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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 suretch 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 CH3;C(=CH2)H-);

2.95-3.23 (m, 2H —CH2- Imidazole);
4.41-4.46 (g, H -NHCH(COOH)CH>-);
5.31-5.52 (m, 2H CH,=C(CH3)-);

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
1H 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 CMHI10), 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
Sample content dn/de | M, Me 1M M
[weight %] {ml/g] |[kg/mol] | [kg/mol]
PolyMHist 96.5 0.190 81.4 83.2 3.2
co-1 9.1 0.175 481.3 - -
co-2 17.9 0.177 792.2 831.6 2.0
co-3 51.5 0.182 304.0 380.0 2.2
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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

MHist purity, {mol %]
Compd Potentiometry Proton NMR
PolyMHist 96.5 100.0
co-3 35.0 36.5
co-2 10.0 8.2
co-1 49 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].

6000

Counts -

4000

Based on the NMR and potenﬁometric results, the
relative comonomer MHist/NIPAAm 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
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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? MHT" (n)b [M+Na]" (n)b
7837 (3) 8057 (3)
oH 10069 (4) 1028.9 (4)
HC [ 1230.1 (5) 1252.1 (5)
" c&*{*CH;Cf'OCZHS 14533 (6) 1475.3 (6)
LA | " H 1676.5 (7) 1698.5 (7)
A= CN ?——0 i 1899.7 (8) 1921.7 (8)
N+ 21229 (9) 21449 (9)
NP : :
HN f" CH; \\Jrl«, 2346.1 (10) 2368.1 (10)
Ccoo™ L 2569.3 (11) 25913 (11)
2792.5 (12) 28145 (12)
3015.7 (13) 3037.7 (13)
962.8 (4) 984.8 (4)
" CH 1186.0 (5) 1208.0 (5)
1,¢ i 1409.2 (6) 14312 (6)
HsC/(,jT CH;?—-}:H 16324 (7) 1654.4 (7)
v ' 1855.6 (8) 1877.6 (8)
= CN — H
B (':—0 u 207838 (9) 210038 (9)
HN—CH—CH—~( ﬂ 2302.0 (10) 23240 (10)
P SNy 25252 (11) 25472 (11)
coo H 27484 (12) . :
2971.6 (13)
939.8 (4) 961.8 (4)
?13 1163.0 (5) 1185.0 (5)
_ 1386.2 (6) 1408.2 (6)
”JFC”TEC‘},TOCJ% 1609.4 (7) 1631.4 (7)
- =0 I 1832.6 (8) 1854.6 (8)
N 2055.8 (9) 2077.8 (9)
HN—CH—CH;—{ ﬂ 2279.0 (10) 2301.0 (10)
Soo- TN+ 25022 (11) 25242 (11)
27254 (12) 2747 4 (12)
2948.6 (13) 2970.6 (13)
(f“’ e, n, 880.8 (3) 902.8 (3)
( 3 (f 11040 (4) 1126.0 (4)
po HECHCltrC1CHC—cot 1327.2 (5)
coc o H 15504 (6)
. (f 1773.6 (7)
Hist 1996.8 (8)
‘cH H CH 840.6 (3)
[ (( 3 i 1063.8 (4)
. ‘c=cu-{—cu;ﬁ;cn:c_—coou
COOH ?’0
Hist
. . 853.6 (3
s T cn, '10768( 21
1 3@
CH-CH;{—CI-I;—C ey
F= | {7 en,
COOC,H, C{T:O CN
Hist
%*us i, CH, 870.6 (3)
‘ = 10938 (4)
CH-CH-CHs-C—-1 1=C
G= B s L - J

¢

COOC,1, =0 COon

Hist
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Table 4. Continued

Structures? MH]* (n)b [M+Na]* (m)P
CH, CH, CH, 893.8 (2)
! | | 1117.0 (3)
?zCH CH—;IC-}—CHAIZ
H= i
C=0, o) =0
| 7
Hist Hist Hist
CH, CH, 10238 (4)
I, % , 1247.0 (5)
C:HSOTCH._,—g' L‘_CH:(IT
B ¢=0  CooH
i
Hist
a) Hist =
HN-—CH—-—CH;{J—_”
&oo- N+
g H

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 its 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 titrated 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;HsOH) 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 —OC2Hs 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 oligomers with ethyl methacrylate end chains.
Looking at the inset in Figure 5, we observe the
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1

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 (logK3) and the car-
boxylate group (logK2) 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 logKi 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 » 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 a, fitted very well
the generalized Henderson-Hasselbalch equa-
tion (1):

pH = logK:® + n-log[(1 ~ o)/l )

‘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=1.54x+7.50
y=1.45x+7.11
y=1.28x+6.88

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

loglf 1—}et}

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®; m logK®,
MHist 6.878 (2) 2.772 (6)
Hist? 6.48 -
PolyMHist 7.53(7) 1.49 (5) 2.0
MH2 7.66 (18) 1.29 (9) 2.5
PolyHista 7.64 222 2.3
co-3 7.06 (6) 1.41 (6) 2.5
co-2 6.84 (6) 1.23(7) 2.8
co-1 _ 6.70 (12) 1.15(12) 2.8
Poly(Hist-co-NIPAAm)32 7.11 1.76 2.9

logK1 = logK®y + (n1~ Dlog[(1 — a)/o]

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
NIPAAmMm 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
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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

176

—150—



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

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 o-aminoacids with lateral iso-

propyl groups [30].

Enthalpy and eniropy 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°/c. 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 protonation o.
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 0, 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 o 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 3926 (1) 293 (2) 33.4(7) This work
Hist 37.0 30.5 21.8 [6)
PolyMHist 430 (4) 28.1 (4) 50 (1) This work
PolyHist 436 30.6 . 44 (6]
co-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) 287 (7) 35(2) This work
Poly(Hist-co-NIPAAm) 406 295 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 CMH10 hydrogels was recorded at constant
tonic 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
CMH?2 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
pHgg  CMH2
20- —t
: pH 1.9 -
i5-
0
Q
CMH10
10: pH 8.8 T
5 S pH 19 h
0 , . .
0 5 10 15 20 25

Time [h]

Figure 10. Swelling kinetics of the hydrogels CMH2
(slabs of 50 mg) and CMH10 (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 Nadl, 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

80

EDS

401

0 2 4 6 8 10 12
pH

Figure 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 CMH2 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 CMH?2 hydro-
gel in a wide range of temperatures. The hydrogel
swelling was studied in 0.15M NaCl 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
CHI [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

pHO
20

pHS
15 - pH3

EDs

T[C]

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

4

pHS

-

Reduced viscosity [dlifg]
v
8
/
g /s
- n

(=]

35 40 45 50
T[C]

&
N
<3
[\
5.
[
S

Reduced viscosity {cl/g]
- N [~
8 8

/

20 25 30 35 40 45 50

g
-
O
Y/

pH2
I
k=
22
3 co-2
brd
2 co-3 co-1
B
o .
@
0 -
20 25 30 35 40 45 50

] . T[C)

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 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 2546
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
100 0
D\\\
€0, ~ -02 TR CMH10
£
E o4
60 5
(%)
§ Y
o
40 S]
1 -08 - CMH2
3
20 4
) 0 3 4 5 & 7 8
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0 05 1 15 2
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Figure 15. EDS of 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

v 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 CMH?2 was
higher than that of CMHI0, 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 cytotoxicity

The cytotoxic effect of the poly(MHist) was evalu-
ated by the cell culture of osteoblasts from mouse
(MC3T3-E1). 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-

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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Control of Water Droplet Movement

Yoshihiro ITO
y-ito@riken.jp
Nano Med. Eng. Lab., RIKEN

A hydrophobic to hydrophilic gradient surface was prepared using the
tuned photodegradation of an alkylsilane self-assembled monolayer
(SAM) using irradiation of vacuum ultraviolet light (wavelength=172
nm). The water contact angle on the photo-degraded SAM surface
was adjusted using the intensity and time photo-irradiation parameters.
The water drop moved from the hydrophobic to hydrophilic surface with
a velocity that depended on the gradient. The higher the gradient, the
faster the water moved. For the first time, we have prepared a gradient
surface using photodegradation where the movement of a water drop
was regulated by the degree of gradation.

Polymer Preprints, Japan 2007, 56, 1532.
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Biomaterials to Ex Vivo Expand Stem Cells

for Regenerative Medicine

Yoshihiro Ito

Nano Medical Engineering Laboratory, RIKEN , 2-1 Hirosawa, Wako-shi, Saitama 351-0198, Japan

For achievement of regenerative medicine, ex vivo expansion of stem cells which can be differentiated to various
cells is very important. However, it is very difficult to efficiently and safely culture some stem cells such as
hematopoietic stem cells in cord blood or human embryonic stem cells. Therefore, the culture systems are investigat-
ed by many researchers. Here the state-of-arts of culture of stem cells and in particle development of biomaterials for

expansion of stem cells is discussed.

Key words : cell culture / stem cell / biomaterial ./ immobilization ./ growth factor ./ nurse cell
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Fig. 2 Stem cells for regenerative medicine.
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Fig.5 Interactions of a soluble (above) and an immobilized

(below) biosignal molecule. -When a soluble biosig-
nal molecule interacts with the cognate receptor, a
complex is formed and the complexes are aggregat-
ed on the cell membra.ne Subsequently the com-
plexes are mtemahzed aid decomposed in the cell.
The final process is called down-regulation and the
mechanism contributes the reduction of overloading

~ of stimulation by decreasing the number of recep-
tors on the cell membrane. If the biosignal molecule
is immobilized on materials, this dooiavn-regulation
process is considered to be inhibited and stimulation
will continue for a long time.
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Fig. 6~ Culture of human sten cells not in the presence of 4

* ' humahn nurse cells but on artificial protein layér com-

posed of membrane proteins of nurse cells.and
cytokines in culture medium is desirable for future.

ﬁk&&%ﬁ%#lmmén %@%%#%&én
DI hOTETVRE Y,
Lﬁ®%%@mﬂﬁﬁﬁ@#%%%ﬁ%@ﬁ%%
Dz EMS, Fig 610 T L) ICREMBEOKES
E%@%Q?hfﬂ%wﬂ%%%b*A&AIﬁ
RERTE, L) REUIS (CREBEETRIZZ D
LEZOLND. £IT, W2PDY vy KEE
MBI HE L TENSERD 2 ViIEZ0E
FNEnHMBRMBOERELTY, 2OMELR
L. FOHRT, TY)ATRIF 2L 708
¥~ iRCEE LB R R L, 20 ETUT-

—161—



1st Culture

B (MEMBRANE), Vol.32 No.5 (2007) - 279
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UT7-EPO l
Cell —
Erythropoietin

Fig. 7  Culture of erythropoietin-dependent UT7 (UT7-EPO) cells on erythropoigtin—micropattem—immobilized surface. Although
apoptosis was induced on the cells on non-immobilized surface, the cells on immobilized surface survived. In addition,
the micropattern-immobilized surface can be used for second cultitre of cells. '

B

Fig. 8 Culture of mouse embryonic stem (ES) cells (A) in
the absence of leukemia inhibitory factor (LIF), (B)
in the presence of soluble LIF, and (C) in the pres-
ence of immobilized LIF and stained with alkali
phosphatase activity. Although in (A) the cells were
not so stained, in (B) and (C) the cells were stained.
This result indicates that LIF was active for keeping
undifferentiated growth of mouse ES cells in the sol-

uble and immobilized states. Bars represent

200 4 m.
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