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Abstract

Weesuceessfully developed a novel methed for immobilizing poly(2-methactylovioxyethyl phosphoryicholine) [Poly{MPC)] polysier
onto collagen using No{Sdimethylaminopropyl-N-ethylcarbodiimide (EDC) and N-hvdroxysuccinintide (MHS) as cross-linkers. In
arder 1o obfain the highest possible molar ratio of hnmobilized MPC moieties on the collagen gel, @ collagen-phospholipid polyiier
hybiid gel was prepared by repeating the cross-linking process up to three times to create a denge hetwork of collagen and PMA.
Network formation by repeating the mmobilization process was successfal, resulting in decredsed free amine group content and a low
swelling ratio. The hybrid gel displayed very high stability agutnst degradation by collagenase and possessed high hydrophilicity.
Fibrinogen adsorption and cell adhesion’ were reduced and demonstrated less cell proliferation a% compared 1o that by uncrossdinked
collagen gel. The collagen-phospholipid polymer hybrid gel did not exhibit toxicity, and the cell morphology remained intact {roundy,;

this implics that the mteraction between the vell and the collagen-phospholipid polyiier hvbid gel is safe and mild,

& 2007 Elsevier Lid. All rights veserved,

Keywords: Collagen: Phospholipid polymer: Immobilization: Protein adsorption; Cell adhesion

1. Introduction

In order to use collagen as o biomaterial product, cross-
linking of collagen and/or immobilizing synthetie polymers
ofite collagen are indispensable mieasures. Non-trsated
natural collagen cannot be directly applied to a biological
system due to drawbacks such as poor mechanical strength,
calcium. deposition, and high thrombogenicite. However,
collagen is biocompatible, non-antigenic, synergic with
bioactive components, easily modifiable, and abundantly
available: these atttibutes renider i suitable for medical
application” {1]. Hence, the undesirable propettice of
collagen should be eliminated while retaining its desirable
properties.

When cross-linking the collagen gel, it should be enswred
that the cross-linker is not toxic and does not affect
biocompatibility. Preparing a cross-linked collagen gel
does not necessarily require chemical cross-linking. Diverse

*Correspending author Tel: 81 3 5841 8028 fux: #8513 S%47.500%,
Eenutl] addressy Kishida T imdacip (A, Kishida),

0142-961278 - Goe front matter £ 2007 Elsovier Lide Al rights foserood.
doll0 1016/ hiomalerial2007.05.001

methods such as chemical and physical cross-linking,
UV trradiation, and blending have been wsed 1o cross-lnk
collagen [2-6]. Anionig (Hese, cross-linking wsing WN-(3-
dimethylaminopropyl)-N-cthylearbodimide (EDC) and
N-hydroxysuccinimide (NHS) was chosen for this study
[7-9]. Cross-linked collagen with EDC and NHS results in
“zero-length” amide cross-links between the carboxylic
acid groups from aspartic and slutanic acid residues, and
the camino groups from (hydroxy-)lysine residues [9);
these form intra- and interhelical cross-links fo provide an
EDC/NHS cross-linked collagen gel. A Zemsthacrvioviex-
yethyl  phosphorylcholine  (MPC-based.  sopolymer,
namely. poly{MPC-eo-methacrylic acid) (PMA), which is
also.a well-kngwn hemocompatible material [I0], was used
o cross-link the microfibrils of collagen o produce a
collagen-polymer hvbrid gel [11].

In our previous study, we discovered that the collagen-
polymer hybrid gel could be prepared efficiently under
alkaline pH conditions. Tmmobilization of PMA onto
collagen would cover the eutite collagen surface, inerease
the mechanical strength, reduce water abworption, and

Please cite this article as- Nam Koet ol Physieal and biclopical properties of coﬂag{:n»phaspholipiﬁ polymer hybrid pels. Biomaterials (2007);
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impart durability against eollagenase degradation, However,
a high pereentage of MPC did not immobilize on the
collagen gel surfuce. A longer coupling time or use of larger
amount of EDC, NHS, or PMA did not result in an increase
in the amgunt of unmobilized PMA. This is believed to. b
attributable to spatial problems. For immobilization of
heparin, low adoption of the polvmer with the EDC/NHS
coupling reaction was considered a problem. With regard to
heparin, 1t is known that approximately 5.5% {numobilizas
tion ¢an be achieved T12]. However, activation of tha
carboxylic group can be wrigsered atany time point [7]. The
coupling reaction continues when EDC/NHS is readded to
collagen gel. Based on this, we developed a novel technique
to bnmobilize the polymer-the “repeat tmmobilization
process.” *

The repeat immobilization process comprises simply
repeating the process of immobilization on the surface of
the pre-activated polymer, and a polymerdmmobilized
collagen gel is thus obtained. The rationale for this process
i3 based on the following: (1) the earboxyl groups can be
activated at any time point, and (2) a high percentage of
unreacied amine groups are avatlable. Re-gctivation may
promote formation o additional amide bonds. which conld
not be achieved by a longer coupling time or the use of a
higher amount of EDC, NHS, or PMA, In this stady, we
repeated the immobilization proecess wntil 2 collagen gel
with the highest possible number of phospholipid head
groups was obtaimned, Using this gel, we characterized the
physical and biological properties of the collagen-polymer
hybrid gel. To distinguish the collagen-polymer hybrid gel
prepared by the repeat immobilization procesy from that
prepared by time control, we named the former as
“collagen-phospholipid polymert hiybeid™ (2 CoPho gel),

2. Experimental methods
2.1, Preparavion

2.4, Syuthesisof PMA

PMA way synthestzed according to o previoushy published micthad
[T1I3] In brief. MPC and methaerylic seid (MA) wore dissohied in an
cthanol soluticn, Subsequently. a speaific amount of 2, 2:ezebisisobulyr-
onitrile (AIBN) was added o the cihanol selution. Polymerization wag
performed. in o completely sealed round-bottom Aask for 160 w1 60°C.
Thesolution wis precipitated nto-diethvl ether, frecze-diied, andsiored iy
vieno until Durthier use. The molar ratio of PMA was MPOMA = 17,
and the average meloonkar wolght was 33 10%

L2 Preparation of £DC end NHS cross-linked collagen gel {EN gel
Cross-linked wollagen gel was preparcd by s proviously reported
method {15}, Instead of the 0.5wi% cotlagen type 1 solution (pH 3
KOKEN, Tokyo, Jupany. 2wt% vollagen type T solinion was prepared
and used for the fibm proparstion. The eollugen solmtion was dropped
onte the polyethene Blor and sllowed 1o dry i room temperatirg
The collagen filoy (thicknoss = 563000 “Was immersed i1 5 0054
2emorphatinsethans selfonic (MESyucid buffer (pH 9.0) (Sigma. St Louis,
LSA) vonmining EDC (Kanto Chemicals, Fokyo, Japan) and WHSR
(Kante Chemicals). The molur ratio of the constituents wis EDONHS:-
collagen-carboxylic dcid groups = 10:10:1. The cresslinking procedurs
was allowed 1o proeced at 4°C for 41 19 produce o crossdinked gel (EN

2 K Namet-al - Bilomarerioly 1/ 180 588854

gel}.-Alter 24 h, the reaetdon was torminited by removing the gel Trom the
solution. Subscquently. the gel was first washed with 4 4m aqueous
Na:HPO; solutien for 2k o hydrolyze any remaining ‘O-acylisoured
groups and subsequently with distifled water over 4 duration. of 2 days fo
remove traces of salts from thiegel.

213 Prepurgtion sf MPCuinmrobilized gel { MiCgel. MdCgel, und M
gel; CoPho gel)

MPC-mmobilized collagen gel (MIC gel) was preparcd using tneross-
Hnked collagen gel (fmmersed in an alkaline solition at pH 9.0 for 3014in)
or EN el [11]. PMA wis added to-the MES baffer (pH 9.0) &long with
EDC and NHS and was activated for [9min before the uncross-linked
collagen or EN ol was immersed. The moldr ratios of ¢ach chemical was
fixed: EDCNHS: collugen-carboxvlic acid grovps = [0:16:1, The jtimo-
bilization -of PMA to-collagen continued for 48h ar-4°C. Subsequently;
the pet was firsy washod with 4w aguoons NaHPO, solintion Tor 28 and
then with distitled ‘water for 1 day to remove frices of sals and thus
prepare a salefice MiC @l Fig 1 illusteates the basic schieme for
activation of PMA by EDC dnd NHY imsrohilization on collugen. To
ineréase themumber of MPC mylelies on the collagen-polymaer hvbeid gel,
& MPC-double immebilized - collager MO gol was prepared by
immiobilizing PMA on the MIC gsls by using the same procodure as
carlier. To nvestipate the possibility of furdies imunobilization, we
prepared a MPC-iriple immobilized collagen (MIC) gel using MaC as
the base collagen for PMA immobilization. MG, MdACO, and MICO
were prepured from Uneross-dinked collagen pelss MIC-1. M-, and

O Phosphelipid polymer

Collacen bnner

MPC- immohilized Collagen gel (MAC gel}

PiiA-preactivated
with EDC/NHS

Collapen Liner

MPC-double immobilized Collagen gel (MdC gl

FMA-predgetivated
with EDC/NHS

Collagen laver

MPC-griple nimiobilized Collagen gel (M€ el

Fig. 1. Schomatic diagram of the immobilization sracsss of PMA on
collagen,

dol: 108 /nblomaterials 2007.04.001
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MC-L. from EN gels. The terntinology used for the pel sumples is lsted
tn Table 1.

214 Preparation of glivargldehyde wross-Tinked collagen-gel 1G-gel)

Cross-linking wollagon. pel o ghitaraldehyde was performed by s
proviously reporied method [H] Tn briel, a 25% elutaraldehivde solution
(berck. Damstadt. Germany) was diluted 100 5wt% inphosphate buffer
solotion (PBS). The collagen film was immersed in the glutaraldehydy/PBS
solution dnd was eross-Hnked Tor 30y ai ‘room 1ermperatire, After cross-
linking, the sample was first rinsgd in ronning tup water Tor 30mn and
thenindy NaClTor 2. In order wocliminate WaCl, the sample was rinsed
with distilled water for 1 day to vield o plutealdehyde crogs-linked
collagen gel (G-gel). The phvsical and biclogical properties of this gelwere
compared with those of the CoPho gels.

2.2, Characterizdarivn

224, Surface wnalysts

Sutfuce snalysis was executed using X-ray photoclcctron spettrascopy
(XPS) AXIS-HSI, Shimudiu/KRATOS, Kyoto, Japan) and static contact
angle (SCA: ERMA-GI, Tokye, Japun). The samples that had been cut
intesmall pieces were Trophilized ovemight. The chenical composition of
the gebsurfucewas determined by the releasing anele of the photoeloctrons
fixed at 90° SCA mcasurement was performed by using a vontael ingle
gontometer (ERMA-GI, Tokvo, Japan) and » Bilamont syringe. The
contact angle of the drop on whe surface was measured 4t room
temperature: The SCA experiment was repoated 7 tiowes, and the averspe
Way caltulated (ogether with the standdrd deviation.

2.2.2. Dewniiaation of the reacted amine group content

The concentration: of the primary amific group in tssue samplos was
determined using 4 colorimetic assay [15.16]. Three to four milligrams of
cach sample was prepared: These samples were placed in a $wi% aquoous
NaHCOy solution (Kanto Chemicals, Tokye, Japan) und 246 tintiro-
benzene sulforiic (TNBS) acid. Subsequently, 0.5w% aqucous TNEBS
solution was added (Wako chemicals, Osaka, Japan), The: réaction was
allowed o proceed for 20 at 40 °C: the samples woere rinsed with aline
sobition in 1 voftex mixer to remove unrescied THES. Subsequent o
freczpdryving the samples-overnipht, the dry muss was determined. The dry
sampley were dmmersed in 2mL of 63 agqueous HET until fully disselved.
The resultant sotwtion wassubsequently- diluted with distlied warer (8L
and absorbunice Was measured at 348 nm. (V560, Jusco, Tokyo, Tapdan),
The concentration: of roacted amine groups was caleulated wsing the
following equation{16]:

Ax ¥V

INHA} =i,
(NH:) gl som

th
where [INH] denotes the reaered amine group contént {molig collagen gol),
& themolar absorption coefficient-of trinjtrophenyllvging (146 5 10%mL;
mmnlem), A the shsrbance. ¥ thewvolume of the solution (mLy, file path
length. fem), and e the werghe of the: sumple fmgl. The reacted aming
group coments of respective collugen ety were 8ll campared with Ue gel.

Table 1
Terminelogy of collsgen pels nsed i this study

223, Swellivg vest

The swelling test of the samples was executed by entting the Iyophilized
gels Intosmall pleces:-and placing them in a-nentral pH squevns solution.ar
37°C. The pH of the agucous-solution was adjusted 1o 74 The sols were
gently shiaken for 245 and were ‘measured Yor assessing the chanege iy
weight-of the sample: Swelling ranio wis caledlared in ovderto define the
swelling phenomenon sccomplishied by water absorption. The experiment
was repested 5 times and e average was calenlatcd alosie with standard
devigtion, The following equation was 'used to-calenlate the swelling rads.

- .
Sweliing rate, $1%) = -I}wh—u_;ltﬁ x 100,
0

where #y denotes hydrated weight of the gel and 15, the dry weight of
the gel,

2204 Eibrinoges tdsorprion test

Bioresponse was evaliited i terms of protem adsorption by using
bovine: plasma. fibrinogen:. The-concentrtion was adusted o Lmg/mL,
First, the collagen gels were oquilibrated by immersing them in PBS,
Subsequently, the pels word sransforred o the fribrinogen solution, and’the
solution. wad inciibated for 3k Afler ringiny with PBS, the adsorbed
Rbringgen was recovered by dipping the samples in [ wi% sesodium
dodecyl sulfate (8DS) for 60min [17). The concenration of recovered
fibrinogen was determined at 4901 by tshig a Miero BCA M’ {Biowad,
Muadel 680, Tokyo, Japan).

225 Cell adliesion ltest

The nteraction bebween the L1929 cells (mouse fibroblasty -and the
collagen gels was evaluated. The fibroblasis were culwred in Bagle's
Mininwm Essential Mediom (E-MEM. Gibco, NY, USA) supplomentod
with 10% fetal bovineserum (FES, Gibeo. NY, USA) a1 37°Cin 3% €O,
atmosphere, Aler trefitindne with 0.25% trypsing the ccll density wis
adinsied to 5 1 cellshiml and the colls wore sceded on the gel surface
[18:19], The collagen. gols were sterilized by placing the pels fisst In-an
ethanot:water {50:50) solution for 2h, then'in g 70:30 solution for 20, ind
overnight ing 100:0 solution before lyophilization. The Iyophilized wels
were hydrelyzed with E-MEM for Smin. and the E-MEM was disposed
immediately prior to-ccll seeding, After 24-and 48-h eyeles, the number of
adbering colls was moeasured using UV-vis spectrophiotometer (V-560,
Jasen, Tokyo, Japan) ai 560nm by lactate dehvdrogenase (LDH) assay.
All -experiments swere repeated 3 times and the average was. caleutated
rogether with the standard deviation.

TFhe morphology of the L92Y cells after the 48-h incubiation period wag
abservied using seanning clectron microscopy (SEMY. The cells uitached to
thie samples: were rinsed with PBS and fixed with 2.5% ghrtaraldehyde:
Subsequently, the samples wore dehydraied for Fomin dsing an ethanal
dilution: serfes (10%, 30%. 50%, 70%. and 90%) before the kel
debydration with 100% ethanol After-dehydrition. the samples wors first
dried at room remperature and then in vacuuwm. In order 1o avoid
deformiution of the cells, ull samples werg fixed otito the #ass vover prior
to vacuwm dryving

Terminelopy Composition

Le-gel

EN gl

CoPho gel MiC-p
MdC-0
M0
Mick]
MaC-t
M1

Unerass-linked ;gel (stabilized under pH 9.0)
ERC/NHScross-linked collagen gl inder pH 9.0

PMA immobilized on Uc-gel wnder pH 90
PMA immobiiized on MIC-O el under pH 90
PMA immobilized -on MdC-0gel under pH 90
PMA immobilized on EN gel ander pH 9.0
PMA Tmmobilized on NIC gob wnderal pH 90
PHA inunabilized on MdC welunder pH 9.0
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226, €l viabiliey 1o .

Theeel! viability test was execited tging the 3-(4. Sadimeibvithizzolyl)-
2. 5-diphenyltorazoliuny bromide (MTT. Sigma Chemical ©o.. 8t. Louis,
USAjyassay. The cells were cultured pneach testgpecimen (5000 collsiwell)
for-48h and. were washed ‘twice with PBS. Subsequently. 200 ul of the
BETT soluton (0.5me/mbin medinm, Qlter sterilized) was added to the
culturewells, Afterincubation Tor 45 at 37°Cn 4 10% CO: atospliste,
the MTT geaction medivm . was removed and blue formazan was
sohubilized by the addidon of 100l dimethylsulfoxide (DMSQ) The
optical density readings were subsequently performediat $70nm by using
the Micro BCA kit

227 Sratisticad unalysis

Al the oxperiments were repeated 4t Toust 3 Umes and thie values were
expressed as meanz standard deviation. T several fgures..the error bars
arg not wisible because they: are included. in ahe plot- Statistical analvsis
was performivd ‘using Student’s stest with the: significant lovel sef as
FPe0.05.

3. Resuolts

Atomic concentration ‘percentage of phosphorus is
shown in Table 2. Phosphorus was not detected in the
case of Ut gel and EN gel, while phosphorus was detected
in the case of CoPho gels. The phosphorus concentration
increased for MAC gels, but sienmifieant incréase in die
phosphorus atomic coneentration was not shown for MiC
gels.

SCA of the respective collagen gels wis measyred and is
itlustrated in Fig: 2. The SCA for Ue and -EN gels was
approzimately 707, SCA decreases as a result of repeating
the immebilization process, and was 207 for MiC-0 and -1
gels, thus indicating that the CoPho gel wis acquiring a
hydrophilic nature.

Fig. 3 illustrates the results of the reacted amine group
content of the respectivé collagen gels. Tt decreases from
approximalely 60-30% as the PMA is immobilized
compared to Uc gel. The lowest reacted amine group
content wus observed for G-gel, which was approximately
15% of Uc gel.

Fig. d-illustrates the swelling ratio of the collagen gels
ufider atidic and neutral pH conditions. Ue gel dissolved in
acidic pH conditions (pH 2.4) and swelled o approxi-
mately 350% in neutral pH conditions (pH 741, The
swelling rativ decreased rapidly on execution of oross-
linking. In terms of the swelling rato, the two gels did not

Tablg 2
Aromig phesphom-concentration of respéerive callagen ool

differ substantially under neutral pH conditions, contrary
to the situation under acidic pH conditians. Howéver, a
decrease ‘in ‘the swelling ratio was observed; after re-
immobilization 1t decreased from 130% for MiC-1 gel to
93% for MitC-1 gel.

Degradation by collagenase demonstrated that crosss
linking decreases the degradation rate of collagen gels
(Fig. 5). Uc gels, which completely degraded within 6,
remained undegraded for 24h whep cross-linked with
EDC/NHS - aloge. Imniobilization stabilized the gels
against degradation by collagenase,

Fig. 6 illustrates the resulis of fibrinogen adsorbed on the
sutface of the collagen gel. Tt can be clearly seen that
fibrinogen adserption decreased as cross-linking pro-
ceeded.  The amount of adsorbed fibrinogen further
decreases as the MPC polymer is immobilized,

Fig, 7 illustrates the results of the cell adhesion test,
Here, we discovered that repeated immobilization of PMA
suppressed cell adhesion. Comparison of cell adhesion on
completion of 24- and 48-h cveles revealed that the number
of adhered cells form the case of the Ue gel after 48-h cyele
had increased by approximately 2 timies: the rate of
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merease decreases as the cross-lnking of the collagen gels is Cell morphology observed using SEM (Fig. §) deton-
proceeded. When assessing the suppression of cell adhesion  strated that the L1929 eells were deformed on the non-MPC
in terms of intra- and interhelical cross-links, we observed  surface. On the other hand. the cells remained intact
that higher suppression was considerably higher in gels  {round) on the CoPho gel surface. An increase i the
with intra- and interhelical cross-link. MiC-1 gel displayed  density of the MPC head group resulted in a decreasein the

cell adhesivity that was similar

to that of the G-gel. distribution of L929 cells.
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Fig. 9 illustrates the wability of the 1929 cells after
48h. Tt reveals that cell viability ranges from 96% to
H3% (TCPS as 100%) [20]. Cell viability was. approxi-
mately 70% for the glutaraldehyde cross-linked collazen
gel, Immebilization of PMA, did not induce any toxicity,

b
————:!M——gm
it
I~ o
g 80 Qb
] —
g 0 L \
B \ O
=
g 404 v
g \
o
2 4 % '
O T H kS T i
0 w20 % 40 50 &0 W

“Firne thours)

Fig. 5. Degradation of colligen gold By collagenase in Tris-HC buffos
(pH 7A ar 377°C. (M) Te gel, (@) MICH gel. (&) MdC-0 gel, %) MO0
gel (b3} EN gel, (0} MiIC-1 gel, (4) MaC gol (VM€ gel, and (<)
Cr-gel. Closed symbols indicaic gels withour interhelical crossdinks while
open symbgls indicate gels with interhelival sioseslinks. Bach value
represents the mean+ 81 (o =53,

4. Discassion
4.1, Physical properties of the EN and CoPho gels

The collagen gel thai. was prepared from a 2wi%
agueous collugen solution differed from that prepared
from a 0.5wt% collagen solution [11] A considerably
thicker film was obtained (= 50 um), and this flm displayed
tougher mechanical strength. suppressed swelling, and it
slowed vollagenase degradation. However, thermodynamic
conditions such ag shrinkage temperaiure remained nn-
altered.

KPS signals displayed a phosphorus peak and a nittogen
peak N T(CHaxl at 134 and 40326V, respectively; this
indicates that PMA was effsctively adopted [10.11]. This
implies that PMA wis successfully intimobilized on the
surface of thecollugen gels, The phospharus concentration
would increase when the MPC is immobilized on the
collagen, but did not inerease significantly for MIC gek
{Table 2). This implies that theimmobilizgtion would not
oceur when the PMA is immobilized for the third time. The
increase in the density of the PMA chains is interfering
further immobilization process, This can be supplementad
by SCA result. The phospholipid head sroups on the
sutface of the collagen gel decreased in the SCA, implying
that the surfsce of the CoPho gel was acquiring a
hydrophilic nature (Fig. 2). The hydrophilicty of the
CoPho gel was due to the MPC head group, which was
located on the surface [18]. The hvdrophilic nature of the
MPC polymer is thought to be one factor that can-snppress
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miganilication of 1060

the protein adsorption. It is because the wet condition of
the surfuce s inducing the increase in the mehility of the
MPC polymer head group, SCA further decreases as a
result of the re-immobilization process. indicating an
increase in the density of phospholipid head groups on
the surface of the CoPho gels. However, third immobiliza-
tion process did ot decrense the contact angle further.

Did the increase in PMA on the surface of the collagen
gel vesultin a change 1y the structure of the collagen gels as
mdicated in Fig. 17 'We attempted to characterize the
network structure by investigating the reacted aming group
content and theswelling ratio (Figs. 3 and 4). Cross-linking
collagen gels with EDC/NHS leads to a decrease in the
number ol reacted amine groups because NH, from
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(hydroxy-jlysine residues is consumed. on amide bond
formation and WH; s nat formed [7.21]. However, the
percenitage of the unreacted amine group confent was
higher than the expected number. Approximately, 60% of
the. NH, remained unreacied compared o Ué gel
Immobilization of PMA. on the collagen gel cousumed
approximately 40% of the amine groups. With regard to
PMA immobilization, it is believed thal the aming groups
may be consumed-only on the surface of the collagen gel
becduse PMA cannot penietrate the collagen a-helices [11]
The re-immobilization process decreases the reacted amine
gronp content by up  40% of Ue gel; immobilization
process repeated three times, by up to 30% of Ue gel. The
icrease in the phasphorus coneentration and the decrease
in 8CA were not observed, but the unreacted amine group
content decreased for MIC gels. This implies that the
inmnobilization s slepped, but few infra- and inferhelical
cross-links have occurred. This decrease is considered high
when compared o that of Gegel, which demonstrates
approsimately 15% of Uc gel. Since the immobilization
process oceurs only on the surface of collagen gel, lowering
the free amine content any further was not possible
An tmmobilization period of 48k was the langest period of
minobilization that showed a decreass in the nuniber
of unreacted aniine group, and addition of a higher amount
of EDC, NHS, and PMA during the cross-linking process
did not cause a significant change i the reacted amine
group content (data not shown},

The EN gel is formed by mira- and interhelical cross-
links, whereas the CoPho gels are formed by a polymer-
helix network. The formation of the cross-link network

leads to o decrease in the swelling ratic. In a previous
study, we have mentioned that the swelling ratio of the
collagen gels is expected (o decrease with the progress in
cross-linking [11]. The network formed by cross-linking
would be dense, and this renders water absorption difficult
for the gels. The swelling ratio under acidic and neuiral
pH conditions varies dus 1o the repulsion {oice amongst
the NH and COO™ groups. The swelling ratio is higher
fot collagen gels inumersed in acidic pH condition because
they stabilize under neutral pH conditions, With regard
to collagen gels prepared with a 0.5 wt%% collagen solution,
highly acidic pH conditions causes the uncross-linked
colligen gels to dissolve [T} however, nong of the collagen
gels used in this study dissolved because the w-helices
were packed miore tightly and were stabilized during gel
preparation. Under neutral pH conditions, the collagen
film would stabilize by forming a lattice network of fibrils
vomprising  hydrophobie  and  electrostitie  bonds
[11.22-24]; henee, the swelling ratio would be less than
that obsetved under aeidie pH eonditions. Thediflerence fn
the swelling ratio between . the collagen sels with and
without inter- and Ditrahelical cross-links (uaderacidie pH
conditions) is approximately 20-50%. The reacted amine
group shows a difference of only 5-10% because stabiliza-
tion of z-helices by intra- and inferhelical cross-links causes
& decrease in ‘the swelling ratio. The consumption of
carboxyl groups und amine groups is eliminatng the site
for the protein Binding, ArgGly-Asp (RGD) séte &
consumed for the immobilization process, which is making
the protein more difficult to adsorbed [25,26]. This would
be discussed in Section 4.2,

Please cite this erticle as: Nam Kool al Physical ‘and bislogical propertics of collagen-phospholipid polvmer hvbrid gels, Riomaterials (20073,

doi:10:1016/1. Blomaterials. 200703001

112

87



£

Formation of a denser network leads 1o difficulies in
the degradation by collagenase (Fig. 51 Activation of

collagenase requites adsorption on the eollagen pel surface -

[11,27). Subsequenily, the collagenase penstrates the
collagen gel and begins to ¢leave the helices 28] However,
a low swelling ratio-does not permit eollagenase absorption
by the CoPho gels. The degradation rtate is considerably
slower due 1o an increase in PMA density. A high density
of phospholipid head groups is believed to prevent
collagenase adsorption on the surface. FEventually, the
CoPho gels would be more stable against collagenase,

4.2. Bivlogical properiies of EN and CoPho gels ‘

As previously mentioned, the hydrophilicity of the
CoPho gl increases with immobilization of PMA due
the presence of phospholipid head group onthe CoPho gel,
High hydrophilicity is known (o be one of the factors that
lead to difficulties in protein adsorption [29], Incréase in
the density of PMA results in a decrease’in the adsotption
rate of fAbrinogen (Fig. 6). This imphes that the immobi-
lized MPC polymer leads to difficulties in the interaction of
proteins with the gel surface. In addition to this, the cross-
links also decrease protein adsorption. The s-amino groups
from (hydroxy-Hysine residues of collagen are blocked by
the cross-linking process [30], Thus, it is believed ihat
hydrophiliciiy of the hybrid gel and the blocked saming
group renders it difficult for the hybrid el surface to
adsorb fibrinogen. A similar phenomenon was observed
durtng the cell adheston test (Fig. 7). We observed thar
repeated immobilization of PMA suppressed cell adhesion.
Comparison of cell adhesion after 24- and 48-h cycles
revealed that thenumiber of adhered cells 11 the case of the
Ug gel after 48 h cyele had increased by approximately 2
times; this rate of inerease would decrease us collagen pels
more phospholipids s inunohilized. Immobilization of
PMA did not induce any toxicity. Decrease i cell
attachment on CoPho gels was entirely attributable to
the surfuce property. Le. the ability to regulate coll
adhesion and protein adsorption. These results indicate
that the immobilization of the PMA would induge almes
the same effect as that of Gogel but without toxicity. As
mrentioned in Secton 4.1, the formation of the cross-
linking is eliminating the site for the protein binding, Same
afleet can be expected for the G-gels. Consumption of
RGD for the cross-linking is making the gels to resist
against protein adsorption and cell adhesion. Improper
cross-linking by ghutaraldehyde would induce the high
protein adsorption [23]. However, in our case, Gegel
showed Jow protein adsorption and ¢ell adhesion, indicat-
ingithat the RGD is effectively erass-dinked, The formation
of the cross-Hnk is bringlng the difficulty in the adsorption
of proteins.

When assessing suppression of cell adhesion in terms of
intra~ and interhelical cross-links, we observed that
suppression was considerably higher in gels with intra-
and interbelical cross-tinks. The MtC-1 gel digplayed eall

Nam et-al. | Biotwrterials § {1818 205-50 g

adhesivity that was similar to that of the G-gel. This
implies that intra- and interhelical cross-inks also con-
stitute an important - parameter in suppression of cell
adhesion. This can be reaffirmed by the fact that the
number of cells adhered onio the EN gel s less than that in
the case of the U gel. Much higher affect can be seen for
G=gel, but we could not detect high suppression of cell
adhesion . by EDC/NHS eross-link, indicating that the
functional groups still exist largely on the surface.
Comparing EN pel and MiC-0 gel, the reacted amine
group conlent is alinost the same but the bislogical
property is different. This is-due to the difference in the
sirface: property of the EN gel and MiC-0 gel. Tnvestiga-
tion of cell morphology revealed that the 1929 cells were
deflarmed on the won-MPC sufface {Fig, 83 On {he other
hand, the cells remained intact (round) on the surface of
the CoPho gels, indicating a weak interaction between-cells
and the surface [19], However, the adsorption of protein
and the adhesion of the cell were still higher compared to
other materials that used MPC polymer [18,31-33]
Ishiliara etal. pointed out that 30moel% of MPC polymet
is vequired for fibroblast. suppression [29] Repeated
immobilizalion increased the number of phosphorylcholine
moteties on the surface of collagen gel surface. However, it
is believed that the ingreuse it the number of phospholipids
moieties s no longer possible, and no significant decreuse
was observed in the amount of adsorbed fibrinogen and
adhered cells.

5. Conclusion

Repeated immobilization of PMA can increase ifs
immobilization rate, resulting iy an imersase in the numiber
of MPC head groups: hence, unreacted amine group
content and the swellng rato deereased and (he degrada-
tion by the collagenase was delaved. The cell morphology
remained round indicating a weak interaction between the
cells und the gel swface. Thus, the CoPho gel can be used
as an alfernative collagen-based gel for an implantable
biomedical device. Furthermore, we expect that co-
immobilization with. different polymer-posssssing carboxyl
groups such as hepanin is possible. In the near future,
we look forward to teporting on the use of the CoPho gel
iz vive,
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Preparation of poly {vinyl alcohol)/DNA hydrogels via hydrogen bonds
formed on ultrahigh pressurization and controlled release of DNA from the

hydrogels for gene delivery

Abstract Poly (vinyl alcohol) (PVA) hiydrogels interacting
with DNA mediated by hydrogen bonds (PVA/DNA hy-
drogel) were developed using ultrahigh 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 relésse from
the hydrogels was investigated asing PYA/DNA hydrogel
samples of 5% and 10% wiv 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 15 h followed by a sustained release phase. How-
ever, there ‘was a difference in the amount of BNA re-
leased. Less DNA wasteleased by the pressurized hydrogels
than by the freeze-thaw hydrogels. Also, the cumulative
amotnt of DNA released decreased asthe PVA contentin
the hydrogels increased. These results indicate that DNA
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release from the hydrogels can be modulated by changing
the preparation method and the PVA content. Further-
more, il was demonstrated that DNA release couild be con-
trolled by varying the amount and duration of pressurizing
used to form the hvdrogels. Intact tractions of plasmid
DNA. released from the hydrogels were separated by aga-
rose gel electrophoretic analysis. These results supgest that,
using controlled release, DNA from PVA/DNA hydrogels
formed by UHP treatment can be transfected into cells;

Introduction

Safe and biocoumpaiible synthetic materials have been de-
veloped as biomaterials. In gene therapy, nonviral syn-
thetic gene carriers have been the focus of attention duefo
their biological safety advantages over virlises.” In many
cases; cationic synthetic materials; such as cationic Hpids,
liposomes,” polyethyleneimine; polyamideamine den-
drimser;” puly-r-ysine (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 elecirostatic 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
cytotosicity 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 dess
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 schizophyls
1an, which is a kind of polysaccharide {3-1.3 glican), was
formed through hydrogen bonding.” In addition, we prévi-
ously reported that nanoparticles of poly {vitiyl alcohol)
{(PVA) bonded to DNA via hydrogen bonds weré obfained
when mixed solutions of PVA (less than 0.01% wiv) and
DNA. were treated under ultrahigh pressure (UHP) at
10006 atmospheres (980 MPa) and 40°C for 10minB It is
well known that intra- and intermolecular hydrogen bond-
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ing increases in these conditions.* The PVAIDNA 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 soch as poly (lactide-
co-glycolide) (PLGA),” hyaluronic acid,™ atelocollapen,V
and gelatin'™ Shea et 4l. reported that the sustained de-
livery of DNA. from PLGA led to effective transfection of
a large number of cells in vitre and in vivo.S 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 hydroge! interacting with DNA
slectrostatically.®” 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, o obtain different degrees of
cationization,

Inthe present study, we report the preparation of a novel
PVA hydrogel with DNA crosslinked physically by hydso-
gen bonds using UHP technology and its application to the
contralled release of DNA. The goal is to developan effec-
tive, low-cytotoxic and gene-eleasable 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® 1t is also
known that PV A hydrogelis formed by physical crosslink-
ing with hydiogen bonds when PVA solution is frozen and
thawad several times, which is called the fréeze-thaw
method

Materials and methods
Materials

In our experinients, we used PVA samples with an average
molecular weight of 22000 and ‘a degree of saponification
of 99.8%, as supplied by Kuraray (Osaka, Japan), We also
used salnion sperm DNA purchased from Wako (Osaka,
Tapan), plasmid DNA. encoding enhanced. green fluores-
cence protein undera cytomegalovirus promotet (pEGFP-
N1, BD Science, Ml CA, USA), and nucleit acid staining
dye solution (Mupid Blue) obtained from Advance (Tokys,
Japan).

Preparation of PVA/DNA hydrogels by UHP

Agueous PVA solutions of 6%, 8%, 10%, 14%, and 20%
wivwere prepared by autoclaving three times for 30min at
121°C, 8almon sperm DNA was dissolved in a Tris-EDTA
buffer (TE, pH = 7.8)at a concerdration of 16.3mg/ml The

DNA solution wasmixed with PVAsolutions 0£10%,14%,
and 20% wiv-at a ratio-of 171 The 0.7-ml samples were
iransferred in silicon tubes (9 x 28mm) with both ends
capped by silicon plugs. The tubes were pressurized mnder
various UHP conditions, using different pressures, temper-
atures, -and durations, in 2 high-pressure machine (Kobe
Steel, Kobe, Japan).

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

The presence of DNA in the PYA/DNA hydrogels pro-
duced by UHP treatment was confirmed by nucleic acid dye
staining and UV-visible spectroscopy. Forthe former meth-
od. the PVA/DNA hydrogels were immersed in nucleicacid
dye solution for Tmin and then transferred to 70% ethanol.
Afier 1rmin, they were Immersed in jon-gxchanged water
for ‘Tmin. 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 3 ml of phosphate-buffered saline (PBS) for 144h
at 37°C. AL 0.25,0.5,2,3,15,27,48, 111, and 144k, 201 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 8, Amersham;
Tokyo, Yapan).

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% wiv) were treated by UHP under the
conditions described above, The obtained PVA/RDNA
hydtogels were immersed in PBS for 12 and 48k, and then
thesamples i the outer part of the solution were collécted
and analyzed by agarose gel electrophoresis at 100V for
45 min,

Results and discussion

Aqueous solutions of PV A at concentrations ranging from
3% 10 10% wivwere hydrostatically pressurizedat LO000atm
at 37°C for 10min, With a PVA solution ‘of 3% why, 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-
setved in the PVA solution on seanning electron microsco-
py (SEM, data not shown). For PVA concentrations of
more than4% wiv, hydrogels were produced on pressiitiza-
tion (Fig. 1B-D). The PVA hydrogel of 4% wivwas fragile
(Fig. 1B), but increasing the PVA conceniration enhanced
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Tig, 1. Photographs of poly (vinyl alcoliol) (PVA) hydrogels (A-D)
and PYA/DNA (EJF) hydrogels at coneentrations of A 3% wiv, B 4%
wiv, CJE 5% wiv; and D,F 10% w/v obtdined by ultrahigh-pressire
{reatment

hydrogel formability, and hard hydrogels were obtained at
a PV A concentration of 10% w/iv (Fig. 1D). These results
indicate that pressurization induced physical eross-linking
of PVA molecules and that the degree of crosslinking in-
creased as the PV A concentration increased. To nvestigate
whether the PVA molecules were physically cross-linked by
hydrogen bonding, 2 PVA solution of 5% wiv with urea
{3.3M), which way used a3 a hydrogen bond inhibitor, was
treated under the above pressurizing conditions. The solu-
tion remained translucent (data not shown), indicating that
the PV A hydrogel obtained by pressurization was mediated
by hydrogen bonding.

The gelation of mixed solutiong of DNA and PVA (5%
and 10% wiv) was achieved by pressurization i the condi-
tiongdescribed above (Fig, 1E,F). Toconfirm the presence
of DNA in the hydrogels obtained, they were heat treated
4t:90°C for 10min-and then the DNA concentration of the
solutions obtained was meastred spectrophotometrically at
260nm. Roughly equal amounts of DNA were contained in
each hydrogel (Fig. 2A). Alsg, 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 sustaing DNA (PVA/DNA hy-
drogel) was formed on pressurization. On the other hand,
when urea ‘was introduced, PVA/DNA hydrogel was not
obtamed on pressure ireatment, Thig result suggests that
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Fig. 2A,B. Presence of DNA in PVA/DNA hydrogels. A Amount-of
DNAin solution obtalned by melting PVAJDNA hydrogels prepared
using ultrahigh-pressure processing. B Photographsof PVA hydrogels
and PYAJDINA hydrogels stained with nucleie acid dye

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 10000atm at 37°C for 10 min was investi-
gated, PVA/DNA hydrogels produced by the freeze-thaw
method, 4 common method of forming PVA hydrogels?
were: used -as.control samples. Figure 3A shows DNA re-
lease profiles from the PYA/DNA hydrogels at PVA cons
centrations of 5% and 10% wiv obtained by pressurization
and the freeze-thaw method. Each release curve of DNA
from a hydrogel consisted of & rapid phase in the initial 15h
followed by asustained release phase. However, the amount
of DNA released was dependent on PVA content and on
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which procedure was used 1o prepare the hydrogels. The
DINA release from the 10% wiv PVA/DNA hydrogels was
lower ‘than that from the 5% wiv PVA/DNA hydrogels;
irrespective of the preparation methods: This is consistent
with the fact that the 5% wiv samples were more easily
stained by nucleic acid dye than the 10% wiv samples. We
suppose that the increased crosshinking 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 1jm) were obgerved on SEM
in the hydrogels made from 5% wiv PVA obtained by the
frecze—thaw method, while many porous structures with
diameters 'of 300um were observed in the pressutized hy-
drogels (data notshown). We believe that this-difference in
internal structure between sample types affected the mter-
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/DMNA hydro-
gels-0f 5% wiv were prepared by different levels of pres-
surization at different femperatures and for different
durations. First, with pressure processing ‘periods varying
from § to20min at 10000atm and 37°C, similar DNA rs-
lease profiles were exhibited for the hydrogels obtained at
pressurizing times of 10 and 20min, but the amount of DNA
released by hydrogel samples pressurized -for Smin (Fig.
3B) was less than that released by samplés with longer pres-
surizing times. Second, the DNA release curvesof the PV A/

DNA hydrogel produced on pressurization at 100004tm
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 pressuresof 8000 atm and 37°C for 10min than by
hydrogels produced st 10000atm and 37°C for 10min-(Fig.
3C). These results indicate that DNA release from pressir:
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
aré formed® Tt seems that DNA was easily released from
PVA/DNA hydrogels pressurized under conditions of more
than 10000atm. for Jonger than 10min becduse 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 PV A concentrations-of 5% and
10% wiv were obtained by pressurization at 10000atm at
37°C for 10min and then immersed in Sml PBS. After12
and-48h of immersion, the outer part of the solution was
collected and -analyzed by dgarose gel electrophoresis at
100V for 30min to investigate the stability of released
pDNA from the hydrogels (Fig. 4} Nodegradationof DNA
was: observed, indicating that the plasmid DNA released
from the PYAJDNA hydrogels was stable. Two bands of
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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, pEFGE, #l

linear and circular plasmid DNA were observed with 5%
wiv PVA/DNA hydrogel, while circular plasmid DNA was
released from the 10% wiv PVA/DNA hydrogel, indicating
thatthe linear form-of plasmid DNA tends to interact more
strongly with PVA than the circular plasmid DNA

Conclusions

Novel PYA/DNA. hydrogels crosslinked physically by hy-
drogen bonds were developed using UHP technology. DNA
released from the hydrogels was-controlled by varving the
PVA concentration and pressurization conditions, such as
the level and duration of pressure used 1o form the hydro-
gels. The demonstrated stability-of the DNA released from
the hydrogels sugpests that PYA/DNA hydrogels have po-
tential as a candidste for gene delivery.
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