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Fig. 6. Type I collagen (a, d, g, j), type II collagen (b, €, b, k), and cartilage proteoglycan (c, f, i, 1) staining of pellets that formed on PAAm- (a—), PEG-
(d-f), PAAc-modified (g-i), and control (j-1) surfaces after culture in chondrogenic induction medium for 2 weeks. The scale bar is 50 pm.

demonstrated the early effects of chargeable polymer-
modified surfaces on the chondrogenic differentiation of

MSCs, and the results might be applicable to other’

chargeable polymers. Surfaces presenting methyl, hydro-
xyl, carboxyl, and amino groups have been reported to
affect cell functions through modulating fibronectin
structure and the availability of binding/receptor sites
[24,25]. The different effects of the PAAm-, PEG-, PAAc-
modified and control surfaces in the present study may be
mediated by adsorbed proteins.

Curran et al. [15,16] reported that -NH, surfaces did not
support chondrogenic differentiation of MSCs in serum
medium, but did promote chondrogenesis when cultured in
the chondrogenic differentiation medium. -COOH surfaces
promote chondrogenesis in both serum medium and
induction medium. In the present study, the effect of
PAAc-modified surfaces is different from their results. The
difference might result from different cell culture condi-
tions. They used a monolayer culture to investigate the
effects. However, in this study, at the first stage, the cells on
the PAAm-, PAAc-modified, and control surfaces were
monolayer and then formed pellets after a few days of

culture. The pellets can provide a three-dimensional
microenvironment that facilitates chondrogenic differentia-
tion. When cultured on the surface of culture plate for a
few passages, primary chondrocytes may change from their
original round morphology to a spindle, fibroblast-like
shape and lose their ability to express articular cartilage-
specific ECMs such as type II collagen and aggrecan.
Instead, they express and produce fibroblast-specific ECM,
type I collagen [26,27]. The chondrocytes dedifferentiate

‘and change their phenotypes. Three-dimensional micro-

environments are necessary to promote cell differentiation

[28,29]. Micromass pellet culture is often used in the basic

study of the chondrogenic differentiation capacity of
MSCs. The formation of pellets on PAAm-, PAAc,

. PEG-modified, and control surfaces in the present study

should provide additional information regarding the
chondrogenic differentiation of MSCs.

5. Conclusions

The electrostatic properties of a biomaterial sur-
face could affect cell functions such as cell adhesion,
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Fig. 7. Real-time PCR results of mRNA expression of type I collagen (a), type II collagen (b), type X collagen (c), sox 9 (d), and aggrecan (¢) of the MSCs
cultured on PAAm-, PEG-, PAAc-modified and control surfaces in chondrogenic induction medlum for 2 weeks. The data afe normalized to GAPDH.

MSCs/P4 is the cells seeded onto the surfaces.

proliferation, and differentiation. The positively charged
PAAm-modified surface supported cell adhesion, prolif-
eration, and the chondrogenic differentiation of MSCs.
" The negatively charged and control surfaces supported cell
adhesion and proliferation, but not chondrogenic differ-
entiation. The neutral PEG-modified surface supported
neither cell adhesion nor proliferation, but did promote
chondrogenic differentiation. Although both the PAAm-
and PEG-modified surfaces promoted chondrogenic differ-
entiation of MSCs, the PAAm-modified surface supported
cell adhesion whereas the PEG-modified surface did not.
The positively charged PAAm-modified surface is more
appealing for tissue engineering because, at first, it can
support cell adhesion, and then switch to differentiation of
the proliferated cells. Thus, cell proliferation and differ-
entiation could occur on the same surface at different
times. Consequently, cell differentiation could be con-
trolled by changing the surface properties such as the
electrostatic property. The results of this study will provide
important information for the design of scaffolds for tissue
engineering.
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Immobilization of biosignal molecules including growth factors and cytokines is important
for developing biologically active materials which can contribute to tissue engineering as

a component. The immobilization has more méanings than only immobilization of the
enzyme in a bioreactor or ligand-receptor interactions, because the immobilized biosignal
molecules work on cells which have very complex structures and functions. This review
discusses recent progress in immobilization of biosignal molecules, including the mechanisms

and design concepts.

1. Introduction

Current clinical technologies, especially donor transplants and
artificial organs, have been excellent life-saving and life-
extending therapies to treat patients who need to reconstitute
diseased or devastated organs or tissues as a result of an
accident, trauma, and cancer, or congenital structural anoma-
lies. Although advances in surgical techniques, immuno-
suppression, and postoperative care have improved survival
and quality of life, there are still problems associated with the
use of biological grafts, such as donor site morbidity, donor
scarcity, and tissue rejection. A variety of synthetic and natural
materials have been developed for the replacement of lost
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tissues, but the results have not been satisfactory. Tissue
engineering has emerged as a promising alternative in which
organs or tissue can be repaired, replaced, or regenerated.’

In tissue engineering, a neotissue is generally generated
from the cells on a bioresorbable scaffold, incorporating
growth factors as shown in Fig. 1. It can consist of up to
three components: cells, scaffold, and growth factors.
Recent progress in cell biology revealed various types of
stem cell. However, because of the scarcity of stem cells
it is important to increase the number of stem cells for
clinical utilization. Bioreactors to amplify the stem cells are
required and, for the construction of bioreactors, some
novel materials which enhance the growth or differentiation
are desired.”™® .

For the design of biomaterials, cells and proteins at the
interface play an important role.”* Especially for the develop-
ment of such bioreactor materials or bioactive materials to
enhance regeneration in the body, the utilization of biosignal
proteins including growth factors and cytokines is reasonable.
However, although there are many examples of material
design to enhance cell adhesion, there are not so many
investigations for regulation of various higher functionalities
(gene expression) of cells including growth, differentiation,
apoptosis, transformation and so on. In this review the
possibilities for regulating the expression of cells by materials
are discussed.

Cell

Fuston
+ =Immobilization of growth factor in and on scaffold

Fig. 1 The principle of tissue engineering. This review focuses on the
fusion, that is, immobilization of growth factor on the scaffold.
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Fig. 2 Interaction of cells with soluble and immobilized growth factors.

2. Iinmobilization of biosignal molecules

Fig. 2 shows the activation mechanism of biosignal molecules
including growth factors and cytokines. First, the biosignal
molecules interact with the cognate receptor and form a
complex with it, resulting in autophosphorylation of .the
cytoplasmic domains of the receptors. The phosphorylation
activates the intracellular signal transduction. On the other
hand, the formed complexes are aggregated and the aggregates
are internalized into cells. The internalization occurs by both

clathrin-dependent and clathrin-independent mechanisms and -

leads to the recycling of receptors to the plasma membrane
for resensitization or shuttling of receptors to lysosomes for
degradatory down-regulation.

If the signal transduction from biosignal molecules to cells is
due to complex formation with the receptor, it is expected that
the biosignal molecules immobilized on the material surface
work. In addition, it is expected that the signal transduction by
the immobilized molecules continues for a longer time than by
the soluble molecules.

2.1. History of immobilized. growth factor

Immobilization of insulin on a solid matrix was for the first
time performed and reported by Cuatrecasas.® He synthesized
the conjugates to investigate the mechanism of insulin action.
Although these conjugates facilitated extensive purification of
solubilized insulin receptors by affinity chromatography,
definitive conclusions. regarding the effectiveness of immobi-
lized insulin could not be drawn because of the possibility that
the immobilization was incomplete.m‘15 Furthermore, given
the marked time delay between the exposure of the cells to the
immobilized insulin and the detection of signal transduction
events, his study examining acute effects of insulin conjugates
may not have allowed sufficient time for evaluation of activity.
In addition, because his studies used porous agarose gel beads
that were not accessible to the cells as the immobilizing
support, it was difficult to evaluate quantitatively the relation-
ship between the amount of immobilized insulin and biological
activities.

After these works, in 1991 insulin was immobilized on a
plain surface as a growth factor for investigation of its

_mitogenic (a long-term) effect.!51” Subsequently various types

of biosignal molecules have been immobilized on materials to
regulate cell functions. Table 1 summarizes reports on bio-
conjugate materials which were covalently immobilized with
growth factors to regulate cellular functions.'$'% Immobilized
insulin and epidermal growth factor (EGF) enhanced the
growth of cells.’*"5° Bone morphogenetic protein (BMP) —2 or
—14 induced alkaline phosphatase activity, or calcium deposi-
tion, or regulated gene expression in cells.”>7” The immobi-
lized transforming growth factor-pl (TGF-B1) induced
collagen synthesis®®®® or suppressed chondrocytes toward -
prehypertrophic chrondrocytes and osteolineage cells.®®
Notch ligands induced Notch activation in cells only in the
immobilized state and it was suggested to expand human
hematopoietic stem cell population.”***> Immobilization of
leukemia inhibitory factor (LIF) kept the colony morphology,
alkaline phosphatase activity, and stage-specific embryonic
antigen-1 immunoreactivity of émbryonic stem cells, which
indicated an undifferentiated state. %557

On the other hand, in around 1990, in the field of cell -
biology, biologically natural “juxtacrine stimulation”, which
indicates biological signal transduction in a nondiffusible
manner to neighboring cells, was demonstrated for some
membrane-anchored growth factors and lymphokines,
including TGF-a, tumor necrosis factor o, colony-stimulating
factor 1, c-kit ligand, and heparin-binding EGF.11%!!!
Considering the biological system, Ito ez al named the effect
induced by a chemically immobilized growth factor “‘artificial
juxtacrine stimulation”.!1? Recently, some reviews for bio-
mimetic approaches to biomaterials, which signal to cells via
biologically active entities, have been published.7'113

2.3. Interaction of immobilized growth factor

In order to demonstrate that the immobilized signal molecules
work to transduce the signal to the cells, some works have been
performed. Chen er al.*” prepared three basic types of insulin

This journal is © The Royal Society of Chemistry 2008
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Table 1 Biosignal molecules covalently immobilized on a matrix for cell culture

Growth factor Substrate Reference
Insulin Surface-hydrolyzed poly(methyl methacrylate) (PMMA) 16-21
Surface-treated glass or polyacrylamide 22
Polyurethane 23
Biodegradable polymer 24
Poly(2-hydroxyethyl methacrylate) (poly(HEMA)) 25
Spacer, surface-treated PMMA with POE 26
Polymer grafted with poly(acrylic acid) . 27, 28
Polyurethane with POE \ 29
Biodegradable polymer + POE 30-32
+ Adhesion factors (RGDS {Arg-Gly-Asp-Ser), 3340
pollyallylamine, collagen, etc.)
+ Heparin 41
Polystyrene + micropatterning 42, 43
Poly(N-isopropylacrylamide) 44
Poly(N-isopropylacrylamide) + RGDS 45-47
Epidermal growth factor (EGF) Surface-modified glass 48-50
‘ Surface-hydrolyzed PMMA 51
Surface-modifed PDMS 52,53
Polystyrene photo-immobilized (mircopatterned) 54-39
Gene-engineered 60-66
Nerve growth factor (NGF) Surface-modified glass 49, 67
Poly(HEMA) grafted with PAA 68, 69
Gelatin tricalcium phosphate crosslinked 70
Micropatterned 71, 72
Bone morphogen protein (BMP) Surface-modified titanium 73, 74
Type I atelocollagen 75,76
Chitosan nanofiber 77
Poly(lactide-co-glycolide) 78
Vasular endothelial growth factor (VEGF) PAA-grafted polyethylene film 79
Micropatterned 80
Gene-engineered 81
Fibroblast growth factor (FGF) Photoimmobilization 82
Polymers 83
+ Heparin 84, 85
Insulin growth factor-1 (IGF-1) Photoimmobilization 82
Transforming growth factor-f1 (TGF-B1) Collagen type I coated titanium 86
PDMS ) 87
Gelatin-hyaluronic acid-chondroitin-6-sulfate sponge 88
+ POE 89
Hapatocyte growth factor (HGF) Gene-engineered 90, 91
Notch ligand Photo-immobilized 92
Gene-engineered 93-95
Leukemia inhibitory factor {LIF) Photo-immobilized 96
- Non-woven polyester fabrics 97
Stem cell growth factor (SCF) Gene-engineered 98
Interleukin-2 ’ Crosslinked 99
Interleukin-1 Gene-engineered 100
Tumor necrosis factor-o {TNF-rr) Photo-immoblized 67,101
Erythropoetin Photo-immobilized with gelatin 102
Neurotrophin-3 Surface-modified glass 50
Transferrin Surface-hydrolyzed PMMA 103
E-cadherin Gene-engineered 104
48 | Soft Matter, 2008, 4, 46-56 This journal is © The Royal Society of Chemistry 2008
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Table 1 Biosignal molecules covalently immobilized on a matrix for cell culture (Continued)

Growth factor Substrate Reference

Osteopontin Poly(2-hydroxyethyl methacrylate) 105
Collagen 106

P-selectin Coated on polystyrene 107

CXCR3 ligand Coated on polystyrene ) 7 108

Sonic hedgehog Gene-engineefed + interpenetrating polymer network 109

conjugate and their effect on cell growth was investigated. The
insulin-polyoxyethylene conjugate (Ins-POE), insulin-poly-
(acrylic acid) conjugate (Ins-PAA), and insulin-immobilized
PAA-grafted polystyrene (Ins-PSt). Ins—-POE and Ins-PAA
were monovalent and multivalent water-soluble conjugates,
respectively. On the other hand, Ins-PSt was a water-insoluble
multivalent conjugate. The mitogenic activity of Ins-POE was
lower than that of native insulin. This could be due to the
inability of the insulin receptor to bind to the coupled insulin
because of steric hindrance from the polyoxyethylene chain.
With similar reasoning, poly(acrylic acid) should inhibit the
binding of insulin to its receptor. However, Ins-PAA showed a
slightly higher mitogenic activity compared to native insulin,
presumably because Ins-PAA was multivalent and hence able
to enhance receptor dimerization as well as aggregation of
the insnlin conjugate/receptor complex. On the other hand,
Ins-PSt had an extremely high mitogenic effect being much
higher than the other conjugates. Similar results were obtained
using different types of matrix® and using the immobilized
EGF® as summarized in Fig. 3.

2.4. Certification of the interactions
As discussed previously,'®"® in the case of immobilization of

biosignal molecules on a solid, the completeness is very

Immobilized growth factor

Enhancement

Mitogenic effect

Smaller amount
-

Amount of growth factor

Fig. 3 Schematic comparison of the mitogenic effect of immobilized
growth factor with that of nonimmobilized growth factor. Immobilized
growth factor induces a greater effect than nonimmobilized growth
factor. The smaller amount of immobilized growth factor is considered
to induce the effect as a result of multivalency and high local
concentration, as discussed in sections 3.1 and 3.3, respectively. The
enhancement of the mitogenic effect is considered to be caused by
inhibition of down-regulation and other factors as discussed in sections
3.2 and 3.3, respectively.

Nonimmobilized growth factor

important. If there are some releases from the matrix, the
effect may be due to some artifact. Therefore the amount of
immobilized insulin was carefully measured by radioisotope
labeling.?® In addition, the immobilized growth factor was
repeatedly used after each cell culture >'~12 This repeated use
confirms the stability of the immobilized molecules. In
addition to these methods, there are some technologies to
demonstrate the activity of immobilized biosignal molecules.'*

Specific interaction of immobilized growth factor with the
cognate receptor was examined by antibodys against immobi-
lized growth factor. If the effect of the immobilized growth
factor was inhibited by the antibody, the specific interactions
were certified. This method has been employed by many
researchers, 1419:80.110.111

One of the technologies to certify the interactions, visualiza-
tion of the signal transduction and spatial regulation of the cell
functions, was performed by micropattern-immobilization
using a photo-lithographic method *>43345%,67:71,72.80.92.102
When the cell culture was on the micropattern-immobilized
growth factor, the cell growth or differentiation was acceler-
ated only in the biosignal molecule-immobilized areas. The
immobilized biosignal molecules affected the cell functions
including growth and differentiations without enhancing the
adhesion.

To further investigate the interaction of immobilized EGF,
CHO cells overexpressing EGF receptors were cultured on the

“plate immobilized with EGF in a narrow stripe pattern.>® The

contact area (stripes 2 um in width) between the cells and
the immobilized EGF was stained by an anti-phosphotyrosine
antibody. Since free lateral diffusion and internalization of the
bound EGF-EGF receptor complex were prohibited by
immobilization of EGF, only signal proteins in the interaction
regions were activated. This finding also indicates that the
biological signal was transduced only to the cell that interacted
with the immobilized EGF.

Recently Ichinose er a quantitatively evaluated the
interaction. When the density of EGF was only slightly lower
than that of the EGF receptor dimers, cellular response was
dramatically decreased. The EGF receptor molecules bound
with the immobilized EGF were prevented from being laterally
diffused and internalized and kept their initial position. In
addition, the immobilization made suitable targets for stable
single molecule observation under total internal reflection
fluorescence microscopy to study EGF signaling mechanisms,
preventing lateral diffusion and internalization of EGF
receptors. Ichinose er al. showed results of single molecule
observations of the association and dissociation between
phosphorylated EGF receptors and Cy3-labeled growth factor

1.49
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receptor-binding protein 2 (Grb2) proteins in A431 cells
stimulated by the immobilized EGF.

Shibata ez al®” demonstrated that nerve growth factor
(NGF)-receptor complexes had two distinct diffusive states,
characterized as a mobile and an immobile phase. The transi-
tion between the two diffusive states occurred reversibly with
duration times determined by a single rate limiting process.
The abrupt transition to the immobile phase often occurred
simultaneously with the clustering of the NGF-receptor
complexes. Immobilization depended on the phosphorylation
of the TrkA NGF-receptor. Using dual-color imaging, it
was demonstrated that the membrane recruitment of the
intercellular signaling protein occurs with NGF-receptor
complexes in the immobile phase indicating that signal
transduction occurs during this phase. Thus, it was considered
that NGF signaling was performed through a repetitive
random process to induce formation of signaling complexes.

Previously the effect of immobilized growth factor was
compared with the effect of adhesion factors including gelatin,
collagen, and fibronection, or with albumin, immuno-
globulin.!® Recently microarray systems have been employed
to investigate the effect of immobilized molecules by some
researchers. 8114115 The recently developed systems also
revealed the effectiveness of immobilized growth factors. At
least the result that the immobilized biosignal molecules
stimulate the cells has been confirmed by many methods.

3. Effect accompanying immobilization of growth
factors

In addition to the fact that the immobilized growth factors
interact with the cellular cognate receptors, it has been
demonstrated that the immobilized growth factor had a higher
or different effect from the soluble one as shown in Fig. 3,
because the interaction is not only the ligand-receptor
interaction. These effects of immobilized growth factor are
considered to be due to the following mechanisms.?!

3.1. Multivalency

The importance of mutivalency of immobilized biosignal
molecules have been discussed by many researchers. This
effect is the same as the high local concentration of
immobilized proteins on material surfaces.'®1'® Recently
Kiessling et al. considered synthetic multivalent ligands as
probes of signal transduction.’” Multivalent ligands can bind
avidly to multiple receptors on the cell surface, a process that is
facilitated in the fluid lipid bilayer by the two dimensional
diffusion of receptors. The multivalent ligands can activate
signaling pathways if they can cluster signaling receptors
(Fig. 4). They discussed the three major concepts that are
critical for the application of multivalent ligands as probes
of signal transduction: (1) signal transduction cascades are
mediated by receptor-receptor interactions, and promoting
receptor assembly is critical for signaling. (2) Multivalent
ligands can interact with the target receptors through multiple
binding modes. (3) The structure of a multivalent ligand will
determine the favored binding modes. Thus, the structure can
be optimized to elicit the desired biological response.

Fig. 4 Interactions of a multivalent ligand with a cell. The multi-’
valent ligand enhances the formation of ligand-receptor complexes,
and the interaction of activated ligand-receptor complexes, because of
the_high local concentration of ligands. In addition, the formed
complexes are stabilized by the multivalent ligands.

In addition, prevention of lateral diffusion of the activated
receptor or the receptor-ligand complex in the plane of the cell
membrane must be taken into consideration. The prevention
means the stabilization of the aggregates of complexes and
thus leads to a long-lasting effect.

3.2. Inhibition of down-regulation

Inhibition of the internalization process should be also taken
into consideration as shown in Fig. 2. Generally cells decom-
pose the biosignal molecules in the cells to reduce their stimula-
tion and this is called down-regulation. The immobilization was
considered to inhibit this down-regulation and as a result the
stimulation continued for a long time without reduction.

To investigate the above hypothesis, the activation of
cellular signaling proteins, insulin receptor P-subunits in the
cells, or mitogen-activated protein kinase (MAPK) in the cells
was measured in the presence of immobilized insulin or
immobilized EGF (Fig. 5).>!*! Native insulin or EGF rapidly
activated the insulin or EGF receptor. However, the activation
is usually transient. On the other hand, activation by the
immobilized insulin or EGF continued to increase up to 12 h
although some lag time was needed for adhesion of cells on the
surface immobilized with insulin or EGF. These sustained
activations of signaling proteins by the immobilized insulin
or EGF should explain the high mitogenic effect of the
immobilized growth factors.

In addition, this sustained activation provided another effect
of immobilized biosignal molecules.® It is well known that
growth of the rat phaeochromaocytoma cell line PC12 is
stimulated by EGF and the differentiation is stimulated by
NGF."® However, the immobilized EGF stimulated PC12
differentiation.”® The immobilized EGF caused a long-lasting
stimulation of MAPK and a subfamily of the MAPK
superfamily in cells, as did diffusible NGF. This switching
between growth stimulation and differentiation was considered
to be due to the duration of stimulus.>®

50 | Soft Matter, 2008, 4, 46-56

This journal is © The Royal Society of Chemistry 2008

—132—



Soluble growth factor

Activation of signal proteins in colls

Immobilized growth factor

\ J Time

Y
Time for adhesion

“~r @@
NGF\

immobilized EGF

Fig. 5 Time course of signal activation by immobilized and soluble
growth factors. The difference induces different effects on PC12 cells.

3.3. Other considerable mechanisms

In addition, the difference in stimulation sites between the cell-
medium interface and cell-matrix interface, erc. should also
be taken into consideration. The interaction of immobilized
biosignal molecules is from the substrate and the local
concentration is extremely high as shown in Fig. 6. The
specific situation is considered to affect various functions.

In fact, the immobilization sometimes induced some specific
effect on cell behavior in addition to the primary effect. Kuhl
and Griffith-Cima*® found that the rounding responses of
primary rat hepatocytes on the surface immobilized with EGF
were different to those on the non-immobilized. Ogiwara
et al.% reported that the cytoskeleton of A431 cells adhering to

@) & O O
o O Goe
o O
O o o o
VSN A IO AN Y L TH T

Fig. 6 Immobilized growth factor, which is different from soluble
growth factor, provides a different environment for cells.

immobilized EGF-Fc (Fc is a fragment of immunoglobulin)
was filopodia whereas that of the cells adhering onto collagen
in the presence of soluble EGF was lammellipodia. In
addition, Ogiwara et al® found that interaction between
photo-immobilized EGF and the receptor in the cells was
independent of Mg>* although integrin-mediated cell adhesion
to natural exracellular matrices is dependent on Mg™*.
Phosphorylation of EGF receptors in A431 cells was induced
by immobilized EGF the same as soluble EGF. DNA uptake
of hepatocytes decreased with immobilized EGF whereas it
increased with soluble EGF. Liver-specific functions of
hepatocytes were maintained for 3 d by immobilized EGF
whereas they were not maintained by soluble EGF, indicating
that immobilized EGF follows a different signal transduction
pathway from soluble EGF. These differences with immobi-
lized growth factors compared to the soluble ones should be
due to the complex structure of interfaces surrounding the
cultured cells.

Reddy er al'’® demonstrated an approach derived from
understanding how the attenuation mechanisms including
growth factor depletion and receptor down-regulation arise
from ligand/receptor trafficking processes. A recombinant
EGF mutant with reduced receptor binding affinity is a more
potent mitogenic stimulus for fibroblasts than natural EGF
because of its altered trafficking properties. Optimization of
ligand binding parameters requires systemic integration of
processes from the initial binding event to the final cellular
response. Their experimental data showed that consideration
of cellular trafficking processes-is essential for an optimization
effort. The immobilized growth factor may have a similar effect.

4. Design of immeobilization

In order to efficiently derive the effect of immobilized biosignal
molecules for material design, there are many strategies
reported (Fig. 7).1%°

4.1. Spacer insertion and surface stiffness

As shown in Fig 2, after the ligand complexes with the
receptor, the complexes are generally considered to aggregate
in the cell membrane to transmit the signal to the nuclei.

a b

¥ Flexible chain

Micropatterning

L. W ..}

5% s e

Fig. 7 Material designs using immobilized growth factors. (a)
Flexible spacer chains make the immobilized growth factor mobile
like a soluble growth factor. (b) Micropattern-immobilization for
growth factors induces micropattern formation of cells. (¢) Co-
immobilization of different types of ligands (growth factor) induced
cross-tatk of receptors. (d) Stimuli-responsive polymers add some
functions to the growth factor immobilization.
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Therefore, the insertion of the spacer between the surface and
the biosignal molecules is useful for enhancement of diffusion
of the complex in the membrane. Some studies using the spacer
chains were performed and the increase in the activity is
reported.24%32% However, possible implications of steric
hindrance in spacing growth factor from the substrate and the
possible impact on growth factor binding to its cell surface
receptor should be taken into consideration. In fact, the POE
conjugation reduced the biological activity of insulin.*’

The insertion of a spacer arm is also related to the surface
stiffness. It is well known that the cells sense and react to
extracellular stiffness as revealed by recent experiments with
soft elastic substrates.'>''?2 Therefore, immobilization was
performed on polymeric materials having different water
contents and the effect of immobilized growth factor was
discussed. The increase in flexibility of immobilized growth
factor increased the biological activity.

Iwamoto and Mekada!!’ discussed the juxtacrine
mechanism according to the flexibility of membrane-anchored
growth factor, heparin-binding epidermal growth factor
(HB-EGF). Stable transfectants of mouse L cells expressing
precursor HB-EGF (proHB-EGF) were fixed with formalin to
prevent the release of soluble HB-EGF (sHB-EGF), and then
the fixed donor cells were cultured with EP170.7 cells, an EGF
receptor-ligand dependent cell line. Under these conditions,
growth stimulation of EP170.7 cells was observed and this
EP170.7 cell growth was found to be dependent on the amount
of proHB-EGF expressed on the donor cells. On the other
hand, in order to examine the activities of proHB-EGF, a
modified coculture system was reported, in which an intact
monkey kidney cell line expressing proHB-EGF was incubated
with EGF receptor-expressing 32D cells. Under these condi-
tions, proHB-EGF was shown to have a growth-inhibitory
activity and to induce apoptosis of the recipient cells, while
sHB-EGF stimulated cell growth. They consider that the
fixation by formalin perturbed the aggregation of ligand/
receptor complexes in the cell membrane.- -

4.2. Micropatterning

Biomaterials for cell patterning have been used to regulate
cellular processes, such as proliferation'and differentiation,
through cellular adhesion.??%123-132 Ag cells adhere to micro-
patterned substrates, they align themselves to the shape of the
underlying adhesion region. This shape change induces
changes in cytoskeleton features and has been shown to
influence apoptosis and proliferation.!>® Gene expression and
protein synthesis were also altered by changing the nuclear
shape.* It has been determined that cell shape can also
control stem cell differentiation'® and that the tissue form
itself can feed back to regulate patterns of proliferation
through micromechanical forces.'* Controiling the cellular
microenvironment through micropatterning may be used for
directing cell fate for tissue engineering applications.
Moreover, inside the body, cells lie in contact or in close
proximity to other cell types in a tightly controlled architec-
ture.'? Tissue engineering constructs, which aim to reproduce
the architecture and geometry of tissues, will benefit from
methods of controlling cell-cell interactions within these

tissues. Patterned cocultures are a useful tool for tissue
engineering constructs and for studying celi-cell interactions
in vitro because they can be used to control the degree of
homotypic and heterotypic cellcell contact. Pioneering work
in this area was performed by studying the interaction of
hepatoeytes and nonparenchymal fibroblasts in cocultures.'’
Recently developed methods are based on thermally reversible
polymers,'® layer-by-layer deposition of ionic polymers,'
microfluidic deposition,'* and molding of hydrogels.!*!

As mentioned in section 3.1, the micropatterning is also
useful for investigating the effect of immobilized growth
factors. If no signal transduction is observed on non-immo-
bilized growth factor, it is possible to conclude that there is no
release of immobilized growth factor to act on the cells.!'>!*

In addition to the certification method, micropatterning has
been employed for regulation of cellular morphology and
tissue formation. Ito et al®® demonstrate the micropatterning
of blood endothelial cells to form vessels. Gomez et al’
reported axon extension in neurons on the surface covalently

~ immobilized with NGF and microtopography was introduced

in the form of microchannels. When the two surface stimuli
were presented in combination, a synergistic increase in
axon length was detected, which could be a result of faster
polarization triggered by topography plus enhanced growth
from NGF.

4.3. Co-immobilization

In order to enhance the effect of immobilized growth
factors, other macromolecules have been co-immobilized with
them. Biological or physico-chemical enhancement of cell
adhesion increased the mitogenic effect of immobilized growth
factors.3*#04546 For biological enhancement of cell adhesion,
cell adhesion factors including collagen, fibronectin, gelatin,
and the core RGDS peptide were co-immobilized. On the
co-immobilized surface both adhesion and growth of cells were
remarkably enhanced. For physico-chemical enhancement of
cell adhesion, cationic polymers such as poly(allyl amine) and
polylysine were employed.

In addition, recently various types of stimuli-responsive
materials were developed and cells were manipulated on these
materials.’*?'%> Chen er al* immobilized insulin with a
thermo-responsive  polymer, poly(N-isopropylacryamide).
They observed growth enhancement by immobilized insulin
and harvested the cells by lowering the temperature.
Coimmobilization with insulin and RGDS peptide was
reported by Hatakeyama et al 7 recently.

4.4. Protein engineering for immobilization

Recently many types of gene-engineered proteins for immobi-
lization have been reported. Nishi er al.% constructed fusion
proteins consisting of a growth factor moiety and the collagen-
binding domain (CBD) of collagenase, which acted as an
anchor to the collagen fibrils. They chose EGF and basic
fibroblast growth factor (bFGF) as parts of the fusion proteins
(collagen-binding EGF, CBEGF; collagen-binding bFGF,
CB-FGF). As a resuit, CBEGF, when injected subcutaneously
into nude mice, remained at the sites of injection for up to 10d,
whereas EGF was not detectable 24 h after injection. Although
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CBEGF did not exert a growth-promoting effect in vivo,
CBFGF, but not bFGF, strongly stimulated the DNA
synthesis in stromal cells at 5 d and 7 d after injection. These
results indicate that CBD may be used as an anchoring unit to
produce fusion proteins nondiffusible and long-lasting in vivo.

Hayashi er al' developed a recombinant technology to
confer mitogenic activity on type III collagen by fusing it to
EGF at the collagen’s N-terminus. The fusion protein was
shown to hold the triple helical conformation of collagen and
the mitogenic activity of EGF. It was also demonstrated that
the chimeric protein can be immobilized on tissue culture
dishes as a fibrous form and in collagen fibrils without
abolishing the original mitogenic activity of EGF.

Collagen-binding or fibrin-binding growth factors consisting
of EGF, HGF, and VEGF and the binding domains in
fibronectin were reported as shown in Fig. 8.5 The fusion
protein bound to gelatin and fibrillar collagen sponges and
substantially stimulated cell growth after binding to collagen-
coated culture plates, whereas EGF or HGF had no effect,
indicating that this fusion protein acted as a collagen-
associated growth factor. On the other hand, Elloumi ef al.%
reported a novel protein consisting of a RGD (Arg-Gly-Asp)
sequence functioning as a cell adhesive function, EGF as a cell
growth function, and a hydrophobic sequence as an efficient
assembling function in one molecule. The protein coated on
an unmodified hydrophobic surface of a cell culture plate
(through the hydrophobic moiety) retained both cell adhesive
activity (through the RGD sequence) and cell growth activity
(through the EGF moiety).

Recently Kim et al'® prepared a fusion protein of a
recombinant human interlenkin-1 (IL-1) receptor antagonist
and an elastin-like peptide (IL-1ra-ELP) and found that the
immobilized IL-1ra-ELP modulates the inflammatory profile
of lipopolysaccharide (LPS)-stimulated cultured human mono-
cytes. Specifically LPS-stimulated THP-1 monocytes that were
exposed to either soluble or immobilized IL-1ra-ELP did not
differentiate, but showed attenuated expression of pro-
inflammatory cytokines, and had enhanced production of
anti-inflammatory and pro wound-healing cytokines. The
extent of signaling by immobilized and soluble fusion proteins
were similar in magnitude, indicating roughly equivalent
bioactivity and that cultured monocytes are clearly signaled
by the immobilized IL-1ra-ELP.

.

As another binding method, fusion with immunoglobulin
G Fc region® p-azido phenylalanine,64 histidine tag,®®
cysteine-containing tag®! and cellulose-binding domain®® were
employed. These gene engineering methods contributed
oriented immobilization of biosignal molecules for efficient
interaction with receptors to induce cellular signal transduction.

5. In vivo applications

Covalent immobilization of growth factor onto a substrate has
been used mainly for cell culture. However, some in vivo
experiments have also been performed for tissue engineering.
Ohyama et al % prepared bFGF-immobilized platinum micro-
coils and performed coil embolization of aneurysms con-
structed using a canine common carotid artery via the
endovascular approach. The percentage of occlusion at the
aneurysm orifice in animals treated with bFGF-immobilized
coils was significantly greater than with unmodified coils.
Lin et al™® immobilized BMP-2 on a poly(lactide-co-glycolide)
scaffold and created bilateral, full-thickness cranial defects
in rabbits to investigate the osteogenic effect of cultured
mesenchymal stromal cells on bone regeneration in vivo.
Histomorphometry and histology demonstrated that the
BMP-2 conjugate enhanced bone formation after surgery.
Nishi er al® prepared collagen-binding EGF and injected it
subcutaneously into nude mice. It remained at the sites of
injection for up to 10 d, whereas EGF was not detectable 24 h
after injection. In addition, collagen-binding FGF strongly
stimulated the DNA synthesis in stromal cells at five and seven
days after injection. Kitajima er al® prepared collagen-
binding HGF and its angiogenic activity in rat tissues was
examined by subcutaneously implanting collagen sponges
containing the binding HGF. Blood vessel formation in the
sponges after seven days was four to six times more extensive
when compared with the control sponges without any sample.
Implanted sponges with native HGF did not show significant
any difference from the controls. Recently, Ohkawara ez al®
studied the re-endothelialization and neointimal formation in
balloon-injured rat carotid arteries in the presence of HGF
and binding HGF. The left common carotid artery of male
Sprague Dawley rats was injured with an inflated balloon
catheter, and treated with binding HGF, native HGF, or saline
(control) for 15 min. Rats were injected with Evans blue and

[ cBD H EGF, HGF ]Collagen-bindinggrowth factors

Collagen/
Gelatin

Biding

heparin
Domains

Fibrin

Integrin Heparin Integrin Fibrin
ab81 ab81

Fibronectin

Fig. 8 Gene-engineered growth factors (EGF, VEGF, HGF, etc.) containing collagen-binding domain (CBD) found in fibronectin.
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sacrificed after 14 d. The length of the re-endothelialized
area was significantly longer in binding HGF-treated rats
than in control or HGF-treated rats. Neointimal formation
was significantly greater in binding HGF-treated rats than
in others.

In tissue engineering, design of scaffold has been the main
target. Growth factors are usually physically mixed for
utilization. However, to effectively utilize the growth factors,
modification is favored. Covalent or noncovalent immobiliza-
tion regulates the diffusion of growth factors to maintain the
effects and provide specific microenvironments to regulate
cellular responses with matrices.'*¢>® In addition, the
immobilization of growth factor is important for geometrical
control of complex tissue formation of different types of cells
within or near the scaffolds.

6. Future perspective

The field of tissue engineering has created a need for
biomaterials. that are capable of providing biofunctional and
structural support for living cells outside the body. Most of

the

commonly used biomaterials in tissue engineering are

designed based on their physico-chemical properties, thus
achieving precise control over mechanical strength, com-
pliance, porosity, and degradation kinetics. Biofunctional
signals are added to the scaffold by tethering, immobilizing,

or

supplementing biofunctional macromolecules, such as

growth factors, directly to the scaffold material. The challenge
in tissue engineering remains to find the correct balance
between the biofunctional and the physical properties of the

scaffold materials for each application.

151 Communication

between -cells and extracellular environment using the
engineered scaffold should be correctly regulated. For this
purpose the surface biolization by immobilization of growth
factor is a powerful tool for constructing elaborate intelligent
biofuntional materials. Control of surface function with the
immobilization is important for design. It will be also
important to prepare biomaterials mimicking the growth
factor proteins for mass production of biofunctional materials
without using the native proteins.
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Abstract. Methacrylate-structured poly(ampholyte)s were synthesized in the homopolymer and copolymer forms starting
from the N-methacryloyl-L-histidine (MHist) and the N-isopropylacrylamide (NIPAAm). They were also obtained in the
cross-linked (hydrogel) form, showing a close thermodynamic behaviour as that shown by the corresponding soluble free
polymer analogues. Viscometric data revealed that the minimum hydrodynamic volume of the polymer at its isoelectric
point (pH 5) shifted to lower pHs as the NIPAAm content increased, and beyond a critical low MHist content the reduced
viscosity decreased, even at low pHs. The phenomenon was attributed to hydrophobic forces between the isopropyl groups
outweighing the repulsive electrostatic interactions of the polymer in the positively charged form. A similar behaviour was
shown by the corresponding hydrogel. The latter also revealed a different phase transition phenomenon induced by external
stimuli (temperature, pH, ionic strength, electric current) when compared to the acrylate-structured analogues. The
polyMHist, as well as the corresponding monomer, was found for two days to be non toxic against the mouse osteoblasts
(MC3T3-El).

Keywords: biocompatible polymers, smart polymers, polymer gels, protonation thermodynhamics, polyampholytes

1. Introduction functionality and the hydrophobic isopropyl groups

Vinyl compounds carrying aminoacid residues
have been widely synthesized to obtain functional
polymers for practical purposes [1]. The presence
of the carboxyl [2] or the amino [3] functionality
made these polymers sensitive to the pH in a range
that was closely related to their basicity constants.
Moreover, the presence of the hydrophilic amido

*Corresponding author, e-mail: casolaro@unisi.it
© BME-PT and GTE

in the side chain made these polymers also sensi-
tive to the temperature [4, 5]. _

Recently, new vinyl acrylate polymers based on the
L-histidine residues have been developed in order
to have poly(ampholyte)s responding in different
pH-ranges [6]. The imidazole-containing methacry-
late polymers with different functions were investi-
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gated in the catalytic activities towards the solvoly-
ses of a series of activated phenyl esters [7].
Besides the buffering capacity of proteins in the
physiological pH range, the imidazole group is also
able to form coordination compounds with metal
ions [8]. These compounds are considered as mod-
els for the understanding of the biological activity
of proteins involved in fatal disorders such as the
Alzheimer’s disease or the prion infection [9, 10].
Synthetic polymers containing the imidazole func-
tionality have recently been reported as thermosen-
sitive, reusable displacers for immobilized metal
affinity chromatography of proteins [11, 12]. The
incorporation of the imidazole functionality in the
highly branched poly(~-isopropylacrylamide), the
polyNIPAAm, showed interest as a thermally
responsive ‘smart’ polymer for the purification of a
histidine-tagged protein fragments 13, 14]. More-
over, the absence of toxicity makes these ampholyte
polymers useful candidates in the development of
loosely cross-linked hydrogels to be used as
injectable polymer scaffolds for tissue engineering
applications {15]. The non toxic effect of the
poly(MHist) against the osteoblast cells enables the
corresponding hydrogels to be tailored in medical
treatment for more efficient routes in the adminis-
tration of pharmaceutical compounds, especially
metal-based drugs [16], and improves the absorp-
tion of loaded amino-bisphosphonates (BPs) in the
bone resorption process [17, 18]. In the latter case,
the poor absorption of bisphosphonates via the
paracellular route may be improved by a slow

releasing process of BPs loaded into the hydrogel. -

Previous reported papers described the thermody-
namic behaviour of acrylate polymers with the L-
histidine residues in the free and in the cross-linked
forms [6]. Copolymers with the ~-isopropylacry-
lamide were also prepared to obtain multiple stim-

I

4[_ C__‘CHz‘}'
I x
C=
l

o]

Hy*

Figure 1. Structure of the monomer unit of poly(MHist)

uli-sensitive hydrogels for biomedical applications
[19, 20]. In fact, besides the pH, they were sensitive
to the temperature, the electric potential, the salt-
type and the ionic strength. :
Following our interest in these kind of polymers,
we thought to study the methacrylate-structured
polymer analogues because, as a rule, the solution
behaviour of acrylate compounds differs to some
extent from that of the corresponding methacrylate
[21]. Thus, the aim of this paper is devoted to the
protonation behaviour study of the synthetic
methacrylic poly(ampholyte)s containing the L-his-
tidine residues, the poly(MHist) (Figure 1).

A series of copolymers with a variable amount of
NIPAAm was studied in order to clarify their ther-
modynamic behaviour in view of the potential
applications of the corresponding hydrogels. The
thermodynamic study of either the soluble or the
cross-linked polymers allowed to evaluate the
basicity constants along with the enthalpy and
entropy changes during the protonation of the imi-
dazole nitrogen. Moreover, the results of the
swelling properties of three different cross-linked
hydrogels were reported along with their protona-
tion behaviour. They were strictly compared to the
previously reported acrylate analogues [6, 19].

The hydrophilic behaviour of the non toxic poly
(MHist) allowed the preparation of a new type of
copolymer for nonbiofouling surfaces [22]. The
polystyrene hydrophilization with poly(MHist) and
some of its copolymers was in fact shown to be
higher than that of the BSA (Bovine Serum Albu-
min).

2. Experimental section
2.1. Materials

L-Histidine (98%), methacryloyl chloride (97%)
and 2,2’-azoisobutironitrile (AIBN, 98%) were
purchased from Wako Pure Chemical Industries.
Ammonium peroxo-disulfate (APS, 98%) and
N,N,N’,N’-tetramethylethylenediamine (TEMED)
were from Kanto Chemical Co., Inc. N,N’-ethyl-
enebis-acrylamide (EBA, 98%) and triethylamine
(TEA, 99.5%) were from Fluka Co. The AIBN was
recrystallized from methanol and all the other
reagents were used as received. The N-isopropy-
lacrylamide (NIPAAm, Wako Co.) was purified by
recrystallization from n-hexane and then dried in
vacuo. Buffer solutions (tris, phosphate, acetate)

166

—140—



Casolaro et al. — eXPRESS Polymer Letters Vol.2, No.3 (2008) 165-183

were prepared at a concentration of 0.01M in twice-
distilled water and in 0.15M NaCl. The sodium
chloride salt was of analytical grade from Fluka Co.

2.2. Syntheses

Synthesis of MHist

The N-methacryloyl-L-histidine, MHist, was pre-
pared according to the previously reported syn-
thetic routes [22, 24]. To an aqueous solution of
L-histidine (5.0 g, 32 mmol) and sodium hydroxide
(1.6 g, 40 mmol) in twice-distilled water (20 ml),
the methacryloyl chloride (3.67 ml, 38 mmol),
diluted in dioxane (10 ml), was added dropwise.
During addition, the reaction mixture was kept
under 5°C by the external ice-bath cooling, and
then the temperature was raised to room tempera-
ture for 1 hour. After removing the dioxane by a
rotary evaporator, the mixture was acidified to
pH 2 with concentrated hydrochloric acid and
extracted with ether. The aqueous layer was adjusted
to pH 5 and concentrated in vacuo to obtain crude
MHist. The crude monomer was purified by
repeated precipitations from ethanol to acetone and
dried in vacuo.

Synthesis of polyMHist

- The poly(N-methacryloyl-L-histidine), polyMHist,
was synthesized by a conventional free-radical
polymerization [25]. The polymer was obtained as
follows. A mixture of MHist (0.5 mmol) in ethanol
(20 ml) containing AIBN (0.05 mmol) was purged
with N7 gas and then allowed to react under nitro-
gen atmosphere at 70°C for 20 h. The obtained
polymer was purified by using a dialysis cello-
phane tubing-seamless (MWCO 3500 g/mol) in
twice-distilled water for 2 days and then lyophilized
to give a white powder.

Synthesis of poly(MHist-co-NIPAAm)

The poly(N-methacryloyl-L-histidine-co-N-iso-
propylacrylamide), poly(MHist-co-NIPAAm), co-
polymers were synthesized by the conventional
free-radical polymerization reaction. Three differ-
ent samples of the NIPAAm/MHist copolymers
with decreasing amounts of MHist, namely co-3,
co-2, and co-1, were synthesized. The mixture of
MHist and NIPAAm with different molar ratio (the

total mole was adjusted to 20 mmol) in twice-dis-
tilled water (40 ml), and containing 30 pul of
TEMED 10 mM solution, was purged with N2 gas

- and then 100 pl of APS 5 mM solution were added

and allowed to react under nitrogen atmosphere at
room temperature for 18 h. The polymer obtained
was purified by using a dialysis cellophane tubing-
seamless (MWCO 3500 g/mol) in twice-distilled
water for 2 days and then lyophilized to give a
white powder.

Synthesis of hydrogels

Three hydrogel samples containing only MHist
(MH2) and a mixture of NIPAAm/MHist (CMH2,
CMH10), were prepared according to a previously
reported procedure [6, 19, 26]. The two poly
(MHist-co-NIPAAm) hydrogels, at a NIPAAm/
MHist molar ratio of 12, were synthesized by cross-
linking with 2 (CMH2) and 10 (CMH10) mol% of
EBA. The hydrogel MH2 was obtained only with
the MHist cross-linked with 2 mol% of EBA. The
synthesis was carried out in a glass tube, containing
the monomer solution at a total concentration of
15 wt%, after their degassing under vacuum and
under a nitrogen atmosphere. The reaction mixtare
was kept at room temperature for 24 h even if the
gelation was observed within 4 h. Afterwards, the
gel samples were removed, thoroughly washed
with twice-distilled water for two weeks, and then
slowly dried at r.t. to a constant weight. In all cases,
the yield was more than 90%.

2.3. Spectroscopic and molecular
characterization

The molecular characterization of polyMHist
homopolymer and related copolymers was per-
formed by a multi-angle laser light scattering
(MALS) Dawn DSP-F photometer from Wyatt
(Santa Barbara, CA, USA) on-line to a size exclu-
sion chromatography (SEC) system. The SEC-
MALS experimental conditions were the follow-
ing: 0.2M NaCl + 0.1M Tris buffer pH 8.0 as
mobile phase, two TSKgel PW G4000 and G3000
columns from Tosoh Bioscience (Stuttgart, D),
35°C of temperature, 0.8 ml/min of flow rate and
150 pl of injection volume. The wavelength of the
MALS He-Ne laser was 632.8 nm. The light scat-
tering signal was simultaneously detected at fifteen
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scattering angles ranging in the solvent from 14.5°
to 151.3°. The calibration constant was calculated
using toluene as standard assuming a Rayleigh Fac-
tor of 1.406-10-5 cm-1. The angular normalization
was performed by measuring the scattering inten-
sity of a concentrated solution of a BSA globular
protein in the mobile phase assumed to act as an
isotropic scatterer. The refractive index increment,
dn/dc, of polyMHist homopolymer and copolymers
with respect to the used solvent was measured by a
KMX-16 differential refractometer from LDC Mil-
ton Roy (Riviera Beach, FL, USA). The dn/dc val-
ues were: polyMHist: 0.190 ml/g, co-1: 0.175 ml/g,
co-2: 0.177 ml/g, co-3: 0.182 ml/g. Proton NMR
spectra of the monomer and the polymers were
recorded in D20 on a 400 MHz spectrometer
(JEOL EX400, Japan). The FT-infrared spectra of
the same compounds were recorded on a FTS 6000
Biorad spectrophotometer. The MALDI-TOF mass
spectra were recorded in the reflection mode, using
a Voyager-DE STR instrument (Perseptive Biosys-
tem) mass spectrometer, equipped with a nitrogen
laser (A =337 nm, pulse width = 3 ns), working in
a positive ion mode. The accelerating voltage was
25 kV, the grid voltage and the delay time (delayed
extraction, time lag) were optimized for each sam-
ple to achieve the higher mass resolution (FWHM).
The laser irradiance was maintained slightly above
threshold. The samples used for the MALDI analy-
ses were prepared as follows: 10 ul of polymer
solution (10 mg/ml in H,O or C,HsOH) were
mixed with 30 ul of HABA solution (0.1M in
CzH50H), then 1 pl of each analyte/matrix mixture
was spotted on the MALDI sample holder and
slowly dried to allow the analyte/matrix co-crystal-
lization. A mass resolution of about 4000 Da was
obtained in the best MALDI mass spectra recorded.

2.4. Viscometric measurements

Viscometric measurements were carried out with
an AVS 310 automatic Schott-Gerate viscometer at
25°C on a dilute aqueous polymer solution. The
solution was freshly prepared by weighing and dis-
solving a known amount of the polymeric com-
pound (MHist content, mmol: polyMHist, 0.2154;
co-3, 0.2258; co-2, 0.2258; co-1, 0.1368) in 25 ml
of 0.15M NaCl containing a measured volume of
standard 0.1M NaOH solution. A standard 0.1M
HCI solution was stepwise delivered by a Metrohm

Multidosimat piston buret. The evaluation of the
pH, at each neutralization step, was made with the
program Fith [27] from the logK® and the n values
of the corresponding polymer and copolymers (see
basicity constants, section 3.2). Viscometric data at
different temperatures were obtained on polymer
solutions at three different significant pHs (9, 5,
and 2). A weighed amount of copolymer (co-1,
336 mg; co-2, 282 mg; co-3, 97.9 mg) was dis-
solved in 25 m] of 0.15M NaCl and the pH was
controlled by adding the stoichiometric quantity of
standard NaOH or HCI solutions. The temperature
was monitored by the Haake DC10 thermostat
(Thermo Electr. Corp.).

2.5. Potentiometric measurements

The acid-base potentiometric measurements were
carried out in aqueous media at 25°C, following a
previously reported procedure [6, 19]. A TitraLab
90 titration system (from Radiometer Analytical),
consisting of three components (Titration Manager,
TIM900; high-precision autoburet, ABU901; and
the sample stand) and connected to the TimTalk 9
(a Windows based software, for remote control)
was used to record the potentiometric titration data
of the monomer, the polymérs, and the hydrogel.
All the titrations were carried out in a thermostated
glass cell filled with 100 ml of 0.15M NaCl in
which a weighed quantity of solid material and a
measured volume of standard HCI solution were
dispersed by magnetic stirring, under a presaturated
nitrogen stream. Forward titrations were carried out
with a standard 0.1M NaOH solution and reliable
results were obtained for the back-titration with a
standard 0.1M HCI solution. Unlike the monomer
and the polymers, which, being soluble over the
whole pH-range investigated were titrated at the
equilibration time of 300 s for each titration step
(0.04 ml), the MH2 roughly and finely crushed
hydrogel sample (0.1205 mmol) was titrated at dif-
ferent equilibration times (1500 and 3000 s). In the
case of the roughly crushed hydrogel, hysteresis
loops were obtained during the forward and back-
ward titrations with NaOH and HCl standard solu-
tions, respectively; the finely crushed hydrogel
improved a faster response in reaching equilibrium
conditions. A typical potentiometric titration curve
for the soluble compounds is reported in Figure 2,
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Figure 2. Potentiometric titration curves (pH in relation to
the volume of standard NaOH 0.1084M) of
MHist (a, 0.1997 mmol), co-3 (b, 0.2090 mmol),
and polyMHist (c, 0.1864 mmol) in 0.15M NaCl
at 25°C

pH

VT fmi HY/OH"]

Figure 3. Potentiometric titration curves of the MH2
hydrogel (a, b: roughly crushed; c, d: finely
crushed) protonation in 0.15M NaCl at 25°C.
Equilibration time for each titrant addition
(0.04 ml of 0.1205M NaOH forward, blue
curves; 0.04 ml 0.1123M HCIl backward, red
curves): 1500 s (triangle) and 3000 s (square)

while Figure 3 shows the titration curves of the
MH2 hydrogel in the rough and fine crushing state.
The basicity constant (logK) values of the monomer
were evaluated with the Superquad program [28]
taking into account all the points of three independ-
ent potentiometric titration curves (ca. 300 data
points) carried out with a different amount of lig-
and (0.13-0.20 mmol). On the other hand, the
basicity constants of the free (polyMHist, 0.15—
0.19 mmol; co-3, 0.21 mmol; co-2, 0.23 mmol;
co-1, 0.13 mmol) and the cross-linked polymers
(MH2, 0.12-0.15 mmol) were evaluated with the
ApparK program [27]. In these cases each potentio-
metric titration was computed to evaluate both the
logKs into a separated pH-buffered region. In all
cases, the E° calibrations were performed before

and after each titration with the standard Tris grade-
reagent. Three replicates were averaged and their
standard deviations calculated.

2.6. Calorimetric measurements

Calorimetric measurements were carried out in
aqueous solution at 25°C, following a previously
reported procedure [6], by the use of a Tronac titra-
tion calorimeter (mod 1250) operating in the iso-
thermal mode. A stainless steel reaction vessel was
filled with 25 ml of 0.15M NaCl (containing a
measured amount of standard NaOH solution) in
which a weighed quantity of solid material (MHist
content, mmol: monomer MHist, 0.12-0.24;
polyMHist, 0.14-0.22; co-3, 0.13-0.23; co-2, 0.13—
0.23; co-1, 0.14) was dissolved and titrated with a
standard 0.1M hydrochloric acid solution at a BDR
(buret delivery rate) of 0.0837 ml/min through a
Gilmont buret. The titrations were performed at
high and low MHist content for the protonation of
the only imidazole nitrogen and for the protonation
of both the imidazole and the carboxylate groups,
respectively. Before and after each experiment, the
chemical calibration with Tris/HCI and the correc-
tions for the heats of the titrant dilution were made.
All the experiments were automatically controlled
by the Thermal program (from Tronac, Inc.) which
was renewed to operate through a NI-DAQ driver
software in Windows (from National Instruments).
The graphical programming language LabVIEW
was used to create the application. The evaluation
of the enthalpy change (~AH°®) values was obtained
with the Fith program [27] by taking into account
the linear dependence of the logKs on o (the degree
of protonation) for the polymeric compounds. The
entropy change (AS°) values were calculated. The
results of at least two replicates were averaged.

2.7. Swelling measurements

Swelling measurements of the hydrogels (MH2 and
CMH2) were carried out in different conditions of
pH and temperature, at equilibrium conditions. The
equilibrium degree of swelling (EDS) was meas-
ured every 24 h because the kinetic DS/time curves
reached a plateau in these conditions. A weighed
sample of dry gel (MH?2, 30.4 mg; CMH2, 28.7 mg),
contained in a Strainer cell (100 um pore size), was
immersed in a thermostated glass cell filled with
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100 ml of aqueous solution at the desired pH, under
stirring by the magnetic bar. The temperature probe
and the pH glass electrode were controlled by the
TimTalk 9 software. The EDS in relation to pH for
both the hydrogels was monitored at different pHs
of the proper buffer. The EDS in relation to the
sodium chloride concentration was monitored at
25°C and in Tris/HCI buffered solution at pH 9.02

- by the daily addition of weighed portions of the salt
to produce the desired final concentration. The
effect of the temperature for the CMH2 gel was
monitored in buffered solutions at three different
pHs (9.02, 5.01, and 3.07) and at a constant ionic
strength (0.15M NaCl). In all cases, the gel sample
and its container were removed from the bath at
intervals, blotted with a tissue paper to remove any
surface droplets, and weighed (wet weight, Wie,).
The procedure was repeated at 12-24 h intervals.
The EDS value was calculated by the relation:
EDS = (Wyer-Wary)/War,, where Wy, is the weight
of the dry gel sample.

2.8. Electric measurements

Hydrogels contraction measurements were carried
out at 25°C according to the previously reported
procedure [19]. A constant voltage was applied
between two gold electrodes (16 mm diameter) in a
cylindrical nylon cell, and with a mobile cathode
positioned on the gel sample. The hydrogels
(CMH2 and CMH10) were swollen in a 0.01M
Tris/HCI buffer solution at pH 9, then a specimen
of 5 mm thick was cut and used for contractile
experiments for a period of 10 min. Under the
application of the electric field, each hydrogel
change in the thickness was controlled by a digital
comparator that was sensitive to displacements of
10-2 mm (Digimatic indicator 266-2745, Mitu-
toyo). All the experiments were controlled through
a NI-DAQ driver software in Windows (from
National Instruments) and the graphical program-
ming language LabView was used to create the
application. The gel deformation was recorded at
intervals of 1 s under the applied voltage (2.5, 5.0,
and 7.0 V) by a dc power supply.

2.9. Evaluation of cytotoxicity

Cell culture

Mouse osteoblast cells (MC3T3-E1) obtained from
the RIKEN Cell Bank (Tsukuba, Ibaraki, Japan)
were cultured to confluence in culture dishes
(Coming Co., Ltd.) containing a medium composed
of Minimum Essential Medium, alpha modified
(MEM-q, Kohjin Bio Co. Ltd., Japan) supple-
mented with 10% fetal bovine serum (FBS,BioW-
est, France) in a fully humidified atmosphere with a
volume fraction of 5% CO; at 37°C.

Cytotoxicity evaluation

The cell viability was evaluated by using a Cell
Counting Kit [29] (WST-1 method, Dojindo Lab.,
Tokyo, Japan). Briefly, after the MC3T3-E1 cells
reached confluency, they were trypsinized and
seeded at 1-10* cells/cm? onto 96-well multiplate
(Corning Co., Ltd.) then incubated for 2 days in
a humidified atmosphere containing 5% CO; at
37°C. After removing the cultured medium, 100 pl
of fresh culture medium supplemented with 10%
[v/v] FBS and containing each MHist sample were

. added to each well and allowed to stand for in a

fully humidified atmosphere with a volume fraction
of 5% CO, at 37°C. After 24 h of incubation, 10 pl
of WST-1 reagent were added to each well and the
wells incubated for 2 h at 37°C; then 10 ul of 0.1IN
HCl aqueous solution were added to each well to
stop the reaction. The absorbance of aliquot of the
solution was measured at 450 nm, with a reference -
of the absorbance at 655 nm, with a multiplate
reader (Bio-Rad model 650, Tokyo, Japan). The
results were expressed as viability [%] related to a
control containing no MHist samples. The error bar
means standard error of four experiments.

3. Results and discussion
3.1. Syntheses and characterization
Monomer

The ~-methacryloyl-L-histidine (MHist) was pre-
pared according to the synthetic route to obtain
vinyl monomers from ot-aminoacids [2, 4-6, 22-24].
The reaction between methacryloyl chloride and
L-histidine at low temperature (< 5°C) allowed to
obtain a white powder freely soluble in water. The
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