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ABSTRACT: Nanocomposite hydrogels have emerged to exhibit multipurpose
properties, boosting especially the biomaterial field. However, the development
and characterization of these materials can be a challenge, especially stimuli-
sensitive materials with dynamic properties in response to external stimuli. By
employing UV—vis spectroscopy and NMR relaxation techniques, we could
outline the formation and behavior of thermosensitive nanocomposites obtained
by in situ polymerization of poly(N-vinylcaprolactam) (PNVCL) and mesoporous
silica nanofibers under temperature stimuli. For instance, inorganic nanoparticles
covalently linked to PNVCL changed the pattern of temperature-induced phase
transition despite showing similar critical temperatures to neat PNVCL.
Thermodynamic parameters indicated the formation of an interconnected system
of silica and polymer chains with reduced enthalpic contribution and mobility.
The investigation of water molecule and polymer segment motions also revealed
that the absorption and release of water happened in a wider temperature range
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for the nanocomposites, and the polymer segments respond in different ways during the phase transition in the presence of silica.
This set of techniques was essential to reveal the polymer motions and structural features in nanocomposite hydrogels under
temperature stimuli, demonstrating its potential use as experimental guideline to study multicomponent nanocomposites with

diverse functionalities and dynamic properties.

B INTRODUCTION

Stimuli-sensitive hydrogels are designed polymers that respond
to environmental changes such as temperature, pH, electric or
magnetic field, light, and the presence of specific molecules and
others."™ Since they undergo conformational or chemical
changes triggered by external stimuli, these materials can suit a
myriad of applications in fields including controlled release and
delivery of drugs, tissue engineering, diagnostics, sensors,
intelligent coatings, and smart optical systems.l’4 In special,
hydrogels that respond to the physiological environment are
crucial in the development of new biotechnologies. A highlight
of this group is the biocompatible thermosensitive poly(N-
vinylcaprolactam) (PNVCL) that forms physically cross-linked
hydrogels above its lower critical solution temperature (LCST)
around 34 °C, finding many applications as drug delivery
systems,”® entrapment of cells and enzymes,”® tissue engineer-
ing,g’10 as well as in smart devices."'

Despite the great potential of stimuli-sensitive hydrogels,
some systems demonstrated low mechanical properties and
relatively rapid release of hydrophilic drugs or inefficient
incorporation of hydrophobic drugs, which may limit their
application.”™"* As an alternative, nanocomposites composed
of multicomponent systems with diverse functionality within
hybrid hydrogels have emerged, extending the prospects of
biomaterial creation with specific molecular and physiological
responses.12 For instance, when inorganic nanoparticles are
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inserted into hydrogels, the nanocomposites can exhibit
multiple functionalities by the association of the polymer
network structure with the mechanical resistance, magnetic,
electrical, and optical properties of inorganic nanoparticles."
In drug delivery systems, the incorporated nanoparticles can
regulate the stimulus for drug release and enhance the loading,
transport, and delivery of different types of drugs, contributing
to the design of multifunctional nanocomposites.''*~'® For
example, Koshy et al."” studied the adsorption of proteins in
Laponite clay inserted into a hydrogel matrix, resulting in
injectable nanocomposite carriers of proteins with sustained
and localized delivery. In the case of PNVCL-based materials,
Chang et al’ obtained bioresponsive silica nanoparticles
loaded with anticancer drugs and coated with a sheddable
polymer shell of cross-linked PNVCL copolymer engineered to
respond to small variations in the physiological environment.

Although the synergistic combination of nanoparticles and
hydrogels can perform unique properties, a deeper inves-
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tigation of the nanoparticle effect into the stimuli-responsive
behavior of hydrogels is missing. For instance, depending on
the amount of grafted polymers on the nanoparticle surface,
the LCST can be tuned to different temperatures or even
disagpear when the systems lose the thermosensitive proper-
ties.”172°72* While most of these studies examined core/shell
systems with thermosensitive polymers and inorganic nano-
particles, the resultant phase transitions are commonly
overlooked and the interactions between the components are
not clearly understood.”**~**

Depending on the interactions of the components, nano-
composites can have their properties enhanced or even
suppressed. For example, any variations in the hydrophilic
and hydrophobic forces that govern the phase transition of
thermosensitive hydrogels by the addition of an inorganic
component could change the temperature-responsive behavior
of the nanocomposites. When the polymer chains strongly
interact with nanoparticles, there is a formation of an interfacial
layer constituted by dangling polymer tails, adsorbed segments,
and loops with significantly altered dynamics,” which
properties are distinct from the bulk.’*™*® Accordingly,
depending on the interfacial interactions, nanocomposites
can have complex spatial configurations arising from polymer
anchoring and adsorption on solid surfaces.”**”

Traditional nanoparticle-filled polymers are usually obtained
as films, powders, or melted states and can be characterized by
standard and well-known techniques. On the other hand,
thermosensitive-based materials obtained in the form of
hydrogels, core/shell nanoparticles, or multisensitive systems
are regularly employed as aqueous suspensions and require
adjustable techniques to analyze these complexes and dynamic
systems in distinct environmental conditions. Some of these
materials exhibit low mechanical properties and are composed
of a multicomponent system, which can hamper the evaluation
of their physicochemical properties and structural and
morphological changes in response to stimuli. NMR spectros-
copy has demonstrated to be a useful technique to provide
information about the molecular motion of thermosensitive
polymers in different solvents, medium conditions, and
temperature ranges.”’ Through the employment of proton
relaxation methods and the obtainment of spin—lattice
relaxation time (T;) and spin—spin relaxation time (T,), it is
possible to monitor the changes of polymer dynamics and the
mobility of water molecules during the sol—gel transition, as
well as in distinct heterogeneous structures.” *> While T, is
especially related to local segmental motions, T, is described
by large-scale motions.”” For example, by investigating the T,
value of PNVCL micro§els with different amounts of cross-
linker, Balaceanu et al.>* identified a bimodal distribution of
molecular dynamics inside the microgels, indicating that the
materials had a heterogeneous core—corona internal structure.
In a similar way, Etchenausia et al.” found two T, values for the
methylene protons of PNVCL related to the core and shell
structure of cationic PNVCL microgels. Similar studies and
investigation of spin—spin relaxation time were also conducted
with other PNVCL-based copolymers®™* and thermosensi-
tive polymers.””~*

The hydrogel macromolecular motions are usually moni-
tored by measuring T) and T, from a specific proton of the
polymer chain or solvents. For instance, Spévacek et al.**~*
monitored the T, value of water molecules during the phase
transition of thermosensitive polymers at different temper-
atures and times. They found the existence of a portion of
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water molecules with a lower T, value above the T, value,
corresponding to water molecules with spatially restricted
mobility bound in the globular polymer state. Despite the great
gain in molecular dynamics investigation with NMR relaxation
experiments, few studies looked into T values in details, which
transcribe the local motion changes as a result of the rotation
of main-chain bonds and intermolecular interactions, con-
tributing to describe the overall macromolecular motion.””*
Additionally, the study and development of nanocomposites
based on hydrogels and thermosensitive polymers could
advance significantly since the local segmental and overall
motions are greatly influenced by the presence of nano-
particles, modifying the resultant material properties. However,
these systems still remain scarcely explored by NMR
relaxometry,“&49 opening new avenues to investigate the
dynamic properties of stimuli-sensitive nanocomposites. In
particular, it would boost the field of drug delivery systems
designed to perform intermittent on-demand drug release,
which have required the combination of two or more polymer
and inorganic components as well as biomolecules.””™>* To
ensure optimal formulation and target application, the
interactions between components have to be understood and
how their properties will dynamically change over time in a
physiological environment with physical and chemical cues.”

In this study, we were interested in understanding how
multicomponent systems based on thermosensitive polymers
dynamically behave under temperature stimuli by the
evaluation of their thermodynamics and structural changes.
We employed nanocomposites of thermosensitive PNVCL and
functionalized mesoporous silica nanofibers as a model
nanoparticle due to its wide range of biotechnological
applications according to its biocompatibility and mechanical
resistance. The high surface area and pore volume of
mesoporous silica nanofibers can immobilize drugs, cells,
contrast agents, fluorescent molecules, and other nanoparticles
such as gold, finding applications in biocatalysis, biosensors,
bioimaging, and drug delivery vehicles.”*™>* Additionally, the
nanofiber shape has contributed to improve the mechanical
and diffusion groperties of hydrogels for tissue engineering
applications.””” We investigated these nanocomposites by
UV—vis spectroscopy and NMR relaxation analysis in order to
unveil the effect of nanoparticles in the temperature-induced
phase transition of thermosensitive hydrogels. The outcomes
of this work open new approaches to develop and characterize
stimuli-responsive multifunctional systems with dynamic
properties.

B EXPERIMENTAL SECTION

Materials. All materials were used as received except the 2,2'-
azobis(2-methylpropionitrile) initiator donated by DuPont (AIBN,
DuPont, Brazil) that was previously recrystallized in methanol. N-
Vinylcaprolactam monomer (NVCL, >98%), cetyltrimethylammo-
nium bromide (CTAB, >99.5%), perfluorooctanoic acid (PFOA,
96%), and tetraethyl orthosilicate (TEOS, 98%) were purchased from
Sigma-Aldrich Chemical Co. (USA). Sodium hydroxide (NaCl),
toluene, hydrochloric acid (HCl), methanol (MeOH), and dimethyl
sulfoxide (DMSO, p.a, ACS reagent) were purchased from Synth
(Brazil). 3-(Trimethoxysilyl)propyl methacrylate (MPS, 98%) was
purchased from Alfa Aesar (USA).

Synthesis of Mesoporous Silica Nanofibers (SiO,). Meso-
porous silica nanofibers were synthesized based on the methodology
proposed by Rambaud et al>* Initially, 0.60 g of CTAB, 0.06 g of
PFOA, and 2.30 mL of NaOH solution (2 M) were added and stirred
in 300 mL of distilled water. Then, the temperature of the mixture
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was increased to 60 °C and 3.82 g of TEOS was added to the system
and stirred for 2 h. The obtained mesoporous silica nanofibers were
purified after being centrifuged at 7000 rpm for 4 min, washed in
distilled water three times, and dried at 60 °C.

Later, the CTAB template was removed by acid—alcohol
extraction.”’ One gram of $iO, was dispersed in 100 mL of methanol
and 1.0 mL of HCL The system was stirred and kept under reflux at
80 °C for 24 h, and the nanofibers were purified after being
centrifuged at 7000 rpm for 4 min and washed in ethanol and distilled
water until reaching neutral pH. After CTAB removal, silica
nanofibers were functionalized with MPS. One gram of silica and
10 mL of MPS were dispersed in 100 mL of toluene and refluxed at
85 °C for 6 h.” The obtained silica mesoporous nanofibers were
purified after being centrifuged at 7000 rpm for 4 min, washed in
ethanol three times, and dried at 60 °C.

Synthesis of Nanocomposites. The nanocomposites were
synthesized as similar described for PNVCL homopolymer.”> One
and five percentages (mass of silica/mass of monomer) of
functionalized silica nanofibers and NVCL monomer were dispersed
in dimethyl sulfoxide (1S wt %). The system temperature was
increased to 70 °C, 2% AIBN (mass of initiator/mass of monomer)
was added to the system, and the reaction proceeded for 4 h under a
nitrogen atmosphere. The nanocomposites were purified after being
centrifuged at 10,000 rpm for 1 min and resuspended in hot distilled
water four times. Then, the nanocomposites were dried at 50 °C in a
laboratory oven with forced air circulation.

Characterization. Scanning and High-Resolution Transmission
Electron Microscopies (SEM and HRTEM). The morphology and size
of mesoporous silica nanofibers were analyzed by SEM and HRTEM,
as shown in Figure 1. The silica colloidal dispersions were dripped on

Figure 1. SEM (a) and HRTEM (b) images of functionalized
mesoporous silica nanofibers.

copper grids covered with a thin amorphous carbon film to collect
images in a TECNAI F20 field emission HRTEM operated at 200 kV
and on silicon substrates to collect images in a JEOL JSM-5600LV
operated at 20 kV.

UV—vis Spectroscopy. The transmittance of PNVCL and nano-
composite aqueous solutions (1% m/v) measured at the wavelength
range (200—800 nm) from 25 to 36 °C was analyzed in a MultiSpec-
1501 UV-—vis spectrophotometer Shimadzu with a TCC-240A
thermoelectrically temperature-controlled cell holder. The trans-
mittance values of polymer and nanocomposite suspensions were
analyzed every 0.5 °C, and the temperature was allowed to stabilize
for 3 min before the measurement of the transmittance. To avoid any
precipitation of the samples during the measurements, the material
suspensions inside the cuvettes were constantly homogenized with a
Pasteur pipette. The Mathematica 10 (Wolfram Research, Inc.)
software package was used to calculate the thermodynamic
parameters of polymer and nanocomposite systems by fitting the
data of optical density variation as a function of temperature.

NMR Spectroscopy. Liquid-state NMR experiments were per-
formed on a Bruker Avance III equipped with an Oxford 9.4 Tesla,
with the related frequency of 400 MHz for the hydrogen-1 nucleus.
Analyses were performed with a tunable probe for a wide range of
frequencies (40—160 MHz) and with S mm diameter tubes. Spin—
lattice (T,) and spin—spin (T,) relaxation times of PNVCL and its
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nanocomposites dispersed in 700 uL of deuterium oxide (5% m/v)
were measured from 25 to 40 °C. T, values were determined by the
inversion recovery method (rd—20—7—0—acq), where rd is the
relaxation delay (70 s), 26 and € correspond to 180 and 90° pulses,
respectively, and 7 was linearly varied between 0.01 and 30 s. The
acquisition time, acq, was 2.04 s, and 21 data points were collected to
obtain the curve for fitting. T, measurements were done by the Carr—
Purcell-Meiboom—Gill pulse sequence (rd—6—[r—26-7],—acq),
where rd was 43 s, 7 was 1.0 ms, and the loop number, n, was
linearly varied from 2 to 1500. The acquisition time, acq, was 2.04 s,
and 16 data points were collected to reach the curve for fitting. For
some conditions, biexponential functions of the normalized area
integral of proton resonances (I(z)) versus echo time (z) gave the
best fit, revealing short (Ts) and long (T.) relaxation times and the
constants A and B (eq 1).

I(r) = A exp[—i] +B exp[—iJ
Is T (1)
Viscosity. The inherent viscosity of PNVCL and its nanocomposite
aqueous solutions (1% m/v) was measured in an automated
microviscometer Anton Paar (AMVn) in the temperature range of
25 to 40 °C. According to the increase in viscosity with temperature
above the temperature-induced phase transition, the viscosity at 40 °C
could not be measured. The intrinsic viscosities [#7] were calculated by
the Solomon—Ciuta equation (eq 2), where c is the concentration of
the solution, ¢ is the flow time of the polymer solution, and ¢, is the
flow time of the solvent.**®* Then, the viscosity average molecular
weights (M,) were calculated by the Mark—Houwink—Sakurada
equation (eq 3), using already reported parameters.*®

\/2x(i—1ni—1)
to to

c 2)

7] =

= 0.57

[7] =3.5%x 107 x M, (3)

B RESULTS AND DISCUSSION

Effect of Silica Nanofibers on the Sol—Gel Transition
of Thermosensitive Polymers. The phase transitions of
PNVCL and its nanocomposite aqueous solutions (1% m/v)
were evaluated by the variation of their transmittance at
different temperatures. PNVCL is found as a soluble
transparent aqueous solution at room temperature; however,
it becomes opaque with its phase transition, exhibiting a cloud
point temperature (T, 34 °C). The drop in the transmittance
of PNVCL suspension is due to the formation of aggregates of
polymer chains, as shown in our previous study.'' In the
presence of 1 and 5 wt % silica nanofibers with an average
length and diameter of S00 and 70 nm, respectively (Figure 1),
the nanocomposites showed T, values similar to those of pure
PNVCL, with a slight increase of 1 °C for PN-1% SiO, (Figure
2). These T, values could indicate the formation of polymer
chains with similar molecular weights in the presence of silica
nanofibers since differences in the molecular weight of PNVCL
affect the T, value.'”®® While PNVCL solution had a sharp
drop of its transmittance in the temperature interval between
33 and 34 °C,'' the transmittance of nanocomposite
suspensions reduced gradually as the temperature increased
from 25 to 35 °C. To the best of our knowledge, this
phenomenon has never been observed previously in
thermosensitive nanocomposite systems based on PNVCL>**
or even others, such as PNIPAm.””**** The diffuse reduction
of the transmittance could be related to the network formed by
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a) gy PN-1% S0, 25 mathematical model (eq 4) introduced by Fucifios et al.”® to
_ calculate the thermodynamic parameters of PNVCL and its
& 40 nanocomposites from the UV—vis experimental data.
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Figure 2. UV—vis spectra of 1% m/v aqueous nanocomposite
dispersions of PNVCL with 1% (a) and 5% (b) silica nanofibers, from
25 to 40 °C (0.5 °C steps).

PNVCL and silica, changing the self-agglomeration profile of
the polymer chains imposed by the presence of the nanofibers.

It was also observed that with the increasing amount of silica
in the nanocomposites, the transmittance at 25 °C gets lower,
obtaining at the 800 nm wavelength, the percent transmittance
values of 50% for PN-1% SiO, and 15% for PN-5% SiO,.
Aiming to identify if this initial lower transmittance of
nanocomposites is an effect of the intrinsic turbidity of silica,
Figure S1 presents the transmittance profile solely of the silica
nanofiber colloidal suspensions at the theoretical concen-
trations (1 and 5%) found in the nanocomposites, considering
the dilution factor used (1% m/v) for the UV—vis analyses.
The transmittance values of the silica suspensions at
concentrations of 1 and 5% in the wavelength of 800 nm
were 85 and 44%, respectively, which are higher than the ones
found for the nanocomposites. While the transmittance
intensity varies similarly for both silica dispersions in the
analyzed wavelength range, the transmittance intensity of the
nanocomposites varied according to the sample, the concen-
tration of silica, and the wavelength. In this way, the distinct
turbidity of the nanocomposites observed in temperatures
below the T, value is ascribed to the presence of silica along
with the new macromolecular arrangements formed by the
interaction of silica with PNVCL. These novel structures could
have larger and heterogeneous scattering centers and states of
solvation and/or colloidal stability, causing the transmittance
reduction.

To investigate the effect of silica nanofibers in the
thermodynamic parameters of the phase transition, only two
states for the polymer chains were considered, solvated or
globular states, in analogy with van’t Hoff’s analysis on the
unfolding of globular proteins.67_69 Following this model, Alf
et al,® Tiktopulo et al,,69 and Fucifios ef al.”® calculated the
enthalpy changes during the sol—gel transition of PNIPAm
derivative systems. In a similar approach, we employed the
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T,), R is the gas constant (8.314 J mol™" K™'), OD is the
optical density obtained by eq S, and T% is the transmittance
of the material suspensions in an intermediate wavelength (e.g,
500 nm) previously shown in Figure 2. The OD is related to
the concentration of the components in the system, and when
observed at different temperatures, it showed the transition
from the initially solvated polymer chains to the collapsed state
with globular conformation. OD values corresponding to the
solvated (ODg) and globular (ODg) states are the points of
the curves with the lowest and highest values. At any
temperature (T) within the phase transition, the polymer
chains coexist in both solvated and globular states by assuming
a two-state equilibrium system.””’* In this condition, the
partial agglomeration of the polymer in solution is mathemati-
cally equivalent to the coexistence of a fraction of solvated
polymer chains in equilibrium with a globular fraction. When T
= T,, the polymer chains in the solvated and globular phases
have the same concentration. With this assumption, the curves
of OD with temperature for PNVCL and its nanocomposites
were fitted by eq 4 in Figure 3, and the thermodynamic
parameters were calculated, as shown in Table 1.

3.04 = PNVCL
® PN-1% SiO,
251 & PN-5% SiO,
2_0_—F|t
8 1.5
1.0
0.5
0.0

T T T T T

26 28 30 32 34

Temperature (°C)

36

Figure 3. Optical density (OD) variation as a function of temperature
(solid circles) of aqueous suspensions (1% w/v) of PNVCL and its
nanocomposites with 1 and 5% silica nanofibers. The red lines are the
fitting curves from eq 4.

PNVCL exhibits constant OD values until reaching the T,
value, where there is an abrupt increase in OD values (Figure
3). The OD values of nanocomposites are slightly increasing
with the heating until the systems undergo the phase transition
and reach higher OD values. The observation of this slight
increase in OD values below the T, value is not predicted by
the mathematical model of eq 5. This phenomenon indicates
that silica nanofibers introduced a third additional state to the
solvated and globular states predicted for homopolymers and
could be related to the interface generated from silica and

https://dx.doi.org/10.1021/acs.langmuir.0c03079
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Table 1. Cloud Point Temperature (T,), Solvated (ODy)
and Globular (ODg) Optical Density Values Estimated by
the UV—vis Spectra, T,,,, and AH®, Values Were Obtained
by the Fitting of Eq 4 to the Optical Density as a Function
of Temperature for PNVCL and its Nanocomposites with 1
and 5% Silica Nanofibers

Tcp;

UV—vis AHC,
material (°C) ODs  ODg T, (°C) (kJ mol™")
PNVCL 34 0.005  3.003  33.63 + 0.01 5789 + 202
PN-1% 35 0.589  2.880  34.52 £ 001 4784 + 575

Sio,
PN-5% 34 1251 2812 3402 + 003 3346 + 398
Sio,

polymer interactions. Interestingly, the reported curves of
PNIPAm-based polymer systems””’ demonstrated that the
transition between the solvated and globular states occurred in
a wider temperature range (~S to 13 °C) than PNVCL (1 °C).
Consequently, the transition region had a greater number of
points (>6) than those obtained (1) for the PNVCL and its
nanocomposites, highlighting another singularity of systems
based on the PNVCL compared to PNIPAm systems, a sharp
temperature-induced phase transition.

According to the fitting curves, the calculated T, value
agrees with previous T, values found in the transmittance
spectra of Figure 2, demonstrating that the model in eq 4 was
efficient for the prediction of T;,. For the nanocomposites, the
increase in silica nanofiber concentration resulted in lower
values of AH®,, obtained in relation to the number of moles of
cooperative units, which are the domains of the polymer chains
involved in the sol—gel transition. This reduction may be
related to what Alf et al®® found for cross-linked PNIPAm
polymers. The formation of an interconnected nanostructured
system of silica nanofibers and polymer chains reduced the
mobility of the polymer, and the presence of silica added a
steric hindrance to the solvation of polymer chains. Thus, this
system presented a smaller cooperative unit, reducing the
enthalpic contribution per monomeric unit.

In this way, the thermodynamic parameters indicated the
formation of a network of polymer chains and silica nanofibers
with reduced mobility. Nevertheless, the presence of silica
nanofibers in nanocomposites may affect the local molecular
motions of PNVCL chains, especially the groups directly
bonded to the nanofibers. Additionally, the hydration of
polymer chains and the process of temperature-induced phase
transition will be influenced by the presence of a second
component in the coil and globule phases. The network
created by the interaction of polymer and silica nanofibers will
vary the spin—lattice and spin—spin relaxation in NMR analysis
and change with temperature. With this analysis, it is possible
to deduce the intermolecular motions during the sol—gel
transition of nanocomposites based on thermosensitive
polymers.

Effect of Silica Nanofibers in the Macromolecular
Motions of PNVCL-Based Nanocomposites by NMR
Spectroscopy. Figure 4a shows high-resolution 'H NMR
(400 MHz) spectra of PNVCL in D,0 (5% m/v) measured at
different temperatures (from 2S5 to 40 °C) under the same
instrumental conditions. These spectra show four protons with
resonance assignments in 4.14 ppm (br, 1H), 3.11 ppm (br,
2H), 2.25 ppm (br, 2H), and 1.59 ppm (br, 8H). Under
heating, the intensity of PNVCL signals gradually decreased.
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Figure 4. '"H NMR (400 MHz) spectra of PNVCL (a), PN-1% SiO,
(b), and PN-5% SiO, (c) in D,O (5% m/v) at different temperatures.
Relaxation delay was 1.0 s, and 64k time domain points were acquired
for a spectral window of 20 ppm, resulting in an acquisition time of
2.04 s. J is the chemical shift.

Remarkably, the NMR signal reduction is clearly observed at
34 °C (TCP), which main PNVCL resonance peaks became
broad and difficult to be detected. This feature is due to the
reduced mobility of thermosensitive polymer chains when
transit from coil to globule states above the T, value. 31,46
PNVCL nanocomposites with 1 and 5% silica nanofibers
presented similar spectra to PNVCL, as shown in Figure 4b,c,
respectively, without additional peaks or evident chemical
displacement of PNVCL resonance assignments. Similarly, the
drop in intensity and enlargement of peaks were mainly
observed above 34 °C.
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The reduction of integrated intensities of PNVCL and
nanocomposite protons with temperature is better identified
by following the integrated intensity of PNVCL methylene
groups at 1.6 ppm in Figure S. The integrated intensity in the

104 —=— PNVCL
S —e—PN-1% SiO,
o —A— PN-5% SiO,
50.8-

2
© 0.6+
£
8044
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>
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30 32 34 36
Temperature (°C)
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Figure 5. Normalized '"H NMR integrated intensities of methylene
groups in 6 = 1.6 ppm PNVCL, PN-1% SiO,, and PN-5% SiO,
dispersed in D,0 (5% m/v) at different temperatures.

temperature range of 28—40 °C was normalized to the
integrated intensity at 25 °C for each material. Although the
T, value for the materials is in the range of 34—3S °C, the
signal already reduced at 31 °C an average of 11% for PNVCL
and its nanocomposites, possibly indicating the formation of an
intermediate state where the polymer chains start to arrange
into a more compact structure with reduced mobility.*® Above
the T, value, the signal intensity continued to reduce at 37
and 40 °C, which could be explained by the shrinking of
physically cross-linked hydrogels at higher temperatures,
resulting in a restrained macromolecular mobility.”® Among
the materials, PNVCL and PN-1% SiO, showed similar
variations of the integrated intensities of methylene groups.
Meanwhile, PN-5% SiO, showed the smallest intensity values
above the T, value, acquiring a stronger motional restriction
of the polymer segments in the nanocomposite network with
higher silica content. Possible variations in the profile observed
in the NMR data with previous turbidimetry measurements
can be related to concentration differences in polymer/
nanocomposite solutions, formation of small globules below
the T, value that do not scatter light in the visible spectra but
already have restrained mobility, and slightly differences in the
hydrogen bonding interactions in the presence of D,O.
PNVCL forms a transparent colloidal susgension of solvated
polymer chains when dispersed in water.”””> When heated
above the T, value, the polymer chains agglomerate by
intermolecular interactions such as dipole—dipole interactions
between polar amide groups and van der Waals forces between
the major polymer chains and hydrogen bonds of C=0 and
water molecules trapped within the polymer globules.®®
Meanwhile, the nanocomposites have functionalized silica
nanofibers, which methacrylate groups can react with the
NVCL monomers via in situ polymerization and promote the
covalent bonding between the inorganic and organic
components.”” The formation of an interconnected structure
of silica and polymer chains may affect PNVCL intermolecular
interactions during the temperature-induced phase transition
as well as its interaction with water molecules. The process of
hydration and dehydration of polymer chains and nano-
composite networks during the phase transition can be
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described by the decay of transverse magnetization (T,) of
normalized NMR signal integral of water proton (4.5 ppm) as
a function of spin-echo time (7) at different temperatures, as
shown in Figure S2. When water molecules with different
dynamics are found, it is possible to reveal the complex process
of association and dissociation of thermosensitive nano-
composites in aqueous media below T, at T, and above
this temperature. Depending on the evaluated temperature of
polymer/nanocomposite systems, biexponential functions for
the T, decay give the best fit. This biexponential profile from
the transverse magnetization indicates the heterogeneity of
molecular dynamics, as demonstrated in core—corona
structures and other thermosensitive polymers.”*"**

The T, values calculated from the exponential function are
shown in Table 2. For PNVCL, a biexponential profile of

Table 2. Short (T,s) and Long (T,;) Components for the

Water Proton Transverse Relaxation Times (s) Calculated
from the Exponential Decay for PNVCL, PN-1% SiO,, and
PN-5% SiO, at Different Temperatures

PNVCL PN-1% SiO, PN-5% SiO,

temperature (°C) s e s Ty Ty T,
25 4.13 3.48 1.59

28 3.97 341 1.69

31 3.84 3.38 1.58

34 0.27 3.84 3.92 0.74

37 0.07 3.53 2.68 0.84

40 0.11 3.56 0.97 2.56 1.13

relaxation curves observed at temperatures above 34 °C
generated two T, values. A short transverse relaxation value is
related to water molecules with restricted mobility, while a
long transverse relaxation value corresponds to the highly
mobile portion, as free water molecules.””* Below the T
value, PNVCL has a random coil structure in the aqueous
solution, where free water and water molecules interacting with
hydrophilic polymer groups by hydrogen bonds are present.
Once the PNVCL system reached the T, value at 34 °C,
polymer chain moieties agglomerated into the globule phase,
revealing a second short T, value (T,s). This second T, value
arose from water molecules trapped in polymer globules with
spatially restricted mobility, which are still present in higher
temperatures for PNVCL systems.32’46 Kametani et al.>* and
Watanabe et al.*' also observed two or even more T, values for
water molecules with different dynamics due to the presence of
heterogeneities of the thermosensitive polymer systems such as
poly(N-isopropylacrylamide) and polypoly(asparagine) deriv-
ative, respectively.

Meanwhile, the nanocomposites presented a single-expo-
nential profile for the transverse magnetization for most
evaluated temperatures, indicating a fast exchange among free
water and water molecules interacting with PNVCL.*® Only at
40 °C, a second short T, value is revealed for PN-1% SiO,,
indicating a portion of water molecules with restricted motion
in the gel state. Then, at first glance, the presence of silica
nanofibers changed the water dynamics above the T, value.
They could compromise the absorption of water molecules
into the globule phase, also influenced by the hydrophobic
character of functionalized nanofibers interconnected with
polymer chains. Comparing the variation of T, with
temperature for PNVCL and its nanocomposites in Figure 6,
the presence of silica changed the water dynamics by reducing
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Figure 6. Variation of T,; with temperature of water molecules for
PNVCL and its nanocomposites. Lines were drawn to guide the eye.

the overall T,; value due to mobility reduction. Meanwhile, the
T, value of pure water increases linearly with temperature, and
below the T, value, the T, values slightly changed according
to motional restrictions of water molecules binding to PNVCL
chains.*® In the temperature-induced phase transition, the
formation of a network of physically cross-linked polymer
chains confined water molecules in a globular state, resulting in
a similar T,y value and an emergence of a short T, value.
Above the T, value, the globules are further compacting and
releasing water, which mobility is still lightlgr restricted due to
its binding to the outer part of globules.”® Additionally, the
water molecules mainly exist as free bulk water, presenting
similar or slightly increasing mobility with temperature.*>**

PN-1% SiO, showed a higher T,; value at 34 °C since this
temperature is below its T, and the mobility of water can
increase with temperature before reaching the T, value at 35
°C and acquire a restricted mobility.”” However, T, values
reduced at 37 and 40 °C, indicating that the presence of water
molecules with confined mobility probably absorbed in the
collapsed state of this nanocomposite. PN-5% SiO, had a
similar T,; value drop to PNVCL at 34 °C, and its T, values
slightly increased at 37 and 40 °C. According to the profile of
T,; value variation with the temperature, the imprisonment
and release of water molecules resulting from the coil—globule
transition of nanocomposites happened in a wider temperature
range compared to pure PNVCL. This behavior could be
related to the gradual transmittance reduction with increasing
temperature, previously shown in Figure 2.

Although it is reported that the NMR relaxation times can
be independent on polymer chemical structure, molar mass,
and variation of bulk viscosity in polymer solutions with a
concentration up to 5—10 wt %, we investigated the inherent
viscosity of PNVCL and nanocomposite systems (1% m/v) in
different temperatures. Figure 7 shows an increase in inherent
viscosity for the nanocomposites, indicating an additional of
approximately 20% for PN-1% SiO, and 47% PN-5% SiO, in
the viscosity of PNVCL. The viscosity of all systems slightly
decreased with temperature until surpassed the T, value,
where an abrupt increase in inherent viscosity indicated the
formation of the gel state. By using the viscosity values found
at 25 °C, it was possible to calculate the viscosity average
molecular weights (M,) of the systems shown in Table S1. The
increasing amount of silica nanofibers contributed to obtain
PNVCL with higher molecular weight. This increase can be
ascribed to the polymerization process of the methacrylate
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Figure 7. Inherent viscosity of PNVCL and its nanocomposite
solutions (1% m/v) at different temperatures.

groups from silica nanofibers with NVCL monomers, resulting
in polymer chains connected by silica nanofibers.”* Based on
this result, the presence of silica nanofibers interconnected
with the PNVCL chains could restrict the chain motion, the
intermolecular interaction, and entanglements during the
phase transition as well as vary the relaxation time of water
molecules absorbed in the nanocomposite systems. However,
the difference of molecular weight among the three samples is
not expected to influence the relaxation times measured in the
present study since T, and T, are usually independent of
polymer molecular weight at concentrations below 100 mg
mL-L7

Aiming to investigate in more details how the interaction of
PNVCL and inorganic nanoparticles affected the sol—gel
transition of thermosensitive polymer systems, the spin—lattice
relaxation time (T,) of each proton from the four PNVCL
resonance assignments was investigated at the temperature
range of 25—40 °C. By the decay of longitudinal magnetization
of normalized NMR signal integral of the protons as a function
of time interval between 180 and 90° pulses in the inversion
recovery experiment, it was possible to determine the T values
for each site of the polymer structure highlighted in Figure 8a.
By fitting a single-exponential profile (present in Figures S3,
S4, and SS), T, values for all polymer regions, temperatures,
and samples were determined, as shown in Figure 8.

T, values remarkably changed for PNVCL and nano-
composites with 1 and 5% silica nanofibers. They showed a
distinct profile within the temperature range and were
dependent on the analyzed proton, which indicates specific
segmental motions and intramolecular interactions of the
polymer regions analyzed. Although T, and T, can have similar
values in lower correlation times and mobile solutions, they
can differ in viscous solutions and higher correlation times. In
this case, T goes through a minimum and T, decreases with
correlation time as proposed by Bloembergen—Purcell-Pound
theory.’”’®”” This same profile can be observed when a
polymer solution is investigated in a range of temperatures,%’78
and it was clearly observed in Figure 8b for PNVCL. In
addition to the temperature effect, the variation of T for
proton b of PNVCL also reflects the contribution of the coil—
globule transition, reducing the polymer mobility. It corrob-
orates with the previous result of Figure 4, in which a less
mobile intermediate state with less intense NMR signals of the
polymers is formed at 31 °C.
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Figure 8. Variation of the spin—lattice relaxation time (T) calculated for the four proton resonances (a) described as regions 1 (b), 2 (c), 3 (d),

and 4 (e) of PNVCL, PN-1% SiO,, and PN-5% SiO,.

The neighbor protons of the lactam group (b, ¢, and g) in
Figure 8b—d, respectively, from the nanocomposites are more
susceptible to mobility changes due to a possible interaction
with SiO, nanofibers. Additionally, the silica has a hydrophobic
behavior associated to the MPS functional groups attached to
the mesopores, as shown in the thermogravimetric analysis in
Figure S6, limiting the surrounding interaction with water. The
combination of these two factors can contribute to hinder the
interaction with water molecules through the entire extension
of polymer chains and the water molecule imprisonment in the
globule state above the T, value. As a consequence, smaller
variations of T, values of protons b, ¢, and g in the
agglomerated and swollen states are observed for the
nanocomposites when compared to neat PNVCL. While the
proton b has a variation of AT between 40 and 25 °C of 8 s,
PN-1% SiO, and PN-5% SiO, showed smaller variations of 6.5
and 7.1 s, respectively. The same trend was observed for
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protons ¢ and g, whose AT, underwent a reduction of 52%
(proton c) and 50% (proton g) for PN-1% SiO, and 38%
(proton c) and 29% (proton g) for PN-5% SiO, when
compared to AT, for PNVCL. These results corroborate to the
previous T,g value observed for PNVCL and related to the
trapped water molecules in the polymer globules above the T,
value, which were not observed in the nanocomposites.

On the other hand, protons a, d, e, and f in region 4 (Figure
8e) have similar mobility and less influence of the presence of
silica nanofibers and from the phase transition. The similar T
values obtained for PNVCL and nanocomposites indicate the
poor interaction of these protons with the silica and water
molecules. Thereby, the presence of nanoparticles bound to
thermosensitive polymers can remarkably change the phase
transition and the macromolecular arrangements. Although
PNVCL and its nanocomposites showed similar T, values by
turbidity measurements, the silica nanofibers restrained the
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overall polymer backbone mobility. Notably, they changed the
intermolecular and intramolecular interactions as well as the
water solvation, especially in the surrounding of the lactam
group during the coil—globule transition. While the protons b,
¢, and g experienced changes imposed by the silica nanofibers,
protons ¢ and g had larger modification when compared to
pure PNVCL. This result is an indication that the inter- and
intramolecular interactions of the lactam groups are the main
polymer segments involved in the aggregation and formation
of the globular state in PNVCL instead of the backbone chains.

B CONCLUSIONS

In this study, a singular strategy to investigate multifunctional
nanocomposite hydrogels was proposed since traditional
techniques might not be effective to study systems with
stimuli-sensitive properties. Nanocomposites of PNVCL and
mesoporous silica nanofibers have great potential as a smart
drug delivery platform according to their thermosensitive
properties, biocompatibility, and ability to immobilize different
components into their mesopores. However, in order to tailor
the nanocomposite properties and applications, the phys-
icochemical aspects and structural changes under stimuli were
needed to be investigated. The presence of silica nanofibers
remarkably changed the polymer motions in aqueous media.
T, and T, relaxation times revealed that the nanocomposites
had restrained mobility compared to neat PNVCL, and the
phase transition was influenced mainly by the inter- and
intramolecular interactions of neighbor bonds of the lactam
group, instead of just the polymer backbone immobilized by
the silica nanofibers. The gradual transmittance changes of
nanocomposites with the temperature indicated the formation
of additional intermediate components to the coil—globule
states in the phase transition, with also a wider temperature
range for the hydration/dehydration process. These features
open up opportunities to develop and understand hierarchical
nanocomposites with tunable and sensitive properties to small
temperatures and environmental variations. In particular, the
proposed materials and characterization methodology can find
potential use in the development of drug delivery systems to
perform on-demand pulsatile release of different drugs.
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