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Hypothesis: Hydrogels of N-isopropylacrylamide and methacrylic acid (P(NIPAm-co-MAA)) display pH
sensitivity and complex positively charged molecules through carboxylate groups, while having a critical
solution temperature at which they reduce in volume and dehydrate. We aimed to elucidate how the
responsiveness of MAA to environmental changes alters PNIPAm hydrogels at the molecular level using
nuclear magnetic resonance (NMR). Time-lapse NMR allows us to follow the evolution of NMR signal
under a temperature stimulus, providing unique information on conformational freedom of the hydrogel
polymers.
Experiments: We used time-lapse NMR to follow the evolution of the NMR signal with time over a tem-
perature change from 25 to 40 �C and to study the swelling/deswelling kinetics of P(NIPAm-co-MAA)
microgels at different pH values and ionic strengths, and in the presence of positively charged molecules
complexing carboxylate groups.
Findings: At acid pH, hydrogel collapse is favored over neutral pH, and at basic pH the carboxylates
remain steadily hydrated during temperature increase. Increasing ionic strength results in a faster, more
effective collapse than decreasing pH. Complexation of medium-sized molecules with several charges
solution
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(spermine, spermidine) causes a faster collapse than complexation with large molecular weight poly(al-
lylamine) hydrochloride, but similar to the collapse effected by large poly(diallyldimethylammonium)
chloride. This work opens new perspectives to using time-lapse NMR to study thermoresponsive systems
that respond to multiple stimuli, with particular relevance in designing hydrogels for drug delivery.
� 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Micro- and nanometer sized hydrogels, micro(nano)gels, are col-
loidal particles formed by highly hydrated crosslinked polymer net-
works [1,2]. They are usually designed to undergo a volume phase
transition (VPT) in response to specific stimuli, such as temperature,
pH, ionic strength, or solvent nature. Thermoresponsive hydrogels
respond to temperature turning from solution to gel. Microgels
based on poly(N-isopropylacrylamide) (PNIPAm) are probably the
most studied thermosensitive hydrogels. PNIPAm hydrogels exhibit
a VPT at 30–32 �C, the so-called nominal lower critical solution tem-
perature (LCST) [3]. Below this temperature the microgel particles
are in a swelling (hydrated) state and the interactions monomer-
solvent prevail over the monomer–monomer interactions. Above
this temperature, the hydrogen bonds between the cross-linked PNI-
PAm chains and water break, resulting in a drastic microgel particle
size decrease [4] to the deswelling (dehydrated) state. Micro- and
nanogels with a transition temperature near physiological conditions
have drawn increasing attention due to their potential application in
sensing [5–7], regenerative medicine [8], and drug delivery [9–11].

For drug delivery applications, below LCST PNIPAm based
hydrogels provide an environment suitable for the encapsulation
of hydrophilic and charged drugs, since PNIPAm is highly solvated
in water by hydrogen bonding interactions (although it itself is
practically not charged). However, to improve the loading capacity
and retention of charged drugs in PNIPAm-based microgels it is
often necessary to introduce ionic co-monomers into the PNIPAm
network [12,13]. Microgels formed by copolymers of PNIPAm and
methacrylic acid (MAA), poly(N-isopropylacrylamide-co-methacrylic
acid) (P(NIPAm-co-MAA)), retain the thermoresponsive characteristics
from PNIPAm while the negative charges of MAA can complex
positively charged drugs [14]. The carboxylate groups also bring
pH sensitivity to the system. Small changes in pH can have a large
effect on the LCST of the hydrogel. This feature can be useful for
drug delivery, where physiological temperature and local pH dif-
ferences can both act as stimuli to facilitate molecular switching
over a desired pH range.

The presence of carboxylate groups in P(NIPAm-co-MAA)
hydrogels can significantly alter the hydration of the hydrogel
[15–17]. Indeed, carboxylate groups in MAA are known to be
highly hydrated and their hydration largely depends on pH. At
acidic (low) pH, the protonation of the carboxylates reduces hydra-
tion while at basic pH, hydration is increased.

The complexation of the carboxylate groups with positively
charged molecules can alter their hydration, and depending on
the nature of the positively charged molecules (i.e., primary amine,
quaternary ammoniums, or small or large molecular weight), the
effect on dehydration may be more or less pronounced. Hydration
of carboxylate groups can also be affected by the ionic strength,
which can screen charges in carboxylates and weaken hydrogen
bonding with water. Carboxylates can also form hydrogen bonds
with the NIPAm monomers, altering their hydration as well [18].

Overall, the variations in water content in the hydrogels,
through the hydration of carboxylate groups triggered by changes
in pH, ionic strength, or the presence of oppositely charged mole-
cules, should affect the environment of NIPAm monomers and their
thermal transition from a hydrophilic to a hydrophobic material.

Nuclear magnetic resonance (NMR) spectroscopy is one of the
most powerful methods to study thermoresponsive polymers,
and in particular the VPT [19]. Since NMR is very sensitive to poly-
mer dynamics and the local chemical environment of studied
nuclei, the coil-globule transition at LCST can be clearly observed
in NMR spectra and it is possible to trace its evolution over time.
Accordingly, comprehensive analysis of NMR data provides a thor-
ough picture of the rearrangement of polymer chains at the molec-
ular level, which makes this approach unique in comparison to
commonly used light scattering techniques. Indeed, there are a
number of studies that exemplify the exceptional efficiency of
NMR methods for monitoring thermoresponsive materials [20–
26]. Most of these works rely on evolution of NMR spectra as a
function of temperature, measuring the spectra so that at each
specific temperature there is a thermodynamic equilibrium estab-
lished before actual signal acquisition takes place. Such approach
proved to be very reliable for LCST determination but lacks infor-
mation about the VPT kinetics.

To study the impact of the MAA groups on the phase transition
of NIPAm hydrogels at the molecular level, we performed time-
lapse NMR measurements [27–30], which allowed us to follow
the evolution of the NMR signal over time with changes in temper-
ature. As temperature increases over the phase transition, NIPAm
dehydrates becoming a more solid-like material with limited con-
formational degrees of freedom. Dehydration thus leads to a
decrease in the overall chain dynamics and accordingly to an
increase in residual dipolar coupling. Consequently, the NMR sig-
nal decays faster due to a substantially reduced spin–spin relax-
ation time (T2). A significant fraction of immobilized protons
generates extremely broadened NMR signals which are beyond
detection by conventional high resolution NMR probes. Therefore,
eventually an apparent signal intensity drop can be observed dur-
ing VPT. By tracing changes in the intensity of the NMR signal with
time sweeping temperatures from 25 to 40 �C, we were able to
study the kinetics of swelling and deswelling of P(NIPAm-co-
MAA) hydrogels at different pH values and ionic strengths, and in
the presence of small positively charged molecules such as doxoru-
bicin; medium-sized oligomers like spermine and spermidine; or
larger polymers such as polyallylamine hydrochloride (PAH) or
polydiallyldimethylammonium chloride (PDADMAC).

Time-lapse NMR studies provide insight into the molecular
changes in the P(NIPAm-co-MAA) hydrogel during temperature
collapse and show how the presence of negatively charged and
highly hydrated carboxylate groups impacts collapse at the molec-
ular level. To our knowledge, this is the first time that time-lapse
NMR has been used to study the temperature-induced collapse of
a PNIPAm hydrogel co-polymerized with a second monomer, in
this case MAA, that conveys additional sensitivity of the system
to environmental conditions, especially pH and interactions with
polyamines. Time-lapse NMR provides unique information on the
polymer chain dynamics during hydrogel collapse and shows
how the phase transition is affected by various environmental
stimuli, which cannot be assessed by other means.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Experimental section

2.1. Materials

N-isopropylacrylamide (NIPAm, 97%), N,N’-methylene-bis-acry
lamide (BIS, 99%), sodium dodecylsulfate (SDS), ammonium persul-
fate (APS, 98%), methacrylic acid (MAA, 99%), polyallylamine
hydrochloride of 15 kDa (PAH 15 kDa), polyallylamine hydrochlo-
ride of 50 kDa (PAH 50 kDa), doxorubicin hydrochloride 98.0–102%
(HPLC), polydiallyldimethylammonium chloride average (high
molecular weight 20%wt in H2O, PDADMAC), spermine tetrahy-
drochloride, spermidine trihydrochloride, sodium chloride (NaCl),
hydrochloric acid (HCl),), sodium hydroxide (NaOH) and deuterium
oxide (D2O 99.8%) were purchased from Sigma Aldrich. Poly-
allylamine hydrochloride of 140 kDa was obtained from Alfa Aesar.
2.2. Methods

2.2.1. Microgel synthesis
P(NIPAm-co-MAA) hydrogels were obtained via free-radical

polymerization [28,31]. In a 100mLmilliQ water solution, 16 mmol
of NIPAm, 0.14 mmol SDS and 0.31 mmol of BIS were dissolved and
heated up to 70℃ under magnetic stirring and N2 bubbling during
1 h. Then, 2.12 mmol of MAA was added and stirred for 10 min. To
start the reaction, 0.26 mmol of APS solution was introduced to the
mixture which was kept during 3 h under magnetic stirring. Fol-
lowing the synthesis, hydrogels were collected by centrifugation
and washed with milliQ water three times.
2.2.2. Sample preparation
In all samples the microgel concentration was 1 mg�mL�1 in

water for DLS, or in deuterated water for NMR experiments. pH
was varied by adding HCl or NaOH at 1 M in D2O, until the desired
pH was obtained. PAH, PDADMAC, spermine or spermidine were
added to the hydrogel solutions at 20% of hydrogel mass. The pH
was measured with a pH meter. The hydrogel solution was trans-
ferred to the NMR tubes using a syringe.
2.2.3. Dynamic light scattering (DLS)
Size and f-potential measurements were carried out with a

Malvern 1-Sizer Nano ZS in backscattering mode at a 173� scatter-
ing angle. Measurements were made in triplicate with the temper-
ature controlled at 25 �C and 40 �C.
2.2.4. Time-lapse NMR
Measurements were performed using an Agilent NMR 400 MHz

spectrometer equipped with a double channel X{1H} OneNMR
probe. Spectra were acquired using simple one pulse excitation
experiments with NMR signal locking. 5 mm NMR tubes were
used. NMR probe temperature was monitored and controlled using
a variable temperature system with ~ 0.1 �C accuracy.

NMR experiment protocol: Before the experiment was per-
formed, the temperature inside the NMR probe was set to 40 �C
(above LCST) and stabilized for at least 20 min. Dry air (dew
point ~ -70 �C) was used as a heating/cooling medium. Subsequently,
the fully hydrated sample, having a temperature equal to 20 �C, was
transferred directly to the probe using air cushion lift. The total time
required to transfer the sample to the probe (using the air cushion
lift) and start acquisition was approximately equal to 0.75 s. Imme-
diately after transfer, NMR spectra were acquired according to a pre-
determined time sequence. The time interval between each
acquisition was 2.5 s. Short excitation pulses were applied (45�).
3. Results and discussion

3.1. DLS

Dynamic light scattering was used to trace the swelling behav-
ior of P(NIPAm-co-MAA) hydrogels. Measurements at 25 �C and
40 �C were carried out to characterize the behavior of the hydrogel
above and below its LCST. Increasing the temperature above the
LCST causes the PNIPAm chains to dehydrate and interact with
each other forming hydrophobic regions with a smaller volume
than in the hydrated phase. As a consequence, the hydrogel
decreases in size. However, since the density of charges from
MAA often decreases too, the repulsion among hydrogel micropar-
ticles decreases, leading to their aggregation (Fig. 1a) [14,32].

Carboxylate groups in MAA are very sensitive to pH. When pH is
increased, the hydrogel expands from 357 ± 10 nm to 455.6 ± 24.5
nm because at basic pH the carboxylates are more charged and
hydrated (Fig. 1c). On the other hand, acid pH values result in a
decrease in the hydrogel charge, water content, and size (Fig. 1b).
At 25 �C and pH 2.8, the hydrogel size decreases by 22% compared
with its size at pH 6.8 at the same temperature. When the tempera-
ture of the sample rises to 40 �C, the size of the hydrogel increases,
possibly due to aggregation. The ionic strength also strongly affects
the hydration of the carboxylates (Fig. 1d and e). When ionic strength
is increased, the charges of the hydrogel are screened, which in turn
decreases hydration causing hydrogel deswelling and eventually pre-
cipitation as shown for those in 500 mM NaCl (Fig. 1e).

Previously, we have studied the interaction of P(NIPAm-co-MAA)
hydrogels with polyamines, and have shown that the interaction
with polyallylamine hydrochloride (PAH) results in deswelling of
the hydrogels [21]. The response of the hydrogels with PAH depends
on the molecular weight (MW) of the polymer (Fig. S1, Supporting
information). With the addition of 15 kDa PAH 20% in weight, the
hydrogel size does not change with the temperature. The absence
of changes in this case is likely due to PAH acting as an electrostatic
crosslinker. PAH of this MW and at the concentration studied fully
enters the hydrogel structure. Primary amines of PAH interact with
the carboxylates of MAA [30]. Several carboxylate groups in the
hydrogel complex with one PAH chain, which limits the hydrogel
collapse. For 50 kDa PAH, in addition to the diffusion of PAH inside
the hydrogel, there is also deposition of the polymer on the hydrogel
surface. In these conditions, the complexation of carboxylate groups
is less pronounced and the hydrogel can change size [33]. In Fig. S1
we can also observe for the microgels exposed to PDADMAC that DLS
at 25 and 40 �C is practically the same, which can be interpreted as a
result of PDADMAC acting as electrostatic-crosslinker. After interac-
tion with spermidine, a low molecular weight triamine, microgels
show a similar DLS behavior as PDADMAC, practically no changes
in size with temperature. This behavior can again be understood as
the small cationic molecule entering in the hydrogel and acting as
an electrostatic-crosslinker that restricts changes in the microgel.
In case of spermine, also a small cationic molecule but with four
amine groups, we observe that the sizes of the hydrogels at 25 �C
are smaller than for spermidine. We interpreted this as the spermine
having a more dehydrating effect on the hydrogel due to a larger
number of amines interacting with carboxylates. When the hydrogel
with spermine collapses at 40 �C the size of the hydrogel increases as
a result of additional aggregation. The response of P(NIPAm-co-MAA)
hydrogels to environmental conditions is illustrated in Scheme 1.
3.2. Time-lapse NMR

The mechanism of the time-lapse NMR experiment relies on
monitoring of the NMR spectrum evolution under specific condi-
tions. This time-resolved strategy has been widely employed in



Fig. 1. Dynamic light scattering intensity distributions of hydrogels in a) water at pH 6.8, b) water at pH 2.8, c) water at pH 8, d) 50 mM NaCl, and e) 500 mM NaCl. Results for
25 �C are shown in dashed bars and for 40 �C in dark grey.
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the case of in situ study of reaction kinetics to enhance understand-
ing of the reaction processes [34,35]. It is a powerful method pro-
vided the time scales of the reaction are long enough to acquire a
representative set of spectra displaying the kinetics of the studied
process. Here, variable-temperature time-lapse NMR experiments
[27–30] were conducted to obtain insight into the collapse and
swelling/deswelling processes with temperature at the molecular
level in P(NIPAm-co-MAA) hydrogels, and to investigate how swel-
ling and deswelling are affected by the presence of carboxylates.
This technique enables monitoring hydration-dehydration pro-
cesses at the molecular level and tracing of their kinetics. Hydrogel
Scheme 1. Sketch of the response of P(NIPAm-co-MAA) hydrogels to env
VPT was analysed from the changes in the signal of methyl protons
of the isopropyl group from the NIPAm monomer [36,37]. All the
data presented in Figs. 4-7 are based on the NMR peak area analy-
sis (see Supporting Information). The 1H NMR spectrum of PNIPAm
was recorded at room temperature (Fig. 2).

The NMR signal varies in intensity during NIPAm collapse
(Fig. 3). This variation in the amplitude of the NMR signal results
from a gradual stiffening of the polymer network above LCST and
accompanying reduction of spin–spin relaxation time T2. In the
collapsed state the hydrogel resembles a solid-like material char-
acterized by significantly reduced polymer dynamics. Accordingly,
ironmental stimuli: ionic strength, pH, and presence of polyamines.



Fig. 2. PNIPAm + D2O solution 1H NMR spectrum recorded at room temperature.
The signal from methyl protons is labelled with a in the spectrum.

Fig. 3. Evolution of the methyl proton signal from the 1H NMR spectra of P(NIPAm-
co-MAA) in D2O solution during heating and cooling experiments. The NMR signal
corresponds to methyl protons from NIPAm.
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the NMR free induction decay signal involves a fast decaying com-
ponent, which is not fully accessible by high-resolution NMR
probes. Consequently, an apparent decrease in signal amplitude
takes place upon dehydration. This decrease can be employed to
probe the kinetics of the VPT. To prove reversibility of
dehydration-hydration processes, an additional cooling experi-
ment was performed (Fig. 3). It is worth pointing out that the cool-
ing experiment reveals the opposite effect of the heating
experiment. Upon swelling, the intensity of the NMR signal
increases indicating higher mobility of polymer chains. It is also
important to emphasize that the intensity variations in NMR signal
I(t)/I0 observed in both cooling and heating experiments are of the
same magnitude. Therefore, NMR data nicely reveal the reversibil-
ity of the VPT for the thermoresponsive gel. A chemical shift vari-
ation can also be appreciated with the variations in temperature
(Fig. 3). According to Sun et al. [28], Tokuhiro et al. [36], and Tang
et al. [30], this change is directly related to the deshielding effect
upon VPT. Nevertheless, we believe that this specific phenomenon
is predominantly related to the temperature dependance of the
chemical shift of the lock signal [38], which is D2O signal in this
particular case. The software of the NMR equipment assigns a con-
stant position to the lock signal, which results in the shift of the
signal of the methyl groups (and other signals from the hydrogel),
to the same extent as the D2O shift. Therefore, the observed varia-
tion of the hydrogel signal position is solely apparent. Detailed
disscusion concerning chemical shift variation is presented in the
Supporting Information (Figs. S2 and S3). It is known that for the
interval from 20 to 40 �C the signal of D2O displays a linear shift
with temperature of Dd ~ 0.2 ppm [35]. Assuming that the shift
of the methyl groups mirrors that of D2O, it is possible to estimate
the temperature variations of the sample during the time-lapse
experiment. It is worth mentioning that the cooling experiment
is strongly affected by the significant heat capacity of the NMR
probe. Therefore, the chemical shift variations recorded upon the
heating and the cooling experiments do not exhibit perfect sym-
metry and they cannot be treated as exact ‘mirror” responses.
Using standard NMR probes it is not possible to perform experi-
ments with specified heating/cooling ramps. To observe the evolu-
tion of the NMR spectra during cooling we simply switch off the
heater and subsequently record the spectra until the probe reaches
25 �C. The large heat capacity of the NMR probe is manifested by
the sigmoidal character of variations of the chemical shifts during
cooling. In Fig. 3, the very first spectrum (bottom panel) represents
the moment when the sample is just lifted down to the NMR probe
and hence its temperature must be close to ~20 �C. Accordingly,
subsequent spectra exhibit quite an abrupt change in chemical
shifts and this change reveals an exponential character. The whole
heating experiment lasted nearly 100 s. Before the cooling experi-
ment was started, the sample remained in the probe for another
several minutes. Therefore, the chemical shift observed in the very
first spectrum from the cooling experiment (bottom panel) is
slightly higher than the chemical shift observed for the very last
spectrum from the heating experiment. In fact, the very first
NMR spectrum from the cooling experiment represents the stage
where the sample is already in equilibrium at 40 �C. It is shown
that the total chemical shift change from ~20 �C to 40 �C equals
Dd ~ 0.2 ppm. Assuming that our initial NMR peak position repre-
sents ~20 �C we can easily recalculate the actual temperature of the
sample throughout the time-lapse experiment relying on the linear
dependence between temperature and D2O chemical shift. Since
there is certain finite time (~3 to 4 s) required to transfer the sam-
ple to the probe using air cushion lift and start acquisition, the ini-
tial temperature can slightly differ from 20 �C. Therefore, in the
figures representing evolution of the temperature versus time,
there are error bars included of ±1 �C. This indirect temperature
assessment could not be applied to the samples in 500 mM NaCl
as the chemical shifts follow a different progression, which can
be explained by an altered temperature dependence of the chemi-
cal shift of the solvent in the presence of a high concentration of
salt. The temperature variations estimated from chemical shifts
are shown for each experiment and have been included in each fig-
ure showing the I(t)/I0 variations for the different experimental
conditions studied, with the exception of 500 mM NaCl. In Sup-
porting information the estimated temperature evolution has been
ploted for each I(t)/I0 curve (Fig. S5, S7, S8) with the exception of
the experiments with NaCl where we have plotted the time evolu-
tion of the chemical shifts.

In addition, it is worth mentioning that the kinetics measured
by time-lapse NMR describes the process of losing conformational
freedom for the methyl groups of NIPAm, and it is not a sharp tran-
sition as observed macroscopically for NIPAm collapse. The times
measured correspond indeed to the process of losing water associ-
ated to the NIPAm groups, which is likely to start before the actual
temperature of collapse and extend over the collapse. We were not
aiming here to record the exact phase transition temperature as
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the main objective of this work, but rather the changes in polymer
chain mobility for the hydrogels in response to changes in the envi-
ronment. Since we can assume the same heating capacity for all
the samples (same volume, mass, material) with the possible
exception of the sample at 500 mM NaCl as discussed below and
in supporting, and the protocol for heating/cooling is always the
same, we can safely assume that the changes in the evolution of
the NMR signal with time are due to the impact on the hydrogel
of pH, ionic strength or presence of polyamines.

3.3. Hydrogels under different pH values

To verify the influence of pH on the thermoresponsive proper-
ties and VPT of P(NIPAm-co-MAA) hydrogels, time-lapse NMR
experiments were conducted under different pH conditions. The
results reveal that the polymer network tends to collapse rapidly
under acidic conditions while remains steadily hydrated at basic
pH (Fig. 4). Experiments were performed for pH values between
2.7 and 8 and the NMR spectra during deswelling at pH 2.7, 6.8
and 8 are presented as examples of acid, neutral and basic pH
(Fig. 4). The I(t)/I0 is also plotted for the deswelling experiments
for all pH values studied and their slopes give information about
the collapse kinetics. The sample at pH 6.8 is considered a control
as this is the pH of the solution of hydrogels dispersed in D2O. At
Fig. 4. Deswelling kinetics of PNIPAm microspheres under different pH conditions. a) Ev
Temperature of the sample versus time for the sample at pH 2.7. The inset graph represen
the methyl proton NMR signal during deswelling for pH 2.7, 6.8 and 8.
this pH, the I(t)/I0 decreased by 50% over 50 s, then remained con-
stant afterwards. At pH 6.3 and 2.7, we observed a decrease of the I
(t)/I0 to approximately 70%. The sample at pH 2.7 shows a faster
decay in intensity (slope of 0.016, Fig. 4). In this case the plateau
is reached in 40 s while for the sample at pH 6.8 the plateau only
appears after 50 s.

From the variation of chemical shifts of the methyl groups we
were able to estimate the temperature changes of the sample with
the time (Fig. 4b, Fig. 5S) and the temperature corresponding to the
starting point of the plateau, which can be assumed as the phase
transition temperature, the temperature at which the collapse of
NIPAm monomers is complete. I(t)/I0 values decrease linearly until
reaching a plateau with the exception of the very first values mea-
sured, which do not seem to follow a lineal regime. The reason for
the deviation of these points from lineality is probably related to
the finite heat capacity of the NMR tube. Indeed, if one looks at
the initial points of the curves showing the temperature evolution
in the tube they seem to follow a linear regime and not the expo-
nential trend of the rest of the temperature curve. For most of the I
(t)/I0 curve with the exception of the first point a lineal fiting could
be applied. Points used for the lineal fitting are highlighted in
Figs. S5–S8. The beginning of the plateau seems to shift to lower
temperature as the acidity increases, from ~34 to ~32 �C. A small
shift towards lower temperatures can be understood from a
olution of the I(t)/I0 methyl proton signal with time for pH values from 2.7 to 8. b)
ts the chemical shift variation over time for all different pH conditions. c) Change in



Fig. 5. Top, dehydration kinetics for PNIPAm microspheres under different ionic
strengths. Dotted lines show the evolution of the I(t)/I0 over time for the hydrogel
alone and in the presence of 50 mM or 500 mM NaCl. Bottom, chemical shift of
methyl groups in the presence of 50 and 500 mM NaCl. All experiments were
recorded at pH 6.8.
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decrease in the hydration of NIPAm with pH since the carboxylate
groups of MAA are more protonated and can form hydrogen bonds
with NIPAm themselves, altering the interaction with water of
NIPAm through hydrogen bonding. Since we are looking at the
relaxion of the methyl groups the shift towards lower tempera-
tures could also be due to a decrease in the water content of the
hydrogel as the carboxylates are less hydrated at lower pH. In this
regard, it can be observed that the plateau is reached at lower
intensities as the pH decreases. The differences in the intensities
for the plateau are indicative of different levels of conformational
freedom for the methyl group in each situation, and can clearly
be related to the water content in the hydrogel. The plateau is
reached at the lowest intensities for pH 2.7 at which the carboxy-
lates are less hydrated and the water content of the hydrogel is
lower than at higher pH values.

A completely different scenario is observed at pH 7.6 and 8. The
intensity of the NMR signal remains practically constant during the
whole experiment, with almost no decrease of the initial signal.
This result implies that the methyl groups in PNIPAm retain their
conformation dynamics as before the collapse. In other words,
the methyl groups are in a hydrated environment and do not form
a solid like precipitate. This result can be understood by an overall
increase in water content in the hydrogel due to the increase in
hydration of MAA at basic pH, and is in agreement with DLS data
that show that there is no variation in the size of the hydrogel with
temperature. We must however assume that the hydrogen bonds
of water with NIPAm are broken but the water content of the
hydrogel is not changed by the water brought by the charged car-
boxylate groups. It is important to bear in mind that we are looking
at the conformational freedom of methyl groups, which is largely
affected by the dehydration of amide groups during NIPAm col-
lapse. However, since they remain in an aqueous environment
brought by the carboxylate groups, NIPAm collapse and the occur-
ence of a VPT are largely prevented as we observe from DLS
mesurements.

3.4. Impact of ionic strength on collapse

Experiments were performed at pH 6.8 at two different ionic
strengths: 50 and 500 mM NaCl (Fig. 5). A more pronounced
decrease in the intensity of the peak from the methyl protons than
with acid pH can be observed with the ionic strength, up to 80% of
the original signal. For both NaCl concentrations, the NMR signal
decreased to the same final value intensity. However, the decrease
in intensity is much faster for 500 mM (20 s, slope value 0.028)
than for 50 mM (60 s, slope value 0.015). At the higher ionic
strength we expect the hydrogel to be less hydrated at room tem-
perature, which would account for the faster kinetics. Increasing
ionic strength decreases the charge of the hydrogel and conse-
quently the hydration of carboxylates. The ionic strength can also
alter the hydraton shell around the NIPAm monomers, which
may account for the more effective dehydration than with pH.
Indeed, we observe a significant difference for the time at which
the plateau starts between 50 and 500 mM NaCl, which must be
associated with a lower phase transition temperature for
500 mM NaCl as it could be expected that the larger the salt con-
centration, the more the formation of hydrogen bonds between
NIPAm and water molecules will be reduced. We cannot estimate
in this case the temperature from the shifts of the methyl groups
as the evolution of the chemical shifts with time does not follow
the same trend as for the samples in D2O and 50 mM NaCl
(Fig. 5b, Fig. S6). The reason for the completely different chemical
shift variation here is the modified temperature dependence of
the chemical shift for D2O due to the presence of a relatively large
concentration of salt. In the case of 50 mM NaCl the shifts follow
the same trend as D2O without addition of NaCl. There is practi-
cally no shift for the temperature at which the plateau starts in
50 mM NaCl. Results at 500 mM NaCl may be affected by a change
in the heat capacity of D2O at this salt concentration. Further
experiments are needed to have a clearer picture of the response
of the hydrogels with high ionic strengths.

3.5. Interaction of hydrogels with doxorubicin, spermine/spermidine,
and polyamines

P(NIPAm-co-MAA) hydrogels have potential applications in
drug delivery of positively charged drugs, which can be complexed
to carboxylate groups present in the hydrogel. Doxorubicin, a
widely studied chemotherapeutic agent, is positively charged and
can be encapsulated in the hydrogels by electrostatic interactions.
We performed deswelling/swelling experiments with time-lapse
NMR after doxorubicin encapsulation. In these experiments, nei-
ther the decay of intensity over time of the hydrogel nor the phase
transition temperature are affected, indicating that doxorubicin
does not change the hydration environment of the methyl groups
of PNIPAm, and their rotational freedom is not affected (Fig. 6).

A very different situation is observed for spermidine and sper-
mine, which are molecules of intermediate MW displaying 3 and



Fig. 6. Dehydration kinetics observed for PNIPAm microspheres in the presence of a small positively charged molecule (doxorubicin) and medium-sized oligomers
(spermidine and spermine). Top, dotted lines show the evolution of the I(t)/I0 of the methyl proton signal over time for the hydrogel alone, and in the presence of doxorubicin,
spermidine and spermine. All experiments were recorded at pH 6.8. Bottom, temperature of the sample versus time for the hydrogel with spermine. The inset graph
represents the chemical shift variation over time for all samples presented in top figure.
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4 amine groups, respectively. These amine groups permit both
spermidine and spermine to interact with more than one carboxy-
late group at the same time. Indeed, spermidine and spermine can
complex several carboxylates restricting their mobility; however
these molecules should not have a direct impact on the methyl
groups of PNIPAm. Most likely the spermine and spermidine also
have a dehydrating effect on the carboxylates, reducing water con-
tent in the hydrogel, and we cannot rule out the possibility that the
amines of the two molecules do not form hydrogen bonds with
NIPAm monomers, altering their mobility. Therefore, we observe
a decrease of up to 80% of the original signal (Fig. 6, Fig. S7), com-
parable with the decrease in intensity seen when increasing the
ionic strength. Spermine induces a slightly larger decrease in inten-
sity than spermidine. This is probably due to the presence of one
additional amine group in spermine which can link more carboxy-
late groups in the hydrogel resulting in effectively greater confor-
mational freedom of the methyl group than spermidine.
Practically no shift for the starting temperature of the plateau
can be observed, which can be understood as none of the two
molecules interacting directly with NIPAm and shoud not affect
its interaction with water.

Furthermore, we performed time-lapse NMR after exposing the
hydrogels to larger polyamines, PAH of two MWs, 15 kDa and
50 kDa, and PDADMAC in the same conditions described for DLS
experiments. The addition of polycations displays abrupt dehydra-
tion kinetics for the systems studied (Fig. 7, Fig. S8). We have
shown previously that polycations are very effective in dehydrat-
ing carboxylates [39]. However, it is only with PDADMAC that
the decrease in NMR signal is as significant as that obtained for
spermine and spermidine.

It is likely that the small polyamines (spermine/spermidine)
are more effective at complexing carboxylate groups as they can
penetrate more easily in the hydrogel and reach the hydrogel
core. The larger polyamines (PAH, PDADMAC) are more likely to
stay at least partially on the hydrogel surface due to molecular
weight considerations [30]. Taking into account the MW of PDAD-
MAC, we could expect that the polymer would remain predomi-
nantly on the surface of the hydrogel. However, in addition to a
cross-complexation effect, quaternary ammoniums can generate
a more hydrophobic environment than primary amines, which
can lead to a decrease in the hydration of the carboxylates at
room temperature as we have previously shown. This behaviour
would explain why PDADMAC is more effective than PAH at
decreasing the intensity of the NMR signal during hydrogel des-
welling and consequently the conformational freedom of the
methyl groups [36]. Despite the more pronounced decrease in
intensity in the presence of PDADMAC, the temperature at which
the plateau starts remains the same as for PAH, shifted anyway to
lower values than the D2O at pH 6.8. Probably, we observe here
that both PAH and PDADMAC have a similar effect on the water
environment around NIPAm, which determines the actual phase
transition temperature.



Fig. 7. Dehydration kinetics in the presence of PAH and PDADMAC. a) Evolution of the I(t)/I0 over time for PAH of different MW and for PDADMAC. b) Temperature of the
sample versus time for the hydrogel + PAH 15 k. The inset graph represents the chemical shift variation over time for PAH of different MW and for PDADMAC c) Change in the
methyl proton NMR signal during deswelling for the three MWs of PAH studied. All experiments were recorded at pH 6.8.
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4. Conclusions

Time-lapse NMR studies of P(NIPAm-co-MAA) hydrogels with
temperature show a faster dehydration of the hydrogel at acid
pH due to a decrease in the charge of carboxylates and water con-
tent. Notably, at basic pH no collapse can be inferred from the
time-lapse NMR as the signal intensity is not affected by the
increase in temperature. Although the hydrogen bonds of NIPAm
with water are broken with temperature, the methyl groups of
NIPAm remain in a highly hydrated environment due to the water
brought by the carboxylates. Increasing the ionic strength results
in faster dehydration kinetics as both carboxylate and PNIPAm
groups dehydrate in the presence of NaCl below LCST. Positively
charged oligomers, spermine and spermidine result in faster dehy-
dration kinetics, which can be correlated with the oligomers com-
plexing several carboxylate groups. Oligomers have a larger effect
on the dehydration kinetics than PAH, probably due to a more
effective penetration in the hydrogel, while PAH is largely retained
on the hydrogel surface. PDADMAC, despite its high MW, shows
dehydration kinetics similar to the oligomers because of the strong
dehydrating effect of quaternary ammoniums on carboxylate
groups [36]. Previous work has shown how the P(NIPAm-co-
MAA) hydrogels respond to pH, exposure to polyamines [36] and
temperature but without relating the temperature-induced swel-
ling/deswelling of the hydrogel to the conformational freedom
and hydration of NIPAm at the molecular level. Our results provide
novel insight into these stimuli-induced responses of the hydrogel
and give a molecular explanation for how the behavior of PNIPAm
hydrogels is altered by the responsiveness of MAA monomers to
the environment. Our time-lapse NMR experiments advance the
understanding of the mechanism of collapse of P(NIPAm-co-
MAA) hydrogels with temperature, and of how the sensitivity of
MAA charges to various stimuli (pH, ionic strength, presence of
charged molecules), can affect hydrogel collapse at the molecular
level, which has not be demonstrated previously. This work opens
new perspectives for using time-lapse NMR to study other hydro-
gels or smart thermoresponsive systems that respond to multiple
stimuli, by examining the polymer dynamics in the hydrogel. Fur-
thermore, time-lapse NMR has strong potential for studying the
impact of molecular cargo in thermal transition for hydrogels
designed for drug delivery.
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Appendix A. Supplementary data

DLS of hydrogels in the presence of 20% PAH 15 kDa, 20% PAH
50 kDa, PDADMAC, spermine and spermidine; temperature depen-
dance of HDO chemical shift; chemical shift variation observed for
selected hydrogel samples; dehydration curves highlighting points
chosen for lineal fiting and temperature evolution with time for
dehydration curves. Supplementary data to this article can be
found online at https://doi.org/10.1016/j.jcis.2020.07.049.
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