
Soft Matter

PAPER

D
ow

nl
oa

de
d 

by
 E

T
H

-Z
ur

ic
h 

on
 1

0/
04

/2
01

3 
15

:5
7:

00
. 

Pu
bl

is
he

d 
on

 1
2 

M
ar

ch
 2

01
3 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
3S

M
27

69
0B

View Article Online
View Journal  | View Issue
aETH Zurich, Food & So Materials Scienc

Schmelzbergstrasse 9, LFO, E23-29, CH-80

mezzenga@hest.ethz.ch
bDepartment of Physics, Frimat Center for
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Thermo-responsive peptide-based triblock copolymer
hydrogels†

Antoni Sánchez-Ferrer,‡a Venkata Krishna Kotharangannagari,‡ab

Janne Ruokolainenc and Raffaele Mezzenga*a

A series of novel thermo-responsive peptide-based triblock copolymers, poly(L-glutamic acid)-b-poly(N-

isopropylacrylamide)-b-poly(L-glutamic acid) (PLGA-b-PNIPAM-b-PLGA), were successfully synthesized via

ring opening polymerization (ROP) of the g-benzyl L-glutamate derivative (BLG-NCA) using a diamino-

terminated PNIPAM as a macroinitiator, followed by de-protection of the benzyl groups. These triblock

copolymers form physically crosslinked networks after complexation with a diamino-terminated

poly(ethylene oxide) (PEO) in an organic solvent through acid–base proton transfer and successive ionic-

bonding confirmed by Fourier transform infrared (FTIR) spectroscopy. The secondary structure of the

peptide block, before and after complexation, was confirmed by circular dichroism (CD) experiments,

showing an a-helix conformation of the PLGA segments. Swelling experiments on the ionic-bonded

networks showed that the water uptake process strongly depends on the temperature and relative

humidity conditions. Thus, higher humidity and temperatures below the lower critical solubility

temperature (LCST) of the PNIPAM block increase the amount of water absorbed into the network.

These swollen ionic complexes contract and reject water when these thermo-responsive peptide-based

hydrogels are heated up above their LCST, making them promising for biomedical applications and drug

delivery systems.
Introduction

Hydrogels are physically and/or chemically crosslinked three-
dimensional polymeric networks that absorb large amounts of
water. These kinds of materials have gained great interest
during the last few decades due to their excellent biocompati-
bility and capability to absorb and release molecules during the
swelling–deswelling processes, which make them very attractive
for biomedical applications such as tissue engineering scaf-
folds, drug delivery carriers, and biomedical devices.1–8

Moreover, stimuli-responsive hydrogels are very appealing
systems because of their reversibility when sol–gel transition or
volume phase transition occurs in response to external physical
or chemical stimuli, such as pH, temperature, ionic strength, a
magnetic eld, and light.9–13
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Among the stimuli-responsive hydrogels, thermo-responsive
hydrogels are some of the most widely used physical stimuli-
responsive hydrogels and are very useful for biomedical appli-
cation as an injectable hydrogel.14,15 Poly(N-isopropyl acryl-
amide) (PNIPAM) is one of the most popular thermo-responsive
polymers with a lower critical solution temperature (LCST)
around 32 �C, which makes PNIPAM-based hydrogels very
useful model systems for biomedical applications since its
LCST is close to body temperature (37 �C).5,10,16–18

Polypeptides are attractive macromolecules in the biomedical
eld due to their unique protein-mimetic properties,19–22 and
thermo-responsive peptide-based hydrogel systems are capable of
undergoing reversible sol–gel processes which could target unchal-
lenged potential applications not only in the biomedical eld, but
also in the area of drugdelivery due to thedesirable combined effect
of non-invasive stimuli-responsiveness and biocompatibility.23,24

However, in the case of peptide-based hydrogel systems, the
gel formation is typically through non-covalent interactions
such as hydrogen bonding, p–p stacking, van der Waals and
solvophobic interactions.25,26 Small peptide-based gels have
been shown to form molecular bril networks, and have shown
thermo-reversibility and pH responsiveness.27,28 Peptide-based
rod-coil diblock copolymers can form hydrogels with potential
applications in biotechnology.29–31 Moreover, in peptide-based
block copolymers, gels can be further tuned by ionic interac-
tions, coil–coil interactions or hydrophobic association.32–34
This journal is ª The Royal Society of Chemistry 2013
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In the past few years, great attention has been paid to the
development of peptide-based stimuli-responsive hydrogels
because they have excellent biocompatibility and the resulting
materials can be used in biomedical applications, such as drug
delivery systems.6 Very recently, a pH and thermo-responsive
polypeptide-based hydrogel was described, which was obtained
from normal and reverse micelles via the cooperation of host-
guest chemistry and hydrogen-bonding interactions controlling
the drug-release behaviour.35

In order to develop new hydrogels, two parameters have been
considered, temperature and biocompatibility, which are
essential for biomedical applications in which injectable
hydrogels are the desired active material. Taking into account
and being inspired by the state of the art hydrogels, a combi-
nation of a polypeptide with a thermo-responsive polymer is
herein proposed, which could offer new possibilities for the
development of novel hydrogels that simultaneously exhibit the
properties of both components. To this end, the synthetic
biocompatible polypeptide PBLG and the thermo-responsive
block PNIPAM were chosen as the main building blocks.
Further modication and physical crosslinking of the poly-
peptide block allowed the desired hydrogel networks to be
obtained, whose main physical properties are also investigated
in the present work.
Experimental section
Materials

L-Glutamic acid g-benzyl ester (Fluka, $99.0%), triphosgene
(Aldrich, 98%), 1,3-propanediamine (PDA, Aldrich,$99%),N,N0-
dicyclohexylcarbodiimide (DCC, Aldrich, 99%), N,N-dime-
thylformamide (DMF, Sigma-Aldrich, $99.8%, over molecular
sieves), dichloromethane (DCM, Acros, 99.99%), tetrahydro-
furan (THF, Sigma-Aldrich, 99.9%), methanol (Fluka, 99.8%),
toluene (Fluka, $99.7%), diethyl ether (JBT, 99.5%), triuoro-
acetic acid (TFA, Fluka, 98%), and hydrobromic acid in glacial
acetic acid (Sigma-Aldrich, 33%) were used as received; ethyl
acetate (Sigma-Aldrich, $99.9%) and cyclohexane (Sigma-
Aldrich, $99.9%) were dried and distilled over CaH2 (Fluka,
>97.0%) at normal pressure. The a,u-dicarboxy-terminated
poly(N-isopropyl acrylamide) polymer (HOCO-PNIPAM-COOH)
with a number average molecular mass of 35 500 g mol�1 and a
polydispersity of 1.5 was purchased from Polymer Source Inc.
and used as received. The diamino-terminated poly(ethylene
oxide)-based crosslinker JeffamineED-2003with anapproximate
number average molecular mass of 2300 g mol�1 was kindly
provided by Huntsman Corporation and degassed before use.
Synthesis of the BLG-NCA monomer

g-Benzyl L-glutamate N-carboxyanhydride (BLG-NCA) was
synthesized according to previously published methods.36

Briey, in a 500 mL two-necked round-bottomed ask equipped
with amagnetic stirrer, condenser, and nitrogen inlet, 15 g (63.2
mmol, 1 eq) of g-benzyl L-glutamate and 8.13 g (27.4 mmol, 0.43
eq) of triphosgene were added and purged with nitrogen for 10
min. Freshly distilled ethyl acetate (250 mL) over CaH2 was
This journal is ª The Royal Society of Chemistry 2013
added, and themixture was heated to 145 �C. Aer several hours
(4 to 5 h), by checking the emission of HCl and total solution of
the reacting mixture, the reaction was cooled down. The
monomer was recrystallized from ethyl acetate/cyclohexane.
Yield: 15.3 g (91%). 1H NMR (360 MHz, acetone-d6, d): 7.98 (1H,
s, NH), 7.26–7.43 (5H, m, Ar), 5.12 (2H, s, Ar–CH2), 4.64 (1H, t, a-
CH, J ¼ 6.5 Hz), 2.63 (2H, t, g-CH2, J ¼ 7.7 Hz), 2.45 (1H, m, b-
CH), 2.14 (1H, m, b-CH) ppm. FTIR (ATR-diamond): 3256 (st, N–
H), 3066 (st, ArC–H), 2936 (st, C–H), 1774 (st, C]O), 1703 (st,
NC]O), 1254 (st, C–O), 930 (d, ArC–C), 740 (g, CH2) cm

�1.

Synthesis of the H2N-PNIPAM-NH2 macroinitiator

The a,u-diamino-terminated poly(N-isopropyl acrylamide)
polymer (H2N-PNIPAM-NH2) was synthesized by reacting the
corresponding a,u-dicarboxy-terminated poly(N-isopropyl
acrylamide) polymer (HOCO-PNIPAM-COOH) with an excess of
1,3-propanediamine (PDA) in the presence of N,N0-dicyclohexyl-
carbodiimide (DCC). In a 100 mL round-bottomed ask
equipped with a magnetic stirrer and nitrogen inlet, 500 mg
(0.014 mmol, 1 eq) of HOCO-PNIPAM-COOH and 14.5 mg (0.070
mmol, 2.5 eq) of DCC were added and purged with nitrogen for
10 min. DMF (50 mL) over molecular sieves and 25 mL (0.282
mmol, 10 eq) of PDA were added to the polymer solution. The
mixture was stirred at room temperature for one day under an
inert nitrogen atmosphere. The solvent and the excess PDA were
evaporated at low pressure, and the resulting polymer was dis-
solved in THF. This polymer solution was ltered in order to
remove the DCU by-product, and re-precipitated from DCM.
The resulting polymer was freeze-dried for one day. Yield: 95%.
1H NMR (360 MHz, methanol-d4, d): 7.47–8.20 (NH), 3.83–4.10
(CH3–CHNH–CH3), 1.26–2.36 (–CH2–CHCO–), 1.02–1.26 (–CH3)
ppm. FTIR (ATR-diamond): 3251 (st, N–H), 2972 (st, C–H), 1633
(st, NC]O), 1540 (st sy, NHC]O; d, N–H), 1458 (d, CH2 and
CH3), 1387 and 1367 (d sy, CH3), 1171 (g, CH3) cm

�1.

Synthesis of PBLG-b-PNIPAM-b-PBLG triblock copolymers

The a,u-diamino-terminated poly(N-isopropyl acrylamide)
macroinitiator (H2N-PNIPAM-NH2) and the g-benzyl L-gluta-
mate N-carboxyanhydride (BLG-NCA) monomer were dissolved
at room temperature in separate dried asks in DMF and under
a nitrogen atmosphere. The monomer solution was transferred
via syringe to the polymer solution. The mixture was stirred at
room temperature for three days under an inert nitrogen
atmosphere. Aer polymerization, the solvent was evaporated at
low pressure. The resulting concentrated polymer solution was
dissolved in THF and re-precipitated from DCM. Aer centri-
fugation and removal of the supernatant (three times), the
resulting material was freeze-dried for one day. Yield: 80–90%.
1H NMR (360 MHz, CDCl3, d): 7.95–8.70 (iPr–NHCO– and –CH–

NHCO–), 7.15–8.42 (Ar), 4.89–5.20 (Ar–CH2), 3.69–4.23 (a-CH
and CH3–CHNH–CH3), 1.26–2.80 (b-CH2, g-CH2 and –CH2–

CHCO–), 1.02–1.26 (–CH3) ppm. FTIR (ATR-diamond): 3289 (st,
N–H), 3066 (st, Ar–C–H), 2973 (st, C–H), 1730 (st, C]O), 1649
(st, NC]O), 1543 (st sy, NHC]O; d, N–H), 1453 (d, CH2 and
CH3), 1388 and 1367 (d sy, CH3), 1163 (g, CH3), 969 (d ip, ArC–
H), 736 and 696 (d oop, ArC–H) cm�1.
Soft Matter, 2013, 9, 4304–4311 | 4305
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Synthesis of PLGA-b-PNIPAM-b-PLGA triblock copolymers

The deprotection of the benzyl groups was carried out as
follows: in a 25 mL round-bottomed ask, the triblock copol-
ymer (PBLG-b-PNIPAM-b-PBLG) was dissolved in 1 mL of tri-
ouroacetic acid (TFA) at 0 �C, and 0.5 mL of hydrobromic acid
in glacial acetic acid was added, keeping the reaction at room
temperature for 2 h. The polymer was precipitated by adding
diethyl ether, and the solvents were removed under vacuum.
The resulting triblock copolymer (PLGA-b-PNIPAM-b-PLGA) was
dried at low pressure at room temperature for 24 h. Yield: 95%.
1H NMR (400 MHz, DMSO-d6, d): 6.90–8.75 (iPr–NHCO–, –CH–

NHCO– and COOH), 3.67–4.10 (a-CH and CH3–CHNH–CH3),
1.16–2.41 (b-CH2, g-CH2 and –CH2–CHCO–), 0.90–1.16 (–CH3)
ppm. FTIR (ATR-diamond): 3268 (st, N–H), 3068 (st, COO–H),
2974 (st, C–H), 1710 (st, C]O), 1636 (st, NC]O), 1541 (st sy,
NHC]O; d, N–H), 1452 (d, CH2 and CH3), 1389 and 1368 (d sy,
CH3), 1168 (g, CH3) cm

�1.
Preparation of the ionic complexes

Complexes of each PLGA-b-PNIPAM-b-PLGA triblock copolymer
with the diamino-terminated polyether Jeffamine ED-2003 were
prepared by mixing solutions of both components in N,N-
dimethylformamide (DMF) at a molar ratio of 1 : 10
(PLGA : PEO). Aer slow evaporation of the solvent under
vacuum at room temperature for 10 days, the nal network
samples were obtained and ready to use for further experiments.
FTIR (ATR-diamond): 3289 (st, N–H), 3063 (st, COO–H), 2969 (st,
C–H), 2876 (st, OC–H), 1722 (st, C]O), 1650 (st, NC]O), 1546 (st
sy, NHC]O; d, N–H), 1456 (d, (O)CH2 and (O)CH3), 1386 and
1344 (d sy, CH3), 1103 (g, OCH2), 956 and 841(g, CH2) cm

�1.
Swelling behaviour of the ionic complexes

Swelling experiments were carried out at 25 and 40 �C by
keeping the sample in a water atmosphere generated from pure
water (equilibrium relative humidity 100%), KCl–water (equi-
librium relative humidity 84.34%), and NaCl–water (equilib-
rium relative humidity 75.29%). The swelling ratio of the
networks was calculated by using the following formula: Dm(%)
¼ (ms � md)/md � 100, where md and ms denote the mass of the
dry and swollen ionic complexes, respectively.
Techniques and apparatus
1H NMR and 2D 1H–1H cosy-NMR measurements were carried
out at room temperature on a Bruker DPX-360 spectrometer
operating at 360 MHz or on a Bruker Avance Spectrometer
operating at 400 MHz, and using acetone-d6, methanol-d4,
DMSO-d6 or CDCl3 as solvents and as the internal standards.
Fourier transform infrared (FTIR) spectra of solid samples were
recorded at room temperature with a Varian 640 FTIR spec-
trometer and using a MKII golden gate single attenuated total
reection (ATR) system in the spectral region from 600 to 4000
cm�1 with 4 cm�1 resolution. Circular Dichroism (CD) experi-
ments were performed on a Jasco-815 spectrometer at room
temperature. The triblock copolymers were cast from their
corresponding DMF solutions on a quartz substrate, and
4306 | Soft Matter, 2013, 9, 4304–4311
measured in the wavelength range from 190 to 290 nm at a
scanning speed of 100 nm min�1. Small and Wide-Angle X-ray
Scattering (SAXS & WAXS) measurements were performed using
an Anton-Paar SAXSess diffractometer with a ne line focus
sealed copper tube (PANalytical, PW 3830) and a Rigaku
MicroMax-002+ microfocused beam (4 kW, 45 kV, 0.88 mA) to
obtain direct information on the high scattering vector ranges,
respectively. The CuKa radiation (lCuKa ¼ 1.5418 Å) was ltered
by a Göbel mirror and a Kratky block collimation system (Anton-
Paar SAXSess) and collimated by three pinhole (0.4, 0.3, and 0.8
mm) collimators (Rigaku MicroMax-002+). The scattered X-ray
intensity was collected on a Packard Cyclone storage phosphor
screen image plate (200 � 66 mm, 50 � 50 mm per pixel reso-
lution) – Anton-Paar SAXSess – or detected by a Fuji Film BAS-
MS 2025 imaging plate system (15.2 � 15.2 cm2, 50 mm reso-
lution) – Rigaku MicroMax-002+. The background from mica
foil used to clamp the samples was subtracted from the dif-
fractograms. An effective scattering-vector range of 0.5 nm�1 < q
< 25 nm�1 was obtained, where q is the scattering wave-vector
dened as q ¼ 4p sin(q)/lCuKa, with a scattering angle of 2q.
Results and discussion

In order to obtain a series of novel thermo-responsive peptide
based hydrogels, the BLG-NCAmonomer – g-benzyl L-glutamate
N-carboxyanhydride – was synthesized using the method
previously published.36 The diamino-terminated PNIPAM
homopolymer – H2N-PNIPAM-NH2 – was obtained by reacting
the dicarboxy-terminated PNIPAM homopolymer – HOOC-PNI-
PAM-COOH – with an excess of 1,3-propanediamine (PDA) in
the presence of N,N0-dicyclohexylcarbodiimide (DCC). The
resulting diamino-terminated macroinitiator was reacted with
controlled quantities of the BLG-NCA monomer via ring
opening polymerization (ROP),36–39 and three different triblock
copolymers with various degrees of polymerization of the PBLG
block were synthesized, as shown in Scheme 1, by controlling
the ratio between the BLG-NCA monomer and the macro-
initiator. The resulting triblock copolymers (PBLG-b-PNIPAM-b-
PBLG) – P1, P2 and P3 – were characterized by 1H NMR (Fig. 1),
FTIR and WAXS experiments (Fig. ESI-1†), showing an a-helix
conformation of the polypeptide block due to the presence of
two absorption peaks at n¼ 1649 and 1543 cm�1 (amide I and II
stretching vibrational bands) and, in bulk, the perfectly sharp
peaks at q1 ¼ 4.7 nm�1 (d ¼ 1.33 nm) and q2 ¼ 8.3 nm�1 which
correspond to the hexagonal packing of a-helices in the solid
state.

Thebenzylprotectinggroupswere successfully removedby the
deprotection method previously published.37 The resulting tri-
block copolymers (PLGA-b-PNIPAM-b-PLGA) –DP1, DP2 andDP3
– were characterized by 1H NMR and FTIR (Fig. ESI-2†), main-
taining the same degree of polymerization with the complete
removal of benzyl protecting groups (Scheme 1). Table 1
summarizes all the information concerning the number average
molecular mass (Mn), the average degree of polymerization
(DPPBLG) of one polypeptide segment, and the volume fraction
(fPBLG) of the two polypeptide segments of these three triblock
copolymers and the corresponding deprotected ones.
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/C3SM27690B
Tony
Rectangle



Scheme 1 Synthetic route for the preparation of the PLGA-b-PNIPAM-b-PLGA
triblock copolymers.

Fig. 1 1H NMR spectra of the PNIPAM homopolymer and the three PBLG-b-
PNIPAM-b-PBLG triblock copolymers P1, P2 and P3.
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The physically crosslinked ionic complexes were prepared
from an organic solvent (DMF) via acid–base proton transfer
between the triblock copolymer (PLGA-b-PNIPAM-b-PLGA) and
diamino terminated PEO crosslinker at a ratio of 1 : 10 (PLGA to
PEO). Aer removing the solvent under vacuum at room
temperature, the resulting triblock copolymer-based ionic
complexes – IC1, IC2 and IC3 – were further characterized by
means of FTIR spectroscopy (Fig. ESI-2†).

In order to conrm the complexation through acid–base
proton transfer from the carboxylic acid from the polypeptide
block PLGA to the amino group from the PEO crosslinker, FTIR
experiments were performed on the triblock copolymers – DP1,
DP2 and DP3 – before and aer complexation – IC1, IC2 and
IC3. The results showed the presence of the secondary structure
of the peptide block, which corresponds to the common a-helix,
This journal is ª The Royal Society of Chemistry 2013
with a small change in the absorption peak positions of the
stretching vibrational bands of both amide I and II (Fig. 2a).
Before complexation the absorption peak was located at 1636
and 1541 cm�1, and aer complexation both peaks appeared at
1650 and 1546 cm�1, respectively. Moreover, before complexa-
tion, one absorption peak was observed at 1710 cm�1 belonging
to the stretching vibrational band from the carboxylic acid
(COOH), which shied to 1722 cm�1 when carboxylates (COO�)
are present in the sample aer proton transfer to the amino
group from the PEO crosslinker. Due to the ion pair formation
by acid–base proton transfer, one absorption peak appeared at
1345 cm�1, which belongs to the ammonium group from the
PEO crosslinker (NH3

+).40,41 Similar behaviour was also observed
for the other two ionic complexes IC1 and IC2 (Fig. ESI-2†).

Furthermore, in order to understand the role of the
secondary structure of the peptide block in the triblock copol-
ymer and its corresponding ionic complex, solid-state CD
experiments were performed on all triblock copolymers before –
DP1, DP2 and DP3 – and aer complexation – IC1, IC2 and IC3.
In both cases, before and aer complexation, the typical pattern
for an a-helix conformation was observed as shown in Fig. 2b,
with two minima peaks around 211 and 223 nm, which corre-
spond to the p–p* and n–p* transitions, respectively.37,42 These
results conrm the maintenance of the secondary structure in
the polypeptide block before and aer deprotection, and before
and aer complexation.

The swelling behaviour of the ionic complexes was investi-
gated by recording the water uptake by the network over time
until reaching equilibrium: Dm(%) ¼ (ms � md)/md � 100,
where md and ms denote the mass of the dry and swollen ionic
complexes, respectively. All the experiments were performed in
a water atmosphere where the equilibrium relative humidity
was controlled by means of temperature and water composition
– pure water, KCl–water and NaCl–water. The method involving
vapor sorption isotherms was preferred to the one relying on
weight changes upon immersion in liquid water only for a
matter of measurements precision. Additional experiments
were carried out in liquid water (not shown) which indicated, as
expected, a sharp swelling upon immersion in liquid water at
Soft Matter, 2013, 9, 4304–4311 | 4307
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Table 1 Number average molecular mass (Mn), average degree of polymerization (DPPBLG) for a single PBLG segment, volume fraction (fPBLG) of the two PBLG
segments, and theoretical length of the peptide segment (La) in the a-helix conformation for the PBLG-b-PNIPAM-b-PBLG and the corresponding deprotected PLGA-b-
PNIPAM-b-PLGA (in parentheses) triblock copolymers

Sample Block composition Mn
a (g mol�1) DPPBLG

a fPBLG
b La

c (nm)

P1 (DP1) PBLG25-PNIPAM314-PBLG25 (PLGA25-PNIPAM314-PLGA25) 46 500 (42 000) 25 0.25 (0.18) 3.8
P2 (DP2) PBLG73-PNIPAM314-PBLG73 (PLGA73-PNIPAM314-PLGA73) 67 500 (54 400) 73 0.50 (0.37) 11.0
P3 (DP3) PBLG218-PNIPAM314-PBLG218 (PLGA218-PNIPAM314-PLGA218) 131 100 (91 800) 218 0.75 (0.63) 32.7

a Calculated by 1H NMR. b Calculated from the following equation: fPBLG ¼ Mn,PBLG � rPBLG
�1/(Mn,PBLG � rPBLG

�1 + Mn,PNIPAM � rPNIPAM
�1), where

rPBLG ¼ 1.278 g cm�3 and rPNIPAM ¼ 1.386 g cm�3, and rPLGA ¼ 1.526 g cm�3 for the corresponding deprotected triblock copolymers. c Calculated
from the following equation: La ¼ 0.15DPPBLG.

Fig. 2 (a) FTIR spectra of the diamino-terminated PEO crosslinker, the diamino-
terminated PNIPAM homopolymer, the PBLG-b-PNIPAM-b-PBLG triblock copol-
ymer P3, the PLGA-b-PNIPAM-b-PLGA triblock copolymer DP3, and the ionic
complex IC3. (b) Circular dichroism spectra of the PLGA-b-PNIPAM-b-PLGA tri-
block copolymer DP3 and its corresponding ionic complex IC3.
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room temperature, and this, without any dissolution, conrm-
ing the physical nature of the hydrogels. Temperatures of 25 �C
and 40 �C were chosen in order to study the effect of tempera-
ture on the swelling capacity of the networks since sorption and
desorption of water molecules should be expected below and
above the LCST of the thermo-responsive PNIPAM block. Fig. 3a
shows the swelling behaviour of the ionic complex IC3 at 25 �C
and 40 �C, and at different equilibrium relative humidities. The
ionic complex swells much more at 25 �C than at 40 �C because
of the hydrophobic behaviour of the PNIPAM block above its
LCST, conditions at which only the hydrophilic PEO segments
are mainly responsible for the water uptake. When comparing
4308 | Soft Matter, 2013, 9, 4304–4311
the swelling behaviour of the ionic complexes at different
equilibrium relative humidities, a clear tendency was observed.
The networks swelled the most in a pure water atmosphere
(ERH ¼ 100%), followed by KCl–water (ERH ¼ 84.34%) and
NaCl–water (ERH ¼ 75.29%) atmospheres. Similar behaviour
was also observed for the other two ionic complexes IC1 and IC2
(Fig. ESI-4†).

In order to obtain further insight into the swelling kinetics of
the networks and estimate the equilibrium swelling ratio, all
experiments were tted using the Weibull model43–45 for water
sorption (eqn (1), stretched exponential growth) and for water
desorption (eqn (2), stretched exponential decay):

Dm ¼ Dm0 þ Dmeq 1� e
�
�
t�t0
ss

�bs0
B@

1
CA (1)

Dm ¼ Dmeq þ Dm0e
�

�
t� t0

sd

�bd

(2)

where Dm, Dm0 and Dmeq are the swelling ratio, the initial
swelling ratio and the equilibrium swelling ratio, respectively.
The two kinetic factors – for swelling ss and bs, and for desw-
elling sd and bd – are, respectively, the lifetime and the
stretching factor.

In order to compare the results from the swelling experi-
ments (Fig. ESI-5 and Tables ESI-1–ESI-3†), and since the three
ionic complexes have different hydrophilic fraction composi-
tions, the equilibrium swelling ratio Dmeq was normalized with
respect to the water uptake components for each sample. Thus,
for the networks at 25 �C, the PEO and the PNIPAM blocks are
mainly responsible for the swelling of the ionic complex, and
the corresponding hydrophilic fractions are fw ¼ 0.88, 0.79 and
0.71 for the samples IC1, IC2 and IC3, respectively. At 40 �C,
above the LCST of the PNIPAM block, the PEO segment is the
only component contributing to the water uptake, and the
corresponding hydrophilic fractions are fw ¼ 0.22, 0.38 and 0.5
for the networks IC1, IC2 and IC3, respectively (Fig. 3b). It is
worth noting that a quick equilibrium calculation indicates that
the polyelectrolytic nature of the PLGA block is nearly entirely
suppressed (PLGA remains protonated) in highly concentrated
polymer solutions/hydrogels, due to the weak nature of this
polyelectrolyte (Fig. ESI-6†), and thus, this block does not
contribute to the hydrophilic phase of the hydrogel.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 (a) Swelling behaviour of the ionic complex IC3 at 25 �C and 40 �C in
water, KCl–water, and NaCl–water atmospheres. (b) Equilibrium swelling ratio
normalized to the hydrophilic fraction (Dmeq/fw), (c) swelling lifetime (s), and (d)
swelling stretching factor (b) for the three ionic complexes IC1, IC2 and IC3 at
25 �C and 40 �C in water, KCl–water, and NaCl–water atmospheres. Water: black
symbols; KCl–water: red symbols; NaCl–water: blue symbols.

This journal is ª The Royal Society of Chemistry 2013
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The normalized equilibrium swelling ratios Dmeq/fw are
nearly identical for the samples at 25 �C, which indicates that
the maximum adsorbed water is controlled directly by the PEO
and PNIPAM blocks volume fraction. The only difference
remains in the values achieved at different equilibrium relative
humidities (ERH), which decrease when the water content in
the air is lowered. At 40 �C, since the PNIPAM block is no longer
adsorbing water, the normalized equilibrium swelling ratios are
lower compared to those obtained at 25 �C, yet remaining nearly
identical for the different hydrogels at any specic relative
humidity.

The analysis of the kinetic factors such as the lifetime s and
the stretching factor b (Fig. 3c and 3d) shows how fast the water
uptake process is depending on the equilibrium relative
humidity and how much the mass time evolution deviates from
a pure exponential behaviour. In general, the swelling kinetics
were faster at 40 �C than at 25 �C. At low equilibrium relative
humidity, ERH, the swelling process at 25 �C was 12 to 25 times
faster than at 100% ERH, while at 40 �C the process was 4 to 12
times faster, which indicates a faster process at low ERH values.
With respect to the stretching factor b, values of 0.50–0.60 were
obtained for low equilibrium relative humidity and values of
0.70–0.90 at 100% ERH.

Moreover, in order to understand the sorption and desorp-
tion behaviour of these ionic complexes, cyclic swelling–desw-
elling experiments on the network IC3 were performed. The
sample was swollen at 25 �C in a pure water atmosphere and,
aerwards, warmed to 40 �C. Fig. 4 shows the swelling and
deswelling cycles of the ionic complex IC3. All processes were
analyzed by tting the curves with eqn (1) for the sorption
process and eqn (2) for the desorption process, and all calcu-
lated parameters are shown in Table 2. The kinetics at 25 �C,
during the swelling process, are faster than at 40 �C when water
is desorbed from the polymer network. The most important
result is that the sample shows reversible thermal-responsive-
ness due to the desorption of water when heating the sample
above the LCST of the PNIPAM, and fast swelling–deswelling
processes can be easily and reiteratively achieved in water
media, which might be interesting for drug release
experiments.
Fig. 4 Swelling and deswelling cycles of the ionic complex IC3 in a water
atmosphere at 25 �C and 40 �C.

Soft Matter, 2013, 9, 4304–4311 | 4309
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Fig. 7 SAXS patterns of the PLGA-b-PNIPAM-b-PLGA triblock copolymer DP3,
the corresponding ionic complex IC3 in dry state, and in swollen state at 20 �C and
40 �C.

Table 2 Swelling (25 �C) and deswelling (40 �C) cycle parameters of the ionic
complex IC3 in a water atmosphere

Dmeq (%) Dm0 (%) s (h) b

1st swelling 169 � 11 0 35.4 � 0.3 0.83 � 0.01
1st deswelling 51 � 14 165 � 14 78 � 12 0.75 � 0.04
2nd swelling 163 � 7 81 � 1 26.7 � 0.2 0.78 � 0.01
2nd deswelling 51 � 10 168 � 5 78 � 10 0.62 � 0.04

Fig. 6 Schematic illustration showing the thermal-responsiveness of the
peptide-based triblock copolymer hydrogel.
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The analysis of the X-ray pattern of the ionic complex IC3 in
dry state and in wet state revealed the presence of the micro-
phase separated hexagonal packing of a-helices from the PLGA
rods (Fig. 5). The dry network shows three sharp peaks at q1 ¼
3.79 nm�1, q2 ¼ 6.56 nm�1 and q3 ¼ 7.60 nm�1 and two char-
acteristic sharp peaks coming from the crystalline PEO
segments at qPEO ¼ 13.4 and 16.3 nm�1, while the swollen
network at 25 �C only has peaks at q1 ¼ 3.67 nm�1, q2 ¼ 6.41
nm�1 and q3 ¼ 7.76 nm�1. Therefore, the disappearance of the
two PEO peaks in the swollen network clearly indicates the
swelling of the PEO domains. Thus, at 25 �C, the hydrophobic
PLGA block works as a physical crosslinker and phase separates
from the rest of the components, which adsorb water.

When heating up the sample at 40 �C, the PNIPAM block
becomes water incompatible, and water is reversibly released
from the hydrogel PNIPAM domains establishing a new water
content isothermal equilibrium. The swollen network at 40 �C
shows the hexagonal packing of a-helices with the three peaks
at q1 ¼ 3.80 nm�1, q2 ¼ 6.56 nm�1 and q3 ¼ 7.89 nm�1, which
indicate the swollen PLGA-PEO domains while the PNIPAM
domains are deswollen (Fig. 6).

In order to conrm the swelling–deswelling processes from
the PNIPAM domains, SAXS experiments were performed on the
swollen ionic complex IC3 at 20 �C and 40 �C (Fig. 7). The results
show a broad peak which shis from q ¼ 0.22 nm�1 to 0.70
nm�1 when the sample is swollen at 20 and 40 �C, respectively.
This peak shiing indicates an anisotropic reduction of the
distance between the PLGA-rich domains when PNIPAM
collapses upon reaching its LCST and water is expelled from the
PNIPAM domains.
Fig. 5 WAXS patterns of the PLGA-b-PNIPAM-b-PLGA triblock copolymer DP3,
the corresponding ionic complex IC3 in dry state, and in swollen state at 20 �C and
40 �C.

4310 | Soft Matter, 2013, 9, 4304–4311
Conclusions

A new series of rod-coil-rod peptide-based triblock copolymers
which contain a thermo-responsive coil block have been synthe-
sized and complexes were obtained by acid–base proton transfer
between the carboxylic acid groups from the peptide block and
the amine groups from a hydrophilic polyether crosslinker. The
resulting ionic complexes absorbwater from the atmosphere and
behave as thermo-responsive hydrogels. The equilibrium
swelling ratio of these hydrogels increases with increasing equi-
librium relativehumidity anddecreasing temperature.Moreover,
the kinetics of the swelling process are faster at low equilibrium
relative humidity and at high temperatures. Given the biocom-
patibility of all components and the temperature responsiveness
of the system,whichallows iterative and fast sorption–desorption
cycles of water, these peptide-based hydrogels show promise in
biotechnological and biomedical applications, such as tissue
engineering and injectable materials for drug delivery.
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