C) at an early stage of adsorption (<1 h), where the concentra-
tion of BSA in solution was 1 g/L. The adsorbed amount of
BSA given in the ordinate axis was calculated from the
frequency change according to eq 1. A sharp peak appearing,
in some cases, immediately after the injection of BSA is due to
the slight change in pressure and/or temperature on injection.
The amount of BSA adsorbed onto the BHE-immobilized
surface was 0:28 ug/cm? at 1 h (the data not shown), which is

Macromolecules, Vol 39, No. 6, 2006

Table 2. Absolute and Pullulan-Calibrated Molecular Weights,
Crystallographic Dimensions, and 2R for Studied Proteins

mol wt pullulan- crystallographic 2R/
protein M calibrated M dimensions/nn ~ nm
Aprotinin 6500 1500 2
Myoglobin 17 000 5900 Ix4x4 4
BSA 67 000 22 800 3x8x9 10
IgG 146 000 35000 13

@ Calculated (see text).

close to the value (0.25 ug/em?) reported for the side-on
monolayer adsorption of BSA.*? To confirm reproducibility of
the measurement, we conducted at least five runs for each
sample (an example is given for the low-density brush in Figure
4a, suggesting an experimental error of 10%). BSA was readily
(within 10 min) adsorbed on the low-density brush as well as
the BHE surface and not desorbed by washing with PBS,
indicating an irreversible adsorption. The amount of BSA
adsorbed on the low-density brush at 1 h was ca. 0.07 ug/cm?
(see Figure 4a), which is smaller than that for the BHE surface -
but still significant. On the other hand, there was no detectable
adsorption on the middle- and high-density brushes (Figure 4a)
with L = 2 nm. Figure 4b also shows that the high-density
brushes with different thicknesses (L = 2, 10, and 15 nm) were
all free from adsorption. These data clearly demonstrate that,
by increasing the graft density, the adsorption of BSA can be
suppressed. BSA has an ellipsoidal shape with an approximate
dimension of 3 x 8 x 9 nm3,40-43 while the average distance
d (= 07'2) between the nearest-neighbor graft points is

" approximately 12, 4, and 1 nm for ¢ = 0.007, 0.06, and 0.7

344

chains/nm?, respectively (Table 1). This reasonably suggests that
BSA is difficult to diffuse into the swollen layer of the middle-
and high-density brushes, on which no adsorption of BSA was,
in fact, observed. The longer-term stability of protein repellency
on the high-density brushes was studied by fluorescence
microscopy, for the QCM experiment was difficult due to a
baseline drift: no adsorption of FITC-BSA was detected on
them even after 2 days.

Adsorption of Proteins with Different Sizes. QCM experi-
ments were conducted with the brush samples for a series of
proteins with different sizes: Aprotinin (molecular weight =
6500), Myoglobin (17 000), BSA (67 000), and IgG (146 000).

_ The characteristics of the four proteins are listed in Table 2. As

the size of protein, crystallographic data are available for
Myoglobin and BSA but not for the other two. The apparent
molecular weights of these four proteins estimated by pullulan-
calibrated GPC were\I\SOO, 5900, 23 000, and 35000 for
Aprotinin, Myoglobin, BSA, and I1gG, respectively, from which
their radii of gyration (Rp) were estimated to be 1, 2, 5, and 6.5
nm, respectively, by using the known relation?** between the
R, and molecular weight of pullulan. As shown in Table 2, the
values of 2R, may be good indices for the protein size (compare
these values with the crystallographically determined dimensions
of Myoglobin and BSA). .

Figure 5 shows the amount of adsorbed protein after 1 h of
soaking. The low-density brush adsorbed all the proteins, the
middle-density one adsorbed only Aprotinin and Myoglobin,
and the high-density one adsorbed none. These data show a
clear dependence of adsorption on protein size and brush
density: very crudely, we can state that no significant adsorption
of protein takes place on a PHEMA brush when the brush d is
smaller than the protein 2R,.

All these results confirm the size-exclusion effect of con-
centrated brushes. This effect would reduce the primary and
tertiary adsorptions but not necessarily the secondary adsorption.



Macromolecules, Vol. 39, No. 6, 2006

014 (a) Aprotinin
EEE 0.12
5 0 010 Small
N @
g 2 o008
SE o0
c
g g om
® 002
0.00 —3— 3
0=0007 o=006 o=07 a=0.7
(L=2nm) {L=2nm) (L=2nm) (L = 10 nm)
The graft density o / chains nm”
L ¢ (b) Myoglobin
o7 0.4
5.
@ o 0.3l
g2 "
S S
= g 0.2
g g 0.1}
0.0 ch -
6=0007 =006 ¢=07 0=07 ]
(L=2nm) (L =2 am)(L=2nm)(L = 10 nm) o
The graft density ¢ / chains nm? . Protein Size
v
E 0.10 (c) BSA
o_ 0.08
8§
}; g 0.08
k] a 0.04
£° o
0.00 3 3 ¥
© ¢=0007 0=006 o6=07 a=07 -
(L =2nm)(L = 2 am)(L = 2 pm) (L = 10 nm)
The graft density ¢ / chains nm*
© 0.30}F (d) |gG 4
B, oz ]
‘3§ o020
-
s 2 045 ]
g % 0.10 ’ ]
- 00s} : I_]_‘ Large
M -

6=0007 0=006 o0=07 =07
(L=2nm)(L=2nm){L=2pm){L =10 nm)

The graft density o / chains nm*®

Figure 5. Amounts of adsorbed proteins onto PHEMA brush surfaces,
soaked for 1 h (25 °C): (a) Aprotinin, (b) Myoglobin, (c) BSA, and
(d) 1gG. The protein concentration was 1.0 g/L in all cases.

The secondary adsorption can be induced by two possible
interactions: one is the van der Waals and/or Coulombic
interaction between the protein and the substrate, which should
depend on the thickness of the brush layer.!> The other is the
interaction between the protein and the brush itself (at its
outermost surface). The latter possibly depends on e.g. the water
content of the brush layer,* the mobility of the brush chain,*’
and the structure of water near the brush surface.3’¥ Even
though these details remain to be explored, the fact that no
significant adsorption of any protein was detected on the high-
density PHEMA brush indicates that the secondary adsorption
is unimportant for this brush and these proteins. Figure 5 may
indicate a nonnegligible adsorption of 1gG on the high-density
brush, but this may be ascribed to the insufficient number of
trials, since another type of independent test (not shown here),
which consisted of cycles of protein injection and rinsing, gave
no indication of adsorption of this and other proteins on the
high-density brush. To be stressed is the above-noted fact that
the high-density brushes of different thickness repelled a protein
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(BSA) equally effectively. This means, on one hand, that no
thick brush is needed for this purpose and, on the other hand,
that a thick brush has a size-exclusion effect from its bottom to
the outer surfaces through out. This is the very feature expected
for a concentrated brush.

Finally, a comment is due regarding the block copolymer of
PHEMA-PS type. Even though PHEMA cast films themselves
have rather poor biocompatibility, as we have observed for the
protein repellency, PHEMA-PS block copolymers are known
to show improved biocompatibility.*4° At first, this improved
biocompatibility was considered to have something to do with
a microdomain surface structure caused by the phase separation
of the PHEMA and PS segments. However, the ground for this
interpretation seemed to have been lost, when the later structural
studies on the cast films of these block copolymers revealed
that the outermost surface of the films in water was preferentially
covered with the laterally phase-separated PHEMA layer. 5052
On the basis of our results, we would suggest the formulation
of a concentrated brushlike structure of the PHEMA layer, in
which the PHEMA chains are extruding out into the water phase
from the hydrophobic (unswollen) PS layer, thereby repelling
proteins or other large molecules by a size-exclusion effect.

Conclusions

The cast films and low-density brush (¢ = 0.007 chains/nm?)
of PHEMA showed poor resistance against protein adsorption,
which was reasonably ascribed to the tertiary adsorption, i.e.,
the adsorption induced by the interaction within the bulk of the
PHEMA layer. On the other hand, the high-density brush (¢ =
0.7 chains/nm?) showed excellent resistance even for a protein
as small as Aprotinin, independently of the brush thickness (L
= 2—15 nm). The middle-density brush showed an intermediate
behavior, adsorbing smaller proteins but effectively repelling
larger proteins. There was a good correlation between the protein
size and the threshold graft density beyond which the protein
does not adsorb. (The secondary adsorption, occurring on the
outermost surface of the PHEMA brushes, was inherently weak
for the studied proteins.) These results confirmed the idea of
size-exclusion effect of concentrated brushes. In general, it is
suggested that the surface adsorption of large molecules like
proteins can be greatly suppressed by densely grafting a
polymer, i.e., controlling the physical structure of the polymer
layer. With other unique properties of concentrated polymer
brushes along with a jrange of possibility to design chain
architecture by LRP, PHEMA concentrated brushes will find a
wide variety of applications as.a novel biointerface, such as
biochips, biosensors, bioseparators, and medical body implants.
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Abstract

2-methacryloyloxyethyl phosphorylcholine (MPC)-immobilized collagen gel was developed. Using 1-ethyl-3-(3-dimethyl aminopro-

pyl)-1-carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS), we cross-linked a collagen film in 2-morpholinoethane
sulfonic acid (MES) buffer (EN gel). EN gel was prepared under both pH 4.5 and pH 9.0 in order to observe changes in cross-linking
ability: To cross-link MPC to collagen gel, poly(MPC-co-methacrylic acid) (PMA) having a carboxyl group side chain was chosen. E/N
gel was added to the MES buffer having pre-NHS activated PMA to make MPC-immobilized collagen gel (MiC gel). MiC gel was
prepared under both acidic and alkaline conditions to observe the changes in the cross-linking ability of PMA. X-ray photoelectron
spectroscopy showed that the PMA was cross-linked with collagen under both acidic and alkaline conditions. Differential scanning
calorimetry (DSC) results showed that the shrinkage temperature increased for the MiC gels and that the increase would be greater for
the MIC gel prepared under alkaline conditions. The data showed that swelling would be less when the MiC gel was prepared under
alkaline conditions. The biodegradation caused by collagenase was suppressed for the MiC gel prepared under alkaline conditions due to
stable inter- and intrahelical networks.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Collagen; Phospholipid; Cross-linking; Surface modification N

1. Introduction To overcome the disadvantages of collagen while
‘ maintaining its biological performance, a prosthesis-tissue
Collagen is an extracellular-matrix protein that plays an  complex, or bioartificial polymeric ‘material, was developed
important role in the formation of tissues and organsandis by blending or mixing biomolecules and synthetic materi-
involved in various functional expressions of cells [1].  als. The chief purpose for developing such a bioartificial
Collagen is non-toxic, non-antigenic, favors cell adhesion,  polymer material is to overcome the poor biological
proliferation, and differentiation to mimic the natural cell  performance of synthetic polymers and to enhance the
environment. However, favoring cell adhesion can be both  mechanical characteristics of biomolecules [4].
advantageous and disadvantageous, for its strong affinity To control cell adhesiveness and to increase mechanical
to cells and blood is uncontrollable, which may soon lead  strength simultaneously, collagen must be modified by
to blood coagulation and mineralization when applied for  cross-linking or mixing with synthetic polymers. Polymers
use as artificial blood vessels. Furthermore, ‘the collagen  such as poly(vinyl alcohol), poly(acrylic acid), poly(vinyl
that is prepared in a matrix form such as a gel for tissue  pyrrolidone), and polyethylene are used as bioartificial
reconstruction is mechanically insufficient [2]. Without  polymer materials because of their favorable chemical
modification, the collagen gel cannot be applied for  reactivity with collagen, absence of toxicity, and good

bioprosthesis [3]. mechanical performance [4-8].
. However, it is very important to consider biological
*Corresponding author. Tel./fax: +8103 52808028. response in the adoption of a cross-linker or synthetic
E-mail address: kishida.fm@tmd.ac.jp (A. Kishida). polymer because of the possibilities of severe problems:

- 0142-9612/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2006.08.002

347



2 K Nam et al. | Biomaterials 28 (2007) 1-8

such as toxicity, inflammatory response, or alteration of
protein structure. Furthermore, some synthetic polymers
that are known to be ‘biocompatible’ degrade in biological
fluids, making the collagen structure unstable. Adoption of
natural cross-linkers such as glutaraldehyde [9], genipin
[10], or transglutaminase [11], and natural polymers like
hyaluronic acid [12], heparin [13], or chondroitin-6-sulfate
[14,15] is used as direct cross-linker or immobilizer to
overcome the problems presented by the use of synthetic
polymers, but cannot fully solve the problems.

~To overcome these problems, we developed a biosyn-
thetic hybrid material by cross-linking collagen with a
2-methacryloyloxyethyl phosphorylcholine (MPC) based
copolymer using N-(3-dimethylaminopropyl)-N'-ethylcar-
bodiimide (EDC) and N-hydroxysuccinimide (NHS) as
cross-linkers by activating the MPC polymer with EDC
and NHS to cross-link the microfibrils and polymer chain
using amide bond [3,16-18].

MPC is a blood compatible product developed in the
early 1990s [19]. Design of the MPC polymer took into
account the surface structure of the biomembrane.
Recently, phospholipid-accumulated surfaces have been
prepared by various methods, and it has been reported that
the phosphorylcholine group plays an important role
showing excellent blood compatibility and ‘anti-protein
adsorptivity [20-23]). The MPC units can then be intro-
duced to conventional polymers by various methods of
modification. They effectively reduce protein adsorption
and denaturation and inhibit cell adhesion even when the
polymer is exposed to whole blood in the absence of any
anticoagulants [24]. By adopting the MPC polymer with
the collagen gel, it is possible to expect a biocompatible
collagen-polymer hybrid gel that is stable, has its
molecular weight controlled, has no cross-linker leaking,
and is mechanically tough.

In the present study, cross-linking ability between
poly(MPC-co-methacrylic acid) (PMA) and collagen using
EDC and NHS was investigated by altering several
parameters, and the physical properties of PMA-immobi-
lized matrices were characterized. In this article, the terms
interchain cross-linking and immobilization are used
synonymously.

2. Experimental method
2.1. Preparation of collagen—phospholipid polymer hybrid gel

2.1.1. Synthesis of PMA

PMA was synthesized by a method that has already been published
[19]. In short, desired amount of MPC and MA was dissolved in ethanol in
an ampoule. Then 2,2'-azoisobutyronitrile (AIBN) was added to the
ethanol solution. The argon gas was bubbled into the ethanol solution to
eliminate the oxygen. The ampoule was sealed and heated to 60°C for
16h. The solution was precipitated into diethyl ether, freeze-dried, and
kept in vacuum until use. The mole ratio of PMA was controlled to
MPC:MA = 3:7, and the number average molecular weight A, of the
PMA was approximately 300,000. The chemical structure of PMA s
shown in Fig. 1.
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Fig. 1. Chemical structure of PMA.
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Table 1

Terminology of collagen gels used in this study

Terminology Composition

Uc-gel Uncross-linked collagen gel (immersed in alkaline

. pH conditions)

EN-1 EDC/NHS-cross-linked collagen gel under acidic
pH conditions

EN-2 EDC/NHS-cross-linked collagen gel under alkaline

' pH conditions

MiC-11 gel PMA immobilized to EN-1 gel under acid pH
conditions .

MiC-12 gel PMA immobilized to EN-] gel under alkaline pH
conditions

MiC-21 gel PMA immobilized to EN-2 gel under acid pH
conditions

MiC-22 gel PMA immobilized to EN-2 gel under alkaline pH
conditions

2.1.2. Preparation of EDC and NHS cross-linked collagen gel (EN gel)
Cross-linked collagen gel was prepared by using 0.5 wt% collagen type
I solution (pH 3, KOKEN, Tokyo, Japan). Conventional film fabrication
method was used for the film fabrication. The collagen solution was
dropped onto the polyethylene film and dried in room temperature. The
collagen film (thickness =3612pm) was immersed into a 0.05m .
2-morpholinoethane sulfonic acid (MES) buffer (pH 4.5) (Sigma,
St. Louis, USA) containing I-ethyl-3-(3-dimethyl aminopropyl)-1-carbo-
diimide hydrochloride (EDC) (Kanto Chemicals, Tokyo, Japan) and NHS
(Kanto Chemicals, Tokyo, Japan). Each chemical was added at the mole
ratio of EDC:NHS:collagen-carboxylic acid groups = 5:5:1 [11.13). The
cross-linking procedure was allowed to continue for 4h at 4 °C to produce
a cross-linked gel (EN-1 gel). After 4h, the reaction was stopped by
removing the gel from the solution. The gel was then washed with 4 M of
Na,HPO, aqueous solution for 2h to hydrolyze any remaining
O-acylisourea groups and then with distilled water for 3 days to remove
any salts from the gel. Same preparation process was repeated under
alkaline conditions (pH 9.0; adjusted with NaOH) to prepare an EN-2 gel.

2.1.3. Preparation of MPC-immobilized collagen gel { MiC gel)
Preparation of the MiC gel was done by using the EN-1 and EN-2 gels.
PMA was added with EDC and NHS to the MES buffer (pH 4.5 and pH
9.0) and was pre-activated for 10min before immersion of the EN-1 or
EN-2 gel. The immobilization of PMA to the collagen was allowed to
continue for 4h at 4°C. The gel was then washed with 4 m of Na,HPO,
aqueous solution for 2h and then with distilled water for 1 day to remove
any salts from the ge! to prepare a salt-free MiC gel: MiC-11 gel (PMA
immobilized under acidic conditions using the EN-1 gel), MiC-12 gel
(PMA immobilized under alkaline conditions using the EN-1 gel), MiC-21
gel (PMA immobilized under acidic conditions using the EN-2 gel), and
MiC-22 gel (PMA immobilized under alkaline conditions using the EN-2
gel). The terminology of the samples is listed in Table 1. PMA cross-
linking with the collagen is shown in Fig. 2. Collagen film was immersed
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Fig. 2. Schematic picture of immobilization of MPC polymer with collagen.

into the MES buffer pH 9.0 for 1 day to obtain a non cross-linked collagen
gel (Uc-gel) and was used as a reference.

2.2. Characterization

2.2.1. Surface analysis

Surface analysis was executed using X-ray photoelectron spectroscopy
(XPS, AXIS-HSi, Shimadzu/KRATOS, Kyoto, Japan) and scanning
electron microscopy (SEM, SM-200, Topcon,  Tokyo, Japan). The
samples, which had been cut into small pieces, were lyophilized overnight.
The chemical composition of the surfaces of the gel was determined by the
take-off angle of the photoelectrons fixed at 90°. The morphologies of the
gels were observed with SEM after gold coating with an ion coater (IB-3,
Eiko Co., Ibaraki, Japan). The razor blade-cut surfaces of the respective
gels were observed.

2.2.2. Shrinkage temperature

The shrinkage temperatures of the gels were determined using
differential scanning calorimetry (DSC, DSC6000, Seiko, Chiba, Japan)
in the range 0-150°C at a scanning rate 5°C/min. The samples were
incubated with small amounts of phosphate buffer solution for 1 h at room
temperature before being measured [9]. Instead of an empty container, a
container of PBS was used for reference.

2.2.3. Mechanical properties

The stress—strain curves of the respective collagen gels were determined
by uniaxial measurements using a universal testing machine (Orientec
STA-1150, Tokyo, Japan). The sizes of the samples used for measurement
were 4cm x 1 cm. Each sample was strained at the rate of 10 mm/min. The
obtained data were fitted to the stress-strain curves of the samples and the
elongational modulus at 1% and 8% was calculated.
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2.2.4. Swelling test

A swelling test of each sample was executed by cutting the lyophilized
gels into small pieces and putting them into pH-controlled aqueous
solutions at 37 °C. The pH of the aqueous solution was controlled to 2.1 or
7.4. The gels were gently shaken for 24 h and then removed for weighing.
The swelling ratio was calculated in order to define the exact amount of
swelling caused by water absorption. The equation used for the swelling
ratio was .

Wy — Wy

Swelling ratio, S(%) = x 100

d
where W), is hydrated weight and W, is dried weight of the gel.

2.2.5. Enzymatic degradation test

Degradation tests of the gel samples were executed using collagenase
from Clostridiopeptidase histoluticum (EC 3.4.24.3, Sigma, St. Louis,
USA) with collagenase activity of 300units/mg. In this experiment,
30+2mg of collagen gels were immersed into 2mL of 0.1m Tris-HCl
buffer (pH 7.4) with 5x 10™>m of calcium chloride (Kanto Chemical,
Tokyo, Japan) and 8 x 107* m of sodium azide (Kanto Chemicais, Tokyo,
Japan) and was shaken for 1 h at 37°C. Then, 2mL of collagenase Tris-
HCI buffer solution with a concentration of 1.32mg/mL was added to the
solution containing the gel to determine the total concentration of
collagenase at 100 units/mL. The container was returned to the shaking
water bath. The remaining weights of the samples were measured for 72h.

2.2.6. Statistical analysis

All experiments were repeated at least three times and the values are
expressed as mean +standard deviation. In several figures, the error bars
are not visible because they are included in the plot. Statistical analyses
were performed using student’s z-test. The level of significance was set as
P<0.05.
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. 3. Results and discussion
3.1. Basic characteristics of collagen gels

The reaction between EDC and the carboxyl groups are
shown elsewhere; the mechanism is well known [25,26]).
According to Nakajima and Ikada [26], proton and ionized
carboxyl groups are required for the reaction with EDC.
The excess amount of EDC against the carboxyl groups
should be used up, and no reaction occurred when the
molar ratio of EDC to the carboxyl groups was below 0.5.
Using EDC for cross-linking might cause hydrolysis, which
makes the carboxyl groups return to the original carboxyl
groups.

The use of NHS is to prohibit the hydrolysis of the
carboxyl groups. NHS would lead to formation of NHS-
ester, which prevents the side reaction of the O-acylisourea
groups [25,26]. This is because the reactive species relative
to the neucleophilic attack of the free amine group of
collagen are the NHS-activated carboxyl groups rather
than the O-acylisourea groups.

Fig. 3 shows the XPS result of Uc-gel, EN-2 gel, MiC-21
gel, and MiC-12. All gels showed XPS signals attributed to
carbon in CHiy- or -CH,-, -COC-, C(==0)-, and
nitrogen in —-CONH- was observed at 285, 286.6, 288.5,
and 400.8 eV, respectively. The phosphorus peak and one
nitrogen peak in -N*(CH,); were observed at 134 and
403.2 eV, respectively, indicating that PMA was a properly
cross-linked collagen [21,24].

SEM images of the outer surfaces and razor blade-cut
surfaces (vertical cross-section) of the respective collagen

- gels are shown in Fig. 4. The razor blade-cut surfaces of the
Uc-gel and the EN-1 and EN-2 gels are porous. For MiC,
the non-porous layer is shown to be deposited on the
porous layer. Non-porosity can be seen for the pure PMA
film prepared using same method (image not shown). This
implies that PMA covers the collagen gel instead of being
blended, making it a heterogeneous phase. However, the

outer surface of the gel is entirely one phase showing no

defects, indicating that PMA is immobilized on the
collagen surface and is distributed homogeneously. This
is because the high molecular weight of the PMA causes the
polymer to be located primarily on the surface of the
collagen gel. When the PMA and collagen are premixed
and gelled, the razor blade-cut surface shows that the
porous and non-porous structures coexist (picture not
shown). In the case of MiC-11 and MiC-12, the non-
porous outer layer is very thin and the pore size is bigger,
indicating that a sizeable amount of swelling had occurred.

3.2. Network structure of collagen gels

Shrinkage temperature T is considered as the rupture of
the inter-chain bonds bringing the fusion of the oriented
peptide chains [27], which is responsible for the shrinkage,
and the cross-linking will result in the stabilization of the
triple helix structure and an increase in the shrinkage
temperature [28]. Table 2 lists T of the respective collagen
gels. The result indicates that 7, would increase when the
gels are cross-linked. Because PMA is immobilized, T; of
the gels would shift to a higher temperature, eventually

Teaching approximately 85°C, which is about a 30°C

increase from that of uncross-linked collagen gel. The EN-1
gel and the MiC-11 and MiC-12 gels showed that T is lower
than the EN-2 gel and the MiC-21 and MiC-22 gels. This
implies that formation of inter- and intrahelical cross-links,
which prevent the fusion of the peptide chains, is very
important for stabilization of the network. The immobiliza-
tion of PMA made the extra cross-link, that is, the bond
between the. PMA: chain -and collagen microfibril by the
amide bond, eventually increasing T further. Comparing T
of MiC-11 and MiC-12, we can see that the numeric value is
almost the same. The same phenomenon can be seen for
MiC-21 and MiC-22, implying that the immobilization of
PMA would be affected by the pH of the MES buffer. Under
PH 4.5, the carboxyl groups of PMA would be protonated,
leading to the formation of COO~NHS, because the pX, of
PMA is known to be 2.7 [29]. -
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(b

t3]

(2)

Fig. 4. Outer surface morphology (upper) and razor blade cut morphology (below) of respective gels: (a) Uc-gel, (b) E/N-1 gel, (c) E/N-2 gel, (d) MiC-11

gel, () MiC-12 gel, (f) MiC-22 gel, and (g) MiC-21 gel.

Table 2

Shrinkage temperatures of collagen and collagen gels
Sample T (°C)
Uncross-linked 56.4+8.1
EN-1 67.440.9
EN-2 76.5+2.9
MiC-11 74.11+3.9
MiC-12 75.142.0
MiC-21 84.842.0
MiC-22 84.1+3.9

Fig. 5 shows the strain-stress curve of the Uc-gel, EN-2
gel, MiC-22, and MiC-21 gels. It can be seen that all
collagen gels are J-shaped. This shape indicates that, after
the cross-linking and immobilization processes, the col-
lagen maintains its soft tissue viscoelastic behavior, which
is soft and tough [30]. Table 3 shows the results of the
elongational strain modulus of the respective gels at 1%
and 8% of strain. Cross-linking with EDC/NHS increased
the elongational strain modulus approximately five times
and immobilization of PMA increased the elongational
strain modulus about 12.5 times that of the uncross-linked
collagen gel. The cross-linking process and immobilization
of PM A made the collagen gel much tougher. This strongly
suggests that the PMA must be immobilized onto the
surface of the collagen gel in order to maintain its
biomolecular property and stronger mechanical property
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Fig. 5. Stress—strain curve of respective collagen gels.

simultaneously. The EN-1 gel, MiC-21, and MiC-11 gels
were too fragile to measure the strain modulus.

Fig. 6 shows the swelling of the respective gels under pH
2.4 and pH 7.4. For uncross-linked gels, the gel dissolved -
under pH 2.4, while it swelled approximately 1400% under
pH 7.4. When collagen gels absorb water, the triple
helix structure is known to turn into a random coil
conformation because the collagen peptide chains increase

‘the accessibility to hydration. In the neutral and alkaline
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Table 3
Mechanical strength of the collagen gels

Sample Strain modulus at Strain modulus at
1% (MPa) 8% (MPa)

Uncross-linked 0.440.1 0.610.1

EN-2 gel 2.140:1 29402

MiC-21 5.6+1.1 8.7+1.6

MiC-21 5.1+0.6 8.0+1.0

Mechanical strength of EN-1, MiC-11 and MiC-12 was not measured due
to fringe nature of the samples.
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100
0
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* p<0.01 vs ¥* and ***

** p<0.01 vs ***

Fig. 6. Swelling ratio of respective collagen gels under pH 2.1 (hatched
bar) and under pH 7.4 (empty bar) aqueous solutions. Each value
represents the mean+SD (n = 5).

conditions, collagen film would be stabilized by forming an
- entanglement of fibrils formed by hydrophobic and
electrostatic bonds [31-33]. Since the pK, of collagen
type 1 is known to be approximately 5.5 [34,35], a stable gel
without any cross-linker can be formed under neutral and
alkaline conditions.

The EN-1 and EN-2 gels showed a high swelling ratio
under pH 2.1, but had different swelling ratios under
neutral pH conditions. The EN-1 gels showed a swelling
ratio of about 870% under pH 2.4 and 730% under pH 7.4,
while the EN-2 gels showed 800% under pH 2.4 and 320%
under pH 7.4. The swelling ratio was relatively higher for
the EN-1 gel than the EN-2 gel because the network
density was much higher for the EN-2 gel. The EN-2 gel,
for which cross-linking was executed under alkaline
conditions, is thought to possess a denser cross-linking
network. As mentioned earlier, EDC and NHS are known
to bring inter- and intrahelical cross-links, holding the
a-helices together tightly. [36,37]. )

Immobilization of PMA on the collagen gels brought
different swelling ratios according to the conditions of

preparation. For the MiC-11 and MiC-12 gels, the swelling
ratio was lower than that for the EN-1 gel, implying that a
network between collagen and PMA is formed by the
interchain cross-links. However, their swelling ratio under
pH 2.4 was lower than that for the EN-2 gel, but was
higher under pH 7.4. PMA could not penetrate into the
collagen gel during the immobilization process, leaving
much of the amine groups unreacted. In contrast, MiC-21
and MiC-22 showed that the swelling ratio under pH 2.4
and pH 7.4 would be lowest among all collagen gels. As
mentioned earlier, the formation of a denser network
brought a lower swelling ratio. The low swelling ratio of
the MiC-11 and MiC-12 gels under pH 2.4 and pH 74
implies that the intra- and interhelical cross-links play
important roles in the stabilization of the collagen gels.

3.3. Degradation of collagen gels by collagenase

Fig. 7 shows the degradation of collagen gels caused by
the activation of collagenase in Tris-HCl buffer. The
collagenase absorbed into the collagen gel would cleave the
helical segment, hydrolyzing the collagen gels. Collagenase
is known to be adsorbed onto the collagen fibers once it
penetrates into-the fiber [36-39]. Therefore, it is thought
that the swelling ratio is related to this biodegradation
process. .

Our study shows that the collagen gel that is not cross-
linked would degrade within 2 or 3h. Cross-linking the
collagen with EDC and NHS would strongly maintain the
helical structure, extending the time of complete degrada-
tion from 6 to 24h according to the cross-linking
conditions. Low swelling collagen gels lead to slow
degradation. For the MiC-22 and MiC-21 gels, almost
80% of the original collagen gel remained after 24 h. The
E/N gels have only intra- and interhelical cross-links while
the MiC gels possess interchain cross-links. For the E/N

100

T N MiC-22 I
80 - ?\F\i
1y | Mic-21 1
:E, 60
[}
2 v
o
g 40 -
‘©
E
3 Mic-12
T 2048 EN-2 '
MiC-11 Y
Uc EN-1 l V
0-r— T T T T T
0 5 10 15 20 . 25

Time (hours)

Fig. 7. Degradation of collagen gels by collagenase in Tris-HCl buffer
(pH 7.4) at 37°C. Each value represents the mean+SD (n = 4).
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gels, the intra- and interhelical cross-links maintained the
helical structure after cleavage by collagenase [39]. How-
ever, the absorption of water eventually made the E/N gels
dissociate within 24 h, with slightly faster degradation for
the EN-1 gel. In contrast, the MiC gels possess interchain
cross-links that link the microfibrils and the PMA chains,
making the degree of swelling much lower [38]. The
cleavage by collagenase would be prevented by the PMA-
collagen network, which links microfibrils together, shield-
ing the helices.

4. Conclusion

We were able to successfully immobilize MPC to
collagen and prepare a stable gel. By using collagen film
prepared from 0.5wt% collagen solution, MiC gels were
prepared under MES buffer. EDC/NHS and PMA
polymer could form a cross-link with the collagen film.
The physical behaviors of the gels changed according to the
preparation conditions such as the pH of the MES buffer.
Inter- and intrahelical cross-links were formed by EDC/
NHS. Higher cross-link efficiency can be obtained under an
alkaline condition because the pK, of collagen is approxi-
mately 5.5. A pre-NHS activated PMA polymer chain

could be located on the collagen gel and cross-linked with -

the amine collagen group, forming an interchain cross-link.
Since the pK, of PMA carboxyl groups is 2.7, the
immobilization of PMA was successful at any pH. The
coexistence of intra- and interhelical cross-links and
intermolecular cross-links make the network much denser,
which leads to difficulty in either penetration or hydro-
lyzation by the collagenase. Mechanical and enzyme
stability enable this gel to be applied as a biosynthetic
hybrid biomaterial.

We will report on the biological properties of the
collagen—phospholipid polymer hybrid gel in the near future.
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Preparation of poly(vinyl alcohol)/DNA hydrogels via hydrogen bonds formed
on ultra-high pressurization and controlled release of DNA from the

hydrogels for gene delivery

Abstract Poly(vinyl alcohol) (PVA) hydrogels interacting
with DNA mediated by hydrogen bonds (PVA/DNA hy-
drogel) were developed using ultra-high pressure (UHP)
technology. The goal was to create a new method of gene
delivery by controlled release of DNA. Mixed solutions of
DNA and PVA at various concentrations were pressurized
at 10000 atmospheres at 37°C for 10min. PVA/DNA hy-
drogels with good formability were produced at PVA con-
centrations of more than 5% w/v. The presence of DNA in
the obtained hydrogels was confirmed by spectroscopic
analysis and nucleic acid dye staining. DNA release from
the hydrogels was investigated using PVA/DNA hydrogel
samples of 5% and 10% w/v formed by UHP treatment or
by conventional freeze-thaw methods. The DNA release
curves from both types of samples showed a rapid phase in
the initial 15h followed by a sustained release phase. How-
ever, there was a difference in the amount of DNA re-
leased. Less DNA was released by the pressurized hydrogels
than by the freeze—thaw hydrogels. Also, the cumulative
amount of DNA released decreased as the PVA content in
the hydrogels increased. These results indicate that DNA
release from the hydrogels can be modulated by changing
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the preparation method and the PVA content. Further-
more, it was demonstrated that DNA release could be con-
trolled by varying the amount and duration of pressurizing
used to form the hydrogels. Intact fractions of plasmid
DNA released from the hydrogels were separated by aga-
rose gel electrophoretic analysis. These results suggest that,
using controlled release, DNA from PVA/DNA hydrogels
formed by UHP treatment can be transfected into cells.

Key words Controlled release - Ultra-high pressure - DNA -
Hydrogel - Poly(vinyl alcohol)

Introduction

Safe and biocompatible synthetic materials have been de-
veloped as biomaterials.! In gene therapy, nonviral syn-
thetic gene carriers have been the focus of attention due to
their biological safety advantages over viruses.? In many
cases, cationic synthetic materials, such as cationic lipids,
liposomes,’ polyethyleneimine,’ polyamideamine den-
drimer,’ poly-L-lysine (PLL), PLL derivatives,® and other
cationic peptides,” have been used as nonviral vectors. It is
possible to form complexes between these materials and
DNA using the electrostatic interaction between their cat-
ionic groups and the anionic groups of DNA, making the
DNA robust against nuclease degradation and enabling ef-
fective transfection into mammalian cells.*® However, the
cytotoxicity of cationic materials was reported to be a
significant problem.'®!" For safer and more efficient gene
delivery, it is necessary to develop a noncationic or less
cationic gene carrier through nonelectrostatic interaction
with DNA. Sakurai et al. reported that a triple helical com-
plex of single-strand DNA and double-strand schizophyl-
lan, which is a kind of polysaccharide (B-1,3 glucan), was
formed through hydrogen bonding.'? In addition, we previ-
ously reported that nanoparticles of poly(vinyl alcohol)
(PVA) bonded to DNA via hydrogen bonds were obtained
when mixed solutions of PVA (less than 0.01% w/v) and
DNA were treated under ultra-high pressure (UHP) at



10000 atmospheres'(980MPa) and 40°C for 10min.” It is
well known that intra- and intermolecular hydrogen bond-
ingincreases in these conditions.' The PVA/DNA nanopar-
ticles could be internalized into mammalian cells, suggesting
that they have utility as a novel nonviral vector that uses
nonelectronic interactions.

Recently, controlled release of DNA was also investi-
gated as a possible method of enhancing transfection
efficiency using various biomaterials such as poly (lactide-
co-glycolide) (PLGA),"” hyaluronic acid,”® atelocollagen,’
and gelatin.”'® Shea et al. reported that the sustained de-
livery of DNA from PLGA led to efféctive transfection of
a large number of cells in vitro and in vivo.” However, it
was difficult to regulate the release of DNA owing to the
lack of interaction forces, such as covalent, electrostatic,
and hydrogen bonding, with which DNA molecules are
loaded into PLGA with polymer molecules. Tabata et al.
reported enhancement and prolongation of gene expression
using a cationized gelatin hydrogel interacting with DNA
electrostatically.’®'® The controlled release of DNA de-
pended on hydrogel degradation, but the cationized gelatin
hydrogel was crosslinked by glutaraldehyde, which has gen-
erally cytotoxic properties, to obtain different degrees of
cationization.

In the present study, we report the preparation of a novel
PVA hydrogel with DNA crosslinked physically by hydro-
gen bonds using UHP technology and its application to the
controlled release of DNA. The goal is to develop an effec-
tive, low-cytotoxic and gene-releasable biomaterial. PVA/
DNA hydrogels were obtained for various pressurization
conditions, temperatures, and processing times. DNA re-
lease from the hydrogels was investigated in vitro. PVA
is widely used for biomedical applications because of its
biocompatibility and neutrally charged nature.? It is also
known that PVA hydrogel is formed by physical crosslink-
ing with hydrogen bonds when PV A solution is frozen and
thawed several times, which is called the freeze-thaw
method.”

Materials and methods
Materials

In our experiments, we used PVA samples with an average
molecular weight of 74800 and a degree of saponification
of 99.8%, as supplied by Kuraray (Osaka, Japan). We also
used salmon sperm DNA purchased from Wako (Osaka,
Japan), plasmid DNA encoding enhanced green fluores-
cence protein under a cytomegalovirus promoter (pEGFP-
N1, BD Science, Palo Alto, CA, USA), and nucleic acid
staining dye solution (Mupid Blue) obtained from Advance
(Tokyo, Japan).

Preparation of PVA/DNA hydrogels by UHP

Aqueous PVA solutions of 6%, 8%, 10%, 14%, and 20%
w/v were prepared by autoclaving three times for 30min at
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121°C. Salmon sperm DNA was dissolved in a Triss EDTA
buffer (TE, pH = 7.8) at a concentration of 16.3mg/ml. The
DNA solution was mixed with PVA solutions of 10%, 14%,
and 20% w/v at a ratio of 1:1. The 0.7-ml samples were
transferred in silicon tubes (9 x 25mm) with both ends
capped by silicon plugs. The tubes were pressurized under
various UHP conditions, using different pressures, temper-
atures, and durations, in a high-pressure machine (Kobe
Steel, Kobe, Japan).

Confirmation of the presence of DNA in the PVA/DNA
hydrogels

The presence of DNA in the PVYA/DNA hydrogels pro-
duced by UHP treatment was confirmed by nucleic acid dye
staining and UV-visible spectroscopy. For the former meth-
od, the PVA/DNA hydrogels were immersed in nucleic acid
dye solution for 1 min and then transferred to 70% ethanol.
After 1min, they were immersed in ion-exchanged water
for 1min. For the latter method, after the PVA/DNA
hydrogels were melted at 90°C for 10min, their DNA con-
centration was measured by a spectrophotometer (V-560,
JASC, Tokyo, Japan).

DNA release from hydrogels

The PVA/DNA hydrogels prepared by. UHP were im-
mersed in 5mi of phosphate-buffered saline (PBS) for 144h
at 37°C. At 0.25, 0.5, 2, 3, 15, 27, 48, 111, and 144h, 20l of
the samples in the outer part of the PBS solution was col-
lected and the DNA concentration was measured spectro-
photometrically at 260nm (Gene Quant Pro S, Amersham,
Tokyo, Japan).

Stability of plasmid DNA released from hydrogels

Plasmid DNA (pDNA) was used instead of salmon sperm
DNA and the mixed solutions of pDNA (100pg/ml) and
PVA (5% or 10% w/v) were treated by UHP under the
conditions described above. The obtained PVA/pDNA
hydrogels were immersed in PBS for 12 and 48h, and then
the samples in the outer part of the solution were collected
and analyzed by agarose gel electrophoresis at 100V for
45min.

Results and discussion

Aqueous solutions of PVA at concentrations ranging from
3% to 10% w/v were hydrostatically pressurized at 10000 atm
at 37°C for 10min. With a PV A solution of 3% w/v, the
clear solution was transformed into a turbid and viscous
solution by pressurization (Fig. 1A). An aggregation of
PVA particles with an average diameter of 1pm was ob-
served in the PVA solution on scanning electron microsco-
py (SEM, data not shown). For PVA concentrations of
more than 4% w/v, hydrogels were produced on pressuriza-
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Fig. 1. Photographs of poly(vinyl alcohol) (PVA) hydrogels (A-D)
and PVA/DNA (E,F) hydrogels at concentrations of A 3% wiv,B 4%
wiv, CE 5% w/v, and D,F 10% w/v obtained by ultra-high pressure
treatment

tion (Fig. 1B-D). The PVA hydrogel of 4% w/v was fragile
(Fig. 1B), but increasing the PVA concentration enhanced
hydrogel formability, and hard hydrogels were obtained at
a PVA concentration of 10% w/v (Fig. 1D). These results
indicate that pressurization induced physical cross-linking

of PVA molecules and that the degree of cross-linking in-

creased as the PVA concentration increased. To investigate
whether the PVA molecules were physically cross-linked by
hydrogen bonding, a PVA solution of 5% w/v with urea

(3.3M), which was used as a hydrogen bond inhibitor, was _

treated under the above pressurizing conditions. The solu-
tion remained translucent (data not shown), indicating that
the PVA hydrogel obtained by pressurization was mediated
by hydrogen bonding.

The gelation of mixed solutions of DNA and PVA (5%
and 10% w/v) was achieved by pressurization in the condi-
tions described above (Fig. 1E,F). To confirm the presence
of DNA in the hydrogels obtained, they were heat treated
at 90°C for 10min and then the DNA concentration of the
solutions obtained was measured spectrophotometrically at
260nm. Roughly equal amounts of DNA were contained in
each hydrogel (Fig. 2A). Also, when the hydrogels were
immersed in nucleic acid dye solution, which interacts elec-
trostatically with the phosphate groups of DNA, the PVA
hydrogel with DNA was stained, whereas the PVA hydro-
gel without DNA was not (Fig. 2B). These results indicate
that a PVA hydrogel that sustains DNA (PVA/DNA hy-
drogel) was formed on pressurization. On the other hand,
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Fig. 2A,B. Presence of DNA in PVA/DNA hydrogels. A Amount of
DNA in solution obtained by melting PVA/DNA hydrogels prepared
using ultra-high pressure processing. B Photographs of PVA hydrogels
and PVA/DNA hydrogels stained with nucleic acid dye

when urea was introduced, PVA/DNA hydrogel was not
obtained on pressure treatment. This result suggests that
hydrogen bonding between PVA and DNA took place in
the pressurized PVA/DNA hydrogel.

DNA release from the PVA/DNA hydrogel formed by
pressurization at 10000 atm at 37°C for 10min was investi-
gated. PVA/DNA hydrogels produced by the freeze—thaw
method, a common method of forming PVA hydrogels,”!
were used as control samples. Figure 3A shows DNA re-
lease profiles from the PVA/DNA hydrogels at PVA con-
centrations of 5% and 10% w/v obtained by pressurization
and the freeze-thaw method. Each release curve of DNA
from a hydrogel consisted of a rapid phase in the initial 15h
followed by a sustained release phase. However, the amount
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of DNA released was dependent on PVA content and on
which procedure was used to prepare the hydrogels. The
DNA release from the 10% w/v PVA/DNA hydrogels was
lower than that from the 5% w/v PVA/DNA hydrogels,
irrespective of the preparation methods. This is consistent
with the fact that the 5% w/v samples were more easily
stained by nucleic acid dye than the 10% w/v samples. We
suppose that the increased crosslinking in the hydrogel
caused by the increase in the PVA content contributed to
the reduction of DNA released from the hydrogel. On the
other hand, at the same PVA concentrations, DNA was
more effectively released from the freeze-thaw hydrogels
than from the pressurized hydrogels. Fibrous structures
with large spaces (larger than 1um) were observed on SEM
in the hydrogels made from 5% w/v PVA obtained by the
freeze-thaw method, while many porous structures with
diameters of 300pum were observed in the pressurized hy-
drogels (data not shown). We believe that this difference in
internal structure between sample types affected the inter-
action of PVA and DNA, resulting in the larger release of
DNA from the freeze-thaw hydrogels. ‘

To investigate the influence of the pressure conditions
used to form hydrogels on DNA release, PVA/DNA hydro-
gels of 5% wiv were prepared by different levels of pres-
surization at different temperatures and for different
durations. First, with pressure processing periods varying
from 5 to 20min at 10000atm and 37°C, similar DNA re-
lease profiles were exhibited for the hydrogels obtained at
pressurizing times of 10 and 20 min, but the amount of DNA
released by hydrogel samples pressurized for Smin (Fig.
3B) was less than that released by samples with longer pres-

surizing times. Second, the DNA release curves of the PVA/
DNA hydrogel produced on pressurization at 10000atm
and 10°C for 10min were the same as those for hydrogels
produced on pressurization at 10000atm and 37°C for
10min. However, less DNA was released by hydrogels pro-
duced at pressures of 8000atm and 37°C for 10min than by
hydrogels produced at 10000atm and 37°C for 10min (Fig.
3C). These results indicate that DNA release from pressur-

" ized hydrogels is dependent on the level and duration of
pressure used in the hydrogel formation process. We previ-
ously reported that PVA gelation was promoted by increas-
ing the pressure and by prolonging the pressurization time,
by which close hydrogen bonds between PVA molecules
are formed.” It seems that DNA was easily released from
PVA/DNA hydrogels pressurized under conditions of more
than 10000atm for longer than 10min because the hydro-
gen bonding interaction between PVA and DNA was more
unstable than that between PVA molecules under more
intense pressure conditions.

- It is important for DNA to be released from hydrogels
without structural change or degradation.” Plasmid DNA
(pDNA), which is generally used as the DNA delivered by
a nonviral vector, was used instead of salmon sperm DNA.
PVA/pDNA hydrogels at PVA concentrations of 5% and
10% wiv were obtained by pressurization at 10000atm at
37°C for 10min and then immersed in Sml PBS. After 12
and 48h of immersion, the outer part of the solution was
collected and analyzed by agarose gel electrophoresis at
100V for 30min to investigate the stability of released
pDNA from the hydrogels (Fig. 4). No degradation of DNA
was observed, indicating that the plasmid DNA released
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Fig. 4. Agarose gel electrophoresis of plasmid DNA (pDNA) released
from PVA/pDNA hydrogels with PVA concentrations of 5% and 10%
wiv produced by pressurization at 10000atm and 37°C for 10min after
immersion in phosphate-buffered saline for 12 and 48h

from the PVA/DNA hydrogels was stable. Two bands of
linear and circular plasmid DNA were observed with 5%
w/v PVA/DNA hydrogel, while circular plasmid DNA was
released from the 10% w/v PVA/DNA hydrogel, indicating
that the linear form of plasmid DNA tends to interact more
strongly with PVA than the circular plasmid DNA.

Conclusions

Novel PVA/DNA hydrogels crosslinked physically by hy-
drogen bonds were developed using UHP technology. DNA
released from the hydrogels was controlled by varying the
PVA concentration and pressurization conditions, such as
the level and duration of pressure used to form the hydro-
gels. The demonstrated stability of the DNA released from
the hydrogels suggests that PVA/DNA hydrogels have po-
tential as a candidate for gene delivery.
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