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 bmdmg 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 neéd 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.!”! 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 thermodynamics, 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(n-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 c'ompounds, 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 N-isopropylacry-
lamide were also prepared to obtain multiple stim-

I |

T
| )
P

N
)

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 nitrbgen. 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)
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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 N, 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 ul 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 mixture
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 mi/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 HyO or C;HsOH) were
mixed with 30 ul of HABA solution (0.1M in
C2H50H), then 1 ul 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 ml 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 polymers, 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 HCI 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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v, [mi OH]

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

VT [mi 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 HCI 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 gradé-
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/HCl 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 « (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
CMH?2) 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 (MH2, 30.4 mg; CMH2, 28.7 mg),
contained in a Strainer cell (100 wm 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, Wi.,).
The procedure was repeated at 12-24 h intervals.
The EDS value was calculated by the relation:
EDS = (Wwer-Wary)/Wary, where Wary 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 CMHI10) 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-El) 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-t, 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 ul
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 ul
of WST-1 reagent were added to each well and the
wells incubated for 2 h at 37°C; then 10 pl of 0.1N
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 o-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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Table 1. Main IR frequencies [cm~!] and protonNMR
chemical shifts (8 [ppm]) of N-methacryloyl-L-
histidine

_ Assignments
1709 (w) C=0 stretch of COOH group;
1656 (s) Amide I; 1620 (sh) C=C;
1600 (vs) Imidazole group;
IR 1534 (s) Amide IT; 1437 (w) -CH3;
1393 (vs) C=0 stretch of COO~

w: weak; s: strong; sh: shoulder; vs: very strong

1.75 (s, 3H CH3C(=CH2)H-);
2.95-3.23 (m, 2H —-CH2- Imidazole);
4.41-4.46 (q, H -NHCH(COOH)CHz-);
5.31-5.52 (m, 2H CH2=C(CHj3)-);

7.12 (s, 1H Imidazole, -C=CHN=);
8.44 (s, 1H Imidazole, -N=CHNH-)

'H NMR

potentiometric purity revealed that the imidazole
nitrogen was protonated more than 92 wt%, while
the carboxyl group was mostly in the ionized form.
The expected structure was confirmed by the
IH NMR and FT-IR spectroscopy. Table 1 summa-
rizes the observed main infrared frequencies and
the chemical shifts of the MHist.

Unlike the previously reported acrylate monomer,
the N-acryloyl-L-histidine (Hist), the MHist showed
the presence of a great amount of amphoteric
molecular species [6]. The lower chemical shifts of
the imidazole protons and the very strong band at
1600 cm-! are indicative of the prevailing zwitteri-
onic molecules [19]. This is also supported by the
greater basicity constant.

Polymers

The N-methacryloyl-L-histidine, MHist, was used
as the starting pH-sensitive monomer to synthesize
free and cross-linked polymers together with the
thermoresponsive N-isopropylacrylamide, NIPAAm,
by a radical polymerization [4-6]. Unlike the
poly(N-methacryloyl-L-histidine), the polyMHist,
that was obtained in ethanol and using the AIBN
initiator, the three copolymers with NIPAAm (co-
3, co-2, and co-1), along with the three hydrogels
(MH2, CMH2, and CMH10), were obtained in
water solution by the use of the APS initiator
[19-26]. While the free polymers remained in solu-
tion during the polymerization process, the cross-
linked compounds gelified within 4 hrs. Compared
to the acrylate analogue [6, 19], the polymerization
of the methacrylate MHist to the corresponding

Table 2. Results of molecular characterization of
polyMHist homopolymer and copolymers by

SEC-MALS
MHist
dn/dc Mp My
Sample content M./Mp
[weight %] [ml/g] {[kg/mol]|[kg/mol]
PolyMHist 96.5 0.190 81.4 83.2 32
co-1 9.1 0.175 | 4813 - -
co-2 179 0.177 7922 831.6 20
co-3 51.5 0.182 | 3040 380.0 2.2
0.12 2
8 \
g |
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Figure 4. Comparison of the differential molar mass dis-
tribution of polyMHist homopolymer, co-2 and
co-3 copolymers by SEC-MALS

homopolymer gave rise to a relatively lower num-
ber-average molecular weight, while the polydis-
persity index remained quite high, even after the
dialysis process (Table 2).

This may be ascribed to the different solvent used
in the polymerization procedure [25]. Figure 4
shows the comparison of the differential molar
mass distribution (DMM) of the polyMHist
homopolymer and the two copolymers (co-2 and
co-3) bz SEC-MALS.

Unfortunately, the chromatographic elution of the
copolymers depends on the NIPAAm content. In
particular, Figure 4 does not report the DMM of
co-1 copolymer because the chromatogram pres-
ents a long tail in consequence of a very high
NIPAAm content (about 90%). Consequently, for
the co-1 copolymer Table 2 reports only the peak
molar mass M,. It is important to note that the
molar mass values from MALS are absolute and do
not depend on an eventual non-steric chromato-
graphic elution. As a result the M,, and M, molar
mass values are substantially correct, while the
polydispersity index M./M, (see Table 2) and in
general the DMM shape (see Figure 4) are only
approximate.
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Table 3. Molar composition of vinyl polymers containing
L-histidine residues

Compd ' MHist purity, [mol%]
Potentiometry Proton NMR
PolyMHist 96.5 1000
co-3 35.0 36.5
co-2 10.0 8.2
co-1 4.9 35

The copolymers with NIPAAm produced higher
molecular weight compounds that in general
increased with the NIPAAm content. This led also
to a greater viscosity in a wide range of pH (see the
protonation section). -However, in all cases the
TH NMR spectra showed that the chemical shifts of
the vinyl double bond (5.31-5.52 ppm) completely
disappeared, and the broad lines were consistent
with the presence of a slowly tumbling macromole-
cular species in D20 solution. The FT-IR spectra
confirmed the total conversion of the monomers
into the corresponding polymers. The band inten-
sity at 1599 cm-! present in the polyMHist decreased
as the NIPAAm unit increased in the copolymers.
In the meantime, the new band of the NIPAAm
Amide I increased and slightly shifted to greater
wavenumbers, in the same way as happened for the
1459 cm-! band of the isopropyl group [31, 32].

1

6000

D,

Counts

4000 C

2000

Based on the NMR and potentiometric results, the
relative comonomer MHist/NIPA Am incorporation
level reflected the comonomer feed ratio. Table 3
shows that the amount [mol%] of titrated MHist in
the polymers is in agreement with that evaluated by
the proton signals of the methyl groups.

These results suggest a presumably total conver-
sion of the monomers into the corresponding poly-
mers, being the reaction of radical type. A random
distribution of MHist units in copolymers with
NIPAAm may be expected because the basicity
constants and the n values showed a decreasing
trend (see protonation section). When both the
monomers had a close structure, a random distribu-
tion of charged units was observed in the copoly-
mer. This reflects lower electrostatic effects due to
a lower content of charged groups. [25, 30, 32].
Moreover, the hydrogels were obtained at the
fixed amount of cross-linking agent (EBA, 2 and
10 mol%) and with a NIPAAm/MHist molar ratio
of 0 and 12, in order to have, respectively, a greater
content of pH- or temperature-responsive co-
monomer content. After the polymerization proce-
dure, the samples were slowly dried at r.t. for a
week and then under vacuum. As expected, the
acid/base potentiometric titrations of the gel MH2
revealed that the imidazole nitrogen content of

A

D, 1008.9

880.8 Ag

A Ays

800 1000 1200 1400 1600

lll[llllrun'v‘vrﬁrluvl:nlnlu||lnuln|lvlllllll[v!llllvl;|lll|uur|”||rur|||||uu|l|lrlnlvlulllnnul||

1800

2000 2400 2600 2800 3000

2200
m/z .

Figure 5. Positive ions MALDI-TOF mass spectrum of the polyMHist sample
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Table 4. Structural assignments of peaks displayed in the MALDI-TOF mass spectrum of the polyMHist

Structures® [MH]* (n)® [M+Na]" (n)®
7837 (3) 805.7 (3)
oH 1006.9 (4) 1028.9 (4)
l~lC | ]3 1230.1 (5) 1252.1 (5)
/(, CH-C—0C, 1453.3 (6) 1475.3 (6)
H,C l lT 1676.5 (7) 1698.5 (7)
A= CN  C=0 z 1899.7 (8) - 19217 (8)
o ] 21229 (9) 21449 (9)
HN—CH CH2_<\\_TI 2346.1 (10) 2368.1 (10)
i N+
coo" X 25693 (11) 25913 (11)
2792.5 (12) 2814.5 (12)
30157 (13) 3037.7 (13)
962.8 (4) 984.8.(4)
e H 1186.0 (5) 1208.0 (5)
3 1409.2 (6) 14312 (6)
H C/C«{ CH;- C——J-—H 1632.4 (7) 1654.4 (7)
s N | 5 Y 1855.6 (8) 1877.6 (8)
= = 2078.8 (9) 2100.8 (9)
HN—CH—CH; < ~| 2302.0 (10) 23240 (10)
P Ny 25252 (11) 25472 (11)
. coo u 2748.4 (12)
2971.6 (13)
939.8 (4) 961.8 (4)
H, 1163.0 (5) 1185.0 (5)
i 1 1386.2 (6) 1408.2 (6)
Hy CI"?|C7:0C2"5 1609.4 (7) 1631.4 (7)
oo -0 V 1832.6 (8) 1854.6 (8)
= 2055.8 (9) 2077.8 (9)
H\I--CH-—-CH;—K:} 2279.0 (10) 2301.0 (10)
co o 2502.2 (11) 25242 (11)
H 2725.4 (12) 27474 (12)
2948.6 (13) 2970.6 (13)
n 880.8 (3) 902.8 (3)
3 1104.0 (4) 1126.0 (4)
b HE- cu+cn—c—}—m c—(om 1327.2 (5)
B COCI 1550.4 (6)
1773.6 (7)
Hist 1996.8 (8)
CH CH CH 840.6 (3)
73 j_ [ 1063.8 (4)
. c=cn+cu—'c {—CH=C-COOH :
COOH €=0
I[hsl
H, ', 853.6 (3)
1 /C”3 1076.8 (4)
CH-CHy-Cli;-C =€
F= | I e,
COOC,H, ci‘_o CN
Hist
¢, cu, o, 5106 ()
, . T : 1093.8 (4)
S CH-CHy—Cll; C—=ClI=C (

Coocll, =0  COOH

Hist
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Table 4. Continued

Structures? [MHT" (n)® [M+Na]' ()b
CH, CH, CH, 8938 (2)
Lenf onrt- o
) i—o | on (l:~o
T |
Hist Hist Hist
CH, CH, 1023.8 (4)
Lo ] : 12470 (5)
CH0——CH;-C—4-CH=(
- ¢=0  Coom
Hist
a) Hist =
i
N
HN—CH—CH;—~( 1
! NNy
Coo- X

b) Values in parentheses are the repeating units °

MHist was in agreement with the feed composition.
The potentiometric curves showed large hysteresis
loops [4] during the forward and backward titra-
tions with NaOH and HCI solutions, respectively
(Figure 3). This may be ascribed to the grinded
state of the sample, considering that the MH2 gel
particles were large and compact. The large size
distribution of the material, along with ifs compact-
ness, may slow down the equilibration for the pro-
tonation mechanism of the gel MH2, due to a hard
deep diffusion of the hydrated H/OH™ ions into the
interior of the gel particles. The potentiometric
curves reached a faster equilibrium condition when
a finely crushed sample of MH2 was titratéd at the
equilibration time of 1500 s and 3000 s for each
titrant (H*/OH") addition (Figure 3).

The MALDI-TOF mass spectrometry technique
[33-35] has been used to characterize the chemical
structures of the polyMHist oligomer components.
Figure 5 reports a typical mass spectrum of the
polyMHist, recorded in reflection mode, using
HABA (0.1N in C;H5OH) as a matrix and the poly-
mer dissolved in water. This spectrum exhibits a
series of peaks from 750 up to 3000 Da correspon-
ding to the protonated and sodiated ions of the
polyMHist oligomers with a variety of the end
groups, and they have been assigned (Table 4) to a
specific oligomer structure. The identification of
the structure and the end groups attached to the
oligomers produced in the free-radical polymeriza-

tion process is of utmost importance, since the end
groups reveal the particular mechanisms that have
been active in the polymerization process. The
structures of the oligomers corresponding to the
mass peak series A, and B in Figure 5, belonging to
the expected oligomers terminated with isobu-
tironitrile (IBN) groups at one end (Table 4), are
due to the initial reaction of the radical initiator
with the monomer MHist. The oligomers A are also
terminated with an etoxyl group (-OC,Hs) at the
other end chain, indicating that a reaction between
macroradicals and the ethanol used as solvent
occurred. The oligomers B, besides the IBN
groups, are terminated with H and are maybe gen-
erated by a H-extraction reaction, that occurs in a
typical free-radical polymerization. The last two
reactions led to the oligomers C which are termi-
nated with —H and —OC;Hjs species (Table 4). The
intense peaks belonging to the mass series D were
assigned to the unexpected oligomers terminated
with methacryloyl chloride groups at both the ends.
These are due to the metacryloyl chloride unit pres-
ent as not detectable trace in the purified MHist
used as monomer in the synthesis of the polyMHist
sample. These peaks disappeared when the crude
polyMHist sample was dissolved in ethanol to pre-
pare the sample for the MALDI analysis, giving in
this case intense mass peaks due to the correspon-
ding oligomeré with ethyl methacrylate end chains.
Looking at the inset in Figure 5, we observe the
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presence of weak mass peaks labelled as E, F, G
and I (Table 4) corresponding to the oligomers that
could be generated from oligomers terminated with
metacryloyl chloride groups. Finally, the oligomers
species indicated as H and I, as well as the species
G, bearing unsaturated end groups (see Table 4)
could be formed by the disproportionation reac-
tions that occur during the conventional free radical
polymerization.

3.2. Protonation study

Potentiometry, viscometry, and solution calorime-
try were the main techniques used to study the pro-
tonation behaviour of the monomer, the polymer,
the copolymers and the hydrogels at 25°C in aque-
ous 0.15M NaCl.

Basicity Constants and viscometry

The basicity constant values for the protonation of
the basic imidazole nitrogen (logK;) and the car-
boxylate group (logK>) in the MHist and in the
related polymer and copolymers are reported in
Table 5. In the same table the basicity constants for
the MH2 hydrogel is also reported.

The presence of the methyl groups in the main
chain of the polymer structure strongly reduces the
polyelectrolyte behaviour because of the increased
hydrophobicity. The logK; of the MHist (6.88)
showed a greater value than that of the Hist (6.48)
for inductive effects. On the other hand, the corre-
sponding polymeric compound showed a quite sim-
ilar logK value. The hydrogel MH2 showed greater
logKs and a lower n value; this trend, being similar
to the previously studied acrylate hydrogels, may
be attributed to the reduced conformational free-
dom because of the cross-linked network structure.

However, in all cases the logKs follow the modified
Henderson-Hasselbalch equation [36] showing a
linear decreasing pattern on the degree of protona-
tion o of the whole macromolecule. The experi-
mental data, i.e. pH in relation to o, fitted very well
the generalized Henderson-Hasselbalch equa-
tion (1):

pH =logKi® + nlog[(1 —a)/a] ¢))

which has been checked experimentally for a num-
ber of polyelectrolytes [37, 38]. The linear relation-
ship between pH and log[(1 — a)/a], over a wide
range of o values, gives a straight line for all the
compounds studied (Figure 6).

This led to exclude any transition region between
the coil to compact structure, as occurred for other
class of polyelectrolytes [37, 38]. The n value for
the protonation of the imidazole nitrogen in the
polyMHist and the corresponding copolymers,
being related to the magnitude of the electrostatic -
interactions as well as being a measure of the
hydrophilic influence [39], is always much lower
than that reported for the acrylate analogue. Fur-

9

y=154x+7.50
y=1.45x+7.11
y=1.28x+6 88

y=1.27x+6.80
y=1.07x+6.87

logl{1—¢)/)

Figure 6. Typical Henderson-Hasselbalch plots of the
MHist soluble compounds in 0.15M NaCl at
25°C

Table 5. Basicity constants of vinyl compounds containing L-histidine residues at 25°C in 0.15M NaCl

Compd logK°; n logK®;
MHist 6.878 (2) 2.772 (6)
Hist? 6.48 -
PolyMHist 7.53(D) 1.49 (5) 2.0
MH?2 7.66 (18) 1.29 (9) 25
PolyHista 7.64 222 23
co-3 7.06 (6) 1.41 (6) o 2.5
co-2 6.84 (6) 1.23(7) 28
co-1 6.70 (12) 1.15(12) 2.8
Poly(Hist-co-NIPA Am)? 7.11 1.76 2.9

logKy =logK® + (m — Dlog[(1 — a)/a]

aValues in parentheses are standard deviations. Ref. 6.
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thermore, as the protonation of the imidazole nitro-
gen is concerned, the linear decreasing pattern of
the logKi, and also of the ni, in relation to the
MHist content in copolymers with NIPAAm, is a
result of the increased distance between the charges
along the chain. This reduces the electrostatic con-
tribution of the charges and shows as the monomers
are randomly distributed with a predominance of
block-like NIPAAm units. Similar results were pre-
viously reported for vinyl related copolymers con-
taining L-valine residues [30, 31]. In the latter case,
the decreasing trend of the logK for the acrylates
was ascribed to the increased distance between the
charges, while methacrylate compounds showed a
closer homopolymer polyelectrolyte behaviour. A
block-like distribution of the charged methacrylic
units was hypothesized in view of their different
monomeric structures. In the case of the poly
(ampholyte)s, any increase of the uncharged
NIPAAm units, leads to a decrease of the proton
up-take by the basic imidazole nitrogen. The logK;
decrease is always due to the lower decreased elec-
trostaticity exerted by the charged carboxylate
anions. When the MHist content is very low, the
logK, value approaches that of the corresponding

100 0.3
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Reduced viscosity [dli/g)
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Figure 7. Reduced viscosity (n/C [dl/g]) of the polyMHist
in relation to the pH (a) with the superimposed
species distribution curves {%] obtained by the
logKs evaluated at 25°C in 0.15M NaCl (b - di-
protonated L*; ¢ — mono-protonated, zwitteri-
onic L*; d — un-protonated L, where L is the
monomer unit of the polymer)

monomer. On the other hand, the protonation of the
carboxylate group in the copolymers cannot be well
depicted because of the low basicity constants.
These values account only for a limited degree of
protonation in the experimental condition of this
study.

The viscometric data well support the protonation-
like mechanism of the polymers containing MHist.
Figure 7 shows the reduced viscosity pattern at dif-
ferent pHs of the homopolymer polyMHist, while
Figure 8 shows the conformational behaviour of the
corresponding three copolymers.

In all cases, the fully ionized macromolecule (L") is
in the extended chain conformation. As the proto-
nation of the basic imidazole nitrogen occurs, the
coiling is sharp at pH close to the logK: and
becomes the lowest at the maximum formation of
the zwitterionic L* species. In the polyMHist, as
the protonation proceeds, with the neutralization of
the carboxylate anion, the coil dimension increases
again for the presence of a net positive charge on
the macromolecule (L*). This trend, even if present
in the copolymers co-3 and co-2, having relatively
a greater amount of MHist content, was not shown
in the copolymer co-1. Moreover, as the MHist
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Figure 8. Reduced viscosity in relation to the pH for the
poly(MHist-co-NIPAAm) copolymers at 25°C
in 0.15M NaCl
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content in the copolymers decreased, the lowest -
minimum of the reduced viscosity was shifted at
lower pHs, with the disappearance in the co-1.
Even if this behaviour seems to be quite interesting,
the further collapse of the macromolecular coil at
lower pH may be due to more competitive electro-
static-hydrophobic forces. During the protonation
process, the polymer gradually uncoils, due to the
increased electrostaticity of the protonated imida-
zole nitrogen. The hydrophobic forces between the
isopropyl groups in NIPAAm are able to outweigh
the repulsive electrostatic interactions when they
are present at a critical concentration. A similar
behaviour was already observed for vinyl poly
(acid)s containing ¢.-aminoacids with lateral iso-

propyl groups [30].

Enthalpy and entropy changes

The results of the calorimetric titrations revealed,
for all the compounds considered, similar enthal-
pograms during the protonation of the basic groups
present in the MHist moiety. The exothermic proto-
nation reaction of the imidazole nitrogen revealed a
well defined break-point corresponding to the
amount of MHist close to that found by the poten-
tiometry. The further protonation of the carboxylate
anion showed a rather negligible endothermicity.
Thus, we evaluated the enthalpy (-AH°®) and the
entropy (AS°) change values only for the imidazole
nitrogen protonation (Table 6). The results of the
methacrylate compounds (MHist and polymers
containing MHist) showed rather similar protona-
tion behaviour also when compared to the previ-
ously reported acrylate analogues [6].

Unlike the reported study on poly(Hist) [6], that
showed a peculiar —AH®/a plot and the protonation
process of which was likely attributed to the forma-
tion of hydrogen bonds between adjacent monomer

units, the poly(MHist) revealed a ‘real’ —AH® that
was independent on the degree of protonatioh .
The different behaviour may be ascribed only to the
presence of the further methyl group in the back-
bone macromolecular chain. Its hydrophobic char-
acter was evident in the greater AS°® value of the
MHist and the polyMHist when compared to the
corresponding acrylate analogues [6]. However, the
lower polyelectrolyte effect reported for the
polyMHist during the protonation of the basic imi-
dazole nitrogen is reflected in a lower AS® decrease
on @, involving thus the release of further water
molecules surrounding closer monomer units. In
Figure 9 is reported the decreasing trend of AS° in
relation to « for the protonation of the imidazole
nitrogen in polyMHist and its copolymers with
NIPAAm. '

The trend is similar to that shown by the correspon-
ding logKs, and, being the —AH° ‘real’ (i.e. inde-
pendent on o), the polyelectrolyte effect is only
attributed to entropy contributions. In fact, the pro-
tonation of the imidazole nitrogen led to a sharp
decrease of the macromolecular coil with the for-
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Figure 9. Entropy change (AS° [J/(mol-K)]) values in rela-
tion to o for the protonation of the imidazole
nitrogen in polyMHist and related copolymers in
0.15M NaCl and 25°C. (Dotted lines refers to

—AG® of the same compounds)

Table 6. Thermodynamic functions of the imidazole nitrogen protonation in vinyl compounds containing L-histidine

residues (25°C in 0.15M NaCl)

Compd —AG?®, [kJ/mol] —AH®, [kJ/mol] AS®, [J(mol'’K)] Ref.
MHist 39.26 (1) 293 (2) 33.4(7) This work
Hist 37.0 305 21.8 (61
PolyMHist 43.0 (4 28.1(4) 50 (1) This work
PolyHist 43.6 30.6 44 [61
c0-3 403 (3) 29.6 (6) 36 (2) This work
co-2 39.0 (3) 28.1 (6) 37(2) This work
co-1 38.2(7) 28.7(7) 35(2) This work
Poly(Hist-co-NIPAAm) 40.6 295 37 _ [6]
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mation of zwitterionic species. Besides the likely
ordering to some extend of the zwitterions, the
process led to a release of water molecules because
the macromolecule becomes tightly coiled. This
was seen in some cases because phase separation
occurred at the isoelectric point. As a matter of fact,
the corresponding hydrogels decreased their degree
of swelling for the loss of water molecules.

3.3. Swelling behaviour of hydrogels

The swelling behaviour of the hydrogels was stud-
ied in relation to the pH, the temperature, the elec-
tric current, and the concentration of the simple
NaCl salt at pH 9, i.e. in the completely ionized
form of the MHist units. The sample slabs swelling
kinetics for the two different cross-linked CMH2
and CMHI10 hydrogels was recorded at constant
ionic strength (0.15M NaCl) and at two different
pHs (1.9 and 8.8). The results, reported in Fig-
ure 10, show the different hydration ability in the
different pH conditions. It is evident that the degree
of swelling (DS) is greater for the less cross-linked
CMH2 gel and at higher pHs. In both cases, the
equilibrium DS was reached within few hours.

Both the gels are friable in the dry state and become

transparent as the water content increases.

25

pHBs  CMH2
20- —b
pH 1.9 L
15
2]
(@]
CMH10
10- pH 8.8 MH
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54 - pH1.0 B
0 , — : :
0 5 10 15 20 25

Time ih]

Figure 10. Swelling kinetics of the hydrogels CMH?2
. (slabs of 50 mg) and CMHI10 (slabs of 55 mg)
at two different pHs in 0.15M NaCl and 24°C

Effect of pH, temperature, ionic strength, and
electric current

The swelling behaviour of the hydrogel MH2 in
relation to pH, at 25°C in 0.15M Na(l, is reported
in Figure 11. The EDS/pH plot, being similar to
that reported for the viscometric data of polyMHist
in Figure 7, sensitively reveals a decreasing pattern
by increasing the pH in the narrow range 4 to 6. In

EDS

401

pH

lFigure 11. Equilibrium degree of swelling (EDS) in rela-

tion to the pH of the gel MH2 in 0.15M NaCl
at 25°C

this pH-range the zwitterionic form predominates
with its maximum at the isoelectric point (i.p.,
pH 5). It is likely that the greater logK values of the
hydrogel, with its lower polyelectrolyte behaviour,
may lead to more stable ionized species of greater
hydrophilic quality. As the pH shifts-out from this
range, the gel MH2 swells as a consequence of its
water content increase, due to the predominance of
net positive or negative charges.

On the other hand, the hydrogel CMH2 behaves
likewise the copolymer co-2, having the latter a
similar comonomer composition. In Figure 12 the
EDS/pH profile of the hydrogel CMH?2 at 25°C in
0.15M NaCl is reported. Compared to the previ-
ously reported acrylate CH1 hydrogel containing
Hist [19], the lower EDS value is due to the greater
cross-link density in CMH2, The striking similarity
of the swelling behaviour with the reduced viscos-
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Figure 12. Equilibrium degree of swelling (EDS) in rela-
tion to the pH of the gel CMH2 in 0.15M NaCl
at 25°C
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" ity (Figure 8) suggests a similar polyelectrolyte
behaviour of the two polymers, even in the differ-
ent free and cross-linked forms. On the basis of
these results it is likely to hypothesize any tailoring
hydrogel system to collapse at desired pHs, by
introducing the right amount of the two co-
monomers. Of course, if in these copolymers the
MHist content becomes less than a critical value
(about 5 mol%), the polyampholyte quality van-
ishes because of the superimposing effect of the
hydrophobic interactions exerted by the isopropyl
groups of the NIPAAm moieties.

As regards the effect of the temperature, Figure 13
shows the swelling behaviour of the CMH2 hydro-
gel in a wide range of temperatures. The hydrogel
swelling was studied in 0.15M NaC(l and in three
different buffered solutions of significant pHs.

Any increase of the temperature resulted in a
deswelling ability of the hydrogel. It retained its
hydration state at high as well as at low pHs. Con-
trary to the previously reported acrylate hydrogel
CH1 [19], the CMH2 hydrogel showed a phase sep-
aration at higher temperatures and at lower pHs.
The presence of the hydrophobic MHist unit,
instead of decreasing the LCST (Lower Critical
Solution Temperature) [40] of the NIPAAm based
hydrogels (32°C), revealed a greater temperature
increase. This point will be better investigated even
though the behaviour may be further on ascribed to
the peculiar protonation mechanism of the MHist
based hydrogels. A similar greater increase of the
phase separation temperature was observed for the

25
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Figure 13. EDS of the gel CMH?2 in relation to the tem-
perature [°C] at three different pHs in 0.15M
NaCl

soluble copolymers. In Figure 14 is reported the
relationship between the viscometric data and the
temperature (in the range 25-46°C) of the three
copolymers (co-1, co-2, and co-3) at the three sig-
nificant pHs (9, most negatively ionized; 5, zwitte-
rionic; 2, most positively ionized).

Unlike the straight line observed in all cases by co- -
3, the copolymer co-2 showed an increased nega-
tive line slope at pH 5, close to 38°C; on the other
hand, the co-1 showed more negative line slopes at
different temperatures, depending on the pH.
Table 7 summarizes the obtained results. The
observed differences are due to the different con-
tent of the MHist units in the copolymers; lower
MHist content displayed greater responsiveness to
pH and temperature. It is worthwhile noting the
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Figure 14. Reduced viscosity (n/C [dl/g]) of the three
copolymers (co-1, red curves; co-2, green
curves; co-3, blue curves) in relation to the
temperature at three different pHs (9, 5 and 2)
in 0.15M NaCl
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Table 7. Straight line parameters from the reduced viscosity values of the three copolymers co-1, co-2, and co-3

Copolymer pH Line slope . R2 g Range of temperatures [°C]
2 -0.0054 0.990 25-46
co-3 5 -0.0074 0.989 25-46
9 -0.0079 0.995 25-46
2 -0.057 0.999 25-46
5 -0.072 0.982 25-46
co-2 5 —0.061 0.998 25-38
5 -0.094 0.995 38-46
9 -0.052 0.999 25-46
2 -0.115 0.994 25-46
2 -0.109 0.998 25-35
2 -0.166 0.993 35-37
5 —0.126 0.964 25-46
co-1 5 -0.105 0.996 25-35.5
’ 5 -0.205 0.997 35.5-46
9 -0.096 0.981 25-46
9 -0.083 0.999 25-40
9 —0.146 0.999 40-46
1004t 0
80, ~ -0.2 - EL\a\\gcmmo
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£ o4
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Figure 15. EDS 6f gels MH2 (1), CMH2 (2), and CH1 (3)
' [19] in relation to the concentration of NaCl
(pH 9 and 25°C)

~ similar behaviour between the viscosity of the solu-
ble co-1 and the EDS of the cross-linked gel CMH?2
(Figure 13), having both the compounds similar
MHist content. At the three different pHs, either the
reduced viscosity and the EDS values follow the
same trend and collapse almost at the same temper-
atures.

Moreover, the effect of the ionic strength, i.e. the
concentration of sodium chloride, on the swelling
properties of the MH2 and CMH2 hydrogels at
pH 9, is reported in Figure 15 along with the results
previously obtained with the gel CH1 [19], for
comparison.

Unlike the hydrogel MH2, which shows only poly-
electrolyte behaviour for the shielding effect of the

Figure 16. Hydrogel contraction [mm] in relation to the .
electric stimulation (2.5, 5.0, and 7.0 V) at
10 minutes elapsed time and pH 9

carboxylate groups negative charges, the CMH2
showed a volume phase transition phenomenon at a
NaCl concentration of 1.75 mol/l. This concentra-
tion resulted greater than that shown by the Hist-
based CH1 hydrogel [19].

The electric current effect on the two hydrogels is
reported in Figure 16. Any increase of the applied
potential linearly increased the gel contraction.
Moreover, the contraction of the gel CMH2 was
higher than that of CMHI10, because of the lower
cross-links amount. These results, although more
effective, are in agreement with the previously
reported ones on the gels containing the acrylate
Hist analogues.
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Figure 17. Cytotoxicity of the MHist and poly(MHist)
against MC3T3-E1 (mouse osteoblast) cells

3.4. In vitro cytotdxicity

The cytotoxic effect of the poly(MHist) was evalu-
ated by the cell culture of osteoblasts from mouse
(MC3T3-El). Figure 17 shows the cell prolifera-
tion in the presence of the polymer and its low-
molecular weight precursor.

It is noticeable that no significant cytotoxicity was
observed for two days at concentration up to 5 mM.
Thus, these zwitterionic compounds in the cross-
linked hydrogel form may show potential applica-
tions in bone resorption when implanted in specific
tissues, for the releasing of loaded amino-bisphos-
phonate drugs [17].

4. Conclusions

This paper, concerning with our research interest
on poly(ampholyte)s [6, 19, 41], developed a ther-
modynamic study for the protonation of basic
groups in the free and cross-linked methacrylate
polymers carrying the L-histidine residues. As a
rule, methacrylate polyelectrolytes, particularly
poly(carboxyl acid)s, show more complex thermo-
dynamic data than the corresponding acrylates [42].
In the case of poly(ampholyte)s, the more hydro-
phobic character of the main polymer chain was
evident in both the free and the cross-linked hydro-
gels. Unlike the corresponding acrylate, these new
ligands show a lower polyelectrolyte behaviour.
The ‘real’ enthalpy changes and the lower n values
of the modified Henderson-Hasselbalch equation
are the two main thermodynamic data showing the
difference. Moreover, the volume phase transition
behaviour of the hydrogels, based on the pH-
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responsive poly(ampholyte)s and on the tempera-
ture-responsive N-isopropylacrylamide, revealed
that the thermodynamic data are close to the solu-
ble analogues ones. The LCST of the polyNI-
PAAm, that is close to the body temperature, may
be tuned by the pH and the proper amount of the
purposely synthesized ampholyte monomer. Ther-
modynamic and biological characterization, along
with the salt-induced phase transition and the dc
electroshrinking phenomenon shown by the
methacrylate hydrogels, are indicative of a suitabil-
ity of these materials for tissue engineering applica-
tions [15]. The increasing hydrophobic character
makes some poly(ampholyte)s suitable for the
preparation of nonbiofouling surfaces against pro-
teins and cells [22]. '
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