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Abstract: Coil-to-globule transition and dynamics of inhomogeneities in aqueous solutions of graft
copolymers of NIPAM with different content of oligolactide groups were studied using spin probe
continuous wave EPR spectroscopy. The technique of the suppressing of TEMPO as spin probe
by spin exchange with Cu2+ ions was applied. This approach allowed us to detect individual
EPR spectra of the probe in collapsed globules and estimate its magnetic and dynamic parameters
reliably. The formation of inhomogeneities at temperatures lower than the volume phase transition
temperature measured via transmission, and differential scanning calorimetry was fixed. An increase
in oligolactide content in copolymers leads to the formation of looser globules, allowing for the
exchange of the probe molecules between the globules and the external solution.

Keywords: thermoresponsive polymers; electron paramagnetic resonance; nitroxides; inhomogeneities;
coil-to-globule; spin probe

1. Introduction

Thermoresponsive polymers pique the interest of researchers, owing to their control-
lable behavior in solutions when responding to changes in temperature [1,2]. Miscibility,
solubility or swelling degree may change when passing critical temperature. For example,
poly-N-isopropylacrylamide (PNIPAM) and its copolymers undergo coil-to-globule phase
transition in aqueous solutions [3]. Below lower critical solution temperature (LCST), these
polymers are soluble in water due to the formation of hydrogen bonds between water
molecules and hydrophilic amide groups in the polymer chains. Upon heating above LCST,
hydrogen bonds degrade, and hydrophobic interactions prevail, leading to the collapse of
the polymer coil into a dense globule. LCST is frequently measured via differential scanning
calorimetry (DSC) or turbidimetry [3]. In these cases, the observed critical temperature is
often listed as volume phase transition temperature (VPTT) [4] and cannot account for the
formation of nanoscopic inhomogeneities in polymer solutions. Such inhomogeneities in
solutions of thermoresponsive polymers may be observed with dynamic light scattering [5]
and some probe methods [6].

The temperature-controlled properties of PNIPAM allow for its different biomedical
applications, e.g., in delivery for drug systems [7,8], biomolecules [9,10] and protein sepa-
ration [11], as well as in tissue engineering as smart hydrogels [12] and coatings for cell

Polymers 2022, 14, 4746. https://doi.org/10.3390/polym14214746 https://www.mdpi.com/journal/polymers

https://doi.org/10.3390/polym14214746
https://doi.org/10.3390/polym14214746
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0002-5907-6179
https://orcid.org/0000-0001-6568-7649
https://orcid.org/0000-0003-4169-2990
https://orcid.org/0000-0002-7466-3662
https://orcid.org/0000-0001-7773-2435
https://orcid.org/0000-0002-9712-8929
https://doi.org/10.3390/polym14214746
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym14214746?type=check_update&version=1


Polymers 2022, 14, 4746 2 of 17

dishes [13,14]. In the latter case, PNIPAM coatings allow for 2D- and 3D-cell structures
with developed extracellular matrices because of spontaneous detachment of cell structures
from the thermoresponsive coatings or scaffolds due to polymer swelling or solvation
during the globule-to-coil transitions [15,16]. In aqueous solutions, PNIPAM has a sharp
phase transition with LCST of 305 K [17], resulting in the fast nondestructive elimination of
the cell sheet from the PNIPAM surface. In order to vary the LCST values and increase cell
adhesion, copolymers of N-isopropylacrylamide were synthesized and tested. Additionally,
NIPAM-based copolymers with N-tert-butyl acrylamide (NTBA) [18] and the recently syn-
thesized series of graft copolymers of PNIPAM with oligolactide (PLA) [5] were reported.
The insertion of aliphatic polyester groups into the polymer chain increases its biocom-
patibility and biodegradation [19]. The degradation of P(NIPAM-g-PLA) scaffolds due to
the hydrolysis of the oligolactide molecules may increase LCST during the cell growth
process, resulting in the polymer scaffold dissolving at physiological temperatures [20].
This finding expands the scope of possible applications of P(NIPAM-g-PLA) in biomedicine
as injectable hydrogels for the formation of 3D cell structures [21–23].

Spin probe electron paramagnetic resonance (EPR) spectroscopy has proven itself
quite useful in studying polymers [24,25]. EPR spectra of spin probes as tracer molecules
evolve with the changes in their environment; this is largely in response to the changes
in the polarity of solutions, as well as the mobility of polymer chains. For the solu-
tions of thermoresponsive polymers, spin probes may be captured by collapsing globules
during phase transitions. This process manifests itself in the EPR spectra [6,26]. The
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl, a stable, small amphiphilic nitroxyl radical, com-
monly known as TEMPO, is often used to study hydrophilic/hydrophobic polymer systems.
Decreasing the environment polarity in polymer globules causes changes in the spin Hamil-
tonian parameters of the spin probe, specifically affecting aN, the tensor of hyperfine
coupling (hfc) on the paramagnetic 14N nuclei [25]. The aN of the spin probe in the hy-
drophobic polymer globule is lower than that in aqueous solutions, which is manifested
in the splitting or broadening of the components in the EPR spectra. The changes in spin
probe mobility are characterized by isotropic rotational correlation time tcorr,iso (the average
time required for the rotation of a molecule at one radian). This parameter governs the
shape of the EPR spectra for nitroxide radicals. The spin probe captured by the polymer
aggregate rotates slower than in solutions and has a broadened EPR signal. The emerging
polymer aggregates (i.e., inhomogeneities) may have different rigidity, free volume or polar-
ity depending on the polymer composition and structure. Kurzbach et al. applied the spin
probe technique to study the influence of polymer composition on the nature of nanoscopic
inhomogeneities in aqueous solutions of different copolymers of polyethylene oxide and
polypropylene oxide and defined two types of inhomogeneities [27]. For copolymers with
a larger content of hydrophobic blocks, the EPR spectra and, consequently, the measured
paramagnetic parameters of the spin probe in the polymer globule do not change with tem-
perature. This is attributed to the formation of rigid globules or inhomogeneities referred
to as static. On the other hand, in the solutions of polyethylene oxide copolymers with
small hydrophobic blocks, dynamic inhomogeneities may form. They arise when tracer
molecules are exchanged between the inhomogeneities and the external solutions. Since
the external solution (usually water-based) is more polar than the polymeric globule, the ex-
change of probe molecules increases the aN value. Therefore, the dynamic inhomogeneities
manifest themselves in a high-field shift of the EPR spectra for the probe in the globule.

In this paper, we studied coil-to-globule transitions and the dynamics of inhomo-
geneities in aqueous solutions of graft copolymers of NIPAM with different content of
oligolactide groups via CW EPR spectroscopy. We suppressed the TEMPO EPR signal via
spin exchange with Cu2+ ions [28,29]. This technique allows for the detection of individual
EPR spectra of the probe in the collapsed globule while measuring its paramagnetic and
dynamic parameters reliably [26]. As a result, the formation of inhomogeneities at tempera-
tures lower than LCST measured via transmission and differential scanning calorimetry
(DSC) was fixed.
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2. Materials and Methods
2.1. Substances

The stable (2,2,6,6-tetramethylpiperidin-1-yl)oxyl radical (TEMPO) (see Figure 1a) and
copper (II) chloride dihydrate CuCl2·2H2O purchased from Sigma-Aldrich (Burlington,
MA, USA) were used without further purification. A total of 0.01 M phosphate-buffered
saline (PBS), pH = 7.4, was prepared by dissolving the tablets from Puschinskiye Laboratorii
(Pushchino, Russia) in distilled water. Thermoresponsive graft copolymers P(NIPAM-g-
PLA) (see Figure 1b) with different content of oligolactide (3, 9, 17 wt%) were synthesized
by RAFT (reversible addition−fragmentation chain transfer)-mediated copolymerization
of N-isopropylacrylamide (NIPAM) and oligolactide bearing methacrylic end group using
2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DMP) as the RAFT agent [5].
Methacrylate-terminated oligolactide macromonomers with number average molar masses
of 600 and 1200 Da were used in copolymerization with NIPAM, referred to as PLA-MA600
and PLA-MA1200 in Table 1, respectively.
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Figure 1. Structures of radical (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) (a) and graft copoly-
mers P(NIPAM-g-PLA) (b).

Table 1. Characteristics of the polymers and the abbreviation used [5,26]. Mn is the number average
molecular weight, Ð is polydispersity.

No. Polymer Mn, kDa Ð VPTT
(DSC/Turbidimetry), K

I PNIPAM 107.6 2.03 305/305
II P(NIPAM-g-PLA-MA600) 97:3 23.5 1.25 304/299
III P(NIPAM-g-PLA-MA1200) 97:3 25.7 1.23 305/300
IV P(NIPAM-g-PLA-MA600) 91:9 27.7 1.23 301/295
V P(NIPAM-g-PLA-MA1200) 83:17 30.8 1.23 302/300

2.2. Preparation of Solutions

In the presence of water, the oligolactide chains hydrolyze to form lactic acid, which
leads to the acidification of the environment. Correspondingly, we observed this experimen-
tally in deionized water, where the acidity of solutions of graft copolymers P(NIPAM-g-PLA)
decreased to pH = 4–5 within 48 h. Since nitroxyl radicals transform to their diamagnetic
form in acidic media [30], the phosphate-buffered solution (PBS, pH = 7.4) was used as an
aqueous medium. The buffer capacity of the solution was sufficient to maintain the neutral
pH of the medium for a month. The pH of the prepared PBS was monitored using a pre-
calibrated pH meter/millivoltmeter. Predefined amounts of II, III and IV were dissolved
in a ~0.5 mM TEMPO solution in PBS to make 5 wt% and 10 wt% polymer solutions. Due
to the inconvenience of working with highly viscous solutions, only 5 wt% solutions of V
were prepared. The dissolution of the thermoresponsive graft copolymers was carried out
across 24 h at 277 K. Afterwards, ~5–6 mg of the resulting solutions was placed into glass
capillary tubes with a 2 mm inner diameter and sealed to prevent evaporation.

2.3. EPR Spectroscopy

EPR spectra were recorded using the X-band Bruker EMX-500 spectrometer (Bruker,
Karlsruhe, Germany). The temperature of the samples was set in the 273–363 K range
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using the flow of nitrogen gas. The thermostatic device of Bruker was used; the accuracy of
temperature setting was about ±0.5 K. Each sample was kept at its predefined temperature
for 5 min to equilibrate. Typical parameters of spectra recording were 1 mW microwave
power, modulation amplitude of 0.04 mT and 8 mT sweep width. The suppression of fast
spin probes EPR signal in the PBS phase was performed by adding 10 mg of CuCl2·2H2O
to 0.5 mL of polymer solutions, as recommended in [26].

2.4. EPR Spectra Treatment and Simulation

The amplitudes and linewidths of the spectral lines were measured using the EsrD
program (Chemistry Department of Lomonosov Moscow State University) [31]. All spectra
simulations were performed using homemade scripts for the MATLAB program, employing
an Easyspin (v. 5.2.28) toolbox [32]. Spectra of TEMPO radicals in solutions and globules
were simulated as a ‘chili’ function in Easyspin. The slow-motion ‘chili’ model is based
on the Schneider–Freed theory [33], solving equations for slow-tumbling nitroxides. The
anisotropic values of spin Hamiltonian parameters (g-tensor and hyperfine coupling (hfc)
tensor, usually referred to as “a-tensor”) were averaged to obtain giso and aiso values. Rota-
tional correlation time tensor (tcorr) was calculated from the averaged rotational diffusion
constant. Further details of spectra simulation are presented in Appendix A.

3. Results

The line shapes of TEMPO spectra in all studied polymer solutions at 273–277 K
appear similar to those in aqueous solutions and constitute narrow triplets arising from the
hyperfine interaction between the unpaired electron and the paramagnetic 14N nuclei with
nuclear spin I = 1. Such shapes are typical for the spectra of fast-rotating nitroxides (denoted
as species of type A) (tcorr < 10 ps), also known as fast-motion limit spectra [34] (Figure 2).
Fast rotation leads to the averaging of paramagnetic interactions in different orientations
and manifests in three equal linewidth and amplitude symmetric lines. In addition to
hyperfine splittings, low-intense satellites are observed as additional splittings for each of
the three lines. These satellites arise due to hyperfine interactions with the paramagnetic
13C nuclei (I = 1

2 ) in the methyl groups, as well as the carbon atoms in the piperidine ring.
These spectra were successfully simulated in accordance with the isotropic rotation model.
The isotropic values of hyperfine coupling (hfc) constants aiso and rotational correlation
times tcorr,iso obtained from the simulation are presented in Table 2. The values of aiso for
TEMPO in all solutions below VPTT are almost independent of the polymer composition,
pointing to similar environments for the spin probe in pure PBS and in the solutions of
polymers. According to the values of rotational correlation times (see Table 2), the rotation
of TEMPO molecules in 5 wt% and 10 wt% polymer solutions with the highest oligolactide
content (samples II–V) is restrained compared to pure PBS and PNIPAM solutions. This
indicates higher viscosity for the solutions of polymers II–V.

In the solutions of TEMPO in PBS, the slight broadening of the EPR spectrum is
observed when temperature increases in the 273–353 K range. This broadening becomes
noticeable above 303 K. Apparently, it is mostly related to spin exchange broadening [35].
The aiso hyperfine splitting constant decreases with heating, manifesting in the decrease
in the distance between the extreme components of the triplet spectrum. The aiso changes
occur due to the decrease in water dielectric permittivity upon heating [36].

Figure 2 depicts the changes in the EPR spectra of the TEMPO radical in a 5 wt%
solution of polymer IV, exemplifying the spectral changes in the studied solutions of
copolymers. The intensity of the signal in the TEMPO spectra in 5 wt% solution of polymer
IV slightly diminishes at 277–298 K due to the broadening of the spectral lines, similarly to
the TEMPO signal in the PBS. Starting at 298 K (denoted as Tstart, see Table 2), the amplitude
of the signal starts to drop down faster, while the number of paramagnetic species remains
constant. Initially, this is only related to signal broadening. However, at 333–343 K, an
additional component appears due to the splitting of the high-field line. Similar trends are
observed for 5 wt% and 10 wt% solutions of other studied polymers.
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Table 2. Hfc constants aiso and rotational correlation time tcorr,iso for TEMPO in solutions of thermore-
sponsive polymers and VPTT of the polymers in 5 wt% and 10 wt% aqueous solutions. Tsim—the
temperature of solutions, the spectra of which were simulated. Tstart —the initial temperature for the
decay of the signal amplitude.

System,
Concentration Tsim, K aiso, mT tcorr,iso, ps Tstart, K VPTT

(DSC/Turbidimetry), K

TEMPO/PBS 273 1.74 12 - -/-
I, 10 wt% 1 295 1.73 11 305 ± 1 305/305
III, 5 wt% 281 1.74 22 301 ± 2 305/300
IV, 5 wt% 277 1.74 12 298 ± 3 301/-
V, 5 wt% 276 1.74 29 298 ± 2 302/300
II, 10 wt% 295 1.73 30 299 ± 1 -
III, 10 wt% 273 1.74 30 298 ± 1 -
IV, 10 wt% 276 1.74 50 298 ± 1 -

1 Data from [26].

Such changes in the EPR spectra of TEMPO in the solutions of thermoresponsive
polymers were previously observed for PNIPAM [26] and poloxamer copolymers [27] in
aqueous solutions. It was suggested that the broadened, and hence less intensive, signal
appearing at temperatures above VPTT belonged to TEMPO radicals located in less polar
and denser media, namely, polymer globules representing the initial step of coil-to-globule
transition. The main difference between homo- and copolymers is that the transition in
PNIPAM solutions occurs in a much narrower temperature range.

The simulation of the EPR spectra can provide data corresponding to the ratios of the
number of paramagnetic species in solution vs. globules, as well as to the properties of the
globules (local polarity, microviscosity, etc.). However, modelling the experimental spectra
as sums of the spectra for two kinds of species—A, TEMPO in aqueous solution, and B,
TEMPO in polymer globules—are ambiguous due to their superposition. A way to solve
this problem is to “kill” the signal of the rapidly rotating radicals A in aqueous solution
due to spin exchange broadening in the EPR spectra in the presence of inert paramagnetic
particles, e.g., Cu2+ ions. As shown earlier [26], the optimal concentration of Cu2+ ions is
about 0.2 M. Experimentally, the addition of 10 mg of CuCl2·2H2O to 0.5 mL of the solutions
of polymers II–V at temperatures below 285 K results in the spectra of fast-motion type
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A species merging with the baseline. Further heating in the presence of Cu2+ ions leads
to a signal arising with its shape significantly different from that in the solutions. Similar
changes were also observed for homopolymer I [26]. They can be attributed to the spin
probes located in the polymer globules (type B species).

The temperatures of initial appearance for the signal (Tglob) in different polymer
solutions are given in Table 3. No significant difference between Tglob for 5 and 10 wt%
solutions is observed. Increasing oligolactide content in the copolymers decreases the Tglob
values. For instance, Tglob drops from 302 K for the homopolymer I solution to 286 K for
the solution of copolymer V. In all cases the Tglob values are lower than the values for
volume phase transition temperature (VPTT), measured via macroscopic methods. For
example, in polymer V solutions, the globules initially appear at temperatures that are
15 degrees lower than VPTT measured via transmission. Similar formation of polymer
aggregates in graft copolymers P(NIPAM-g-PLA) was also observed previously by dynamic
light scattering (DLS) by Ksendzov et al. [5]. Aggregates of 17–23 nm could be already
detected at 283 K in 0.25 wt% of II and III aqueous solutions, with the formation of bigger
aggregates (50–75 nm) taking place above 303 K.

Table 3. Onset temperatures for globule formation in the solutions of P(NIPAM-g-PLA) in the
presence of Cu2+ ions measured via EPR.

System Concentration Tglob, K

I 10 wt% 302
III 5 wt% 298
III 10 wt% 296
IV 5 wt% 293
IV 10 wt% 294
V 5 wt% 286

At 276–323 K, the line shapes of the TEMPO spectra in the presence of Cu2+ ions do not
change significantly for all the studied copolymers. As the temperature rises, the volume
of the globules increases, resulting in increases for the spectral intensity (the corresponding
data for copolymer V solution is presented in Figure 3). Above 323 K, line narrowing
occurs, with the high-field component of TEMPO in all studied P(NIPAM-g-PLA) solutions
undergoing a high-field shift at 333 K in the presence of Cu2+ ions.

The narrowing of the spectra above 323 K apparently corresponds to the increase in
TEMPO mobility in the globules associated with the increase in the polymer chains mobility
in 5 wt% and 10 wt% solutions. In addition, oligolactide chains may swell in water at high
temperatures, also influencing spin probe mobility. The shift of the high-field component
may occur due to the probe exchange between the globules and the external solution. In
other words, the emerging inhomogeneities may be dynamic in nature.

The EPR spectra of TEMPO in 5 and 10 wt% P(NIPAM-g-PLA) solutions in the presence
of Cu2+ ions (type B species) at different temperatures were simulated within the slow-
motion model with anisotropic rotation of the nitroxide radical mostly hindered along the
X axis. An example of such simulation is presented in Figure 4. Selected paramagnetic and
dynamic parameters of the experimental EPR spectra at 343 K are presented in Table 4. Full
simulation results, including hfc constants, g-factors and rotational correlation times, are
given in Appendix A.
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Figure 4. EPR spectra of TEMPO in globules of polymer V solution (5 wt%, PBS) in the presence
of Cu2+ ions recorded at 353 K. Black line—experimental spectrum, red dots—simulated spectrum.
Parameters of simulated spectrum: giso = 2.00607, aiso = 1.60 mT, tcorr, x = 16 ns, tcorr, y = 0.3 ns,
tcorr, z = 1.7 ns (tcorr,iso =0.7 ns).

Table 4. Aiso, components of rotational correlation time tensors and isotropic rotational correlation
time of TEMPO (type B species) in P(NIPAM-g-PLA) solutions in the presence of Cu2+ ions at 343 K.

Polymer Concentration aiso, mT tcorr,x, ns tcorr,y, ns tcorr,z, ns tcorr,iso, ns

I 1,2 10 wt% 1.60 25 0.3 1.9 0.9
II 1 10 wt% 1.59 25 0.4 1.9 1.1
III 10 wt% 1.60 25 0.4 2.0 0.9
III 5 wt% 1.60 25 0.4 2.1 1.1
IV 10 wt% 1.60 19 0.4 2.2 1.1
IV 5 wt% 1.60 19 0.4 2.2 1.1
V 5 wt% 1.58 17 0.4 2.3 0.9

1 Data from modeling the spectra of TEMPO polymer solutions without Cu2+ ions. 2 [26].
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Isotropic hyperfine coupling constants (aiso) of TEMPO in the globules of copolymers
II–IV at 343 K are lower than those of TEMPO in the PBS solution and are similar to those
in the homopolymer I solution and in the individual TEMPO solution in nitromethane [37].
Notably, the polarity of polymer V globules is lower and similar to that in dimethylfor-
mamide [37]. The values of spin Hamiltonian (aiso, giso) and dynamic (rotational correlation
time tcorr) parameters of TEMPO in globules of III and IV do not depend on the concentra-
tion of the polymer and molecular mass of the oligolactide. This points to the rigidity and
the polarity of the globules being independent of polymer concentration (at 5–10 wt%) and
molar mass of oligolactide (600–1200 Da).

As the temperature increases from 343 K to 363 K, the aiso values of particles B in
the globules of copolymers III–V rises from 1.58–1.60 mT to 1.61–1.62 mT. The increase
in aiso may be associated with the probe molecule exchange between the polar external
solution and the hydrophobic globules. Since the aiso values in the external aqueous
solution are higher than in the globules, the exchange leads to an increase in the measured
value of aiso for species B. A similar exchange was observed in the aqueous solutions
of polyoxamers copolymers [27], indicating the presence of dynamic inhomogeneities in
solutions of copolymers.

The spin Hamiltonian and dynamic parameters of TEMPO evaluated from spectra
recorded in the presence of Cu2+ ions were used as initial for type B particles when
simulating the TEMPO spectra in P(NIPAM-g-PLA) solutions. The parameters for type
A species in the external aqueous solution were taken from the simulation of spectra
of TEMPO in the PBS solution (see Appendix A, Tables A1–A3). An example for the
deconvolution of the EPR spectrum of TEMPO in solutions of graft copolymers P(NIPAM-
g-PLA) into the individual spectra of species A and B is presented in Figure 5.
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When heating from 295 K to 363 K, the aiso value for type A TEMPO radicals in
P(NIPAM-g-PLA) solutions falls from 1.73 mT to 1.71 mT, indicating a decrease in water
polarity. These changes are similar to those reported for TEMPO in PBS. The paramagnetic
and dynamic parameters of type B species also change with temperature. The aiso value
is a constant up to 323 K, increasing from 1.58 mT to 1.62 mT at 363 K. This points to the
formation of dynamic inhomogeneities at temperatures as low as 323 K. In contrast, the
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hyperfine splitting constant of type B species in PNIPAM solutions does not change in the
range of 305–353 K, supporting the formation of static inhomogeneities. The temperature
dependence of average rotational correlation time tcorr,iso of type B probes in copolymer
solutions shows that for all copolymers, tcorr,iso reaches Tmax values, in the range of 308–313
K and 306 K for copolymers II–IV and for polymer V, respectively. A similar trend was
observed for PNIPAM solutions; however, Tmax was significantly higher (323 K).

Besides the paramagnetic and dynamic parameters of the spin probes in the globules,
the changes in TEMPO content in the globules vs. temperature were estimated from
the simulations of the EPR spectra. Apparently, the amount of type B probes increases
smoothly with an inflection point near VPTT (see Figure 6). Above 323 K, the content of
type B species is about 55–60% and 65–70% for 5 wt% and 10 wt% solutions, respectively.
Additionally, for the 5 wt% PBS solution (see Figure 6a), the changes in TEMPO content
with heating are smoother than those for the 10 wt% solutions for the same copolymer.
Hence, for copolymer IV, the temperature range of TEMPO content increasing up to the
stationary concentration is broader for the 5 wt% solutions (about 35 degrees), as compared
to the 10 wt% solutions (about 20 degrees). Moreover, the TEMPO content in the copolymer
globules increases more smoothly when passing the inflection points (see Figure 6b), in
contrast to the PNIPAM solutions, where the concentration of type B species rises steeply
with a 40% increase at LCST (305 K).
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4. Discussion

According to the spin probe EPR data, the coil-to-globule transition in the aqueous
solutions of graft copolymers of PNIPAM with oligolactide proceeds gradually in a broad
temperature range (about 20–35 degrees) where the first polymer aggregates form below
VPTT, confirmed via turbidimetry or DSC. These results agree with the data measured
for P(NIPAM-g-PLA) solutions via dynamic light scattering. However, the spin probe
approach in EPR spectroscopy not only allowed us to confirm the existence of nanoscopic
inhomogeneities at temperatures lower than VPTT but also to investigate the nature and
properties of these inhomogeneities, including their polarity and rigidity. According to the
aiso values of the spin probe in the globules at 300–315 K measured in the simulated EPR
spectra, the collapsed globules of P(NIPAM-g-PLA) are more hydrophobic than those of
PNIPAM. The hydrophobicity of the polymer surface usually determines the adhesion in
mammalian cells [38], as well as the adsorption of proteins [39] of extracellular matrices,
such as collagen and fibronectin. Hence, we assume that the surface of graft copolymers
will be more adhesive for cells and proteins.

The inhomogeneities in the studied solutions of graft copolymers formed via col-
lapsing polymer chains become dynamic once heated above VPTT. In other words, tracer
molecules are exchanged between the hydrophobic (mostly polymeric aggregates) and the
hydrophilic (external aqueous solution) media. This is supported by the increase in aiso, the
measured hyperfine coupling constant of the probes in the globules, to less “hydrophobic”
values, as well as by the increase in probe mobility in the polymeric globules. An increase
in grafting density results in the transformation of static inhomogeneities into dynamic
ones at lower temperatures. These temperatures may be regarded as the onset points of the
increase in aiso values, with the temperature values dropping with the increase in grafting
density. An increase in probe mobility related to the mobility of the polymer chains and
manifested itself as a decrease in rotational correlation time for the spin probes in the
globules, which also indicates the possibility of probe exchange between the hydrophobic
and hydrophilic environments. Apparently, the oligolactide groups in the graft copolymers
make the collapsed globules looser with a higher free volume, in comparison with PNIPAM,
adding as little as 3% of oligolactide results in the formation of dynamic inhomogeneities.
The increase in oligolactide content expands the temperature range, corresponding to the
existence of these inhomogeneities. The grafting density of oligolactide not only influences
the isotropic mobility of the probe in the globule but also affects the preferential directions
of its movement. According to the data in Table 4, the anisotropy of the tensor of rotational
diffusion diminishes with the increase in oligolactide content.

The differences in temperature dependences of TEMPO content in the polymer glob-
ules between 5 and 10 wt% solutions indicate smoother coil-to-globule phase transition
for lower polymer concentrations (see Figure 6). Apparently, polymer–polymer interac-
tions in the 10 wt% solutions below VPTT are stronger than in the 5 wt% solutions, and
these interactions may lead to a fast and sharp collapse for the globule [40]. In contrast,
the interactions between water molecules and polymer chains may prevail for the 5 wt%
solutions, with more steps required for hydrogen bond dissociation. Consequently, the
globule collapse occurs in a wider temperature range for more dilute solutions. Previously,
similar concentration dependences for the temperature ranges of coil-to-globule transitions
were measured for the 1–5 wt% PNIPAM aqueous solutions [41].

The observed peculiarities of coil-to-globule transitions in the aqueous solutions of
graft P(NIPAM-g-PLA) should be accounted for in the biomedical applications of these
copolymers. The inhomogeneities being already present in this system at 285 K together
with the broadened phase transition may result in some difficulties during the detachment
of cell sheets from the coatings based on graft P(NIPAM-g-PLA) copolymers. The poly-
mer chains and polymer aggregates may penetrate the extracellular matrix and inhibit
the process of detachment while cooling. On the other hand, the existence of dynamic
inhomogeneities at physiological temperatures (310 K) expands the range of possible appli-
cations for the studied polymers. The tracer molecule exchange between the globules and
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the solutions allows for the application of graft P(NIPAM-g-PLA) in tissue regeneration
as injectable drug-containing gels. The bioactive compounds captured by the collapsed
polymeric globules in the polymer gel could potentially be released in vivo due to the
exchange with the external solutions.

5. Conclusions

The spin probe technique of CW EPR spectroscopy was used to investigate coil-
to-globule transitions in the aqueous solutions of thermoresponsive graft copolymers
of NIPAM with biodegradable oligolactide chains upon heating from 276 K to 363 K.
According to the measured paramagnetic parameters of the spin probe (TEMPO) in the
globules, graft copolymer aggregates have lower polarity than those of PNIPAM. The
presence of dynamic inhomogeneities, allowing for the probe molecule exchange between
the hydrophobic and hydrophilic regions was observed at temperatures above Tmax. With
the graft density increasing, the P(NIPAM-g-PLA) globules become looser, with the probe
molecule exchange initiating at lower temperatures. The discovered peculiarities expand
the possibilities for the biomedical application of P(NIPAM-g-PLA) in tissue engineering as
injectable hydrogels.
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Appendix A. EPR Spectra Simulation Details

All CW EPR spectra simulations were performed with the MATLAB program package
employing the Easyspin (v. 5.2.28) toolbox [32]. The quality of fitting was controlled by the
calculation of root-mean-square deviation for the difference spectra. The root-mean-square
deviation obtained from simulations of all fitted spectra was less than 1%. Spectral and
dynamic parameters were obtained by fitting the simulated EPR spectra to experimental
data using least-squares fitting algorithms [42].

The simulations of the spectra of radicals in PBS and polymer solutions as spectra of
type A probes were carried out in an isotropic rotation model implemented as a ‘garlic’
function in Easyspin. Line broadening was defined in relation to isotropic rotation correla-
tion time, as well as via additional convolution of Gaussian and Lorentz line broadening. In
addition to the splittings on the 14N nuclei for type A probes, isotropic hyperfine splittings
on the 13C isotopes in six CH3-groups with aiso = 0.54 mT were accounted for. To simplify
the modeling procedure, we changed the abundances for carbon isotopes instead of adding
six paramagnetic nuclei. The following initial diagonal values of g-tensor and hyperfine
interaction aN-tensor were used:
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gx = 2.0092, gy = 2.0062, gz = 2.0023;

Axx = 0.73 mT, Ayy = 0.73 mT, Azz = 3.65 mT.

The simulations of the spectra of radicals in polymer globules (type B) were carried
out in a slow-motion mode with the ‘chili’ function of Easyspin. The slow-motion ‘chili’
model is based on the Schneider–Freed theory [33], solving equations for slow-tumbling
nitroxides. Line broadening was defined in relation to the anisotropic rotation correlation
time and additional Gaussian line broadening. The following initial diagonal values of
g-tensor and hyperfine interaction a-tensor were used:

gx = 2.0098, gy = 2.0061, gz = 2.0023;

Axx = 0.73 mT, Ayy = 0.73 mT, Azz = 3.35 mT.

The initial values of magnetic parameters were taken from [43]. In the simulation, only
the gx and Azz components were being varied, as they are more sensitive to the environment.
The isotropic giso and aiso values were calculated as averages of the diagonal elements:

giso =
1
3

(
gx + gy + gz

)
aiso =

1
3
(
Axx + Ayy + Azz

)
The rotational correlation times along the different axes and the line widths could only

be varied independently due to their simultaneous influence on the line shape. The aver-
aged (isotropic) correlation time tcorr,iso was calculated from isotropic rotational diffusion
constant using the following equations:

Drot =
1
3
(

Dxx + Dyy + Dzz
)

Drot =
1
6t

The spectra of TEMPO radicals in solutions (type A + type B) were simulated using
the ‘chili’ function in Easyspin. The initial parameters for type A probes were taken from
the spectra simulations of the TEMPO radical in PBS at different temperatures. The initial
parameters for type B probes were taken from the spectra simulations of the TEMPO
radical in the polymer solutions recorded in the presence of Cu2+ ions at 343–363 K. χB was
calculated from weight values of type B particles in the full EPR spectra, assuming that the
weight of type A particles was always equal to 1.

χB =
weight(B)

1 + weight(B)
· 100%

The uncertainties for simulated parameters were calculated, as recommended in [44]
and they were estimated as follows:

aiso ± 0.01 mT

giso ± 0.00003

tcorr,x ± 3 ns

tcorr,y ± 0.1 ns

tcorr,z ± 0.2 ns



Polymers 2022, 14, 4746 13 of 17

Table A1. Selected spectral parameters from simulation TEMPO EPR spectra in 5 and 10 wt%
solutions in the presence of a quencher at 343–363 K.

Polymer,
Concentration T, K giso aiso, mT tcorr,x, ns tcorr,y, ns tcorr,z, ns tcorr,iso, ns

I, 10 wt% 353 2.00615 1.60 21.9 1.9 0.3 0.7
III, 10 wt% 363 2.00620 1.62 17.8 0.2 1.0 0.6

353 2.00620 1.60 25.1 0.3 1.8 0.7
343 2.00617 1.60 25.1 0.4 2.0 0.9

III, 5 wt% 363 2.00610 1.62 17.8 0.3 1.1 0.7
353 2.00607 1.60 25.1 0.3 1.8 0.8
343 2.00607 1.60 25.1 0.4 2.1 1.1

IV, 10 wt% 363 2.00613 1.62 17.8 0.3 1.1 0.7
353 2.00613 1.60 17.8 0.3 1.9 0.8
343 2.00607 1.60 18.6 0.4 2.2 1.1

IV, 5 wt% 363 2.00597 1.62 17.8 0.3 1.1 0.7
353 2.00597 1.60 17.8 0.3 1.9 0.8
343 2.00590 1.60 18.6 0.4 2.2 1.1

V, 5 wt% 363 2.00610 1.61 9.8 0.2 1.0 0.5
353 2.00607 1.60 16.2 0.3 1.7 0.7
343 2.00607 1.58 16.6 0.4 2.3 0.9

Table A2. Selected spectral parameters from simulation TEMPO EPR spectra in 5 and 10 wt%
solutions at 295–363 K.

II, 10 wt% solution

T, K
Type A Type B

giso aiso, mT tcorr,iso, ps giso aiso, mT tcorr,iso, ns XB, %

360 2.00591 1.72 10.0 2.00609 1.62 0.7 68.1
350 2.00590 1.72 10.0 2.00611 1.60 0.8 68.2
340 2.0059 1.72 10.0 2.00606 1.59 1.1 68.1
330 2.00588 1.73 10.0 2.00602 1.58 1.3 67.7
320 2.00586 1.73 10.0 2.00598 1.57 1.7 66.9
315 2.00586 1.73 10.0 2.00595 1.57 1.8 65.8
310 2.00585 1.73 10.0 2.00588 1.57 1.9 65.5
308 2.00585 1.73 10.0 2.00589 1.57 1.9 63.4
306 2.00585 1.73 10.0 2.00588 1.57 1.9 58.5
304 2.00586 1.73 10.0 2.00587 1.57 1.8 51.3
303 2.00584 1.73 10.0 2.00587 1.57 1.8 48.3
302 2.00585 1.73 10.0 2.00587 1.57 1.7 42.4
360 2.00591 1.72 10.0 2.00609 1.62 0.9 68.1
350 2.00590 1.72 10.0 2.00611 1.60 0.8 68.2

III, 10 wt% solution

T, K
Type A Type B

giso aiso, mT tcorr,iso, ps giso aiso, mT tcorr,iso, ns XB, %

363 2.00591 1.71 10.0 2.00609 1.62 0.6 78.6
353 2.00590 1.72 10.0 2.00608 1.60 0.8 75.6
343 2.00590 1.72 10.0 2.00605 1.60 1.0 76.6
333 2.00589 1.72 10.0 2.00602 1.59 1.2 77.0
323 2.00587 1.73 10.0 2.00598 1.58 1.5 73.3
313 2.00586 1.73 10.0 2.00596 1.57 1.9 69.3
308 2.00585 1.73 10.0 2.00588 1.57 1.8 64.9
306 2.00585 1.73 10.0 2.00586 1.57 1.8 61.5
305 2.00585 1.73 10.0 2.00584 1.57 1.8 58.4
304 2.00583 1.73 10.0 2.00581 1.57 1.6 51.3
302 2.00580 1.73 10.0 2.00570 1.57 1.6 35.5
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Table A2. Cont.

III, 5 wt% solution

T, K
Type A Type B

giso aiso, mT tcorr,iso, ps giso aiso, mT tcorr,iso, ns XB, %

363 2.00584 1.71 10.0 2.00602 1.62 0.6 63.8
353 2.00583 1.72 10.0 2.00601 1.60 0.8 58.9
343 2.00582 1.72 10.0 2.00596 1.60 1.0 58.4
333 2.00581 1.72 10.0 2.00591 1.59 1.3 55.4
323 2.00580 1.73 10.0 2.00585 1.58 1.6 53.9
313 2.00580 1.73 10.0 2.00580 1.56 2.0 49.0
308 2.00580 1.73 10.0 2.00574 1.56 2.0 44.3
306 2.00579 1.73 10.0 2.00574 1.56 2.0 42.6
305 2.00579 1.73 10.0 2.00574 1.56 2.0 39.9
304 2.00579 1.73 10.0 2.00574 1.56 2.0 31.7
302 2.00579 1.73 10.0 2.00574 1.56 2.0 27.5

IV, 10 wt% solution

T, K
Type A Type B

giso aiso, mT tcorr,iso, ps giso aiso, mT tcorr,iso, ns XB, %

363 2.00586 1.71 10.0 2.00608 1.62 0.6 63.6
360 2.00586 1.71 10.0 2.00607 1.62 0.6 64.0
350 2.00585 1.72 10.0 2.00607 1.60 0.8 66.0
340 2.00585 1.72 10.0 2.00602 1.59 1.0 66.9
330 2.00584 1.72 10.0 2.00601 1.59 1.3 65.5
320 2.00584 1.73 10.0 2.00596 1.58 1.6 66.4
310 2.00584 1.73 10.0 2.00594 1.58 1.9 62.9
300 2.00584 1.73 12.4 2.00584 1.58 1.9 37.7
295 2.00585 1.73 18.7 2.00577 1.58 1.9 22.1

IV, 5 wt% solution

T, K
Type A Type B

giso aiso, mT tcorr,iso, ps giso aiso, mT tcorr,iso, ns XB, %

363 2.00594 1.71 10.0 2.00613 1.62 0.7 55.3
353 2.00593 1.72 10.0 2.00613 1.60 0.8 54.3
343 2.00592 1.72 10.0 2.00607 1.60 1.0 55.3
333 2.00591 1.72 10.0 2.00603 1.58 1.3 56.3
323 2.00590 1.73 10.0 2.00600 1.56 1.7 55.2
313 2.00589 1.73 10.0 2.00595 1.56 2.0 51.5
308 2.00590 1.73 10.0 2.00592 1.56 2.1 46.7
305 2.00589 1.73 10.0 2.00588 1.56 2.1 38.9
302 2.00591 1.73 10.0 2.00587 1.56 2.0 32.4
300 2.00591 1.73 11.0 2.00587 1.56 2.0 27.8
298 2.00588 1.73 12.2 2.00587 1.56 2.0 23.3
295 2.00593 1.73 12.2 2.00587 1.56 2.0 19.0
292 2.00590 1.73 12.2 2.00587 1.56 0.5 12.7
287 2.00586 1.73 12.2 2.00587 1.56 0.8 11.5
282 2.00590 1.74 12.2 2.00587 1.56 0.2 7.8
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Table A2. Cont.

V, 5 wt% solution

T, K
Type A Type B

giso aiso, mT tcorr,iso, ps giso aiso, mT tcorr,iso, ns XB, %

343 2.00585 1.72 10.0 2.00603 1.58 1.0 54.1
333 2.00585 1.72 10.0 2.00595 1.58 1.4 54.0
323 2.00583 1.73 10.0 2.00587 1.56 1.9 56.1
313 2.00577 1.73 10.0 2.00587 1.56 1.9 49.8
308 2.00576 1.73 10.0 2.00587 1.56 1.9 42.7
306 2.00576 1.73 10.0 2.00587 1.56 2.2 41.0
302 2.00575 1.73 10.0 2.00587 1.56 0.8 28.5
300 2.00575 1.73 11.3 2.00587 1.56 0.8 24.3
298 2.00575 1.73 11.3 2.00587 1.56 0.8 19.2
296 2.00576 1.73 11.3 2.00587 1.56 1.2 19.6

Table A3. Selected spectral parameters from simulation TEMPO EPR spectra in PBS at 273–353 K.

T, K aiso, mT tcorr,iso, ps

273 1.74 12.1
283 1.74 10.9
293 1.73 10.0
303 1.73 10.0
313 1.73 10.0
323 1.73 10.0
333 1.72 10.0
343 1.72 10.0
353 1.72 10.0
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