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Figure 2. Skipping of exon 6 in ACTAZ transcript due to genomic
mutation in splicing donor site (c.616+1G >T) identified in Family 2.
A: Schematic diagram of ACTA2 normal splicing and skipping of exon
6 caused by a mutation in the splice donor site of intron 6. Positions of
the primers used for RT-PCR analysis are indicated by arrows. B: RT-
PCR analysis of ACTAZtranscripts of the patients. cDNA samples from
each patient were amplified with PCR using primers c2F and c1R, as
described in (A). Exon 6 skipping and inclusion were assayed using
samples from a healthy control (lane 2) and the patient (lane 3). Lane 1
shows a non-reverse-transcribed RNA control. C,D: Direct DNA
sequence analysis of an RT-PCR fragment (c1F-c2R) representing
chimeric ¢cDNA from normal and shorter transcripts. Sequence
analysis of both strands confirmed that the shorter transcript was
lacking entire exon 6 (162 bp).

Table S1). The six members had four Stanford A-type aortic
dissections, three Stanford B-type aortic dissections, and one
undefined type. Since some of the affected individuals were
deceased and other family members with or without aortic
diseases did not give consent, a genomic DNA sample for genetic
analysis was available only from the proband.

The clinical features of this patient were unremarkable, except
for early onset of aortic dissection. Although not all members
could be closely examined, no ocular, skin, or cardiac abnorm-
alities were noted in any of the remaining individuals.

Family 3

We identified a heterozygous G to A transition at cDNA
position 635 in three affected members in Family 3. This mutation
is located in exon 6 and predicts an amino acid substitution of
Arg212 to Gln. The mutation was not found in the rest of the
cohort or in 190 control subjects. Although genetic analysis was
performed for three affected members (Patients III:8, IV:5, and
IV:7) and three unaffected members (Patients II:3, IV:3, and IV:4),
the pedigree chart suggested that the other four affected members
(Patients II:1, II:4, III:2, and III:3) would be obligate carriers of
this mutation. No mutation was found in any of nonaffected
members tested. Arg212 is a highly-conserved amino acid in actin
families located in subdomain 4 (Fig. 3B), which faces the ATP
binding cleft in the crystallized protein structure and is positioned
adjacent to Glu216, one of the known ATP binding sites. Arg212
has also been shown to stabilize the water-mediated hydrogen
bonding network across the ATP-binding cleft [Vorobiev et al.,
2003]. A substitution of basic Arg212 with a guanidinium side
chain to neutral Glu, a side-chain-amide group amino acid, would
disturb this stabilization and is expected to be deleterious. We
also employed polymorphism phenotyping (PolyPhen) analysis
[Ramensky et al., 2002] to predict the impact of the p.R212Q
amino acid substitution. The algorithm predicted the substitution
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Figure 3. Estimated protein structure and mutations of ACTA2. A:
ACTA2 monomer domain structure and associated molecules. ATP
(shown in green) binding amino acids are shown in pink and gelsolin
(shown in light blue) binding amino acids are shown in blue. Locations
of the ACTA2 mutations are also mapped. Red and blue spheres
represent R212 and Y145, respectively. Amino acids deleted by exon 6
skipping are shown in purple. B: Details regarding ATP binding cleft. C:
Details regarding gelsolin binding interface.

would be “probably damaging” because of “disruption of the
ligand binding site,” with a position-specific independent count
(PSIC) score of 2.394 in 496 observations (>2.0 indicated
“probably damaging”).

The proband (Patient IV-5, index) was a 29-year-old male who
was diagnosed with chronic aortic dissection (Stanford B type) at
age 25 years, which was followed by a graft replacement of the
descending aorta. The onset of dissection was ambiguous, though
he had been suffering persistent back pain that started at age 13
years while practicing judo, but was never referred to a hospital.
His family history was notable for aortic and vascular diseases
(Fig. 1; Supp. Table S1), and he had two relatives, an uncle
(Patient I1I:3) who died of acute dissection of the thoracoabdom-
inal aorta at the age of 45 years and a cousin (Patient IV:1) who
experienced aortic dissections at the age of 34 years. Furthermore,
his aunt (Patient III:1), another cousin (Patient IV:7), and a first
cousin once removed (Patient III:8) had severe or surgically
repaired aortic aneurysms. Three other relatives (Patients III:2,
II:1, and II:2), including his father, died suddenly of an unknown
etiology in their 40s.

His physical findings were unremarkable, as there were no
ocular, skin, or cardiac abnormalities. Echocardiogram results
revealed a moderately dilated aortic diameter at the sinuses of
Valsalva (left ventricle outflow tract diameter [LVOT] 22 mm,
aortic diameter at the sinuses of Valsalva [AoSV] 36 mm, and
aortic diameter at the supraaortic ridge [AoSAR] 30 mm).

Two other affected relatives (Patients III:8 and IV:7) were also
examined, both of whom had no ocular, skin, or cardiac
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abnormalities. Echocardiogram results revealed that Patient II1:8
had a dilated aortic diameter at the sinuses of Valsalva (LVOT
23mm, AoSV 51mm, AoSAR 44 mm, and aortic diameter at
ascending aorta [AcAA] 43 mm). In addition, Patient IV:7 was
shown to have a moderately dilated aortic diameter at the sinuses
of Valsalva (LVOT 19mm, AoSV 36 mm, AoSAR 29mm, and
AcAA 30 mm).

Histological examination of surgically removed aortic tissues
from Patients [V:5 and IV:7 revealed a disorganized medial fiber
structure or cystic medial necrosis (Supp. Fig. S1).

Sporadic Case (M80)

A heterozygous A to G transition at cDNA position 140 in exon
5 of the ACTA2 gene was detected. This mutation predicts an
amino acid substitution of Tyr 145 to Cys, and was not detected in
the rest of the cohort or in 190 control subjects. Tyr145 has been
shown to be one of the gelsolin binding sites, along with Gly148,
Glul69, Gly344, lle347, Leu348, Leu351, Ser352, and Thr353, and
it faces the hydrophobic deft between subdomains 1 and 4
[Dominguez, 2004] (Fig. 3C). They are all highly-conserved
amino acids in the actin family and bind to gelsolin, a key
regulator of actin filament assembly and disassembly, by capping
and severing F-actin. The substitution of Tyr145 to Cys is expected
to perturb the integrity of ligand binding, as shown with
previously reported p.R149C and p.T353N (Fig. 3C).

The patient was a 31-year-old male who suffered an acute
dissection in the descending aorta (Stanford B type) and was treated
conservatively with antihypertensive therapy (Supp. Table S1).
He had another acute dissection in the proximal descending aorta 1
year later, followed by graft replacement of the total descending
aorta. He became obese (175cm, 117kg, body mass index 38.2)
after stopping participation in amateur wrestling at the age of
23 years and had mild hypertension, hypercholesterolemia
(285 mg/dl), and hyperuricemia (11.8 mg/dl). His family history
was unremarkable, and there were no instances of aortic dissection
or sudden death. Due to obesity, the echocardiogram examination
was incomplete; however, the aortic diameters at the sinuses of
Valsalva were not remarkable (AoSV 35mm, and AcAA 30mm).
Histological examination of surgically removed aortic tissues
revealed cystic medial necrosis (Supp. Fig. S1). Unfortunately,
physical examination findings and genetic analyses of other family
members were unavailable.

Discussion

In the present study, we confirmed that ACTA2 mutations are
an important cause of familial AADs. In a total of 14 probands
analyzed, we identified three mutations in three unrelated families,
for a ratio of 21%. In a study of a cohort of 97 TAAD families,
Guo et al. [2007] argued that ACTA2 mutations are the most
common cause of familial TAAD yet found and are responsible for
14% of reported cases. Our data support their conclusion
regarding that point, even though the study design was different.
In addition, our analysis of 26 additional sporadic and young-
onset TAAD cases identified one mutation that is thought to affect
ligand binding characteristics.

Of the four mutations identified in the present study, three were
novel. One of these mutations, p.R149C, is the same as reported
by Guo et al. [2007] and the clinical presentation was similar, as
the patient had livedo reticularis and an iris cyst. The second
mutation, ¢. 616+1G>T, was novel and found to affect mRNA
splicing by skipping entire exon 6, resulting in 54 amino acid
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deletions. It should be unequivocally causative, since a transcribed
peptide will lack several important binding sites of known
molecules, including ATP, gelsolin, and profilin. The third
mutation, p.R212Q, was also novel, and our findings that it
affected family members in more than three generations and was
located to face the ATP binding cleft suggest it to be a causative
mutation. The fourth mutation, p.Y145C, was identified in a
nonfamilial case and was also novel. Unfortunately, additional
investigations such as a genetic study of his parents could not be
performed. Nevertheless, based on the finding showing substitu-
tion of gelsolin-binding Tyr, which was previously reported in
several structural analyses, we concluded that this mutation was
also causative. Although further investigation is needed, we
consider that the corresponding ACTA2 mutation causes dete-
rioration of structural integrity at the cellular level.

We found a higher rate of aortic dissection in the descending
portion in patients with the ACTA2 mutation as compared with
previous reports [Guo et al,, 2007]. Of 11 dissection events in
which the dissection type was proven, six were Stanford type B
and five were type A. In the former six patients, at least three were
known to be absent of annuloaortic ectasia (AAE) or involvement
of the ascending portion of the aorta. This is a significant contrast,
since most cases of Marfan syndrome have aortic involvement in
the ascending portion, especially the sinus of Valsalva [Boileau
et al,, 1993; De Paepe et al., 1996; Faivre et al., 2007]. On the other
hand, three affected individuals in Family 3 showed only AAE
without any dilatation in the descending aorta. In the previous
report by Guo et al. [2007], there were 19 aneurysms in the
ascending portion, 36 type A dissections, and 13 type B
dissections, indicating more type A events than in our study.
One possible explanation for this discrepancy is the different
mutation types found.

In addition, we found that the extravascular involvements
described in the previous report, livedo reticularis and iris
folliculi, were rare in our study. Although these features were
noted in a patient with the p.R149C mutation, which is the same
as in a previous report, no other affected individuals were noted
with these features. This may be another mutation-specific
feature, since ocular involvements were noted solely with the
p-R149C mutation in that previous report.

Interestingly, four patients in our study were former athletes,
two tennis players, a judo wrestler, and an amateur wrestler, who
actively played sports in their teens before the aortic events
occurred. Although there is no evidence, physical contact or
higher circulation performance during sports participation might
be an additional causative mechanism for aortic events.

While we were revising this report, Guo et al. [2009] reported
additional ACTA2 mutations including p.R212Q in familial
TAAD. In addition, they indicated that ACTAZ mutation carriers
can have a diversity of vascular diseases, including premature
onset of coronary artery disease and premature ischemic stroke,
as well as TAAD. However, we did not find any specific
clinical feature suggesting premature onset of coronary artery
disease or premature ischemic strokes, though some of family
members (Family 2, Patients II:1 and 1I:2; and Family 3, Patients
II:1 and II:2) died suddenly, some with chest pain. Furthermore,
we did not find any individual with the ACTA2 mutation and
without aortic disease. Those clinical features require further
evaluations using individuals in those families over a long period
of time.

In conclusion, our data confirmed that ACTA2 mutations are
important in familial TAAD. Furthermore, we report the first
nonfamilial TAAD case with an ACTA2 mutation. Since the first
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and only clinical symptom for these patients was an AAD, which
can be life-threatening, identification of mutations in family
members of patients with an ACTA2 mutation would be beneficial
in regard to clinical aspects for improved surveillance and
awareness of treatment, as well as consideration of social,
psychological, and ethical issues. We think that genetic analysis
of ACTA2 for patients with familial TAAD or young-onset TAAD
is as clinically as important as that of FBNI and TGFBRs.
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ARTICLE INFO ABSTRACT

The drawback with collagen/2-methacryloyloxyethyl phosphorylcholine (MPC) polymer hybrid gels (col-
lagen/phospholipid polymer hybrid gels) prepared in alkaline morpholinoethane sulfonic acid (MES)
aqueous solution is that the cross-linking rate between the polymer and the collagen is low. To solve this
problem, ethanol has been adopted as the reaction solvent, to prevent 1-ethyl-3-(3-dimethylaminopro-
pyl)-1-carbodiimide hydrochloride (EDC) hydrolysis. Alterations in the ethanol mole concentration chan-
ged the cross-linking rate between the MPC polymer and the collagen gel. Prevention of EDC hydrolysis is
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gz}l'l":ogf: clearly observed; protonation of carboxyl groups implies that the ratio of ethanol to water should be con-
Crossg-link trolled. The polymer shows signs of penetration into the collagen gel layer, thus forming a totally homo-
Phospholipid polymer geneous phase gel. This affects the mechanical strength of the collagen gel, making the gel much stiffer
Hydrogel and brittle with an increase in the swelling ratio, as compared with that prepared in MES buffer. How-

ever, it is possible to obtain a collagen/phospholipid polymer hybrid gel with a high polymer portion
and the cross-linking rate can be successfully controlled.

© 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Collagen is the major constituent of connective tissues and is
widely used in biomaterial applications [1-4]. The use of collagen
as a biomaterial offers advantages such as biocompatibility, low
toxicity and natural abundance, in addition to well-documented
structural, physical, chemical and immunological properties [5].
However, purified collagen possesses weak mechanical properties,
which are inadequate for application as a biomaterial. The forma-
tion of covalent intermolecular cross-links between collagen mol-
ecules in macromolecular fibrils with appropriate biocompatible
molecules is an effective method of improving mechanical integ-
rity and stability [6-9].

Covalent cross-linking using 1-ethyl-3-(3-dimethylaminopro-
pyl)-1-carbodiimide hydrochloride (EDC) and N-hydroxysuccini-
mide (NHS) is a widely used method. The coupling reaction
produces “zero length” amide cross-links between carboxylic acid
groups and amine groups; this reduces side-effects that may be in-
duced by a cross-linking agent [10]. In addition, adoption of an
additional polymer that contains a carboxyl group enables the

* Corresponding author. Address: Division of Biofunctional Molecules, Institute of
Biomaterials and Bioengineering, Tokyo Medical and Dental University, 2-3-10
Kanda-Surugadai, Chiyoda-ku, Tokyo 101-0062, Japan. Tel./fax: +81 03 5841 8028.

E-mail address: kishida.fm@tmd.ac.jp (A. Kishida).

cross-linking of collagen and the polymer using EDC and NHS to
reinforce the mechanical strength of the collagen gel.

By coupling to anti-coagulant substances, such as heparin, it is
possible to provide collagen with properties such as hemocompat-
ibility, which collagen alone does not possess [11]. However, the
conditions under which the coupling reaction cross-links the colla-
gen and the polymer to control a particular property remain un-
clear. We adopted 2-methacryloyloxyethyl phosphorylcholine
(MPC) polymer, which has good hemocompatibility. We succeeded
in preparing an MPC polymer immobilized collagen gel using
[poly(MPC-co-methacrylic acid)] (PMA) and EDC/NHS in 0.05 M
2-morpholinoethane sulfonic acid (MES) buffer (pH 9.0), as ex-
plained in our previous report [12]. We expected the immobilized
MPC polymer to express good hemocompatibility and non-cell
adhesive properties, but the immobilized fraction of MPC head
groups was low, implying that cross-linking did not occur effi-
ciently and gel could not be applied as a tissue membrane.

To solve the above mentioned problem we adopted ethanol as the
reaction solvent, because hydrolysis of EDC in water occurs over a
very short timespan [13,14] and it has been predicted that ethanol
may prevent this hydrolysis. The use of ethanol has been reported
by many researchers, butits reactivity has not yet been focused upon
[15-17]. In a previous study, we adopted an ethanol/water co-sol-
vent to prepare a collagen gel using EDC and NHS. We found that
the ethanol/water co-solvent did not affect the collagen triple helix
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until the ethanol mole concentration (N,) reached ~0.42 (70 vol.%
ethanol) [18]. The reactivity of EDC with the carboxylate anion
groups of collagen helices could be enhanced by the ethanol/water
co-solvent, but the concentration ranged from N~ 0.07-0.17
(~10-40 vol.% ethanol) because a balance between hydrolysis of
EDC and protonation of carboxylate anions had to be maintained.
To apply this method to polymer-collagen cross-linking we first
characterized the physical behavior of the MPC polymers and
poly(methacrylate) in the ethanol/water co-solvent in order to
investigate the reactivities of EDC and NHS with the polymers.
For MPC polymers we selected two types of PMA: PMA30
[30 mol.% MPC, 70 mol.% methacrylic acid (MA)] and PMA90
(90 mol.% MPC, 10 mol.% MA). Subsequently we cross-linked the
polymer with collagen to characterize network formation by the
collagen gel in the ethanol/water co-solvent. In this manner we
attempted to establish a theory of the polymer-collagen gel
cross-linking system for preparation of a tissue membrane based
on collagen. The second phase of the study, which involved charac-
terization of the biological properties, will be reported in part II.

2. Materials and methods

2.1. Preparation of the collagen/phospholipid polymer hybrid gels (MiC
gels)

PMA was synthesized according to a previously published
method [12,19]. In brief, MPC and MA were co-polymerized in eth-
anol solution for 16 h at 60 °C using 2,2-azobisisobutyronitrile as
initiator. The molar ratios of PMA were MPC:MA 3:7 (PMA30)
and 9:1 (PMA90) and the average molecular weights were
3.2 x 10° and 4.5 x 10°.

Cross-linked collagen gel was prepared using a previously re-
ported method [12,18,19]. Instead of 0.5 wt.% collagen type I solu-
tion (pH 3) (KOKEN, Tokyo, Japan), 2 wt.% collagen type I aqueous
solution was prepared and used for film preparation (thickness
50 + 3 um). The collagen/phospholipid polymer hybrid gel (MiC
gel) was prepared using collagen film. PMA30 and PMA9S0 were
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added to the ethanol/water co-solvent series (ethanol mole con-
centration N = ~0-0.32), along with EDC and NHS. The polymer
was activated for 10 min before the collagen film was immersed
in the solvent. The molar ratios of each chemical were fixed -
EDC:NHS:collagen carboxylic acid groups 10:10:1. Immobilization
of PMA to collagen was allowed to continue for 24 h at 4 °C to form
a MiC30 (cross-linked with PMA30) gel and MiC90 (cross-linked
with PMA90) gel. To evaluate the physical properties, a collagen
film stabilized in MES buffer, pH 9.0, was prepared (Uc gel). The ba-
sic preparation scheme and an image of the MiC30 gel are shown in
Fig. 1. The abbreviations for the collagen gels used in this study are
listed in Table 1.

2.2. Characterization of the polymers

The molecular sizes of PMA0O, PMA30 and PM90 were mea-
sured using a dynamic scattering method using a Zetasizer light
scattering system (Malvern Instruments Ltd., Malvern, UK)
equipped with a He-Ne laser (/=633 nm, 4.0 mW) at 25 °C. The
samples were prepared in an ethanol/water co-solvent series with
a concentration of 1 mg ml~'. The viscosity and transparency of the
ethanol/water co-solvent series were calculated for precise mea-
surement of molecule size. The { potential of the polymers mea-
sured using the same instrument was executed after
mathematical calculation of the permittivity of the co-solvents
[20]. All samples were filtered through a 0.45 pm Millex filter (Mil-
lipore, Bedford, MA) before measurement.

2.3. Characterization of the MiC gels

2.3.1. Surface analysis

Surface analysis was performed using X-ray photoelectron
spectroscopy (XPS) (AXIS-HSi, Shimadzu/KRATOS, Kyoto, Japan).
Samples that had been cut into small pieces (2 x 2 cm) were lyoph-
ilized overnight (FDU-2000, EYELA, Tokyo, Japan). The chemical
composition of the gel surface was determined from the release
angle of photoelectrons fixed at 30°.

-
|
CEH:CH;OI:’OCH:CH,N%CH,):,
o o]
CHy

{CH,—C —}—{-CH, c -}

24hrs.

MiC gel

Fig. 1. Basic preparation scheme and image of the MiC gel.
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Table 1

Abbreviations of polymers and collagen gels used in this study.

Sample abbreviation

PMAOO MPC:MA=0:10

PMA30 MPC:MA =30:70

PMA90 MPC:MA = 90:10

MiC30 gel Collagen gel cross-linked with PMA30 in water/ethanol co-solvent
MiC90 gel Collagen gel cross-linked with PMA9O0 in water/ethanol co-solvent
CoPho gel Collagen gel cross-linked with PMA30 in MES buffer

Uc gel Collagen gel stabilized in alkaline pH aqueous solution (pH ~ 9.0)

2.3.2. Determination of the reacted amine group content

The concentration of primary amine groups in tissue samples
was determined using a colorimetric assay [21,22]. Three to four
milligrams of each sample were prepared. The samples were then
placed in aqueous NaHCOs solution (Kanto Chemicals, Tokyo, Ja-
pan) and 2,4,6-tri-nitrobenzene sulfonic acid (TNBS) (Wako Chem-
icals, Osaka, Japan). The reaction was allowed to proceed for 2 h at
40 °C, The samples were then rinsed with saline solution to remove
unreacted TNBS. Subsequent to freeze-drying the samples over-
night, the dry mass was determined. The dry samples were im-
mersed in 6 M aqueous HCl until they were fully dissolved. The
resultant solution was subsequently diluted with distilled water
and the absorbance was measured at 345 nm using an ultraviolet
spectrophotometer (V-560, Jasco, Tokyo, Japan) to calculate the
concentration of reacted amine groups [18,21-23]. All the data
were calculated from the percentage reacted amine group content
of the respective collagen gels by assuming that the amine groups
of Uc gel reacted 100% [23]. The values obtained were used to esti-
mate the free amine group content.

2.3.3. Mechanical test

The stress-strain curves for the Uc and MiC30 gels (Na = ~0-0.32)
was determined by means of uniaxial measurements performed
using a universal testing machine (Rheoner II, Yamaden, Tokyo, Ja-
pan). Thessize of the samples was 3 x 1 cm. Each sample was strained
atarateof 0.5 cm s~ ! with aforce of 20 N. The test was repeated three
times and average values were obtained. The data were processed
and the strain-stress curves were compared with that of the Uc gel.

2.3.4. Swelling test

Swelling test on the samples was executed by cutting the lyoph-
ilized gels into small pieces and placing them in distilled water at
25 °C. The gels were gently shaken for 24 h and were measured to
assess the change in weight of the sample. The swelling ratio was
calculated in order to define the phenomenon of swelling accom-
plished by water absorption. The experiment was repeated five
times and average values were calculated, along with estimations
of standard deviations. The following equation was used to calcu-
late the swelling ratio [24]:
Wi - W

Wy
where W), denotes the hydrated weight of the gel and W, denotes
the dry weight of the gel.

swelling ratio S(%) = 100, (1)

2.4. Statistical analysis

All experiments were repeated at least three times (five times
for { potential analysis and size calculation) and the values are ex-
pressed as means * standard deviations. Statistical analysis was
performed using ANOVA, with the significant level set at P < 0.05.

3. Results

Fig. 2a shows the change in size of the polymer with respect to
the ethanol mole concentration. The size increases with increasing
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ethanol mole concentration. The increase was more significant
when poly(methacrylate) homopolymer (PMAO0O) was used. This
is clearly shown in Fig. 2b, in which the sizes of the respective
polymers are normalized. PMA90, which contains 90% MPC head
group, had the largest molecular size in water, but its size did
not increase as much as those of PMAOO and PMA30 with increas-
ing ethanol mole concentration. The sizes of PMA30 and PMA90
after Ny ~0.32 were not measured because they precipitated at
higher ethanol mole concentrations.

Fig. 3 shows the change in { potential with respect to ethanol
mole concentration. It can be seen that the carboxyl groups of
PMAs exist as carboxylate anions under aqueous conditions and
that the addition of ethanol to water protonates these carboxylate
anions. The change in { potential is larger for PMAOO and PMA30 as
compared with that for PMA90.

Fig. 4 shows the free amine group content (Fig. 4a) and phos-
phorus atomic concentration (Fig. 4b) of the MiC30 and MiC90 gels.
The lowest free amine group content and highest phosphorus
atomic concentration were obtained for Ny ~ 0.12 (30 vol.% etha-
nol). The free amine group content was lower for MiC90 than for
MiC30, but the phosphorus atomic concentration was lower than
that of MiC30. Cross-linking between PMAOO and collagen did
not occur because of precipitation of the polymer.

Fig. 5 shows the mechanical strength of the MiC30 gel prepared
at various ethanol mole concentrations between 0 and 0.42n. The
gel shows an approximately 6-fold increase in the Young's modu-
lus as compared with the Uc gel. However, the Young's moduli of

—
)

~—

>»

Normalized diamter change

00 02 04 08 08 10
Ethanol mole concentration (N,)

0+ T T T T
0.0 0.2 0.4 0.8 0.8 1.0
Ethanol mole concentration (N,)

Fig. 2. (a) The diameters of PMA0OO, PMA30 and PMA90 and (b) changes in the
normalized diameters of PMAOO, PMA30 and PMA90 with changing ethanol mole
concentration. -(J-, PMAQO; -O-, PMA30; -A-, PMA90. Each value represents the
mean +SD (n=5).
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Fig. 3. Relationship between the { potential of PMA0O, PMA30 and PMA90 and
ethanol mole concentration. -(J-, PMAOO; -O-, PMA30; -A-, PMA90. Each value
represents the mean £ SD (n=5).
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Fig. 4. Relationship between the free amine group content (a) and atomic
phosphorus concentration (b) of the MiC30 and MiC90 gels and ethanol mole
concentration. [J, MiC30; O, MiC90. Each value represents the mean = SD (n = 5).

the MiC30 gels prepared at different ethanol mole concentrations
did not show significant differences. The Young's moduli at 1%
strain and at break are shown at Fig. 5b. The viscoelasticity is not
shown for MiC30 gels, whereas the Uc gel showed clear but low
viscoelasticity. The mechanical strength of the MiC90 gels did
not show much difference compared with the MiC30 gels (data
not shown).

Fig. 6 shows the swelling ratios of the MiC30 and MiC90 gels, for
which the swelling ratios were approximately three times those of
gels prepared in MES buffer, but lower than the Uc gel [12,19]. The
swelling ratio of MiC90 gel was lower than that of MiC30 gel. The
concentration producing the lowest swelling ratio did not match

(a) 25
20+
MiC30 gels
N =0~0.32
T 15- ", )
o
=
1]
@ 10J
1)
5. Uc gel
0 T T T T T T T

Strain (%)

(b) 1.6 2 @D At 1% of strain
» y// é KXY At break point
© nm 7
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5 N NN ANANAN
2 06 é% NINININ M)
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= NANNANNAN
o4l INININ NN NN
UcGel 00 _ 0! 07 012 047 023 0.32
MiC30 gels

Alteration of N,

Fig. 5. (a) Stress-strain curve for the MiC30 gels with respect to ethanol mole
concentration during preparation and (b) the relationship between Young's
modulus and the ethanol/water co-solvent at 1% strain and at break (Na = 0-0.32).
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Fig. 6. Relationship between the swelling ratios of the MiC30 and MiC90 gels and

ethanol mole concentration. (J, MiC30; O, MiC90. Each value represents the
mean +SD (n=5).

the free amine group content or the phosphorus atomic
concentration.

4. Discussion
4.1. Characterization of PMA

Collagen intrahelical cross-linking can be altered by ethanol
mole concentration because hydrolysis of EDC can be prevented,
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but protonation of carboxylate anions is promoted [18]. In order to
investigate whether or not it is possible to directly apply our the-
ory of collagen cross-linking to the polymer-collagen, the states
of the polymer and EDC in the ethanol/water co-solvent were char-
acterized using dynamic light scattering.

MPC polymer is hydrophilic, which results in expansion of the
polymer in water. PMA90, which consists of 90% MPC moiety with-
in the polymer chain, has the greatest hydrodynamic volume,
whereas PMAOO, which consists of pure methacrylic acid, has the
lowest hydrodynamic volume. As the ethanol mole percentage in-
creases, the MPC head group starts to aggregate. This is attributed
to an increase in the hydrophobicity of the solvent. However, the
aggregation does not decrease the hydrodynamic volume effec-
tively until the ethanol mole percentage reaches 0.32. Kiritoshi
and Ishihara have reported that, using a MPC hydrogel, the volume
of the MPC hydrogel decreased rapidly when the ethanol volume
percentage was higher than 70% (Na ~ 0.42), thereby leading to
collapse of the hydrogel [25,26]. In the dissolution experiment
we found that PMA90 and PMA30 precipitated at this concentra-
tion. This implies that there exists a threshold concentration for
sudden collapse of MPC polymers, which is formed by the aggrega-
tion of MPC head groups. PMAOO does not show precipitation or a
decrease in the hydrodynamic volume. Instead, expansion of the
polymer chain continues until Ny ~ 0.73.

It should be noted that all polymers increase in hydrodynamic
volume with increasing ethanol mole concentration. This is due
to the formation of neutral carboxyl groups in the presence of eth-
anol, as shown in Fig. 3. However, hydrogen bonds between the
carboxyl groups cannot be formed due to cleavage of hydrogen
bonds under hydrophobic conditions [27]. Expansion of the hydro-
dynamic volume is considered to be caused by cleavage of hydro-
gen bonds, providing a greater free space between the molecules
[28,29]. The formation of neutral carboxyl groups indicates that
expansion of the polymer occurs due to carboxyl acid groups in
the sidechain. Fig. 2b supports this argument, as the lowest in-
crease in hydrodynamic volume was observed for PMA90 (with a
2-fold increment) and the highest increase was observed for
PMAOO (with a 4-fold increment). The hydrodynamic volume in
pure water indicates that PMA9O is largest due to the bulky MPC
head groups. Hence, it is considered that the increase in ethanol
concentration increases the hydrodynamic volume and the forma-
tion of carboxyl groups.

4.2. Characterization of MiC gels

In the case of PMA-collagen cross-linking the highest cross-
linking rate was observed at Na ~ 0.12, at which the same ethanol
mole concentration was required for triple helix intrahelical cross-
linking (Fig. 4) [18]. Although the cross-linking rate was greater for
the MiC90 gel, the phosphorus atomic concentration was lower.
This implies that the activation of carboxyl groups on the polymer
and collagen due to EDC occur contemporaneously. Since the num-
ber of carboxyl groups was lower for PMA90, EDC that does not
participate in polymer activation participates in collagen activa-
tion, i.e. the polymer-collagen network and intrahelical cross-links
exist together. The lowest level of possible unreacted amine groups
was produced when EDC/NHS and polymer were used for cross-
linking, with approximately 28% of free amine groups. Cross-link-
ing of PMAOO and collagen is impossible because addition of EDC
to the PMAOO solution caused immediate precipitation.

When the polymer was immobilized on the surface of the colla-
gen gel (CoPho gel), the strain-stress curve increased compared
with that of the physically cross-linked gel, but it maintained its
viscoelasticity with a low elastic modulus [19]. However, the case
of the physically cross-linked gel was shown to be different. The in-
crease in Young's modulus was confirmed, but the stress-strain
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curve showed clear brittle plastic behavior (Fig. 5a). The Young's
modulus at the breakpoint was lower than that at 1% strain. This
implies that there is a difference between the CoPho gel and the
physically cross-linked gel, i.e. molecular penetration of PMA into
the CoPho gel occurred. The polymer penetrated the collagen layer
and the mechanical properties of MPC polymer appear very clearly.
Differences with regard to ethanol mole concentration could not be
detected (Fig. 5b). This is because the factor that directly affects the
mechanical strength is the polymer blended with collagen, rather
than the number of cross-links. The above argument can be con-
firmed by measuring the swelling ratio. As shown in Fig. 6, the
swelling ratios of the collagen gels increased beyond 150% in the
water/ethanol co-solvent. In the case of collagen gels prepared in
MES buffer the swelling ratio was below 120% [12]. This implies
that the collagen gel adsorbs water and the polymer contempora-
neously during the coupling reaction. The polymers are positioned
between the collagen molecules (triple helix structure, tertiary
structure), connecting them. This is thought to be the reason for
the low free amine group content as compared with gels prepared
in MES buffer, because 35% free amine group content is considered
too low to be achieved in collagen gel. A polymer chain located
only on the surface of the collagen gel cannot decrease the free
amine group content due to the existence of entangled collagen
molecules [12,30,31]. The entangled collagen molecules exhibit
viscoelastic behavior when strain is applied. However, the poly-
mers placed between the collagen molecules form a collagen-poly-
mer network, which decreases the free amine group content and
exhibits brittle plastic behavior once strain is applied.

Why would a collagen gel swell higher when a polymer-colla-
gen network is formed inside the gel? First, the formation of colla-
gen gels in MES buffer prevented adsorption of the polymer by
entanglement of the collagen molecules, inducing stability of the
collagen gel. However, the effect of ethanol on the collagen mole-
cules is weak and its structural properties are maintained [18,32-
34], allowing the polymer to penetrate the collagen layer to form a
homogeneous gel. The suppression of hydrolysis of EDC would
make it possible for the polymer to cross-link with collagen mole-
cules inside the collagen gel [18]. Second, the MPC head groups
function as bulky sidechains, producing large vacant spaces be-
tween the collagen molecules when water is adsorbed into the col-
lagen gel (schematic image shown in Scheme 1). Furthermore, the
self-swelling property of the MPC polymer in ethanol/water mix-
tures (Fig. 2) causes the gel to swell much more as water pene-
trates the MiC30 and MiC90 gels. This implies a mismatch
between the swelling ratio and the free amine group content (Figs.
2 and 6). Swelling relies on the volumetric properties of the MPC
polymer and the collagen gel, which does not rely on cross-linking
rate, similarly to the MiC30 gel prepared in MES buffer [19]. Fur-
thermore, because solvent penetration does not vary significantly
with respect to ethanol mole concentration until Ny ~ 0.42 [18],
we consider that solvent diffusivity does not differ for the MiC30
and MiC90 gels.

5. Conclusion

Through this research it was possible to establish the coupling
reaction mechanism between collagen and an MPC polymer con-
taining carboxyl groups using EDC and NHS. The ethanol mole con-
centration in the polymer-collagen cross-linking reaction had to
be controlled due to changes in the hydrolysis of EDC and the pro-
tonation of carboxylate anions. Cross-linking between the MPC
polymer and collagen molecules occurred within the collagen gel,
rather than at the surface of the collagen. This led directly to good
biological performance, implying that this material is a suitable tis-
sue membrane. In part II, we will report on the in vitro and in vivo
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Scheme 1. Schematic image showing cross-linking of the polymer-collagen in MES buffer (a) and in ethanol/water co-solvent (b). Note the greater space created within the

collagen gel by the MPC head groups.

behaviors of the MiC30 gels, which showed the highest PMA cross-
linking rate.
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The aim of the present study was to evaluate the biological properties of a collagen-phospholipid poly-
mer hybrid gel (MiC30 gel) designed for use as a tissue membrane. The following four types of collagen
gels were synthesized and tested in vitro and in vivo: physically cross-linked collagen gel (Uc gel), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide (EDC)/N-hydroxysuccinimide-cross-linked collagen gel (EN
gel), MiC30 gel and glutaraldehyde-cross-linked collagen gel (G gel). The cell adhesivity and proliferation
rate were observed to be lowest for the MiC30 gel and highest for the Uc gel, indicating that the phospho-
lipid-polymer-covered surface of the collagen gel interacted weakly with cells. The collagen gel was
implanted into rats subcutaneously and was observed 1, 2 and 8 weeks after implantation. The Uc gel
and G gel were degraded and induced an inflammatory response. Granulation was not observed for
8 weeks after implantation and the formation of foreign body giant cells was observed around both
the Uc and G gels. On the other hand, cell infiltration and degradation were not observed in the case
of the EN and MiC30 gels. The formation of foreign body giant cells was suppressed and the healing pro-
cess was accelerated. The MiC30 gel is suitable for use as a biomaterial that is stable in vivo because it
suppresses the foreign body response and accelerates the healing process.
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1. Introduction

Commercially available collagens are used as scaffolding mate-
rials since collagen acts as a good extracellular matrix for the cell
[1]. Collagen is mainly used for bone regeneration and the develop-
ment of coating materials for vascular grafts or heart valves. Once
the collagen product is implanted in the body it is degraded be-
cause of cell infiltration and is absorbed by the body. The speed
of degradation is uncontrollable and differs depending on the
physical properties of the collagen or the structure of the three-
dimensional matrix formed by it. To solve this problem, cross-link-
ing of collagen products was introduced.

Many researchers have cross-linked proteins or polypeptides
using N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) as
the cross-linker, since it brings about the formation of an amide
linkage between a carboxyl group and an amine moiety [2-9].
Cross-linking using a polymer of this molecule has also been inves-
tigated, primarily to achieve synergic effects of the polymer and
collagen, such as hemocompatibility or mechanical strength [10].
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E-mail address: kishida.fm@tmd.ac.jp (A. Kishida).

In the first phase of this study we developed a novel method for
collagen-polymer cross-linking; we cross-linked collagen gel with
a 2-methacryloyloxyethyl phosphorylcholine (MPC)-based copoly-
mer, namely poly(MPC-co-methacrylic acid) (PMA), a well-known
hemocompatible and anti-inflammatory polymer [11-14], in
water/ethanol co-solvent to obtain a collagen/phospholipid poly-
mer hybrid gel (MiC gel). We found that MiC30 gel, which had been
cross-linked with MPC:MA = 30:70 (PMA30), and collagen showed
the highest cross-linking rates when the molar concentration of
ethanol (N,) was approximately 0.12 (30 vol.% aqueous solution
of ethanol). Denaturization of the collagen triple helix after
cross-linking was not observed and the collagen gel remained
dimensionally stable and transparent [15]. Its mechanical strength
increased compared with that of uncross-linked collagen gel.

In the second phase of this study we investigated the in vitro
and in vivo behavior of the collagen gel. We first compared the bio-
logical properties of collagen gels prepared in a 2-morpholinoe-
thane sulfonic acid (MES) buffer and those prepared in an
ethanol/water co-solvent in vitro. Then, we implanted the pre-
pared collagen gels in vivo to characterize the reaction of the body
to the collagen gels. For this study we chose PMA30 to prepare a
collagen-phospholipid hybrid gel in a 30% aqueous solution of eth-
anol (MiC30 gel), since this gel contained a highest amount of MPC
polymer among the collagen gels we had prepared. We tried to

1742-7061/$ - see front matter © 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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characterize the MiC30 gel by investigating how the body responds
to the implanted material over time.

2. Materials and methods
2.1. Preparation of the collagen gels

2.1.1. Preparation of EDC and NHS-cross-linked collagen gel (EN gel)

An EDC and NHS-cross-linked collagen gel (EN gel) was pre-
pared by a previously reported method [15,16]. A 2 wt.% collagen
type I solution was prepared and used for film preparation instead
of a 0.5 wt.% collagen type I aqueous solution (pH 3) (KOKEN, To-
kyo, Japan). The collagen solution was added dropwise to polyeth-
ylene film and allowed to dry at room temperature. The collagen
film (thickness 56 +3 pm) was immersed in a 30 vol.% aqueous
solution of ethanol (N, =0.12) containing EDC (Kanto Chemicals,
Tokyo, Japan) and N-hydroxysuccinimide (NHS) (Kanto Chemicals).
The molar ratio of the constituents, i.e. EDC, NHS and the collagen
carboxylic acid groups, was 10:10:1. The cross-linking process was
allowed to proceed at 4 °C for 24 h to yield a cross-linked gel (EN
gel). After 24 h the reaction was terminated by removing the gel
from the solution. Subsequently the gel was first washed with a
4 M aqueous solution of NaHPO, for 2 h to hydrolyze any remain-
ing 0-acylisourea groups and then with distilled water for at least
3 days to remove traces of salts from the gel.

2.1.2. Preparation of the collagen/phospholipid hybrid gel

PMA was synthesized using a previously reported method
[16,17]. MPC and methacrylic acid (MA) were co-polymerized in
ethanol solution for 16 h at 60 °C using 2,2-azobisisobutyronitrile
as an initiator. The molar ratio of MPC to MA was 3:7 in PMA30
and 9:1 in PMA90; the number average molecular weight of PMA
was 3 x 10°.

A 2 wt.% collagen type I solution was prepared and film prepa-
ration was carried out using the same film that was developed for
EN gel preparation. MiC30 gel was prepared using collagen film.
PMA30 was added to a 30% aqueous solution of ethanol
(Na=0.12) along with EDC and NHS. The polymer was activated
for 10 min before the collagen film was immersed in the above
mentioned solution. The molar proportions of each chemical were
fixed; EDC, NHS and collagen carboxylic acid groups were present
in the ratio 10:10:1. The cross-linking of PMA with collagen was
continued for 24 h at 4 °C to yield the MiC30 gel.

2.1.3. Preparation of glutaraldehyde-cross-linked collagen gel

Collagen gel was cross-linked with glutaraldehyde by a previ-
ously reported method [18]. In brief, a 25% glutaraldehyde solution
(Merck, Damstadt, Germany) was diluted to 0.5 wt.% in phosphate-
buffered saline (PBS). The collagen film was immersed in the
glutaraldehyde/PBS solution and the cross-linking process was
allowed to proceed for 3 h at room temperature. After cross-linking
the sample was first rinsed in running tap water for 30 min and
then in 0.5 M Nadl for 2 h. In order to remove NaCl, the sample
was rinsed with distilled water for 1 day to obtain a glutaralde-
hyde-cross-linked collagen gel (G gel). The biological properties
of this gel were compared with those of the MiC30 gel.

A collagen film stabilized in MES buffer, pH 9.0 (Uc gel) for 24 h
was prepared for use as a control for in vitro and in vivo studies.

2.2. Biological characterization of collagen gels

2.2.1. Cell adhesion test in vitro

The interaction between L929 cells (mouse fibroblasts) and the
collagen gels was investigated in vitro. The collagen gels (radius
0.5 cm) were sterilized by placing the gels first in a 50:50 etha-

nol/water solution for 2 h, then in a 70:30 ethanol/water solution
for 2 h and, finally, in a 100:0 ethanol/water solution overnight.
Subsequently the gels were lyophilized. The lyophilized gels were
hydrolyzed with Eagle’s minimum essential medium (E-MEM)
(Gibco, NY) for 30 min in a 48-well plate placed on a clean bench.
The E-MEM was discarded just before cell seeding. The fibroblasts
were cultured in E-MEM supplemented with 10% fetal bovine ser-
um (FBS) (Gibco at 37 °C in a 5% CO, atmosphere. After treatment
with 0.25% trypsin the cell density was adjusted to 5 x 10°
cellsml~' and the cells were seeded on the gel surface. After 24
and 48 h cycles the number of cells adhering to the gels was mea-
sured using a UV/visual spectrophotometer (V-560; Jasco, Tokyo,
Japan) at 560 nm by performing a lactate dehydrogenase (LDH)
assay (Wako Chemicals, Tokyo, Japan) [13,16]. All experiments
were repeated five times and the values are expressed as
means + standard deviations. Statistical analysis was performed
using the ANOVA test, with the significance at P < 0.05.

Cell viability and morphology were investigated in a standard
medium containing 2-puM calcein acetoxymethylester (calcein-
AM, Dojindo, Kumamoto, Japan). The viability of L929 cells con-
taining calcein-AM was evaluated for cells grown for 24 h. The cells
were observed under a fluorescent microscope (TE 2000-U, Nikon,
Tokyo, Japan) with a 488 nm filter. The hydrolyzed dye (calcein-
AM) emits a green fluorescence, which indicates cell viability.

2.2.2. Implantation and histological procedure

The animal study was performed in accordance with the NIH
guidelines for the care and use of laboratory animals (NIH Publica-
tion 85-23, revised 1985) and the Tokyo Medical and Dental Uni-
versity guidelines. Wistar rats (7 weeks old, male, 250 g) were
divided into four experimental groups. Each group was studied at
1, 2 and 8 weeks from the beginning of the experiment. After the
animals were anesthetized with diethyl ether (Kanto Chemicals
they were shaved and disinfected with 70% ethanol. Then, four dif-
ferent incisions (~1.5-2 cm) were made on the backs of the rats.
Uc gel, EN gel, MiC30 gel and G gel (radius 0.5 cm) was implanted
subcutaneously into the incision sites (n=6), which were then
immediately sewn up. Each rat was implanted with four different
kinds of samples on its back. After 1, 2 and 8 weeks the rats were
killed with an overdose of ethyl ether. The rat tissue containing
the samples was excised from the rats and stained with hematox-
ylin and eosin (H-E). To study the inflammatory response, anti-rat
macrophage/dendritic cell monoclonal antibodies (RM-4, Trans
Genic Inc., Kumamoto, Japan) were used [19]. Rat spleen was used
as the positive and negative control. The sample preparation and
staining procedures used were the same as those used by techni-
cians in the Applied Medical Research Laboratory (Osaka, Japan).

3. Results
3.1. In vitro results

Fig. 1 shows cell adhesivity to the surfaces of the collagen gels.
Cell adhesion was the same in the case of the EN gel prepared in
MES buffer and that prepared with an ethanol/water co-solvent.
However, cell adhesion and proliferation decreased when the
MiC30 gel was prepared in an ethanol/water co-solvent. The lowest
rate of cell adhesion was observed in the case of the G gel. We
could not find proof that high intra- and interhelical cross-linking
decreases or increases cell adhesion once the free amine group
content is lower than 70% (data not shown).

The cells that adhered were viable after 24 h incubation, as
shown in Fig. 2. Since the collagen gels were transparent (with
the exception of the G gel, which was light yellow), a clear fluores-
cence image could be obtained. The cells on tissue culture polystry-
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Fig. 1. Cell adhesion property of the respective collagen gels at a seeding density of
5000 cells cm 2. Each value represents the mean +SD (n=5). Prepared in MES
buffer (alkaline pH). *Prepared in PBS solution. *Ref. [16].

rene (TCPS), Uc gel and EN gel showed deformations, while the
cells on the MiC30 gel had a round morphology. This agrees with
the data previously presented by Watanabe et al. [13], who men-
tioned that the deformations occurred because of a weak interac-
tion between the cell and the gel surface.

3.2. In vivo results

Figs. 3 and 4 show the histological results obtained 2 weeks
after implantation. The Uc gel showed extensive degradation,
while the G gel showed slight degradation. The EN and MiC30 gels
remained stable. A wide distribution of macrophages could be ob-
served around all except the MiC30 gel, which shows that macro-
phages were concentrated on the surface of the MiC30 gel. RM
staining revealed classic encapsulation around the G gel, with the
formation of a large number of foreign body giant cells, as seen
in Fig. 4d. The results revealed that macrophages were very active
2 weeks after implantation. The darkly stained cells were obviously

)

macrophages, since RM-4 can only stain macrophages and den-
dritic cells [19]. Furthermore, the debris resulting from degrada-
tion of the gel could be seen. Macrophage fusion was not
induced on other collagen gels. A comparison of the tissue re-
sponse around the EN and MiC30 gels revealed that the number
of lymphocytes and macrophages around the EN gel was greater
than around the MiC30 gel. The granulation process had already
begun in the MiC30 gel.

Figs. 5 and 6 show the histological results obtained after
8 weeks implantation. In five of the six cases where the Uc gel
was implanted the gel was completely degraded 8 weeks after
implantation. The tissue was completely infiltrated by lympho-
cytes, macrophages and foreign body giant cells. Degradation of
the G gel was still in progress and debris from the G gel was visible.
Foreign body giant cells were also observed in this case. In the case
of both the Uc and G gels no granulation was observed, as indicated
by the absence of fibroblasts or newly formed collagen. Granula-
tion tissue was clearly visible around the EN and MiC30 gels, with
a small number of lymphocytes and macrophages. Both the EN and
MiC30 gels showed biostability in vivo. The thickness of the new
collagen layer was much greater at 8 weeks after implantation
than at 2 weeks after implantation. The most mature collagen layer
was seen in the tissue implanted with the MiC30 gel, while the tis-
sue implanted with the EN gel showed a thin collagen layer. Neo-
vascularization was observed in all sample tissues except for those
implanted with the MiC30 gel. A brown layer, which is thought to
be stained by EnVison™, was observed for all samples.

4. Discussion
4.1. Cell-matrix interaction in vitro

The MPC polymer is known to be bioinert in vitro and in vivo
[11-16]. The best explanation for this fact is based on free water
theory [11]. The free water present around the MPC polymer pre-
vents protein adsorption and cell adhesion [20,21]. Cell death
due to inability of the cell to attach itself to the MPC surface would
not occur because the MPC head group interacts weakly with the
cell. Cross-linking of the MPC polymer and collagen gel prevents

(l
(e)

Fig. 2. Fluorescence images of cells adhering to the collagen gels. (a) TCPS; (b) Uc gel; (c) EN gel; (d) MiC30 gel; and (e) G gel. Magnification 2 x
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Fig. 3. H-E stained histological images of the respective collagen gels after 2 weeks implantation. The images on the left are shown at a magnification of 4x and those on the
left are shown at a magnification of 20x. The long thick arrow indicates a foreign body giant cell, the long thin arrow indicates lymphocytes and the short thick arrow

indicates a fibroblast.

collagenase activation in vitro [15], suggesting that the MiC30 gel
would be biostable in vivo.

In vitro experiments showed that cell adhesion and cell prolif-
eration were suppressed in the case of the MiC30 gel (Fig. 1); this
suppression is even more evident when these experimental results
are compared with the cell adhesivity of a CoPho gel prepared in
MES buffer. The greater suppression in the case of the MiC30 gel
is due to an increase in the number of MPC moieties caused by

the higher cross-linking rate [13]. The increase in the intra- and
interhelical collagen network did not alter the cell adhesion prop-
erties significantly. After 24 and 48 h the cell adhesivity of the EN
gel prepared in MES buffer did not differ significantly from that of
the EN gel prepared in an ethanol/water co-solvent. This implies
that the suppression of cell adhesion and cell proliferation is solely
due to the increase in the number of MPC moieties, which makes
the surface of the collagen gel inert.
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Fig. 4. RM-4 stained histological images of the respective collagen gels after 2 weeks implantation. The images on the left are shown at a magnification of 4x and those on the
left are shown at a magnification of 20x. Macrophagea are shown in black. The foreign body giant cell is indicated by a thick arrow. The letter M indicates the matrix.

4.2. Wound healing response of the body in vivo

As is evident from Figs. 3-6, classical encapsulation was ob-
served only in the tissue implanted with G gel. Foreign body giant
cells were clearly visible 2 weeks after implantation (Figs. 3 and 4).
In the case of the Uc gel the acute inflammatory response almost
disappeared 1 week after implantation and appeared to be chang-
ing to a chronic inflammatory response (Supplementary Figs. 1 and
2). At this point red blood cells were seen, but neutrophils and

293

monocytes were not visible. Cell infiltration began 1 week after
implantation; degradation began at the end of 2 weeks; complete
degradation was seen 8 weeks after implantation. Macrophage fu-
sion was seen 8 weeks after implantation, indicating that a chronic
inflammatory response continued throughout this period. This is
thought to be due to the effect of the native collagen structure,
where the telopeptide has remained in the Uc gel.

For the G gel, slow degradation was clearly observed 8 weeks
after implantation (Fig. 6d). It is known that inflammation can be
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Fig. 5. H-E stained histological images of the respective collagen gels after 8 weeks implantation. The images on the left are shown at a magnification of 4x and those on the
left are shown at a magnification of 20x. The long thick arrow indicates a foreign body giant cell, the long thin arrow indicates lymphocytes and the short thick arrow

indicates a fibroblast.

suppressed when the concentration of glutaraldehyde used is less
than 0.01 wt.% [22]. However, in this case a high inflammatory re-
sponse was observed, since the G gel was prepared using 0.25 wt.%
glutaraldehyde. This conclusion is confirmed by the work of van
Wachem et al. [23]. Debris from the gel and macrophage fusion
around the debris demonstrated the typical failure of artificial bio-
materials [24]. On the basis of these observations it can be inferred
that glutaraldehyde leaked into the G gel during degradation and

triggered activation of macrophage fusion by binding with inter-
leukin, which induces the formation of foreign body giant cells
[25,26]. Neither fibroblasts nor a new collagen layer was formed
around either the Uc gel or G gel, indicating that the chronic
inflammatory response would continue 8 weeks after implantation
(Fig. 5a and d).

On the other hand, the EN and MiC30 gels did not show any
degradation. One week after implantation an acute inflammatory
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Fig. 6. RM-4 stained histological images of the respective collagen gels after 8 weeks implantation. The images on the left are shown at a magnification of 4x and the on the
left are shown at a magnification of 20x. Macrophages are shown in black. The foreign body giant cell is indicated by a thick arrow. The letter M indicates the matrix.

response and blood clots were observed, while 2 weeks after
implantation fibroblasts were seen and the formation of a new col-
lagen layer could be observed (Fig. 3). This implies that granula-
tion, which is the final stage of wound healing, had already
begun [27]. In the case of the EN gel the macrophages were
distributed over a large area in the newly formed tissue, while in
the case of the MiC30 gel the macrophages were concentrated on
the surface of the cell-matrix (Fig. 4c). No wide macrophage distri-
bution was observed, suggesting that by this time the tissue sur-
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rounding the MiC30 gel is in the process of granulation. The wide
distribution of macrophages and lymphocytes in the tissue im-
planted with the EN gel indicates the induction of a response to
the foreign body [28]. This is because lymphocytes associate with
macrophages. However, foreign body giant cells were not observed
following EN gel implantation.

The formation of foreign body giant cells is caused by macro-
phage fusion, which occurs due to two factors: phagocytosis and
the prevention of anoikis [25,29-31]. Both factors rely on cell-ma-
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trix interaction; a lesser extent of cell adhesion to the matrix leads
to macrophage fusion [25]. This is generally observed for artificial
biomaterials. It is interesting to note that collagen gels cross-linked
with glutaraldehyde alone behave similarly to artificial biomateri-
als. The weak cell-matrix interaction observed in vitro (Fig. 2e) re-
sulted in the formation of a large number of foreign body giant cells.
In the case of the EN gel cross-linking at carboxyl groups by amide
formation renders cell attachment difficult [16,32,33]. The strong
cross-links also prevent degradation of the gels by collagenase.

It should be noted that the surfaces of the EN and MiC30 gels
were not completely inert. As seen in Fig. 2c and d, cells attached
themselves to the surface of the matrix. The morphology of the at-
tached cells suggests that there was a slight cell-matrix interaction.
Previous studies [16], as well as Figs. 1 and 2, suggest that protein
adsorption was not completely suppressed. Therefore, a slight
cell-matrix interaction may still occur, which may lead to the pre-
vention of the macrophage fusion. The cell-matrix interactions in
the case of the EN and G gels were different. Furthermore, in the
EN gel the cross-linking involved carboxyl groups, while the G gel
consisted of amine-amine cross-links [10]. Carboxyl groups are
known to enhance cell attachment and contribute to macrophage
fusion on the surface of the matrix [32-34]. Moreover, intra- and
interhelical cross-links make the EN gel stable against collagenase
activity [15]. Thus, the factors that contributed to the suppression
of macrophage fusion and encapsulation are as follows: lack of
available carboxyl groups, slight cell-matrix interaction and stabil-
ity against collagenase activity. Similar findings were reported by
Wissink [35]. In the case of the MiC30 gel the suppression of mac-
rophage fusion and encapsulation are thought to have occurred be-
cause of the existence of the MPC moiety, which suppressed protein
adsorption. By 8 weeks after implantation lymphocytes and macro-
phages disappeared from sites implanted with the EN gel (Fig. 6b).

Eight weeks after MiC30 gel implantation the new collagen
layer that formed was very thick and, hence, it stabilized the gel;
almost no macrophages were detected in the collagen layer. On
the other hand, for the EN gel the newly formed collagen layer
was still thin at 8 weeks. Foreign body giant cells were not present
on the surface of MiC30 gels, since the MPC moiety does not adsorb
interleukin [12,36]. No foreign body giant cells were formed
around the EN and MiC30 gels, but the distribution of lymphocytes
and macrophages was different in the two cases. The absence of
foreign body giant cells indicates that the foreign body response
was not triggered [25,28]. This can be explained by the hydrophilic
nature of the MPC moiety [16,37], such that the body did not rec-
ognize the MiC30 gel as a foreign substance.

This difference in thickness of the newly formed collagen layer
can be attributed to the presence of the MPC moiety in the MiC30
gel and EN gel, suggesting that the healing process was fastest in
the case of tissue implanted with the MiC30 gel. As mentioned
above, a wide macrophage distribution was seen in the case of
EN gel implantation. This can be explained by the fact that macro-
phages are also involved in the regulation of fibrous proliferation
and neovascularization [38] Two weeks after EN gel implantation
lymphocytes, fibroblasts and macrophages were seen, but 8 weeks
after implantation most of the cells were fibroblast cells. As men-
tioned above, granulation was slower around the EN gel than
around the MiC30 gel and, hence, macrophage activation was
observed 2 and 8 weeks after implantation. Further, neovasculari-
zation was clearly seen 8 weeks after implantation (Fig. 5b),
supporting the fact that macrophages were active.

5. Conclusion
In this study, we have tried to establish the mechanism of cross-

linking of collagen gels using EDC and NHS and synthesize a poly-
mer-collagen hybrid gel that can be used as a tissue membrane.

Our results indicate that the MiC30 gel is not recognized by the
body as a foreign substance, and this result in suppression of
encapsulation and an increase in the wound healing rate. Further-
more, no cracking or leaking of polymer was observed. The absence
of macrophage fusion also implies that cell death is controlled;
this, in turn, implies that the MPC polymer is non-toxic.

In conclusion, we would like to state that this MiC30 gel is a no-
vel biomaterial that is stable in vivo and can be used in clinical
applications such as tissue membranes. This gel can remain inert
in the tissue for a long time, stay positioned in the implanted site
and suppress undesired inflammatory responses of the body.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 2-6, are difficult
to interpret in black and white. The full colour images can be found
in the on-line version, at doi: 10.1016/j.actbio.2009.06.022.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.actbio.2009.06.022.
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A decellularization method using high-hydrostatic pressure (HHP) technology (>600 MPa) is described.
The HHP disrupts the cells inside the tissue. The cell debris can be eliminated with a simple washing
process, producing clean, decellularized tissue. In this study, porcine aortic blood vessel was decellu-
larized by HHP. The mechanical properties and in vivo performance of the decellularized tissue were
evaluated. Mechanical properties of the decellularized tissue were not altered by the HHP treatment.
Reduced inflammation of the decellularized tissue was confirmed by xenogenic transplant experimen-
tation. An allogenic transplantation study showed that decellularized blood vessel endured the arterial
blood pressure, and there was no clot formation on the luminal surface. In addition, cellular infiltration
into the vessel wall was observed 4 weeks after implantation, suggesting that HHP treatments could be

applied widely as a high-quality decellularization method.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Tissue engineering is one of the key technologies for treatment
of atherosclerotic vascular diseases, valvular heart disease, aneu-
rysm, and varices [1-4]. Decellularized tissue is promising as an
ideal scaffold for cardiovascular tissue engineering. Several tech-
nologies have been developed to fabricate artificial valves and some
of them have already been used clinically [5-7]. Decellularization
techniques are classified by the chemicals used, such as acid or
alkaline treatment, detergent treatment, or enzymatic digestion,
and the physical methods used, such as snap freezing and
mechanical agitation [8-12]. Among these, detergent treatment is
the most widely used. Decellularization of biological tissues by
detergent treatment has the advantage of being easy to use, but its
drawbacks include long treatment time, alteration of mechanical
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properties, and residual toxicity [13]. Researchers have developed
specific treatment recipes to overcome each of these problems.

As another candidate for a new decellularization treatment, we
have reported our work on the high-hydrostatic pressure (HHP)
method [14,15]. The unique characteristics of the HHP method are
the destruction of cell membranes, uniform treatment, and short
treatment time. Subsequent washing of the treated tissue can
produce a decellularized tissue that does not adopt any chemical
agents.

Decellularizing corneal tissue with detergent treatment is
difficult, whereas by using HHP treatment, almost complete
decellularization of corneal tissue was accomplished [15]. Experi-
ments with decellularized porcine corneal tissue implanted into
rabbit eye showed superior functionality, i.e. transparency.
However, there are still few reports on decellularization using, and
there is no a specific study on the decellularization condition yet.

In this study, we attempted to use HHP to prepare decellularized
cardiovascular tissues. Cardiovascular tissues, such as heart valve,
aortic vessel, and small diameter blood vessel, should have superior
properties to corneal tissue. For instance, they should be pressure
resistant, anti-thrombogenic, and have anti-calcification ability.
Porcine aortic blood vessel was decellularized by HHP treatment
and the efficiency of decellularization, mechanical properties,
immunogenicity, and in vivo performance were evaluated. This
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article focuses particularly on the preparative conditions for the
decellularized blood vessel using the HHP technique. Determining
the optimal conditions for obtaining biologic scaffold with
undamaged extracellular matrices (ECM) and high decellulariza-
tion was one of the goals of this study. For this purpose, the effect of
water state (ice formation) during pressurization was investigated
in detail.

2. Materials and methods
2.1. Materials

Fresh porcine hearts were obtained from a local slaughterhouse (Tokyo Shibaura
Organ Co. Ltd, Japan). The aortic blood vessel next to the aortic valves was excised
and cut into 1 x 0.2 cm pieces. Aortic tissue was cleaned to remove fat and stored
immediately at 4°C in phosphate buffer saline (PBS) without Ca’* or Mg?* for
transport to the laboratory for further processing.

22. Decellularization by HHP

22.1. Pressurization profile

The decellularization protocol consisted of two steps: 1) HHP treatment and 2)
washing. The blood vessel samples were pressurized using a cold isostatic pres-
surization machine (Dr. Chef; Kobelco, Japan). The detailed procedures were as
follows. After packing each sample in a plastic bag filled with PBS, the bag was
immersed into the transmission fluid in the sample chamber of the machine. Before
compression, the onset temperature was set at 10 or 30 °C. Then, the atmosphere
inside the sample chamber was pressurized at a predetermined rate (196.1 or
65.3 MPa/min) until the pressure reached 980 MPa. The pressure was maintained at
980 MPa for 10 min and then was decreased at a predetermined rate (196.1 or
65.3 MPa/min) until atmospheric pressure was reached.

22.2. Washing process
After the HHP process, samples were washed with PBS for 14 days. Then, the
samples were immersed in new PBS containing antibiotics and stored at 4 °C.

2.3. Preparation of decellularized aortic scaffold by detergent treatment

Triton® X-100 treatment: The blood vessels were placed in a solution of 1%
Triton® X-100 (Sigma-Aldrich, Japan) with 0.02% EDTA (Wako, Japan) in PBS for
24 h, together with RNase A (20 mg/mL) (Roche, USA), DNase I (0.2 mg/mL) (Roche,
USA), and 1% penicillin and streptomycin (Gibco, Japan) [16]. The blood vessels were
washed with PBS several times to remove residual substances.

SDS treatment: The blood vessels were placed in a solution of 0.1% SDS (sodium
dodecyl sulfate, Wako, Japan), together with RNase A (20 mg/mL), DNase (0.2 mg/mL),
and 1% penicillin and streptomycin for 1 h at room temperature [17]. Then, they were
washed with PBS for 48 h to remove residual substances.

Trypsin treatment: The blood vessels were placed in a trypsin solution (0.05%
trypsin (Biochrom KG, Germany) and 0.02% EDTA) for 48 h at 37 °C [18].

24. Evaluation of decellularized tissue

2.4.1. Observation of structure of the decellularized tissue

Decellularized blood vessels were fixed by immersion with 10% neutral buffered
formalin solution. The specimens were dehydrated in graded alcohol, embedded in
paraffin blocks, and sectioned. The sections were stained with 1% hematoxylin-
eosin (H-E). The slides were observed by optical microscope (Coolscope, Nikon Co.,
Ltd. Japan). For transmission electron microscopy (TEM), the decellularized blood
vessels were fixed with 2.5% glutaraldehide in PBS. The specimens were prepared
and observed by standard procedures for TEM.

24.2. Mechanical properties

Mechanical strength testing of the non-treated and the decellularized blood
vessels was performed longitudinally. The samples were cut into dumbbell-shaped
pieces. The tested parts were 15-20 mm long and 2 mm wide. Wall thickness was
measured by micrometer prior to mechanical testing. Stress-strain curves were
obtained with a creep meter RE2-33005 B (Yamaden Co., Ltd. Japan). Each sample
was strained at a rate of 10 mm/min. All testing was conducted in air at room
temperature (25 °C).

The stress-strain curve for each individual specimen was analyzed with regard
to four parameters: early phase modulus of elasticity, late phase modulus of elas-
ticity, ultimate tensile strength (UTS), and failure strain [19]. These parameters are
defined that illustrates the typical stress-strain curve of blood vessel tissue. The
analysis parameters from each group were averaged over the number of specimens
in each group (n= 10). Results were expressed as the mean + standard deviation
(SD). Additionally, the individual means from each treatment group were compared
by Student’s t-test.
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24.3. Quantification of residual DNA

Twenty-five mg of samples were placed in 10% proteinase K (Quiagen, USA) in
lysis buffer solution overnight. The DNA from each sample was purified using
a DNeasy® assay kit (Quiagen, USA). The DNA amounts were measured by spec-
trophotometry (A =280 nm).

2.4.4. Xeno-transplantation (pig to rat)

The animal study was performed in accordance with the NIH guidelines for the
care and use of laboratory animals (NIH Publication 85-23, revised 1985) and the
institutional guidelines for the care and use of experimental animals of Tokyo
Medical and Dental University. Porcine blood vessel samples were dissected to be
1x1cm segments. Native aorta samples and samples decellularized by several
pressurization programs (the two experimental conditions) were implanted in the
subcutaneous mucosal position of Wister rats (250 g, 7 weeks old) (n=3). The
implantation periods were 1 and 4 weeks. At a predetermined time, all animals were
terminated by elective euthanasia with anesthesia of ether. The explanted speci-
mens were fixed, dissected, and stained by H-E.

2.4.5. Measurement of immune response in xeno-transplantation area

The measurement of immune response was done by calculation of the area that
was had an inflammatory response. Image ] (National Institute of Health, USA) was
used to measure the immunologic site surrounding in the transplant tissue.

2.4.6. Allo-transplantation (pig to pig)

The decellularized blood vessel was implanted into abdominal porcine aorta. No
anticoagulants were administered after surgery. The implantation periods were 4, 12,
and 24 weeks. The explanted specimens were fixed, dissected and stained by H-E.

3. Results and discussion
3.1. Effect of ice formation during pressurization

The effect of high pressure on the extracellular matrix is largely
still unknown. Denaturation of proteins at high pressure has been
widely studied [20,21] while the research on collagen is quite
limited. In our HHP treatment, collagen denaturation would have
a great impact on the physical properties of the tissue. So, an
important point in this study was to find out whether the extracel-
lular matrix structure was maintained throughout the treatment.

First, the relationship between the pressure and the tempera-
ture of the treatment chamber was studied. Pressure-temperature
curves for each pressurization condition were drawn in the phase
diagram of water to see whether ice would form during the pres-
surization and depressurization processes. It is known that the
lowest freezing point of water is —20 °C at about 200 MPa, and it
increases to 30 °C at 980 MPa (The phase diagram of water is shown
in Fig. 1, inset) [22,23]. The phase diagram of the pressure—
temperature graph for water suggests that increased pressure
would induce the water to freeze. This suggests that the high
pressure treatment of native tissue may also cause the formation of
ice during our process. It has been reported that the freezing
process generally destroys the structure of biological tissues under
normal pressure [24,25]. Therefore, temperature control during
pressurization is necessary.

As shown in Fig. 1 (large image), under condition I (the starting
temperature was 10 °C, pressurization and depressurization rates
were 196.1 MPa/min), the samples passed the freezing zone from
937 to 980 MPa during the increasing pressure process. In our
conditions, the highest pressure was maintained for 10 min before
depressurization. From 980 to 759 MPa, the water would be in the
freezing state and would return to the liquid state after further
depressurization under 759 MPa. On the other hand, under
condition Il (the starting temperature was 30 °C, pressurization and
depressurization rates were 65.3 MPa/min), the samples did not
pass the freezing zone throughout the pressurizing process. This
means that the destruction of tissue structure by the formation of
ice would not occur when the starting temperature was 30 °C. It
should be noted that the pressurization and depressurization rates
should be controlled to maintain the starting temperature. Fast



