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An  efficient  and  scale-up  ready  single-step  synthesis  for  the  conjugation  of  thermoresponsive  polymers  to
hyaluronic  acid  (HA)  was  established.  Jeffamines® (JFM)  and poly(N-isopropylacrylamide)  (PNIPAM)  were
grafted to  HA  via  direct  amidation  mediated  by 1,1′-carbonyldiimidazole  activation.  The temperature-
induced  gelation  of the  semi-synthetic  co-polymers  was  characterized  by  rheology  as  a  function  of the
temperature  and  by  differential  scanning  calorimetry  (DSC).  A  HA–JFM  conjugate  with  sol–gel  transi-
eywords:
yaluronan
oly(N-isopropylacrylamide)
timuli responsive hydrogel

tion  in  a  physiologically  relevant  temperature  range  was  identified.  The  grafting  of  PNIPAM  resulted
in  the  drastic  change  of the  main  rheological  properties  of native  HA,  revealing  the  hydrophobic  non-
covalent  nature  of  the  interactions  between  the  thermoresponsive  brushes  in  the  gel  state.  Owing  to
the  reversibility  of  these  interactions  and  the  sharpness  of  the  transition,  the  HA–PNIPAM  conjugates
are  suitable  candidates  for  the  incorporation  of  drugs,  cells  or ceramic  materials  for  different  biomedical
applications.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Stimuli responsive matrices are the archetype of “smart” bioma-
erials, and recently, they have been the subject of a great deal of
esearch within the biomedical field. In particular, in situ forming
ydrogels using an elevation of temperature between room to body
emperature as a switch to increase their stiffness have been inves-
igated for drug delivery systems (Coughlan, Quilty, & Corrigan,
004; Klouda & Mikos, 2008; Liu, Shao, & Lü, 2006; Yin, Hoffman, &
tayton, 2006) and scaffolds in tissue engineering (Peroglio et al.,
011). Since its sharp transition occurs below body temperature,
oly(N-isopropylacrylamide) (PNIPAM) is by far the most studied of
he thermoresponsive polymers for biomedical applications. Owing
o such features, numerous natural and synthetic polymers have
een conjugated to PNIPAM to create thermoreversible hydrogels
Kim, Kim, & Jo, 2005; Liu, Shao, & Lü, 2006; Mortisen, Peroglio,
lini, & Eglin, 2010; Ohya, Nakayama, & Matsuda, 2004; Vasile &
ita, 2011; Yin, Hoffman, & Stayton, 2006). Hyaluronic acid (HA)
lays a significant role within these polymers. It is ubiquitous, non-

mmunogenic, and a natural component of the extracellular matrix

f various connective tissues with a key function in wound healing
nd the regeneration of these tissues. Hyaluronan grafted poly(N-
sopropylacrylamide) (HA–PNIPAM) hydrogels were first reported

∗ Corresponding author. Tel.: +41 81 414 24 53; fax: +41 81 414 22 88.
E-mail address: matteo.deste@aofoundation.org (M.  D’Este).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.07.007
by Ohya, Nakayama, and Matsuda (2000).  The synthesis was
designed as the growth radical polymerization of PNIPAM brushes
onto a HA backbone functionalized with a suitable chain transfer
agent. This approach is not appropriate for controlling the molecu-
lar weight (MW)  of the growing moiety. Moreover, the quasi-living
photoradical-polymerization technique takes place in a free radical
rich environment that has a degradative effect on the HA compo-
nent. In other contributions from Ha et al. (2006),  and more recently
from Kazuaki, Ide, and Miyawak (2012),  an amino terminated PNI-
PAM was conjugated to HA via amidation chemistry mediated by
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride
and N-hydroxysuccinimide (EDC + NHS), according to the method
introduced by Bulpitt and Aeschlimann (1999).  The opportunity
to perform this conjugation chemistry in water makes it attrac-
tive, but in order to achieve a good degree of functionalization, a
large excess of amine is required (Bulpitt & Aeschlimann, 1999).
These previous investigations have described that the phase transi-
tion was  detected via turbidimetry, but a shift in optical properties
does not necessarily mean the transition from a flowing solution
to a stiff gel. Rheometry or other mechanical testing techniques are
more appropriate for measuring the performance of a temperature-
responsive hydrogel. A further interesting approach utilizes the
EDC + NHS chemistry to graft adipic dihydrazide to HA. In this

approach, carboxy-terminated PNIPAM was  grafted to the mod-
ified HA through an acyl-hydrazide group formation (Tan et al.,
2009). The gel described within this paper was well characterized,
but the weak mechanical properties achieved (elastic modulus in

dx.doi.org/10.1016/j.carbpol.2012.07.007
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:matteo.deste@aofoundation.org
dx.doi.org/10.1016/j.carbpol.2012.07.007
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he gel state < 6 Pa) precludes its use in many applications. More-
ver, a single step design for the synthesis would be desirable for
cale up.

Recently, we reported a “click chemistry” synthesis for a
A–PNIPAM hydrogel (Mortisen et al., 2010; Peroglio et al., 2011).

n this case, the reversible addition-fragmentation chain transfer
olymerization (RAFT) synthesis of the PNIPAM brushes results in
n extremely accurate control of the MW.  Moreover this hydro-
el is amenable for further derivatization with active species, such
s drugs or growth factors. However, the synthesis procedure
s not without drawbacks. In fact, the azido-terminated PNIPAM
ncludes an enzymatically labile ester group. Besides, the alkyne-
zide cycloaddition (AAC) grafting reaction is well known to be very
fficient, but it needs the presence of CuI catalyst to be carried
ut at room temperature within the proper time scale. In terms
f polysaccharides, and HA in particular, the presence of transi-
ion metals in water solution results in fast degradation. In fact,
n presence of oxygen, a large variety of radical species are pro-
uced including the hydroxyl radical, which is a very aggressive
pecies with the ability to efficiently depolymerize the polysac-
harides (Soltes, Brezová, Stankovská, Kogan, & Gemeiner, 2006;
oltes, Stankovská, Brezová, Schiller, Arnhold, et al., 2006; Soltes
t al., 2007). Since it is difficult to control the free-radical action, the
opper catalyzed AAC “click chemistry” presents issues of repro-
ucibility for this class of substrates. In fact, it has been reported
hat classic CuAAC leads to extensive degradation of polysaccha-
ides (Lallana, Fernandez-Megia, & Riguera, 2009).

In order to overcome these drawbacks, we have developed an
lternative single step amide formation on the carboxy-group of
A. The synthesis displays good inter batch reproducibility and is

cale-up ready. A similar strategy has been reported for the grafting
f small hydrophobic amines to HA (Bellini & Topai, 2000; Finelli,
hiessi, Galesso, Renier, & Paradossi, 2009). The coupling takes
dvantage of the 1,1′-carbonyldiimidazole (CDI) activation chem-
stry developed for the solid phase peptide synthesis, and to the
est of our knowledge has never been used to the conjugation of
olymeric or amphiphilic brushes to HA.

PNIPAM is by far the most extensively studied thermore-
ponsive polymer for use in biomedical applications. In order to
erify the versatility of the conjugation technique proposed, we
ave applied the same protocol to another class of thermore-
ponsive polymers that is attracting increasing attention (Dulong,
ocanu, Picton, & Le Cerf, 2012; Mocanu, Mihaì, Dulong, Picton,

 Lecerf, 2011; Mocanu, Mihaì, Dulong, Picton, & Le Cerf, 2012),
.e., Jeffamines® (JFMs). These polyethers are propylene oxide
PO)/ethylene oxide (EO) co-polymers, and their thermorespon-
iveness depends upon the PO/EO ratio.

Products were characterized via hydrogen-1 nuclear magnetic
esonance spectroscopy (1H NMR), Fourier transform infra-red
pectroscopy (FTIR), differential scanning calorimetry (DSC), and
hrough rheology as a function of the temperature.

. Experimental

.1. Materials

HA Sodium salt from Streptococcus equi (HANa) was  purchased
rom Contipro Biotech s.r.o. (Czech Republic). Two  different batches
f different MWs  were used, specifically:
High MW fraction (HMW), with weight-average molecular
weight Mw  = 1506 kDa and polydispersion index Mw/Mn  = 1.53,
where Mn  indicates the number-average molecular weight.
Low MW fraction (LMW), with Mw  = 293 kDa and Mw/Mn  = 1.86.
mers 90 (2012) 1378– 1385 1379

Amino-terminated poly(N-isopropylacrylamide) (PNIPAM-
NH2) of Mn  = 44 ± 2.7 kDa was  purchased from Polymer Source,
Inc. (CA). Amino-terminated JFMs were a gift of Huntsman GmbH
(DE). All other reagents were purchased from Sigma–Aldrich
(Switzerland); chemicals were of analytical grade at least, and
were used without further purification.

2.2. Synthesis

HANa of either HMW  or LMW  was  transformed in its tetra-
butylammonium salt (HATBA) via cationic exchange according to
established procedures (Bellini & Topai, 2000). At room temper-
ature, 2.0 g of HATBA were dissolved in 200 mL of dry dimethyl
sulfoxide. The activation reaction to obtain the acyl-imidazole (1)
was performed by addition of methanesulfonic acid and CDI, both
equimolar to the repeating unit of HA (Scheme 1). Following 1 h
of stirring, 3.7 g of thermoresponsive amino-terminated PNIPAM
or JFM were added and stirred at room temperature. In the pre-
hydrolyzed batches, 0.1% (v/v) of water was added just before the
amino-terminated polymer addition. After 3 days, 10% (v/v) of satu-
rated NaCl was  slowly poured into the reaction solution and stirred
1 h before dialysis against demineralized water using regenerated
cellulose dialysis tubes with nominal MW cut-off 50 kDa (Spectra-
por no. 6, 34 mm flat width) for 5 days. Products were freeze-dried,
desiccated under vacuum at 40 ◦C and stored at room tempera-
ture. The absence of chlorides in the final lyophile was  assessed via
Ag+ assay. In comparison, 3 batches of the conjugate HA–PNIPAM
were synthesized via EDC/NHS chemistry, adapting the previously
described procedure (Bulpitt & Aeschlimann, 1999). Briefly, 410 mg
of HANa and 1.15 g of PNIPAM-NH2 were dissolved in phosphate
buffer. A 4-fold molar excess of EDC and NHS was  added, and the pH
set to 5.5, to foster the activation of HA. The pH was allowed rise to
7.2 ± 0.2 through NaOH addition after 1 h and the reaction was  run
to keep the pH within this range. This was run for a further 3 days
and then the product was dialyzed against demineralized water
and freeze-dried. The degree of functionalization was determined
via NMR  as described below.

2.3. Characterization

FT-IR analysis was  performed on a Bruker Tensor 27 spectropho-
tometer equipped with a single reflection diamond attenuated
total reflection (ATR) accessory. Freeze-dried HA–PNIPAMs or the
as-received HANa powder was  placed directly on the accessory.
HANa/PNIPAM physical mixtures were dispersed in water, snap
frozen in liquid nitrogen and lyophilized before analysis to obtain
optimal sample uniformity. Spectra were acquired between 4000
and 500 cm−1 (average of 32 scans), and processed with the Opus
6.5 software.

DSC was performed on a Pyris DSC-1 Perkin-Elmer instrument
calibrated with indium. PNIPAM-NH2 and HA–PNIPAM solutions
were weighed in hermetically closed aluminum pans. Measure-
ments were carried out under a dry nitrogen atmosphere at a flow
rate of 25 mL/min. Each cycle was run holding the sample 5 min
at 10 ◦C, followed by a heating to 40 ◦C. Sample was held for 5 min
at 40 ◦C and cooled at the initial temperature. Heating and cooling
ramps were run at the rate of 5 or 0.5 ◦C/min. The reproducibility of
the gelation and inverse transition was  assessed by repeating the
process for 30 cycles in the conditions described above, recording
peak height and peak maximum or minimum.

1H NMR  analysis was  performed on a Bruker Avance AV-

500 NMR  spectrometer using deuterium oxide as solvent without
residual HOD peak suppression. Spectra were calibrated using 3-
(trimethylsilyl)-1-propanesulfonic acid sodium salt as chemical
shift internal standard, and processed with Mestrenova software.
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cheme 1. Conjugation of amino-terminated PNIPAM or JFM (R–NH2) to HA via C
rapping of the amino-terminated polymer R–NH2 via irreversible urea formation.

The MW distribution of HA was obtained by a modular multi-
etector size exclusion chromatography (SEC) system consisting
f an Alliance 2695 separation module (Waters, USA) equipped
ith two on-line detectors: a multi angle light scattering (MALS)
awn DSP-F photometer (Wyatt, USA) and a 2414 differential

efractometer (DRI) from Waters that was used as a concentra-
ion detector. Alignment of the different signals was implemented
o correct the intrinsic temporal delay. Chromatographic specifi-
ations: two Shodex OHpak columns (KB806-KB805) from Showa
enko; mobile phase: 0.20 M NaCl; flow rate: 0.5 mL/min; tempera-

ure: 35 ◦C; injection volume: 150 �L; sample concentration: 0.2 or
.8 mg/mL  depending on the MW of the sample. The specific refrac-
ive index increment, dn/dc, with respect to the mobile phase was

easured by a Chromatix KMX-16 differential refractometer.
The MW distribution for PNIPAM was obtained by an integrated

ulti-detector GPCV 2000 chromatographic system from Waters
USA). The GPCV 2000 system was equipped with three online
etectors: (1) differential viscometer (DV); (2) differential refrac-
ometer (DRI) as a concentration detector; (3) additional MALS
awn DSP-F photometer (Wyatt, USA). Alignment of the different

ignals was implemented to correct the intrinsic temporal delay.
hromatographic specifications: two PLgel Mixed C columns from
olymer Laboratories (UK); mobile phase: N,N-dimethylformamide
DMF) + 0.1 M LiCl; flow rate: 0.8 mL/min; temperature: 50 ◦C;
njection volume: 218.5 �L; sample concentration = 2 mg/mL.

Temperature-induced sol–gel transition was assessed with the
ial inversion method for every batch. The synthesized conjugates
ere dissolved in phosphate buffer saline (PBS) pH = 7.4 at 10%

w/w) (HA–PNIPAM) or 10 and 20% (w/w) (HA–JFM) in hermetically
losed vials. The flow-ability of the solutions was visually assessed
t either room temperature (22 ± 2 ◦C) or at 37 ◦C after immersion
n a thermostatic bath.

Rheological measurements were performed with a TA Instru-
ents AR2000ex rheometer equipped with a Peltier controller

nd a plate-plate geometry, diameter 25 or 40 mm.  The inertia

f the system was calibrated before each measurement. The syn-
hesized conjugates were dissolved in PBS (pH = 7.4) at 10% (w/w)
HA–PNIPAM) or 10 and 20% (w/w) (HA–JFM). Storage (or elastic)

odulus (G′) and loss (or viscous) modulus (G′′) were measured
emistry, the formation of the N-acylimidazole (1) as active intermediate and the

as a function of the temperature. Solutions were subjected to a
5% oscillatory strain at 1 Hz while heating at 1 ◦C/min from 20 to
40 ◦C (to 50 ◦C for HA–JFMs). Low viscosity silicon oil was applied
along the border of the plates after sample placement in order to
avoid evaporation at the solution-atmosphere interface. The nor-
mal  force control was used rather than constant gap, setting the
force at 0.1 N (minimum value). Measurements were assessed to
be in the viscoelastic linear region and verified through comparing
the results with analogs runs performed at 2% strain. Mechanical
spectra were measured at either 20 or 37 ◦C with the same modality,
in the frequency range between 10−2 and 2 × 102 Hz.

3. Results and discussion

3.1. Synthesis of the conjugates

The synthetic procedure involves a first step where one imi-
dazole ring condenses to the carboxy function of HA to form the
active intermediate N-acylimidazole (1), which reacts directly with
the amino terminated PNIPAM or JFM (Scheme 1). Given the sensi-
tivity of the CDI and of the N-acylimidazole toward partially acidic
protons the reaction is performed in a polar aprotic solvent, namely
dimethyl sulfoxide. Then, the tetrabutylammonium rather than the
Sodium salt of HA is used.

The potential of N-acylimidazoles in acylation chemistry was
recognized in the early 1950s, and the use of CDI for their prepa-
ration was introduced a few years later (Paul & Anderson, 1960;
Staab, 1957). The main restriction to the use of CDI and analogs
in organic synthesis is the sensitivity to moisture, which is not dis-
played by other condensing agents such as carbodiimides (Joachim,
2007). However, the improved efficiency, minimal racemization,
ease of purification and harmlessness of the by-products CO2 and
imidazole makes the use of CDI a valid synthetic tool for specific
applications.

In order to assess the robustness of the process, we have

compared the efficiency of the synthesis in “dry” and “humid”
conditions. Table 1 displays the degree of substitution (DS) for
different batches with or without the addition of water. In particu-
lar, Batches 1 and 2, prepared via the standard procedure without
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Table  1
DS (mol%) for different batches of conjugate HA–PNIPAM. Batches with the asterisk
(*)  were pre-hydrolyzed with water (see Section 3.1). Methods A and B refer to
different integration of the 1H NMR  spectra (see Section 3.2.1).

Batch ID DS (mol/mol, %)

Method A Method B

1 6.6 6.4
2 7.5  7.4
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3*  5.9 5.6
4*  7.0 7.0

re-hydrolysis; batches 3 and 4, (marked with (*)), where water
as added to the reaction solution during amine addition to real-

ze a concentration of 0.1% (w/v) that corresponded to 4 moles H2O
er mole of HA dimer.

Water could potentially improve or reduce the reaction effi-
iency via two  different mechanisms acting in opposite directions.

 water-free environment helps to avoid the hydrolysis of the
eactive intermediate, improving the amidation efficiency. Fur-
hermore, small amounts of water when added just prior to the
mino compound can hydrolyze the CDI that did not react with
he carboxyls. If the excess of CDI was not eliminated, then it
ould eventually react with the amine to form an isocyanate

Scheme 1) that subsequently trapped by another amine equiva-
ent to yield a derivative of urea that would sequester irreversibly
he amino-terminated polymer and impede the subsequent ami-
ation (Joachim, 2007). In our case, both mechanisms are probably
ctive, and their competition makes the overall process indepen-
ent from the presence of small amounts of water (Table 1). In fact,
hilst the pre-hydrolized batches displayed systematically lower

ubstitution, such differences were not considered significant due
o the intrinsic error within the integration procedure, as pointed
ut in Section 3.2.1.

The grafting of amphiphilic brushes to the polysaccharide via
irect amidation was effective and efficient. The grafting is repro-
ucible, although not quantitative. In general, the non-quantitative
rafting is a common feature of reactions involving HA and biopoly-
ers. In fact, the well consolidated coupling of amines with HA

ia EDC + NHS requires massive excess of the amine (Bulpitt &
eschlimann, 1999). If scaled-up, this procedure is not justifiable in

erms of chemical waste production and economically unsustain-
ble if the amine is expensive. In comparison, we  have synthesized
A–PNIPAM via EDC + NHS chemistry using the same feed ratio
mployed for the CDI chemistry. The DS obtained was about one
alf (data not shown), and the resulting solution did not display
ol–gel transition upon vial inversion after heating.

.2. Characterization of HA–PNIPAMs conjugates

.2.1. Solution properties and spectrometric analysis
A first indication of the chemical ligation between HA and PNI-

AM was given by the physical appearance of the solution. Despite
he water solubility of both polymers, the dispersion of HA and
NIPAM in PBS at pH = 7.4 resulted in a marked phase separation.
olutions of the conjugate when kept at room temperature or lower
reated a clear homogeneous solution, with low viscosity at a rela-
ively high concentration (10–15%, w/w).

In order to optimize the design of the co-polymer the influ-
nce of the HA backbone length on the mechanical properties of
he hydrogel has been studied, comparing HA–PNIPAM from both
A HMW  and LMW.
The MW of the PNIPAM brushes is fundamental for controlling
he temperature induced sol–gel transition. High MWs  are associ-
ted with a wider and sharper transition, but also with shrinking
eatures that might compromise the use of the material as a cell
Fig. 1. FT-IR spectrum of HANa salt and its conjugate with PNIPAM. The inset shows
the spectral feature characteristic of the conjugate and not present on the HA, PNI-
PAM and their mixture.

carrier (Mortisen et al., 2010). In the present study, PNIPAM brushes
of MW = 44 kDa (determined via absolute SEC) have been selected
in order to optimize gelation and cell carrier capability.

The FTIR spectrum of the HA–PNIPAM conjugate displays a shift
in the carbonyl stretching from 1605 cm−1 for the underivatized HA
to about 1640 cm−1 for the conjugate, in addition to a shift for the
bands at 1404 cm−1 and 1376 cm−1 to 1386 cm−1 and 1366 cm−1,
respectively (Fig. 1). This feature is usually attributed in the liter-
ature to the amide bond formation between HA and PNIPAM. In
order to verify this hypothesis, we  have compared the FTIR spectra
of physical mixtures of HA and PNIPAM non-chemically conjugated,
in the weight ratio HA/PNIPAM between 0.5 and 4.0. In fact, the
band appearing at 1640 cm−1 is a linear combination of the signals
arising from the pristine polymers, and is not attributable to the
new amide bond formation. This new amide is in fact stoichiometri-
cally marginal, as both PNIPAM and HA on their own have an amide
bond for each repeating unit. The only spectral feature not present
in the pristine polymers and their physical mixtures, demonstrat-
ing the conjugation was a small peak around 1742 cm−1 (inset in
Fig. 1). As illustrated in Scheme 1, the formation of the imidazolyde
active intermediate of HA was  performed in acidic environment,
with the carboxy groups in the non-dissociated form. Hence, in the
final product some carboxylic functions of HA may  be present in
acidic form. In order to verify this eventuality, we have compared
the FTIR spectrum of the PNIPAM conjugate with the same speci-
men  after alkaline treatment with NaOH. The spectra were almost
identical, confirming that the HA carboxy functions in the conjugate
were present as carboxylate.

Similarly to FTIR, the 1H NMR  spectrum corresponds to the
sum of the polymeric components of the semi-synthetic conjugate
(Fig. 2). The ligation does not give rise to any new resonance situ-
ated in a spectral region free of other signals, so conventional 1H
NMR spectroscopy cannot be used as direct proof of the chemical
ligation. HA characteristic signals are the singlet at 2.01 ppm and a
broad multiplet between 3.2 and 3.7 ppm, assigned to most of the
protons directly bounded to the ring. PNIPAM gives a sharp sin-
glet at 1.14 ppm due to methyl groups in the iso-propyl moiety;
the proton connected to the tertiary carbon in the same functional
group gives resonance at 3.89 ppm, superimposing to signals from
HA. Interestingly, the aliphatic protons marked as “d” in Fig. 2 give

a split signal. This feature is attributed to the slow rotation along
the axis through the c–d carbon atoms, determined by the steric
hindrance of the pending moiety, or its involvement in hydrogen
bonding. The slow rotation let the protons (“d”) to detect different
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sible for the elasticity of the gel structure.
In the sol state, HA–PNIPAM in PBS displays a dramatically lover

viscoelasticity compared to underivatized HA, with G′ and G′′ equal,
Fig. 2. 1H NMR  spectrum

hemical surroundings, making them chemically non-equivalent.
his feature was also observed in the spectrum of pure PNIPAM in
2O (not shown), and the interpretation is confirmed by the broad-
ess of the signals. Despite the overlap of some key spectral features
e.g., the N-acetyl of HA and one aliphatic proton from the PNIPAM
ackbone “e” and “c” in Fig. 2 were detected at exactly 2.01 ppm),

t was possible to calculate the DS. Two different methods have
een employed: integration of the peaks of HA at 3.00–3.77 ppm
integrating for 9 HA protons, as verified by integration of pris-
ine HA) and PNIPAM at 1.14 ppm (Method A), or integration of the
eak at 2.01 ppm (both polymers) after subtraction of the HA mea-
ured from the 3.00 to 3.77 ppm multiplet integrating for 9 protons
Method B). Table 1 compares the molar DS (%) calculated through
he two methods for different batches. Results are in agreement
ithin the experimental error (estimated to be no less than 10%).

able 1 is also representative of the range of DS displayed for dif-
erent batches, that resulted 6.5 ± 1.0% in moles. By modification
f the feeding ratio and other conjugation conditions, it was  pos-
ible to verify that conjugates with a DS below 5.5% do not display
ppropriate gelation upon temperature increase, as verified via vial
nversion method.

.2.2. Rheology of the HA–PNIPAM conjugate
Rheometry is a suitable technique for investigating phase transi-

ions in thermoresponsive hydrogels for their potential application
s cell carriers and drug delivery systems. Moreover, comparing the
iscoelastic profiles of the conjugate and the native polymers, it is
ossible to gain an insight into the underlying molecular structure

n solution. Viscoelasticity of the conjugates was  measured upon
ndependent variations of temperature and frequency.

Viscoelastic shear moduli of 10% (w/w) solutions of the conju-
ate in PBS are displayed in Fig. 3 as a function of temperature.
onjugates prepared from HMW  (1.50 MDa, continuous lines) and

MW  HA (0.29 MDa, dotted lines) were compared. At room temper-
ture, no viscoelasticity was displayed, with G′ and G′′ ∼= 1 Pa. As the
emperature increased above 30 ◦C, the systems lose their flowabil-
ty, and viscoelastic shear moduli rise by 2–3 orders of magnitude in
 conjugate HA–PNIPAM.

a  temperature range of less than 2 ◦C. Moreover, the passage from
the regime of loss modulus prevalence (G′′ > G′) to the regime of
storage modulus prevalence (G′ > G′′) was  observed.

The transition profile is independent of the MW of the HA
backbone. The underlying molecular interpretation of this non-
dependency is different for the sol and the gel state. In the gel state
above the transition temperature, the viscoelasticity observed is
due to non-covalent hydrophobic interactions between the PNI-
PAM brushes. If the entanglement between the HA backbone
chains would play a role (as in underivatized HA), then the vis-
coelasticity in the gel state would depend on its MW.  Hence, the
non-dependency observed is an indicator of the structural role of
the non-covalent PNIPAM interactions as the crosslinks are respon-
Fig. 3. Viscoelastic shear moduli of a 10% (w/w) solution of HA–PNIPAM in PBS at
1  Hz as function of the temperature. Continuous lines refer to conjugates from high
molecular weight (HMW)  haluronan, dotted lines conjugate from low molecular
weight (LMW)  HA.
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Fig. 4. Mechanical spectrum of HANa at 20 ◦C and concentration 1% (w/w) in PBS
(red lines) compared with HA–PNIPAM at 2.5% (w/w) in PBS and 37 ◦C (black lines).
Straight lines refer to the storage modulus, dashed lines with squares superimposed
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Fig. 5. Reversibility of HA–PNIPAM gelation. (A) DSC thermogram for HA–PNIPAM
10% (w/w) in PBS. Curves representing the first cycle at the heating rate indicated.
(B) Peak height (mW)  for the gel–sol transition as function of the cycle number
for  PNIPAM-NH2 and its conjugate with HA. While for PNIPAM the peak height is
reduced by a factor 4 at the third cycle, the conjugate with HA displays only a slight
efer to the loss modulus. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

espectively, to 9304 Pa and 2826 for HANa, and 0.38 Pa and 0.70 Pa
or HA–PNIPAM10% (w/v) solutions at 25 ◦C. In the sol state, the
iscoelasticity of HA in solution is attributed to the stiffness of its
hains and their interactions, mainly via hydrogen bonding and
ydrophobic interactions (Hardingham, 2004). PNIPAM moieties
ave an amide bond for each repeating unit, and the amide group
an act as either a hydrogen bond acceptor (carbonyl group) or
ydrogen bond donor (the proton in the NH group). Moreover, the

sopropyl group is a hydrophobic domain able to disrupt hydropho-
ic interactions between the HA chains. Thus, the PNIPAM grafted
o HA is able to perturb the architecture of interactions between
he HA chains, leading to the observed dramatic decrease of vis-
oelasticity. If HA chains are not interacting in solution, then the
iscoelasticity observed results are independent of their MW.

This interpretation was confirmed by the mechanical spectrum
f the conjugate solutions at physiological temperature (Fig. 4).
he graph shows the frequency dependence of the dynamic shear
oduli for the HA–PNIPAM hydrogel at 37 ◦C and concentration

f 2.5% (w/w) in PBS (pH = 7.4), and compared to a 1% (w/w)  solu-
ion of HA in the same solvent. In the case of the underivatized
A solution, a crossover point with viscous prevalence at low fre-
uency was observed. This behavior is essential for the lubrication
nd mechanical protection of cartilage within the synovial joints
nder different dynamic regimes. The observed profile is a conse-
uence of the interactions between the HA chains (Hardingham,
004). In terms of the conjugate, a crossover point was  also
bserved, but in this case the storage modulus is dominant at
ow frequencies. Since in the gel state at 37 ◦C the crosslinking is
efined by weak hydrophobic interactions between the PNIPAM
rushes, as the frequency of mechanical energy input increases
his weak network is broken, and the solution displays a viscous
revalence.

To summarize, the results obtained from the different rheolog-
cal techniques used to characterize the conjugate, are consistent,
nd confirm that the structure of the gel is supported by the
eversible non-covalent entanglement between the PNIPAM moi-
ties rather than dynamical interactions among the HA chains in
olution. The sharpness and the physiologically relevant temper-
ture of transition make the conjugate a suitable candidate for
iomedical applications.
.2.3. DSC analysis of the HA–PNIPAM conjugate
DSC is a convenient technique to study the sol–gel transi-

ion of solutions of the HA–PNIPAM conjugate upon cycles of
decrease over 13 cycles.

heating–cooling. Moreover, unlike rheology, DSC is performed
within hermetically closed pans, and then it is more suitable
to characterize the phase transition upon reiteration of several
heating–cooling sequences.

During a heating ramp, the passage to the gel state was observed
as endothermic first order transition (Fig. 5A). The temperature
corresponding to the peak maximum was consistent with the tran-
sition temperature observed via rheological analysis. In a typical
cycle, the transition temperature observed during the heating ramp
was  higher than the transition temperature for the cooling ramp
(Fig. 5A). The amplitude of the hysteresis was  4.3 ◦C at a heat-
ing rate of 5 ◦C/min (continuous line), and 2.0 ◦C, if the rate was
reduced to 0.5 ◦C/min (dashed line). The rate-dependency indi-
cates that the hysteresis depends upon kinetic-non-equilibrium
phenomena.

The reversibility of the sol–gel transition is a key feature
concerning the use of the conjugate as hydrogel scaffold in tis-
sue engineering. In fact, in a typical cell therapy protocol, cells
need to be easily mixed within the matrix (room temperature,
sol state) and expanded at physiological temperature (gel state).
Then, the reversibility of the gelation process can be used to
bring the construct back to the fluid state, allowing an easy
injection without high mechanical stress in order to preserve
cell viability, easy integration into the surrounding tissues but
also no systemic spreading owing to the temperature promoted
gelation.

The maximum variation of transition temperature observed
within 30 heating–cooling cycles was  0.15 ◦C for the transition
to the gel state and 0.10 ◦C for the transition from the gel to the
fluid state. Such a small variation is indicative of the reversibility
of the gelation process. Another measure of the reproducibility of
the thermal cycles is the peak height, measured as the gap to the
baseline. Peak height has been chosen rather than the transition
enthalpy because the last is less objective, depending critically on
the integration boundaries. Fig. 5B displays the peak height for the
cooling ramp as a function of the cycle number for the gel–sol tran-
sition of PNIPAM and its conjugate with HA. While at the third cycle
PNIPAM reaches a plateau with height about 20% of the value pre-
sented for the first cycle, the conjugate with HA displays a much
smaller difference, reaching a plateau at a value approximately
85% of the first cycle after 10 cycles. As observed in our previous
paper (Mortisen et al., 2010), the conjugation with HA improves

the reproducibility of the thermal cycles of the thermoresponsive
PNIPAM.
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Fig. 6. Viscoelastic shear moduli of the HA–JFM conjugates as function of the tem-
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thermoresponsive poly(N-isopropylacrylamide) hydrogels. Journal of Controlled
erature. Only the derivative with JFM M-600 displayed stiffness increase with the
emperature.

.2.4. Synthesis and characterization of the derivatives with
effamines®

In order to prove the effectiveness and versatility of the syn-
hesis scheme illustrated, JFMs were conjugated with HA using
he same synthetic strategy. JFMs are available with different
ydrophilicity as determined by the PO/EO ratio and with vari-
us end functional groups. In order to compare with the PNIPAM
erivatives previously described, we have used mono-amine JFMs
ith relatively high PO content to emphasize the amphiphilic and

hermoreversible characteristic, namely:

JFM M-600, featured by MW equal to 0.6 kDa and ratio
PO/EO = 9/1, and
JFM M-2005 of MW equal to 2 kDa and ratio PO/EO = 29/6

In both JFMs cases, the conjugations were performed to
eproduce the same weight feed ratio adopted for the PNIPAM
erivatives. 1H NMR  spectra of the derivatives displayed the fea-
ures of both polymers, with the characteristic peak of the acetyl
rotons of HA at 2.01 ppm, and the methyl protons of the PO at
.15 ppm. The ratio between these signals allowed the determi-
ation of the degree of functionalization. All the other aliphatic
rotons were superimposed in a broad multiplet between 3.0 and
.0 ppm circa. The DS values are 20% for the M-2005 derivative and
9% for the M-600 derivative, reflecting the largest excess in moles
sed for the lower MW JFM, and its improved mobility and capac-

ty to reach and react with HA. The temperature-promoted sol–gel
ransition was investigated via oscillatory rheology, measuring the
hear dynamic moduli at the frequency of 1 Hz as a function of
he temperature. Only the derivative with JFM M-600 displayed an
ncrease in storage modulus upon temperature increase (Fig. 6),

ith a gelation point at 35 ◦C, in a physiologically relevant temper-
ture. This result is in accordance with the highest DS achieved
or this conjugate, but it might also depend upon the different
ydrophobicity of the brushes. In fact, there are reports in the liter-
ture that show for this class of co-polymers, that the �H  of the
hase transition depends upon the PO rather than the EO con-
ent (Mitchard et al., 1992), and PO content is higher for M-600
ompared with M-2005. The transition is not very pronounced, the
lastic modulus increasing of 1 order of magnitude in the tempera-
ure range between 20 and 50 ◦C. A further fundamental parameter
nfluencing the phase transition of thermoresponsive polymers and

o-polymers is their MW.  The low gradient of the transition can
e caused by the low MW of the amphiphilic brushes. Unfortu-
ately, the non-availability of higher analogs of JFMs with identical
mers 90 (2012) 1378– 1385

composition did not allow us to investigate the influence of this
important feature.

4. Conclusions

A convenient route to the grafting of amphiphilic polymers to
HA has been presented. Despite its intrinsic sensitivity to mois-
ture, the CDI has proven to be a suitable activator of HA toward
coupling chemistry via amide formation. The reaction efficiency
was  independent of the addition of a 4-fold molar excess of water
(as ratio to the HA repeating unit), revealing the robustness of
the procedure toward environmental variables and inter-batch
reproducibility. The method is versatile and scale-up ready, as
demonstrated by the conjugation of PNIPAM and JFMs. Conjugates
HA–JFMs were obtained from JFMs of different MW and hydropho-
bicity. The derivative with JFM M-600, characterized by a higher DS
and higher hydrophobicity displayed temperature induced sol–gel
transition in a physiologically relevant range. The low gradient of
the transition restrains the possible applications for this compound,
but the properties of its analogs prepared from JFM with the same
composition and higher MW need to be investigated.

PNIPAM conjugates with a DS of 6.5 ± 1 mol% exhibited the best
performance in terms of temperature-induced sol–gel transition,
with a wider jump of viscoelasticity in a narrower temperature
range, below body temperature. Rheological characterization of
PBS solutions of these compounds presented opposite behavior
when compared to that of underivatized HA concerning viscosity
at room temperature and mechanical spectrum. Thus, revealing the
disruption of the interactions between the chains of HA in the flow-
ing solution state and the non-covalent nature of the entanglement
in the gel state. The reversibility of this non-covalent interaction
was  investigated in more depth via DSC analysis, demonstrat-
ing a high reproducibility over 30 cycles of heating–cooling. The
reversible and non-covalent nature of the hydrogel makes it an
ideal candidate for the incorporation of drugs, biological drugs, cells
or bio-ceramics particles for applications as drug delivery system
and in tissue engineering.
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