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In this study, a highly pH-sensitive polymer is synthesised by introducing pyridine rings into the
backbone of polyurethane. The chemical structure of the resulting materials is confirmed by FT-IR and
"H-NMR. To analyse the mechanism of the pH sensitivity of this polymer, its structural transformations
under acidic and basic conditions are studied by FT-IR, theoretical calculation and '"H-NMR. We observe
that the mechanism of pH responsiveness isthe formation of a hydrogen bond interaction between the N
atom of the pyridine ring and the H-N of urethane in neutral or alkaline environments which is disrupted
under acidic conditions due to the protonation of the pyridine ring. The pH-sensitivity is demonstrated by
simply adjusting the pH value of the environment, which can act as a switch to control shape memory and
drug release. Unlike other systems with thermally sensitive behaviour, the shape memory functionality of
this material is independent of temperature, which is dependent only on the variation in the pH of the
environment. This strategy provides a potent tool for the design of multifunctional materials based on the
physiological environment tofulfil the complex requirements of drug delivery and tissue engineering
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Introduction

Stimulus-responsive materials can undergo conformational or
phase changes in response to environmental signals.'" The
materials represent one of the most exciting emerging areas of
science’ due to their promising applications in suchfields as
actuator systems,’ tissue engineering® and programmable delivery
systems.® Although some progress has been made in recent years,
the design and engineering of a synthetic material with an ability
to respond to stimuli in a controllable and predictable fashion
remains a challenge. Among these responsive materials, shape
memory polymers (SMPs) have attracted increasing attention for
their potential medical applications.* "SMPs can change from
their permanent shape into a temporary shape, and recover to
their permanent shape upon application of an appropriate
stimulus such as temperature,®’ light,'™"" water,'>'"* magnetic
field '* or chemicals. '° Thermally induced SMPs are the most
widely studied, but their biomedical applications are sometimes
limited because the switching temperature should be in the range
from room temperature to body temperature.

For biomedical applications, an ideal stimulus must be chosen
based on the physiological environment.Variations in
physiological pH exist among different sites in the body
including the gastrointestinal tract, vagina and blood vessels; on
the other hand, a sharp pH gradient generally appears across
biological systems on both the cellular and systemic levels in
pathological states which differ from the physiological pH of
7.4.'Thus, the pH stimulus is a good choice for thedesign of

shape memorypolymers with potential applications in

75

medicine.Zhang et al. reported a pH-sensitive shape memory
polymer prepared with B-cyclodextrin modified alginate and
diethylenetriamine modified alginate.'’This material can be
processed into a temporary shape at pH 11.5 and recover to its
initial shape at pH 7. But as far as we know, SMPs stimulated by
acidic conditions have not been reported. And inspired by
research in drug deliver, pH stimuli can also be used as a
reversible switch turning drug release on and off, thus we aim to
produce a novel multi-functional shape memory material.

Hydrogen bond interactions have been used to synthesise new
shape memory polymer networks.'® The reversibility of hydrogen
bond association endows polymers with athermallyinduced shape
memory function, with the rate of shape recovery strongly
dependent on temperature becauseweak hydrogen
bondinteractions are highly sensitive to heat.'® To date, little
work has beenpublished to describe the precise control of shape
memory function via the dissociation and association of hydrogen
bonds by simply changing the pH value of the external
environment.

In this study, we synthesise a highly pH-sensitive polymer
byintroducingpyridineringsintothebackboneofpolyurethane.
Polyurethane has great potential for medical applications due to
its excellent shape memory andbiocompatibility.' Pyridine is a
Lewis base, and the N atom of the pyridine ring can readily
combine with H® toform an NH' in acidic conditions, with
Hremoved under basic conditions. In this system, the polymer
will exhibit high pH sensitivity through the association and
dissociation of the hydrogen bond interactions between the H of
urethane and the N atom of the pyridine ring via the
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deprotonation and protonation of the pyridine ring (Fig. 1). The
H" sensitive part of pyridine can be used as a switch to shift the
polymer shape, while the hydrogen bonded urethane segments
insensitive to H' can be used as the fixed domain to hold the
s original shape. Unlike other systems with thermally sensitive
functions,
temperature and only dependent on the pH value of the
environment. This pH sensitivity can be exploited fordrug
delivery to reversibly switchdrug release on and off. Additionally,
10 unlike other drug delivery systems such as polymer-drug
conjugate nanoparticles that irreversibly de-assemble to release
drug via the cleavage of pH-sensitive linkages in the polymeric
backbone inthe acidic microenvironment,”* 2'this system can
release drugon demand while maintaininga stable structure due to
15 the reversible hydrogen bond interactions.

acid base
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= Hydrogen bonded

= BIN units
= BIN units with proton

Fig.1Schematic of the pH sensitivity of the PEG4000-MDI-BIN polymer.
The pyridine rings in this polyurethane are protonated to disturb the
hydrogen bond interactions in acid and deprotonated to formhydrogen
bonds in neutral or basic conditions, enablingreversibleswitching ofboth
shape memory and drug release.
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Experimental Section

Materials
Unless otherwise noted, all chemical reagents were obtained from

»s commercial suppliers and used without further purification. 4,4-
diphenylmethane diisocyanate (MDI) was purchased from Tokyo
Chemical Industry Co. LTD. Poly(ethylene glycol) (PEG,4000D),
N,N-dimethyl formamide (DMF), and isonicotinic acid were
purchased from Kelong Chemical Reagent Factory in Chengdu.

30 DMF was dried over CaH, for 2 days at room temperature,
distilled under vacuum, and stored in the presence of 4 A
molecular sieves. N, N-bis(2-hydroxylethyl)isonicotinamine (BIN)
was synthesised as previously described in the literature. >
Instruments and Procedures

35 FT-IR spectroscopic analysis was carried out with a Nicolet 5700
FT-IR spectrometer (Thermo Electron, U.S.) by the ATR method.
Each sample for infrared analysis was prepared by a film. The
software 2Dshige(c) written by Shigeaki Morita (Kwasei-Gakuin

this shape memory function is independent of
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University) was used for two-dimensional correlation analysis. 'H

40 NMR experiments were performed on a Varian 400 NMR

spectrometer. Dynamic mechanical thermal analysis experiments
were performed using a TA Instruments DMA-Q800 under N,
with liquid N, cooling and heated at a rate of 3 ‘C min ' and 1 Hz.
Thermal analysis was conducted by TA DSC-Q100 at heating
and cooling rates of 10 ‘C min'. The molecular weight of the
polymer was tested in DMF solution using the Breeze 2 HPLC
system. The drug release content was measured using a Shimadzu
UV-2550 spectrophotometer. Fluorescence photographs were
taken with a Olympus CKX41 fluorescence microscope.
Synthesis of PEG4000-MDI-BIN

PEG (1 mmol), MDI (2 mmol) and DMF (50 ml) were added to a
dried flask and reacted for approximately 2 h at 80 - 85 “C. Then,
BIN (22 mmol) and MDI (21 mmol) were added successively,
with the reaction maintained at the same temperature for an
additional 2 h. The solution was poured out and evaporated at
80 °C for 8 h.Theobtained films were further dried under vacuum
at room temperature for another 48 h. The BIN content in the
polymer is 32wt%.

Swelling Measurements

A piece of dried PEG4000-MDI-BIN film was weighed (My) and
immersed in acid at a constant temperature (20 ‘C). After 60 min,
the film was removed from the acid and the mass (M) of the
swelling film was recorded. The swelling ratio (S,) was defined
as (Ms'Md)/Md-

Shape-Memory Property Characterisation
PEG4000-MDI-BIN films were cut into rectangular strips with
dimensions of 15.0mmx0.5mmx0.1mm. First, a straight strip was
immersed in acid to induce swelling, the swollen strip was
deformed to an angle 0; by external force and immersed in base.
A few minutes later the force was removed and the angle 0; was
maintained. The fixity ratio (R,) was defined as 646;. The
deformed sample was immersed in acid for a period of time and
the residual angle 6, was recorded. The shape recovery ratio (R,)
was defined as (0¢- 0,)/0;.

Computer Simulation

All the computation was carried out using the Gaussian 09
software package. ** Products were optimised at the density
functional level of theory using the hybrid B3LYP function
together with the 6-31+G (d) basis set.

Results and Discussion

Characterization of Polymer PEG4000-MDI-BIN

The route used to synthesise the designed pH sensitive polymer,
PEG4000-MDI-BIN, is shown in Scheme 1. The polymer was
synthesised through solution polymerisation by poly(ethylene
glycol) (PEG, M,: 4000 gmol™), diphenylmethanediisocyanate
(MDI) and N, N-bis(2-hydroxylethyl) isonicotinamine (BIN). The
polymer contains 32wt% BIN to introduce the pH sensitive
pyridine ring, with 27wt% PEG to increase the polymer
hydrophilicity. The chemical structure of the resulting materials
was confirmed by FT-IR and 'H-NMR analysis. The FT-IR
spectra in Fig. S1 in the Supporting Information (SI) clearly show
that the designed polymer was successfully synthesised. No
isocyanate (-NCO) peak occurred at 2270 cm™', indicating that the
reaction was complete. Two obvious bands appear at 3280 and

o5 1724 cm™ assigned to the stretching vibrations of N-H and C=0
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of urethane, respectively, demonstrating the formation of the
urethane group (-NHCOO-). The bands at 1624 and 1599 cm’'
are ascribed to the stretching vibration of the C=0O group beside
the pyridine ring and the C-N-C stretching of the pyridine ring in

room temperature (20 ‘C ) and body temperature (37 C)

45 respectively,as shown in Fig. 2(b) and 2(c).We find that both Fin

pH 10 and R,in pH 1.3at 37 C were greater than 90%, higher
than those at 20 ‘C. As is well known, the deformed shape of

s the BIN groups, respectively. The peak at 1536 cm™ should be
assigned to the C-N stretching vibration of the urethane groups
according to the literature.**'H-NMR spectra in Fig. S2 further
confirmed the structure of PEG4000-MDI-BIN.GPCresults
indicate that the averagemolecular weight (M,) anditsdistribution

10 are 1.2x10* g mol™ and 1.27, respectively.

thermally induced shape memory polymers cannot be fixed at a
temperature higher than the transition temperature, but this
so polymer demonstrate a higherFlat 37 °C abovetransition
temperature. Thus the shape memory effect of PEG4000-MDI-
BIN can be confirmed to be induced by pH only,not by heat.
Therefore, we can conclude that unlike other systems induced by
heat, the shape memory function of this system is independent of
ss temperature. This is very important for shape fixation, especially

Pod @iy ! Lol when the polymer is used in smart medical devices.
PEG <000 MBI
BIN (a)
oo o Swelling P
2 ! o - S, =176%
o oot Y Mo - pH=13]_ y
A o | | " \
R = 81%
y Deformatlun Fixing ‘
L | | l \H o N N o o
H = < a o - i /

o \ F.=79%
Ny Recovering

PEG4000-MCI-BIN
F, = 83%

pH-sensitive ShapeMemory Effect 100+ "
1s The shape fixing and recovery of PEG4000-MDI-BIN is i

Scheme 1.Synthetic route of the polymer PEG4000-MDI-BIN.

demonstrated inFig. 2 and Movie S1 in the SI. To clearly observe E 90

the pH change, the pH indicator bromocresol green was added to }__)' & ]

the polymer film. First, a stripe of PEG4000-MDI-BIN film was E 804 -

swollen in acid at pH 1.3 and thendeformed to a ring and o 1
20 immersed in base at pH 10 to fix this shape. After 20 minutes, the % 70

ring shape was fixed and the colour of the film became blue. TR .

Next, the fixed ring was returned to acid at pH 1.3, the shape was sl " immersing in base at pH10
gradually recovered to a strip again, and the colour turned to
yellow in 60 minutes. Repeating the above procedures
s demonstrate a cycle of shape fixing and recovery. The
experimental temperature was set at 20 ‘C. As shown in Fig.2(a), (c
the polymer swells well in acid, especially at pH 1.3, where the
swelling ratio (S;) can reach 176% due to the introduction of the
pyridine rings in the BIN groups. In turn, swelling causes shape
30 recovery with a recovery ratio (R;) of 81%. To confirm the role of
BIN groups in this recovery,we replaced the BIN groups with
1,4-butanediol (BDO) to synthesise the polymer PEG4000-MDI-
BDO, and found that it did not swelling or exhibit shape recovery
in acid, suggesting the dominant role of the BIN groups. When
35 PEG4000-MDI-BIN previously treated in acid was immersed in a
solution at pH 10, the shape fixity ratio (F,) reached up to 83%. i immersing in acid at pH1.3
Temperature is well-known to be a key factor in shape memory 10min 20min 30min 60min
for thermally triggered shape memory polyurethane. 2° Here, the
glass transition temperature (T,) of PEG4000-MDI-BIN is
40 approximately 20 ‘C based on the DSC results in Fig. S3 and the
DMA curves in Fig. 3. To detect whether temperature has an
effect on the solution-induced shape memory effect at different
pH values, the shape recovery and fixing properties are studied at

Smin  10min  20min  30min  6Omin

Time (min)

~

100 e .
m at 37 °C [ ]
e at20°C

80 L]

Recovery Ratlo (%)

Time (min)

Fig. 2(a)The pH sensitivity of PEG-MDI-BIN was tested by first
swelling the polymer in acid, fixing its shape in base and then recovering

60 its shape in acid at 200).(b) Shape fixing ratio in base at pH 10 and
(c)shape recovery ratio in acid at pH 1.3 for PEG4000-MDI-BIN as

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00—00 |3
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immersion time increased at 2001 and 37(J, respectively.
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Figu. 3. DMA curves of PEG4000-MDI-BIN.

Mechanism of pH-sensitive

It is well known that pyridine accepts H', becoming protonated in
acid. The protonated N atom in the polymer causes an increasing
of hydrophilia, and H,O molecules permeate into the polymer,
leading to swelling. When in base, the H" was neutralised by OH,
N atom was deprotonated and the hydrophilia of polymer
decreased, resulting in the diffusion of H,O molecules out of the
polymer. To confirm whether the protonation and deprotonation
of the pyridine ring is a critical factor in determining the pH
sensitivity, we performed FT-IR, 'H-NMR and theoretical
calculations for PEG4000-MDI-BIN treated at pH 1.3 and pH 10.

PEG4000-MDI-BIN contains two types of hydrogen bonds.
One is the hydrogen bonds between the N-H and C=0O of
urethane groups similar to prior reports, **another is that between
N-H and the pyridine ring.

In water, the hydrogen bonds are mainly influenced H,O, as
shown in Fig. S4in the SI. The hydrogen bond between the N-H
and C=0O groups has been reported to be weakened by the
absorbed water. »’ Some H,O molecules absorbed in the
polyurethane SMP may bridge the gaps between the hydrogen
bonded N-H and C=O groups, as shown in Fig. S4 (a) in the SI.
On the other hand, some absorbed H,O molecules can form
double hydrogen bonds with the hydrogen-bonded C=0O groups®’,
as shown in Fig. S4 (b) and (c¢). FT-IR spectra of PEG4000-MD]I-
BIN measured over immersion time in water are showed
inFig.4(a).We find that the band of hydrogen-bonded C=0O at
1708 cm’' shifts to 1712 cm’, indicating that the hydrogen
bonded N-H and C=0 groups are mainly bridged by H,O, shown
as the (a) type in Fig. S4. While no new band are observed in the
lower wavenumber range, which proved the (b) and (c) type
double hydrogen bonds are not exist. It is also note that the band
of all free C=O groups of urethane at 1724 cm™ shifts to1712 cm’
'representing hydrogen-bonded C=0, suggesting that the C=0
groups are bonded to H,O molecules.The pyridine ring tends to
be protonated by H,O as shown in Fig. S4 (d), or linked via
hydrogen bonds with bridging H,O molecules as shown in Fig.S4
(¢) and (f) in the SI. **In Fig. 4(a)the vibration bands of the
pyridine ring at 1598 cm 'shift to higher frequencies of 1602

em ', which indicates H,O affect the hydrogen bondbetween N-H
4s and the pyridine ring as (d), (e) and (f) types shown in Fig. S4.
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Fig.4FTIR spectra of PEG4000-MDI-BIN(a) from the dry state to
immersion in H,O for 30 and 60 min; (b)in solution at pH1.3 for 60
minutes;(c)continuously in solution at pH10 for 60 minutes and then dried

50 in air.

Under acidic condition, not only the H,O affect the hydrogen
bodings as above, but also the effects of H" should be considered,
as shown in Fig. S5in the SI.The N atom of the pyridine ring has

ss a high tendency to accept free H". The pyridine ring can be easily
protonated by the H' in acid. Comparing the FT-IR spectra of
polymer immersed in H,O and acid at pH1.3 for 60 minutes, as
shown in Fig. 4(a) and 4(b), the vibration peak of the pyridine
ring at 1598 cm™' disappeared in acid, while that peak remaining
o present and only shifting to 1602 cm™' in H,O. This may
demonstrated that hydrogen bond between N-H and pyridine ring
was preferentially destroyed by protonation of pyridine in acidas

Page 4 of 8
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shown in Fig.S5(h),not as the (d), (e) and (f) types shown in
Fig.S4.The theoretical calculation results in Fig. 5 showed that
the molecular energy of H" bonded to O atom in C=0 is 58KJ
mol ™! higher than that of H bonded to Natom in the pyridine ring.
This result demonstrates that in acid, the H' prefers to bond with
the N atom in the pyridine ring by protonation rather than by
bonding with the O atom in C=0, which corresponding to the
above IR results.Thus, there is only one type hydrogen bond as
Fig.S4(a)showedin the acid condition.

H
B e s e

Hﬁi‘o 1017

Fig. 5 The structure of Molecule 1designed by computer simulation,
with the proton bonding to the N atom of pyridine ring in Molecule 1 to
formmolecule 2, and the proton bonding to the oxygen of C=O in
molecule 1 to formmolecule 3, Erepresent the molecular energy.

Under basic condition, the H of the NH" group in the pyridine
ring is neutralised, and the FT-IR spectra of this procedure are
recorded in Fig.4(c). In contrast to the FT-IR spectra in Fig.4(b)
and 4(c), the band approximately 1600 cm ' assigned to the C-N-
C stretching of pyridine ring gradually disappeared with
immersion timeincreasingin acid, then gradually appearing again
upon immersion in base at pH 10, and even reverting to its
original state upon the complete evaporation of water. It showed
a reversible protonated and disprotonated procedure. The
hydrogen bond between N-H and the pyridine ring can be
associated and disassociated by changing the pH value of the
external environment.

The synchronous contour plots varied over time for the spectral
region from 1780 cm™ to 1560 cm™ in Fig.6(a) also demonstrate
the same tendency. The peaks at the diagonal demonstrate that
the corresponding groups are affected by the stimulus. For
example, in diagonal the peak at 1600 cm™, assigned to the C-N-
C stretching of the pyridine ring, is not obvious in the first 5
minutes but is obvious after 20 minutes in acid. Then, this peak
gradually disappears as the immersion time increasing in base.

The structural transformation of the polymer in acid and base is
further studied by 'H-NMR as shownin Fig.6(b). In Fig. 6 (b), the
chemical shifts at 8.48 ppm (b) and 7.32ppm (¢) are attributed to
the protons of pyridine. After immersed in solution at pH1.3,
these two peaks shift to higher ppm values at 8.67 ppm (b’) and
7.70 ppm (¢’) due to the protonation of pyridine rings. Then the

sample was immersed in solution at pH10, the chemical shifts
attributed to the protons of pyridine ring back to the initial

45 position at 8.48 ppm (b) and 7.34 ppm (c) again.
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Fig.6(a)The 2D correlation FTIR spectra of synchronous correlation of
PEG4000-MDI-BIN immersed in acid atpH1.3 from dry to 5 min(i), from

50 20 min to 90 min(ii), and then in base at pH10 from 0 min to 20 min(iii),

from 40 min to 90 min and dried for 2h(iv).(b)'H-NMR spectra of
PEG4000-MDI-BIN untreated and treated in solutions at pH 1.3 and pH
10, respectively.

Above results further confirms that the hydrogen bonds
between urethane and pyridine rings are formed in base and

This journal is © The Royal Society of Chemistry [year]
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broken in acid, while those between urethane groups are not
affected in acid or in base, as expected in Fig. 1. Thus, in the
shape memory procedure, the pyridine part sensitive to H™ can be
used as a switch to shift the polymer shape, while the hydrogen
bonded urethane segments insensitive to H™ can be used as a
fixed domain to hold the original shape. Simply adjusting the pH
value of the environment leads to a pH-induced shape memory
effect for this polymer through the association and dissociation of
the hydrogen bond interactions involving pyridine rings.

Drug Delivery

This switching effect can also be used to control drug release.
The disturbed hydrogen bond interactions of pyridine rings in
acid cause swelling to allow drug release, while hydrogen bond
formation leads to de-swelling, suppressing drug release.

It is essential that a material used for drug delivery should be
biocompatibility. Osteoblasts cells are culturedon PEG4000-
MDI-BIN in pH 74 for 5 daysto evaluate the
biocompatibilitybased on Alamar Blue assay. From Fig.7(a) we
can findthat the cell viabilityis over 90%with no significant
difference during the 5 daysof culture, indicating the non-
cytotoxicity of polymer.To further confirmthe result of Alamar
Blue assay, the morphology of osteoblasts is observed by
fluorescence microscopy as shown in Fig.7(b). It clearly showed
that the osteoblasts grow healthily and attached well on the
polymer films. The results suggest that the polymerspossess good
biocompatibility, and are potentially suitable for the application
of biomaterials.

Green tea polyphenol loaded polymer films are immersed in
aqueous solutions at pH 1.2 or pH 7.4 to investigate the effect of
pH on the drug release from the polymer matrix. The amount
released was measured using a UV-vis spectrophotometer. As
shown in Fig.7(c), drug release almost stops in the normal
physiological environment at pH 7.4, while release is accelerated
in the acid environment. Additionally, the fluorescence intensity
measured by fluorescence microscopy remains constant at pH 7.4
but sharply decreases at pH 1.2. The results also demonstrate that
this novel highly pH-sensitive polyurethane can be used as a
stimulus-responsive drug carrier to reversibly switch drug release
on and off. This system is different from other drug delivery
systems such as polymer-drug conjugate nanoparticles that
irreversibly de-assemble to release drug via the cleavage of pH-
sensitive linkages in the polymeric backbone in the acidic

microenvironment.?® !

Conclusions

In summary, a highly pH-sensitive polymer was successfully
synthesizedby introducing pyridine rings into the backbone of
polyurethane. We determined that the pH sensitivity of this
material results from the formation of a hydrogen bondinteraction
between the N atom of the pyridine ring and the H-N of urethane
in neutral or alkaline environments which is broken in acidic
environments due to the protonation of the pyridine ring.
Consequently, the reversible pH-sensitivity is triggered by simply
adjusting the pH value of the environment, which can act as a
switch to control the shape memory effect and drug release.
Unlike other systems, the shape memory function is only
dependent on the pH value of the external environment,

independent of temperature. This strategy provides a potent tool
for the design of multifunctional materials based on the

& physiological environment to fulfilthe complex requirements of

biomedical applications, including drug delivery and tissue
engineering systems.
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Fig.7(a)Alamar Blue analysis; (b)fluorescence microscopy images of

65 osteoblastscultured on PEG4000-MDI-BIN films substrates on day 1, 3,

and 5, respectively; blue represent the cell nucleus stained by DIPA and
green represent the cytoplasm stained by Rhodamine; all the scale bars
represent S0um (¢)The release profile of Green Tea Polyphenol releasing
from PEG4000-MDI-BIN films immersed in solutions at pH1.2 and

70 pH7.4. The inserts are thefluorescence microscopic images of the films.
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A hydrogen bonding interaction is formed and broken between the N of pyridine ring
and H-N of urethane in PEG4000-MDI-BIN polymer due to the deprotonation and
protonation of pyridine rings by simply changing the pH value of the external

environment, and can reversibly switch both the shape memory and drug release.



