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Preface to ”Advances in Thermoresponsive Polymers”

Stimuli-responsive polymers are leading to a breakthrough in many fields, from biomedicine

to oil and gas, to advanced separations. The possibility introduced by these materials to

dynamically respond to environmental changes, mimicking the complex behavior of naturally

occurring macromolecules that regulate fundamental living functions by responding to external

stimuli, allows accessing complex applications that could not even be imagined before. Among these

materials, thermoresponsive polymers, able to respond to temperature changes with a sharp and

often reversible phase separation, are attracting growing attention from the literature, as confirmed by

the exponential increase in the scientific publications about this topic in the last twenty years. This is

due to the spontaneous occurrence of thermal gradients and to the possibility of applying temperature

stimuli quite easily and inexpensively, which makes thermoresponsive polymers extremely appealing

in medical and industrial settings. Given the interest towards these materials, in this work entitled

“Advances in Thermoresponsive Polymers”, the recent advances in the field are reported. The

aim is to provide a clear picture of the frontiers reached in the understanding of the mechanistic

behavior associated with the temperature-induced phase separation, the influence of the polymer

structure in regulating the macroscopic behavior of these materials and the latest applications for

which thermoresponsive polymers show great potential.

Mattia Sponchioni

Editor
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Abstract: Thermo-responsive nanoparticles (NPs), i.e., colloids with a sharp and often reversible
phase separation in response to thermal stimuli, are coming to the forefront due to their dynamic
behavior, useful in applications ranging from biomedicine to advanced separations and smart optics.
What is guiding the macroscopic behavior of these systems above their critical temperature is
mainly the microstructure of the polymer chains of which these NPs are comprised. Therefore, a
comprehensive understanding of the influence of the polymer properties over the thermal response
is highly required to reproducibly target a specific behavior. In this study, we synthesized thermo-
responsive NPs with different size, polymeric microstructure and hydrophilic-lipophilic balance
(HLB) and investigated the role of these properties over their phase separation. We first synthesized
four different thermo-responsive oligomers via Reversible Addition-Fragmentation Chain Transfer
(RAFT) Polymerization of poly(ethylene glycol)methyl ether methacrylate. Then, exploiting the
RAFT living character, we chain-extended these oligomers with butyl methacrylate obtaining a
library of NPs. Finally, we investigated the NP thermo-responsive behavior, their physical state
above the cloud point (Tcp) as well as their reversibility once the stimulus is removed. We concluded
that the solid content plays a minor role compared to the relative length of the two blocks forming
the polymer chains. In particular, the longer the stabilizer, the more favored the formation of a gel.
At the same time, the reversibility is mainly achieved at high HLB, independently from the absolute
lengths of the block copolymers.

Keywords: polymeric nanoparticles; emulsion polymerization; RAFT; thermo-responsive polymers;
smart materials; LCST; phase diagram; phase separation

1. Introduction

Polymeric nanoparticles (NPs) have been extensively studied since the middle of
the previous century for their appealing and controllable interfacial and composition
properties [1–3]. These features determined their consolidation in several fields, such as
coating [4], painting [5], textile [6], or cosmetics [7].

Nowadays, these colloids are mainly produced via free radical emulsion polymeriza-
tion (FRPe) [8]. This technique allows the synthesis of concentrated (up to 50–60% w/w) NP
suspensions, commonly referred to as latexes, directly in water, avoiding the use of any
organic solvent [9,10]. Although economically viable and brought to a multi-ton scale to
satisfy the ever-increasing market demand for polymer latexes, one of the main drawbacks
of FRPe is the limited control over the polymer microstructure and hence over the NP
physico-chemical properties [11,12].

In the last decades, this limitation was progressively overcome by the advent of con-
trolled radical polymerizations, which gave new lymph to the field [13–15]. In particular,
the high control over the polymer chain microstructure achievable with these polymeriza-
tion techniques paved the way to highly engineered colloids [16–22], contributing to the
spreading of the NP technology towards previously unexplored applications.

1



Polymers 2021, 13, 1032

In a similar direction, such controlled radical polymerizations were exploited to tune
the response of a particularly appealing class of NPs, the so-called stimuli-responsive NPs,
i.e., colloids with a sharp and often reversible phase separation behavior in response to
external stimuli. Among the different stimuli that can be exploited to trigger such behavior
(e.g., pH [23], temperature [24–28], CO2 [29,30], redox potential [31]), the temperature
is surely one of the most interesting, promising and versatile. In fact, the possibility of
applying thermal stimuli in a controlled way, coupled with the natural occurrence of
thermal gradients in living organisms, made thermo-responsive materials attractive for
several applications.

In the literature, two opposite behaviors are reported for thermo-responsive polymers.
With reference to the phase diagram, namely the diagram of temperature vs. polymer
volume fraction, for a solvent/polymer binary mixture, the thermo-responsive polymers
can be miscible with the solvent in any proportion below their binodal curve, while
phase separating in a polymer-rich phase above it. The minimum of this curve is called
lower critical solution temperature (LCST), while each other point is commonly referred
to as cloud point (Tcp), since the formation of polymer-rich droplets above this critical
temperature often determines the cloudiness of the system. Oppositely, the binodal curve
can form a maximum, known as upper critical solution temperature (UCST), with the
thermo-responsive polymer being miscible with the solvent above this curve, while phase
separating below it [24,32,33]. Despite examples of both kinds of systems have been
reported, the easier capability of modulating the Tcp and the almost insensitivity of their
phase behavior to environmental properties rendered polymers with a LCST the most
studied. These have been successfully investigated in many different applications ranging
from pharmaceutical [17,24,34–36] to oil and gas [37] industries.

What clearly appears from these studies is that the peculiar microstructure of the
chains constituting the final NPs has a tremendous impact on the macroscopic thermo-
responsive behavior of these colloids, including their reversibility (i.e., the capacity to
recover the original physico-chemical properties when the stimulus is removed) [38]. At
the same time, guidelines for the selection of the polymer chain requisites necessary to
access a desired macroscopic behavior are lacking.

In this work, with the aim of rationalizing this concept, we considered NPs con-
stituted by amphiphilic block copolymers comprising a thermo-responsive chain and a
hydrophobic portion and systematically investigated the impact of the length of each
chain on the final thermo-responsive behavior. In particular, we first synthesized four
different thermo-responsive macromolecular chain transfer agents (macro CTAs) via re-
versible addition-fragmentation chain transfer (RAFT) polymerization. This technique
allows to set a priori the average degree of polymerization (n) of the oligomers by simply
changing the thermo-responsive monomer (in our case, oligo(ethylene glycol)4 methyl
ether methacrylate, hereinafter EG4) to chain transfer agent (CTA) molar ratio. The choice
of this thermo-responsive monomer instead of the more common N-isopropylacrylamide
(NIPAM) was driven by the higher biocompatibility and poor hysteresis of EG4 that con-
tributed to intensify the research towards this compound [17]. Then, exploiting the living
nature of the RAFT polymerization, we chain-extended these macro CTAs with butyl
methacrylate (BMA) and targeted different chain lengths (p). The adoption of the RAFT
emulsion polymerization allowed us to obtain the formation of NPs with a lipophilic core
and a thermo-responsive shell (nEG4-pBMA) directly in water. These colloids are expected
to be stable as long as the temperature is kept below the Tcp. In fact, in this configuration
the thermo-responsive chains should be well hydrated providing steric stabilization to
the colloids. On the contrary, as soon as the temperature is raised above the Tcp, a sharp
coil-to-globule transition of the EG4 moieties is expected. With the thermo-responsive
chains collapsing on the NP surface, the colloidal stability is lost, which leads to the NP
aggregation, as schematically reported in Scheme 1. For each combination of n and p, we
evaluated the physical state (precipitate or gel in Scheme 1) of the separated phase as well
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as the reversibility of these aggregates once the temperature is lowered again below the
Tcp and concluded on the factors governing such macroscopic behavior.

 

′

′
≥

≥
≥

Scheme 1. Schematic representation of the expected thermo-responsive behavior for NPs stabilized by a thermo-
responsive polymer.

2. Materials and Methods

2.1. Materials

4-Cyano-4-(phenyl-carbonothioylthio) pentanoic acid (CPA, MW = 279.38, 99%, Sigma
Aldrich, Saint Louis, MO, USA), 2,2′-azobis(2-methylpropionamidine)dihydrochloride
(V-50, MW = 271.19, 98%, Acros Organics, Geel, Belgium), poly(ethylene glycol)methylether
methacrylate (EG4, MW = ca300, Sigma Aldrich, Saint Louis, MO, USA), 4-4′-azobis
(4-cyanovaleric acid) (ACVA, MW = 280.28, Sigma Aldrich, Saint Louis, MO, USA), butyl
methacrylate (BMA, ≥99%, MW = 142.20, Fluka Chemika, Buchs, Switzerland), diethyl
ether (99.7%, MW = 74.12, Sigma Aldrich, Saint Louis, MO, USA), deuterated chloroform
(CDCl3, 99.8%, MW = 120.38, Sigma Aldrich, Saint Louis, MO, USA), ethanol (EtOH,
MW = 46.07, ≥99.8%, Sigma Aldrich, Saint Louis, MO, USA), and tetrahydrofuran (THF,
≥99.9%, MW = 72.11, Sigma Aldrich, Saint Louis, MO, USA) were used as received.

2.2. Synthesis of the Thermo-Responsive Macro CTAs

Four different thermo-responsive macro CTAs were synthesized via RAFT polymer-
ization of EG4 using ACVA as initiator and CPA as CTA. The ACVA to CPA molar ratio
(IA) was kept equal to 1/3 for all the syntheses while the EG4 to CPA molar ratio (n) was
varied in order to obtain different degrees of polymerization (i.e., n = 40, 60, 80, and 100).
The polymerizations were carried out in ethanol at a monomer concentration equal to
20% w/w. Briefly, to synthesize the macro CTA with n = 80, hereinafter 80EG4, 8 g of EG4
(26.6 mmol), 0.093 g of CPA (0.33 mmol, i.e., EG4/CPA = 80 mol/mol), and 0.031 g of
ACVA (0.11 mmol, i.e., IA = 1/3 mol/mol) were placed in a round bottom flask equipped
with a magnetic stirrer. Then, 32.5 g of ethanol were added and the solution was purged
with nitrogen for 20 min. The reaction was let occurring at 65 ◦C for 24 h under stirring
at 300 rpm. The solution was then purified through three consecutive precipitations in
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diethyl ether in order to remove all the impurities and the unreacted monomer. At the
end of the purification process, the solution was centrifuged for 10 min at 5000 rpm to
separate the two phases and the polymer pellet was recovered and dried inside a vacuum
drying oven (VACUCELL) at 35 ◦C overnight. Finally, the polymer was stored at −20 ◦C.
Aliquots of the samples were dissolved in deuterated chloroform (CDCl3) at a concentra-
tion equal to 14 mg/mL and analyzed via nuclear magnetic resonance (1H-NMR) on a
Bruker Ultrashield 400 MHz spectrometer (Bruker, Billerica, MA, USA) with 64 scans (see
reaction scheme and spectrum in Figure S1). The monomer conversion and average degree
of polymerization, n, were calculated according to Equations (S1) and (S2), respectively,
and the results are summarized in Table S1.

In order to calculate the number-average molecular weight (Mn) and dispersity (Ð),
the samples were dissolved in tetrahydrofuran (THF) at a concentration of 4 mg/mL,
filtered through a 0.45 µm polytetrafluoroethylene (PTFE) membrane and injected in a
Jasco LC-2000Plus (Jasco, Easton, MD, USA) gel permeation chromatograph (GPC). The
analysis was performed at a flow rate of 1 mL/min and at a temperature equal to 35 ◦C.
Three styrene/divinyl benzene columns in series (300 × 8 mm2, particle size 5 µm, pore
size 1000, 105 and 106 A, respectively) were used for the separation and the signal collected
with a refractive index (RI) detector. A pre-column (50 × 8 mm2) was added before the
first column. The instrument calibration was performed with polystyrene standards.

2.3. Synthesis of Amphiphilic Block Copolymers Self-Assembled into NPs

The thermo-responsive macro CTAs were chain-extended with butyl methacrylate via
RAFT emulsion polymerization in order to produce amphiphilic block copolymers self-
assembled into NPs. These block copolymers, hereinafter nEG4-pBMA, were synthesized
setting the initiator to macro CTA molar ratio to 1/3 and varying the BMA to macro CTA
molar ratio (p) in order to obtain copolymers with different degrees of polymerization. The
polymerization was performed in water at a concentration equal to 20% w/w.

For example, in the synthesis of 80EG4-500BMA (i.e., molar ratio between BMA and
80EG4 equal to 500), 1 g of BMA (7 mmol), 0.363 g of 80EG4 (0.015 mmol, i.e., BMA/80EG4
= 500 mol/mol), and 1.27 mg of V-50 (0.005 mmol, i.e., V-50/80EG4 = 1/3 mol/mol) were
mixed in 3.64 g of distilled water. The suspension was purged with nitrogen for 20 min at
room temperature to avoid side reactions, mixed using a vortex and placed in a pre-heated
oil bath at 50 ◦C under magnetic stirring for 24 h.

At the end of the reaction, the NP suspensions were placed in a cellulose membrane
(Spectra/Por) with a molecular weight cut-off of 3.5 kDa and were dialyzed against distilled
water for 48 h.

The reaction conversion was first evaluated via thermogravimetric analysis performed
on an Ohaus MB35 moisture analyzer [6] and then confirmed via 1H-NMR (Figure S2,
Equation (S3)) following the same procedure described in Section 2.2. From the 1H-NMR
spectrum, the actual p was calculated according to Equation (S4). The block copolymer
Mn and Ð (Table S2) were measured via GPC according to the procedure described in
Section 2.2.

The NP size (reported in terms of Z-average, indicated as Dn) and polydispersity
index (PDI) were measured via dynamic light scattering (DLS) on a Zetasizer Nano ZS
(Malvern, UK) at a scattering angle of 173◦ (Table 1). Each sample was diluted before
the analysis to a concentration equal to 1% w/w and analyzed in triplicate with 13 runs
per measurement.
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Table 1. Size (Dn), polydispersity index (PDI) and temperature of cloud point (Tcp) of the NP synthe-
sized.

Sample Dn [nm] PDI [-] Tcp [◦C] HLB [-]

40EG4-100BMA 58.9 ± 0.3 0.15 ± 0.01 64 9.1
40EG4-200BMA 72.6 ± 0.7 0.11 ± 0.01 65 5.9
40EG4-300BMA 135.9 ± 0.7 0.12 ± 0.01 63 4.5
40EG4-500BMA 194.9 ± 3.1 0.08 ± 0.01 63 2.8
40EG4-1000BMA 412.5 ± 3.5 0.09 ± 0.01 64 1.6
40EG4-3000BMA 1251.8 ± 94.1 0.07 ± 0.01 62 0.6
60EG4-150BMA 48.6 ± 0.2 0.15 ± 0.03 65 9.3
60EG4-275BMA 73.3 ± 0.5 0.05 ± 0.02 65 6.2
60EG4-400BMA 125.2 ± 0.8 0.03 ± 0.02 64 4.8
60EG4-725BMA 192.7 ± 0.1 0.06 ± 0.02 64 2.9
80EG4-450BMA 110.3 ± 2.4 0.22 ± 0.01 64 5.9
80EG4-650BMA 160.6 ± 2.1 0.05 ± 0.01 63 4.2
80EG4-850BMA 177.3 ± 1.8 0.04 ± 0.08 63 3.5
100EG4-275BMA 57.7 ± 2.1 0.05 ± 0.10 66 9.2
100EG4-600BMA 102.1± 0.9 0.03 ± 0.01 64 5.9
100EG4-850BMA 126.6 ± 2.5 0.03 ± 0.03 65 4.5

100EG4-1200BMA 168.9 ± 4.1 0.03 ± 0.04 64 3.1

The block copolymer hydrophilic-lipophilic balance (HLB, Table 1) was calculated
according to Equation (1):

HLB = 20
Mh

Mt
(1)

where Mh is the molecular mass of the hydrophilic portion of the molecule (i.e., the thermo-
responsive portion in our case), and Mt is the molecular mass of the whole molecule. This
value is a number comprised within 0–20 with a value of 0 corresponding to a completely
lipophilic molecule and a value of 20 corresponding to a completely hydrophilic molecule.

2.4. Study of the Thermo-Responsive Properties

The NP cloud point (Tcp) was calculated via DLS analyzing the inflection points of
Dn vs. temperature curves [17]. The temperature was ramped from 25 ◦C up to 70 ◦C at
intervals of 1 ◦C, leaving 120 s of equilibration time before each measurement.

In order to evaluate the NP reversibility, all the samples were diluted at 20%, 10%,
5%, and 1% w/w and placed in a pre-heated oven at 80 ◦C for 1 h. At the end of the
heating procedure, the NPs were removed and left to equilibrate at room temperature for
an additional hour.

The samples showing a reversibility (i.e., turned again cloudy) were analyzed via DLS
in order to compare their actual size with the original one (i.e., before the heating procedure).

3. Results and Discussion

Thermo-responsive amphiphilic block copolymers with a well-defined microstructure
and self-assembled into NPs were synthesized via two consecutive RAFT polymerizations.

We first synthesized four thermo-responsive macro CTAs (nEG4, with n equal to 40,
60, 80, and 100, respectively) through RAFT solution polymerization of EG4 in ethanol.
High monomer conversion (>94%), poor Ð (<1.2) and controllable Mn were obtained (see
Table S1 in the Supporting Information). In fact, one peculiarity of the RAFT process is the
possibility of setting a priori the desired molecular weight by simply changing the monomer
to CTA molar ratio (n) as shown in Equation (2) [39].

MnmCTA = MCTA + nXMEG4 (2)

being X the monomer conversion, MnmCTA , MCPA and MEG4 the molecular weights of the
produced macro CTA (i.e., number-average molecular weight), CTA and EG4 respectively.

5
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This Equation is validated by the linear increase in Mn reported in Figure 1a for different
values of n. At the same time, the RAFT polymerization ensures that the actual n of the
product, as measured through 1H-NMR, closely matches the target value, as shown in the
comparative plot reported in Figure S3a, thus granting a good control over the polymer
average chain length.

𝑀௡೘಴೅ಲ = 𝑀஼்஺ + 𝑛𝑋𝑀ாீర𝑀௡೘಴೅ಲ

Figure 1. (a) Number average molecular weight as function of the degree of polymerization of the thermo-responsive block
(b) Tcp as a function of the degree of polymerization of the thermo-responsive block (c) Normalized chromatograms of
the block copolymers synthesized from 100EG4 having p equal to 0 (black), 275 (light blue), 600 (grey), 850 (red), and 1200
(blue), respectively. ir represents the normalized intensity of the refractive index detector. (d) Number-average molecular
weight as a function of the degree of polymerization of the lipophilic block for polymers having n equal to 40 (square), 60
(circle), 80 (triangle), and 100 (star), respectively.

It is worth noticing that this increase in the polymer molecular weight is not followed
by a change in its Tcp, which changed in a very narrow range between 62 and 66 ◦C, as
demonstrated in Figure 1b. The phase separation at this temperature may find application
in the oil and gas filed, where thermo-responsive polymers can be applied as viscosity
modifiers or to enhance the emulsification/separation of oil in water during the so-called
enhanced oil recovery [37,40,41]. However, we would like to point out that with this work
we are not aiming at a particular application. Rather, EG4 was selected as a representative of
the oligo(ethylene glycol)methyl ether methacrylates, with a controllable phase separation.
The Tcp of these polymers can be readily adjusted to the desired value by choosing the
appropriate oligo(ethylene glycol) chain length or by copolymerization with hydrophilic
(i.e., Tcp increases) or hydrophobic (i.e., Tcp decreases) monomers [24]. The poor sensitivity
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of the Tcp to the molecular weight for this class of polymers, quite expected for LCST-type
polymers at least for these low values of n, allows to obtain a portfolio of macro CTAs with
comparable Tcp and different Mn.

These macro CTAs were then chain-extended with BMA via RAFT emulsion poly-
merization to obtain amphiphilic block copolymers self-assembled into NPs. Different
degrees of polymerization for the polyBMA portion (p) were targeted. Again, the RAFT
polymerization ensured to achieve values of p very close to the target (Figure S3b). In
addition, all the copolymers synthesized presented high monomer conversion (>95%) and
poor Ð (<1.4, Table S2) as expected from a controlled radical polymerization. The possibility
of forming well-defined block copolymers is further demonstrated by the high blocking
efficiency. In fact, in most of the samples, the macro CTA showed high conversion during
the polymerization as its characteristic peak is strongly reduced in intensity in the GPC
chromatogram of the block copolymers. This is shown as an example in Figure 1c for the
100EG4-pBMA samples. The peak of the macro CTA at 24.5 min is seen as a shoulder in
the chromatogram of the 100EG4-1200BMA, while it is not separated and resolved in all
the other samples, suggesting high conversion. Indeed, for these samples, low molecular
weight tails that could hide the signal from the macro CTA were recorded. However, their
intensity is quite small compared to that of the main copolymer distribution, suggesting
that in the worst scenario the residual macro CTA concentration is low as well.

This two-step RAFT polymerization strategy provides two degrees of freedom (n
and p) enabling to independently control the partition of the thermo-responsive and
hydrophobic units and the copolymer Mn, according to Equation (3) (Figure 1d):

Mn = MnmCTA + pXMBMA = MCTA + nMEG4 + pXMBMA (3)

with MBMA and Mn being the BMA and final block-copolymer number-average molecular
weight, respectively. In particular, through the tuning of n and p it is possible to produce
copolymers with the same Mn and different hydrophilic-to-lipophilic balance (HLB). To
rationalize this concept, we calculated for all the samples (Table 1) the corresponding
HLB (Equation (1)), which was found to play a relevant role in dictating the macroscopic
thermo-responsive behavior, as discussed in the following. The HLB could be varied in the
range 1–10 and, therefore, block copolymers from very hydrophobic to slightly hydrophilic
could be produced with this approach.

Another advantage of using the RAFT emulsion polymerization is the simultaneous
synthesis of the copolymer and its self-assembly into NPs at high solid content. The high
control in the block copolymer synthesis allows the formation of colloids with tunable size
(Dn) and poor polydispersity indexes (PDI) as clearly shown in Table 1.

In particular, the two-step approach adopted in this work makes the NP size a function
of n and p (Equation (4)) [39], thus providing the opportunity of decoupling Dn from
the polymer molecular weight and in turn of obtaining NPs with comparable size but
different microstructure:

Dn =
6 p MBMA

A N ρ
=

6 p MBMA

(α + nβ) N ρ
(4)

with MBMA being the molecular weight of BMA, ρ the density of the lipophilic chains, N the
Avogadro number, A the area on the NP surface covered by a single polymeric chain, α and
β two constants characteristic of the polymer. In particular, A is a function of the molecular
weight of the hydrophilic portion of the block copolymer when amphiphilic stabilizers as
nEG4 are used at a concentration higher than their critical micellar concentration (CMC).
In this case, the lipophilic backbone is expected to dispose tangentially to the NP surface
with the hydrophilic moieties exposed to the bulk. In a similar conformation, the higher
n (and in turn Mn of the stabilizer), the higher the portion of the surface that it is able to
cover and, in turn, the lower the average NP size [39]. The NP synthesized in this work are
in line with this prediction and their size, at given p, decreases with n as clearly visible in
Figure 2a. In fact, the higher n the higher the surface area covered by a single chain with a
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consequent reduction in the NP size (Equation (4)). Moreover, a linear increase in the NP
size with p, at a given n, is obtained independently from the stabilizer used (Figure 2a).

𝐷௡ = 6 𝑝 𝑀஻ெ஺ 𝐴 𝑁 𝜌 =  6 𝑝 𝑀஻ெ஺ ሺ𝛼 + 𝑛𝛽ሻ 𝑁 𝜌𝑀஻ெ஺ 𝜌 𝑁𝐴𝛼 𝛽

Figure 2. (a) NP size (Dn) as a function of p in the case of n equal to 40 (square), 60 (circle), 80
(triangle), and 100 (star), respectively. (b) NP size as function of external temperature in the case of
80EG4-650BMA.

It is worth mentioning that a broad range of Dn can be accessed with this strategy,
from around 50 nm up to 1 µm (i.e., 40EG4-3000BMA). This is a remarkable result for
colloids produced via RAFT emulsion polymerization, which typically leads to NPs with
an upper size limit of 500 nm [42].

The high control achievable with this two-step RAFT polymerization strategy allows
the formation of a wide portfolio of colloids with different size and HLB suitable for
a systematic analysis of the impact of these parameters over the macroscopic thermo-
responsive behavior.

First, we measured the Tcp of the different samples via DLS, according to the procedure
described in Section 2.4. All the NPs show a similar trend with a sharp change in their
size from nm to few µm once the Tcp is reached (Figure 2b). It is worth mentioning
that the absolute value of the size reached above the Tcp should be only considered as
an indication, since at this size scale the gravity causes the sedimentation of the larger
aggregates already within the time of the analysis. What is reliable is the dynamic of
the phase separation, which is due to the loss of steric stability. In fact, once the Tcp is
overcome, the thermo-responsive shell collapses on the NP core leading to aggregation
(Scheme 1). It is worth noticing that the Tcp is independent from p for all the n considered
(Table 1). In fact, the high conversions obtained in the synthesis of the stabilizer coupled
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with the high compartmentalization achievable with the RAFT emulsion polymerization
permits to obtain a library of NPs with a transition temperature that is dependent only on
the thermo-responsive monomer chosen [17–25].

After having demonstrated that all of the samples exhibit a thermo-responsive be-
havior, their physical state above the Tcp as well as their reversibility once the thermal
stimulus is removed were systematically investigated and related to the three degrees of
freedom characterizing the system, i.e., solid content, n and p.

We explored the thermo-responsive behavior at four different concentrations, namely
1, 5, 10, and 20% w/w according to the procedure described in Section 2.4. Interestingly,
no significant effects of NP concentration over their reversibility were noticed for all of
the NPs analyzed, as visible in Figure S4. Thus, samples with a reversible transition at
given n and p, are so at any of the concentrations tested. Moreover, only a modest effect
on the NP physical state above the Tcp was observed with a tendency to the formation of
gel when the concentration is increased. Then, the effect of n and p was investigated in
details at a fixed concentration of 20% w/w. We divided the phase diagram into four classes
depending on the NP reversibility as well as the physical state of the aggregate above the
Tcp. In particular, we individuated two possible physical states, namely precipitate and gel
(Figure S5). In the former, the destabilization led to the NP aggregation and precipitation
of a bulky polymer phase, while in the case of the gel, the destabilization involved the
whole mass of the sample, leading to a self-standing monolith. Both of these states can be
reversible or irreversible depending on the capability of the NPs to recover their original
size once the thermal stimulus is removed, as shown for example in Figure S6 for the
sample 60EG4-150BMA. The four different behaviors are indicated in the phase diagram of
Figure 3a as reversible precipitate, irreversible precipitate, irreversible gel, and reversible
gel, respectively. In general, we observed that an increase in p always led to a progressive
loss in the reversibility of the phase separation, independently from the n considered. This
behavior can be justified considering that an increase in p is associated with an increase in
the NP lipophilicity, leading to stronger hydrophobic interactions between the aggregated
NPs. This hypothesis is supported by the evidence that by counter-balancing the increase
in lipophilicity of the block copolymer with an increase in the thermo-responsive portion
(i.e., n), the range of p leading to reversible transitions is expanded. In addition, n seems
to play a relevant role in the physical state of the phase separated system, favoring the
formation of hydrogels. This may be attributed to the decrease in the NP size, and then to
an increase in their number, associated with an increase in n, when the solid content is fixed.
This higher number of particles, together with the partial shell interpenetration could lead
to a percolating system, in which at a critical NP distance the system stops flowing forming
a self-standing gel [43].

Since, as shown, a change in p and n is always accomplished with a variation in the
NP size making the understanding of the real impact of these parameters difficult, we re-
analyzed the samples as a function of their HLB (Equation (1)). Interestingly, it was found
that NPs with comparable HLB present similar size (Figure S7). Moreover, the decreasing
trend of Dn with the HLB observed for all the n considered is in line with Equation (4).
Grouping NPs with similar size allows to understand the impact of the absolute length of
both blocks on the NP reversibility. In fact, as visible from Figure 3b, for HLB lower than
4.5, an irreversible aggregation is obtained independently from the n considered. However,
the systems stabilized by shorter n (40 and 60 in Table S1) are more prone to the reversibility
(achieved at lower HLB compared to the samples with n = 80 and 100). This result suggests
that the longer the stabilizer, the lower the NP reversibility when size and lipophilicity
are fixed, which may be due to a certain interaction between the thermo-responsive shells.
Hence, a fine tuning of the block copolymer microstructure allows to decouple the NP size
and HLB from their thermo-responsive response.
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Figure 3. (a) Phase diagram reporting the physical state of the NP suspension above its Tcp at a fixed concentration of 20%
w/w being RP, reversible precipitate, IP, irreversible precipitate, IG, irreversible gel, and RG, reversible gel, respectively. (b)
Phase diagram reporting the reversibility of the phase separation at a given concentration of 20% w/w and as a function of
the HLB of the block copolymer and n.

4. Conclusions

In this work, we correlated the macroscopic behavior of thermo-responsive NPs with
the microstructure of the block copolymer they are made up of. The use of two sequential
RAFT polymerization steps allows the synthesis of colloids with high blocking efficiency
and controllable properties including size, molecular weight, HLB and microstructure.
Moreover, exploiting the two degrees of freedom that this procedure allows, it was possible
to decouple all the NP properties in order to better clarify the role of each parameter over
the final macroscopic behavior.

First, it was found that the solid content does not play a significative role on the
properties of these systems. In general, a decrease in the nanoparticle size is accomplished
with a better reversibility of the system and a major tendency to form gel. However, this
behavior is impacted also from the absolute length of both the portions (n and p) of the
block copolymers that form the NP. In fact, NPs with comparable HLB and size recover
their reversibility more easily when the stabilizing block is shorter.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13071032/s1, Figure S1: 1H-NMR spectrum of 60EG4; Figure S2: 1H-NMR spectrum of
60EG4-400BMA; Figure S3: (a) thermo-responsive polymer degree of polymerization calculated via
1H-NMR (nNMR) as a function of the EG4/CTA mole ratio (ntarget). (b) hydrophobic block degree
of polymerization calculated via 1H-NMR (pNMR) as function of the BMA/macro CTA mole ratio
(ptarget); Figure S4: Phase diagram reporting the reversibility of the phase separation as a function
of the NP concentration and p in the case of n equal to 40 (a), 60 (b), 80 (c) and 100 (d), being
RP = Reversible Precipitate, IP = Irreversible Precipitate, IG = Irreversible Gel and RG = Reversible
Gel, respectively; Figure S5: NP forming a precipitate (left) or a hydrogel (right) once the temperature
is increased above the Tcp; Figure S6: NP size as function of temperature during heating (triangle)
and cooling (star) in the case of 60EG4-150BMA; Figure S7: NP size as function of block copolymers
HLB in the case of n equal to 40 (square), 60 (circle), 80 (triangle) and 100 (star); Table S1: conversion
(X), degree of polymerization (n), number-average molecular weight (Mn) and dispersity (Ð) of the
macro CTAs synthesized; Table S2: conversion (X), degree of polymerization (n, p), number-average
molecular weight (Mn) and dispersity (Ð) of the block copolymers synthesized; Equation (S1): EG4
conversion; Equation (S2): Degree of polymerization for the macro CTA from the corresponding
1H-NMR spectrum; Equation (S3): BMA conversion; Equation (S4): Degree of polymerization for the
polyBMA from the corresponding 1H-NMR spectrum.
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Abstract: Coil to globule transition in poly(N-isopropylacrylamide) aqueous solutions was studied
using spin probe continuous-wave electronic paramagnetic resonance (CW EPR) spectroscopy with
an amphiphilic TEMPO radical as a guest molecule. Using Cu(II) ions as the “quencher” for fast-
moving radicals in the liquid phase allowed obtaining the individual spectra of TEMPO radicals in
polymer globule and observing inhomogeneities in solutions before globule collapsing. EPR spectra
simulations confirm the formation of molten globules at the first step with further collapsing and
water molecules coming out of the globule, making it denser.

Keywords: thermoresponsive polymers; electronic paramagnetic resonance; spin probe; nitroxides;
coil to globule

1. Introduction

Thermoresponsive polymers are of great interest because they undergo coil-to-globule
transitions of single-polymer chains in polar solvents near the lower critical solution
temperature (LCST) [1–3]. This peculiarity gives them potential for biomedical and phar-
maceutical applications such as drug and gene delivery, tissue engineering, cell expansion,
sensors, microarrays, and imaging [4–9]. Phase transition in the thermoresponsive poly-
mers solutions passes due to molecular interaction and the cohesion of solvent molecules
with hydrophilic fragments in the polymer chains [10,11]. Hydrophilic groups form hy-
drogen bonds with water molecules at low temperatures, resulting in good solubility in
aqueous solutions. Increasing the temperature leads to the degradation of the hydrogen
bonds system and the formation of an intramolecular interaction between polymers chains,
further collapsing the polymer globule. Poly(N-isopropylacrylamide) (PNIPAM) is one of
the most studied thermoresponsive polymers, which has LCST in a physiologically relevant
temperature range of ≈32 ◦C in aqueous solutions [1]. Macroscopic methods (turbidimetry,
DSC, etc.) usually fix sharp and reversible changes of PNIPAM properties in the vicinity
of LCST [11,12]. In addition, the formation of small, even nanoscopic inhomogeneities
of polymer gels or films in different solvents before LCST is proved by continuous-wave
electron paramagnetic resonance spectroscopy (CW EPR) [13–15]. The EPR spectra of
paramagnetic molecules (spin probes) are sensitive to the microenvironment and can give
valuable information concerning collapse processes at the molecular level [14,16,17]. Stable
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nitroxide radicals containing a >N–O•·group have been the most popular spin probes
during the last 55 years [17,18]. Hyperfine interaction of the unpaired electron spin with the
magnetic moment of 14N (S = 1) nucleus leads to splitting of the EPR signal of nitroxides
to three lines. Local polarity, viscosity, and the ability of a media to form hydrogen bonds
influence the electron density distribution in the spin probe, affecting the shape of the EPR
signal and spin-Hamiltonian parameters (g-tensor and hyperfine splitting (hfs) tensor),
which can be estimated by modeling the EPR spectra. The small amphiphilic radical
2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) (ca. 6.7 Å in diameter) is a powerful tool
to detect and control the formation of polymer globules [14,19–21]. It is known that the
micropolarity in polymeric globules of thermoresponsive polymers is significantly lower
than the polarity of water and is close to that of chloroform [18]. A lower polarity and
higher viscosity of the globules [15] result in changes of spin Hamiltonian parameters and
the line widths of TEMPO spectra compared with those in aqueous solution, reflecting a
decrease of the amplitudes of the spectral lines belonging to the radicals in the solution
and the appearance of broader components of the TEMPO spectrum corresponding to
probes localized in the globules. This effect was used by Junk et al. [19] to reveal the
formation of heterogeneities in thin photocrosslinked films of PNIPAM notably earlier
and later the LCST detected by macroscopic methods. However, the spin probe technique
was not applied to study coil-to-globule transitions and the nature of inhomogeneities in
PNIPAM aqueous solutions up to now. In the present paper, we applied CW EPR to study
the structure and features of formation of nano- and/or micro heterogeneities of PNIPAM
with two different polydispersities and the dynamics of spin probes inside the globules
and in aqueous solutions upon heating from room temperature.

2. Materials and Methods

2.1. Substances

The stable radical (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) and copper(II)
chloride dihydrate CuCl2·2H2O purchased from Sigma-Aldrich were used without further
purification. N-Isopropylacrylamide (NIPAM) (99%, Acros, Geel, Belgium) was recrystal-
lized from solution in n-hexane, dried in vacuum, and then stored under argon atmosphere.
2,2′-Azobis(2-methylpropionitrile) (AIBN) (98%, Sigma-Aldrich, Burlington, MA, USA)
was recrystallized from ethanol and dried in vacuum at 20 ◦C. Benzene (anhydrous, 99.8%,
Sigma-Aldrich, USA) and n-hexane (reagent grade, Ekos-1) were used as received.

2.2. Polymer Synthesis

Two poly(N-isopropylacrylamide) (PNIPAM) samples I and II were synthesized via
conventional radical and RAFT polymerization, respectively. The sample I (number-
average molar mass Mn = 175.5 kDa, polydispersity index Ð = 4.3; yield: 97%) was
prepared by free radical polymerization in benzene at 60 ◦C for 24 h using azobisisobu-
tyronitrile (AIBN) as an initiator according to the procedure reported in [20]. Then, the
reaction mixture was precipitated in n-hexane. Then, the obtained polymer was purified
by dissolving in acetone followed by precipitation in n-hexane at least three times, and
the product was dried at 45 ◦C in a vacuum oven. Sample II (Mn = 107.6 kDa, Ð = 2.05;
yield: 95%) was prepared by RAFT-mediated radical polymerization. The polymerization
was carried out in benzene at 60 ◦C for 24 h using 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid as the RAFT agent. The polymerization was conducted in an argon
atmosphere in a Schlenk reactor equipped with a magnetic stir bar. The reactor was charged
by N-isopropylacrylamide (0.502 g, 4.44 mmol), vacuumed, and filled with argon. Then,
0.22 mL of 0.02 M benzene solution of RAF-agent, 1.11 mM of 0.02 M benzene solution of
AIBN, and 2.87 mL of benzene were added into the reactor. The mixture was bubbled with
argon for 30 min, and then, the reactor was placed into an oil bath heated to 60 ◦C. After
24 h, the reactor was opened and frozen with liquid nitrogen. The polymer purification
was performed similarly to the purification of sample I (see above).
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2.3. Polymers Characterization

2.3.1. H NMR Spectroscopy
1H NMR (500 MHz) spectra were recorded in CDCl3 at 25 ◦C on a Bruker AC-500

(Bruker, Karlsruhe, Germany) spectrometer calibrated relative to the residual solvent
resonance. The 1H NMR spectra of sample I and sample II are presented in Figure A1 (see
Appendix A).

2.3.2. Spectrophotometry

The temperature transition was monitored by UV-Vis spectrophotometry using a
Victor Nivo instrument (Perkin Elmer, Waltham, MA, USA) at a wavelength of 405 nm.
The studied polymer solution was poured into a 96 (48)-well plate, and the absorbance at
each point was registered. The range of measurement was 4–40 ◦C. The cloud points were
determined at 10% of the transmission reduction.

2.3.3. Differential Scanning Calorimetry (DSC)

The DSC studies were carried out using a NETZSCH STA 449 F3 synchronous thermal
analyzer (Selb, Germany) in a helium atmosphere at gas flow rates of 70 mL/min (main)
and 50 mL/min (protective). An aluminum crucible was used with a solution weight of
30–45 mg. The calibration of the temperature and sensitivity of the device was carried out
using standard samples of adamantane, indium, and distilled water. The aqueous solution
of the polymer sample (5 wt %) was heated and cooled at 2 K/min. TGA measurements
were performed with the same device using solid PNIPAM samples at heating rate of
20 ◦C min−1 under nitrogen flow.

2.3.4. Size Exclusion Chromatography

Size exclusion chromatography was performed using an Ultimate 3000 Thermo Scien-
tific chromatographic complex (Thermo Fisher Scientific, Waltham, MA, USA) equipped
with PLgel precolumn guard (Agilent, Santa Clara, CA, USA, size 7.5 × 50 mm, particle size
5 µm) and PLgel MIXED-C column (Agilent, size 7.5 × 300 mm, particle size 5 µm) ther-
mostated at 50 ◦C. The elution was performed in the isocratic mode with DMF containing
0.10 M LiBr at a flow rate of 1.0 mL min−1. SEC traces were recorded as mentioned above,
and polymethylmethacrylate standards (ReadyCal Kit, PSS GmbH) with Mw/Mn ≤ 1.05
were used to calculate Mw/Mn.

2.4. EPR Samples Preparation

In all cases, ≈0.5 mM TEMPO and 10 wt % PNIPAM freshwater solutions were
prepared, dissolving the required predefined amounts of TEMPO radical and PNIPAM
polymer. In the first step, the dissolution of TEMPO was performed at room temperature
using ultrasonication. Then, PNIPAM was added, and the mixture was aged at 4 ◦C for
24 h until the complete dissolution of the polymer. The solutions were put into glass tubes
with 2 mm inner diameter; then, the tubes were sealed to prevent water evaporation.

2.5. EPR Measurements

EPR spectra were recorded using X-band spectrometer Bruker EMX-500 (Bruker, Karl-
sruhe, Germany). The temperature of the samples was varied in the range of 300–353 K
using the flow of nitrogen gas. The thermostatic device from Bruker was used; the accu-
racy of the temperature setting was about ±0.5 K. Each sample was left at the particular
temperature for precisely 5 min for equilibration before recording. At 305 K, the waiting
time was 60 min to equilibrate the samples. Typical parameters of the spectra recording
were a microwave power of 0.8 mW, modulation amplitude of 0.04 mT, and a sweep width
of 8 mT. «Quenching» of fast spin probes in water was performed by adding 10 mg of
CuCl2·2H2O to 0.5 mL PNIPAM solution, as recommended in [21].
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2.6. Data Analysis

The integration of EPR spectra and the amplitude measuring were performed by
the EsrD program developed at the Chemistry Department of Lomonosov Moscow State
University [16]. For LCST measurements, the amplitude value of TEMPO EPR spectra
was normalized to the Q-factor [22] at each temperature and to the amplitude of the
left component of the spectra at 300 K. All spectra simulations were performed using
homemade scripts for the MATLAB program employing an Easyspin (v. 5.2.28) toolbox [23].
Spectra of TEMPO radical in solutions (type A) were simulated using a model based on fast
motion implemented as a ‘garlic’ function in Easyspin. Simulations of the spectra of radicals
in polymer globule (type B) were made in a slow-motion regime using a ‘chili’ function
from the Easyspin program. The slow-motion model ‘chili’ is based on the Schneider–Freed
theory [24], solving equations for slow tumbling nitroxides. Anisotropic values of Spin-
Hamiltonian parameters (g-tensor and hyperfine splitting (hfs) tensor, usually denoted
as a-tensor) were averaged to obtain giso and aiso values, the rotational correlation time
tensor (τcorr), denoted as the average time required for the rotation of a molecule at one
radian, was calculated from averaged rotational diffusion constant. Fitting errors for giso
and asiso were ±0.00003 and ±0.01 mT, respectively. More details of the spectra simulation
are presented in Appendix A.

3. Results

According to DSC (Figure A2 in Appendix A) data from the heating step, the measured
LCST of the polymers I and II in aqueous solutions was ≈305 K and did not depend
on the synthesis method and molar mass distribution of polymers, which is typical for
PNIPAM solutions [25]. TGA measurements showed that both PNIPAM samples are
stable at the temperatures used in this work (≤353 K), and the thermal decomposition
(5 wt % weight loss) began at ≈625 K (Figure A3a). Note that the weight loss between
320 and 400 K (Figure A3a) is consistent with the presence of ca. 10–12 wt % of water
in poly(N-isopropylacrylamide) samples. This is confirmed by the disappearance of this
weight loss after annealing the samples at 470 K for 15 min (Figure A3b).

At temperatures below LSCT (305 K), the EPR spectrum of TEMPO in PNIPAM
solution (sample I, 10 wt%) and TEMPO spectrum in water have a shape close to the
isotropic fast-motion limit (Figure 1). The EPR spectrum of TEMPO in the polymer II
solution and its changes during heating were very similar to those of polymer I. However,
all these spectra (see Figure A4 in Appendix A) are slightly asymmetric; i.e., the signal
amplitude above the baseline is bigger than that below it. This asymmetry may appear
due to the following reasons. Firstly, the existence of the solvent shells with different
polarities around TEMPO molecules in aqueous media revealed by the analysis of Q-
band EPR spectra was postulated by Hunold et al. [26]. This fact leads to a bimodal
distribution of magnetic and dynamic parameters of TEMPO probes, which manifest itself
in asymmetric signals due to the superposition of the spectra. Secondly, the asymmetry of
the nitroxide signal can be caused either by the intermolecular spin-exchange interaction
between spin probes in solutions [27,28] or by mixing with the dispersion signal of the
resonance effect [29]. Fortunately, in our case, the observed effects are too small and can
be neglected to simplify the spectra modeling in aqueous solutions. According to our
simulation, the TEMPO spectrum in water at room temperature corresponds to probes
with a giso value equal to 2.00579 and the hfs constant aiso equal to 1.73 mT. The isotropic
rotational correlation time (τcorr) is about 11 ps. TEMPO in 10 wt % PNIPAM solution has
parameters typical for less polar media: giso equal to 2.00585 and aiso is equal to 1.72 mT,
wherein τcorr = 16 ps, manifesting the higher viscosity of polymer solution. A simple
estimation of viscosity using the Stocks–Einstein equation from rotational correlation
time shows increasing viscosity of 10 wt% PNIPAM solution below LCST in ≈1.5 times
compared to pure water.
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Figure 1. Normalized EPR spectra of TEMPO radical in 10 wt% PNIPAM aqueous solutions at
300–353 K registered upon heating.

At temperatures higher than 305 K, the intensity of the TEMPO spectra decreases
rapidly, and the lines shape changes: the spectra become broader, and the central line
turns to more asymmetric. At 320 K and higher, the components in the high-field region
corresponding to the probe in the hydrophobic globule clearly manifest themselves in the
spectra. Changes in the lines’ shape can be empirically presented as the amplitude A of the
high field component vs. temperature T (Figure 2). As seen from Figure 2, this dependence
allows measuring the LCST of polymer solutions. A fast drop of the amplitude occurs due
to the appearing of the more broadened and hence less intensive signal of TEMPO radicals
located in globules.

At temperatures above the LCST, the TEMPO spectrum in the PNIPAM solution
appears to be the sum of at least two signals. One of them belongs to the radicals in
the solution (type A). At the same time, the position and shape of the second signal
(denoted as the spectrum of B-type probes) manifest a more hydrophobic local environment
and a hindered rotation of TEMPO radicals comparing to A probes. The simulation of
experimental spectra as the sum of the spectra of two probes applies a considerable number
of parameters, the variation of which leads to similar changes in EPR spectra. For example,
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a shift of the components can occur both due to changes in the hfs constant or rotational
correlation time. The use of the spin-Hamiltonian and dynamic parameters of radicals A at
different temperatures determined from the temperature dependence of TEMPO spectra in
an aqueous solution makes it possible to slightly reduce the number of parameters to be
varied in the modeling. Nevertheless, the parameters of probes B cannot be quantitatively
determined from the simulation of experimental spectra due to their simultaneous influence
on the shape of the spectral line and overlapping signals of probes B with the component
corresponding to the hyperfine splitting on 13C nuclei of TEMPO, the so-called satellite
in the probes A spectrum. The spectrum of B probes can be elucidated by subtracting the
spectrum of centers A from the total spectrum or as the spectra of polymer films swollen
in the probe solution [19]. Nevertheless, the subtracting does not allow obtaining a fully
“pure” single-particle spectrum and may lead to artifacts in the line shape.

Figure 2. The normalized amplitude of the high-field component of TEMPO EPR signal in PNIPAM
solution (green squares correspond to polymer I, red circles correspond to polymer II) vs. temperature.

The perspective method to get the individual spectrum of radicals inside a polymer
globule is “quenching” the signal of rapidly rotating radicals A due to the spin-exchange
broadening of EPR lines [21]. A Heisenberg exchange interaction occurs between unpaired
electrons as a result of the collision of two paramagnetic particles, leading to an exchange
of spin states between partners. In turn, the exchange of spin states between partners
leads to a change in the width of the EPR line of the paramagnetic particle up to its
confluence with the baseline. Such broadening may appear in the presence of some inert
paramagnetic particles, e.g., Cu(II) ions, not chemically interacting with components of
solutions. Figure A5 presents the change of the EPR spectra of TEMPO radicals in aqueous
solutions in the presence of Cu(II) ions. Adding small amounts of the paramagnetic ions
firstly leads to minor broadening of the signal of motile radicals in the solution. Further
increasing of Cu(II) concentration continues to broaden the TEMPO signal up to the
baseline. The optimal concentration of Cu(II) ions is about 0.2 M, and this amount was
used for “quenching” the signal of radicals A in PNIPAM (polymer I) solutions.

Due to the spin exchange between Cu(II) ions and TEMPO, the experimental spectrum
transfers practically to a base line at the temperature range of 295–301 K. At 302 K, a new
slight signal of slow-moving radicals appears, and its intensity and double integral increase
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with temperature rising (see Figure A6, Appendix A). We suppose that the new signal
corresponds to TEMPO radicals located in inhomogeneities of the polymer solution and
not contacted with the quencher. Over 305 K, polymer globules start collapsing, and the
spectra become more intensive due to an increase in the fraction of the radicals captured
by polymer globules. Heating up to 323 K leads to a further increase in the TEMPO signal,
but the lines’ shape does not change noticeably. At 333–353 K, the components of the
spectra narrow, apparently, because of the increasing mobility of TEMPO radicals. The
number of spin probes that depends linearly on the double integral of EPR spectra stays
constant at 333–353 K. We assume that the spectrum at 353 K shown in Figure 3 matches
the TEMPO spectra of the radicals in dense PNIPAM globules (probes B). According to our
simulation results, these spectra correspond to the anisotropic rotation of TEMPO radicals
with giso and aiso equal to 2.00615 and 1.60 mT, respectively. Such value of the isotropic
hfs constant matches to the local polarity close to that of the chloroform or low-molecular
alcohols [30]. Rotational movements of radicals are anisotropic and more hindered along
the x-axis: Dx = 7.6 × 106 s−1 < Dz = 8.7 × 107 s−1 < Dy = 5.9 × 108 s−1, where Dx,y,z are
the components of the rotational diffusion tensor. The obtained magnetic and dynamic
parameters of TEMPO radicals in PNIPAM globules (probes B) were used in our simulations
of the total spectra series (Figure 1).

− − −

 
Figure 3. EPR spectrum of TEMPO radical in PNIPAM solution at 353 K in the presence of Cu(II)
ions. Blue line—experimental spectrum, red dots—simulated spectrum.

All spectra of the samples I and II at temperatures above 305 K were excellently fitted
as a sum of the spectra of two types: “hydrophilic, fast” A probes and “hydrophobic,
slow” B probes (Appendix A, Figure A7). The root-mean-square deviation obtained
from simulations of all fitted spectra was less than 1%. The complete simulation results
obtained from EPR spectra fitting at several temperatures are collected in Appendix A in
Table A1. The difference between the two samples comes out only as the content of the B

probes at 305 K: 26% in sample I and 44% in sample II. This difference may occur due to
various polydispersities of polymers I (Ð = 4.3) and II (Ð = 2.05). Actually, the content of
macromolecules with similar molecular mass is bigger in polymer II, leading to a more
rapid globule collapse and the capturing of bigger content of the TEMPO radical. The
simulation results of the EPR spectra of samples I and II registered higher than 305 K are
similar, so only the simulation results obtained for sample II will be discussed further.
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Figure 4 illustrates the fitted EPR spectrum recorded at 333 K as a superposition of
two individual spectra. The spectrum of probes A looks like a “fast limit” spectrum of
TEMPO radicals dissolved in water. Its EPR parameters become less polar with heating due
to decreasing the polarity of liquids (for example, the dielectric constant ε of water changes
from 78 to 60 at temperatures 298 and 350 K, respectively) [31]. A hyperfine coupling
constant also decreases from 1.73 to 1.71 mT, and giso increases from 2.00588 to 2.00598.
The rotation correlation time of A probes decreases with heating from 10 to 1 ps due to the
diminishing water viscosity [32]. The magnetic and dynamic parameters of type A probes
after LCST do not depend on PNIPAM concentration and are similar to those for the pure
aqueous solution without PNIPAM.

Đ Đ

ε

 
Figure 4. Decomposition of fitted EPR spectrum (red) of TEMPO radical in 10 wt % PNIPAM solution
at 333 K into two signals: type A radicals (green) and type B radicals (blue).

The spectrum of B probes (radicals located in hydrophobic globules) is more broad-
ened and looks like a «slow-motion» signal. The EPR spectrum of type B at 353 K coincides
with the experimental spectrum of the TEMPO radical in the polymer globule obtained by
the “quenching” experiment (Figure 3).

Figure 5 shows changes of aiso and giso of radicals A and B as a function of temperature.
The complete simulation results obtained from EPR spectra fitting at several temperatures
are collected in Table A1 of Appendix A. At 305–313K, the giso values corresponding to
B particles are similar to those of probe A in aqueous solution, but after 313 K, they rise
to 2.00615 at 353 K. In contrast, aiso values corresponding to B probes do not change at
305–353 K being equal to 1.60 mT. The average rotation correlation time of particles B

is 1300 ps at 305–318 K. After 318 K, a two-fold decrease of τcorr to 620 ps resulting in
narrowing of the line width of the EPR signal of the B probes is observed, signaling that
TEMPO molecules in the globule become more mobile. The mole fraction of type B probes
rises upon heating to 353 K to 70%.
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Figure 5. Change of aiso (a) and giso (b) of TEMPO radical in PNIPAM solution with heating according to EPR spectra
simulation. Green squares and triangles correspond to A particles, blue ones correspond to B particles.

4. Discussion

All the applied methods: DSC, spectrophotometry, and the EPR spin probe technique
determine the same value of LCST (305 K) in aqueous PNIPAM solutions of polymers
I and II, which is consistent with the literature data [33]. Coil-to-globule transition on
PNIPAM aqueous solutions studied by the EPR spin probe method occurs in a narrow tem-
perature range of 8–10 K. Thus, in solutions, hydrophilic bonds between water molecules
and PNIPAM individual chains quickly degrade, and the rapid formation of polymer
globules takes place. To the contrary, Junk et al. also fixed LCST at 305 K in PNIPAM-based
photocrosslinked films swollen in water, but the temperature range of the collapse as mea-
sured by spin-probe CW EPR spectroscopy was substantially broadened to 40–50 K [19].
Therefore, only one type of radical (A probes) prevails in the aqueous solution of PNI-
PAM below LSCT (305 K). Nevertheless, at 302–304 K, some part of TEMPO molecules
is captured into polymer globules, transferring to B probes and testifying to the genera-
tion of heterogeneities that begin to collapse at 305 K, when the coil-to-globule transition
takes place.

We suppose that the observed increase in g-factor values of B particles in the globules
with increasing temperature occurs due to the breakdown of hydrogen bonds between
water molecules and the N–O• group of TEMPO [34,35]. At higher temperatures, these
complexes decompose, and giso rises to lower polar values corresponding to individual
TEMPO radicals. In addition, water molecules may come out of the globules while heating,
making the media surrounding TEMPO radicals more hydrophobic. Such evolution from
molten globule to tight globule was previously observed by Wang et al. [36] by laser
scattering for PNIPAM with narrow mass distribution, and it may also lead to the change
of giso value to be less polar.

The changes of content in A probes obtained from spectra simulation are similar to the
normalized amplitude changes of the high-field component of the full TEMPO spectrum in
PNIPAM solutions (see Figure 2 and Table A1). Therefore, the amplitude changes may be
used not only for LCST determination but for estimation of the content of probe molecules
A(χA) in the aqueous solution after the globule collapse. Since χA+ χB = 1, the molar fraction
of B probes could be valued, too. The content of probes in the collapsed globules relates
to an affinity of the probe to the polymer and amphiphilicity of the collapsed globules.
Thus, the measuring of amplitudes of EPR spectra of probe molecules in thermoresponsive
polymers aqueous solutions gives the opportunity to determine and predict its properties
using the spin-probe technique without making challenging spectra simulations.
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5. Conclusions

The CW EPR method with the spin-probe technique and “quenching” approach was
applied for studying coil-to-globule phase transition in PNIPAM aqueous solution upon
heating at 298–353 K. The broadening of fast-moving radicals in water by spin exchange
with Cu(II) ions allows obtaining individual spectra of the spin probe in polymer glob-
ule after collapsing and reliable spin-Hamiltonian parameters of both types of TEMPO
probes in solutions. In addition, the “quenching” approach has shown the formation of
inhomogeneities in PNIPAM aqueous solution at 2–3 degrees below the critical tempera-
ture, whereas the temperature range of the collapse in PNIPAM-based photocrosslinked
films swollen in water is substantially broadened to 40–50 K. A simple analysis based on
amplitude measurement of TEMPO EPR spectra registered at different temperatures gives
a cloud point and allows estimating the content of probe in collapsed globule. According
to EPR spectra simulations, the formation of dense globules at high temperatures through
molten ones at the first step takes place in PNIPAM solutions.
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Appendix A

EPR Spectra Simulation Details

All CW EPR spectra simulations were performed using homemade scripts for MAT-
LAB program employing the Easyspin (v. 5.2.28) toolbox [23]. Quality of fitting was con-
trolled by the calculation of root-mean-square deviation for the difference spectra. Spectral
and dynamic parameters were obtained by fitting simulated EPR spectra to experimental
data using least-squares fitting algorithms.

The spectra of TEMPO radical (type A) in solutions were simulated using a model
based on fast-motion implemented as a ‘garlic’ function in Easyspin. Line broadening
was described by isotropic rotation correlation time, and by additional convolutional line
broadening caused mostly by unresolved hyperfine splitting between unpaired electron
and nuclear spin (usually 1H). As initial values for the diagonal elements of the g-tensor and
hyperfine splitting tensor on 14N nuclei for type A probes, the following values were used:

gx = 2.0092, gy = 2.0062, gz = 2.0022;

Axx = 0.71 mT, Ayy = 0.70 mT, Azz = 3.71 mT.

In addition to splitting on 14N nuclei in the case of type A probes, isotropic hyperfine
splitting on 13C isotopes of six CH3-groups with aiso = 0.54 mT was considered. To simplify
the modeling procedure, we change abundances for carbon isotopes instead of adding six
paramagnetic nuclei.
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Simulations of the spectra of radicals in polymer globule (type B) were made in a
slow-motion regime using the ‘chili’ function from the Easyspin program. The slow-motion
model ‘chili’ is based on the Schneider–Freed theory [24], solving equations for slow-
tumbling nitroxides. Line broadening was described by the anisotropic rotation correlation
time and additional Gaussian line broadening. To start fitting, the following diagonal
values of g-tensor and hyperfine interaction a-tensor were used:

gx = 2.0098, gy = 2.0062, gz = 2.0022;

Axx = 0.71 mT, Ayy = 0.70 mT, Azz = 3.35 mT.
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Figure A1. 1H NMR spectra of (a) sample I and (b) sample II. The traces of solvents are marked
by asterisks.
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Figure A2. DSC thermograms of 5 wt % aqueous solutions of poly(N-isopropylacrylamide): (a) sample I and (b) sample II.
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Figure A3. TGA curves of (a) sample I and sample II studies in this work and (b) sample II before and after annealing at
470 R for 15 min.

The initial values of magnetic parameters were taken from [37] and corrected using
experimental isotropic giso and aiso of TEMPO radical in different solvents [30]. During the
simulation, only gx and Azz components were varied, being more sensitive to the environ-
ment. Isotropic giso and aiso were calculated as an average value of diagonal elements:

giso =
1
3

(

gx + gy + gz

)

aiso =
1
3
(

Axx + Ayy + Azz
)

The average rotational correlation time τcorr was calculated using the following equa-
tions from diagonal elements of diffusion tensor Dr = [Dxx Dyy Dzz]:

Dr =
1

6τcorr

τcorr =
1

6 3
√

DxxDyyDzz
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g ଵଷ ga ଵଷ A
τ

Dr = ଵ଺ఛ೎೚ೝೝ
τ  = 

ଵ଺ ට஽ೣೣವ೤೤ವ೥೥య

  

(a) (b) 

Figure A4. EPR spectra of TEMPO radical in water (0.3 mM) (a) and 10% PNIPAM solution (0.5 mM) (b) at 298 K. Arrows
show amplitude value of spectra above and below the baseline. Red dot line shows baseline.

 

Figure A5. EPR spectra of TEMPO radical in water in the presence of Cu(II) ions: (a)—[Cu(II)] = 0,
[TEMPO] = 0.5 mM; (b)—[Cu(II) = 0.003 M, [TEMPO] = 0.33 mM; (c)—[Cu(II)] = 0.01 M,
[TEMPO] = 0.25 mM; (d)—[Cu(II)] = 0.1 M, [TEMPO] = 0.5 mM; (e)—[Cu(II)] = 0.2 M, [TEMPO] = 0.5 mM;
(f)—[Cu(II)] = 0.3 M, [TEMPO] = 0.5 mM. Spectra (a–c) were divided by 15 for better representation and
comparison with (d–f).
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Figure A6. Change of double integral of EPR spectra of TEMPO in PNIPAM aqueous solution in the
presence of Cu(II) vs. temperature.

 

τ τ
χ χ

Figure A7. Simulation of spectra of system TEMPO/PNIPAM/H2O at different temperatures. Blue lines—experimental
spectra, red circles—simulation spectra.
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Table A1. Selected spectral parameters from simulation TEMPO EPR spectra in 10 wt% aqueous
solutions at 300–353 K.

T, K Type A Type B

giso
aiso,
mT

τcorr,
ps

giso
aiso,
mT

τcorr,
ns

χB, %
(Polymer I)

χB, %
(Polymer II)

300 2.00585 1.72 16 - - - 0 0

305 2.00588 1.73 10 2.00593 1.60 1.26 26.5 44.6

306 2.00588 1.73 8 2.00593 1.60 1.31 50.0 52.6

308 2.00589 1.73 8 2.00593 1.60 1.31 56.1 54.5

310 2.00589 1.73 5 2.00593 1.60 1.31 58.3 55.9

313 2.00589 1.73 5 2.00593 1.60 1.31 61.7 58.8

318 2.00591 1.73 2 2.00599 1.60 1.31 63.1 62.0

323 2.00591 1.73 2 2.00602 1.60 1.25 64.5 63.2

333 2.00593 1.72 2 2.00608 1.60 1.01 65.9 64.3

343 2.00594 1.72 2 2.00611 1.60 0.86 68.8 67.2

353 2.00597 1.72 2 2.00615 1.60 0.74 70.1 69.9
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Abstract: Poly-N-Vinylcaprolactam (PNVCL) is a thermoresponsive polymer that exhibits lower
critical solution temperature (LCST) between 25 and 50 ◦C. Due to its alleged biocompatibility, this
polymer is becoming popular for biomedical and environmental applications. PNVCL with carboxyl
terminations has been widely used for the preparation of thermoresponsive copolymers, micro- and
nanogels for drug delivery and oncological therapies. However, the fabrication of such specific
targeting devices needs standardized and reproducible preparation methods. This requires a deep
understanding of how the miscibility behavior of the polymer is affected by its structural properties
and the solution environment. In this work, PNVCL-COOH polymers were prepared via free radical
polymerization (FRP) in order to exhibit LCST between 33 and 42 ◦C. The structural properties were
investigated with NMR, FT-IR and conductimetric titration and the LCST was calculated via UV-VIS
and DLS. The LCST is influenced by the molecular mass, as shown by both DLS and viscosimetric
values. Finally, the behavior of the polymer was described as function of its concentration and in
presence of different biologically relevant environments, such as aqueous buffers, NaCl solutions
and human plasma.

Keywords: poly-N-vinylcaprolactam; thermoresponsive polymers; LCST

1. Introduction

Thermoresponsive polymers are characterized by a drastic and discontinuous change
of their physical properties with temperature. Given a solvent/polymer binary mixture,
the phase diagram usually exhibits a binodal curve that divides a polymer-rich zone from
a zone in which the polymer and the solvent are miscible in every proportion. Accordingly,
the critical solution temperature can correspond to the minimum or the maximum of
the binodal curve. If the critical point corresponds to the minimum of the curve, the
corresponding temperature is called lower critical solution temperature (LCST). On the
contrary, the temperature corresponding to the maximum of the curve is called upper
solution temperature (UCST) [1].

The ability to respond to a change in temperature makes thermoresponsive polymers
a “smart” class of materials that can be applied in a broad range of applications [2]. To
date, there are hundreds of thermoresponsive polymers developed for various applications
in the biological field, which include tissue engineering, bioseparation, drug and gene
delivery [2–4]. As a general rule, LCST-type polymers are easily solvated in water through
hydrogen bonding and polar interactions [5]. Accordingly, their biological interest relies on
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the presence of a desirable sharp transition in aqueous systems [2]. Their utilization in the
biological field requires that the LCST in aqueous solution is close to the normal human
physiological temperature, which is usually comprehended between 36.5 and 37.5 ◦C, but
can oscillate in a wider range between 33.2 and 38.2 ◦C [6].

PNVCL is a thermoresponsive polymer which exhibits LCST that has been applied
in biomedical and environmental applications, in cosmetics and as an anticlogging agent
in pipelines [3,4]. PNVCL is usually described as a biocompatible alternative to poly-N-
isopropylamide (PNIPAM) [3,4,7–15] as both polymers can exhibit LCST behavior close to
the physiological temperature. According to this misconception, PNVCL has been often de-
scribed as a polymer with a well-defined LCST at 32 ◦C [7–9,16–21], even though the LCST
has been observed in broad range of temperature between 25 and 50 ◦C [3,4]. As a matter of
fact, PNVCL and PNIPAM exhibit a complete opposite miscibility behavior [3,22]. PNIPAM
exhibits a LCST at about 32 ◦C, which is almost independent from the molecular weight
(Type II) [3,4]. On the contrary, PNVCL miscibility can be described by the Flory–Huggins
theory and depends on molecular weight [3,23], polymer, salt and protein concentration
(Type I). Due to its molecular weight-dependent LCST, the control of both molecular
weight and polydispersity in PNVCL synthesis is of crucial importance [3,4,22–27] for any
application. Similarly, the determination of molecular mass must rely on appropriate
methodologies that allow to correlate the synthetic procedures with the final properties of
the polymer.

Although the thermoresponsivity of PNVCL was first observed in 1968 [23], the polymer
is still introduced as a novelty in biological and nanoscientific publications [3,4,7–9,16–21].
The first “in vitro” evaluation of PNVCL cytotoxicity on intestinal Caco-2 and pulmonary
Calu-3 cell lines was published in 2005. The test demonstrated great cell tolerance although
PNVCL exhibited toxic effects above its LCST [28]. To date, the biocompatibility of PNVCL
has been established in several different cell lines, including different types of human
carcinomas [4,29–31]. PNVCL was also investigated as a suitable environment for cell
proliferation and manipulation [32] and it is commercialized as a hair setting product
under the name of Luviscol® Plus [33]. The utilization of PNVCL with carboxyl end groups
has been reported for the preparation of PNVCL-based delivery systems in conjunction
with biocompatible polysaccharides, such as alginates [34], chitosan [7,9,16–21,35], or dex-
tran [3,36,37]. A common approach is to use PNVCL-COOH polymers with a 32 ◦C LCST as
starting materials for the preparation of biocompatible copolymers and thermoresponsive
particles [7–9,19,35,38]. The LCST is raised according to the degree of substitution and the
molecular mass of the polymer conjugated with PNVCL. However, to ensure reproducibil-
ity, PNVCL synthesis must be optimized in order to ensure control over chemical structure,
molecular mass, polydispersity and morphology [3,4]. Moreover, it is still fundamental
to assess the polymer thermoresponsive behavior in biologically relevant fluids such as
human plasma.

The aim of this work is to rationalize this concept, as we considered the polymerization
of different PNVCL polymers with carboxyl terminations (PNVCL-COOH) that exhibit
different LCSTs according to their different molecular mass, their concentration and the
solution environment. Furthermore, this work provides insight on different approaches
for the determination of the molecular mass and the LCST of PNVCL. The polymers were
prepared by using a modified approach of the protocol reported by Prabaharan [35] and
reported by many different authors [7–9,16–19]. Accordingly, we reported the preparation
of PNVCL-COOH polymers exhibiting LCST between 33 and 42 ◦C via FRP. The hypothesis
of mass-dependent LCST was first supported by the comparison of 13C NMR spectra of
different PNVCL-COOH, by assessing the variation of the signals related to the termi-
nations as a function of the NVCL/AIBN ratio that were used for the synthesis. Finally,
the determination of the molecular mass via viscosimetry and DLS demonstrated that
the LCST of PNVCL-COOH is inversely proportional to the molecular mass. LCSTs were
determined using UV-VIS and DLS at a concentration of 0.5 wt.%. The variation of LCST
of PNVCL-COOH polymers was also assessed in relation to polymer concentration, the
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presence of NaCl and three different buffers: citrate (pH 3), acetate (pH 5) and phosphate
(pH 7). Finally, we report a method for the evaluation of the polymer in human plasma. In
particular, it was observed that it is possible to increase LCST by decreasing PNVCL-COOH
concentration, while the presence of salts, particularly phosphates, results in a significant
lowering of the LCST. The measurements performed in human plasma showed a relevant
lowering of the LCST of PNVCL-COOH polymers by about 10 ◦C. These observations are
particularly useful for physiological applications, as the polymers undergoing LCST may
result in possible cytotoxic effects.

2. Materials and Methods

2.1. Materials

N-Vinyl Caprolactam (NVCL), 2,2′-Azobis(2-methylpropionitrile) (AIBN),
3-mercaptopropionic acid (MPA), were purchased from Sigma-Aldrich (St. Louis, MO,
USA). N-hydroxy succinimide (NHS), Deuterium oxide (D2O), N,N′-Dimethylformamide
anhydrous (DMF), Dimethyl sulfoxide-d6, Deuterium Chloride 37% (DCl/D2O) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Spectra/PorTM Cellulose membrane tub-
ing (1–2 kDa, MWCO) was purchased from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Synthesis of PNVCL-COOH Polymers

PNVCL-COOH was synthesized by free radical polymerization by using a modified
version of the protocol reported by Prabaharan [35]. Prior to their utilization, NVCL
was recrystallized in hexane and AIBN was recrystallized in ethanol, while MPA was
transferred in a sealed vial that was deoxygenated with Ar. For all preparations, 5 mg
of AIBN (0.304 mmol) and 28 µL of MPA (3.278 mmol) were used. Different molar ratios
between NVCL and AIBN were used in order to obtain polymer with different molecular
mass and LCST. The NVCL/AIBN molar ratio were, respectively, 122, 244, 305, 610, 1220
and 1690. DMF was deoxygenized with Ar for 15 min prior to the addition of the reagents
(Figure 1). After the dissolution of the reagents, the reaction was carried out in sealed vials
at 70 ◦C for 8 h. All sealed vials were dried overnight at 80 ◦C before the reaction. After the
reaction, the solution was dialyzed in a cellulose membrane tubing (MWCO of 1–2 kDa)
against distilled water for at least 2 days to remove impurities and unreacted materials.
Finally, the frozen product was freeze-dried at −50 ◦C and 0.05 mbar and stored at 4 ◦C.

Figure 1. Synthesis of PNVCL-COOH polymers.

2.3. Structural Characterization of PNVCL-COOH Polymers

NMR spectra were acquired using a High-resolution 500 MHz Bruker NEOn500
Quadruple resonance (H/C/N/2H) equipped with a high-sensitivity TCI 5 mm CryoProbe
(Bruker, Billerica, MA, USA) at 25 ◦C in D2O and d6-DMSO.

FT-IR spectra were recorded with a double-beam Perkin Elmer System 2000 Ft-IR
Spectrometer (Perkin Elmer, Waltham, MA, USA) in the range of 4500–370 cm−1 using
KBr pellets.

The number of terminal carboxyl groups was determined via conductimetric titration.
The polymers were dissolved using diluted HCl and the solutions were titrated using
a standardized solution of NaOH 0.1 M. The deprotonation of the -COOH end groups
resulted in the formation of a small plateau in the conductimetric titration curve. The
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number of carboxyl groups was determined by the volume difference of added NaOH
solution between the initial and the final point of the plateau (Figure S10).

2.4. UV-VIS Determination of LCST

Phase transition and absorbance measurements were carried out in a Shimazdu
UV-visible spectrophotometer model UV-2450 equipped with a TCC-240A Thermoelec-
trically Temperature Controlled Cell Holder (Shimazdu, Kyoto, JP). Transmission data
were used for the realization of the miscibility curves. The miscibility curves were fitted
with a sigmoidal model in order to calculate the LCST as the inflection point by using the
following equation:

y = Trmax +
(Trmax − Trmin)

1 + e
(T−LCST)

dT

(1)

where Tr is the calculated transmittance at a specific wavelength at a fixed temperature.

2.5. DLS Determination of LCST

The LCSTs of PNVCL-COOH polymers were determined using a Malvern Zetasizer
Nano ZS90 (Malvern Panalytical S.R.L., Malvern, UK). Samples (at a concentration of
0.5 wt.%) were incubated at different temperatures for 5 min in the temperature range
between 25 and 50 ◦C and the cuvettes were examined to check visible turbidity. The
LCST was attributed to the temperature at which a dramatic change in the shape of the
autocorrelation curve was observed [39].

2.6. Determination of Molecular Mass

2.6.1. Size Exclusion Chromatography

Samples were analyzed using a Viscotek TDA 302 (HP-SEC-TDA, Viscotek, USA),
using degassed 0.3 M acetate buffer (pH = 8.0) as solvent. A volume of 100 µL of sample
was injected, flow rate was maintained at 0.6 mL/min and the column and detectors
temperature were kept at 25 ◦C. Before injection, polymer solutions were filtered through
a 0.45 µm cellulose nitrate disposable membrane and the eluent was filtrated through
a 16–40 µm glass filter to ensure a low light scattering noise level. A polyethyleneoxide
standard (MW = 22,411, [η] = 0.384 dL/g, Mw/Mn = 1.03) was used to normalize the
viscometer and the light scattering detectors.

2.6.2. Dynamic Light Scattering

The molecular mass of the polymers was estimated using a Malvern Zetasizer Nano
ZS90 (Malvern Panalytical S.R.L., Malvern, UK). All measurements were performed at
25 ◦C at a concentration of 0.5 wt.% in milliQ water. Each sample was analyzed three times
and provided a measurement of an average hydrodynamic diameter (Dh) corresponding
to the position of a peak in size distribution located between 5 and 30 nm. Dh standard
deviation is referred to the position of the peaks and does not provide any information on
peak width. For a random coil conformation, the average radius of gyration was calculated
as Rg = Dh × 0.75. The average molecular mass was estimated from Rg using the equation
reported by Lau [40] (Equation (2)) and Eisele [41] (Equation (3)), respectively:

Rg = 2.94 × 10−2Mw
0.54 (2)

〈

s2
〉

= 1.77 × 10−18Mw
1.15 (3)

where 〈s2〉 is the mean square radius of gyration in cm−1.

2.6.3. Intrinsic Viscosity Measurements

The intrinsic viscosity [η] of PNVCL-COOH was measured at 25 ◦C by means of
a Schott Geräte AVS/G automatic measuring apparatus and a Ubbelhode capillary vis-
cometer, using water as a solvent. Polymer solutions and solvents were filtered prior to
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the analysis through 0.45 µm nitrocellulose filters (Millipore, Germany). [η] was calcu-
lated from the polymer concentration dependence of the reduced specific viscosity, ηsp/c,
according to the Huggins Equation (4):

ηred =
ηsp

c
= [η] + k[η]2c (4)

where k is Huggins constant. The values of intrinsic viscosity [η] was calculated at infinite
dilution by using two calibration lines per sample, one of which was obtained by excluding
the values for the most diluted sample. [η] was calculated as an average of the values
calculated by applying both equations, in order to provide a reasonable confidence interval
for the calculated value. The corresponding average viscosimetric molecular weight (Mη)
of PNVCL-COOH was calculated in agreement with the Mark–Houwink–Sakurada (MHS)
Equation (5).

[η] = K·Mα
η (5)

K and a parameters used for the calculation are reported by Kirsh [12,42] for the
calculation of the molecular mass in different size range at 25 ◦C. The MHS equations that
were used were, respectively:

[η] = 35 × 10–3M0.57
η (6)

[η] = 38.9 × 10–3M0.69
η (7)

3. Results and Discussion

PNVCL-COOH polymers were prepared via free radical polymerization as reported
by Prabaharan [35]. The initial results ruled out the possibility that PNVCL-COOH was
able to precipitate in diethyl ether in the conditions described by the original procedure.
Accordingly, the procedure was modified in order to produce PNVCL-COOH polymers
with higher molecular weight. In free radical polymerization, the degree of polymerization
Xn is directly proportional to the square of the concentration of the monomer, according to
the following equation:

Xn = α

(

kp

)2

2ktvp
[M]2 (8)

Consequently, the preparation of PNVCL-COOH with higher molecular weight was
achieved by changing the molar ratio between initiator and monomer (M/I). For this reason,
PNVCL-COOH were distinguished according to the M/I molar ratio that was used for
their synthesis. The M/I was, respectively, 122 (equal to that reported by Prabaharan), 244,
305, 610, 1220 and 1690. The precipitation in diethyl ether was achieved from values of M/I
above 610. The elongation of the hydrophobic portion resulted in a different hydrophilic-
hydrophobic balance that allowed the precipitation of PNVCL_610, PNVCL_1220 and
PNVCL_1690 in diethyl ether. FRP of PNVCL is associated with a lack of control on
polymer polydispersity. This could be related to the low yield of the synthesis after
diethyl ether precipitation (<20%). Accordingly, the fraction of the polymer under a critical
molecular mass was unable to precipitate in the solvent. The average yield of the process
was raised by purifying the polymer directly with dialysis using with membrane tubings
(MWCO = 1 kDa) that were compatible with DMF solutions. In this way, PNVCL-COOH
polymers were obtained without diethyl ether precipitation. The main drawback of this
purification method is the inability to remove eventual traces of DMF that remain in water
after dialysis. In a few polymers, it was possible to identify a minor peak at 2.9 ppm
(Figure 2) that demonstrates the presence of a residual DMF in freeze-dried products. The
peak had been previously mistaken for the methylene group (-C-S-CH2) present in the
terminal group [35]. This hypothesis was excluded with the utilization of HSQC-DEPT
heterocorrelated spectra (see Supplementary Figure S4). All polymers exhibited different
LCSTs in relation to their different molecular mass and their corresponding M/I ratio.
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Figure 2. HSQC spectra of PNVCL_305.

3.1. Structural Characterization of PNVCL-COOH Polymers

NMR characterization was performed in D2O and d6-DMSO. In the 1H spectrum
of PNVCL-COOH, four main signals were observed. The formation of the polymer was
confirmed by the presence of broad signals and from the disappearance of the vinylic
signals at 7.36 ppm. Similarly, amide I vibrations at 1631 and 1480 cm−1 (C-N stretch-
ing vibration) were observed, while the characteristic signals related to the monomer
(C=C, 1658 cm−1, CH= and CH2=, 3000 and 3100 cm−1) disappeared (see Supplementary
Figure S5). All 1H NMR PNVCL-COOH spectra exhibited peaks at 1.77 ppm (3H, -CH2),
2.49 ppm (2H, -COCH2), 3.31 (2H, -NCH2) and 4.36 (1H, -NCH). The HSQC correlation
spectrum with 1H and 13C assignments is reported in Figure 2. 1H and 13C spectra are
provided in the Supplementary Materials (Figures S1 and S3). The presence of carboxyl
end groups was confirmed by analyzing PNVCL_244 and PNVCL_305 in d6-DMSO using
a high number of acquisitions. The signals were identified in small peaks observed at
about 12 ppm in both spectra (Figure S2). In FT-IR spectra, the carboxyl end groups were
recognized from the presence of broad signals at 3450 cm−1 (Figure S5). The carboxyl
group content was estimated via conductimetric titration and was found to be inversely
dependent on the M/I ratio. The number of terminations for PNVCL_122, PNVCL_305,
PNVCL_610, PNVCL_1220 and PNVCL 1690 were, respectively, 0.96 ± 0.25, 0.73 ± 0.17,
0.63 ± 0.14, 0.55 ± 0.12 and 0.45 ± 0.13 mmol/g. 13C spectra confirmed the structure of
the polymers based on the previous literature [10,12] (Figure 3 and Figure S2). Hetero-
correlated 2D-HSQC spectra (see Supplementary Figure S4) allowed the identification of
two minor signals at 1.55/29 ppm and 2.4/38 ppm that were related to the presence of the
sulphur-bonded aliphatic methylene and the methylene bonded to the carboxyl termination
group. The comparison between 13C spectra (Figure 3) of PNVCL_122, PNVCL_244 and
PNCVL_1220 in the range between 50 and 25 ppm confirmed that the signals are associated
to the aliphatic portion of the termination groups. As shown, the signal intensity decreases
as M/I ratio increases. This observation is in accordance with the presence of different
PNVCL-COOH polymer with increasing molecular mass and increasing M/I ratio. The
signals at 2.9/37 ppm were associated to CH3 residues of residual DMF solvent.
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Figure 3. Comparison between 13C spectra of PNVCL_122 (green), PNVCL_305 (red) and PN-
VCL_1220 (blue).

3.2. Spectroscopic Determination of LCST

The miscibility curves were represented by plotting the transmittance of the solutions
as a function of temperature (Figure 4a). LCSTs were determined from the inflection points
of the sigmoidal functions that were used to fit the miscibility curves. PNVCL-COOH
polymers (0.5 wt.% solutions) exhibited LCST in a range between 33 and 42 ◦C. The results
showed that LCST diminishes in relation to the M/I ratios that were used for the synthesis
of the polymers (Table 1). This molecular mass-dependent behavior is in accordance with
a “classical” type I miscibility behavior. Accordingly, the increase of the hydrophobicity
of the polymer results in the reduction of the LCST. The results excluded the presence
of “step” transitions, that are generally observed in highly polydisperse polymers with
different LCSTs. As a result, the variation of the M/I ratio provided a reliable procedure
for the control of the LCST with simple FRP.

The type I behavior of PNVCL-COOH was further validated by measuring the LCSTs
in the presence of salt species. The 0.5 wt.% PNVCL-COOH solutions were prepared in
citrate (pH 3), acetate (pH 5) and phosphate buffers (pH 7). All buffers were prepared
at the concentration of 0.1 M to compare the effect of the different ions on the LCSTs of
the polymers. The results (Figure 4c) showed a strong dependence towards the types of
ions dissolved in solution, as it was previously demonstrated by other studies on PNVCL
polymers [4]. The results suggested that the ionic environment has a stronger effect in
relation to the pH of the solution. The effect of salts was more pronounced for short chain
polymers, which have a higher LCST (Figure 4c). The most evident effect was observed by
dissolving PNVCL-COOH in phosphate buffer. This could be relevant from the biological
point of view, since phosphate buffers solutions (e.g., PBS) are widely used in cell treatment
kits [4,28–31]. During LCST transition, PNVCL-COOH undergoes a coil-to-globule transi-
tion [3,4]. Consequently, the lowering of the LCST due to the cell culture medium could
result in potential cytotoxic effect due to the conformational change of the polymer. The
effect of polymer concentration was assessed by measuring the LCSTs of PNVCL-COOH
solutions at the concentration of 0.5, 0.1, 0.05 wt.% (Figure 4b). Normally, the LCST is
associated with the point where the transmittance goes to zero [8,35,43]. However, this
model was not suitable for describing the behavior of solutions at lower concentration
(<0.1 wt.%). The determination of the LCST of dilute solution (<0.1 wt.%) of PNVCL
has been previously reported with DLS, static light scattering and differential scanning
calorimetry [4,44]. The calculation of the LCST at lower concentration was facilitated using
a sigmoidal model for the interpretation of curves (Equation (1)). Dilution resulted in
higher values of LCST and slower transition. Accordingly, PNVCL-COOH concentration
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affects the kinetics and the energy of LCST transition. Finally, the LCSTs were measured
in presence of NaCl in range of concentrations between 0 and 0.15 M (Figure 4d). Results
showed that LCST decreases proportionally in relation to NaCl concentration [45]. LCST
decreased by about 1 ◦C in a physiological solution (0.9% NaCl, or 0.15 M). Consequently,
pharmaceutical applications of PNVCL-COOH polymer in a physiological solution would
require a polymer with a LCST of at least > 38 ◦C in order to avoid cytotoxic effects due to
the polymer transition.

Figure 4. (a) Miscibility curves (transmittance vs. temperature) of PNVCL-COOH polymers at the concentration of 0.5 wt.%
in milliQ water (pH = 6.20). (b) Variation of LCST reported as a function of the PNVCL-COOH concentration in milliQ water
(pH = 6.20). (c) Variation of LCST of 0.5 wt.% PNVCL-COOH solutions associated to different type of buffers. (d) Variation
of LCST of 0.5 wt.% PNVCL-COOH solutions (milliQ water, pH = 6.20) associated to the concentration of NaCl.

Table 1. LCST, average molecular weight and LCST of the synthesized PNVCL-COOH polymers.

M/I Ratio
LCST (◦C) Average Molecular Weight (kDa)

UV-VIS DLS Equation (2) Equation (3) Equation (6) Equation (7)

122 41.71 ± 0.17 41 13.29 ± 0.36 29.60 ± 0.99 - -
244 38.56 ± 0.14 37 22.60 ± 0.06 48.74 ± 0.19 19.74 ± 1.12 19.56 ± 1.18
305 37.23 ± 0.63 37 25.96 ± 0.06 55.53 ± 0.17 21.87 ± 0.88 21.65 ± 0.89
610 35.75 ± 1.74 34 52.20 ± 0.36 107.0 ± 1.00 - -
1220 34.73 ± 0.56 33.5 79.54 ± 0.25 158.9 ± 0.70 42.87 ± 1.90 42.94 ± 1.93
1690 33.27 ± 0.03 32.5 124.1 ± 0.60 241.4 ± 1.64 - -
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3.3. Scattering Determination of LCST

DLS provided lower values of LCST in relation to UV-VIS spectroscopy. The analyses
of polymers with higher M/I (PNVCL_610, PNVCL_1220, PNVCL_1690) provided a direct
measurement of LCST from the displacement of the autocorrelation curve due to the
transition. The analyses of the other samples did not provide a direct estimation due to the
small dimensions of the PNVCL-COOH macromolecules in solution. Consequently, the
LCST was estimated by checking visible turbidity. The observed differences between DLS
and UV-VIS measurement were related to the polydispersity of the polymers. DLS is more
sensitive to the formation of aggregates in the proximity of LCST. The formation of globular
aggregates at temperature inferior to LCST is related to the fraction of PNVCL-COOH
polymers with higher molecular mass. Since the scattering intensity is proportional to
Dh

6, a small fraction of polymer undergoing coil-to-globule transition is able to produce
variation in the autocorrelation curve shape or position (Figure S7) [39]. Accordingly, the
entity of the differences between UV-VIS and DLS measurements provided an overview on
the polydispersity of PNVCL-COOH polymers. According to the results, the polymer with
highest polydispersity was PNVCL_610.

3.4. Determination of Molecular Mass

The molecular weight determination of polymer was carried out by SEC, DLS and
viscosimetry. DLS and viscosimetry provided an estimation of the average molecular mass,
while SEC did not produce any appreciable results due to the sorption of PNVCL on the
column. This issue has been previously addressed for the analysis of PNVCL column in
most solvents, including aqueous buffers and THF [10,46]. DLS allowed the estimation
of the molecular mass according to the models described by Lau [40] and Eisele [41]. The
viscosimetric molecular mass of PNVCL_244, PNVCL_305 and PNVCL_1220 mass was
determined using water as a solvent at 25 ◦C. Samples were analyzed in dilute conditions
(≤ 0.2 wt.%) in order to prevent the formation of foam. Due to the low viscosity of the
sample, the differences between the run times were very small. Similarly, the values of
inherent viscosity (ηinh) were considered too low for the calculation of the molecular mass
with the model described by Kraemer [47]. The comparison between DLS and viscosi-
metric measurements is reported in Table 1. The estimated molecular mass as a function
of the M/I value is reported in Figure 5a and the variation of LCST as a function of the
molecular mass is reported in Figure 5b. Both DLS and viscosimetric results are in line with
a type I thermoresponsive polymer behavior. As the molecular mass increases, the LCST
decreases. The utilization of K and a constant reported by Kirsh [12,42] demonstrated that
the two models can be equally applied for PNVCL-COOH polymers in this molecular
weight range (15–50 kDa). Molecular mass values obtained through viscosimetry were
slightly lower than those obtained by interpreting DLS data with the model provided
by Lau (Equation (2)), while the use of Eisele’s equation led to the overestimation of the
molecular mass. Interestingly, it was observed that the values calculated using Lau’s
equation were almost half the values obtained with Eisele’s. The bigger differences be-
tween DLS and viscosimetry data are observed with increasing molecular mass (Table 1,
Figure 5a,b). Accordingly, scattering methods should be considered for the estimation of
the molecular mass of PNVCL polymers with lower molecular mass, that are not suitable
for viscosimetric analysis due to their low viscosity. The reported relations between LCST
and Mη are in accordance with the mixing behavior of aqueous PNVCL solutions reported
by Meeussen [22] and Kirsh [42]. Accordingly, the small difference between the calculated
LCST may be related to the different end groups of the polymers under consideration. The
presence of terminations or compounds that increase the hydrophilicity of PNVCL is known
to increase the LCST [27,48]. Furthermore, PNVCL-COOH polymers with a 32◦C LCST
have been frequently used as starting polymers for the preparation of thermoresponsive
particles [7–9,19,35,38]. This LCST value has been previously associated to the behavior
of PNVCL-COOH polymers with a molecular weight of 1 kDa by means of GPC-SEC
measurements in THF [35] and never discussed in subsequent publications [7–9,16–19].
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PNVCL_1690 shows similar properties as the LCST is close to 33◦C. According to DLS
measurements, PNVCL-COOH polymers require a molecular mass higher than 100 kDa
in order to exhibit LCST at 32 ◦C. Similarly, viscosimetric analyses demonstrated that the
value should be at least higher than 42 kDa, which is the value that we associated to a LCST
of 34 ◦C. Accordingly, the importance of the molecular mass of PNVCL polymers appeared
to be underestimated in studies oriented towards biological applications [7–9,16–19,35].
The molecular mass of the PNVCL has a central role in defining the thermoresponsive
behavior of nanoparticles, microgels, gels and other biocompatible devices for drug and
gene delivery. Consequently, it is essential to correctly characterize the molecular mass
with precise, standardized, and reproducible methods.

Figure 5. (a) Average molecular weight as a function of M/I ratio. (b) Spectroscopic LCST reported as a function of the
average molecular weight. The graphics show the comparison between the values calculated using the models reported by
Lau (black), Eisele (blue), and viscosimetric masses calculated using Equations (6) (red) and (7) (violet).

3.5. Determination of LCST in Human Plasma

The critical miscibility behavior of PNVCL-COOH was observed in human plasma to
evaluate possible cytotoxic effects related to the utilization of the polymer in physiological
fluids. Plasma represents 55% of the blood and consists mainly of water, dissolved ions,
proteins and gases. Among the main proteins, albumin, fibrinogen and globulins are
present, whose functional groups give rise to the intense visible bands in the region between
200 and 600 nm [49]. In both samples analyzed, the peak at 576 nm and the shoulder at
540 nm are related to the presence of oxyhemoglobin [50] due to the hemolysis of residual
erythrocytes. A first calibration of the matrix was performed on a pool of plasma realized
from the union of samples taken from 12 heathy donors in a temperature range between
25 and 50 ◦C. The calibration excluded any spectral modification between 25 and 42 ◦C.
Due to the complexity of the matrix, all solutions were analyzed using milliQ water as a
reference. The measurements of the LCST of PNVCL_122, PNVCL_244 and PNVCL_305
were provided by the analysis of the region devoid of amino acid signals, between 600 and
800 nm (Figure 6a and Figures S8,S9). Upon heating, the absorbance signal of the spectra
was shifted towards higher values due to the conformational change of the polymers. The
results show that the human plasma is responsible for a significant lowering of the LCST
by about 10 ◦C, as spectral changes were already observed at 28 ◦C. This is in line with the
results of previous experiments, which have shown that LCST is affected by the presence
of ions and proteins. By heating up the solution to 37 ◦C, the spectra change dramatically,
and it was no longer possible to recognize any spectral information. However, the spectral
properties of plasma were restored by cooling the system back to 25 ◦C. Accordingly, the
reversibility of PNVCL-COOH transition is maintained within the plasma matrix. LCST
values were calculated by fitting the transmittance vs. temperature data with a sigmoidal
function (Equation (1)). Transmittance data and fitting functions are reported in Figure 6b.
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The comparison between the LCST of PNVCL-COOH in milliQ water and plasma are
reported in Table 2. It can be concluded that the polymer is not suitable for direct utilization
within the plasma at the concentration of 0.5 wt.%. However, the reversibility of the
transition could be an important starting point for future developments. According to the
previously reported results, the LCST can be increased by simply decreasing the chain
length by modifying the M/I ratio and by diminishing polymer concentration.
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Figure 6. (a) Variation of UV-VIS spectrum of a solution of PNVCL_244 in human plasma (0.5 wt.%) with temperature. (b)
Transmittance of PNVCL_122 (black squares), PNVCL_244 (blue circles) and PNVCL_305 (red triangles) solution in human
plasma (0.5 wt.%) calculated at 800 nm reported as a function of temperature. The graph also shows the sigmoidal fitting
functions that were used for the calculations of the LCST.

Table 2. Comparison between the LCST of PNVCL-COOH polymers (0.5 wt. %) in milliQ water and
in human plasma.

M/I Ratio
LCST (◦C)

MilliQ Water PBS (0.1 M, pH = 7) Human Plasma

122 41.71 ± 0.17 34.83 ± 0.21 31.04 ± 0.05
244 38.56 ± 0.14 31.68 ± 0.17 28.83 ± 0.11
305 37.23 ± 0.63 31.38 ± 0.14 28.15 ± 6.75

4. Conclusions

In this work, the preparation of PNVCL-COOH linear thermoresponsive polymers
with a LCST of between 33 and 42 ◦C was reported. The results contradict the established
thesis that PNVCL has a characteristic LCST at 32 ◦C and exhibits a miscibility behavior
similar to PNIPAM. The utilization of different ratios between monomer and initiator (M/I)
allowed to lower the LCST by increasing the molecular mass of the polymer. Accordingly,
the increase in molecular mass was associated with a decrease in terminal groups content
that was observed in NMR spectroscopy and conductivity titration. Molecular mass
characterization was approached with different method and a comparison of the results
was provided. While GPC-SEC has proven to be unreliable regarding the tendency of the
polymer to adsorb on the column, DLS and viscosimetry proved to be simple and effective
methods for the estimation of the molecular mass in simple aqueous solution. The behavior
of the polymer was described according to its concentration and in the presence of different
environments, such as buffers, NaCl solutions and human plasma. The utilization of a
sigmoidal model allowed to correlate the equilibrium miscibility temperature (LCST) as the
inflection point of the miscibility curve. This allowed to interpret with greater precision the
behavior in diluted solutions or in complex matrices. The variability associated with the
LCST values in the different solutions demonstrated the importance in reporting the LCST

39



Polymers 2021, 13, 2639

of PNVCL polymers in relation to their concentration and molecular mass. In addition, the
study demonstrates the importance of the screening of the behavior of PNVCL polymers
in biologically relevant environments (plasma, PBS, physiological solution). The LCST of
PNVCL polymers for biological applications should be determined within these solutions
in order to prevent cytotoxic effects due to thermo-induced conformational change.
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NVCL and PNVCL-COOH spectrum (PNVCL_305); Figure S6 Reduced viscosity reported as a
function of PNVCL_244 (black squares), PNVCL_305 (red circles) and PNVCL_1220 (blue triangles)
concentration. The value of ηred were calculated according to the Huggins method by using the
calibration lines reported in the figure; Figure S7: Displacement of the correlation curve of PN-
VCL_1220 solution (0.5 wt.%) associated to LCST transition; Figure S8: Variation of UV-VIS spectrum
of a solution of PNVCL_122 in human plasma (0.5 wt.%) with temperature; Figure S9: Variation of
UV-VIS spectrum of a solution of PNVCL_305 in human plasma (0.5 wt.%) with temperature; Figure
S10: Conductimetric titration of PNVCL_305.
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Abbreviations

[η] intrinsic viscosity
AIBN 2,2′-Azobis(2-methylpropionitrile)
D2O Deuterated water
Dh Hydrodynamic diameter
DLS Dynamic light scattering
DMF N,N′-dimethylformamide
DMSO Dimethyl sulfoxide
FRP Free radical polymerization
FT-IR Fourier-transform infrared
GPC-SEC Gel Permeation Chromatography-Size exclusion chromatography
HSQC heteronuclear single quantum coherence

HSQC-DEPT
heteronuclear single quantum coherence-distortionless enhanced polarization
transfer

LCST lower critical solution temperature
M/I monomer to initiator ratio
Mn Number average molecular weight
MPA Mercaptopropionic acid
Mw weight average molecular weight
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MWCO molecular weight cut-off
Mη viscosimetric molecular weight
NHS N-hydroxysuccinimide
NMR nuclear magnetic resonance
NVCL N-vinyl caprolactam
PBS Phosphate-buffered saline
PNIPAM poly-N-isopropylamide
PNVCL Poly-N-Vinylcaprolactam
Rg Gyration radius
THF Tetrahydrofuran
Tr Transmittance
UCST upper critical solution temperature
UV-VIS UV-Visible
ηinh inherent viscosity
ηred reduced viscosity
ηsp specific viscosity
χn degree of polymerization
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Abstract: A novel type of dual responsive nanogels was synthesized by physical crosslinking of
polylactic acid stereocomplexation: temperature and reduction dual stimulation responsive gels were
formed in situ by mixing equal amounts of PLA (Poly (Lactic Acid)) enantiomeric graft copolymer
micellar solution; the properties of double stimulation response make it more targeted in the field
of drug release. The structural composition of the gels was studied by proton nuclear magnetic
resonance (1H NMR) and Fourier transform infrared spectroscopy (FT-IR). Using transmission
electron microscope (TEM) and dynamic light scattering (DLS) instruments, the differences in
morphology and particle size were analyzed (indicating that nanogels have dual stimulus responses
of temperature sensitivity and reduction). The Wide-Angle X-ray diffractionr (WAXD) was used to
prove the stereocomplexation of PLA in the gels, the mechanical properties and gelation process
of the gels were studied by rheology test. The physically cross-linked gel network generated by
the self-recombination of micelles and then stereo-complexation has a more stable structure. The
results show that the micelle properties, swelling properties and rheological properties of nanogels
can be changed by adjusting the degree of polymerization of polylactic acid. In addition, it provides
a safe and practical new method for preparing stable temperature/reduction response physical
cross-linked gel.

Keywords: stereocomplexation; polylactic acid; temperature/reduction; self-recombination

1. Introduction

In the field of drug delivery, there are many types of polymer-based carriers, such as
nanoparticles [1], vesicles [2,3], polymer micelles [4–7], hydrogels [8–10], etc. Among these
carriers, polymeric micelles are one of the most common. However, the instability of the
micelle structure causes it to dissociate at a concentration lower than the critical micelle
concentration, which will lead to the loss of drugs during the blood circulation and limit its
further clinical application [11,12]. Scientists prepared polymers for improving the physical
stability of polymer micelles through various cross-linking methods. Nanohydrogel is
one of them. As one of the classifications of hydrogels, nanohydrogels are defined as
a nano-scale polymer with 3D network nanoparticles, this network is formed by cross-
linking polymer chains swelled in a good solvent [13,14]. Compared with commonly used
nanocarriers (such as micelles), nanohydrogels contain a large amount of water in a swollen
state, and stably load drugs, reducing the loss of drugs during blood circulation.

Generally speaking, hydrogels can be divided into two types according to cross-
linking methods, one is a chemical crosslinking hydrogel [15], the other is a physical
crosslinking hydrogel [16]. The chemical crosslinking hydrogel is usually crosslinked
by chemical crosslinking agent and the force of cross-linking is the covalent bond gener-
ated by the functional groups between the polymer chains, so it has better mechanical
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strength and stability than physically cross-linked hydrogels [17,18]. However, the ad-
dition of a chemical crosslinking agent may lead to biodegradable hydrogels become a
huge problem [19]. Physical cross-linking hydrogels mainly use intermolecular hydrogen
bonding as the main cross-linking force, avoiding the formation of undegradable bonds,
and has better biocompatibility, degradability and application prospect than chemical
cross-linked hydrogels. The polylactic acid stereocomplex has many advantages. Due to
its extraordinary biological, thermal, and mechanical properties, it shows great potential
as a biological material. The group of Sytze J. Buwalda conducted research to prepare
PEG-PLA star-shaped block copolymer hydrogels through physical crosslinking combined
with photopolymerization. The gel is degraded by the hydrolysis of the ester groups in the
PLA chain, resulting in the loss of physical and chemical crosslinks. This study shows that
the injectable, photocrosslinked PEG-PLA star block copolymer hydrogel is a promising
material for biomedical applications such as long-term controlled drug delivery [20].

The broad application prospects of stimulus responsive hydrogels have led to var-
ious single-response [21], double-response and multi-response hydrogels being studied
and applied [22–24]. However, there are few reports on reduction/temperature dual
response hydrogels. In recent years, biodegradable hydrogels with degradable bonds
have become a hot topic [25,26]. Scientists have introduced degradable bonds such as hy-
drazine [27], enzymes [28,29], disulfide bonds [30], etc. into polymer molecules to achieve
the synthesis of degradable hydrogels. Among them, disulfide bonds are favored by
scientists because they can be cleaved and reformed under relatively simple and mild con-
ditions [31,32]. In this article, we first synthesize an initiator 2-((2-Hydroxyethyl) disulfanyl)
ethyl methacrylate (HSEMA) with disulfide bond through the monoesterification reaction
of 2, 2′-dithiodiethanol and methacryloyl chloride, and then used it for ring-opening poly-
merization of poly(lactide) to form macromonomer HSEMA-PLLA and HSEMA-PDLA, the
temperature-sensitive monomers 2-(2-methoxyethoxy) ethyl methacrylate (MEO2MA) and
oligo (ethylene glycol) methacrylate (OEGMA) undergo free radical polymerization with
macromonomer HSEMA-PLLA or HSEMA-PDLA under the condition of AIBN as the initia-
tor to form temperature/reduction dual responsive micelles. Mixing equal amounts of PLA
enantiomeric micellar solution in situ generates a temperature reduction dual stimulus re-
sponsive gel. The physically cross-linked gel network generated by the self-recombination
of micelles and then stereo-complexation provides a safe and practical new method for the
preparation of temperature/reduction dual responsive physical cross-linking gel.

2. Materials and Methods

2.1. Materials

L-lactide, D-lactide (99.0%) and methacryloyl chloride (95%, Mn = 104.53 g·mol−1)
were purchased from Macleans (Shanghai, China). Oligo (ethylene oxide) methacry-
late (OEGMA, 95%, Mn = 475 g·mol−1) and 2-(2-methoxy ethoxy) ethyl methacrylate
(MEO2MA, 95%, Mn = 188.22 g·mol−1) were obtained from TCI (Shanghai Development
Co., Ltd., Shanghai, China). 2,2′-dithiodiethanol (90%, Mn = 154.25 g·mol−1) was purchased
from Alfa Aesar (Shanghai, China). 1,4-dithiothreitol (DTT, 99.0%, Mn = 154.25 g·mol−1)
was purchased from Rhawn (Shanghai, China), Tin(II) 2-ethylhexanoate (99%, Mn =
405.12 g·mol−1)was purchased from J&k (Beijing, China), 2,2′-Azoisobutyronitrile(AIBN) (
Macleans, Shanghai, China) was purified by recrystallization from methanol. The solvents
used are all dried and double distilled water is used in aqueous solutions.

2.2. Synthesis of 2-((2-Hydroxyethyl) Disulfanyl) Ethyl Methacrylate (HSEMA)

2-((2-Hydroxyethyl) disulfanyl) ethyl methacrylate (HSEMA) was synthesized by
the monoesterification reaction of 2,2′-dithiodiethanol and methacryloylchloride [33,34].
The synthesis route was as follows: 2,2′-dithiodiethanol (4 mmol, 0.542 mL) and triethy-
lamine (1 mL) were completely dissolved in 20 mL dried THF. Then methacryloyl chloride
(4 mmol, 0.407 mL) was added drop-wise for 20 min in an ice bath at 0 ◦C, the reactants
were stirred at room temperature for 24 h. The produced white solids, i.e., triethylamine
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salt, were removed using the method of filtration. Subsequently, the solvent was removed
by rotary evaporation, and the product was purified by column chromatography.

2.3. Synthesis of Macromonomer HSEMA-PDLA

Synthesis of macromonomer HSEMA-PLLA/HSEMA-PDLA used the method of ring-
opening polymerization with HSEMA as the initiator and lactide as the raw material. The
synthesis route was as follows: D-lactide (6.9 mmol, 1 g), initiator HSEMA (0.53 mmol) and
dry toluene (15 mL) were added to a dry and clean three-necked flask (Scheme 1). After the
mixture were fully dissolved, the catalyst Tin (II) 2-ethylhexanoate (Sn(Oct)2) (55 µL) was
added. The reaction system was refluxed at 120 ◦C for 24 h under a nitrogen atmosphere,
and then the crude products were precipitated and purified twice in cold anhydrous ether.
Finally, the products were stored in a vacuum drying cabinet at room temperature. The
synthesis of HSEMA-PLLA was similar to HSEMA-PDLA.

′
′

μ

 

Scheme 1. Initiator HSEMA (a), macromonomer HSEMA-PLLA/PDLA (b), graft copolymer
P(MEO2MA-co-OEGMA)-g-(HSEMA-PDLA) (c), Schematic diagram of the synthesis and hydro-
gel complex mechanism (d).

2.4. Synthesis of Graft Copolymer P(MEO2MA-co-OEGMA)-g-(HSEMA-PLLA)

The graft copolymer P (MEO2MA-co-OEGMA)-g-(HSEMA-PLLA) was synthesized
by free radical polymerization with 2-(2-methoxy ethoxy) ethyl methacrylate (MEO2MA)
and oligo (ethylene oxide) methacrylate (OEGMA) as temperature-sensitive monomers,
HSEMA-PLLA as macromonomers and 2,2′-Azoisobutyronitrile (AIBN) as the initiator.
The synthesis route was as follows: the macromonomer HSEMA-PLLA and DMF (3 mL)
were added to a dry and clean Shrek tube. After HSEMA-PLLA were fully dissolved,
MEO2MA, OEGMA and initiator AIBN were added to the mixed solution. The reaction
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system was reacted at 70 ◦C for 6 h under nitrogen atmosphere. The crude products were
precipitated and purified twice in ice anhydrous ether, then dialyzed at room temperature
for 3 days. Finally, the products were freeze-dried and stored in a vacuum drying cabinet
at room temperature.

2.5. Synthesis of Temperature/Reduction Nanogels

Copolymers of equal mass were respectively dissolved in water to obtain a uniform
single enantiomeric graft copolymer solution. Then the enantiomeric graft copolymer
solutions were mixed in equal volumes at 37 ◦C to obtain a stereocomplexed gel [35,36].
The complex mechanism was shown in Scheme 1.

2.6. Characterization of the Samples

2.6.1. Nuclear Magnetic Resonance Spectroscopy (1H-NMR)

The structure of the compound was characterized using a Bruker-300MHz spectrome-
ter (300 MHz Avance, Bruker Corporation, Karlsruhe, Germany) with CDCl3 as a solvent
and tetramethylsilane (TMS) as an internal standard at room temperature.

2.6.2. Fourier Transform Infrared Spectroscopy (FT-IR)

The functional group of the compound was characterized by Fourier transform in-
frared spectroscopy (FTIR) (Tensor 27, Bruker Corporation, Karlsruhe, Germany). Before
the measurement, the sample was uniformly mixed with dry KBr, dried in a vacuum drying
oven for 24 h, and finally pressed at room temperature.

2.6.3. The Wide-Angle X-ray Diffraction (WAXD)

The wide-angle X-ray diffraction (WAXD) analysis was performed on Ni-filtered Cu
Kα (λ = 0.154 nm) at 25 ◦C on the D8 Advance diffractometer from Bruker, Karlsruhe,
Germany, with a 2θ scanning rate of 2◦/min and a scanning range of 5–40◦.

2.6.4. Low Critical Solution Temperature (LCST)

The LCST of the gels were measured by UV-V is spectroscopy (TU-1901, Beijing
Purkinje General Instrument Corporation, Beijing, China). A series of nanogel solutions
(2.00 mg/mL) was arranged in a transparent sample vial. The transmittance of the nanogels
was measured using the TU-1901 at a wavelength of 660 nm, photometric mode, and a
temperature range of 20–50 ◦C.

2.6.5. The Scanning Electron Microscope (SEM) Analysis

The gels samples were immersed in the distilled water at 25 ◦C till swell-equilibrium.
The swollen gels were quickly frozen in liquid nitrogen and then freeze-dried in a freeze
dryer. Microscopic morphology of the gel was performed on a desktop scanning electron
microscope (SEM, TM 3030 Hitachi, Tokyo, Japan) in low vacuum mode. Before the
observation, in order to improve the conductivity of the sample, it was subjected to gold
spray treatment for 80 s.

2.6.6. Dynamic Light Scattering (DLS) Analysis

Laser particle size meter (BI-90Plus, Brookhaven, New York, United States) was used
to measure the particle size of nanogels under different conditions: 1 mg/mL of solution
was prepared and filtered by 0.45 µm water filter. The particle size was measured at room
temperature and variable temperature, respectively.

2.6.7. Swelling Kinetics of the Gel

The preparation method of the dried gel used for the swelling performance test is:
0.5 g enantiomeric copolymer was put in a sample bottle respectively, add THF right
amount to dissolve completely. In an ice bath, the THF solution of the copolymer was
dripped drop by drop into a round-bottomed flask containing 5 mL of secondary water.
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Ultrasound at 4 ◦C until the solution reaches equilibrium (about 30 min), distilled THF in
the solution under reduced pressure at room temperature to obtain a uniform enantiomeric
graft copolymer micelle solution with a mass fraction of 10 w/v%, after mixing the same
amount of enantiomeric copolymer solution and stirring for 40 min, ultrasonic for 30 min
to complete the complexation, heat up in the temperature range of 25–70 ◦C and volatilize
the solvent and obtain a completely dry PLA-based gels.

The swelling kinetics and de-swelling kinetics of the gel were explained by the weigh-
ing method. The specific method of the swelling kinetics is as follows: fully dried gels
were soaked in the secondary water at 25 ◦C, taken out, the mass was weighed three times
after a certain period of time, and the water on the surface of the gel was absorbed by filter
paper. Taking the average of the data, its swelling ratio was calculated according to the
following formula.

[Swelling ratio] = (Wt − Wd)/Wd (1)

where Wd is the mass of dry gel (g), Wt is the mass of the gel taken out at a fixed time point
during the swelling process (g).

2.6.8. Transmission Electron Microscopy (TEM) Analysis

The morphology of the gel was observed by a Field Emission Transmission Electron
(JEOL JEM-2100, Tokey, Japan) with accelerating voltage 200 kV. The samples were prepared
by placing a drop of 1.00 g·mol−1 copolymer solution on a carbon-coated copper grid
(200 mesh) and then drying in the vacuum at 25 ◦C.

2.6.9. Determination of Disulfide Bond Reduction of Sulfhydryl in Nanohydrogel

We use the Ellman reagent to characterize the redox responsiveness of the hydrogel.
Preparation of Ellman reagent is made using a buffer solution with pH = 8 as the solvent
for the Ellman reagent which was specifically prepared by weighing 1.56 g of sodium phos-
phate and 0.0372 g of EDTA and dissolving the volume to 100 mL, and then using sodium
carbonate to adjust the pH to 8. Dissolve 4 mg of 5,5′-dithiobis (2-nitrobenzoic acid) in
1 mL pH = 8 buffer solution, store in the dark, and prepare it for immediate use; the Ellman
reagent was successfully prepared. Take 4 mL of the prepared 1 mg/mL nanohydrogel so-
lution, add the reducing agent tris(2-carboxyethyl)phosphine (TCEP) hydrochloride (1 mL,
0.02 mol/L) and Ellman’s reagent (0.2 mL), and let stand for 20 min [37]. At the same time,
use the same method to treat without reducing as a blank comparison, the solution to be
tested needs to be diluted 10 times to ensure that the concentration of sulfhydryl groups is
within the measurement range. Use anultraviolet-visible spectrophotometer to measure
within the measurement range of 200–500 nm.

3. Results and Discussion

The graft copolymer P (MEO2MA-co-OEGMA)-g-(HSEMA-PDLA) was synthesized
by radical polymerization of 2,2-Azoisobutyronitrile (AIBN) as initiator and macromonomer
HSEMA-PDLA, 2-(2-methoxy ethoxy) ethyl methacrylate (MEO2MA), oligo (ethylene ox-
ide) methacrylate (OEGMA) (relevant data as shown in Table 1), then the same amount of
enantiomeric graft copolymer micellar solution were mixed in situ to form nanogel. The
amount of temperature-sensitive monomer and macromonomer used in the experiment is
the same. The variable set is the degree of polymerization of the macromonomer, i.e., the
amount of lactide added when synthesizing the macromonomer is different (relevant data
as shown in Table 1).

49



Polymers 2021, 13, 3492

Table 1. The adding data of each reaction material.

Sample
[HSEMA]:[PLLA]

(n:n)
Mn

a (Theory)
Mn

b

(1H NMR)

[M]:[O] c

(n:n)
[P(MOL)]:[P(MOD)]

(n:n)

gel1 1:13 1158 1230 95:5 1:1
gel2 1:16 1374 1518 95:5 1:1
gel3 1:20 1662 1878 95:5 1:1
gel4 1:25 2022 2310 95:5 1:1

a and b are the theoretical molecular weight and 1H NMR molecular weight of the macromonomer, c is molar ratio of MEO2MA and
OEGMA.

3.1. Structural Characterization of the Initiator, Macromolecular Monomers, and Branching
Copolymers

The initiator 2-((2-Hydroxyethyl) disulfanyl) ethyl methacrylate (HSEMA) was mainly
synthesized by the monoesterification reaction of 2,2-dithiodiethanol and methacryloyl
chloride, and Et3N acts as an acid binding agent to promote the reaction to move forward.
The obtained crude product was purified by column chromatography (silica gel, eluent:
ethyl acetate/petroleum ether = 1.5:1). Figure 1 shows the infrared spectrum of the initiator
HSEMA. It can be seen from the figure that the peak at 3432 cm−1 is -OH stretching
vibration, and 2944–2874 cm−1 is –C-H stretching vibration of -CH2- and -CH3. The peak
at 1707 cm−1 is -C=O stretching vibration, at 1633 cm−1 is -C=C- stretching vibration, 1451–
1385 cm−1 is -CH3 bending vibration, and 1155 cm−1 is stretching vibration of –C-O-C-.
Figure 2a is the proton nuclear magnetic resonance spectrum of HSEMA, as shown in
the figure, 1H-NMR (300 MHz, CDCl3) δ ppm: 6.11, 5.58 (s, 2H, CH2=C(CH3)-), 4.40 (t,
2H, -OCH2CH2-S-S-), 3.87 (t, 2H, -CH2OH), 2.95, 2.87 (t, 4H, -CH2-S-S-CH2-), 1.93 (s, 3H,
CH2=C(CH3)-. Combining the corresponding data of the above, the synthesis of HSEMA
is successful.

−

−

− −

− −

δ

Figure 1. Fourier transform infra-red (FTIR) spectra of the initiator HSEMA.

The synthesis of macromonomer was achieved by ring-opening polymerization of
lactide with HSEMA as initiator and Tin (II) 2-ethylhexanoate (Sn(Oct)2) as catalyst.
Figure 2b is the proton nuclear magnetic resonance spectrum of the macromonomer
HSEMA-PDLA. 1H NMR (300 MHz, CDCl3) the corresponding chemical shift is δ ppm:
6.06, 5.52 (s, 2H, CH2=C(CH3)-), 5.13–5.06 (m, 1H, -(C=O)CH(CH3)O-), 4.30–4.35 (m, 4H,-
OCH2CH2SS-), 2.91–2.82 (m, 4H, -S-S-CH2CH2O-), 1.88 (s, 3H, CH2=C(CH3)-), 1.52 (d, 3H,
-(C=O)CH(CH3)O-). Figure 3b is the FT-IR spectrum of the macromonomer HSEMA-PDLA.
As shown in the figure, the peaks at 3631 cm−1 and 3026–2871 cm−1 are the stretching
vibrations of -OH and -CH2-CH3 respectively. The peaks at 1758 cm−1 and 1187 cm−1 are
the stretching vibration of -C=O and –C-O-C- respectively, and the peak at 1450 cm−1 is
the bending vibration of -CH2, -CH3. Since the disulfide bond is in the FT-IR fingerprint
region. Therefore, combining the above data, the macromonomer HSEMA-PDLA was
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successfully synthesized, and the relevant data of HSEMA-PLLA are basically the same as
HSEMA-PDLA, and no explanation is given here.

δ

− −

−

−

−

 

−

−

Figure 2. 1H-NMR spectra of (a) initiator HSEMA; (b) macromonomer HSEMA-PDLA; (c) graft
copolymer P(MEO2MA-co-OEGMA)-g-(HSEMA-PDLA).

 

θ
θ

θ θ

Figure 3. FTIR spectra of (a) gel4; (b) macromonomer HSEMA-PDLA.

Figure 2c is the 1H-NMR spectrum of the graft copolymers (1H-NMR (300 MHz,
CDCl3)), the specific chemical shift is: 5.12–5.06 (m, 1H, -(C=O)CH(CH3)O-), 4.04 (s, 2H,
-O(CH2CH2O)2CH3), 3.5 (d, 2H, -O(CH2CH2O)2CH3), 3.33 (s, 3H, CH2=C(CH3)-),1.52–1.49
(d, 3H, -(C=O)CH(CH3)O-), 1.19 (s,3H,-CH2C(CH3)CH2-), 0.83 (s,2H, -CH2C(CH3)CH2-).
Figure 3a is the FT-IR spectrum of the gels. It can be seen from the figure that the C=O
stretching vibration peak of the gels at 1729 cm−1 shifts to a lower wavelength compared to
the C=O (1758 cm−1) of the macromonomer. This is due to the complex hydrogen bonding
between the PLA groups, which makes the C=O shift, it also shows that the stereocomplex
gels were successfully synthesized.
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3.2. Analysis of Complex Structure

We used a wide-angle X-ray diffraction (WAXD) to confirm the stereocomplexation of
the gels in a macroscopic state. Figure 4a is the WAXD pattern of the macromonomer (red
line) and gel4 (black line). As shown in the figure, the macromonomerHSEMA-PLLA25 has
the isomorphous peaks at 2θ = 17◦, 19◦ and gel4 has a relatively obvious stereocomplex
peak at 2θ = 12◦. According to the relevant literature, the synthesis of stereocomplex
gel is successful [38]. Figure 4b is the WXRD pattern of the gels with different PLA
polymerization degrees. It can be seen from the figure that the stereocomplexed gels
with different PLA polymerization degree have different degrees of peaks at 2θ = 12◦,
21◦ and 24◦. where 2θ = 12◦, 21◦ is more obvious and the diffraction peaks are obviously
enhanced with the increase of PLA polymerization degree, this is because the increase of
PLA polymerization degree increases the content of stereocomplex and the intensity of
complex peak increases.

θ
θ

θ θ

Figure 4. WXRD patterns of (a) macromonomer HSEMA-PLLA25 and gel4, (b) gels with different polymerization degrees
of PLA.

3.3. Micellar Properties of Hydrogels

The addition of temperature-sensitive monomer MEO2MA and OEGMA makes the
synthesized nanogels temperature sensitive. Figure 5 shows a digital camera diagram of
gels 1–4 at different temperatures. As shown in photos, gels 1–4 show different clarity at
room temperature due to different hydrophobic chain lengths. and become turbid with
increasing hydrophobic chain segments. When the temperature rises to 35 ◦C, the nanogels
become further turbid. As the temperature rises further, the turbidity increases and the
clarity decreases further, this is because with the increase of temperature, the hydrogen
bond between the hydrophilic part of the nanogel and the water molecule weakens. The
enhanced hydrophobic effect makes the solution turbid, this also means that the gel is
temperature sensitive.
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Figure 5. Digital photo of temperature sensitivity of gel 1–4 (2 mg/mL) (a) 25 ◦C, (b) 35 ◦C, (c) 45 ◦C.

By adjusting the ratio between the temperature-sensitive monomers MEO2MA and
OEGMA, the low critical solution temperature (LCST) can be adjusted to near the physio-
logical temperature of the human body. In this study, the content of the hydrophilic part is
fixed, and the variable is the degree of polymerization of the hydrophobic section of PLA.
As shown in Figure 6, due to the different content of the hydrophobic part, it has different
light transmittance at 25 ◦C, from largest to smallest, 96%, 77%, 56%, 45%, as the degree
of polymerization of the hydrophobic part increases, the light transmittance gradually
decreases. This is because when the content of hydrophilic chains in the polymer molecules
is the same, the more the content of hydrophobic chains, the greater the degree of phase
separation and the more turbid and the lower the light transmittance; Due to the same con-
tent of the hydrophilic part, the LCST values of nanohydrogels with different hydrophobic
polymerization degrees are different with different hydrophobic polymerization degrees.
The LCST values of gel1, gel2, gel3, and gel4 are 35 ◦C, 34 ◦C, 33 ◦C, 30 ◦C, and the LCST
value decreases with the increase of the degree of polymerization of the hydrophobic part.
This is because when the content of the hydrophilic part of the same, the higher the degree
of polymerization of the PLA, the higher the content of the hydrophobic moiety, the lower
temperature required when the hydrophobic interaction formed between the polymers is
broken. In other words, the corresponding lower critical solution temperature is lower.

 

Figure 6. The light transmittance of gel1-4 (2 mg/mL) changes with temperature.

3.4. Analysis of the Particle Size and Micro Morphology of Nanogel in Solution

Nanogels are realized by self-recombination of an equal amount of enantiomeric graft
copolymer solution, so nanogels still exist in the form of micelles [35]. DLS can be used to
measure the particle size of nano-scale polymers in different states. Figure 7 is a graph of
the particle size of nanohydrogels with different degrees of polymerization of polylactic
acid. As shown in the figure, when the degree of polymerization of the hydrophobic part is
different, the particle sizes of the corresponding nanohydrogels are also different. When the
degree of polymerization increases, the particle size of the corresponding nanohydrogel is
150 nm, 174 nm, 255 nm, and 345 nm in sequence. As the degree of polymerization increases,
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the corresponding particle size increases in sequence. This is because the structure of
the nanohydrogel is still a self-reorganized micellar structure of the polymer, which is
composed of a hydrophobic core and a hydrophilic shell. At the same hydrophilic content,
the greater the degree of polymerization of the hydrophobic part of the polymer, the larger
the hydrophobic core of the corresponding micelle, so that the particle size increases with
the increase of the degree of polymerization of polylactic acid.

Figure 7. The particle size diagrams of nanogels at different degrees of PLA.

The morphology of the nanohydrogel can be analyzed bytransmission electron mi-
croscope. Figure 8 is the transmission electron micrographs of the nano hydrogel under
different conditions. To have more intuitive data on the particle size, we use dynamic light
scattering (DLS) to corroborate the corresponding particle size. As shown in the figure,
the particle size of gel1 at room temperature is about 150 nm, while the particle size at 37
◦C is about 100 nm. This is because in the core-shell structure of the nanohydrogel, the
hydrophilic shell shrinks as the temperature increases due to its temperature sensitivity,
which reduces the particle size of the nanohydrogel; The particle size after reduction with
10 mM DTT is about 270 nm, which is larger than the particle size at room temperature.
This is because the addition of the reducing agent causes the disulfide bond connecting
the hydrophobic segment in the nanohydrogel to be reduced to a sulfhydryl group and
breaks. The number of broken free hydrophobic groups increases, and aggregation is more
likely to occur, forming larger aggregates to increase the particle size of the nanohydrogel.
The change of particle size under different conditions also shows that the synthesized
nanohydrogel has dual stimulus responsiveness of temperature and reduction.

3.5. Determination of Reduced Sulfhydryl Group by Ultraviolet-Visible Spectroscopy

The disulfide bond in the nanohydrogel gives it the characteristic of reduction re-
sponse. When it is used as a drug carrier, it can be targeted for release under the reduced
environment of tumor cells. There are many detection methods for disulfide bonds, among
which Ellman reagent detection is one of the detection methods widely used in many fields
such as biochemistry. The main detection mechanism is to first reduce the disulfide bond
to a sulfhydryl group with a strong reducing agent, and then use the color reaction of
the Ellman reagent with the free sulfhydryl group and the special peak of the sulfhydryl
group in the ultraviolet spectrum to measure, therefore further confirming the reduction
responsiveness of the gel. Figure 9 is the UV spectrum of the hydrogel in the initial state
and the reduced state, as shown in the figure, compared with the spectrum of the initial
nano hydrogel without reducing agent, the reduced nanohydrogel has a characteristic
peak of free sulfhydryl at 412 nm, and the reduction conversion rate is greater than 98%
calculated according to the formula of absorbance and concentration. This also shows that
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the disulfide bond in the nanohydrogel is successfully reduced to a sulfhydryl group, i.e.,
the nanohydrogel has reduction responsiveness.

Figure 8. The transmission electron microscope image of nanohydrogel gel1 at 25 ◦C (a), 37 ◦C (b), 25 ◦C 10 mM DTT(c),
the particle size diagrams of nanohydrogel gel1 at 25 ◦C (d), 37 ◦C (e), 25 ◦C 10 mM DTT(f).

 

Figure 9. UV spectra of nanogels in the initial state and the reduced state.

3.6. Analysis of Swelling Kinetics of Hydrogel

Swelling is one of the methods to measure the performance of the gel. To illustrate the
water absorption performance of the hydrogel, a swelling kinetics experiment was carried
out using a fully dried hydrogel. Figure 10 shows the change of the swelling ratio of the
gel with time at 25 ◦C. As shown in the figure, the gels of different polymerization degrees
have different swelling ratios, and the swelling equilibrium is reached at about 210 min.
Among them, the swelling ratio of gel1 is the largest, about 2.45, and the swelling ratio of
gel4 is the smallest, about 0.95. This is because the hydrophilic segment P (MEO2MA-co-
OEGMA) in the gel can combine with water molecules to form hydrogen bonds, gel1 has
the lowest degree of polymerization of PLA, the physical crosslinking point was the least
and the three-dimensional complexation was the weakest, thus forming a relatively loose
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three-dimensional network of gels with a high swelling ratio. In gel4, PLA has the highest
degree of polymerization and the strongest three-dimensional complexation, so the gel
structure formed is more compact and the swelling ratio is low.

 

Figure 10. The swelling kinetics of gel at 25 ◦C.

Figure 11 is the physical image and scanning electron microscope image of gel before
and after swelling. The size of each square in the background is 1 cm. It can be seen
from the figure that the volume of gel increases significantly after swelling with water.
Combined with the scanning electron microscope image, it can be seen that gel has an
obvious three-dimensional network structure.

  

′
′

′

′ ″

Figure 11. The physical image of gel2 hydrogel at dry state (a), fully swollen at 25 ◦C (b), the scanning electron microscope
image of the fully swollen hydrogel at 25 ◦C (c).

3.7. Rheological Analysis

The rheological behavior is an important method to study gels. We conduct the
gelation process and mechanics of complex gels through rheological experiments on equal
amounts of nanohydrogels at the same concentration (10 w/v%). As we all know, G’ and
G” represent the storage modulus and loss modulus of the material respectively. When G’
> G”, the elastic deformation is dominant and the solution is in a gel state. When G′ < G”,
the viscosity deformation is dominant, and the solution is in a sol state. When G′ = G”, the
corresponding independent variable is the sol-gel transition point of the micellar solution.
Among them, the storage modulus G′ related to the mechanical strength of the gel. The
larger the storage modulus is, the greater the mechanical strength of the corresponding
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gel is [39]. Figure 12 shows the analysis of the gelation process and the oscillation stress
scanning diagram of the gel at 37 ◦C. As shown in Figure 12a, gelation time of gel2 and
gel3 is different due to their different PLA block lengths, the gelation time is 101 s and 58 s
respectively. This is because the greater the degree of PLA polymerization, the more PLLA
or PDLA groups on the grafted chain, which increases the physical cross-linking points,
reduces the gelation time, and makes the three-dimensional complexation more obvious.
To further verify the impact of the degree of polymerization on the mechanical properties
of the gel, we performed a stress scan on the resulting gels. Figure 12b shows the oscillation
stress scan curve of the gel. As shown in the figure, different polymerization degrees gels
have different yield values (the corresponding stress values when G′ = G” in the figure).
The corresponding yield values of gel2 and gel3 are 64 Pa and 70 Pa, respectively, and the
storage modulus of gel2 is always higher than gel3 before the yield value. This is because
the increase in the degree of PLA polymerization increases the physical crosslinking points
of the gel, and the resulting gel. The tighter the structure, the better the mechanical
properties of the gel.

 

(a) (b) 

 

 

 

Figure 12. Rheological images of gel2 and gel3 at a constant temperature of 37 ◦C with (a) time scanning, (b) stress scanning.

4. Conclusions

A novel type physically crosslinked nanogel was synthesized by self-recombination
of enantiomeric micellar solution under mild conditions and in situ stereocomplexation.
Thermosensitive monomers MEO2MA and OEGMA make it thermally responsive. The in-
troduction of the disulfide bond (-S-S-) makes it reduction responsive and can be degraded
within two weeks. This was proven in DLS experiments. The existence of stereocomplexa-
tion in the hydrogel was confirmed by WAXD. A rheometer was used to study the gelation
process and mechanical strength, and it was confirmed that it was related to the degree
of PLA polymerization. In the case of the same hydrophilic part content, the influence
of the degree of polymerization of the hydrophobic segment (iepolylactic acid) on the
micelle properties, swelling properties and rheological behavior of the nanohydrogel was
studied. Experimental results show that the performance of nanohydrogels can be adjusted
by changing the degree of polymerization of polylactic acid; at the same time, ultraviolet
spectroscopy and dynamic light scattering are used to verify the reduction response and
temperature-sensitive response of nanohydrogels. The preparation of physical crosslinking
temperature reduction dual responsive hydrogel provides a new method.
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Abstract: Thermoresponsive polymers have been widely studied in the past decades due to their potential
applications in biomedicine, nanotechnology, and so on. As is known, poly(N-isopropylacrylamide)
(PNIPAM) and poly(oligo(ethylene glycol)methacrylates) (POEGMAs) are the most popular thermore-
sponsive polymers, and have been studied extensively. However, more advanced thermoresponsive
polymers with excellent biocompatibility, biodegradability, and bioactivity also need to be devel-
oped for biomedical applications. OEGylated poly(amino acid)s are a kind of novel polymer which
are synthesized by attaching one or multiple oligo(ethylene glycol) (OEG) chains to poly(amino
acid) (PAA).These polymers combine the great solubility of OEG, and the excellent biocompatibility,
biodegradability and well defined secondary structures of PAA. These advantages allow them to have
great application prospects in the field of biomedicine. Therefore, the study of OEGylated poly(amino
acid)s has attracted more attention recently. In this review, we summarized the development of ther-
moresponsive OEGylated poly(amino acid)s in recent years, including the synthesis method (such as
ring-opening polymerization, post-polymerization modification, and Ugi reaction), stimuli-response
behavior study, and secondary structure study. We hope that this periodical summary will be more
conducive to design, synthesis and application of OEGylated poly(amino acid)s in the future.

Keywords: thermoresponsive; oligo(ethylene glycol); OEGylated; poly(amino acid); ring-opening
polymerization; post-polymerization modification; Ugi reaction

1. Introduction

Stimuli-responsive polymers, so called “smart polymers” that can be triggered by a
variety of external environmental stimuli such as temperature, pH, light, ionic, chemical
and biological stimuli etc., and consequently with the change of physical and chemical
properties, have been extensively investigated because of their potential applications in
the past few decades [1–12]. Among them, thermoresponsive polymers, which exhibit a
reversible phase transition to temperature, have attracted much attention due to their easy
to control stimulus and potential biomedical and tissue engineering applications [13–15].
Thermoresponsive behaviors of polymers can be generally classified into two categories,
lower critical solution temperature (LCST) type and upper critical solution temperature
(UCST) type based on the equilibrium phase separation [16]. In both types, phase sep-
aration will occur and result in a turbid mixture of the two phases at a concentration
dependent cloud point temperature (Tcp), with Tcp ≥ LCST for separation with increasing
temperature or Tcp ≤ UCST for separation with decreasing temperature, and a single
phase for temperatures intermediate to these two regimes. Since the phase transition
temperatures are closely dependent on the polymer structure (e.g., backbone, side-chain,
topological architecture), it is very important to obtain the desired thermoresponsive
temperature through reasonable structure design for specific applications. As is known,
poly(N-isopropylacrylamide) (PNIPAM) is generally considered to be the gold standard
because of its LCST around physiological temperature (≈32 ◦C) in water together with a
low concentration and pH dependency, making it a prime candidate for in vivo biomedical
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applications [17,18]. Meanwhile, other types of polymers are increasingly being investi-
gated for their thermoresponsive behavior in recent years; especially, polymers bearing an
oligo(ethylene glycol) (OEG) side chain have been shown to combine the biocompatibility
of OEG with a versatile and controllable LCST behavior, such as poly(oligo(ethylene gly-
col)methacrylate)s (POEGMA)s [19–24]. However, backbone of these thermoresponsive
polymers are nondegradable, the negative effects of in vivo enrichment are unclear. As
such, it is still necessary to search for novel thermoresponsive polymers with excellent
biocompatibility, degradability and a tunable critical transition temperature to meet the
needs of related fields.

OEGylated poly(amino acid)s are a kind of nonionic hydrophilic polymer obtained by
covalently attaching one or multiple OEG chains to poly(amino acid) (PAA). These poly-
mers combine the great solubility of OEG, and the excellent biocompatibility, biodegrad-
ability and well defined secondary structures of PAA (e.g., α-helix or β-sheet) [25–29].
The biggest advantage of this combination is that it overcomes commonly water solu-
ble poly(amino acid)s (e.g., poly(L-glutamic acid), poly(L-glutamic acid)), which suffer
from pH-dependent solubility and limited circulation lifetime because of their aggregation
with oppositely charged polymers [29–31]. Although OEGylated poly(amino acid) is very
important, its related research started late. Deming group reported the first OEGylated
poly(L-lysine) (PLL), which showed excellent water-solubility and completely α-helical
in solution in 1999 [30]. Then, they also synthesized methylated mono and di(ethylene
glycol)-functionalized poly(L-serine) and poly(L-cysteine) [32]. Subsequently, Zhang and
coworkers synthesized OEGylated poly(L-glutamic acid) encoding pendant alkyne side
groups that were amendable to further modifications [33]. Inspired by these pioneer works,
the OEGylated poly(amino acid)s were prepared as thermoresponsive materials with dif-
ference amino acids, and different OEG topological structures (e.g., linear, Y-shaped) and
length; the expansion of structural diversity provides more possibilities for its applications.

This review summarizes the thermoresponsive OEGylated poly(amino acid)s over
recent years (Table 1). Specifically, it focuses on the synthesis method, stimuli-response
behavior study, and secondary structure study of OEGylated poly(amino acid)s. These
will be discussed in the next two sections in detail. We hope that this periodical summary
will be more conducive to the design, synthesis and application of OEGylated poly(amino
acid)s in the future.

Table 1. Summary of thermoresponsive OEGylated poly(amino acid)s.

Entry Polymer Structure Amino Acids Synthetic Method Tcp (◦C) Secondary Structure Ref.

1

≈

α β

α

 

α

α β

L-Glutamic acid ROP x = 2, Tcp = 32 ◦C
x = 3, Tcp = 57 ◦C

x = 2, 100% α-helix in
freshly prepared
aqueous solution
x = 3, 100% helix

[34]

2

≈

α β

α

α

 

α β
L-Cysteine ROP

R = CH3,
x = 3, Tcp = 50 ◦C
x = 4, Tcp = 65 ◦C

R = H,
x = 3, Tcp = 51 ◦C

α-helix, β-sheet, and
random coil [35]

3

 

α β

α

α

α

α

α

α

α

α

α

α

L-Cysteine ROP x = 3, Tcp = 34 ◦C
x = 4, Tcp = 45 ◦C

α-helix, β-sheet, and
random coil [36]
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Table 1. Cont.

Entry Polymer Structure Amino Acids Synthetic Method Tcp (◦C) Secondary Structure Ref.

4

α β

 

α

α

α

α

α

α

α

α

α

α

L-Homocysteine ROP x = 4, Tcp = 40 ◦C >95% α-helix [28]

5

α β

α

 

α

α

α

α

α

α

α

α

α

L-Glutamic acid ROP
x = 4, Tcp = 25 ◦C
x = 6, Tcp = 36 ◦C
x = 8, Tcp = 52 ◦C

x = 4, 69% α-helix
x = 6, 29% α-helix
x = 8, 17% α-helix

[27]

6

α β

α

α

α

α

 

α

α

α

α

α

α

L-Glutamic acid ROP
x = 2, Tcp = 17 ◦C
x = 3, Tcp = 34 ◦C
x = 4, Tcp = 60 ◦C

x = 2, 69% α-helix
x = 3, 37% α-helix
x = 4, 30% α-helix

[27]

7

α β

α

α

α

α

α

α

α

 

α

α

α

L-Glutamic acid Post-polymerization
modification

x = 2 or 3,
Tcp = 22.3–74.1 ◦C

by varying the
molecular weight

100% α-helix [37]

8

α β

α

α

α

α

α

α

α

α

 

α

α

L-Glutamic acid Post-polymerization
modification

x = 3,
Tcp = 45.7–51.3 ◦C

by varying the
molecular weight

78.4–100% α-helix [38]

9

α β

α

α

α

α

α

α

α

α

α

 

αL-Glutamic acid Post-polymerization
modification

x = 3,
Tcp = 44.1–62.1 ◦C

by varying the
molecular weight

and monomer
ratio

0–65.1% α-helix [38]

10

α β

α

α

α

α

α

α

α

α

α

α

 

L-Lysine and
L-Glutamic acid

Ugi multicomponent
polymerization

x = 3, Tcp = 27 ◦C
x = 4, Tcp = 37 ◦C random coil [39]

11

α β

α

α

α

α

α

α

α

α

α

α

 

Glycine Ugi multicomponent
polymerization

x = 4,
Tcp = 12–17.5 ◦C
with difference

sequence

random coil [40]

2. Synthetic Strategies of OEGylated Poly(amino acid)s

So far, OEGylated poly(amino acid)s can be generally synthesized by three ways:
controlled ring-opening polymerization (ROP) of OEGylated N-carboxyanhydride (NCA)
monomers, post-polymerization modification (PPM) of poly(amino acid) precursors and
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the Ugi multicomponent polymerization (Figure 1). These methods have their own advan-
tages and disadvantages. The controlled ROP of OEGylated NCAs can obtain well-defined
OEGylated poly(amino acid)s with controlled molecular weights (MWs), and are easy to
scale up, which is beneficial for accurately exploring structure-property relationships and
widespread applications. However, it has to take a lot of time to synthesize and purify the
unstable OEGylated NCA monomers. In comparison, post-polymerization modification of
poly(amino acid)s has the facility to construct OEGylated poly(amino acid)s with tunable
OEG side-chain and properties, yet it need to use highly efficient reactions (usually the
“click chemistry”) and sacrifice a large number of reactants to obtain a relatively perfect
polymer structure. In recent years, multicomponent reactions (MCRs) such as the Passerini
three-component reaction, Ugi reaction, Biginelli reaction, and so on, have drawn great
attention and been utilized in the fields of polymer chemistry because of the mild reaction
conditions, high efficiency, atom economy, and structural diversity of products [41–44].
Therefore, a series of polymers with a new backbone, side-chains, and topologies have
been successfully prepared. An Ugi reaction is considered to be a flexible method to con-
struct amide bonds using amine and carboxylic acid as the starting materials. Meier and
coworkers firstly used this strategy to obtain polyamides with finely tunable structures
with the diamine (AA monomer) and dicarboxylic acid (BB monomer) monomers [45].
From this background, Tao and coworkers have employed the natural amino acids as AB
monomer and oligo(ethylene glycol) isocyanide and aldehyde as other two components
to make sequence-specific OEGylated poly(amino acid)s, and studied the relationship of
sequence structure and thermoresponsive behaviors [39,40,46]. This work provided a key
example for the effect of sequence structure on thermoresponsive behaviors, which we will
discuss in detail later.

“ ”

–

 

Figure 1. Synthesis strategies of OEGylated poly(amino acid)s. (A) ROP of OEGylated NCAs,
(B) post-polymerization modification of poly(amino acid) precursors, and (C) Ugi multicompo-
nent polymerization.
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2.1. Thermoresponsive OEGylated Poly(amino acid)s from ROP of NCA Monomers

In the past decades, NCA polymerization has developed rapidly; in addition to the
traditional amine initiator [47], a few novel and efficient initiators have been developed,
such as transition metal complex and hexamethyldisilazane (HMDS) [48–51]. This has
helped to achieve better control of polymer structures and facilitate downstream material
applications. In this context, several thermoresponsive OEGylated poly(amino acid)s which
were synthesized via ROP of NCAs have been reported. In 2011, Li et al. firstly reported
the synthesis and characterization of new thermoresponsive OEGylated poly-L-glutamate
(poly-L-EGxGlu) (Figure 2) [34]. They synthesized the OEGylated NCAs via direct coupling
between methylated ethyleneglycols and L-glutamate, then converted it into corresponding
α-amino acid NCAs using triphosgene in THF. The obtained NCAs were viscous oils
and purified by flash a column chromatography method. Then, different OEGylated
homopolymers and random copolymers with narrow PDIs (<1.2) were prepared using
Ni(COD)depe as initiator and DMF as solvent.

α

 

Figure 2. Synthetic route to poly-L-EGxGlu by Li et al. Reproduced with permission [34]. Copyright 2011, American
Chemical Society.

OEGylated poly-L-EGxGlus obtained by Li et al. display reversible LCST transition in
water, except poly-L-EG1Glu (insoluble in water), the LCST of poly-L-EG2Glu and poly-L-
EG3Glu are 32 ◦C and 57 ◦C, respectively. They also found that both poly-L-EG2Glu and
poly-L-EG3Glu displayed hysteresis in phase transition during cooling processes, which
was probably due to the redissolution of the OEG unit, requiring slight overcooling to
overcome the energy barriers (Figure 3a). It is worth noting that it is easy to make random
OEGylated copoly(amino acid)s with different EG2Glu/EG3Glu ratios in the Ni(COD)depe
catalytic system with nanarrow molecular weight distribution (<1.2); meanwhile, the
LCST can be varied from 36 ◦C with 80 mol% L-EG2Glu to 54 ◦C with 30 mol% L-EG2Glu
(Figure 3b). It is noteworthy that the physiological temperature is just in this LCST range.

Subsequently, Li et al. studied the secondary structure of poly-L-EGxGlus in water
using circular dichroism (CD) spectra. Poly-L-EG2Glu purified by dialysis did not have
a well-defined secondary structure, which was composed of 16% α-helix, 32% β-strand,
20% turns, and 32% random coil, respectively. However, it almost formed 100% α-helix
in freshly prepared aqueous solution. Heating the same solution above its LCST did not
cause an obvious change in corresponding secondary structures (Figure 4a); it indicated
that the secondary structure of poly-L-EG2Glu strongly depended on sample history. In
contrast, poly-L-EG3Glu formed stable 100% α-helix and its secondary structure was also
independent of temperature (Figure 4b). These results reveal that the secondary structure
of poly-L-EGxGlus is OEG chain length dependent. The longer OEG side-chain is beneficial
to the stability of α-helix.
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α

 

Figure 3. (a) Plots of transmittance as a function of temperature for aqueous solutions (2 
Figure 3. (a) Plots of transmittance as a function of temperature for aqueous solutions (2 mg/mL)
of poly-L-EG2Glu and poly-L-EG3Glu. Solid line: heating; dashed line: cooling. (b) LCST of
poly(EG2Glu-EG3Glu) copolymers as a function of sample composition. Reproduced with permis-
sion [34]. Copyright 2011, American Chemical Society.

α β
α

α

α

 

Figure 4. CD spectra of (a) poly-L-EG2Glu and (b) poly-L-EG3Glu as a function of temperature
(heating scan). Reproduced with permission [34]. Copyright 2011, American Chemical Society.

Finally, Li et al. studied the driving force of LCST behaviors of poly-L-EGxGlu via
temperature-dependent 1H NMR (Figure 5). With the increase in temperature, they found
that the protons of end methoxy and methylene groups of OEG units became more and
more broad, accompanying a substantial decrease in signal intensity; a further increase
above their corresponding LCST caused almost disappearance of their resonances. These
results indicated that temperature increase induced dehydration of ethylene glycol groups
and caused the phase separation.
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Figure 5. 1H NMR spectra of poly-L-EG3Glu as a function of temperature in D2O. Reproduced with
permission [34]. Copyright 2011, American Chemical Society.

The work of Li et al. developed a facile and economic strategy to prepare biodegrad-
able thermoresponsive OEGylated poly(amino acid)s with narrow molecular weight dis-
tribution. The LCST of these materials can be tuned by changing the length of OEG
units. CD characterization suggested that the secondary structures of poly-L-EGxGlus
relied on the chain length of OEG side chains. These thermoresponsive poly(amino acid)s
with tunable LCST will have great promise to construct new intelligent biomaterials for
biomedical applications.

The above work shows a successful example for constructing OEGylated poly(amino
acid)s as thermoresponsive materials. Therefore, it is of particular interest and impor-
tance to further develop novel and highly efficient methods to make thermoresponsive
OEGylated poly(amino acid)s from easily available chemicals. Cysteine/homocysteine
are amino acids with a thiol group; thiol is more easily derivatized by thiol-ene Michael
addition or nucleophilic substitution reactions, because of their extremely good nucle-
ophilicity. In this context, a series of novel OEGylated poly(amino acid)s were synthesized
by Li’s group and Deming’s group using cystine and homocysteine as starting materi-
als (Figure 6). In 2013, Li et al. reported a series of new functional amino acids which
were prepared via thiol-ene Michael addition between L-cysteine and OEG functionalized
methacrylates (OEGxMA) or acrylate (OEGxA) in a high yield [35]. These OEGylated
cysteine derivatives were converted into NCA monomers using triphosgene. Subsequently,
triethylamine (Et3N) was used to catalyze the ROP of these NCA monomers to give a series
of OEGylated poly-L-cysteines (poly-EGxMA-C or poly-EGxA-C) (Figure 6A). The result-
ing poly-EGxMA-C and poly-EGxA-C displayed OEG length dependent solubility and
secondary structure in water. More importantly, when the x value is between three and five,
the obtained polymers can display reversible thermoresponsive properties in water, such
as poly-EG3A-C, poly-EG3MA-C, and poly-EG4/5MA-C, the LCSTs are 50 ◦C, 65 ◦C, and
51 ◦C (Figure 7), respectively. The synthetic strategy represents a highly efficient method
to prepare OEGylated poly(amino acid)s with tunable thermoresponsive properties.
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Figure 6. Synthetic routes to OEGylated poly(amino acid)s from cysteine/homocysteine by (A) Li’s
group [35,36], and (B) Deming’s group [28].
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Figure 7. Plots of transmittance as a function of temperature for aqueous solutions (2 mg/mL) of
(poly-L-EG3MA-C), (poly-L-EG4/5MA-C), and (poly-L-EG3A-C). Solid line: heating; dashed line:
cooling. Reproduced with permission [35]. Copyright 2013, American Chemical Society.
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It was known that poly-L-cysteine was a β-sheet forming polypeptide [52]; previous
studies showed that conjugation of di(ethylene glycol)thioester to the poly-L-cysteine side
chain did not disrupt its β-sheet conformation [32]. However, poly-L-cysteine conjugated
with hydrophilic sugars adopted helical conformation [53]. In this report, Li et al. also
investigated the effects of OEG side chain length on the secondary structures of poly-L-
cysteine derivatives using CD spectroscopy. In Figure 8, the results revealed that both
series of samples formed mixed conformation, in which a random coil was the major
conformation. This result does not agree with the previous reports; the authors had
analyzed that there were two possible reasons for the mixed secondary conformation. One
of these was that the synthetic method of poly-L-EGxMA-C or poly-L-EGxA-C made them
have longer side chains than poly-L-EGxGlu, and the long side chain could destabilize the
stability of secondary structure. Another possible reason was that the MWs were not high
enough, which might seriously affect the content of secondary conformation. Li’s report
provides a new reference for secondary structures of poly-L-cysteine derivatives.

 

Figure 8. CD spectra of different OEGylated polycysteine homopolypeptides: (a) poly-L-EGxMA-C (solid line) and poly-D-
EGxMA-C (dashed line); (b) poly-L-EGxA-C (solid line) and poly-D-EGxA-C (dashed line). Reproduced with permission [35].
Copyright 2013, American Chemical Society.

Furthermore, Li et al. also synthesized three cysteine derivatives in high yields by
ligating OEG to thiol group of L-cysteine using sulfenyl chlorides [36]. These OEG groups
containing di-, tri-, and tetra-OEG units were linked with L-cysteine via disulfide bonds.
The three monomers were then converted into corresponding NCAs, and subsequently
poly-EGx-L-cysteines via ROP with HMDS as catalyst (Figure 6A). The obtained poly-
EGx-L-cysteine with x = 3 and 4 displayed thermoresponsive behaviors in water, but the
temperature-induced phase transition was found to be surprisingly irreversible (Figure 9).
Such irreversible thermoresponsive behaviors were attributed to cross-linking arising from
disulfide bonds exchanges. Using PEG-NH2 as macro-initiator, they also prepared two
PEG-b-poly-EGx-L-cysteine diblock copolymers, which could undergo irreversible thermal-
induced sol-gel transition. These hydrogels displayed partially shear-thinning and rapid
recovery properties, allowing new capabilities to construct stimuli-responsive injectable
hydrogels in biomedical applications.
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Figure 9. (a) Photos of temperature induced phase transition for poly-EG3-SS-Cys (top) and poly-
EG4-SS-Cys (bottom) aqueous solutions at 2 mg/mL. (b) Transmittance as a function of temperature
for aqueous solutions (2 mg/mL) of poly-EG3-SS-Cys (black) and poly-EG4-SS-Cys (red). Solid
symbols: heating ramp. Open symbols: cooling ramp. Reproduced with permission [36]. Copyright
2014, American Chemical Society.

In 2014, Deming et al. reported the design and synthesis of poly(S-alkyl-L-homocysteine)s
through ROP of homocysteine derived NCAs (Figure 6B). These are a new class of readily
prepared, multi-responsive polymers that possess the unprecedented ability to respond
to different stimuli, either through a change in conformation or in water solubility [28].
Among them, heating aqueous samples of poly(OEG4-CH)150, sharp transitions from clear
solutions to opaque suspensions were observed, indicating the presence of LCST for these
OEGylated poly(amino acid)s (Figure 10A). These transitions were completely reversible
and could be repeated multiple times with no observable persistent precipitation or other
changes to the sample (Figure 10B). In addition, authors also studied the thermorespon-
sive properties in the presence of different Hofmeister anions in detail, since anions are
known to affect thermoresponsive properties of polymers more than cations (Figure 10C).
The effects of different salt concentrations on the LCST of poly(OEG4-CH)150 followed
trends similar to those seen with other thermoresponsive polymers, and allow tuning
of the transition temperature [54,55]. The thermoresponsive properties of OEGylated
poly(L-homocysteine)s, combined with their potential adjustability, makes them promising
candidates for a broad range of stimuli responsive material challenges.

Despite the crowning achievements in linear OEGylated poly(amino acid)s and ma-
nipulation of the properties, exhaustive understanding of the topological architecture of
OEG side-chains remains a work in progress. The distinctive topological architecture
has distinct properties from their linear analogues, such as solubility, viscosity, and so
forth [56]. In 2019, Tao et al. designed and synthesized a series of new linear and Y-shaped
OEGylated poly(glutamic acid)s (Figure 11). They have systematically characterized and
compared the thermoresponsiveness and secondary structures of several poly(glutamic
acid) conjugates including linear and Y-shaped OEGs [27]. The results revealed that the
LCST of OEGylated poly(glutamic acid)s could be turned by the length of OEG numbers.
More importantly, the LCST of OEGylated poly(glutamic acid)s was firmly correlative to
the OEG architecture (Figure 12). For example, the LCST of the Y-shaped poly(YOEG8Glu)
was higher than that of its linear analogue poly(LOEG8Glu) (e.g., 60◦ for poly(YOEG8Glu)
and 52◦ for poly(LOEG8Glu)). This observation is consistent with what one would forecast
based on the steric repulsion influence, as the Y-shaped OEGylated polypeptides are more
sterically congested than linear OEG because of the dense pendants, which would lead to a
greater extent of hydration shell and thus higher LCST. Indeed, steric repulsion may result
in the elevated LCST, as already demonstrated by Bitton [56]. However, it appears that
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this effect is OEG length-dependent and grows pronounced only when the number of the
OEG units is ≥6. Notably, the Y-shaped OEGylated poly(glutamic acid)s exhibit higher
α-helical conformation than linear ones (Figure 13), which is critically essential in respect
to constructing nonionic water-soluble poly(amino acid)s with stable secondary structures.
Collectively, this contribution not only provides an appealing route toward Y-shaped OE-
Gylated poly(amino acid)s, but also affords us abundant knowledge to understand how
the OEG architecture interferes with the performances of poly(amino acid)s.

 

Figure 10. (A) Influence of temperature on light transmittance (500 nm) through a sample of aqueous
poly(OEG4-CH)150. Solid red line = heating; dashed blue line = cooling; 1 ◦C/min. (B) Reversible
change in optical transmittance of aqueous poly(OEG4-CH)150 when temperature was alternated
between 30 ◦C (high transmittance) and 45 ◦C (low transmittance); 5 min per each heating/cooling
cycle. (C) Cloud point temperatures of poly(OEG4-CH)150 measured in different Hofmeister salts
(Na+ counterion) at concentrations up to 1.0 M. All poly(amino acid)s were prepared at 3 mg/mL.
Reproduced with permission [28]. Copyright 2014, American Chemical Society.
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Figure 11. Synthesis of linear and Y-shaped OEGylated poly(YOEGxGlu)s and poly(LOEGxGlu)s via NCA polymerization.
Reproduced with permission [27]. Copyright 2019, American Chemical Society.
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Figure 12. (A) Profiles of transmittance vs temperature for the aqueous solutions (2 mg/mL) of poly(LOEGxGlu)s and
poly(YOEGxGlu)s. (B) LCSTs of poly(LOEGxGlu)s (ding117) and poly(YOEGxGlu)s (•); x represents the number of OEG
units. Reproduced with permission [27]. Copyright 2019, American Chemical Society.

2.2. Thermoresponsive OEGylated Poly(amino acid)s from Post-Polymerization Modification

Post-polymerization modification of poly(amino acid)s is a facility method to con-
struct OEGylated poly(amino acid)s with tunable OEG side-chain length and proper-
ties. “Click chemistry” is undoubtedly the most suitable method. In this respect, Chen’s
group firstly synthesized a series of novel alkyne functionalized poly(L-glutamic acid) via
ROP of alkyne functionalized NCAs. Subsequently, the pendant alkyne groups coupled
with 1-(2-methoxyethoxy)-2-azidoethane (MEO2-N3) or 1-(2-(2-methoxyethoxy)ethoxy)-
2-azidoethane (MEO3-N3) by the efficient azide-alkyne “Click chemistry” to obtain OE-
Gylated poly(amino acid)s (Figure 14) [37]. These were named PPLGn-g-MEOx. The graft
copolymers exhibited sharp temperature dependent phase transitions, and the LCST could
be adjusted from 22.3 ◦C to 74.1 ◦C by varying the molecular weight and the length of
the OEG side chains (Figure 15). In addition, these OEG graft poly(amino acid)s were
confirmed to be biocompatible and non-toxic using the methyl thiazolyl tetrazolium (MTT)
method, and they were degradable in the presence of proteinase K. Drug loading and
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release was also conducted with these thermosensitive nanoparticles using doxorubicin
as the model drug, and a temperature-dependent sustained release profile was observed.
Therefore, it is believed that these novel OEG graft poly(L-glutamic acid)s with tunable
temperature responsiveness should be promising for smart biomedical applications.

 
Figure 13. CD spectra of poly(LOEGxGlu)s and poly(YOEGxGlu)s measured in CH3CN at 25 ◦C
(c = 0.5 mg/mL). Reproduced with permission [27]. Copyright 2019, American Chemical Society.

 

Figure 14. Synthesis route of the OEG graft poly(L-glutamate) by Chen’s group. Reproduced with
permission [37]. Copyright 2011, Royal Society of Chemistry.

Thermoresponsive and pH-responsive graft co-polymers, PLG-g-OMEO3MA and
P(LGA-co-(LG-g-OMEO3MA)), were also synthesized by Chen and coworkers though
ROP of NCA monomers and subsequent atom transfer radical polymerization of 2-(2-(2-
methoxyethoxy)ethoxy)ethyl methacrylate in 2011 (Figure 16) [38]. The thermoresponsive
of OEG graft co-polymers could be tuned by the MWs of OMEO3MA, the composition of
poly(L-glutamic acid) (PLGA) and the pH of the aqueous solution. The α-helical contents
of graft copolymers could be influenced by OMEO3MA length and pH of the aqueous
solution. In addition, the graft copolymers exhibited tunable self-assembly behavior. The
hydrodynamic radius (Rh) and critical micellization concentration values of micelles were
relevant to the length of OMEO3MA and the composition of the biodegradable PLGA
backbone. The Rh could also be adjusted by the temperature and pH values. Lastly,
in vitro MTT assay revealed that the graft copolymers were biocompatible to HeLa cells.
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Therefore, these graft copolymers with good biocompatibility, well-defined secondary
structure, and mono- dual-responsiveness, are promising stimuli-responsive materials for
biomedical applications.
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Figure 16. Synthetic routes of copolymers (A) PLG-g-OMEO3MA and (B) P(LGA-co-(LG-g-OMEO3MA)) by Chen et al.
Reproduced with permission [38]. Copyright 2011, Wiley Periodicals, Inc.

2.3. Thermoresponsive OEGylated Poly(amino acid)s from Ugi Multicomponent Polymerization

Ugi reaction is a four-component reaction, and the reactants are commonly acid, amine,
isocyanide, and aldehyde [57,58]. This reaction has gained great attention and been utilized
in the fields of combinatorial chemistry, pharmaceutics, and life science due to its mild
reaction conditions, high efficiency, functional group tolerance, and atom economy [59,60].
Recently, Meier demonstrated a very efficient and modular approach to synthesizing
diversely substituted polyamides via the Ugi four-component reaction [45]. In contrast
to conventional polyamide synthesis, this approach proceeds under very mild reaction
conditions and without the use of a catalyst in a one-pot reaction. Subsequently, Tao and
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coworkers reported the synthesis of structurally diverse poly(amino acid)s (also called
polypeptoids) by Ugi polymerization of natural amino acids under mild conditions, and
this strategy offered a general methodology toward facile preparation of functionalized
poly(amino acid)s [46]. Based on this work, Tao et al. also designed and synthesized
a series of new alternating poly(amino acid)s via the Ugi reaction of readily available
natural amino acids. Among them, the thermoresponsive OEGylated poly(amino acid)s
have been prepared using oligo(ethylene glycol) isocyanide (Figure 17), and exhibited
cloud points (Tcp) between 27 ◦C and 37 ◦C (Figure 18). The alternating structure and
diverse polymer properties described here offer a new direction for the synthesis of novel
OEGylated poly(amino acid)s materials [39].
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Figure 17. Synthesis of alternating OEGylated poly(amino acid)s via Ugi reaction of natural amino
acids. Reproduced with permission [39]. Copyright 2018, American Chemical Society.
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Figure 18. (A) Visual turbidity change of P4 upon heating the aqueous solution. (B) Temperature
dependence of transmittance for the aqueous solutions (2 mg/mL) of P3 and P4 (500 nm, heating
or cooling at a rate of 1 ◦C/min). Reproduced with permission [39]. Copyright 2018, American
Chemical Society.

Recently, sequence-controlled synthetic polymers have been drawing great interest
because the specific sequences can endow more advanced functions to the polymers, such
as DNA and proteins [61–65]; however, the control remains a great challenge in polymer
science, and this drives people to find more concise and efficient methods to construct
polymers with accurate sequence structure. Additionally, the molecular functions and
properties determined by the sequence structure are less studied. In this context, Tao et al.
firstly reported the development of amino acid building blocks coupled with iterative Ugi
reactions for the efficient and multigram-scale assembly of sequence-defined poly(amino
acid)s (Figure 19) [40]. This efficient chemistry provides much feasibility for structural
diversity, synthetic varying and sequencing both the side chains and the backbones. Using
this advanced method, they coupled the OEG units in the sequence-defined polymers, and
further demonstrated that the alteration in the overall hydrophobicity and LCST behaviors
of these precisely defined OEGylated poly(amino acid)s could be accordingly changed
by variation of the sequence (Figure 20). Regulation of sequence-specific hydrophobic
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aggregation within a polymer is a significant result. This versatile strategy may afford
new materials for application in therapeutics, and as supramolecular foldamers or simple
protein mimics for the investigation of advanced self-assembly driven by hydrophobic or
other supramolecular interactions.

 

Figure 19. Synthesis strategy towards sequence-defined poly(amino acid)s via amino acid building
blocks and iterative Ugi reactions. Reproduced with permission [40]. Copyright 2019, Royal Society
of Chemistry.

 

Figure 20. (A) Illustration of the side-chain sequence-regulated OEGylated poly(amino acid)s 9–12 synthesized by iterative
Ugi reactions. (B) MALDI-TOF-MS spectrum of 12. (C) Temperature dependence of transmittance for the aqueous solutions
(2 mg/mL) of sequence-regulated OEGylated poly(amino acid)s 9–12 (500 nm, heating at a rate of 1 ◦C/min). Reproduced
with permission [40]. Copyright 2019, Royal Society of Chemistry.
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3. Applications

Applications of thermoresponsive polymers have been studied in many fields, such
as biomedicine, tissue engineering, and in sensors [15,66,67]. For example, PNIPAM, as
the most widely studied thermoresponsive polymer, has been extensively used in many
biomedical applications. Andrew and coworkers loaded the insulin on PNIPAM based ther-
moresponsive microgels, and studied the release using variable temperature 1H NMR [68].
This type of direct release investigation could prove to be a useful method in the future
design of controlled macromolecule drug delivery devices. Additionally, thermoresponsive
polypeptides and polypeptoids also show a good application prospect. Lu et al. synthe-
sized a series of thermoresponsive polypeptides incorporated with various functional side
groups [69]. They found that these polypeptides showed perfect hemostatic properties and
healing effects which are expected to be potential candidates for medical applications, such
as tissue adhesives. Zhang and coworkers demonstrated that water-soluble horseradish
peroxidases can be easily encapsulated in a thermoresponsive triblock copolypeptoid
hydrogels for extended period of time with the retained enzymatic activity, and the hydro-
gels show low cytotoxicity towards human adipose-derived stem cells [70]. These results
indicate the potential utilization of the polypeptoid hydrogel as tissue engineering material.

For thermoresponsive OEGylated Poly(amino acid)s, little application research has
been conducted. Chen et al. evaluated the cytotoxicity of graft copolymers PPLG112-
g-MEO2 in vitro by MTT assay [37]. It was observed that the HeLa cells treated with
PPLG112-g-MEO2 remained almost 100% viable at all test concentrations up to 1 mg/mL,
indicating non-cytotoxicity and good biocompatibility of the graft copolymers. Then,
they investigated the temperature-dependent drug release behavior of the drug-loaded
co-polymer nanoparticles, and doxorubicin (Dox) was used as a model drug. The results
suggested that the drug release from the temperature-sensitive amphiphilic nanoparticles
could be accelerated by increasing the temperature above their LCSTs. In addition, the
release of Dox displayed a constant rate in the first 24 h at 37 ◦C. This demonstrated that
an ideal constant Dox release could be obtained in the nanoparticle system. The result
suggested that the graft co-polymers could be promising candidates as drug carriers for
controlled drug delivery.

4. Conclusions and Outlook

Thermoresponsive OEGylated poly(amino acid)s combined the advantages of OEG
and poly(amino acid)s with great solubility, excellent biocompatibility and well-defined
secondary structures. These advantages allow it to have great application prospects in
the field of biomedicine, tissue engineering, and sensors. However, it is still in the initial
research stage. In this review, we summarized the research progress of thermoresponsive
OEGylated poly(amino acid)s in recent years, including the synthesis methods, stimuli-
response behavior study, and secondary structure study of these OEGylated poly(amino
acid)s. We hope that this periodical summary will be more conducive to the design,
synthesis and application of OEGylated poly(amino acid)s in the future.

In addition, the design of the structure and function for practical applications is the
future development direction of OEGylated poly(amino acid)s; it is suggested to carry out
targeted research in the following aspects. In respect to polymer design, the topological
structure of side-chains (such as cyclic, star-shape) need to be expanded to bring about the
diversity of structures and functions. Moreover, it is necessary to select the appropriate
amino acids according to the secondary structure requirements of OEGylated poly(amino
acid) materials. In respect to the synthesis method, although ROP of NCAs and the post-
polymerization modification are the typical methods to construct OEGylated poly(amino
acid)s, some novel strategies need to be developed for efficient preparation of the sequence-
defined polymers, such as the Ugi multi-component polymerization. Finally, its application
in the field of medicine should be further strengthened due to its great application prospect.
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Abstract: A prospective technology for reversible enzyme complexation accompanied with its
inactivation and protection followed by reactivation after a fast thermocontrolled release has been
demonstrated. A thermoresponsive polymer with upper critical solution temperature, poly(N-
acryloyl glycinamide) (PNAGA), which is soluble in water at elevated temperatures but phase
separates at low temperatures, has been shown to bind lysozyme, chosen as a model enzyme, at
a low temperature (10 ◦C and lower) but not at room temperature (around 25 ◦C). The cooling of
the mixture of PNAGA and lysozyme solutions from room temperature resulted in the capturing
of the protein and the formation of stable complexes; heating it back up was accompanied by
dissolving the complexes and the release of the bound lysozyme. Captured by the polymer, lysozyme
was inactive, but a temperature-mediated release from the complexes was accompanied by its
reactivation. Complexation also partially protected lysozyme from proteolytic degradation by
proteinase K, which is useful for biotechnological applications. The obtained results are relevant for
important medicinal tasks associated with drug delivery such as the delivery and controlled release
of enzyme-based drugs.

Keywords: thermosensitive polymers; enzyme complexation; controlled release; reversible inactiva-
tion; UCST polymers; stimuli-responsive polymers

1. Introduction

With a growing number of peptide-based and enzyme-based drugs accepted for
clinical trials and medicinal use, the development of the approaches for targeted delivery is
of special importance. Plenty of approaches such as polymeric nanoparticles or nanogels [1],
liposome-based delivery systems [2], protein conjugates, and other nanocarriers [3] have
been suggested.

Stimuli-responsive polymers are frequently used as a platform for the construction
of new drug delivery systems with an aim at the controlled release of various drugs [4–6].
Among such stimuli relevant for biological use, one can mention pH or concentration
of specific molecules, light [7,8], and temperature. Thermosensitive polymers provide
an opportunity to control the interaction with other macromolecules, especially proteins,
by temperature. Thus, the temperature-dependent interaction of polymers with lower
critical solution temperature (LCST) with proteins has allowed the construction of artificial
chaperones, which are capable of recognizing the unfolded state of the enzymes [9,10]. In
addition to actual chaperones, encapsulation or conjugation approaches have been used to
immobilize and stabilize various enzymes for catalytic applications [11–16]. However, with
LCST type of systems, the thermal denaturation of biocomponents at elevated temperature
remains an issue. Examples concerning polymers with upper critical solution temperature
(UCST) are less numerous and include some techniques with crosslinking stages required
for hydrogel or nanoparticle production [17–19]. A simple noncrosslinking cooling-induced
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protein capturing by UCST-type polymers was suggested as an approach for protein
extraction with some specificity to protein charge [20]. Noteworthy, many of such polymers
are nontoxic and are prospective for biological use [21,22].

In the present study, we tested the interaction of UCST-type polymer, poly(N-acryloyl
glycinamide) (PNAGA) [23–25], which was already suggested for medicinal use [21,26],
with lysozyme as a model enzyme at different temperatures. Lysozyme is an enzyme of
the hydrolase class that cleaves to the peptidoglycan component of bacterial cell walls,
which leads to cell death; therefore, it is widely used as an antimicrobial agent. We
have demonstrated the reversible binding of PNAGA and lysozyme at low temperatures
followed by a dissociation after heating that can be used as a platform for the creation
of a protein delivery system with controlled release. A key advantage of this strategy is
that complexation is accompanied by reversible enzyme inactivation and protection from
proteolytic digestion; the heating-induced release of the enzyme is accompanied by its fast
reactivation.

2. Methods

2.1. Materials

For NAGA, monomer synthesis glycinamide hydrochloride (Bachem, Bubendorf,
Switzerland) and acryloyl chloride (Sigma-Aldrich, Saint Louis, MO, USA) were used as
received. The initiator 2,2′-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044,
Wako Specialty Chemicals) was recrystallized from methanol. The monomer and polymer
syntheses have been reported earlier by [25]. In brief, polymerizations of NAGA were
carried out using a thermal radical initiator VA-044 in DMSO at 60 ◦C. The structure and
main characteristics of the polymer are shown in Scheme 1.

Scheme 1. Structure and characteristics of the polymer.

Chicken egg lysozyme was purchased from Sigma-Aldrich. Protein concentration was
measured spectrophotometrically using A280

0.1% value of 2.6 (for sample preparation) and
by measuring SDS-PAGE bands intensity (for analysis of the complex composition).

All experiments were performed in 10 mM potassium phosphate-buffered saline,
pH 7.4.

2.2. Dynamic Light Scattering

The phase-transition behavior of the polymer and its complexes with lysozyme was
studied using dynamic light scattering with the ZetaSizer NanoZS instrument (Malvern,
UK). The PNAGA solution with a concentration of 10 mg/mL in the absence as well as
in the presence of lysozyme with a concentration of 5 mg/mL was incubated overnight
on ice before the measurements. The samples were heated up in the instrument with an
average heating rate of 0.7◦/min to 45 ◦C and then cooled down with the same rate. Each
point was determined as an average over three runs. Temperature of the cloud point was
estimated as a temperature of inflection point from a sigmoidal fitting of the curves.

2.3. Isothermal Titration Calorimetry

ITC experiments were performed using a VP-ITC calorimeter (MicroCal, Northamp-
ton, MA, USA) at 10 and 25 ◦C. A solution of the polymer (0.8 or 2 mg/mL) was titrated
by successive 20 µL injections of lysozyme solution (3 or 2 mg/mL), with a time interval
between the injections of 5 min. To compare the heat effect with a heat effect of the dilu-
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tion of the polymers, the same polymer solutions were titrated with the buffer without
lysozyme. All samples were degassed before the experiment. The binding isotherms
were fitted with the “one set of sites” model using MicroCal Origin 7.0 software. For the
fitting, the concentration of PNAGA was expressed in terms of the molar concentration of
NAGA groups.

2.4. Preparation of the Complexes

The stable PNAGA*Lysozyme complexes were prepared using the following simple
procedure (Figure 1A). The enzyme and the polymer solutions were mixed at room tem-
perature in 10 mM phosphate buffer, pH 7.4, and cooled down to +4 or 0 ◦C (i.e., on ice).
After overnight incubation, the formed complexes were separated from unbound lysozyme
by centrifugation and washed with pure phosphate buffer. Amount of the bound and
unbound protein was measured using Bradford protein assay. For testing complex stability,
the washed complexes were incubated for 20 h in pure 10 mM phosphate buffer, pH 7.4
and separated from released protein in the same manner. All experiments were performed
at least three times to obtain statistical data.

Figure 1. (A) The scheme of a simple procedure of mixing and cooling down followed by washing
used to prepare stable PNAGA*Lysozyme complexes, as well as an additional step to test the
complex stability. (B) SDS-PAGE of supernatant (s) and pellet (p) of the first centrifugation step, and
supernatant (x) and pellet (y) of the last centrifugation after a stability test for complexes of PNAGA
with Lysozyme obtained at +4 and at 0 ◦C (on ice). (C) Amount of lysozyme in the above samples
determined using Bradford protein assay and expressed as a percentage of total amount of lysozyme.

2.5. Lysozyme Activity Assay

Enzymatic activity of lysozyme was determined from a decrease in absorbance of cell
suspension due to addition of the enzyme. The E. coli SupF cells treated by freeze were
used as a substrate. Sample aliquots containing 0.2–1 µg of lysozyme were mixed with
150 µL of cell suspension, and optical density was measured at 400 nm for 2 min using
a VersaMax microplate reader (Molecular Devices, San Jose, CA, USA). Negative control
(buffer without enzyme) was subtracted from sample measurements. The activity values
were determined as a slope of linear part of the time dependence and then divided by
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actual lysozyme concentration determined from SDS-PAGE bands intensity. The values
were averaged among at least three measurements and expressed as a percentage from the
specific activity of free lysozyme at 25 ◦C.

2.6. Proteinase K Proteolysis Assay

Proteolysis was initiated by the addition of 2.5 µL proteinase K (Eurogene, Moscow,
Russia) to a concentration of 67, 42, 26, 16, and 10 µg/mL into 20 µL aliquots of sample
(PNAGA*Lysozyme complexes). Lysozyme solution with a concentration of 0.1 mg/mL
was used as a control. Proteolysis was performed at 4 ◦C and quenched after 4 h incubation
by addition of 1 mM phenylmethylsulfonyl fluoride in isopropanol. The samples were
separated on 16% SDS-PAGE. The amount of intact lysozyme was determined from the
SDS-PAGE bands intensity using ImageJ software and expressed as a percentage from an
initial value.

As an additional control for a possible effect of the polymer on proteinase K activity,
the same experiment was performed in 50 mM Tris-HCl buffer, pH 7.4.

3. Results

3.1. Polymer-Enzyme Complexes Formed by the Mixture Cooling Are Stable in Cold but Dissolute
When Heated

The thermosensitive polymer with upper critical solution temperature, namely, poly(N-
acryloyl glycinamide) homopolymer (PNAGA), was tested for interaction with lysozyme,
selected as a model enzyme. The synthesis of the PNAGA polymer used in this study
has been reported earlier [25], and its relevant characteristics are reported in Scheme 1.
The phase-transition behavior of the 10 mg/mL polymer solution is shown in Figure 2A: a
soluble form with the particles diameter of 43 nm at room temperature but larger particles
(~160 nm) in cold were detected. The temperature of phase transition for the heating of
the precooled sample was 15 ◦C. As for a cooling experiment, an increase in the particle
diameter was not observed, indicating that aggregation is slow. The hysteresis of phase
transition is generally observed for PNAGA and is considered to be related to the kinetics of
formation of the hydrogen bond network [23,24]. In the presence of 5 mg/mL lysozyme, the
aggregation behavior and phase-transition temperature of the polymer were significantly
altered: the phase-transition temperature increased up to 22.5 and 12.5◦ for heating and
cooling, respectively; the size of the particles in the cold became much higher (Figure 2A).
Since a solution of free lysozyme does not show any phase transition in this temperature
interval, the observed effect of lysozyme on the behavior of the polymer clearly indicates
interaction between the polymer and the enzyme. However, after a heating up, the prein-
cubated in the cold mixture of PNAGA and lysozyme demonstrated disaggregation and
became transparent again.

The data of light scattering agreed well with the visual observation of the systems
with lower concentrations of lysozyme and PNAGA, which are more suitable for handling
enzymes (Figure 2B). The mixtures of the polymer and lysozyme as well as a solution of free
polymer were transparent at 25 ◦C. However, after a 2 h incubation at +4 ◦C, the mixture of
PNAGA (1 mg/mL) with lysozyme (0.5 mg/mL) became turbid, in contrast to the solution
of free polymer and the mixture of PNAGA (1 mg/mL) with lysozyme (0.2 mg/mL).
Overnight incubation caused both mixtures of the polymer and lysozyme to become turbid
(the system with a higher concentration of the lysozyme became more turbid), whereas free
polymer solution was just slightly turbid. Since the solution of free lysozyme is completely
transparent, the difference between free polymer and its mixtures with lysozyme indicates
the binding of the polymer and lysozyme and formation of complexes, which are larger
than particles formed by free PNAGA, which collapsed due to phase transition. When
heated back up, all systems became transparent again, suggesting the dissolution of the
complexes. Such a cooling–heating cycle can be repeated with the same result.
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Figure 2. Phase-separation behavior of PNAGA in a solution is altered in the presence of lysozyme. (A) Mean diameter
of particles determined using DLS for heating (red curves) and cooling (blue curves) of free polymers solutions (top) and
their mixtures with lysozyme (bottom). Temperature values of cloud point are presented near the curves. Here, 10 mM
phosphate buffer, pH 7.4. (B) Cooling down of PNAGA and lysozyme mixtures results in reversible formation of large
complexes and decrease in the system transmittance; cooled solutions of free polymers are almost transparent.

3.2. PNAGA Binds Lysozyme Only at LOW Temperature

The binding of lysozyme with PNAGA polymer was tested directly at different
temperature using isothermal titration calorimetry. The polymer efficiently binds lysozyme
at 10 ◦C but does not bind it at 25 ◦C (Figure 3; compare curves with filled and empty
circles, which represent the titration of the polymer solution with a protein solution and
buffer solution, respectively). The binding is exothermic process (binding enthalpy < 0)
with the binding constant of 3.1 ± 0.6 × 105 M−1; the stoichiometry is 3100 ± 700 NAGA
monomers per one protein molecule. Such a high value indicates that few polymer chains
(in average, 2–3 chains) bind to one protein molecule.

3.3. Lysozyme in the Complexes Is Inactive

Based on the presented results, a simple procedure was used to prepare and separate
stable PNAGA*Lysozyme complexes (Figure 1B). In brief, solutions of the enzyme and
the polymer were mixed at room temperature, cooled down to +4 or 0 ◦C (i.e., on ice),
and incubated overnight. Then, the formed complexes were separated from unbound
lysozyme by centrifugation and washed with pure phosphate buffer. Although most
of the protein remained unbound, some amount of the lysozyme was captured by the
polymer (Figure 1B,C). The complexes obtained at 0 ◦C (on ice) contain a larger amount of
the protein compared to those obtained at +4 ◦C. The prepared complexes are stable and
therefore are appropriate for further usage. Although a 20 h incubation in pure phosphate
buffer resulted in the release of a small amount of lysozyme, most of it remained bound
(Figure 1B,C).

The effect of complexation on enzymatic activity of lysozyme (i.e., lysis of bacterial
cells) was analyzed (Figure 4A). In the cold, where the prepared complexes
PNAGA*Lysozyme are stable, the specific enzymatic activity was about 35% of specific
activity of free lysozyme, whilst heating to 25 ◦C followed by release of the enzyme from
the complexes resulted in its almost complete reactivation.
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Figure 3. PNAGA binds lysozyme at 10 ◦C (blue circles) but does not bind it at 25 ◦C (red circles).
ITC data for titration of polymer solutions with lysozyme solutions (curves 1 and 3, filled circles) and
buffer solutions (curves 2 and 4, empty circles). The inset represents titration with lower molar ratio
and the values of binding constant (Ka), enthalpy (∆H), and stoichiometry (1/N, in terms of bound
NAGA units per a protein molecule) of the binding. Polymer concentration is expressed in terms of
molar concentration of NAGA repeated units. 10 mM phosphate buffer, pH 7.4.

Figure 4. (A) Specific enzymatic activity of lysozyme in a free form and complexed with PNAGA.
(B) Proteolytic digestion of lysozyme by proteinase K. Amount of intact lysozyme determined from
SDS-PAGE bands intensity versus protease/lysozyme w/w ratio; red and blue line for complexes and
free lysozyme, respectively. Here, 10 mM phosphate buffer, pH 7.4, +4 ◦C. Inset represents control
experiments in 50 mM TrisHCl buffer, pH 7.4.

3.4. Encapsulation Protects Lysozyme from Proteolytic Degradation

Encapsulated into the complexes with PNAGA, lysozyme was shown to be partially
protected from proteolytic cleavage by proteinase K (Figure 4B). The prepared complexes
PNAGA*Lysozyme incubated for 4 h at +4 ◦C in the presence of different concentrations of
proteinase K were digested by a significantly lower extent compared to free lysozyme at
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a similar concentration. To check if the polymer can affect the activity of proteinase K, a
similar control experiment was performed in the Tris-HCl buffer, where large complexes
of PNAGA and lysozyme are not formed. No effect of the polymer on the proteolysis
level was observed (Figure 4B, inset). Thus, the data clearly indicate that the decrease in
a proteolysis level is a direct protection of the lysozyme inside the complexes but not an
inhibition of the protease by the polymer.

4. Discussion

To summarize, a prospective technology for reversible enzyme complexation accom-
panied with its inactivation and protection followed by the reactivation after a thermocon-
trolled release was demonstrated (Figure 5). A thermosensitive polymer with upper critical
solution temperature, poly(N-acryloyl glycinamide), was shown to bind lysozyme at cold
and to do not bind it at room temperature. Since the binding is reversible, the cooling–
heating cycle allows for forming the complexes and performing a controlled release of
the enzyme. Noteworthy, the complexes are easy to prepare by a simple mixing of two
solutions at room temperature followed by cooling down to the binding temperature and
washing of the complexes at cold. No crosslinking steps that might (directly or indirectly
due to further purification procedures) affect enzyme structure and activity are required.
Thus prepared, the complexes are stable in cold and can be easily handled.

Figure 5. The scheme represents two key advantages of the suggested approach: simple preparation
of the complexes with inactivated and protected enzyme and temperature-controlled release of the
enzyme accompanied by its reactivation.

Inside the complexes, lysozyme is inactive, but its enzymatic activity is restored
after release from the complexes. It provides an opportunity for reversible and controlled
switching off/on the activity of the enzyme. The reversible switching off of the enzyme
activity in complex with synthetic polymers was earlier shown in a few papers [27,28],
but the release of the enzyme from the complexes was managed by additional polymers,
which might complicate the use of such an approach in multicomponent systems. In such
systems, the heating-induced enzyme release seems to be preferable since it is gentler.
One more advantage of the suggested strategy is a combination of controlled reversible
protein inactivation and its partial protection from proteolytic degradation that should
facilitate storage of the protein. It can be relevant for the biotechnological use of enzymes at
elevated temperature. Thus, a specific enzyme can be stored at a low temperature for a long
time in a complexed form (inactive and stabilized) but released from the complexes and
performed catalysis when transferred to the system at an elevated temperature (addition
of the complexes into bioreactor system or direct heating of the system, which initially
contains the complexed enzyme).

Temperature-controlled release is relevant for some important medicinal tasks as-
sociated with drug delivery. Indeed, the enzyme inside the complexes is inactive and
partially protected from proteolytic degradation but can be easily reactivated due to con-
trolled release. Focused on biological approaches, we used physiological buffer system,
namely potassium phosphate buffer, pH 7.4. Of course, our model system with phase-
transition temperature lower than 25 ◦C looks to be not optimal for medicinal usage,
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although some tasks, including skin delivery, allow for system formulation in a very wide
temperature range due to a high ability to cooling without the occurrence of undesired
side effects [29,30]. Regardless, the temperature of phase transition of PNAGA-based
polymers can be tuned in a wide range by copolymerization or by adjusting the molar mass
or end-groups [31–35]. For example, using a hydrophobic dodecyl end-group in RAFT
polymerization of NAGA and changing the molar mass, the phase transition upon heating
could be tuned in the range from 24 to 43 ◦C [32], which covers physiologic temperature
range. Copolymeric PNAGA-poly(N-phenylacrylamide) brushes, which sorb and release
cells at 30 and 37 ◦C, respectively, can be one more example [35]. A fine-tuning of the
temperature of the transition allows one to perform a selective release of a complexed
enzyme only in particular organs or tissues, the temperature of which increased due to
pathologies such as inflammation, and to preserve the complexes stable (and inactive) in
healthy tissues. Unfortunately, it might be difficult to obtain such a fine selectivity since
the difference between the temperatures of normal and inflamed tissues is small, namely
fewer than a few degrees. However, the selective heating of specific regions and tissues
(in particular, cancer tumors) can be achieved using lasers as well as a radio frequency
radiation combined with gold or silicon nanoparticle-based sensitizers [36]. We suppose
that a combination of selectively induced hyperthermia and the introducing of thermore-
sponsive polymer–enzyme complexes, which release the destructive enzyme (for example,
proteinases) in a heating-driven manner, should be very promising.

One more problem important for biological and medicinal use of a polymer-based
complex as carrier vectors is its biocompatibility and biodegradability. Though it is not a
trivial question how PNAGA can be degraded after enzyme delivery and release, polymers
with a mass less than 40 kDa (which is true for short PNAGA-based copolymers with phase
transition at physiological temperature) can be expected to be filtered by the kidneys [37].
Some clearance from PNAGA-based hydrogel was shown in [38]. In addition, PNAGA
does not exhibit significant toxicity according to previous works [21,39]. However, the
biocompatibility and biodegradability of such polymers require additional direct studies.

5. Conclusions and Perspectives

A thermoresponsive polymer, poly(N-acryloyl glycinamide), which is soluble in water
at elevated temperatures but phase-separates at low temperatures, is shown to capture
lysozyme at temperature lower than 10 ◦C and form stable polymer–enzyme complexes.
Heating to room temperature (around 25 ◦C) resulted in the complex dissociation and
release of the enzyme. Being almost inactive in a complexed form, lysozyme restored
its enzymatic activity after a thermocontrolled release. In addition, capturing by the
polymer partially protected lysozyme against proteolytic degradation, which is useful for
biotechnological application. The reversible capturing-inactivation with a thermocontrolled
release is promising for the medicinal use of poly(N-acryloyl glycinamide)-based polymers
as drug vehicles to deliver enzyme-based therapeutics. The development of particular
carriers with optimal phase-transition behavior should be an issue of future research, and
our results taken together with the data on tuning phase transition temperature of the
polymer by other groups suggest an outstanding potential for such carriers. In addition,
such polymers can be used as a protein-capturing part of complex carrier combined with
tags for targeted drug delivery. The biodegradability of the developed polymeric carriers
also should be investigated directly.
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Abstract: Responsive (smart, intelligent, adaptive) polymers have been widely explored for a vari-
ety of advanced applications in recent years. The thermoresponsive poly(N,N-diethylacrylamide)
(PDEAAm), which has a better biocompatibility than the widely investigated poly(N,N-isopropyl-
acrylamide), has gained increased interest in recent years. In this paper, the successful synthesis, char-
acterization, and bioconjugation of a novel thermoresponsive copolymer, poly(N,N-diethylacrylamide-
co-glycidyl methacrylate) (P(DEAAm-co-GMA)), obtained by free radical copolymerization with
various comonomer contents and monomer/initiator ratios are reported. It was found that all the
investigated copolymers possess LCST-type thermoresponsive behavior with small extent of hys-
teresis, and the critical solution temperatures (CST), i.e., the cloud and clearing points, decrease
linearly with increasing GMA content of these copolymers. The P(DEAAm-co-GMA) copolymer
with pendant epoxy groups was found to conjugate efficiently with α-chymotrypsin in a direct,
one-step reaction, leading to enzyme–polymer nanoparticle (EPNP) with average size of 56.9 nm.
This EPNP also shows reversible thermoresponsive behavior with somewhat higher critical solution
temperature than that of the unreacted P(DEAAm-co-GMA). Although the catalytic activity of the
enzyme–polymer nanoconjugate is lower than that of the native enzyme, the results of the enzyme
activity investigations prove that the pH and thermal stability of the enzyme is significantly enhanced
by conjugation the with P(DEAAm-co-GMA) copolymer.

Keywords: poly(N,N-diethylacrylamide); glycidyl methacrylate; thermoresponsive copolymer;
α-chymotrypsin; polymer-enzyme conjugate nanoparticle

1. Introduction

Today, polymers with special, advanced properties and targeted functionalities, such
as responsive (smart, intelligent, adaptive) polymers and macromolecules with well-
defined array of functional groups belong to the most intensively investigated fields
of polymer science and technology. Reactive functionalities in polymer chains can be intro-
duced either along the chains (pendant functionalities) and/or at the chain ends (terminal
functionalities). These functional polymers can be applied in various fields of polymer mate-
rial science, technology, and industry, such as crosslinkers, chain extenders, and as building
blocks of complex macromolecular assemblies [1–4], and life sciences and biotechnology as
well, such as targeting delivery [5,6], biological sensors [7], receptors [8], and surfaces to
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control cell behavior [9]. Polymers with epoxide or glycidyl functional groups are among
the most versatile functional polymeric materials for such purposes, because they can react
with numerous nucleophiles, such as amines, thiols, phenols, carboxylic acids, or anhy-
drides via ring-opening reactions [10–14]. Epoxide functional polymers can be obtained
by postmodification of double bond containing side or end group(s) of polymers [15–21],
but such macromolecules can also be synthesized by copolymerizations with epoxy group
containing monomers. Undoubtedly, glycidyl methacrylate (GMA) is the most investigated
and used monomer to obtain functional macromolecules with epoxy side groups, but other
epoxide-containing monomers were also studied, such as 4-vinylphenyl glycidyl ether [22].
Previously, the copolymerization of GMA with numerous monomers, e.g., 3-methylthienyl
methacrylate [23], trimethylolpropane trimethacrylate [24], sulfobetaine methacrylate [25],
ethylene–methyl acrylate [26], styrene [27,28], 2-hydroxyethyl methacrylate [29], by various
polymerization techniques, such as free radical polymerization, ATRP, NMP, RAFT, etc.,
was widely investigated. These functional materials were successfully applied for several
purposes, for instance, medical devices [25,29], compatibilizing agent [26], and metal ion
absorbers [30–32].

Among responsive materials, LCST-type (LCST = lower critical solution tempera-
ture) and UCST-type (UCST = upper critical solution temperature) thermally responsive
polymers belong to a unique class of smart materials with broad application possibilities
ranging from nanotechnologies, oil recovery [33–35], to biomaterials, tissue engineering
scaffolds [36,37], intelligent drug release assemblies [36,38,39], sensors [40,41], self-healing
structures [42,43], responsive hybrid materials [44,45], etc. As to the use of the LCST and
UCST terminology, it has to be noted that most of the authors still report incorrectly the
result of a single-point measurement as LCST or UCST, i.e., the result of only one given
condition with one single polymer concentration, one single heating/cooling rate and
wavelength for cloud point and clearing point determination is claimed misleadingly as
LCST or UCST. In contrast, the LCST or UCST are defined as the minimum or maximum,
respectively, of the polymer concentration versus critical solution temperature (CST) curves,
and not the single CST of a certain selected condition in terms of polymer concentration,
heating/cooling rates, and wavelength for cloud point and cooling point determination.
Hence, for LCST and UCST determination, the full CST versus polymer concentration
(mass fraction or volume fraction) relationship should be measured, and the resulting
minimum or maximum of such curves should be reported as LCST or UCST, respectively.
Therefore, recently a standardization of the conditions for the measurements of CST in
order to obtain comparable results of the laboratories worldwide was proposed on the
basis of systematic investigations on the effect of the experimental conditions on the CST
of poly(N-isopropylacrylamide) (PNIPAAm) solutions [46,47].

Undisputedly, poly(N-isopropylacrylamide) has been the most investigated temperature-
responsive polymer since the first report of its LCST-type behavior (see, e.g., Refs. [46–63]
and references therein). Recently, intensive research has been focused on how to con-
trol the critical solution temperature (CST) of thermoresponsive polymers by using other
monomers than NIPAAm (e.g., other acrylamides and N-vinyl lactams), by copolymeriza-
tion with common monomers, especially with functional monomers, which can further
increase the range of potential applications. Although NIPAAm-GMA copolymers were
already synthesized and investigated for a variety of purposes [56–63], much less attention
was paid to other GMA containing thermoresponsive polymers in the past. Recently,
various N-vinyl lactam monomers were copolymerized with GMA, and the resulting
copolymers were successfully applied as robust building blocks for protein conjugation,
and the biohybrid nanogels of these copolymers exhibited significantly enhanced resistance
against harsh storing conditions, chaotropic agents, and organic solvents [64].

It is interesting to note that due to the better biocompatibility of the LCST-type ther-
moresponsive poly(N,N-diethylacrylamide) (PDEAAm) than that of PNIPAAm [65], inves-
tigations in relation to the responsive and biocompatible behavior of PDEAAm, its deriva-
tives, and gels have gained increased attention only in recent years (see, e.g., Refs. [66–92]
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and references therein). It should also be mentioned that aqueous PDEAAm solutions
possess similar critical solution temperatures (CST) [72,93–96] in the range of ~25–40 ◦C
than that of PNIPAAm [46,55]. On the other hand, although some block copolymers
with PDEAAm and poly(glycidyl methacrylate) (PGMA) segments have been prepared
and studied [91,92], random copolymers of DEAAm with GMA, which provides reactive
pendant epoxy functionalities for the thermoresponsive PDEAAm, and its utilization for
polymer-based protein engineering have not been reported so far according to the best of
our knowledge.

Polymer-based protein engineering mainly focuses on the synthesis, characterization,
and applications of conjugates of proteins, especially enzymes, with polymers for various
purposes, such as stability improvement, better biodistribution, biocatalytic syntheses,
purification, recovery, etc. (see, e.g., Refs. [97–113] and references therein). Among en-
zymes, α-chymotrypsin (CT), a peptide bond cleaving serine protease enzyme, is one
of the most widely investigated proteins in terms of its bioconjugation with a variety
of polymers and applications in bioengineering [106,114–120]. In general, attachment of
polymer chains by covalent bonds to CT and other proteins as well can be carried out
by either grafting from and grafting onto, and rarely by grafting through as well. Graft-
ing from involves the functionalization of the protein with functional groups suitable for
initiating the desired polymerization of selected monomers, usually by a living polymeriza-
tion process [97–107]. This two-step or multi-step laborious and time-consuming process
requires various reagents, in many cases toxic compounds (e.g., copper salts and com-
plex forming amines for quasiliving atom transfer radical polymerization), relatively high
temperatures that may deactivate the enzymes, and vigorous purification steps [99–107].
Grafting onto takes place by reacting the protein with pre-synthesized functional, mainly
endfunctional, polymers, including the widely applied PEGylation with terminally func-
tional PEGs, usually in two or more steps (see, e.g., [97–102,113] and references therein).
Conjugation of proteins, especially enzymes, with thermoresponsive polymers offers ad-
ditional unique possibilities for switching enzyme activity, efficient purification, enzyme
recovery, etc., based on the precipitation of such polymer assemblies above their critical
solution temperature [97,106–108,112]. As to grafting onto proteins with epoxy group con-
taining polymers, only few examples can be found in the literature [111,114,115]. Recently,
a grafting through approach of an enzyme macromonomer, functionalized with glycidyl
methacrylate, was also reported [121]. For α-chymotrypsin, the widely applied method
for polymer conjugation with epoxy-functional polymers involves amination of the epoxy
group with a diamine followed by coupling the resulting amine-functionalized polymer to
the enzyme by glutaraldehyde [114,115]. Although poly(N-isopropylacrylamide) biocon-
jugates have been investigated in numerous cases, its relatively large extent of hysteresis
due to hydrogen bonding between PNIPAAm chains [46,47] and even full activity loss of
the conjugated enzyme [122] may limit its application possibilities. In contrast, the lack of
hydrogen bonding between PDEAAm chains may provide unique advantages for biocon-
jugations with functional PDEAAm. Considering the high reactivity of primary amines
with epoxy, especially glycidyl groups, the question arises whether the biocompatible
poly(N,N-diethylacrylamide) with epoxy functionalities can be conjugated to CT, contain-
ing 15 primary amine sites, directly in a simple one-step process, and if this were possible,
what are the characteristics of such bioconjugates in terms of their size, thermoresponsive
behavior, enzymatic activity, and stability.

Based on the above aspects and unique potentials of the pendant epoxy containing
poly(N,N-diethylacrylamide-co-glycidyl methacrylate) (P(DEAAm-co-GMA)) copolymers,
we aimed at exploring its thermoresponsive property, the one-step conjugation possibility
with α-chymotrypsin, and the catalytic activity and stability of such bioconjugates. Herein,
we present the results of our investigations on the synthesis of P(DEAAm-co-GMA) and on
the thermoresponsive behavior, i.e., on the effect of composition of the resulting copolymers
on the critical solution temperature, of the resulting copolymers. In addition, we also
report on the utilization of the epoxy functionalities of P(DEAAm-co-GMA) for the one-step
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preparation of enzyme–polymer nanoparticles (EPNP) by conjugation with α-chymotrypsin
(CT), its thermoresponsive characteristics, thermal and pH stability, and the enzymatic
catalytic behavior of these new bioconjugates.

2. Materials and Methods

2.1. Materials

Glycidyl methacrylate and N,N-diethylacrylamide (both from Sigma-Aldrich, St. Louis,
MO, USA) were freshly distilled under reduced pressure prior to use. 2,2′-Azoisobuty-
ronitrile (AIBN, 98%, Sigma-Aldrich, St. Louis, MO, USA) was recrystallized from hex-
ane and methanol twice, respectively. Tetrahydrofuran (THF, >99%, Molar Chemicals,
Halásztelek, Hungary) was refluxed over LiAlH4, distilled, and was kept under nitrogen
until its use. Diethyl ether and methanol (>99%, Molar Chemicals, Halásztelek, Hungary),
PBS (pH = 7.4) and phosphate buffers (pH = 6; 7; 7.8; 8; 9 both from Sigma-Aldrich, St.
Louis, MO, USA) were used without further purification. α-Chymotrypsin and N-benzoyl-
L-tyrosine ethyl ester (BTEE, 99%) were purchased from Sigma-Aldrich and were used
as received.

2.2. Synthesis Methods

2.2.1. Synthesis of PDEAAm Homopolymer and P(DEAAm-co-GMA) Copolymers by Free
Radical Polymerization

Poly(N,N-diethylacrylamide-co-glycidyl methacrylate) (P(DEAAm-co-GMA)) copoly-
mers were prepared by free radical copolymerization initiated by AIBN with various
initiator/monomer molar ratios (1:100 and 1:200) and comonomer contents (5 and 10 mol%
GMA). A typical copolymer synthesis is described below. In the case, when the molar
ratio of the components, i.e., AIBN:DEAAm:GMA was 1:95:5, first 1.02 mL of DEAAm
(7.43 mmol) and 0.052 mL of GMA (0.39 mmol) were charged into sealed round bottom
flask, and the monomers were dissolved in 9.5 mL of THF. This solution was deoxygenized
by bubbling with argon for 20 min. Then the reaction mixture was warmed to 60 ◦C, and
0.5 mL AIBN stock solution (25.75 mg/mL, 0.078 mmol) was added. After stirring for 18 h,
the resulting polymer was precipitated twice from THF solution in hexane and filtered.
Finally, the product was dried in vacuum at 60 ◦C until constant weight. The poly(N,N-
diethylacrylamide) (PDEAAm) homopolymer was synthesized by the same method using
100:1 monomer/initiator ratio.

2.2.2. Synthesis of Enzyme–Copolymer Nanoparticle (EPNP)

One selected P(DEAAm-co-GMA) copolymer (Sample C) was measured (15.85 mg)
into a glass vial and dissolved in 2 mL water. Then, 3 mL of α-chymotrypsin stock solution
(10.14 mg/mL in water) was added dropwise to the stirred polymer solution by a syringe
pump (dosing rate was 1.5 mL/h). The reaction mixture was stirred overnight at room
temperature. Subsequently, the reaction mixture was dialyzed (MWCO = 25 kDa) for three
days against water, which was refreshed twice daily. Then, the purified dry product was
obtained by lyophilization.

2.3. Characterization

2.3.1. Gel Permeation Chromatography (GPC)

Average molecular weights and molecular weight distributions (dispersity index,
Ð) of the produced polymers were determined by GPC. The GPC was equipped with
differential refractive index detector (Agilent 390, Agilent Technologies, Santa Clara, CA,
USA), three 5 µm particle size Waters Styragel (columns (HR1, HR2 and HR4) and with a
Waters Styragel guard column (both form Waters, Milford, MA, USA) thermostated at 35 ◦C.
THF was used as eluent with a flow rate of 0.3 mL/min. The average molecular weights
and Ð were determined by using conventional calibration based on linear polystyrene
standards (from PSS Polymer Standards Services GmbH, Mainz, Germany).
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2.3.2. 1H NMR Spectroscopy

The ratio of the incorporated comonomers was determined by 1H NMR measure-
ments. The analysis was performed on Bruker Advance 500 (Bruker, Billerica, MA, USA)
equipment operating at 500 MHz 1H frequency in CDCl3 at 30 ◦C.

2.3.3. Thermoresponsive Behavior

The transmittance versus temperature curves for obtaining the critical solution tem-
peratures (TC), i.e., the cloud point (TCP) and the clearing point (TCL) were measured by
a UV–Vis spectrophotometer (Jasco V-650, JASCO Corporation, Tokyo, Japan) equipped
with Jasco MCB-100 (JASCO Corporation, Tokyo, Japan) mini circulation bath and Peltier
thermostat. Standard 1 cm × 1 cm cuvettes were used for these measurements. Deionised
water was used as reference and solvent. The polymer and the enzyme–polymer nanopar-
ticle solutions (1 mg/mL) were heated and then cooled in the temperature range of 15 to
50 ◦C with 0.2 ◦C/min heating/cooling rate and the transmittance was recorded at 488 nm
according to recent studies on the standardization of measurements for the determination
of the critical solution temperatures [46,47]. The inflection points of the transmittance–
temperature curves were taken as both the TCP and TCL values.

2.3.4. Dynamic Light Scattering (DLS)

The average hydrodynamic diameter and dispersity of the obtained enzyme–polymer
nanoparticle and the applied copolymer as well as the α-chymotrypsin were determined
by a dynamic light scattering (DLS) system (Malvern Zetasizer Nano ZS, Malvern, UK).
The measurements were carried out at 25 ◦C, and the concentrations of the samples were
1 mg/mL in PBS (pH = 7.4).

2.3.5. Quantification of the Enzyme Content in the Nanoparticles

The enzyme content of the nanoparticles was determined by UV-Vis spectroscopy
measurements. The absorbance of the nanoparticle aqueous solution (1 mg/mL) was
recorded by UV-Vis spectrophotometer (Jasco V-650, JASCO Corporation, Tokyo, Japan)
equipped with Jasco MCB-100 mini circulation bath and Peltier thermostat at 25 ◦C in the
200–355 nm range. The enzyme content of the nanoparticles was evaluated on basis of an
α-chymotrypsin calibration curve at 283 nm, where the polymer has no absorbance.

2.3.6. Catalytic Activity Assay

The catalytic activity of α-chymotrypsin and the produced enzyme–polymer nanopar-
ticle (EPNP) was investigated by UV-Vis spectroscopy assay [123]. In this assay, the
transformation of the substrate N-benzoyl-L-tyrosine ethyl ester (BTEE) to N-benzoyl-L-
tyrosine via enzymatic hydrolysis was followed by spectroscopy measurements at 256 nm.
The measurements were carried out in 3 mL quartz cuvettes, where 1.5 mL buffer (pH = 6;
7; 7.4 (PBS); 7.8; 8; 9), 1.4 mL BTEE stock solution (prepared by dissolving 74.3 mg BTEE
in 126.8 mL methanol and adjusted by water to 200 mL in a volumetric flask) and 0.1 mL
enzyme or enzyme–polymer nanoparticle solution were mixed (the enzyme concentration
of the enzyme stock solution was 0.1 mg/mL). The increment in the absorbance at 256 nm
was measured for five minutes with 10 s delays. Three independent measurements were
carried out with every sample with varying pH at 25 ◦C, and good reproducibility was
observed in each case. To eliminate the error due to the autohydrolysis of BTEE, measure-
ments were performed by using a blank at every pH with the replacement of the enzyme
solutions with distilled water. The reference was distilled water. For investigations of
the thermal stability of the enzyme–polymer nanoparticles, the α-chymotrypsin and the
nanoparticle solutions with enzyme concentrations of 0.1 mg/mL were thermostated at
45 ◦C. After predetermined time (5, 15, 30, 60, 120 min) of such thermal treatment, 0.1 mL
samples were withdrawn and allowed to cool to room temperature for 5 min. Then the
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catalytic activity was measured by the method described above using PBS buffer (pH = 7.4)
at 25 ◦C. The enzymatic activity was calculated with the following equation:

Activity = ((∆AT − ∆AB) VT df)/(0.964 vs. ce), (1)

where ∆AT and ∆AB are the maximum rate of increase in the absorbance in one minute
for the test sample and blank, respectively, VT is the total volume (3 mL), df is the dilution
factor (30), 0.964 is the millimolar extinction coefficient of BTEE at 256 nm, vs. is the sample
volume (0.1 mL), and ce is the enzyme concentration (0.1 mg/mL).

3. Results and Discussion

As displayed in Scheme 1, we aimed at synthesizing poly(N,N-diethylacrylamide-co-
glycidyl methacrylate) (P(DEAAm-co-GMA)), preparing α-chymotrypsin-P(DEAAm-co-
GMA) bioconjugate by the utilization of the reactive pendant epoxy functional groups of
this copolymer, and characterization of the resulting copolymers and enzyme–polymer
nanoparticles (EPNP) in terms of their thermoresponsive behavior, enzyme activity, and
stability. The P(DEAAm-co-GMA) copolymers were synthesized by free radical copoly-
merization of PDEAAm and GMA with AIBN as radical initiator by using two different
monomer/initiator ratios (100 and 200) with two different comonomer contents (5 and
10 mol%). PDEAAm homopolymer was also prepared with 100:1 monomer/initiator
ratio under identical conditions to that of the copolymer syntheses. As shown in Table 1,
polymers with relatively high yields in the range of ~60–87% were obtained. The molec-
ular mass distributions (MMD) of the resulting polymers, displayed in Figure 1, were
determined by GPC analysis (the GPC chromatograms are shown in Figure S1 in the
Supplementary Materials). As expected, these MMD curves in Figure 1, and the number
average molecular weight (Mn) and the peak molecular weight values (Mp) in Table 1
clearly indicate that P(DEAAm-co-GMA) copolymers with higher molecular masses are
formed with higher monomer/initiator ratios.

Scheme 1. Synthesis of glycidyl-functional poly(N,N-diethylacrylamide-co-glycidyl methacrylate)
copolymers via free radical copolymerization (1) and the design of enzyme–polymer nanoconjugate
with α-chymotrypsin (2).
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Table 1. Yields and GPC results of the PDEAAm homopolymer and P(DEAAm-co-GMA) copolymers.

Sample
Molar Feed Ratio

AIBN:DEAAm:GMA
Yield

%
Mn

(g/mol)
Mp

(g/mol)
Ð

A 1:95:5 62.7 6650 7530 1.75
B 1:90:10 69.6 6525 7620 1.88
C 1:190:10 75.6 8620 20,170 2.31
D 1:180:20 86.8 7520 21,470 2.80

PDEAAm 1:100:0 81.5 9820 18,840 1.90

Figure 1. Molar mass distribution curves of the P(DEAAm-co-GMA) copolymers and PDEAAm
homopolymer.

The compositions of the P(DEAAm-co-GMA) copolymers were determined by 1H
NMR spectroscopy. Comparing the 1H NMR spectra of the PDEAAm homopolymer
(Figure 2A) with that of the P(DEAAm-co-GMA) copolymers (Figure 2B and Figures S2–S4),
it can be seen that with the exception of the chemical shifts of the methylene group next to
the epoxy group in the GMA monomer units (dCH2 3.7–4.1 and 4.1–4.6 ppm), the rest of
the signals overlap with that of the PDEAAm homopolymer. This allows the determination
of the composition of the P(DEAAm-co-GMA) copolymers by the integral values of the 1H
NMR signals. As shown in Table 2, the DEAAm/GMA ratios are smaller in the copolymers
than in the feed. This means that the GMA contents in the P(DEAAm-co-GMA) copolymers
are higher than that in the feed, which means that the reactivity of GMA is higher than
that of DEAAm in this copolymerization reaction. This is in line with the reactivity ratios
reported for the copolymerization of another alkyl acrylamide, N-isopropylacrylamide
(NIPAAm), and GMA, according to which r1 = 0.39 and r2 = 2.69 [56]. Taking into account
the similar structure of NIPAAm and DEAAm, higher reactivity of GMA is expected in the
DEAAm-GMA copolymerization process as well, on the one hand. Considering that the
product of the r1 and r2 values of the alkyl acrylamide copolymerization with GMA is in
the range of one, random copolymerization occurs in such cases, on the other hand. Thus, it
can be concluded that random copolymers of DEAAm and GMA with 5.5–11.4 mol% GMA
contents were obtained in the applied copolymerization reactions as shown in Table 2.
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Figure 2. 1H NMR spectra of the PDEAAm homopolymer (A) and the P(DEAAm-co-GMA) copoly-
mer (Sample A, molar feed ratio AIBN:DEAAm:GMA = 1:95:5) (B).

Table 2. The DEAAm/GMA molar ratios in the feed and in the P(DEAAm-co-GMA) copolymers,
the molar percent of the GMA (XGMA) of the polymers and the cloud point (TCP) and clearing point
(TCL) measured by turbidimetry.

Sample
DEAAm/GMA

Comonomerfeed
Ratio

DEAAm/GMA
Ratio in the

Copolymers a

XGMA

(%)
TCP

(◦C)
TCL

(◦C)

A 19:1 17.06:1 5.5 31.2 30.8
B 9:1 8.91:1 10.1 27.2 26.2
C 19:1 15.25:1 6.2 30.6 30.1
D 9:1 7.80:1 11.4 24.8 24.6

PDEAAm - - 0 37.4 36.9
a Determined by 1H NMR analysis.

The thermoresponsive behavior of the P(DEAAm-co-GMA) copolymers was investi-
gated by turbidity measurements under the conditions proposed for standardization of the
determination of critical solution temperatures of thermoresponsive LCST-type and UCST-
type polymers [46,47]. As shown in Figure 3A, the transmittance–temperature curves of the
heating and cooling cycles indicate reversible thermoresponsive precipitation–dissolution
transitions for both the PDEAAm homopolymer and all the investigated copolymers with
relatively small extent of heating–cooling hysteresis due to the lack of hydrogen bond
formation between the PDEAAm chains in accordance with previous results [96]. The
critical solution temperature (TC) is defined as the temperature at the inflection point of
the transmittance–temperature curves, i.e., the so-called cloud point temperature (TCP) for
heating and the clearing point temperature (TCL) for cooling. As presented in Figure 3B and
Table 2, the critical solution temperatures decrease linearly with decreasing DEAAm, i.e.,
with increasing GMA content, independent of the molar mass of the copolymers. It should
also be noted that incorporating relatively low amounts of GMA in the P(DEAAm-co-GMA)
copolymers results in significant decrease of the critical solution temperature (TC) values
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(from 37.4 ◦C for the homopolymer to 24.8 ◦C at 11.4 mol% GMA in the copolymer), and this
can be well tuned on the basis of the found linear relationship between TC and the compo-
sition of the P(DEAAm-co-GMA) copolymers. Similar tendency was found for the critical
solution temperature versus composition of poly(N,N-dimethylacrylamide-co-glycidyl
methacrylate) copolymers but at much higher GMA contents (32–50 mol%) [124].

Figure 3. Transmittance vs. temperature curves of the P(DEAAm-co-GMA) copolymers and the PDEAAm homopolymer
during heating and cooling (A) and the cloud points and clearing points as a function of the DEAAm content (B).

One of the intensively investigated application of epoxy(glycidyl)-functionalized
polymers is their conjugation with various biomaterials, such as proteins and enzymes. In
our work, the applicability of the produced epoxy-functional thermoresponsive P(DEAAm-
co-GMA) copolymers for bioconjugation was investigated via a direct reaction between α-
chymotrypsin, a widely used enzyme, and one selected copolymer (Sample C), as depicted
in Scheme 1. Under the conditions described in the Experimental, 22.5 mg dried conjugate
was obtained, which means that the yield of the conjugation was 48%. The resulting
conjugate was investigated by DLS measurement and the results are compared to that
of the starting copolymer sample and the enzyme. The recorded size distribution curves
are presented in Figure 4. The size of the α-chymotrypsin is 3.34 nm with low dispersity,
which corresponds well to the literature value [125]. The size of the P(DEAAm-co-GMA)
copolymer is somewhat larger and has broader size distribution (d = 6.24 nm, PDI = 0.11).
As observed, the size of the resulting enzyme–copolymer conjugate is in the range of
30–100 nm with average size of 56.9 nm. In addition, peaks do not appear in the range of the
size of the reactants, which means that all unreacted copolymer and enzyme was removed
by the applied dialysis purification method. These findings provide clear evidence that the
designed one-step reaction took place successfully, and enzyme–polymer nanoparticles
(EPNPs) are formed in the direct conjugation reaction between the P(DEAAm-co-GMA)
copolymer and α-chymotrypsin. It has to be noted that usually epoxy containing carriers,
i.e., polymers or inorganic particles, are first converted to amine by either treating with
ammonia or a diamine, and then the conjugation (coupling) to the enzyme is carried out by
glutaraldehyde [114,115]. In contrast to this widely applied two-step conjugation process,
the P(DEAAm-co-GMA) copolymers enable an efficient one-step conjugation reaction with
amine containing proteins and enzymes as proved by our results. This finding may open
new routes for a variety of novel protein-polymer conjugations, especially by applying the
biocompatible thermoresponsive epoxy-functionalized PDEAAm.
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Figure 4. DLS size distribution curves of the α-chymotrypsin (black), the P(DEAAm-co-GMA)
copolymer (Sample C) (red) and the produced enzyme–polymer conjugate (blue).

The enzyme content of the produced enzyme–polymer nanoparticle (EPNP) was
determined by UV-Vis spectroscopy. The recorded UV spectra of the EPNP and the
unreacted copolymer are presented in Figure S5. As can be seen, the copolymer has
no absorbance above 250 nm, but a broad peak appears in the spectrum of the EPNP
in the 260–300 nm range due the aromatic side groups of the enzyme component. This
also confirms that the enzyme is incorporated into the EPNP. In addition, it allows the
determination of the enzyme content as well, because the composition of the EPNP can be
determined on the basis of calibration with the enzyme at a selected wavelength, 283 nm in
this case (see Figure S6 in the Supplementary Materials). The determined enzyme content is
0.687 mg/mg EPNP, which means that the produced nanoconjugate consists of 68.7% of α-
chymotrypsin and 31.3% of P(DEAAm-co-GMA) copolymer. Considering the composition
of the EPNP gives that the molar ratio of GMA to the enzyme in the conjugate is 5.4, i.e.,
sufficiently high for coupling of the copolymer even to more than one CT molecule. A
rough estimate can also be provided on the average number of the copolymer chains and
enzyme molecules in the bioconjugate if it is assumed that the diameter (volume) of the
components does not change by conjugation. On the basis of this approximation, the
average numbers of the P(DEAAm-co-GMA) copolymer and the enzyme in their conjugate
are around 6.5 and 5, respectively.

The effect of the conjugation on the thermoresponsive behavior of the EPNP was
investigated by turbidimetry. The transmittance versus temperature curves (Figure 5A)
and its first derivative (Figure 5B) of the EPNP are plotted and compared to that of the
unmodified copolymer. As shown in this Figure, the thermal transition is slightly shifted
to higher temperature by the conjugation, but the shape of the curve is similar to that of the
unreacted copolymer. In the cooling cycle, the temperature range of the dissolution process
is significantly broadened for the EPNP, but it has to be emphasized that the transmittance
of the EPNP is returned to its maximum value (100% transmittance) by cooling, indicating
that the EPNP preserved the reversible thermoresponsive behavior.
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Figure 5. Transmittance vs. temperature curves (A) and its first derivatives (B) of the copolymer (black) and enzyme–
polymer nanoparticle (red) in heating (full line) and cooling cycle (dashed line).

The applicability of the produced EPNP and the effect of the conjugation on the
catalytic activity were investigated by enzymatic activity assay, where the enzymatic
hydrolysis of BTEE was followed by UV-Vis spectroscopy at 25 ◦C in solutions of various
pH and after thermal treatment at 45 ◦C. The enzymatic activity was calculated based on the
rate of the conversion of the BTEE substrate. The determined enzymatic activity of the α-
chymotrypsin-P(DEAAm-co-GMA) EPNP in the 6–9 pH range is presented and compared
to the unmodified enzyme in Figure 6. As can be seen in this Figure, the enzymatic activity
of the EPNP is significantly lower than that of the native enzyme, but this is a general
phenomenon in the case of enzyme conjugates [50–52]. This can be explained by decreased
accessibility of the substrate to the active pocket of the enzyme in the enzyme–polymer
conjugates. The highest enzymatic activity was observed in the pH 7–7.5 range. The pH
optimum was determined by the inflection point of the first derivative of the Gauss function
fitted on the activity data. As shown in Figure 6A, on the one hand, the pH optimum of
the EPNP is slightly lower (pH = 7.3) than that of the native enzyme (pH = 7.4). On the
other hand, the activity is greatly decreased even with a slight change in pH in the case of
the native α-chymotrypsin, but only a lower extent of change of activity was observed for
the EPNP.

Figure 6. Enzymatic activity (A) and the relative activity (B) of α-chymotrypsin (black) and the enzyme–polymer nanoparti-
cle (red) as a function of pH.

For better understanding, the effect of the pH change on the enzymatic activity, the
relative (also called as residual) activity was expressed by the ratio of the measured activity
and the maximal activity (Figure 6B). In the case of the native enzyme, the activity is
decreased drastically by 0.4 pH change, namely the activity is only 80% and 60% of the
maximum at pH 7.8 and 7.0, respectively. In addition, by getting away from the optimum
pH value to pH 6 and pH 9, the relative activity is further decreased to ~20%. In contrast,
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less than 10% activity loss was observed in the pH range of 7–7.8 in the case of the EPNP,
and the relative activity was also significantly higher than that of the native enzyme at
more extreme pH values. Thus, it can be concluded that the polymer conjugation with
P(DEAAm-co-GMA) advantageously enhances the pH stability of α-chymotrypsin.

The thermal stability of the enzyme–polymer nanoconjugate was also studied. The
solution of the EPNP and the native enzyme as well was thermostated at 45 ◦C, and samples
were taken at predetermined treatment times. Because the results of the thermoresponsive
investigation of the EPNP shows that the hydrophobic–hydrophilic transition occurs in a
wider temperature range during cooling, the withdrawn samples were allowed to cool to
room temperature for 5 min before the activity assay measurements at 25 ◦C. The obtained
relative activity plotted as a function of the thermal treatment time is displayed in Figure 7.
As can be seen in this Figure, the initial activity of the free α-chymotrypsin decreases
to 20% after only 10 min and to 10% after 60 min, and the enzyme becomes completely
inactive after 120 min thermal treatment. This finding is in good agreement with results of
others [118], according to which native CT loses its activity after thermal treatment at 50 ◦C
for 90 min. It is widely accepted that this caused by the unfolding and inactivation during
thermal denaturation of the enzymes. In contrast, the residual activity of the polymer
conjugated enzyme in the EPNP is much higher, namely the relative activity is around
85% after five minutes and it is still over 40% after 30 min. Furthermore, the enzymatic
activity of EPNP does not fall below 20% even after two hours thermal treatment. These
results clearly indicate that the conjugated polymer can reduce the thermal unfolding of
the enzyme in the produced nanoconjugate. Hence, it can be concluded that the enzyme–
polymer nanoparticle preserves the enzymatic activity after heating, that is, the conjugation
with the thermoresponsive P(DEAAm-co-GMA) copolymer increases advantageously the
thermal stability of α-chymotrypsin.

Figure 7. The relative activity of α-chymotrypsin (black) and the CT-P(DEAAm-co-GMA) enzyme–
polymer nanoparticle (EPNP) (red) at 25 ◦C as a function of the time of thermal treatment at 45 ◦C.

4. Conclusions

Poly(N,N-diethylacrylamide-co-glycidyl methacrylate) (P(DEAAm-co-GMA)) copoly-
mers, unreported so far, were successfully synthesized by free radical copolymerization.
On the one hand, turbidity measurements revealed that the P(DEAAm-co-GMA) copoly-
mers still possess reversible thermoresponsive behavior. It was found that the cloud point
and clearing point temperatures of the copolymers are lower than that of the PDEAAm
homopolymer and decrease linearly with increasing GMA content in the investigated com-
position range up to 11 mol% GMA. The reactivity of the epoxy (glycidyl) pendant groups
and the applicability of such copolymers were demonstrated by a conjugation reaction with
α-chymotrypsin. The formation of nanosized enzyme–polymer conjugates was confirmed
by DLS with average diameter of 56.9 nm. In addition, it was also confirmed that not only
the P(DEAAm-co-GMA) copolymers, but its enzyme–polymer nanoparticles (EPNP) also
possess the reversible thermoresponsive behavior. The enzymatic activity of the produced
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EPNP was investigated at various pH and after 45 ◦C thermal treatment, and compared to
that of the native enzyme. It was found that the activity of the EPNP was lower than that
of the free α-chymotrypsin, but the relative activity results proved that the activity of the
EPNP is less sensitive to the changes of the pH and the temperature. On the basis of these
findings, it can be concluded that the enzyme stability can be significantly enhanced by the
polymer conjugation with P(DEAAm-co-GMA) copolymers. These findings can be utilized
in a variety of applications, e.g., preparation of novel thermoresponsive protein-P(DEAAm-
co-GMA) bioconjugates with enhanced stability in a one-step process, separation of the
products from the thermoresponsive enzyme–polymer conjugates precipitating above its
critical solution temperature etc.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
360/13/6/987/s1, Figure S1: GPC chromatograms of the P(DEAAm-co-GMA) copolymers and
PDEAAm homopolymer, Figure S2: 1H NMR spectrum of Sample B P(DEAAm-co-GMA) copoly-
mer (molar feed ratio AIBN:DEAAm:GMA = 1:90:10), Figure S3: 1H NMR spectrum of Sample C

P(DEAAm-co-GMA) copolymer (molar feed ratio AIBN:DEAAm:GMA = 1:190:10), Figure S4: 1H
NMR spectrum of Sample D P(DEAAm-co-GMA) copolymer (molar feed ratio AIBN:DEAAm:GMA
= 1:180:20), Figure S5: UV spectra of the P(DEAAm-co-GMA) (Sample C, blue) and the produced
enzyme–polymer nanoparticle (red), Figure S6: UV spectra of the α-chymotrypsin in the concentra-
tion range of 0.033–1 mg/mL (a) and the calibration curve fitted on the absorbance at 283 nm as a
function of the enzyme concentration (b), Figure S7: Representative enzymatic activity investigation
curves of the absorbance measurement of the enzyme (black) and EPNP (red) in time in different
pH solvents (pH = 6 (A); 7 (B); 7.4 (C); 7.8 (D); 8 (E); 9 (F)), Figure S8: Representative curves of the
activity measurements of the enzyme (black) and EPNP (red) in PBS buffer after thermostated at
45 ◦C for 0 min (A), 5 min (B), 15 min (C), 30 min (D), 60 min (E) and 120 min (F).
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Abstract: Sustained release is being explored to increase plasma and tissue residence times of polymer-
protein therapeutics for improved efficacy. Recently, poly(oligo(ethylene glycol) methyl ether methacry-
late) (PEGMA) polymers have been established as potential PEG alternatives to further decrease
immunogenicity and introduce responsive or sieving properties. We developed a drug delivery system
that locally depresses the lower critical solution temperature (LCST) of PEGMA-protein conjugates
within zwitterionic hydrogels for controlled release. Inside the hydrogel the conjugates partially ag-
gregate through PEGMA-PEGMA chain interactions to limit their release rates, whereas conjugates
outside of the hydrogel are completely solubilized. Release can therefore be tuned by altering hydrogel
components and the PEGMA’s temperature sensitivity without the need for traditional controlled release
mechanisms such as particle encapsulation or affinity interactions. Combining local LCST depression
technology and degradable zwitterionic hydrogels, complete release of the conjugate was achieved over
13 days.

Keywords: polymer-protein conjugates; thermoresponsive; controlled release; temperature-sensitive
polymers; hydrogels

1. Introduction

Polymer conjugation to protein therapeutics is a common technique to enhance thera-
peutic efficacy by minimizing immunogenicity and increasing plasma and tissue residence
times due to slower clearance rates [1,2]. Conjugation of poly(ethylene) glycol (PEG) is
becoming a routine method to synthesize polymer-protein conjugates, with several used
clinically [2,3]. To further improve the efficacy of polymer-protein conjugates, alternatives to
PEG are being explored to maintain therapeutic effects while further minimizing antigenic
or immunogenic effects [1,4]. PEG alternatives include poly(zwitterions), polysaccharides,
poly(oligo(ethylene glycol) methyl ether methacrylate) (PEGMA), peptides, and many
more [1,5].

PEGMA is an attractive polymer for protein conjugation due to low antigenicity, ease
of polymerization and successful demonstrations in the production of polymer-protein con-
jugates [6–8]. For example, PEGMA conjugation to a GLP-1 agonist (exenatide) extended
its plasma half-life, which enhanced and prolonged glucose suppression [7] Furthermore,
PEGMA with side chains of only 2–3 ethylene glycol repeat units do not bind to anti-PEGs
antibodies, potentially reducing immune recognition of the polymer [6]. PEGMA conju-
gation to proteins has also been shown to display molecular sieving effects, providing an
additional strategy for increasing therapeutic half-life and decreasing immune recogni-
tion [9,10]. Therefore, PEGMA is well established as a potential alternative to PEG and
warrants further exploration.

Despite the greater plasma and tissue half-lives provided upon polymer conjugation,
repeated dosing of polymer-protein conjugates are often required to maintain therapeutic
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drug concentrations at disease sites. This has prompted research into stimuli responsive
drug depots that slowly release polymer-protein conjugates to reduce the frequency of
administration [11]. For example, temperature responsive elastin like peptides have been
conjugated to protein drugs such as exenatide to form a sparingly soluble drug depot
upon injection due to a temperature-sensitive phase transition [12,13]. The aggregated
polymer-protein conjugate is then slowly released from the drug depot upon dissolution of
the conjugate through phase transitions at the surface. This strategy resulted in prolonged
glucose suppression in a diabetic mouse model with a single injection. In a similar manner,
temperature-sensitive phase transitioning PEGMA conjugates can be used for controlled
released applications.

To further enhance the controlled delivery of polymer-protein conjugates, we have
developed an injectable hydrogel delivery vehicle that decreases the lower critical solu-
tion temperature (LCST) of encapsulated PEGMA-protein conjugates. The conjugates can
therefore be designed to phase transition at body temperature within but not outside of
the hydrogel, providing new a mechanism for the controlled release of PEGMA-protein
conjugates without the need for traditional controlled release mechanisms such as particle
formulations or hydrogel binding interactions. Therefore, controlled release can simply
be achieved by locally injecting therapeutic PEGMA-protein conjugates with hydrogels,
simplifying formulations for potential clinical applications. By exploiting the influence
of Hofmeister salt series in decreasing the LCST of PEGMA, we developed a zwitterionic
hydrogel to influence PEGMA’s LCST [14]. The zwitterionic hydrogel changes the local
electrochemical environment, thereby lowering the LCST of an encapsulated PEGMA-
protein conjugate, yielding a drug depot where release is governed by the dissolution of
the formed aggregates and the hydrogel degradation rate. To ensure the PEGMA-protein
conjugates form an aggregate depot within the hydrogel but not after their release from the
hydrogel, the conjugate was designed to have an LCST above 37 ◦C in a buffered solution
and below 37 ◦C in the hydrogel (Figure 1).

Figure 1. Local LCST depression of PEGMA-antibody conjugates (Ab(DxTy)) within a zwitterionic
hydrogel for the controlled release of solubilized conjugates. Within the hydrogel, the Ab(DxTy)
aggregates form due to hydrogel promoted LCST depression and slowly dissolve for controlled
release. PEGMA copolymers of diethylene glycol methyl ether methacrylate (D) and triethylene
glycol methyl ether methacrylate (T) P(DxTy) were synthesized to achieve temperature-sensitive
polymers with suitable and hydrogel promoted phase transitions for Ab(DxTy). The conjugates were
designed to undergo phase transitions within but not outside of the hydrogel.
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2. Materials and Methods

2.1. Materials

4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CTA1), 4,4′-azobis(4-cyanovaleric
acid) (ACVA), triethylamine, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid
3-azido-1-propanol ester (CTA2), triethylene glycol methyl ether methacrylate, diethylene
glycol methyl ether methacrylate, poly(ethylene glycol) methyl ether methacrylate (Mn 500)
(P(EG9)MA), 2-methacroloyloxyethyl phosphorylcholine (MPC), [2-(methacryloyloxy)ethyl]
dimethyl-(3-sulfopropyl)ammonium hydroxide (SB), were purchased from Sigma Aldrich
(Oakville, ON, Canada). N-(3-aminopropyl)methacrylamide hydrochloride (APMA) was
purchased from Polysciences, Inc. (Warrington, PA, USA). Dibenzocyclooctyne-PEG4-
NHS (DBCO-PEG4-NHS) was purchased from Click Chemistry Tools (Scottsdale, AZ,
USA). 3-(3-dimethylaminopropyl)-1-ethyl-carbodiimide hydrochloride (EDC-HCl) was
obtained from Chem-Impex International Inc. (Wood Dale, IL, USA) Alexa Fluor 647 NHS
ester, Alexa Fluor 488 NHS Ester, Fetal bovine serum (FBS)DMEM, Alamar blue was
purchased from Thermo Fisher Scientific (Burlington, ON, Canada). O-(6-azidohexyl)-O’-
succinimidyl carbonate (NHS-azide), O-[1-(4-chlorophenylsulfonyl)-7-azido-2-heptyl]-O′-
succinimidylcarbonate (NHS-AzCl) and carboxybetaine monomer were synthesized as
previously described [15–17].

2.2. Methods

Poly(carboxybetaine) (pCB) hydrogel synthesis. pCB hydrogels were synthesized in a
similar manner as previously described [15,17,18]. Copolymers of pCB-APMA, pCB-Azide
(pCB-Az), pCB-AzCl and pCB-DBCO were synthesized as described below. Hydrogels
were fabricated by mixing pCB-DBCO and pCB-Az at desired concentration.

pCB-APMA synthesis. CB monomer was synthesized according to previous protocols.
CB monomer (1 g) and APMA-HCl (20 mg) was dissolved in 2.893 mL 1M sodium acetate
buffer. Separately, CTA1 (5.5 mg) and ACVA (1.1) was dissolved in 579 µL dioxane. The
reagents were added together resulting in 5:1 buffer: dioxane. The pH of the solution was
then adjusted to pH 3–4 and was then placed in a Schlenk flask, subject to 3 cycles of
freeze-pump-thaw and backfilled with N2. The vessel was then submerged in an oil bath
at 70 ◦C and reacted for 2 d. The polymerization was terminated by exposure to air and
the solution was dialyzed against water (pH 3–4) for 3 d (MWCO 12–14k) and lyophilized
yielding a pink powder. Polymer molecular weight and dispersity was determined with
gel permeation chromatography using PEG standards.

pCB-Az, pCB-AzCl and pCB-DBCO synthesis. pCB-APMA random copolymers were
synthesized according to previous procedures. pCB-APMA polymers were then function-
alized with azide or DBCO moieties. We dissolved 500 mg of pCB-APMA in 5 mL of
dry MeOH with 50 µL (0.50 mmol) of triethylamine. Subsequently, NHS-azide (14 mg,
0.05 mmol), NHS-DBCO (20 mg, 0.05 mmol) or NHS-AzCl (23 mg, 0.05 mmol) was added
and reacted overnight under N2 at room temperature. Polymers were then precipitated
with 45 mL diethyl ether, dried and dissolved in 10–15 mL of deionized water. The aque-
ous solutions were then extracted twice with dichloromethane (DCM) and the aqueous
layer was then dialyzed against water for 1 d (MWCO 12–14k). The polymers were then
lyophilized yielding a white or pink powder. Polymer composition was determined by 1H
NMR upon integrating the methylene peak in the backbone with unique resonances for
pCB-Az, pCB-AzCl (hydrogen adjacent to the carbamate bond) and pCB-DBCO (aromatic
DBCO moieties; Figure S5).

P(DxTy) Polymer Synthesis. We mixed 0.5 g of triethylene glycol methyl ether
methacrylate (T) was mixed with di(ethylene glycol) methyl ether methacrylate (D) to
yield PEGMA copolymers of varying D and T mole fractions. For T homopolymer and
copolymers of D10T90, D20T80, D30T70, D40T60 and D50T50, 0, 45, 101, 174, 270 and 405 mg
for D was added, respectively, to the 0.5 mg solution of T along with a 3 mL dioxane
solution of CTA2 (8.2 mg) and initiator (1.2 mg). The reaction mixture was then transferred
to a Schlenk flask and underwent three freeze-pump-thaw cycles, followed by a nitrogen
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backfill. The reaction was then submerged in a 70 ◦C oil bath and reacted for 16 h. The
reaction was then dialyzed against water (MWCO 12–14k) for 3 d. The product was then
lyophilized yielding a yellow oil.

P(EG9)MA synthesis. Poly(ethylene glycol) methyl ether methacrylate (Mn 500) (1 g),
CTA1 (5.6 mg) and ACVA (1.1 mg) was dissolved in 993 µL dioxane. The reaction mixture
was then transferred to a Schlenk flask and underwent three freeze-pump-thaw cycles,
followed by a nitrogen backfill. The reaction was then submerged in a 70 ◦C oil bath and
reacted for 16 h. The reaction was then dialyzed against water at pH 3–4 (MWCO 12–14k)
for 3 d and then lyophilized yielding a pink oil.

pMPC synthesis. MPC monomer (0.75 mg), CTA1 (4.2) and ACVA (1 mg) was dis-
solved in 1.787 mL of methanol. The reaction mixture was then sparged with nitrogen
for 45 min, immersed in a 70 ◦C oil bath and reacted for 16 h. The polymer was then
precipitated in acetone and dried overnight in the vacuum oven. The polymer was then
dissolved in water and dialyzed against water at pH 3–4 (MWCO 12–14k) for 1 day. The
product was then lyophilized, yielding a pink powder.

pSB synthesis. SB monomer (1 g), CTA1 (5.6 mg) and ACVA (1.1 mg) was dissolved in
2.380 mL 0.5 M NaCl. The reaction mixture was then transferred to a Schlenk flask and
underwent three freeze-pump-thaw cycles, followed by a nitrogen backfill. The reaction
was then submerged in a 70 ◦C oil bath and reacted for 16h. The reaction was then dialyzed
against pH 3–4 water (MWCO 12–14k) for 3 d. The product was then lyophilized yielding
a pink powder.

pCB synthesis. CB monomer (1 g), CTA1 (9.4 mg) and ACVA (1.9 mg) was dissolved
in 3.375 mL 1 M acetate buffer (pH 5.2), the pH was the adjusted to pH 3–4. The reaction
mixture was then transferred to a Schlenk flask and underwent three freeze-pump-thaw
cycles and was backfilled with nitrogen. The reaction was then submerged in a 70 ◦C oil
bath and reacted for 48 h. The reaction was then dialyzed against water at pH 3–4 (MWCO
12–14k) for 3 d. The product was then lyophilized yielding a pink powder.

Polymer LCST determination. DxTy polymers were dissolved in PBS (10 mg mL−1)
overnight at 4 ◦C. The polymers were then mixed with a solution of the modulating polymer
(P(EG9)MA, pMPC, pCB, pSB, pCB-APMA, pCB-Az, pCB-DBCO, PBS) resulting in a final
concentration of 50 mg mL−1 of the modulating polymer and 5 mg mL−1 of the DxTy
polymer in PBS. The sample was then transferred to a 1 mL quartz cuvette and the optical
density at 550 nm (OD550) was measured using an Agilent UV Vis NIR spectrophotometer
equipped with a Peltier accessory. Similarly, DxTy polymers were mixed with either pCB-
DBCO and pCB-Az resulting in a final concentration of 100 mg mL−1 of pCB-DBCO/pCB-
Az and 5 mg mL−1 DxTy polymer. The two mixtures were then combined in a 1 mL quartz
cuvette and gelled for 30 min at room temperature and the optical density at 550 nm
(OD550) was measured using an Agilent UV Vis NIR spectrophotometer equipped with a
Peltier accessory. The sample was heated from 5 ◦C to 75 ◦C at a rate of 3 ◦C per minute
and cooled from 75 ◦C to 5 ◦C at 3 ◦C per minute. OD550 measurements were taken every
0.5 ◦C.

Ab-DBCO and Ab-DBCO-488 synthesis. We added 33 µL of 10 mg mL−1 DBCO-PEG4-
NHS dissolved in DMSO to 1 mL of Avastin (10 mg mL−1; Ab) in borax buffer (0.1 M borax,
0.15 M NaCl, pH 8.75) and reacted overnight at room temperature. Avastin-DBCO (Ab-
DBCO) was purified by size exclusion chromatography using a GE Healthcare Superdex
S200 column. Fractions were collected and concentrated using an Amicon Spin concentrator
(MWCO 30k). DBCO conjugation was confirmed and quantified by UV Vis. Number of
DBCO’s conjugated to Av was determined using previously described methods [19].

Ab-DBCO-488 was then synthesized. Briefly, 2 µL of Alexa Fluor 488 NHS ester
(10 mg mL−1) was added to 300 µL of Ab-DBCO (5 mg mL−1) in PBS and reacted at room
temperature for 3 h in the dark. The reaction was then dialyzed against PBS (MWCO
12–14k) at 4 ◦C in the dark for 3 d. Ab-488 was synthesized as a control. Briefly, 2 µL
of Alexa Fluor 488 was added to 500 µL of Ab in PBS (10 mg mL−1) and incubated at
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room temperature for 3h in the dark. The solution was subsequently dialyzed against PBS
(MWCO 12–14k) at 4 ◦C in the dark for 3 d.

Ab(DxTy) synthesis and validation. We added 125 µL of DXTy (25 mg mL−1) dissolved
in PBS to 125 µL of Av-DBCO (5 mg mL−1) in PBS and reacted overnight at room tempera-
ture with gentle agitation. Ab(DxTy) was purified by size exclusion chromatography, using
a GE Healthcare Superdex S200 column. Fractions were collected and concentrated with
an Amicon Spin concentrator (MWCO 100k).

To ensure complete reaction of DBCO’s conjugated Avastin, 4 µL of Ab-DBCO
(5 mg mL−1) in PBS was first added to 4 µL of DxTy (25 mg mL−1) dissolved in PBS
and reacted overnight at room temperature. We then added 2 µL of N3-Cy5 dye in water
and reacted at room temperature overnight in the dark. Samples were then loaded onto
an SDS PAGE and run at 120 V for 45 min. The gel was imaged using a Biorad Chemidoc
using the Cy5 filter and processed using ImageLab software. The appearance of fluorescent
bands would indicate the presence of unreacted DBCO’s on Av.

Hydrogel degradation. On the bottom of pre-weighted 2 mL Eppendorf tubes, 10 wt%
AzCl hydrogels were formed. Hydrogels were then allowed to gel at room temperature for
30 min to ensure complete gelation. We carefully pipetted 1 mL of PBS over top the gels,
which were then incubated at 37 ◦C. At specific time intervals, PBS was removed, and the
surface of the gels were dabbed with a kimwipe. Wet gel weights were then measured and
plotted against time.

Ab(DxTy) LCST determination. Ab(DxTy) conjugates (0.5 mg mL−1) were transferred
to a 100 µL quartz cuvette and OD550 was measured using an Agilent UV Vis NIR spec-
trophotometer equipped with a Peltier accessory. Samples were heated from 15 to 60 ◦C at
a rate of 0.5 ◦C per minute and then cooled from 60 to 15 ◦C at 0.5 ◦C per minute. OD550
readings were taken every 0.5 ◦C.

Controlled release experiments of Ab(DxTy) from pCB hydrogels. Ab(DxTy)-488 in
PBS (2 mg mL−1) was incubated without or with DxTy polymers (0, 2.5 or 5 mgmL−1)
dissolved in PBS (40 mg mL−1) overnight at 4 ◦C in the dark. The solution was then mixed
with pCB-DBCO and pCB-Az forming 60 µL gels on the bottom of a black 96-well plate
resulting in 10 wt% pCB hydrogels containing 0, 2.5 or 5 mg mL−1 DxTy polymers and
0.25 mg mL−1 Ab-DBCO-488. Gels were incubated at 37 ◦C for 1 h to ensure gelation. We
pipetted 200 µL of warm (37 ◦C) PBS on top of the gels. Supernatants were taken at specific
time intervals and replenished with warm PBS. Supernatant fluorescence was read using a
Biotek Cytation 5 plate reader (Ex. 495 nm, Em. 519 nm) and amounts of released Ab(DxTy)
were determined using a calibration curve.

Cytotoxicity assay. Human lung fibroblasts (HLF) (10,000 cells) were seeded onto a
clear flat bottom 96-well plate with growth medium (DMEM, 10% FBS). DxTy polymers
dissolved in PBS (1 mg mL−1) were then added to each well. The cells were incubated at
37 ◦C 5% CO2 for 24h. Alamar Blue (Invitrogen), was then added to each well and further
incubated at 37 ◦C 5% CO2 for 1 h. Fluorescence was then measured using a Cytation
5 plate reader (ex. 560 nm, em. 590 nm). Fluorescence readings were normalized to a
control where PBS was added.

3. Results and Discussion

3.1. Selection of Polymer Components for Hydrogel and Antibody Conjugates

To identify suitable polymers for antibody conjugates and injectable hydrogels for
LCST modulating delivery vehicles, we first synthesized azide terminated PEGMA random
copolymers with various D:T ratios with MWs of 26–40k (P(DxTy); Figure 2a, Figure S1,
Table S1), and thus LCSTs, for conjugation to antibodies. The LCST, midpoint (50%) of
turbidity curves, of 0.5 wt% P(DxTy) solutions in PBS was determined in the presence
of different hydrophilic polymers that are either zwitterionic (pCB, pSB or pMPC) or
PEGMA with greater hydrophilicity (P(EG9)MA) than P(DxTy) copolymers (Figure S2).
As expected, hydrophilic polymers decreased the LCST of all P(DxTy) copolymers, with
pCB resulting in the greatest (~3.2 ◦C) shift (Figure 2f, Figures S3 and S4), most likely due
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to pCB’s greater ability to form a water shell under physiological conditions and known
ability to promote hydrophobic interactions. This is similar to previous reports where
the hydration state of pCB enhanced hydrophobic interactions and displayed properties
similar to the Hofmeister salt series. The Hofmeister salt series has been shown to depress
the LCST transition temperatures of PEGMA polymers; additionally, the hydration state of
pCB polymers have been compared to Hofmeister salt series in promoting hydrophobic
interactions [20,21]. pSB, pMPC and P(EG9)MA decreased the P(DxTy) LCSTs by ~1.3, ~2.2
and ~1.5 ◦C, respectively (Figure S4). Therefore, pCB was chosen as the optimal material
for hydrogel fabrication as it had the greatest impact on P(DxTy) LCST.

Figure 2. LCST screen of P(DxTy) copolymers with varying D:T content in the presence of hydrophilic polymers, hydrogel
components and encapsulated in pCB hydrogels. Structures of polymers used in the study: (a) P(DxTy), (b) P(EG9)MA,
(c) pCB, (d) pMPC, (e) pSB. (f,h) Heat map of LCST transition temperatures (at 50% of maximum turbidity of heating
curves) of different PEGMA copolymer compositions (10 mg/mL) in combination with modulating polymers (50 mg/mL
unless specified). (g,i) Heat map of LCST cooling transition temperatures (at 50% of maximum turbidity of cooling curves)
of different PEGMA polymer compositions (10 mg/mL) in combination with modulating polymers (50 mg/mL unless
specified). Colored temperature scales are presented with 37 ◦C set as black.

As we have previously demonstrated that 10 wt% pCB hydrogels formed upon
crosslinking copolymers of pCB-azide and pCB-DBCO that resulted in injectable, low-
fouling hydrogels, we synthesized the relevant pCB-azide, pCB-DBCO copolymers and
precursors (Table S1 and Figure S5) and studied their influence on P(DxTy) LCSTs [17].
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We synthesized pCB-Az and pCB-DBCO copolymers with 3.5 and 3.9 mol% of azide and
DBCO moieties, respectively, resulting in a hydrogel with ~3.5 mol% of crosslinks, which
was previously shown to be low-fouling and enabled protein diffusion. We first confirmed
that the influence of pCB on P(DxTy) LCST was concentration-dependent; 10 wt% pCB
homopolymer shifted the LCST by 4.3 ◦C, whereas 5 wt% pCB shifted the LCST by 3.2 ◦C
(Figure 2f, Figure S6). pCB copolymers were synthesized by polymerizing CB and APMA
monomers to yield a copolymer with ~3.5 mol% APMA (Table S1). pCB-APMA was
either modified with NHS-azide or NHS-DBCO to yield corresponding copolymers for
hydrogel crosslinking (Figure S5). P(DxTy) LCSTs were then screened in the presence of
hydrogel components and compared to a homopolymer of pCB (Figure 2h,i, Figure S7). At
5 wt%, pCB-APMA and pCB-Az decreased P(DxTy) LCSTs by an average of 2.6 and 1.8 ◦C,
respectively, whereas pCB-DBCO increased the LCST by 1 ◦C due to the hydrophobicity of
the DBCO moiety. The pCB hydrogel decreased the LCST of P(DxTy) by 1.7 ◦C, on average.
Therefore, the synthesized pCB hydrogels can decrease the LCST of P(DxTy) polymers.

Ideally the P(DxTy) copolymers for the antibody conjugate would demonstrate phase
transitions below 37 ◦C within the hydrogel and above 37 ◦C outside of the hydrogel for the
sustained release of fully solubilized antibody drug conjugates. The D:T copolymer ratio
greatly influenced LCST temperatures when different modulating polymers were added
(Figure S8). Consequently, a P(DxTy) copolymer with correct D:T ratio was chosen. Only
the copolymers with a D:T ratio of 30:70, P(D30T70), clearly met this criterion with LCSTs
(midpoint of turbidity curve) of 36 ◦C and 39 ◦C in the hydrogel and PBS, respectively, and
was therefore selected for further study. It should be noted that the LCST turbidity curve
of P(DxTy) within hydrogels were broadened compared to uncrosslinked polymers. The
homopolymer of triethylene glycol methyl ether methacrylate, P(T100), was also selected
for comparison with P(D30T70) as its LCST within and outside of the hydrogel is >37 ◦C
(Figure S7, Table S2). Additionally, both polymers showed no cytotoxicity against human
lung fibroblasts (Figure S9), as expected. Therefore, they can be used and safely conjugated
to therapeutic proteins.

3.2. Synthesis and Characterization of PEGMA-Antibody Conjugates

Avastin, an anti-VEGF humanized antibody, was selected as a model antibody because
it is of interest for controlled delivery applications to the posterior segment of the eye and
cancerous tumors. Avastin was first modified with DBCO-PEG4-NHS, which resulted in
an average of 4.1 DBCOs per antibody according to absorbance measurements [22]. Azide
terminated P(DxTy) polymers were then grafted onto the antibody until complete consump-
tion of antibody DBCOs according to SDS-PAGE with a fluorescent azide tag (Figure 3a–c).
The antibody conjugates with P(D30T70) and P(T100), AbP(D30T70) and AbP(T100), therefore
had an average of 4.1 polymers per antibody. The conjugates were then purified and charac-
terized by size-exclusion chromatography (Figure 3d). The conjugates had short retention
times and broader peaks than unmodified antibody, indicating successful polymer grafting.

The temperature dependence of P(D30T70) and P(T100) as free polymer and the conju-
gates, AbP(D30T70) and AbP(T100), were then studied in PBS and the hydrogel by following
temperature-dependent phase transition with OD550 turbidity measurements (Figure 4,
Figure S10), polymer concentration in all samples were held at 0.5 mg mL−1. Grafting
polymers to the antibody shifted the turbidity curves lower with a larger effect on P(T100)’s
LCST than P(D30T70). Compared to free polymers, the LCST of AbP(D30T70) and AbP(T100)
shifted by 1 ◦C and 6 ◦C at 50% turbidity, respectively (Figure 4a,b). Interestingly, grafting
P(T100) to the antibody influenced the LCST to a greater extent than P(D30T70). It has
also been previously observed that grafting different PEGMA polymers to proteins had
variable LCST shifts [8,23]. Encapsulating the conjugates in the hydrogel significantly
broadened their phase transition curves, where even the turbidity curve begins to increase
below 37 ◦C for the P(T100) conjugate. There is a similar effect (but to a lesser extent) seen
from free P(D30T70) and P(T100) polymers in the pCB hydrogel. We hypothesize that this
effect may be due to molecular crowding promoted by hydrogels, which can therefore
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induce phase transitions of stimuli responsive polymers at a lower temperature [24–27].
Furthermore, PEGMA phase transitions through multistep aggregation; therefore, the si-
multaneous effects of macromolecular crowding combined with reduced diffusivity, which
influences aggregates size, can result in the broadening of phase transition temperatures
curves [28–30]. Therefore, both the P(D30T70) and P(T100) conjugates can be used for con-
trolled release applications within the pCB hydrogel. As the LCST of the conjugates are
above 37 ◦C outside of the hydrogel, any released conjugates will be completely solubilized,
which is beneficial for therapeutic applications.

 

−

Figure 3. Synthesis and characterization of the Ab(DxTy) conjugates. (a) Illustration of Ab(DxTy) conjugate synthesis
by grafting P(DxTy) to Ab-DBCO. (b) Absorbance spectrum of Ab-DBCO for quantification of DBCO grafting degree.
(c) Fluorescent SDS PAGE of antibody conjugates when reacted with Cy5-azide to detect reactive DBCO groups on the
antibody. Loss of fluorescence in conjugates indicates complete consumption of DBCO (Fluorescent signal indicates free
DBCO reacting with Cy5-azide). (d) Size exclusion chromatograms of antibody-polymer conjugates.

3.3. Controlled Release of PEGMA-Protein Conjugates from pCB Hydrogels

To demonstrate that controlled release is temperature-sensitive due to P(DxTy) phase
transitions and not solely diffusion limited, we first investigated the release of the con-
jugate with the lowest LCST, Ab(D30T70), from pCB hydrogels at 4 ◦C, which prevents
aggregation (Figure 5a). As expected, complete release of the conjugate occurred after three
to seven days, indicating that the conjugate can diffuse through the hydrogel if completely
solubilized.
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− −

Figure 4. Temperature-sensitive turbidity curves of P(DxTy) copolymers (5 mg mL−1), Ab(DxTy) (0.5 mg/mL−1) in PBS
and Ab(DxTy) within the pCB hydrogel. (a) The copolymer P(D30T70) showed similar temperature responses as a free
polymer and a conjugate, Ab(D30T70). (b) Compared the PBS, the phase transition profile of Ab(D30T70) was broadened
when encapsulated within the pCB hydrogel. (c) The Ab(T100) conjugate phase transitioned at lower temperatures than the
corresponding free polymer, P(T100). (d) Compared the PBS, the phase transition profile of Ab(T100) was broadened when
encapsulated within the pCB hydrogel.

−

β

Figure 5. Controlled release of Ab(DxTy) release from pCB hydrogels influenced by the type of thermoresponsive polymers.
(a) Release of the Ab(D30T70) at 4 ◦C demonstrating that complete release occurs within ~3 days if the conjugate is completely
solubilized. (b) Release curves for Ab(D30T70) and Ab(T100) at 37 ◦C demonstrating that P(D30T70) lower LCST results in
slower release. Release of (c) Ab(D30T70) and (d) Ab(T100) at 37 ◦C in the presence of 2.5 and 5 mgmL−1 of free P(D30T70) or
P(T100), respectively, demonstrating that release is due to conjugate phase transitions (n = 3, ± standard deviation).
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At body temperature (37 ◦C), the release rate of the conjugates from the hydrogel
agrees with LCST values, where partial phase transitions at lower temperatures resulted in
slower released rates (Figure 5b). At three days, the conjugates differed in release by 17.7%
where Ab(D30T70) and Ab(T100) released 31.6% and 49.3% of the initial loading. After three
days, Ab(D30T70) and Ab(T100) sustained release rates of 73.2 ± 5.0 and 106.0 ± 8.6 ng
per day, respectively (Figure S11). To further demonstrate that controlled release is due
to polymer phase transition and aggregation, we conducted release experiments in the
presence of free polymer corresponding to the conjugate (Figure 5c,d, Figure S11). Addition
of free polymer will increase the amount of solubilized conjugate for release, which was
observed in a concentration-dependent manner for both conjugates. Although the encap-
sulation of thermoresponsive polymer-protein conjugates in pCB hydrogels resulted in
controlled delivery, the release rates plateaued at longer timepoints before complete release
was achieved. Most of the difference in release profiles between Ab(D30T70) and Ab(T100)
occurred during the first few hours and days, in a similar manner to many hydrogel affinity
release systems [31,32].

To achieve sustained and complete release of temperature-sensitive Ab(DxTy) con-
jugates from pCB hydrogels, we combined the hydrogel promoted polymer aggregation
technology with controlled hydrogel degradation. Hydrogel degradation will promote the
solubilization of the conjugate for greater release rates and eventual complete release. The
pCB-Az copolymer for crosslinking with pCB-DBCO was modified to contain β elimina-
tive carbamate bonds with reported half-lives of 36 h (Figure 6a); the hydrogel crosslinks
will therefore hydrolyze for complete hydrogel degradation [15,16,33]. To demonstrate
degradability, the hydrogel was formed in a pre-weighed microcentrifuge tube and wet
weight was followed over time (Figure 6b); wet weight increases at first due to hydrogel
swelling. The Ab(D30T70) conjugate was then encapsulated in the degradable pCB hydrogel
and release was followed over 2 weeks. At first, release was similar to Ab(D30T70) in a
non-degradable gel, but release increased by day 5 with a substantial increase by day 7 due
to hydrogel degradation (Figure 6c). Due to the differences in hydrogel volume and surface
area between the degradation study (Figure 6b) and conjugate release (Figure 6c), hydrogel
degradation occurred over a longer period for the release experiment (11 vs. 13 days).
Therefore, the combination of temperature-sensitive conjugate with degradable hydrogels
results in sustained and complete conjugate release.

− −

Figure 6. Release of Ab(D30T70) from degradable pCB hydrogels. (a) Structure of pCB-AzCl copolymer with hydrolytic
carbamate bond for hydrolysis of hydrogel crosslinks. (b) Degradation of pCB hydrogels over time by following the wet
weight of hydrogels gelled in microcentrifuge tubes. (c) Complete and sustained release of Ab(D30T70) from degradable
pCB hydrogels where release is governed by the hydrogel promoted aggregation of Ab(D30T70) and hydrogel degradation
(n = 3, ± standard deviation).

4. Conclusions

Polymer-protein therapeutics, including PEGMA conjugates, continue to represent
promising new therapeutics that may benefit from sustained release vehicles [2]. Here,
we demonstrated that a zwitterionic hydrogel, pCB, can locally depress the LCST of
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thermoresponsive PEGMA-protein conjugates for their sustained release as solubilized
molecules. In combination with a degradable pCB hydrogel, complete and sustained
release of the conjugate occurred over 13 days. Therefore, the design of thermoresponsive
polymers and hydrogels can yield drug delivery systems where polymer-protein conjugates
aggregate within but not outside of hydrogels, representing a new mechanism for the
controlled delivery of polymer conjugates.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13162772/s1, Figure S1: 1H NMR of P(DxTy) in D2O synthesized through RAFT
polymerization, Figure S2: 1H NRM spectra and chemical structures of the modulating polymers used,
Figure S3: Temperature turbidity curves (OD550) of P(DxTy) (5 mg mL−1) with modulating polymers
(50 mg mL−1) in PBS, Figure S4: Decrease in heating and cooling LCST transition temperatures of
P(DxTy) polymers with he addition of zwitterionic polymer, Figure S5 Chemical structures of (a) pCB-
APMA, (b) pCB-DBCO, (c) pCB-Az and their respective 1H NMR spectra in D2O (d), Figure S6:
Temperature turbidity curves (OD550) of PEGMA polymers with pCB at different concentrations in
PBS, Figure S7: Temperature turbidity curves (OD550) of PEGMA polymers with hydrogel precursor
polymers and encapsulated within pCB hydrogel in PBS, Figure S8: Phase transition temperatures of
PEGMA polymers when heating and cooling plotted with respect to triethylene glycol content with
he addition of modulating polymers, different pCB concentrations and hydrogel precursors. Slopes
of the aggregated data, Figure S9: Cytotoxicity of P(T100) and P(D30T70) polymers incubated with
10,000 cells of human lung fibroblasts compared to PBS controls. No cytotoxicity from the polymers
was observed, Figure S10: Temperature turbidity curves of protein polymer conjugates and their
corresponding polymer in PBS, Figure S11: First order curves of release after day 3 of Ab(D30T70) and
Ab(T100), Table S1: MW of polymers synthesized obtained from GPC with PEG standards, Table S2:
Phase transition temperatures of PEGMA polymers with the addition of modulating polymers and
hydrogel precursor polymers when heating and cooling.
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Abstract: Polylysine is a biocompatible, biodegradable, water soluble polypeptide. Thanks to the
pendant primary amines it bears, it is susceptible to modification reactions. In this work Poly(L-lysine)
(PLL) was partially modified via the effortless free-catalysed aza-Michael addition reaction at room
temperature by grafting N-isopropylacrylamide (NIPAm) moieties onto the amines. The resulting
PLL-g-NIPAm exhibited LCST-type thermosensitivity. The LCST can be tuned by the NIPAm content
incorporated in the macromolecules. Importantly, depending on the NIPAm content, LCST is highly
dependent on pH and ionic strength due to ionization capability of the remaining free lysine residues.
PLL-g-NIPAm constitutes a novel biodegradable LCST polymer that could be used as “smart” block in
block copolymers and/or terpolymers, of any macromolecular architecture, to design pH/Temperature-
responsive self-assemblies (nanocarriers and/or networks) for potential bio-applications.

Keywords: poly(L-lysine); N-isopropylacrylamide; aza-Michael addition reaction; LCST; thermo-
responsive; pH-responsive; biodegradable polymer

1. Introduction

Polymeric “smart” materials can respond to external stimuli such as pH, light, temper-
ature, enzymes, and electric or magnetic fields. Therefore, they are applicable in various
scientific fields [1]. Thermosensitive polymers are a sub-category of smart polymers that
attract great scientific interest, as they can respond to temperature and change their physic-
ochemical properties. There are two main types of thermo-sensitive polymers. The first
category includes polymers that exhibit lower critical temperature behaviour (LCST), while
the second one consists of polymers that exhibit upper critical solution temperature (UCST)
behaviour. The critical temperatures below and above which the polymer and the solvent
become fully miscible are known as the LCST and UCST, respectively [2,3]. They change
their conformation either upon heating (LCST) or cooling (UCST) from a rather random coil
form to a collapsed, more globular one. Thermo-responsive polymers, integrated in block
copolymers, can be exploited in a plethora of water dispersive self-assembling entities such
as micelles, polymersomes, microcapsules and microgels, along with injectable hydrogels
and thin films, all of them advantageous for biomedical applications such as controlled
drug delivery, stem cell transplantation, wound healing, etc. [4].

Water soluble polymers that exhibit LCST are by far the most studied polymers.
Among them, Poly(N-isopropylacrylamide) (PNIPAm) has attracted major attention thanks
to its LCST of approximately 32 ◦C, which is close to and below body temperature (37 ◦C),
which renders it suitable for biomedical applications [5–11]. However, provided that it is
not entirely non-toxic and, more importantly, it is not biodegradable, PNIPAm does not
seem to be acceptable for real biomedical applications and has mainly been used as a LCST
thermo-responsive model polymer.
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Polylysine is a biocompatible, biodegradable, water soluble polypeptide. These
properties render polylysine and its derivatives ideal for a variety of biomedical applica-
tions [12,13]. Polylysine consists of either L-lysine or D-lysine. “L” and “D” refer to the
chirality of central lysine carbon. Thus, two polypeptide isomers can be distinguished:
poly-L-lysine (PLL) and poly-D-lysine (PDL) [14]. In every case, it is a weak, cationic
polyelectrolyte with a pKa = 10.5, thanks to the pendant free amino group that can be
charged by protonation at pH < pKa. The polylysine conformational states in aqueous
solutions, which determine its secondary polypeptide structure, have been extensively
studied and are effected by a wide range of solution conditions such as pH, temperature
and salt concentration [15]. In salt-free solutions and at a neutral pH, polylysine adopts a
random coil conformation due to its protonated, charged state. At pH 11.5 the uncharged
polylysine is entirely transformed into α-helix conformation and, upon heating, the α-helix
structure is transformed into a β-sheet structure [16].

Another interesting property of poly(L-lysine) is that the free amino pendant groups it
bears are susceptible to modification reactions. The objective of the present study is to com-
bine the properties of poly(L-lysine) polypeptide with PNIPAm to form a biodegradable,
LCST-type thermo-responsive polymer, in order to ultimately utilize it in real biomedi-
cal applications. The free-catalysed aza-Michael addition reaction seems suitable for this
purpose. This reaction constitutes a subcategory of Michael addition reactions, a very
important reaction in organic chemistry. An amine group is a Michael donor, while α,
β-unsaturated carbonyl compounds act as Michael acceptors, resulting in the formation
of a Michael adduct [17]. Since the amino group can act as both a base and a nucleophile,
the aza-Michael addition reaction does not require the involvement of a base [18]. Michael
donors can be both secondary amines and primary amines and the reaction activity de-
pends, to a large extent, on the electronic and stereochemical environment of the amine.
When a Michael donor is added to a primary amine, bis-addition is possible, depending
on the added amount [19]. The choice of solvents is critical for Michael addition reactions
because aprotic solvents may cause incomplete alkylation of the amino group [17]. Michael
addition reaction is an effective method for modifying an existing polymer. Li and Feng
synthesized a series of highly sensitive stimuli-responsive polysiloxanes (SPSis) through a
catalyst-free aza-Michael addition reaction. Particularly, Poly(aminopropylmethylsiloxane)
was post-modified with Nipa monomers [20].

In the present communication, preliminary results dealing with the partial modifi-
cation of PLL by NIPAm monomers, denoted as PLL-g-NIPAmX (where X is mol% of
NIPAm with respect to LL monomer units), via the effortless aza-Michael reaction and their
resulting thermo-responsiveness are demonstrated. The modified polypeptide exhibited
LCST-type thermo-sensitivity. The LCST was found to be inextricably dependent on the
amount of NIPAm grafted, along with the pH and salinity of the aqueous media.

2. Materials and Methods

2.1. Materials

PLL was synthesized by ring opening polymerization of the ε-tert-butyloxycarbonyl-
L-lysine-NCA (NCA: N-carboxy anhydride) monomer, followed by acid hydrolysis to
deprotect the amine groups, according to standard procedures. The molecular weight
characteristics of the protected PLL, determined by gel permeation chromatography (GPC,
Milford, MA, USA) are Mw = 11,980 Daltons, Mn = 11,365 Daltons (degree of polymerization
50) and molecular polydispersity, Mw/Mn = 1.054. Details of the synthesis and characteriza-
tion of PLL and its NCA protected monomer are reported in the Supplementary Materials.
NIPAm monomers (NIPAM, Fluorochem, Derbyshire, UK) were used as received.

2.2. Modification of PLL by Aza-Michael Addition

PLL was modified by grafting onto the NIPAm monomers, according to Scheme 1.
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Scheme 1. Synthesis of PLL-g-NIPAmX via the free-catalysed aza-Michael addition reaction.

NIPAM monomers were added to the PLL aqueous solution (Cp~0.1 wt%), the pH of
which was adjusted close to 12, by NaOH, ensuring non-protonation of the pendant primary
amines. The reaction was performed at room temperature in a flask with a ground glass
stopper in different NIPAm/Lysine mol ratios and various periods of time, as discussed.
The next step was the purification of the solution from unreacted NIPAm monomers and
from any other impurities, through dialysis membrane (MWCO 3500 Da) with 3D-H2O. The
final product was obtained in solid form by freeze drying. The NIPAm percentage (mol%) of
the partially modified PLL-g-NIPAm samples was characterized by 1H NMR in deuterated
water (D2O), using A Bruker Avance Iii Hd Prodigy Ascend Tm 600 MHz spectrometer
(Billerica, MA, USA). A characteristic 1H-NMR spectra is presented in Figure S1.

2.3. Preparation of Samples for Light Scattering

Aqueous solutions of the modified PLL-g-NIPAm were prepared at a concentration of
1% w/v. The pH value of the system was adjusted by adding HCl or NaOH solution (1 M).
The study was performed at different pH, as PLL is pH responsive. NaCl was added to
study salt effect. The concentration of the salt that forms by the addition of HCl or NaOH
is negligible with respect to the concentration of added NaCl and was not considered in
the final salt concentration.

2.4. Light Scattering

A physicochemical study of the modified PLL-g-NIPAm was performed by the static
light scattering (SLS) technique. All measurements were carried out using a thermally reg-
ulated spectro-goniometer, Model BI-200SM (Brookhaven Holtsville, NY, USA), equipped
with a He–Ne laser (632.8 nm). The aim of the study was to determine whether the modified
polymers were thermo-sensitive and, in this case, to identify their critical temperature,
TLCST. More specifically, in a PLL-g-NIPAmX sample (transparent aqueous solution at low
temperature), the light scattered intensity (I) was measured at a constant angle θ (90◦) by
increasing, stepwise, the temperature. At each temperature, sufficient time was left for
equilibration before three repeating measurements were taken. The TLCST was determined
at T, above which an abrupt increase in LS intensity was observed. For the sake of compari-
son, the temperature-dependent optical density (OD) was also measured for one sample
by UV visible to detect the cloud point Tcp, i.e., the temperature above which the solution
turns turbid, using a Hitachi U-2001 UV–VIS spectrophotometer (Schaumburg, IL, USA).

3. Results and Discussion

The critical temperature of the aqueous solutions was determined by static light
scattering which, in fact denotes, the onset of association (aggregation), Tass, of the macro-
molecules, which is the consequence of their hydrophilic to hydrophobic transition follow-
ing the phase separation of the solution upon heating. The Tass coincides with the cloud
point, Tcp, as observed by optical density measurements (Figure 1), since both are due to
the intermolecular hydrophobic association. To emphasise that critical temperature occurs
upon heating, we will refer to it hereafter as TLCST.
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Figure 1. Example of temperature dependence of static light scattering intensity (LS) and optical
density (OD) of the PLL-gNIPAM60 upon heating. The insets show digital photographs of the solution
and the light scattering generated from a red laser, below and above the critical temperature. The
cloud point Tcp (detected by OD) coincides with the onset of the polymer association Tass (detected
by LC).

Initially, the thermal behaviour of pure PLL in aqueous solutions was investigated
at high pH (10.6), where the PLL is nearly uncharged (bearing non-protonated pendant
primary amines), as it is shown by z-potential measurements [16]. As can be seen in
Figure 2A, the light scattering intensity increases gradually above 45 ◦C, denoting the
onset of association, and levels above 75 ◦C. On the contrary, no temperature effect is
detected at pH 7. At pH 10.6, the 1 wt% polymer solution remains transparent in the entire
temperature range investigated. However, a free-standing gel forms above 65 ◦C, as seen in
Figure 2A. As it is well known, PLL adopts various secondary structures depending on pH
and temperature [15,21]. At pH 10.6, the nearly uncharged PLL adopts mainly an α-helix
secondary structure, i.e., about 80%, which becomes 100% above pH 11.5 [22]. Upon heating
an α-helix-to-β-sheet conformational transition is expected above a critical temperature
which depends on molecular weight, i.e., the lower the molecular weight the higher the
transition temperature [23]. The thermo-induced formation of the transparent gel observed
in Figure 2A is attributed to the α-helix-to-β-sheet transformation of the majority of the PLL
chains, associated with the formation of a spanning 3D physical network. As reported, the
peptides, when adopting a β-sheet secondary structure, self-assemble, forming entangled
fibrils, which justifies the gel appearance [24]. The transition temperature was detected
at about 45 ◦C, which seems reasonable for the molecular weight of PLL (Mn = 6500), as
it is known that it depends on PLL molecular weight [25]. At pH 7, PLL does not exhibit
thermosensitivity, since it exists as a random coil, due to its charged state.

Partial modification of PLL by conjugating NIPAm moieties onto primary amines
via the aza-Michael addition reaction, with a feed molar ratio [NIPAm]/[LL] of 35 mL%,
was accomplished first. The reaction was carried out at room temperature. The yield of
the reaction was 82%, meaning that the percentage of NIPAm moieties incorporated into
the PLL chain was 28.6 mol% (denoted as PLL-g-NIPAm29). The scattering intensity as a
function of temperature in aqueous solutions of the partially modified PLL-g-NIPAm29
is shown in Figure 2B at various pH 7.8, 8.7 and 10.8. At pH = 7.8 and 8.7, the solutions
are clear, and the intensity remains constant upon increasing temperature. The modified
polymer does not show any thermo-sensitivity under these conditions. This behavior is
attributed to the fact that PLL is positively charged, as the free primary amine groups are
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protonated (pH < pKa). At these pH conditions, the sample under study is characterized,
to a large extent, by hydrophilicity, exhibiting very good solubility in the aqueous medium.
Therefore, the grafting of NIPAm groups at 29%, does not appear to affect the thermal
responsiveness of the samples, investigated in this temperature range, provided that the
percentage of positively charged amine groups predominate. At pH 10.8, the solution
shows thermosensitivity as the intensity of the light scattering increases abruptly above
54 ◦C. The presence of the NIPAm groups on the chain generate two new effects on the
heat-induced solution behaviour. The scattering light intensity increases more sharply and
the solution exhibits turbidity at higher temperatures. These effects are consistent with
LCST-type thermo-sensitivity. Remarkably, at 60 oC the solution was transformed to a free-
standing gel. It seems probable that the low percentage (29 mol%) of NIPAm attachment on
the PLL chains does not entirely prevent the α-helix-to-β-sheet conformational transition,
inducing gelation.

ο

α β

 

○ □
□ ○

∆

Figure 2. Light scattering intensity at 90o as a function of temperature of polymer aqueous solutions
at various pH with Cp = 1 wt%: (A) PLL, (#) pH 10.6 and (�) pH 7, the photo illustrates a freestanding
transparent gel of the solution at pH 10.6, and 65 ◦C, and (B) PLL-g-NIPAm29, (�) pH 10.8, (#) pH
8.7, (∆) pH 7.4, the photo illustrates transparent solutions at pH 10.8, 25 ◦C and a turbid free-standing
gel at pH 10.8 and 60 ◦C.

By increasing the [NIPAm]/[LL] feed ratio to 78%, the percentage of NIPAm mod-
ification reached 69 mol% (PLL-g-NIPAm69). The PLL-g-NIPAm69 aqueous solution at
pH 11.8 exhibits a sharp increase in the light scattering intensity at 32 ◦C, above which the
solution turns turbid, as shown in Figure 3A. More importantly, no gel formation was ob-
served (Figure 3A, inset), implying that, at this NIPAm percentage, the formation of β-sheet
responsible for the gel formation is prevented. Therefore, the observed thermal transition is
clearly the LCST type. By decreasing pH at 9.5 and 8.3, the transition disappears at least up
to 80 ◦C, due to ionization of the remaining free amine groups. Provided that the charged
groups are highly hydrophilic, the TLCST is likely shifted to higher temperatures.

125



Polymers 2022, 14, 802

β

 

∆ ○ □

□ ○ ◁ ∆▷ ∇ ◊

Figure 3. Light scattering intensity at 90o as a function of temperature of PLL-g-NIPAm69 in aqueous
solutions of various pH: (A) (∆) pH 11.8, (#) pH 9.5, (�) pH 8.3, the photo illustrates a transparent
solution at pH 11.8, at 20 ◦C and a cloudy one at 40 ◦C, which flows as a liquid (lowest image), and
(B) in the presence of NaCl at various pH: 1M NaCl, pH (�)7.5, (#) pH 8,5, (

β

∆ ○ □

□ ○ 5, (◁) p ∆▷ ∇ ◊
) pH 9.1, (∆) pH 9.6,

(

β

∆ ○ □

□ ○ ◁ ∆
(▷) 9.8 and (∇ ◊) 9.8 and (∇) pH 9.0, 1.5M NaCl, (♦) pH 8.8, 2M NaCl.

The effect of ionic strength was explored by adding NaCl at various pHs, in an attempt
to decrease the LCST. In Figure 3B, we can see the effect of pH in saline aqueous solutions
of 1M NaCl. The thermosensitivity appears at TLCST = 30 ◦C in pH 9.6, whereas it is not
visible at lower pHs up to 80 ◦C. Compared to the absence of transition at pH 9.5 in salt
free solutions (Figure 3A), the presence of 1M salt has a remarkable effect on the LCST
shift, greater than 50 ◦C. At the slightly higher pH of 9.8 the critical temperature continues
to decrease significantly to TLCST = 14 ◦C. These intensive effects should be attributed
to the partially substituted PLL with 69 mol% NIPAm which still bears a high number
of free amines that are ionizable, depending on pH. Thus, the increase in ionic strength
likely exerts two effects. It is known that hydrophilic comonomers increase the LCST,
whereas hydrophobic ones have the opposite effect [4]. The presence of salts decreases
the hydrophilicity of the protonated amines by electrostatic screening, thus inducing a
decrease in LCST. Moreover, the well-known salting out effect of NIPAm moieties operates
in the same direction [4,26]. Hence, both effects seem to be the reason for the observed
LCST high shift at pH 9.5 for the PLL-g-NIPAm69 sample. At pH 9.0, more salt is needed,
e.g., 1.5 M, for the appearance of thermosensitivity, which is detected at TLCST = 55 ◦C.
Finally, at pH 8.8/2M NaCl, the TLCST is equivalent to that at pH 9.8/1M NaCl, clearly
showing the combined effect of pH and ionic strength.

By increasing the percentage of NIPAm integration to 87 mol% (PLL-g-NIPAm87),
the TLCST is further shifted to lower temperatures, as seen in Figure 4. For the uncharged
state (high pH) the TLCST drops to 27 ◦C versus the 32 ◦C of 69 mol% content. At pH 9 and
salt free solution it appears at 50 ◦C in contrast to the PLL-g-NIPAm69 sample, in which
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thermosensitivity is not visible, even up to 80 ◦C (Figure 3B). At the lower pH 8, a weak
thermosensitivity appears at 65 ◦C.

 

□ ○ ∆
Figure 4. Light scattering intensity at 90◦ as a function of temperature of PLL-g-NIPAm87,
Cp = 1 wt%, in aqueous solutions at various pH: (�) pH 11.6, (#) pH 9, (∆) pH 8.

For the LCST to approach physiological conditions, namely pH 7.4, 37 ◦C, the following
“in situ” experiment was designed (Scheme 2). To an aqueous solution of PLL-g-NIPAm87, a
successive addition of NIPAm monomers was applied. Specifically, to 20 mg (0.095 mmol) of
PLL-g-NIPAm87 an amount of 0.057 mmol of NIPAm was added to 2 mL aqueous solutions.
NaOH (1M) was also added to adjust the pH of the mixture at 12. The solution was left
under stirring for 48 h, and product 1 was characterized in terms of thermosensitivity at
various pH. The same procedure was repeated sequentially three times, as demonstrated
in Scheme 2. The final product was characterized by 1H-NMR (i.e., PLL-g-NIPAm116).
The successive addition of NIPAm resulted in an ongoing insertion of this moiety into
the remaining free amines of PLL, reaching, after four steps, a total NIPAm percentage
of 116 mol%, which is higher than 100%. This is attributed to the fact that the secondary
amine remaining after the first addition is more nucleophilic than the primary one and
bis-addition is unavoidable [20]. As can be seen in Figure 5, for the uncharged samples
(pH > 11, red symbols), the consequence of NIPAm integration imposes a continuous
TLCST shift to lower temperature, about 2 or 3 degrees after each NIPAm addition, finally
reaching 17 ◦C. More importantly, the TLCST appears at lower pHs as the percentage of the
remaining ionizable free amines decreases. For instance, in the PLL-g-NIPAm116 (Figure 5,
product 4), the TLCST appears at pH 7.4 at 39 ◦C, while it is not visible up to 55 ◦C when
the pH decreased to 6.9, indicating that a considerable number of free amines remains
intact, and their ionization capability still affects the LCST. It can also be observed that
bis-addition is greater than 16%.

 

□ ○
∆ □ ○ ∇ ∆ □
○ ∆ ∇ ◁ □ ○
∆ ∇

Scheme 2. Schematic representation of the “in situ” enrichment of PLL with NIPAm.
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Figure 5. Light scattering intensity as a function of temperature of PLL-g-NIPAm87 aqueous solutions
(Cp = 1 wt%) after in situ modification and at various pH: (product 1) (�) pH 11.7, (#) pH 10, (∆) pH
8 and 7.4, (product 2) (�) pH 11.2, (#) pH 10.2, (∇) pH 8.3, (∆) pH 7.4, (product 3) (�) pH 11.6, (#)
pH 9, (∆) pH 8.4, (∇) pH 7.7, (

β

∆ ○ □

□ ○ 5, (◁) p ∆▷ ∇ ◊
) pH 7.25, (product 4) PLL-g-NIPAm116 (�) pH 11.3, (#) pH 8.5, (∆)

pH 7.6, (∇) pH 6.9.

By attempting to increase the NIPAm content in a single experiment, the aza-Michael
addition reaction was accomplished in NIPAm/LL ratio 2/1, prolonging the time at room
temperature. The content of NIPAm reached 98 mol%, likely showing steric hindrance
effects. It seems that the successive addition of NIPAm of the “in situ” experiment could
enrich the PLL with more NIPAm (116 mol%). The temperature dependence of the light
scattering intensity of the 1% PLL-g-NIPAm98 aqueous solutions at various pH and salt
concentrations is depicted in Figure 6a. In the uncharged state of LL moieties (pH 11), the
TLCST was observed at 18 ◦C, which is shifted slightly at 20 ◦C when the pH dropped to
9. However, at pH 7.5, the intensity did not change upon the increase in temperature, at
least up to 60 ◦C, due to ionization of the free remaining amines. Upon adding 0.15 M
NaCl, the TLCST appeared again at 52 ◦C, which further decreased with increasing NaCl
concentration (Figure 6b). Finally, when 0.6 M NaCl was added, the TLCST appeared at
37 ◦C.

By extrapolating to zero salt concentration, the TLCST should appear at 57 ◦C in pH 7.5,
which is not valid, as shown by the light scattering data in Figure 6a. Moreover, the TLCST
shift with salt concentration (∆T more than 20 ◦C) is much more pronounced compared with
the behaviour of pure PNIPAm (∆T about 4 ◦C) in the presence of 0.6 M NaCl, attributed to
the salting out effect [26]. Therefore, the strong salt effect is clearly due to the additional
electrostatic screening of the charged amine groups that decrease their hydrophilicity, as
discussed previously.

The TLCST data of the various PLL-g-NIPAm samples is summarized in Figure 7. The
influence of the grafted NIPAm percentage at high pH > 11, where the remaining free
amines are in an uncharged state, is depicted in Figure 7a. The data follow a decreasing
linear dependence of TLCST with the mol% NIPAm, since the continuous decrease in the
remaining amount of the hydrophilic primary amine groups also decreases the LCST.
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□ ○ ∆ ∇◁ ▷
Δ

Δ

Figure 6. (a) Light scattering intensity at 90◦ as a function of temperature of PLL-g-NIPAm98 in
aqueous solutions: (�) pH 7.5, Cp = 1 wt%, (#) pH 9, Cp = 1 wt%, (∆) pH 11, Cp = 1 wt%, (∇) pH 7.7,
0.15M NaCl, Cp = 1 wt%, (

β

∆ ○ □

□ ○ 5, (◁) p ∆▷ ∇ ◊
) pH 7.5, 0.3M NaCl, Cp = 1 wt%, (

β

∆ ○ □

□ ○ ◁ ∆
(▷) 9.8 and (∇ ◊) pH 7.5, 0.6 M NaCl, Cp = 1 wt%.

(b) TLCST at pH 7.5 as a function of salt concentration (in M).

Figure 7. (a) TLCST as a function of NIPAm mol% for the PLL-g-NIPAm in the uncharged state of the
free amines (pH > 11). The line represents the linear fitting of the data and LCST as a function of pH
(b) for various PLL-g-NIPAm of different mol% NIPAm (as indicated). The lines represent guide for
the eyes.
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More importantly, for the partially grafted samples, TLCST is strongly pH-dependent.
As observed in Figure 7b, the TLCST decreases with increasing pH and levels off at high pH.
Moreover, the degree of NIPAm grafted (mol%) remarkably influences this dependence;
that is, the higher NIPAm content the lower TLCST. For instance, by increasing the NIPam
content from 87 to 116 mol% at pH 9, the LCST is shifted by more than 30 ◦C at lower
values. Therefore, the PLL-g-NIPAm is in fact a pH/thermo dual-responsive polymer.

4. Conclusions

The target of the present work was to prepare an LCST-type thermosensitive macro-
molecule, based on PLL polypeptide to ensure biodegradability. For this purpose, NIPAm
moieties were conjugated onto the free amine pendants of PLL, via the effortless free-
catalysed aza-Michael addition reaction in aqueous media at room temperature. The
reaction yield was estimated at about 80%. A series of partially modified PLL was prepared.
The addition reaction gave mono- and bis-addition products with free remaining primary
amines (Scheme 1).

The partially modified PLL-g-NIPAmX exhibited LCST-type thermo-responsiveness,
which is highly tuneable by the content of the incorporated NIPAm moieties, i.e., the LCST
decreased with increasing NIPAm content of the polymer. More importantly, thanks to the
presence of the remaining ionizable free primary amines, the LCST of the partially modified
PLL is highly sensitive to pH and ionic strength. For the given NIPAM content, the LCST
decreased with pH and salt concentration. The aza-Michael reaction between amines
and double bonds can be applied to any LCST-type vinylic monomer, e.g., oligo(ethylene
glycol) methacrylate, and polypeptides bearing primary and/or secondary amines, e.g.,
poly(L-histidine), towards biodegradable LCST-thermo-responsive polymers. It should also
be mentioned that similar thermo-responsive modified polypeptides have been reported
previously using different reactions [27–31]. The advantage of the present work relies on
the simplest free-catalysed aza-Michael addition reaction, forming stable covalent bonds
that can be accomplished at room temperature without any by-products and can be applied
to any peptide (and/or protein) comprising amino acid residues bearing pendant amines.

The protected PLL precursor, bearing N-termini, can be integrated to block-type
segmented polymers, e.g., block and/or graft copolymers, prior to deprotection and modi-
fication. These copolymers are expected to form pH/thermo dual-responsive “smart” self-
assemblies that could be used as nano carriers and/or 3D networks (scaffolds). This consti-
tutes our ongoing research, and the perspectives towards bio-applications seem promising.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym14040802/s1: Synthesis of PLL, Characterization of PLL-g-NIPAm by 1H-NMR,
Figure S1: Example of 1H-NMR spectrum of PLL-g-NIPAmX.
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Abstract: A quartz crystal microbalance with dissipation monitoring (QCM-D) was employed for
in situ investigations of the effect of temperature and light on the conformational changes of a poly
(triethylene glycol acrylate-co-spiropyran acrylate) (P (TEGA-co-SPA)) copolymer containing 12–14%
of spiropyran at the silica–water interface. By monitoring shifts in resonance frequency and in
acoustic dissipation as a function of temperature and illumination conditions, we investigated the
evolution of viscoelastic properties of the P (TEGA-co-SPA)-rich wetting layer growing on the sensor,
from which we deduced the characteristic coil-to-globule transition temperature, corresponding to
the lower critical solution temperature (LCST) of the PTEGA part. We show that the coil-to-globule
transition of the adsorbed copolymer being exposed to visible or UV light shifts to lower LCST as
compared to the bulk solution: the transition temperature determined acoustically on the surface is 4
to 8 K lower than the cloud point temperature reported by UV/VIS spectroscopy in aqueous solution.
We attribute our findings to non-equilibrium effects caused by confinement of the copolymer chains
on the surface. Thermal stimuli and light can be used to manipulate the film formation process and
the film’s conformational state, which affects its subsequent response behavior.

Keywords: dual-stimuli-responsive materials; thin films; out-of-equilibrium

1. Introduction

Controlling and understanding polymer adsorption at solid–liquid interfaces is of key
importance in, e.g., coating [1], lubrication [2], surface adhesion [3], or colloid stabiliza-
tion [4]. Polymer adsorption on a surface may occur in two general ways: by chemisorption
or by physisorption. Chemisorption happens when polymers attach to a solid surface
through a covalent bond. This type of adsorption is irreversible, and it is employed in
many applications, such as repellant surface layers [5] or other types of functional coat-
ings [6]. Alternatively, physisorption takes place as a result of physical attractive forces
between polymer segments and the surface [7]. Physisorbed chains may consist of loops,
tails and trains [8]. In general, physisorption of polymers from a bulk liquid on a solid
surface can be either irreversible or reversible [9]. Irreversibility is usually achieved using
hydrogen bonding or other dipolar forces, dispersive forces, or attractions between charged
groups along the polymer backbone and the surface [10]. It typically occurs on metals,
semiconductors, inorganic glasses, or sol-gel layers such as polydimethylsiloxane (PDMS),
for example, when surface oxygens of the substrate form strong hydrogen bonds with the
polymer [11]. Similarly, various macromolecules (polymers, proteins, DNA, etc.) are prone
to adsorb strongly on oxide glass surfaces through hydrogen bonds or other physical forces
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(electrostatic attractions, hydrophobic interactions in the solvent) [1,12,13]. On the other
hand, physisorption from a solution is reversible when the polymer binds weakly to the
surface and has only few conformational restrictions.

In order to tailor surface adhesion, stimuli responsive polymers have attracted great
attention in the last decades due to their ability to respond to external triggers, including
temperature [14], light [15], pH [16], ionic strength [17], or combinations of thereof [18,19].
Layers formed from such polymers are expected to enable switchable surfaces which
may change their properties in controllable and programmable ways [20]. Sometimes,
such switching can be through combinations of multiple stimuli (e.g., light and tempera-
ture, [21]), what enables logic gate operations. Thermo-responsive polymers are the most
studied stimulus responsive materials. In aqueous solution, they usually display a fully
reversible hydrophilic–hydrophobic transition (Figure 1), characterized by a lower critical
solution temperature (LCST) [22]. Below the LCST, the polymer swells with a random
coil conformation, while above LCST, the polymer collapses into a globular state and
undergoes a liquid–liquid phase separation. This transformation from coil to globule
is based on hydrogen bonds that are present between the polymer chains and the sur-
rounding water molecules at temperatures below the LCST [23]. At higher temperatures,
the hydrogen bonds become weaker, leading to the dehydration of the polymer chains.
Some prominent examples for this behavior are microgels [24,25], poly (N-isopropyl acry-
lamide, PNIPAM [23,26], acrylamides [27,28], poly (2-oxazolines) [29,30], poly (propylene
glycol) [31,32], and poly (oligo (ethylene glycol) acrylates [33–35].

 

Figure 1. Coil to globule transition at different temperatures shown by way of example for the dual
light and temperature responsive P (TEGA-co-SP/MC) copolymer during in situ observation of
adsorption and film formation on a silica surface by QCM-D.
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Incorporation of photochromic moieties into thermosensitive polymer backbones is
a practical way to control their solubility in aqueous solutions by changing the temper-
ature at which the phase transition happens through an optical stimulus [36]. Organic
photochromic compounds that can be used for this purpose include spiropyran (SP) [37],
azobenzene [38], and diarylethene [39]. These compounds are responsive to light irra-
diation through reversible or irreversible isomerization between two states of variable
polarity. Isomerization reactions can be detected through observation of color changes due
to photon absorption. [40] In case of SP-MC, the deep purple color of a liquid thin film
upon UV irradiation originates from the absorption of UV photons causing a breakage of
the C-O spiro bond in an excited singlet state, see example shown in Figure 2.

 

λ

λ

N O
R

N+

O

O–

VIS

UV

Merocyanine (MC)Spiropyran (SP)

N
+
O
–

O

N+

R
O–

Figure 2. Photo switching between the spiropyran (SP) (left) and merocyanine (MC) form (right).

SP is one of the chromophores that is not only a photo-switch but also responds to
other stimuli such as temperature, solvent, metal ions, and pH [41]. In response to UV light
(λ = 365 nm), the closed nonpolar and colorless spiro form “SP” is transformed into the
open, polar, colored and zwitterionic merocyanine form ”MC”. Irradiation with visible
light (λ = 550 nm) causes ring closure and return to the initial state. The UV-light induced
reversible isomerization of SP between nonpolar and polar states can be used to tune the
phase separation of thermo-responsive polymers since the (UV-induced) polarity change
affects the interaction between the polymer and the solvent. By combination with different
types of backbone polymers this enabled, e.g., controlled foaming or bubble formation
using light irradiation of spiropyran sulfonate surfactants [42], rewritable optical storage in
spiropyran-doped liquid crystal polymer film [43], or controlling the enzymatic activity on
orthogonally functionalized glycidyl methacrylate with spiropyran [44]. SP-incorporating
poly (oligo (ethylene glycol) acrylate)-based copolymers have been synthesized by nitroxide
mediated polymerization with varying amounts of SP (from 0 to 16 mol%). The visible
light irradiation of the copolymer dissolved in pH 8 TRIS buffer resulted in a decrease in its
cloud point temperature by 30 K at 16 mol% SP content, as previously detected by UV/Vis
spectroscopy [45].

A quartz crystal microbalance with dissipation monitoring (QCM-D) is a highly sensi-
tive technique for characterizing adsorption and desorption phenomena at the solid–liquid
interface. Numerous experimental investigations and modeling studies have been car-
ried out on the viscoelastic properties of adsorbed polymer films and their solid–liquid
interfacial properties using QCM-D [46–48]. As an exemplary case, the adsorption of
PNIPAAm on modified gold and silica surfaces was studied due to its conveniently acces-
sible LCST of ~32 ◦C, and also for its potential relevance in biomedical applications [49].
These studies showed different behaviors of the adsorbed polymer depending on its
state of adsorption, e.g., whether chemisorbed [50,51] or physisorbed [52,53]. The ad-
sorption of thermosensitive block copolymers based on PNIPAAm on a gold surface
was also investigated by QCM-D [54]. For example, the adsorption mechanism of a
pentablock terpolymer poly (N-isopropylacrylamide)x-block-poly (ethylene oxide)20-block-
poly (propylene oxide)70-block-poly (ethylene oxide)20-block-poly (N-isopropylacrylamide)x
(PNIPAAmx-b-PEO20-b-PPO70-b-PEO20-b-PNIPAAmx) on gold was found to be affected by
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several parameters including concentration, relative block length, temperature, and the
substrate’s physical properties. Furthermore, adsorption properties of pH sensitive cationic
polyelectrolytes, e.g., poly (diallyl dimethyl ammonium chloride) or poly (allyl amine
hydro-chloride) (PAH) on gold and silica surfaces were studied using QCM-D [55]. It was
found that the adsorption property of the polyelectrolyte depends on the solid surface,
solution concentration, and solution pH. As another example, QCM-D was employed to
study the adsorption of polyelectrolyte monolayers of anionic poly (styrene sulfonate) (PSS)
on amino-functionalized silica, as well as cationic PAH and poly-L-lysine (PLL) on bare
silica [12]. In this example, the thickness of the polyelectrolyte monolayers increased when
increasing the ionic strength (salt concentration) and the polyelectrolyte concentration.

Interestingly, also the light-induced swelling behavior of spin-coated thin layers of
P (NIPAM-co-SPA) copolymers was described on the basis of QCM-D investigations [56].
However, although the employed deposition method is technologically important for the
fabrication of thin films on solid surfaces, it also has the limitation of making the film prone
to delamination once the solvent wets the substrate [57]. Nevertheless, studying adsorption
of such copolymers appears very interesting from a physical point of view; they can adopt
different conformations, which can be tuned by light irradiation and temperature.

In this paper, we report on the conformational change of the dual light and tempera-
ture responsive copolymer P (TEGA-co-SPA) in solution and confined at the silica-water
interface using QCM-D measurements. We monitor the simultaneous effect of UV light
irradiation and temperature changes on the co-polymer’s adsorption behavior. Optical
irradiation of the copolymer solution while undergoing adsorption provided us with direct
access to the question as to how light can be used to tailor the kinetics of film formation
and film conformation below and above the LCST.

2. Materials and Methods

2.1. Materials

P (TEGA-co-SPA) synthesis was reproduced from reference [45]. More details are
provided in the Supplementary Section. Using this method, spiropyran acrylate (SPA)
was obtained as a yellow powder. Commercial TEGA monomer was copolymerized with
15 mol% SPA in the initial monomer mixture. The obtained copolymer was investigated via
size exclusion chromatography with triple detection to obtain absolute molar masses and
1H liquid NMR to determine the composition by comparing the signal of the SPA moiety
(8.2 ppm, 2H) and the TEGA moiety (3.3 ppm, 3H). The fraction of SPA in the obtained
copolymer was between 12–14 mol%, the molar mass Mn was about 33,000 g/mol with a
dispersity index PDI = 1.7. An aqueous solution of 0.15 wt.% P (TEGA-co-SPA) was obtained
by diluting the copolymer in deionized water. Deionization was done using a Thermo
Scientific Barnstead MicroPure water purification system to a resistivity of 18.2 MΩ cm−1.

2.2. Dynamic Light Scattering

DLS measurements were performed using an ALV Laser CGS3 Goniometer (ALV
GmbH, Langen, Germany) equipped with an He-Ne laser (λ = 633 nm) and an ALV-
7004/USB FAST correlator. All DLS measurements were performed at 25 to 77 ◦C. To
determine the hydrodynamic radius, three measurements of 30 s each were performed at
an angle of 90 ◦ The analysis of the obtained correlation functions was performed using the
correlator software (Correlator 3.2 beta 1).

2.3. QCM-D Experiment

QCM-D measurements were performed using a window module mounted on the
QCM sensor (Q-sense E1 Biolin Scientifc, Västra Frölunda, Sweden). The employed
sapphire window had an optical transmittance of >80% in the wavelength range 300 to
400 nm, in which UV irradiation was conducted.

AT-cut quartz crystal sensors coated with a 50 nm silicon dioxide layer (fundamental
resonance frequency of typically ~4.95 MHz, sensor area 1.54 cm2) were purchased from

136



Polymers 2021, 13, 1633

Biolin Scientific, Sweden. Prior to experiments, the quartz sensor was cleaned by soaking
in a 2 vol% sodium dodecyl sulfate SDS solution for 30 min, rinsing with ultra-pure water,
blow-drying with a gentle nitrogen flow and, finally, exposing to a UV/ozone cleaner
for 15 min.

Several overtones were acquired, although the third overtone was generally selected
for further analysis because of its level of energy trapping at this particular overtone when
operated in liquids [58].

For studying the dual light and temperature induced conformational response of the
P (TEGA-co-SPA) solutions, all experiments were performed in the liquid exchange mode
by first purging with ultra-pure water for 30 min at 19 ◦C at a flow rate of 50 µL/min. To
avoid the formation of bubbles that can oscillate or migrate over the quartz crystal surface,
all solutions were degassed in an ultrasonic bath (Elmasonic S 80) for 10 min prior to
injection. If not otherwise stated, irradiation of the sensor with the light source was started
20 min after equilibration and referencing under continuous water flow was completed.
The diluted P (TEGA-co-SPA) aqueous solution was then introduced into the chamber at
30 min and at a temperature of 20 ◦C ± 0.02 ◦C. At this point, the flow rate was reduced to
20 µL/min. Temperature ramping was conducted from the starting temperature of 20 ◦C
up to a maximum of 47 ◦C, applying a constant heating rate of 0.2 K/min.

In the isothermal irradiation study, the P (TEGA-co-SPA) aqueous solution was fed for
25 min through the window module at a constant temperature prior to irradiation.

Irradiation was done with a fluorescent lamp (visible light) or using an ultraviolet
spotlight (365 nm, Opsytech, Ettlingen, Germany). The power of UV LED was fixed at
10% via an LED controller (with a maximum nominal power density of 25 W/cm2); the
sample-to-LED distance was maintained at 75 mm.

During each run, changes in the resonance curves of the third overtone were con-
tinuously monitored and evaluated. The two resonance parameters under investigation
were the change in dissipation factor ∆D3, and the shift in resonance frequency ∆f 3/3
being related to the mass of the adsorbate and the dynamically coupled liquid. While
the resonance frequency shift ∆f 3/3 is more sensitive to the mass of the film, the varia-
tion of the dissipation factor ∆D3 is related to viscous losses and interfacial sliding [47].
The acquired datasets were corrected for each sensor using a temperature sweep in pure
water for reference, see also Supplementary Material (Figure S2 and Table S1). This tem-
perature correction was carried out by subtracting the calibration curve (pure water on
sensor) from the one obtained in the presence of the dissolved copolymer. Furthermore,
irradiation of the quartz crystal with UV light induced an increase in ∆f 3/3 by a few Hz.
This behavior was previously attributed to photo-induced mechanical stress [59,60]. A
further calibration was, therefore, done for UV-illumination by subtracting the effect of
the UV light on the crystal for the non-isothermal measurements, see calibration curve in
Supplementary Material (Figure S3).

2.4. Data Evaluation

QCM-D is an established, sensitive tool to study in situ the adsorption from a liquid
in contact with the surface of a quartz crystal resonator [61–63]. The resonance frequency
is defined as the frequency where the electrical conductance of the equivalent circuit is
maximal. If a Lorentzian peak function is fitted to the conductance curve, two parameters
are obtained describing the complex resonance frequency f ∗n , the resonance frequency fn of
the quartz as the real part and the half width at half maximum of the resonance peak, Γn

representing the imaginary part. A thin layer or any loading on the quartz crystal surface
generates a complex resonance frequency shift ∆ f ∗n compared to the empty state, which
can again be separated into ∆ fn (the real part) and ∆Γn (the imaginary part),

∆ f ∗n = ∆ fn + i∆Γn (1)

The fundamental resonance frequency of AT cut quartz crystal resonators operated in
shear mode is typically near 5 MHz. More resonances are observed at the odd harmonics
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of this fundamental frequency, where the subscript n refers to the nth harmonic (i.e., n = 1
for the fundamental resonance frequency of 5 MHz, and n = 3 for the third overtone partial
at ~15 MHz). The adsorbed rigid mass can be quantified using the Sauerbrey equation [64],
where the adsorbed areal mass density mf correlates with ∆ f ∗n [58].

∆ f ∗n
f1

=
−2 f

Zq
m f (2)

where f 1 is the fundamental frequency, f is the measured resonance frequency and
Zq = 8.8 × 106 kg.m−2.s−1 is the acoustic impedance of quartz. The Sauerbrey equation is
strictly valid only for rigid films. For a viscoelastic film immersed in liquid environment,
a viscoelastic correction is required to account for viscous dissipation, whereby softness
reduces the apparent rigid Sauerbrey thickness [58],

∆ f ∗n
f1

= −
ω m f

πZq

(

1 −
Z2

liq

Z2
f ilm

)

(3)

where ω = 2πf, Zliq =
√

n2πi f1ρliqηliq, Z f ilm =
√

(

ρ f ilmG f ilm

)

; Zliq is the acoustic field

impedance of the liquid, Z f ilm the acoustic field impedance of the film, ρliq is the density of
the liquid, ηliq the dynamic viscosity of the liquid, ρ f ilm the density of the film and G f ilm

the shear modulus of the film.
Aside mass or Sauerbrey thickness, QCM-D simultaneously monitors dissipation

which can be expressed by the factor D,

Dn =
2 Γn

fn
(4)

Viscoelasticity, but also further effects such as surface roughness cause a shift ∆Dn of
the dissipation factor [65–67]. When the crystal is immersed in a Newtonian liquid [68],
the resonance frequency and dissipation factor shifts are proportional to the square root of
liquid density ρliq times the liquid dynamic viscosity ηliq according to Kanazawa–Gordon–
Mason relation [69],

∆ fn

f1
=

−1
πZq

√

ω ρliq ηliq (5)

∆Dn =
2

nπZq

√

ω ρliq ηliq (6)

3. Results and Discussions

3.1. Phase Separation of P (TEGA-Co-SPA) in Dilute Aqueous Solution

DLS data shown in Figure 3 provide an initial view at the effect of temperature
on aggregation in the P (TEGA-co-SPA) polymer solutions containing between 12 and
14 mol% of spiropyran in terms of the hydrodynamic radius. In order to reduce the
effect of particle aggregation, we chose to work with a dilute concentration of 0.06 wt.%
(optically clear at room temperature). This is below the concentration used for DLS studies
of similar thermoresponsive copolymers [70]. The hydrodynamic radius observed by
DLS shows a sudden transition at a temperature of ~66 ◦C. Below this temperature, the
polymer chains exist as individually dissolved polymer chains with small hydrodynamic
radius of approximately 4–6 nm. Above 66 ◦C, aggregates (mesoglobules) with larger
hydrodynamic radius of around 100–200 nm are formed. These values are comparable in
size to other known polymers with a LCST [71,72]. At temperatures below the LCST, the
copolymer chains are well solvated through hydrogen bonds [73,74]. Above the LCST, these
exhibit van der Waals character, e.g., such as reported for PNIPAAm [70,75]. Interestingly,
the observed transition temperature occurs ~23 K above the reported cloud point for
the same copolymer composition diluted in pH 8 TRIS buffer, as detected by UV/VIS
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spectroscopy [45]. This observation is attributed to the effect of salts contained in the buffer
on the electrostatic interactions between the copolymer and water as reported recently for
various thermoresponsive polymers [76].

Δ

20 30 40 50 60 70 80
1

10

100

1000

r h
(n

m
)

temperature (°C)

Figure 3. Hydrodynamic radius of a P (TEGA-co-SPA) copolymer in aqueous solution upon heating
as determined from DLS measurements.

3.2. Effect of UV-Irradiation on the Hydration of P (TEGA-Co-SPA) Films below and above
the LCST

The P (TEGA-co-SPA) liquid thin film adsorbed onto silica appears almost transparent
under visible light, but switches to deep purple upon UV irradiation (Figure 4). As ex-
plained before, the deep purple color of the liquid thin film upon UV irradiation originates
from the absorption of the UV photons causing a breakage of C-O spiro bonds in an excited
singlet state yielding the colored MC form. Due to the physisorption of the copolymer in
our case the chains of MC are enforced to rearrange in a way the ethylene oxide groups
point to the solution that may stabilize the merocyanine form via hydrogen bonds.
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Figure 4. Effect of illumination on the P (TEGA-co-SPA) liquid film color. The photos were taken by a normal camera on the
top of the QCM-D window cell.

By way of example, we selected different temperatures for isothermal treatment with
and without illumination below and above the LCST when investigating with QCM-D.
Figure 5a shows the effect of switching from visible to UV light irradiation on ∆f 3/3 as a
function of time at 19 ◦C, 35 ◦C, 45 ◦C, 50 ◦C; and 50 ◦C when the sensor was not irradiated
with UV light, respectively. At 19 ◦C and 35 ◦C, the introduction of the copolymeric solution
inside the window cell causes an initial frequency decrease (mass increase) followed by
a slower frequency decrease as the system saturates at −31 Hz and −40 Hz, respectively.
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Starting at 25 min, the sensor surface was irradiated with UV light, what caused a marginal
increase in ∆f 3/3 of a few Hz, followed by a linear decrease in the frequency in the next
several minutes, see inset of Figure 5a. In comparison, when there is no light switch
at 19 ◦C, ∆f 3/3 and ∆D3 signals do not show any significative change, see supporting
information (Figure S5a,c). The spike of ∆f 3/3 occurring immediately after illumination
attributed to the effect of UV light on the crystal as described in the Materials and Methods
section. The shallow linear decrease in the frequency shift is probably due to an increase
in acoustic thickness as the copolymer chains swell. A similar result was observed in
a previous study [56], where PNIPAAm-co-SPA thin films were illuminated with a UV
lamp at 19 ◦C. In this material, the behavior was explained by a photoinduced hydration
due to the photoisomerization of the rather hydrophobic spiropyran into the distinctly
more hydrophilic merocyanine when the thermo-responsive part of the copolymer is
sufficiently hydrophilic.
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Figure 5. Variation of ∆f 3/3 (a) and ∆D3 (b) versus time of PTEGA-co-SPA at the interface silica-water at a constant
temperature. The inset is a zoom at ∆f 3/3 in the range of 19 ◦C to 35 ◦C.

At 45 ◦C and 50 ◦C, ∆f 3/3 decreases linearly once the copolymer solution is in contact
with the sensor. This decrease in ∆f 3/3 is high in magnitude, reaching 0.58 and 2.38 kHz,
respectively, after 25 min of continuous solution feed and visible light irradiation. In-
terestingly, UV light illumination affects ∆f 3/3 differently at 45 ◦C and 50 ◦C. Although
at 45 ◦C the rate of the observed decrease in ∆f 3/3 slows down and causes a deviation
from linearity, it stabilizes at a constant (but very low) value at 50 ◦C. Noteworthy, when
continuing visible illumination and turning UV off beyond 25 min, the observed strong
decrease in ∆f 3/3 continues unaffected, indicating that indeed UV illumination (versus,
e.g., some saturation effect) plays a role in the reaction observed at 50 ◦C (see also Figure
S5b,d). We attribute this observation to a competition between PTEGA globule adsorption
on the sensor surface and photoconversion of spiropyran to merocyanine. When there is
no UV irradiation, surface adsorption is facilitated and the observed Sauerbrey thickness
increases during prolonged solution injection. This process is interrupted by the conversion
of the unipolar spiropyran to the polar merocyanine, which enhances the stability of the
solution and thereby reduces the adsorption rate. Similar observation have been made
for azobenzene surfactant adsorption and desorption at the air–water interface under UV
irradiation [77].
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Figure 5b shows the evolution of ∆D3 corresponding to Figure 5a. At 19 ◦C and 35 ◦C,
∆D3 shows low values in the first 25 min, suggesting that the film is forming a monolayer
at the silica surface. Once the surface is irradiated with UV light, ∆D3 increases linearly at
both temperatures and reaches ~3 × 10−6 and 6 × 10−6, respectively, at 19 ◦C and 35 ◦C
after around 55 min. At the higher temperatures of 45 ◦C and 50 ◦C, ∆D3 increases similarly
(although at much higher rate) for as long as the sensor is irradiated with visible light.
Once UV illumination is switched on at these temperatures, there is a very significant
effect on dissipation: at 45 ◦C, ∆D3 decreases slightly and subsequently reaches a plateau,
while at 50 ◦C, ∆D3 apparently evolves in a square root dependence on time, which could
indicate some kind of diffusive process. Interestingly, the latter extends far beyond the time
at which surface adsorption is interrupted (Figure 5a); we note that dissipation evolves as
a convolution of swelling effects within the film, as well as adsorption from the solution,
which are both affected by the two stimuli of temperature and light. When adsorption stops,
conformational changes can still proceed within the film, but these would be significantly
slower in their response rate due to the reduced film mobility as compared to the polymer
in solution. The observed square root dependence on time corroborates this interpretation.

3.3. Dual Temperature and Light Effect on the Build-Up of P (TEGA-co-SPA) Layers on
Silica Surfaces

Temperature ramping was carried out in order to investigate the concomitant effect
of temperature and light on the conformational change of the P (TEGA-co-SPA) diluted
solution during adsorption. We started by analyzing the behavior of a P (TEGA-co-SPA)
thin film being formed on the QCM-D sensor surface.

Figure 6a shows the variation of the normalized resonance frequency shift ∆f 3/3 over
a temperature range of 20 ◦C to 47 ◦C, comparing the effects of visible light irradiation
and UV irradiation (365 nm). Under UV exposure, we observe an initial, slow decrease
in ∆f 3/3 between 21 ◦C and 28 ◦C, which is less pronounced under visible light. This
difference suggests that the sensed mass (load) increased with UV irradiation, which could
be attributed to additional hydrodynamically coupled water inside the adsorbed film in
this temperature range. Any masses as retrieved by QCM-D are non-specific, that is, both
polymer and water (or solvent in general) bound in the adsorbed films are detected. For
instance, in case of protein adsorption, an additional molecular weight increase of ~30%
was reported, that was attributed to water bound to a protein molecule in solution [78].
In our present case, we believe that the photoisomerization of the spiropyran with UV
irradiation results in a higher trapped amount of water inside the layer of P (TEGA-co-SPA)
when it is sufficiently hydrophilic [56]. For visible light irradiation, we note a change in the
slope of ∆f 3/3 over T at ~28 ◦C; under UV irradiation, such a change is not observed until a
much higher temperature of near ~47 ◦C. We attribute this change of the slope to a sudden
increase in the amount of the adsorbed copolymer chains at the sensor surface. As we are
approaching the LCST, one should expect that the copolymer is gradually collapsing and
releasing water. This dehydration should express as increased ∆f 3/3 values as reported,
e.g., for PNIPAAm layers adsorbed on a hydrophobic gold surface [52].
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Figure 6. (a) Variation of normalized ∆f 3/3 as a function of temperature upon irradiation of P (TEGA-co-SPA) copolymers
at the silica–water interface, the copolymer was introduced at T = 20 ◦C, (b) variation of ∆D3 as function of temperature of
the same solution. Blue curves: Upon UV illumination, Black curves, upon illumination with visible light. The labels (I–III)
mark the three regimes of adsorption and film response discussed in the text.

However, we must note again that we do not observe the properties of a preexisting
film, but the process of a film being formed in situ from a photo-thermoresponsive solution.
Thus, we argue that the observed decrease in ∆f 3/3 (despite water release) is a result of
polymer adsorption and film growth, which dominates over any water release reaction,
in particular, as the hydrophilic coil to hydrophobic globule transition occurs already in
solution, and only to a smaller extent within the film. At 35 ◦C, ∆f 3/3 of the visible light
irradiated sensor decreases drastically which we relate to the liquid–liquid phase separation.
Interestingly, this large decrease in ∆f 3/3 occurs at about 4–8 K lower than the reported
cloud point temperature of the same copolymer in TRIS buffer solution when irradiated
with 540 nm visible light [45]. This difference between the cloud point temperature detected
by UV/Vis spectroscopy and the phase transition temperature determined acoustically
on a surface suggests that the confinement affects the coil-to-globule transition of the
copolymer at the interface. At 38.3 ◦C, we note a change in the the feature of ∆f 3/3 over
T of the UV irradiated solution, with an initial acceleration (higher negative slope) of
adsorption, followed be a deceleration and a plateau reaching up to ~45 ◦C. This is in line
with our isothermal observations summarized in Figure 5a, where UV irradiation at higher
temperature decelerates film adsorption up to a certain extent. Here, the deceleration sets in
just before LCST as would be occurring under visible illumination. At 45.7 ◦C, we observe
a sudden, strong acceleration of the adsorption rate, with a sharp decrease in ∆f 3/3. This
is attributed to the retarded P (TEGA-co-SPA) LCST in the aqueous solution, shifted to a
higher temperature due to the increase in the hydrophilicity of the polymer as induced by
the 365 nm UV light irradiation. A similar temperature shift was also observed for the bulk
material using UV-Vis spectroscopy, although the transition temperature happening at the
interface silica-water was lowered by 2–3 K [45].

The dissipation data corresponding to the observed cases of ∆f 3/3 is displayed in
Figure 6b. Here, too, we distinguish the three regions of (I) T < 28 ◦C, (II) 28 ◦C < T < 35 ◦C,
and (III) T > 35 ◦C (marked as I–III in Figure 6). Again, an increase in dissipation correlates
to the enhancement of coupling between water molecules and polymer chains due to the
photo-induced hydration under UV illumination (region I). Moreover, there is a significant
difference of the sensed masses on the sensor, depending on the type of irradiation. In
the temperature range of 21 ◦C to 28 ◦C, ∆D3 increases by a factor of about two, that
is, from 1.6 × 10−6 to 3.3 × 10−6 and from 2.2 × 10−6 to 4.9 × 10−6 for the visible and UV
irradiated film, respectively. In the temperature range of 28 ◦C to 35 ◦C, ∆D3 increases more
strongly for the solution exposed to visible light as compared to the one irradiated with
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UV light. This observation corroborates our interpretation that the competition between
dehydration and adsorption starts already several K below the commonly reported LCST.
At 35 ◦C, ∆D3 increases dramatically, in agreement with the resonance frequency data.
According to the change of slope at ~38 ◦C, the dehydration happens gradually also under
UV light. In this case, the retarded phase transition reflects in the over damping of the
layer happening at ~46 ◦C, where the magnitude of ∆D3 reaches 953 × 10−6.

Examining the change of the energy dissipation as function of the negative frequency
shift allows to eliminate the temperature as a variable and to focus on the effect of the
light irradiation on the viscoelastic properties during layer build-up [79]. Figure 7a,b show
the evolution of ∆D3 as function of −∆f 3/3, respectively, for visible and UV irradiated P
(TEGA-co-SPA) at the silica–water interface. Interestingly, both properties are not directly
proportional; furthermore, the adsorbed film does not evolve in the same way whether it
is irradiated with visible or UV light. Under Vis illumination, the change in dissipation
underrepresents the change in resonance frequency whereas under UV light, it strongly
exceeds the frequency change. A linear correlation between both properties is found only
in the onset region of film formation, i.e., within 0 to 550 Hz (Vis) and 0–320 Hz (UV),
where surface coverage of the layer is still low. In this range, the hydrodynamic thickness
is expected to be small, and the number of polymer molecules adsorbed physically through
trains, loops, and tails is negligible [80]. For as long as the dissipation values are low and
∆D3 increases linearly with −∆f 3/3, we assume that the viscoelastic properties of the film
remain unchanged and the parameter variations are solely due to continuous adsorption.
The occurrence of such a region was similarly observed by QCM-D for different adsorbing
systems, including polyelectrolytes [81] and homopolymers on gold [52].
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Figure 7. (a) Variation of ∆D3 as function of −∆f 3/3 when the sensor is continuously exposed to visible light, (b) variation
of ∆D3 as function of −∆f 3/3 when the sensor is irradiated with UV light. Blue curves: upon UV illumination, black curves:
upon visible illumination.

Beyond the linear onset regime, there are pronounced effects of temperature and
illumination. For the visibly irradiated surface, we observe a decrease in dissipation as the
coverage of the surface is increasing. This evolution can be explained by the densification
of the film once the surface is saturated. For the UV irradiated layer, we observe a strong
excess in dissipation which saturates at about 2000 Hz. The spiral shape is similar to
previous observations made on polystyrene brushes in cyclohexane [82]. It indicates
that the deposited film more pronouncedly interacts with the bulk solution, resulting in
enhanced dissipation when the copolymer is in its polar (MC) state. In this case, we should
expect a film with lower density as UV light leads to decelerated absorption and a polarity
change, therefore the adsorbate has less time to rearrange itself as one its only irradiated
with visible light.
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The LCST of dilute P (TEGA-co-SPA) depends on illumination conditions. Adsorption
kinetics and film growth at the silica–water interface can, therefore, be controlled through
temperature and illumination conditions, relying on the thermally induced transition from
hydrophilic coil arrangement to hydrophobic globules of the PTEGA components, and
on the transition in polarity of the SPA-MC component controlled through illumination.
Similarly, the film itself responds to thermal as well as optical stimuli through variable
dissipation of acoustic excitation. Our results show that the coil-to-globule transition
temperature is lower in diluted samples exposed to an adsorbing surface as compared
to the solution. The conformational state of the adsorbed polymer chains is controlled
by surface confinement and kinetics, whereby non-equilibrium conformational states
could be frozen in for long times after adsorption [83]. A present assumption is that non-
equilibrium effects originate from the polymer density and conformation at the interface
of the adsorbing surface and the surrounding polymer solution or melt above its glass
transition [84], which are kinetically frozen-in as a result of adsorption. For example, the
slow rejuvenation of compressed polyethylene oxide PEO adsorbed on mica was found to
be caused by the low mobility of the polymer chains in their adsorbed state [85]. Glassy
dynamics of thermoresponsive, adsorbed polymers were investigated on solid substrates,
e.g., latex particles in water. When the temperature was raised above the LCST temperature,
PNIPAAm underwent a conformational transition from adsorbed loops to globules [86].
This transition process was slow: the relaxation time was found to vary between a few
hundred to several thousand minutes [87]. Notwithstanding the difference in chemical
structure between PNIPAAm and PTEGA, we assume that the difference between the bulk
and surface LCST temperatures found here for P (TEGA-co-SPA) is likely due to similar
kinetic considerations.

Another interesting aspect of the non-equilibrium nature of the adsorbed layer is
related to the interplay between adsorption and wetting. The evolution of the frequency
and dissipation shift as functions of temperature illustrate experimentally the surface-
driven phase separation in polymer solutions, as predicted by Cahn [88]. Water and the
P (TEGA-co-SPA) copolymer form one single solution phase at low temperatures. When
the temperature of the system is increasing and, at the same time, the interaction between
the solvent and the polymer is varied through an optical stimulus [89], we expect the
system to first approach the wetting point at which the mixed and the de-mixed state of
the binary mixture coexist. A further increase in temperature results in phase separation.
Thereby, the phase with lower interfacial energy wets the silica surface [90]. Our QCM data
supports this hypothesis, similar to previous observations on the adsorption of PNIPAAm
on hydrophobic gold surfaces [52].

Although it is often claimed that thin hydrogel films are hydrophobic above their
LCST, we show that SPA-copolymerization provides a means to circumvent this issue.
For example [56], UV light exposure was found to not affect the hydration of PNIPAAm
containing 2.5 mol% SPA when the temperature was above the LCST. This was explained by
confinement of the chromophore within isopropyl groups, and the hydrophobic backbone
of PNIPAAm. In our case, we found that UV light decelerated the growth of the wetting
layer at 45 ◦C and 50 ◦C due to a competition between the copolymer globule adsorption
and photoconversion of spiropyran to merocyanine facilitating desorption (Figure 1). In
the absence of UV irradiation, the copolymer escapes from the solvent toward the silica
surface, and thickness of the wetting layer increases for as long as the feeding solution
is continuously injected. However, when illuminating with UV light, spiropyran rapidly
converts to the polar merocyanine, leading to layer swelling and, eventually, globule
desorption. The further difference between our observations and previous studies on
PNIPAAm-SPA are attributed to different deposition techniques, major differences in
the amount of the chromophore and even the difference in molar mass of the employed
copolymer, which sets variable constraint on polymer conformation and deposition kinetics.
A hydrogel film of PNIPAAm deposited by spin coating may delaminate from the surface
due to osmotic stress caused by interaction with water molecules [91], even above LCST.
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On the other hand, P (TEGA-co-SPA) surface rearrange both below and above the LCST;
the isopropyl groups concentrate near air or other hydrophobic phases, whereas ethylene
oxide groups rather orient towards water [92].

4. Conclusions

The conformational change of a thermal and light responsive copolymer layer of P
(TEGA-co-SPA) on silica surfaces was investigated using quartz crystal microbalance with
dissipation monitoring (QCM-D). First, we elucidate the effect of isothermal UV light
illumination on the hydration state of the liquid film below and above its LCST. Second, we
show that the phase separation temperature of the confined copolymer at the interface shifts
to lower temperatures, namely 4–8 K lower compared to the cloud point temperatures as
reported by UV/VIS spectroscopy in dilute aqueous solution. We attribute this difference
to the formation of non-equilibrium adsorbed multilayers on the silica surface. Finally, we
demonstrate that the built-up wetting layer displays variation of its viscoelastic properties
with temperature and illumination conditions.
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of UV illumination on bare (a) and water-wet sensor (b); Figure S5: Effect of continuous visible
and UV light irradiation on the resonance frequency shift ∆f 3/3 (a,b) and dissipation shift ∆D3
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Abstract: Star-shaped polymers with arms of block and gradient copolymers of 2-ethyl- and 2-
isopropyl-2-oxazolines grafted to the upper rim of calix[8]arene were synthesized by the “grafting
from” method. The ratio of 2-ethyl- and 2-isopropyl-2-oxazoline units was 1:1. Molar masses and
hydrodynamic characteristics were measured using molecular hydrodynamics and optics methods
in 2-nitropropane. The arms of the synthesized stars were short and the star-shaped macromolecules
were characterized by compact dimensions and heightened intramolecular density. The influence
of the arm structure on the conformation of star molecules was not observed. At low temperatures,
the aqueous solutions of the studied stars were not molecular dispersed but individual molecules
prevailed. One phase transition was detected for all solutions. The phase separation temperatures
decreased with a growth of the content of more hydrophobic 2-isopropyl-2-oxazoline units. It was
shown that the way of arms grafting to the calix[8]arene core affects the behavior of aqueous solutions
of star-shaped poly-2-alkyl-2-oxazoline copolymers. In the case of upper rim functionalization, the
shape of calix[8]arene resembles a plate. Accordingly, the core is less shielded from the solvent and
the phase separation temperatures are lower than those for star-shaped poly-2-alkyl-2-oxazolines
with lower rim functionalization of the calix[8]arene.

Keywords: synthesis; star-shaped macromolecules; calix[n]arene; block and gradient copolymers of
poly-2-alkyl-2-oxazolines; conformation; thermoresponsibility; self-organization; phase separation

1. Introduction

New synthetic routes make it possible to obtain well-defined polymers with com-
plex architecture [1–4] including multiarm stars [5–10]. Their behavior in solutions is
determined by the chemical structure of the core and arms and the number and length
of the latter. The use of copolymers as arms is a convenient way to control the properties
of stimulus-sensitive star polymers. In the case of block copolymer arms, the sequence
of block attachment affects both the phase separation temperatures and the dimensions
of supramolecular structures present in solutions [11–14]. For example, the variation
in solution behavior was observed for triblock copolymer stars with arms consisting of
hydrophobic, hydrophilic, and thermosensitive blocks. When the thermosensitive block
was located near a core, intramolecular aggregation took place and aggregates with a
smaller diameter were formed in comparison with the supramolecular structures formed
in solutions of macromolecules with a thermosensitive block in the outer layer [12]. From
general considerations, it is clear that the stimulus-sensitivity of copolymer stars depends
on the ratio of the components [11,15–19].

Thermoresponsive poly-2-alkyl-2-oxazolines (PAlOx) have been actively studied in
recent decades due to the wide potential of their application [20–23]. One of the ways for
using this class of polymers is medicine due to their biocompatibility and non-toxicity,
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stability in enzyme media [24], and lower critical solution temperature (LCST) near to
the human body one. These are the reasons to enhance the investigation of star-shaped
PAlOx properties depending on the molecule structure. The optimal conditions have been
established, which make it possible to obtain PAlOx stars with a given number and length
of arms and, accordingly, to regulate their conformational characteristics and behavior
in water–salt solutions, including thermosensitivity and association with low molecular
weight compounds. The study star-shaped block PAlOx copolymers revealed that a
different sequence of block attachment to the core does not influence the phase separation
temperatures, however, it determines the set and dimensions of scattering objects [13]. In
the case of a polymer with a more hydrophilic outer block, aggregation processes prevail,
while for a polymer star with a more hydrophobic outer block in a wide temperature range,
the dominant process is aggregation [25]. The distribution of 2-alkyl-2-oxazoline units
along the arm chains also affects the stimulus-sensitivity of copolymer PAlOx, in particular,
the temperature of the onset of phase separation T1 for solutions of a stars with gradient
arms is higher than the T1 value for block copolymer stars [26].

Concerning the macromolecule core, its structure and size have a great effect on the
properties of thermoresponsive star-shaped PAlOx. For example, competition between
compaction and aggregation processes was observed upon heating of solutions of PAlOx
stars with a massive hydrophobic dendrimer core, while aggregation dominates in so-
lutions of PAlOx with a less hydrophobic calix[n]arene core [27]. The use of calixarene
derivatives as the branching center of star-shaped polymers is due to bringing the unique
ability of calix[n]arenes to complex formation with low molecular weight organic com-
pounds [28–30]. Accordingly, a number of calix[n]arene derivatives with functionalization
with low molecular weight fragments have been proposed for use in targeted drug delivery
systems [31–36]. Calixarenes with polymer arms have also been obtained [25,37]. It is also
important to point out that polymer stars with a calix[n]arene core are high macromolec-
ular weight objects, components of which are selectively solvated by water. It provides
another mechanism for regulating the characteristics of thermoresponsive supramolecular
structures.

Note that most studies describe the results for stars in which polymer arms are grafted
to the lower rim of calix[n]arenes. At the same time it is known that different positions of
functional groups or polymer arms in calix[n]arene lead to a variation in physicochemical
properties and self-organization of calix[n]arene derivatives [38,39]. It was shown that the
grafting of the homopolymer PAlOx chains at the upper rim of calix[n]arene reduces the
phase separation temperatures as compared to polymer stars with arm grafting to the lower
rim [39]. The present work was aimed at the analysis of the influence of the arm structure
and the configuration of the calix[8]arene (C8A) core on the molecular conformation, the
solution behavior, and the self-organization of star-shaped PAlOx copolymers in aqueous
solutions upon heating. To solve this problem, eight-arm polymer stars were synthesized
and studied. Their arms were block copolymers of poly-2-ethyl-2-oxazoline (PEtOx) and
poly-2-isopropyl-2-oxazoline (PiPrOx). These samples differed in the order in which the
blocks were attached to the core. In the C8A-(PiPrOx-b-PEtOx) star, the inner block was
PiPrOx, and in the C8A-(PEtOx-b-PiPrOx) copolymer, PEtOx was attached to the core. In
addition, the star-shaped copolymer C8A-P(EtOx-grad-iPrOx) was studied, the arms of
which were gradient copolymers of 2-ethyl-2-oxazoline (EtOx) and 2-isopropyl-2-oxazoline
(iPrOx). In these stars, the content of EtOx units decreased with distance from the C8A core.
For comparison, a star-shaped homopolymer C8A-PEtOx with PEtOx chains attached to
the upper rim of calix[8]arene was studied. It is important that the synthesized star-shaped
samples should have a similar arm length in order to avoid the influence of molar mass on
the obtained characteristics.
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2. Materials and Methods

2.1. Materials and Reagents

Dialysis bags “CellaSep”, MWCO = 3000 Da (Orange Scientific, Braine-l′Alleud,
Belgium) were used for the purification of polymer samples. Monomers, 2-ethyl- and
2-isopropyl-2-oxazolines (Sigma-Aldrich, St. Louis, MO, USA) were distilled over the
calcium hydride. Sulfolane (Sigma-Aldrich, St. Louis, MO, USA) was purified by vacuum
distillation. Pyrrolidine (Sigma-Aldrich, St. Louis, MO, USA) was distilled over calcium
hydride.

2.2. Synthesis of Multicenter Macroiniciater

The octafunctional initiator, 5,11,17,23,29,35,41,47-octakis-(chlorosulfonyl)-49,50,51,52,
53,54,55,56-octakis-(methoxycarbonylmethoxy)-calix[8]arene, was synthesized following
the described scheme [40].

2.2.1. 49,50,51,52,53,54,55,56-Octa(hydroxy)calix[8]arene

The mixture of 10 g (7.7 × 10−3 mol) of tert-butylcalix[8]arene, 5.8 g (0.062 mol) of
phenol, 12.3 g (0.092 mol) of aluminum chloride, and 150 mL of toluene was stirred for
1 h at ambient temperature, after which it was poured into 170 mL of 0.2 M hydrochloric
acid. The organic layer was separated and the solvent was distilled off. The precipitate
was washed with 330 mL of methanol, acidified with a few drops of hydrochloric acid,
and filtered out. The product was purified by chloroform extraction in Soxhlet apparatus
during 24 h. Yield 5.5 g (84%). 1H NMR (400 MHz, DMSO, 20 ◦C): δ (ppm) 6.0–7.0 (m,
24H), 3.5 (s 16H).

2.2.2. 49,50,51,52,53,54,55,56-Octa(methoxy(carbonylmethoxy)calix[8]arene

The mixture of 29 g (0.21 mol) of dry potassium carbonate, 11.2 g (0.067 mol) of dry
potassium iodide, 3.45 g (4.1 × 10−3 mol) of calix[8]arene, 18 mL (0.21 mol) of methyl
chloroacetate, and 180 mL of absolute acetonitril was heated at 80 ◦C during 24 h. The
reaction mixture was poured into 300 mL of water. The product was extracted with diethyl
ether (2 × 100 mL), washed with water, and dried (MgSO4). After the evaporation product
was recrystallized from methanol. Yield 2.1 g (36%). 1H NMR (400 MHz, CDCl3, 20 ◦C): δ
(ppm) 6.9 (m, 24H), 4.27 (m, 16H), 4.10 (s, 16H), 3.7 (s, 24H).

2.2.3. 5,11,17,23,29,35,41,47-Octachlorosulfonyl-49,50,51,52,53,54,55,56-
octa(methoxy(carbonylmethoxy)calix[8]arene

A solution of 2 g (1.41 × 10−3 mol) of octa(methoxy-(carbonylmethoxy)) calix[8]arene
in 60 mL of chloroform was cooled to −10 ◦C and 20 mL (0.3 mol) of chlorosulfonic acid
was added drop by drop. Then mixture was heated to 50 ◦C (at about 20 min) and left at
this temperature for 20 min. After cooling to room temperature, the mixture was gradually
poured into a mixture of 400 mL of ice water and 300 mL of petroleum ether and left for
30 min. The product was filtered off, washed with water, then with petroleum ether, and
dried. The crude product was dissolved in a minimum amount of dichloromethane and
reprecipitated into petroleum ether. This procedure was repeated twice. Yield: 1.5 g (49%).
M.p 170 ◦C (with decomposition). 1H NMR (400 MHz, CDCl3, 20 ◦C): δ (ppm) 7.6 (m, 16H),
4.2–4.7 (m, 32H), 3.7 (s, 24H). Elemental analysis: Calc. C 44.37%, H 3.72%, Cl 12.47%, S
11.28%. Found C 44.1%, H 4.0%, S 11.6%, Cl 12.8%.

2.3. Eight-Arm Star Poly(2-Ethyl-2-Oxazoline-Block-2-Isopropyl-2-Oxazoline)
Copolymer Synthesis

The solution of 0.0931 g (0.0421 mmol) of the octafunctional initiator in 2 g (17 mmol)
of sulfolane was prepared under the nitrogen atmosphere. The solution was mixed with
1 g (10.1 mmol) of 2-ethyl-2-oxazoline and sealed in a vial. The mixture was kept at 100 ◦C
for 24 h. After that, 1.14 g (10.1 mmol) of 2-isopropyl-2-oxazoline was injected into the vial,
which was sealed again and kept at 100 ◦C for 48 h. Then 1 mL (12.1 mmol) of pyrrolidine
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was added into the vial and the solution was stirred at 50 ◦C for 1 h. The polymer was
purified by dialysis in 0.1 M sodium hydroxide aqueous solution followed by pure water,
then dried at 20 ◦C, and finally evaporated from its chloroform solution (1.61 g, 72%). 1H
NMR (CDCl3, δ, ppm): 3.51 (m, 4H), 3.05–2.65 (m, 1H), 2.58–2.20 (m, 2H), 1.11 (m, 9H).

2.4. Eight-Arm Star Poly(2-Isopropyl-2-Oxazoline-Block-2-Ethyl-2-Oxazoline)
Copolymer Synthesis

The same techniques of synthesis and purification were applied as previously dis-
cussed (1.68 g, 75%). 1H NMR (CDCl3, δ, ppm): 3.52 (m, 4H), 3.05–2.60 (m, 1H), 2.58–2.20
(m, 2H), 1.11 (m, 9H).

2.5. Eight-Arm Star Poly(2-Ethyl-2-Oxazoline-Grad-2-Isopropyl-2-Oxazoline) Gradient
Copolymer Synthesis

The solution of 0.1 g (0.0452 mmol) of the octafunctional initiator in 2.5 g (20 mmol) of
sulfolane was prepared under the nitrogen atmosphere. Equimolar amounts (10.8 mmol)
of 2-ethyl-2-oxazoline and 2-isopropyl-2-oxazoline were mixed and added to the solution,
after that it was sealed in a vial. The mixture was kept at 100 ◦C for 72 h, then 1 mL
(12.1 mmol) of pyrrolidine was added into the vial and the solution was stirred at 50 ◦C for
1 h. The same technique of purification was used as previously discussed (1.95 g, 82%). 1H
NMR (CDCl3, δ, ppm): 3.50 (m, 4H), 3.00–2.60 (m, 1H), 2.60–2.20 (m, 2H), 1.10 (m, 9H).

The synthesis and characterization of 8-arm of poly(2-ethyl-2-oxazoline) was described
early [39].

2.6. Hydrolysis of Star-Shaped Polymers

A solution of 0.1 g of star-shaped poly-2-alkyl-2-oxazoline in 5 mL of 1 M hydrochloric
acid was heated in a sealed ampoule at 100 ◦C during 24 h, after which it was evaporated
to dryness. The residue was dissolved in 5 mL of ethyl alcohol, dialyzed against sodium
bicarbonate (concentration 0.1 mol/L) using CellaSep dialysis bags with MWCO 3500 Da
and freeze-dried. The product was dissolved in 15 mL of propionic anhydride, heated at
50 ◦C during 30 min, and evaporated under reduced pressure.

2.7. Characterization of Prepared Star Samples

UV–visible spectra were obtained using the SF-256 (LOMO-Photonika, Saint-Peterburg,
Russia) spectrophotometer for ethanol solutions. The NMR spectra were measured on
the Bruker AC400 (400 MHz) (Bruker, Billerica, MA, USA) spectrometer using chloro-
form solutions. Dialysis was conducted using dialysis sacks (CellaSep, Orange Scientific,
Braine-l’Alleud, Belgium); MWCO, 3500 Da. Chromatographic analysis was performed on
the Shimadzu LC-20AD chromatograph (Shimadzu Corporation, Nishinokyo Kuwabara,
Japan) equipped with the TSKgel G5000HHR column (5 µm, 7.8 mm × 300 mm, Tosom-
Bioscience, Tokyo, Japan) and light scattering and UV detectors. The mobile phase was a
solution of LiBr (0.1 mol/L) in dimethylformamide at 60 ◦C. Polyethyleneglycol standards
were chosen.

2.8. Investigation of Molecular-Dispersed Polymer Solutions

Molar mass and hydrodynamic characteristics of the synthesized polymers were
obtained by molecular hydrodynamic and optics methods. Measurements were carried out
in 2-nitropropane (dynamic viscosity η0 = 0.72 cP, density ρ0 = 0.982 g·cm−3, and refractive
index n0 = 1.394) at 21 ◦C.

Dynamic and static light scattering was studied using the Photocor Complex setup
(Photocor Instruments Inc., Moscow, Russia); the light source was a Photocor-DL diode
laser with a wavelength λ = 658.7 nm. The correlation function of the scattered light
intensity was obtained using the Photocor-PC2 correlator with 288 channels and processed
using the DynaLS software (ver. 8.2.3, SoftScientific, Tirat Carmel, Israel).

The distribution of the light scattering intensity I over the hydrodynamic radii Rh
of the particles present in the solutions was unimodal (Figure 1). Within the studied
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concentration range, radii Rh(c) depended on concentration c. Therefore, to determine the
hydrodynamic radius Rh-D of macromolecules, the Rh(c) values were extrapolated to zero
concentration (Figure S1). The diffusion coefficients D0 of macromolecules were calculated
according to the Stokes–Einstein equation using the obtained values of Rh-D

D0 = kTa/(6πη0 Rh-D) (1)

where k is the Boltzmann constant and Ta is the absolute temperature.
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Figure 1. The dependencies of relative intensity I/Imax of scattered light on the hydrodynamic radii
Rh of scattering species for 2-nitropropane solutions of C8A-(PiPrOx-b-PEtOx) at c = 0.040 g·cm−3 (1)
C8A-(PEtOx-b-PiPrOx) at c =0.063 g·cm−3 (2) and C8A-P(EtOx-grad-iPrOx) at c = 0.069 g·cm−3 (3)
Imax is the maximum value of light scattering intensity I at a given polymer concentration.

For all studied polymer solutions, there was no light scattering asymmetry; therefore,
the weight average molar mass Mw and the second virial coefficient A2 were found by the
Debye method, taking measurements at a scattering angle 90◦:

cH/I90 = 1/Mw + 2A2c (2)

where I90 is the light scattering intensity for an angle of 90◦ and c is the solution concentra-
tion. Optical constant H is calculated by the formula

H = 4π2n0
2(dn/dc)2/NAλ

4 (3)

where dn/dc is the refractive index increment and NA is the Avagadro number. Figure 2
shows the Debye dependencies for the studied star-shaped polymers. They are typical for
dilute polymer solutions. The obtained values of Mw and A2 are listed in Table 1. Note that
positive values of the second virial coefficient indicate a good thermodynamic quality of
2-nitropropane for the studied polymer stars. The refractive index increment dn/dc was
measured on the RA-620 refractometer (KEM, Tokyo, Japan). The dn/dc values (Table 1)
were determined from the slope of the concentration dependence of the difference dn = n
− n0 in the refractive indices of solutions n and 2-nitropropane n0 (Figure S2).
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Figure 2. Concentration dependences of Hc/I90 for the CA8-PAlOx solutions in 2-nitropropane.

Table 1. Molar mass and hydrodynamic characteristics of star-shaped C8A-PAlOx.

Sample Mw, g·mol−1 Ð Rh-D, nm [η], cm3·g−1 Rh-[η], nm dn/dc, cm3·g−1 A2·104, cm3·mol·g−2

C8A-PEtOx 10,300 1.38 2.6 8.2 2.4 0.1246 5.9
C8A-(PiPrOx-b-PEtOx) 12,100 1.21 2.4 5.9 2.2 0.1166 4.4
C8A-(PEtOx-b-PiPrOx) 10,000 1.35 2.0 4.9 2.0 0.1156 2.8

C8A-P(EtOx-grad-
iPrOx) 13,200 1.41 2.9 7.7 2.5 0.1160 4.3

Ostwald-type glass viscometers (Cannon Instrument Company Inc., State College, PA,
USA) were used to measure intrinsic viscosity [η]. The solution temperature was regulated
by a thermostat with a temperature control unit T-100 (Grant, Cambridge, UK). The solvent
efflux time was 59.4 s. The concentration dependencies of the reduced viscosity ηsp/c
(Figure S3) were analyzed using the Huggins equation:

ηsp/c = [η] + k′[η]2c (4)

where k′ is the Huggins constant. High k′ values, from 1.4 to 2.4, were obtained for the
studied polymers. Note that increased values of the Huggins constant are often reported
for not very high molecular mass samples of polymers with increased intramolecular
density [41,42]. Using the obtained values of the intrinsic viscosity [η], the so-called
viscosity hydrodynamic radius Rh-η of macromolecules were calculated by Einstein’s
formula:

Rh-η = (3M[η]/(10πNA))1/3 (5)

2.9. Investigation of Self-Organization in Aqueous Solutions

The thermosensitive behavior of aqueous solutions of CA8-PAlOx was studied by light
scattering and turbidimetry methods using the Photocor Complex setup described above.
The experiments were carried out in a wide range of concentrations and temperatures.
The temperature T was changed discretely with a step from 0.5 to 5 ◦C; the value of T
was regulated with an accuracy of 0.1 ◦C. The measurement procedure is described in
detail in [43]. After the given temperature was established, the dependencies of the light
scattering intensity I and the optical transmittance I* on time t were obtained at a scattering
angle of 90◦. The hydrodynamic radii Rh of the scattering objects and their contribution
Si into total solution intensity I were determined when the values of I and I* became
constant in time. These measurements were carried out at scattering angles from 45◦ to
135◦ to confirm the diffusion nature of the modes and obtain the extrapolated values of
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Rh and Si. The laser power changes from 5 to 30 mV and/or optical filters placing on the
photodetector allowed one to attenuate the light scattering signal to 1.5 MHz and maintain
the linearity of the device regarding I.

Before static and dynamic light scattering experiments, the solutions, 2-nitropropane
and calibration liquid, toluene, were filtered through the Millipore syringe filter (Merck,
Germany) with a pore diameter of 0.20 µm. The water solutions were filtered through
hydrophilic PTFE Millipore (Merck, Germany) membrane filters with a pore diameter of
0.45 µm.

3. Results and Discussion

3.1. Synthetic Approach

Star-shaped poly(2-alkyl-2-oxazoline) block copolymers were synthesized using a
“grafting from” approach. At first, the octafunctional macrocyclic initiator was prepared
based on the tert-butyl-calix[8]arene. The lower rim of macrocycle was modified with ester
groups to increase solubility, whereas the upper rim was functionalized with initiating
sulfonyl chloride moieties. The reaction scheme is presented in Figure 3. Since aromatic
sulfonyl chlorides were shown to be effective initiators of oxazoline polymerization [44],
this approach was successfully applied in the present paper. The kinetic studies of 2-ethyl-
2-oxazoline polymerization initiated by the obtained abovementioned calixarene initiator
was reported [45] and it showed that the initiation reaction is rapid and chain growth
proceeds via the “living chain” mechanism.

μ

μ

 

Figure 3. Synthesis of the octafunctional macrocyclic initiator.

3.2. Polymer Synthesis

Monomers of 2-ethyl- and 2-isopropyl-2-oxazolines with the optimal hydrophobic–
hydrophilic balance were chosen to obtain thermosensitive polymers. Sulfolane was chosen
as the solvent keeping in mind the high rate of oxazoline polymerization in this solvent [46]
and the enough solubility of the initiator in sulpholane. The post-polymerization tech-
nique was applied to obtain 8-arm star-shaped block-copolymers. After the complete
consumption of the first type monomer, the polymerization was reinitiated by injection
of the second type monomer. Two samples of block-copolymers were synthesized with
a different order of blocks, namely, CA8-(PEtOx-b-PiPrOx) and CA8-(PiPrOx-b-PEtOx)
(Figure 4). Monomers were taken in equivalent molar amounts to obtain polymeric blocks
with equal lengths. It was shown, that amine-type terminating agents are the most pre-
ferred for 2-oxazoline polymerization because of rapid termination on the 5-position of the
oxazoline ring [47]. Therefore pyrrolidine was used as the termination agent.
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Figure 4. Structures of obtained star-shaped block-copolymers C8A-(PEtOx-b-PiPrOx) (1) and C8A-(PiPrOx-b-PEtOx) (2).

In order to obtain the statistical copolymer, equivalent amounts of 2-ethyl-2-oxazoline
and 2-isopropyl-2-oxazoline were mixed in the polymerization vial. The proposed method
of synthesis consisted of the simultaneous copolymerization of both monomers. It was
found that the relative reactivity of EtOx and iPrOx in simultaneous copolymerization
are equal to 0.79 and 1.78, respectively [48]. It can be assumed that the structure of the
statistical copolymer formed in the reaction mixture would be the gradient most probably.
Figure 5 shows the structures of C8A-P(EtOx-grad-iPrOx) and star-shaped homopolymer
C8A-PEtOx.

 

Figure 5. Structures of obtained star-shaped C8A-P(EtOx-grad-iPrOx) (1) and C8A-PEtOx (2).

It is well known that the only parent calix[8]arene exists in the stable cone confor-
mation due to the intramolecular H-bonding of hydroxyl groups at the lower rim while
any kinds of chemical transformation of these moieties leads to conformationally labile
structures that are clearly visible in the NMR spectra. It was found that methylene protons
of the macrocycle did not exhibit the AB quartet that is typical for the core conformer and
had no more complicated signals that are typical for paco or the other conformers [40].
Broad singlet at about 4 ppm verified the quick rotation in macrocycle. On the other hand
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functional moieties at the lower rim really define the complexation ability of the macrocycle
that keeps in mind that the probable biomedical applications is the goal of our research.

3.3. Characterization of Polymers

The spectra of all samples are completely similar and contain signals of both ethyl
(2.50–2.20 ppm) and isopropyl (3.05–2.55 ppm) groups, which confirms the presence of
both monomers in the polymer chains (Figure 6). Additionally, minor signals of the
calix[8]arene core, attributed to the bridged methylene groups (4.46 ppm) were detected
and ester methylene groups at the lower rim (4.23–3.97 ppm). According to the NMR data
the integral intensities of proton signals at about 2.3 ppm (CH2CH3 in ethyloxazoline)
and doublet at about 2.5 and 2.8 (CH(CH3)2 in isopropyloxazoline) are 2:1. Based on the
integral intensities of proton signals, it was determined that the ratio of the monomer in
the copolymer was at about 1:1 for all samples. Therefore, both blocks have a near equal
degree of polymerization. The same ratio of components was calculated for the gradient
copolymer sample. This conclusion is confirmed by the fact that the values of the refractive
index increment dn/dc coincide within the experimental error for stars with copolymer
arms (Table 1) but lower than dn/dc for C8A-PEtOx. This behavior was observed for
PAlOx copolymers [25,39,49] and is explained by an increase in the refractive index on the
passage from polymers with ethyl groups to samples containing isopropyl ones.

−

λ λ −

λ

−

4 3 2 1
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Figure 6. 1H NMR spectrum of star-shaped C8A-(PEtOx-b-PiPrOx).

The presence of calix[8]arene cores in the synthesized copolymers was also con-
firmed by UV–visible spectroscopy (Figure S4). The typical absorption bands at about
250–290 cm−1 confirm the presence of the macrocycles core in the polymer structure.

The number of arms in a star-shaped polymer was determined by the selective destruc-
tion of the macromolecule without degradation of the poly-2-alkyl-2-oxazoline original
length. For this purpose, it was applied the original procedure involving acid hydrolysis of
sulfonamide groups to polyethylenimine followed by acylation with propionic anhydride
and GPC analysis of the obtained oligomers. Using the MM of star-shaped polymers and
their arms, the arm number fa was calculated. The fa values are at about 8, i.e., all polymers
have an eight-arm structure.

The arms of the synthesized stars are short (Table 2). Their length La was calculated
by the ratio:

La = Naλa = λa(Mw − MC8A)/f aM0-a (6)
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where f a = 8 is the arm number, Na is the polymerization degree of arms, λa = 0.378
nm is the length of the monomer unit of poly-2-alkyl-2-oxazoline [50], and MC8A = 1928
g·mol–1 is the molar mass of CA8. In the case of copolymers, the average molar mass (MM)
of the arm monomer units was equal to 106 g·mol−1, i.e., the average value of MM of
2-ethyl-2-oxazoline (99 g·mol–1) and 2-isopropyl-2-oxazoline (113 g·mol−1). Poly-2-ethyl-
and poly-2-isopropyl-2-oxazoline were comb-shaped with short side chains containing
three valence bonds to the point of the most distant from the backbone chain and differing
by one –CH3 group. Systematic studies of various classes of comb-shaped polymers [51]
showed that, with those insignificant structural variations, the conformational charac-
teristics of polymers almost do not change. Therefore, it can be assumed that the Kuhn
segment lengths for blocks of poly-2-ethyl- and poly-2-isopropyl-2-oxazoline are equal to
A = (1.4 − 1.8) nm [50,52]. Accordingly, using the average value A = 1.6 nm, we can esti-
mate the number N* of Kuhn segments in the arms of the studied polymer stars. From
Table 2 it is seen that N* did not exceed 3.

Table 2. Structure characteristics and contraction factors for star-shaped CA8-PAlOx.

Sample Mw, g·mol−1 Mw (arm), g·mol−1 fa La, nm N* g′ g A0 × 1010, erg·K−1mol−1/3

C8A-PEtOx 10,300 1100 8.0 4.0 2.4 0.45 0.37 2.7
C8A-(PiPrOx-b-PEtOx) 12,100 1300 8.0 4.5 2.8 0.29 0.23 2.7
C8A-(PEtOx-b-PiPrOx) 10,000 1050 8.1 3.6 2.3 0.27 0.21 2.9

C8A-P(EtOx-grad-iPrOx) 13,200 1400 7.6 4.7 2.9 0.34 0.27 2.7

3.4. Hydrodynamic Characteristics and Conformation of Star-Shaped CA8-PAlOx-UR

Gel permeation chromatography (Figure S5) shows that all samples are characterized
by a monomodal molar mass distribution. This behavior is in qualitative agreement with
the dynamic light scattering data obtained in molecularly dispersed solutions in a wide
range of polymer concentrations. The polydispersity indexes Ð = Mw/Mn of studied star
samples are shown in Table 1.

It should also be noted that the molar masses of the synthesized star-shaped polymers
differed insignificantly, the maximum difference was about 30%. Therefore, in further
analysis and comparison of the results obtained, the influence of MM on the polymer
characteristics could be neglected.

The hydrodynamic radii of CA8-PAlOx molecules are less than the arm lengths La
(Tables 1 and 2). This indicates that the macromolecules were compact and the arms, despite
their small length, were relatively strongly folded. The compact structure of CA8-PAlOx
molecules was also confirmed by the low values of intrinsic viscosity [η]. Table 2 shows
the values of the viscosity contraction factor.

g′ = [η]star/[η]lin (7)

where [η]star and [η]lin are the characteristic viscosities of star-shaped and linear polymers
of the same MM. As the [η]lin values, we used the average values [η] for linear poly-2-ethyl-
2-oxazoline, calculated from the Mark–Kuhn–Houwink–Sakurada equations obtained in
thermodynamically good solvents [50,53]. Moreover, the conformation and hydrodynamic
properties of linear PEtOx and PiPrOx could be assumed identical. This conclusion is
supported by the results of studies of linear and star-shaped poly(2-ethyl-2-oxazine) [54]. It
was shown that a change by one –CH2– group of the monomer unit of pseudo-polypeptoids
does not lead to a change in the conformational characteristics of the polymer.
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The behavior of contraction factor g = (Rg)star
2/(Rg)lin

2, determined from the ratio
of the squared gyration radii of star-shaped (Rg)star and linear (Rg)lin polymers, has been
theoretically analyzed in detail. Zimm and Stockmayer [55] showed polymer stars with
long monodisperse arms:

g = (3f a − 2)/f a
2 (8)

Therefore, g = 0.34 for a star with eight arms. In the case of polydisperse arms [56,57]:

g = 3f a/(f a + 1)2, (9)

where g = 0.30 for eight-arm stars. Daoud–Cotton theory [58] describes g for multiarm
star-shaped polymers with short arms as

g = f a
−4/5, (10)

where the contraction factor is g = 0.19 at f a = 8. For the studied CA8-PAlOx, the value of g
can be calculated using the empirical equation [59]

g′ = (1.104 − 0.104g7)g0.906 (11)

The g values for CA8-PAlOx with copolymer arms lie between the theoretical values
of the contraction factor for star-shaped macromolecules with short and long arms (Table 2).
This behavior is in agreement with the findings of the study of six-arm polypeptoids [49],
which can be considered as long-arm molecules if the arms contain more than six Kuhn
segments. A higher value of g was obtained for CA8-PEtOx, the reason for which remains
unclear.

The low hydrodynamic invariant A0 [51,60,61]:

A0 = (η0D0(M[η]/100)1/3/Ta (12)

where it justifies the compact structure of the molecules of studied CA8-PAlOx. The
obtained values of A0 (Table 1) were less than 3.2 × 10−10 erg·K−1·mol−1/3, predicted
theoretically for flexible chain polymers [51,60]. In particular, for linear poly-2-ethyl-2-
oxazoline the average value of hydrodynamic invariant is 3.1 × 10−10 erg·K−1·mol−1/3 [58].
On the other hand, the A0 values for the star-shaped CA8-PAlOx are noticeably larger
than the hydrodynamic invariant for dendrimers and hyperbranched polymers [62–64],
which are polymers with high intramolecular density. Similar values of A0 were obtained
previously for star-shaped polypeptoids with short arms [49]. Accordingly, analysis of
the hydrodynamic invariant makes it possible to conclude that polymer stars occupy an
intermediate position between linear flexible chain polymers and dendritic systems in
terms of the intramolecular density.

3.5. Self-Organization of C8A-PAlOx-UR Molecules in Aqueous Solutions

For all studied solutions at low temperatures, three modes with hydrodynamic radii
Rf (fast mode), Rm (middle mode), and Rs (slow mode) were observed (Figure 7). Rf
values did not vary with concentration (Figure 8) and the concentration-average Rf value
coincided with the size Rh-D of macromolecules for each polymer and so the particles
responsible for the fast mode are single macromolecules. The middle mode and slow mode
reflect the diffusion of aggregates similar to those formed in solutions of thermoresponsive
polymers [65–76], including star-shaped PAlOx [25,49]. The reason for the formation of
aggregates is the interaction of hydrophobic cores.
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Figure 7. The dependences of relative intensity I/Imax of scattered light on the hydrodynamic radius Rh of scattering species
for aqueous solutions of C8A-PAlOx at 21 ◦C. Imax is the maximum value of light scattering intensity for the given solution
concentration.

The Rm and Rs values display an independence of concentrations up to c ≈ 0.015 g·cm–3,
above which their slight growth is observed (Figure 8). As known, a change in the hy-
drodynamic radii can be caused both by a change in size of scattering species and by the
concentration dependence of the diffusion coefficient D. The dependence D(c) is deter-
mined by the values of the second virial coefficient, molar mass, concentration coefficient
of sedimentation, and specific partial volume. Probably, these factors make up for each
other at low concentrations, when the aggregate dimensions increase and the coefficient D
reduces. Consequently, Rm and Rs were constant at c < 0.015 g·cm−3.

One can see in Figure 7, the largest contribution Ss to light scattering is made by
large aggregates with a radius Rs, while the contribution Sf of macromolecules is minimal.
Nevertheless, the latter prevails in the solution. Indeed, the contribution Ii = SiI of ith set of
particles to the total light scattering intensity I is described by the relation Ii ~ ciRi

x, where
ci and Ri are the weight concentration and radius of the ith particles, respectively [77,78].
The value of the exponent x depends on the shape of the scattering particles. The fraction of
each type of particles in solutions of the studied polymers can be roughly estimated using
the models of a hard sphere (molecules and aggregates with a radius Rm, x = 3) and a coil
(large aggregates, x = 2). This approach is supported by the results of the conformational
analysis of multiarm stars with short arms [58,79,80] and the studying micelle-like and
large aggregates [71–75,81]. An estimation shows that the relative fraction cf/c of molecules
in solutions of the C8A-(PiPrOx-b-PEtOx) and C8A-(PEtOx-b-PiPrOx) stars with block
copolymer arms was about 80% (cf is the concentration of macromolecules in solution). The
cf/c ratio increased up to 87% for the homopolymer C8A-PEtOx and 98% for the gradient
C8A-P(EtOx-grad-iPrOx). Note that, the weight fraction cs/c of large aggregates did not
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exceed 10% for solutions of block copolymers and cs/c < 0.1% for the two other stars (cs is
the concentration of large aggregates with a hydrodynamic radius Rs).

 

≤

Figure 8. Concentration dependences of hydrodynamic radii Rh of scattering species for aqueous solutions of C8A-PAlOx
at 21 ◦C.

Thus, the arm structure did not significantly affect the set of scattering objects and the
hydrodynamic radii of aggregates, which is in opposition to results for star-shaped PAOx
with copolymer arms grafted to a lower rim of the calix[8]arene [25,81]. This is probably due
to both the more pleated loop conformation of C8A, functionalized along the upper rim [39],
and the short arm length of the studied star samples. These factors lead to a decrease in the
shielding of the core surface by arms, which promotes the aggregation. Probably, this is a
reason why macromolecules disappear, or rather, have not been observed by the method of
dynamic light scattering upon solution heating at relatively low temperatures, T ≤ 37 ◦C,
far from the phase separation interval (Figure 9).
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Figure 9. Temperature dependences of hydrodynamic radii R  of scattering particles for aqueous solutions of C8A-PAlO
Figure 9. Temperature dependences of hydrodynamic radii Rh of scattering particles for aqueous solutions of C8A-PAlOx.

The temperatures of the onset T1 and the finishing T2 of the phase separation were
determined by turbidimetry (Figure 10). Optical transmission I* did not depend on the
temperature up to T1. On the contrary, the scattered light intensity I varies over the whole
temperature range (Figure 10). At low temperatures, solution heating is accompanied by
a slow I growth. The rate of change in intensity I dramatically increases at temperature
T1. Light scattering intensity reached a maximum value at T2 and decreased slightly upon
further heating for most of the studied solutions.

 

Figure 10. Dependencies of relative optical transmission I*/I*21 and relative light scattering intensity I/I21 on temperature
T for investigated polymer stars. I*21 and I21 are the optical transmission and light scattering intensity at 21 ◦C, respectively.
The concentration of the solutions is the same as in Figures 7–9.
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The I(T) dependence was caused by changes in the size of the aggregates and their
fraction in the solution with temperature. As mentioned above, macromolecules cease
to be detected well below T1, which indicates the aggregation of macromolecules at T <
T1, probably, caused by the dehydration of iPrOx units, which begins at relatively low
temperatures [68]. As can be seen in Figure 9, for stars C8A-(PEtOx-b-PiPrOx) and C8A-
P(EtOx-grad-iPrOx) on the periphery of which the more hydrophobic iPrOx units prevail,
the hydrodynamic radii Rs of large aggregates increased with increasing temperature. At
low temperatures, this change was very weak and greatly accelerated at temperature T1
and the Rs values reached hundreds and even thousands of nanometers at T2. In this
case, the contribution Ss of large aggregates to the integral light scattering increased owing
to a lowering in the contribution Sm of aggregates with a radius Rm. A similar behavior
was observed earlier for four- and eight-pointed stars with PiPrOx arms grafting to the
lower rim of calix[n]arene [79]. For solutions C8A-PEtOx and C8A-(PiPrOx-b-PEtOx) a
decrease in Rs is observed at moderate temperatures (Figure 9). This change did not exceed
30% in comparisons with Rs value at 21 ◦C. A decrease in Rs, i.e., compaction of large
aggregates, indicates the formation of inter- and intramolecular hydrogen bonds between
dehydrated iPrOx units in one aggregate scale. Note that the Rs value decreased much
more, sometimes more than ten times, for stars with a copolymer PAlOx arm grafted to
the lower rim of C8A and for PiPrOx stars with carbosilane dendrimer cores [25,26,82].
The platter conformation of C8A and shorter arms in the studied polymer stars facilitated
contacts between hydrophobic cores of different molecules, which should lead to aggre-
gation. Indeed, the contributions Ss of large aggregates to light scattering increased with
temperature for C8A-PEtOx and C8A-(PiPrOx-b-PEtOx). For example, for a C8A-PEtOx
solution at a concentration of c = 0.0110 g·cm−3, the Ss magnitude increased from 0.45 at
21 ◦C to 0.66 at a temperature of minimum value of Rs, and Ss varies from 0.81 to 0.94 for
C8A-(PiPrOx-b-PEtOx) at c = 0.0120 g·cm−3. Concerning smaller aggregates in solutions of
the stars under discussion, the Rm value changes with temperature in the same way as the
radius of Rs, but this change is within the experimental error (Figure 9). The dimensions of
large aggregates reached a maximum value within the interval of phase separation and
then decreased, reflecting the compaction of these particles. However, it should be taken
into account that under these conditions, light scattering was multiple and a quantitative
analysis of the results was impossible.

One phase transition was observed for all studied star-shaped polymers at all con-
centrations. Figure 11 shows the phase separation temperatures versus concentration. As
expected, T1 and T2 depended on the arm structure. The highest values of T1 and T2 were
obtained for C8A-PEtOx, which were 15–20 ◦C lower than T1 and T2 for the eight-arm star
with the PEtOx arm grafted to the lower rim of C8A [83] at the same concentrations.

−

−

 

.
Figure 11. Phase transition temperatures vs. polymer concentration for investigated polymer solutions.
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The introduction of a more hydrophobic block of PiPrOx into the star macromolecules
led to a decrease in the T1 and T2 values for solutions of C8A-(PEtOx-b-PiPrOx), C8A-
(PiPrOx-b-PEtOx) and C8A-P(EtOx-grad-iPrOx) as compared to C8A-PEtOx solutions. The
temperatures T1 of the phase separation onset for stars with copolymer arms differed
and the temperatures T2 of its finishing product almost coincided. Similar results were
obtained for the copolymer PAlOx stars with the C8A core functionalized along the lower
rim [25], for which, however, the values of T1 and T2 were significantly higher. The pattern
of the concentration dependencies of the phase separation temperatures for the star-shaped
polymers under consideration differed markedly. In particular, an LCST of about 41 ◦C
can be determined reliably for the star C8A-P(EtOx-grad-iPrOx). The flattening of the
T1(c) dependence for C8A-(PEtOx-b-PiPrOx) in the region of high concentrations allows
suggesting that LCST was close to 32–33 ◦C, that is almost 10 ◦C lower than for C8A-
P(EtOx-grad-iPrOx). The T1 values for the block copolymer star with a more hydrophilic
outer block changed quite strongly within the whole concentration range and it was not
possible to estimate the LCST for C8A-(PiPrOx-b-PEtOx), but it was unlikely that it differed
greatly from 30 ◦C.

At the same concentrations, the phase separation temperatures for the studied copoly-
mer stars are several degrees higher than T1 and T2 for solutions of a star with a C8A
core functionalized along the lower rim by PiPrOx chains [79]. It is expected given that
the dehydration temperature of PEtOx is higher than for PiPrOx [68]. On the other hand,
despite the presence of hydrophilic EtOx units in arms, the LCSTs for solutions of the
studied stars with copolymer arms are near to the LCST of linear PiPrOx [65,84]. The latter
can be explained by both the distinction in molecule architecture and hydrophobic C8A
core and different MMs of the compared polymers.

All of the results discussed were obtained, when the characteristics of the solution
reached constant values in time after a jump-like temperature change. The analysis of the
processes of establishing the “equilibrium” state of the system, in particular, determining
their duration depending on the chemical structure of the polymer and external conditions
are an important task since the rate of change of the characteristics of the stimulus-sensitive
polymer solution determines the application field of the material based on it. Nevertheless,
the number of works devoted to solving this problem remains small [43,68,85–90] and
many questions remain open.

Figure S6 shows the dependencies of the scattered light intensity I and optical transmis-
sion I* on time t after the discrete temperature change. The moment when the temperature
reaches a given value is taken as t = 0. The intensity I and the transmission I* reach a
constant value in time teq.

The duration of the processes of establishing the “equilibrium” state was long for
the studied star-shaped C8A-PAlOx and strongly depended on the temperature at each
concentration (Figure 12). At low temperatures, the teq values ranged from 1200 to 3000 s,
which is higher than the usual ones for linear stimulus-sensitive polymers [68,85,86]. Time
teq sharply increased upon heating and reached the maximum teq

max value near the phase
separation. At T > T1, teq fell and was about 1000 s at T → T2. A similar teq(T) dependence
was observed earlier for PAlOx of a complex architecture [43,90–93].

No systematic variation of teq
max with concentration was found for the studied stars,

and the teq
max values were in the range from 8000 to 15,000 s. Similar times for the

reaching “equilibrium” values of solution characteristics were obtained for star-shaped
PAlOx with copolymer arms grafted to the lower rim of the calix[8]arene [25,81]. In the
case of star-shaped PiPrOx, the time teq

max strongly depends on the core configuration;
the teq

max value did not exceed 20,000 s when arms grafted to the upper rim of C8A and
reached 40,000 s when C8A core was functionalized along the lower rim [43]. Thus, the
rate of self-organization processes in solutions of PAlOx stars depends both on the way
of functionalization of the calix[n]arene core, which changes its configuration, and on the
structure of PAlOx arms because the presence of EtOx units led to a decrease in values of
teq

max as compared to star-shaped PiPrOx homopolymers.
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Figure 12. Dependences of time teq on temperature T for aqueous solutions of C8A-PEtOx (1) at
concentration c = 0.0110 g·cm−3, C8A-(PiPrOx-b-PEtOx) (2) at c = 0.0120 g·cm−3, C8A-(PEtOx-b-
PiPrOx) (3) at c = 0.0111 g·cm−3, and C8A-P(EtOx-grad-iPrOx) (4) at c = 0.0117 g·cm−3.

4. Conclusions

Star-shaped poly-2-alkyl-2-oxazolines with arms of block and gradient copolymers of
2-ethyl- and 2-isopropyl-2-oxazolines grafted to the upper rim of calix[8]arene were syn-
thesized by the “grafting from” method. The ratio of 2-ethyl- and 2-isopropyl-2-oxazoline
units was 1:1, which was confirmed by NMR spectroscopy and refractometry. The arms
of the synthesized stars were relatively short, their length did not exceed 5 nm. The arm
conformation was folded in an organic solvent, and the star-shaped C8A-PAlOx macro-
molecules were characterized by compact dimensions and heightened intramolecular
density. The influence of the arm structure on the conformation of C8A-PAlOx molecules
was not observed.

At low temperatures, the aqueous solutions of the studied C8A-PAlOx-UR were not
molecular dispersed; there were aggregates formed due to the interaction of hydrophobic
calix[8]arene cores. Nevertheless, single macromolecules prevailed, its relative fraction
always exceeded 80%. No systematic changes in the set of scattering objects and their
dimensions were found for studied stars.

Below the phase separation temperature, the heating of aqueous solutions of C8A-
PAlOx with prevailing iPrOx units in the outer layer caused the aggregation of macro-
molecules because of an increase in the degree of dehydration of iPrOx units with tempera-
ture. For stars with an outer PEtOx layer, there was a rather wide temperature interval, in
which compaction prevailed.

One phase transition was detected for all studied polymer stars. The temperatures of
its onset T1 and finish T2 decreased with a growth of the content of more hydrophobic iPrOx
units. The highest temperatures were obtained for the homopolymer C8A-PEtOx, while
they decreased by 10–20 ◦C for stars with copolymer arms. The distinction between the
phase separation temperatures for copolymer stars and a homopolymer with PiPrOx arms
was moderate. Consequently, iPrOx dehydration determines the T1 and T2 values. The arm
structure did not affect the value of T2 but led to a change in the concentration dependence
of T1. Thus the highest LCST could be expected for a star with gradient copolymer arms,
while LCST for C8A-(PEtOx-b-PiPrOx)-UR and C8A-(PiPrOx-b-PEtOx)-UR were 10 ◦C
lower.

The molar masses of synthesized samples were similar and the effect of MM on the
solution behavior was not detected. The way of arms grafting to the core, at the lower or
upper rim of C8A, significantly affected the behavior of star-shaped PAlOx in aqueous
solutions. First of all, it is manifested in a decrease of the phase separation temperatures
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for stars with C8A, functionalized along the upper rim. The reason for the observed
phenomenon is the different core configuration. When functionalization is along the lower
rim, the arms tended to shield the hydrophobic C8A, enveloped it, and slightly constricted
the upper rim of C8A. The arms grafted to the upper rim, on the contrary, increased its
radius due to steric interactions. Thus, the shape of the C8A with arms at the lower rim
resembled a basket, while the C8A with arms at the upper rim looks like a plate. A change
in the core configuration varied its accessibility to the solvent and, consequently, the phase
separation temperature.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13152507/s1, Figure S1: Plots of Rh-D(c) vs. concentration c for the studied polymer
stars in 2-nitropropane. Figure S2: Concentration dependencies of dn for the C8A-PaOx solutions 2-
nitropropane. Figure S3: Reduced viscosity ηsp/c vs. c for the studied polymer stars in 2-nitropropane.
Figure S4: UV–visible spectrum of the star-shaped C8A-(PEtOx-b-PiPrOx)-UR solution in ethanol.
Polymer concentration is 0.005 g·cm−3. Figure S5: GPC traces of star copolymers CA8-PAlOx. Figure
S6: Time dependencies of light scattering intensity I/I0 and the transmission I*/I0* for solutions
C8A-PAlOx. I0 and I*0 are values of light scattering intensity and the optical transmission at t = 0.
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Abstract: The behavior of star-shaped six-arm poly-2-alkyl-2-oxazines and poly-2-alkyl-2-oxazolines
in aqueous solutions on heating was studied by light scattering, turbidimetry and microcalorimetry.
The core of stars was hexaaza [26] orthoparacyclophane and the arms were poly-2-ethyl-2-oxazine,
poly-2-isopropyl-2-oxazine, poly-2-ethyl-2-oxazoline, and poly-2-isopropyl-2-oxazoline. The arm
structure affects the properties of polymers already at low temperatures. Molecules and aggregates
were present in solutions of poly-2-alkyl-2-oxazines, while aggregates of two types were observed
in the case of poly-2-alkyl-2-oxazolines. On heating below the phase separation temperature, the
characteristics of the investigated solutions did not depend practically on temperature. An increase in
the dehydration degree of poly-2-alkyl-2-oxazines and poly-2-alkyl-2-oxazolines led to the formation
of intermolecular hydrogen bonds, and aggregation was the dominant process near the phase
separation temperature. It was shown that the characteristics of the phase transition in solutions of
the studied polymer stars are determined primarily by the arm structure, while the influence of the
molar mass is not so significant. In comparison with literature data, the role of the hydrophobic core
structure in the formation of the properties of star-shaped polymers was analyzed.

Keywords: thermoresponsive star-shaped polymers; poly-2-alkyl-2-oxazines and poly-2-alkyl-2-
oxazolines; aqueous solutions; light scattering; turbidimetry; microcalorimetry; phase
separation; aggregation

1. Introduction

Thermoresponsive pseudo-polypeptoids have attracted great interest of researchers
in recent years due to the wide potential of their application, for example, in medicine as
nanocontainers for targeted delivery of drugs [1–3]. For them, the synthesis conditions
were determined, allowing obtaining polymers with a given structure and molar mass
characteristics. The linear pseudo-polypeptoids have been studied in sufficient detail, and
influence of their chemical structure and molar mass on the physico-chemical properties, in
particular, on self-organization of macromolecules and thermoresponsiveness in aqueous
solutions was established [4–10].

One of the most well-studied classes of thermosensitive pseudo-polypeptoids is poly-
2-alkyl-2-oxazolines (PAlOx). They demonstrate LSCT behavior in water-salt solutions,
and the phase separation temperature depends on the length of the side radical and can
range from practically zero to 100 ◦C [11]. Due to their biocompatibility and stability in
biological media, they are widely used in medical applications and biotechnology [2,12,13].
In particular, complexes of linear PAlOx with low molecular weight compounds were
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obtained, which are used as delivery systems for drugs, DNA, as well as materials for
creating biocompatible composite structures [14].

Poly-2-alkyl-2-oxazines (PAlOz) are homologs of poly-2-alkyl-2-oxazolines. The pres-
ence of an additional methylene group in the monomer unit makes them more hydrophobic
than PAlOx [15–17]. In contrast to poly-2-alkyl-2-oxazines, PAlOz have been studied in
much less detail [18], although the synthesis of these polymers was described at about
the same time [19]. This situation is associated with the difficulties of synthesis of PAlOz,
namely, the reaction for the preparation of PAlOz is characterized by low polymeriza-
tion rate constants and a high chain transfer rate. This makes it difficult to obtain the
high molar mass samples [20,21]. It should be noted that PAlOz has a number of advan-
tages over PAlOx. For PAlOz, no irreversible crystallization in water was found upon
prolonged heating above the phase separation temperature, which is characteristic of
poly-2-isopropyl-2-oxazoline [22,23]. It seems even more significant that for PAlOz good
binding of water-insoluble medicinal compounds was found [24].

In connection with biomedical applications, special attention is paid to the study of
pseudo-polypeptoids with complex architecture, in particular, polymer stars. For star-
shaped PAlOx, the effect of the structure of arms, their number and length, as well as the
solvent composition on the thermosensitivity was analyzed [25–27]. The possibilities of
using star-shaped polymers as carriers of drugs to a great extent depend on the structure
and properties of the branching center. For example, calix[n]arenes and resorcinarenes
are prone to self-organization and the formation of nanoscale assemblies [28,29]; therefore,
their use as the core of star molecules significantly increases the binding efficiency of
low-molecular-weight drugs.

Star-shaped polymers based on aza [1n] cyclophans have practically not been de-
scribed so far, although the aza [1n] cyclophans have been known of since 1963 [30].
Hexaase [26] metacyclophane and hexaase [26] orthoparacyclophane can be obtained in
high yield by reduction in the corresponding macrocyclic Schiff bases [31].

In our previous work [25], for the first time, star-shaped six-arm pseudo-polypeptoids
with hexaaza [26] orthoparacyclophane core were synthesized using cationic ring-opening
polymerization. Four polymers were obtained, namely, star-shaped poly-2-ethyl-2-oxazine
(CPh6-PEtOz), poly-2-isopropyl-2-oxazine (CPh6-PiPrOz), poly-2-ethyl-2-oxazoline (CPh6-
PEtOx), and poly-2-isopropyl-2-oxazoline (CPh6-PiPrOx) (Figure 1). Conformational be-
havior of star-shaped poly-2-alkyl-2-oxazines (CPh6-PAlOz) and poly-2-alkyl-2-oxazolines
(CPh6-PAlOx) were investigated by the methods of molecular hydrodynamics and optics
in molecular dispersed solutions. It was established that conformation characteristics
of CPh6-PAlOz and CPh6-PAlOx depended on arm length, while the chemical structure
weakly affected the solution behavior of the star-shaped pseudo-polypeptoids. The star-
shaped CPh6-PAlOz and CPh6-PAlOx are characterized by higher intramolecular density
in comparison with their linear analogs. Taking into account the prospects of practical
application, the influence of salt on the self-organization in CPh6-PAlOz and CPh6-PAlOx
solutions was studied [32]. NaCl and N-methylpyridinium p-toluenesulfonate (N-PTS)
were used as salts. It was found that the effect of salt on the thermosensitivity of the dis-
cussed stars depends on the structure of the salt and polymer and on the salt content in the
solution. For NaCl solutions, the phase separation temperature monotonically decreased
with the growth of salt concentration. In N-PTS solutions, the dependence of the phase
separation temperature on the salt concentration was non-monotonic with minimum at
salt concentration corresponding to one salt molecule per one arm of a polymer star.
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Figure 1. Structure of star-shaped CPh6-PEtOx (1), CPh6-PiPrOx (2), CPh6-PEtOz (3), and CPh6-
PiPrOz (4).

The aim of the present work is to investigate the effect of the arm structure and,
accordingly, the hydrophobicity of the molecules on self-organization and aggregation in
water solutions of thermoresponsive star-shaped CPh6-PAlOz and CPh6-PAlOx on heating.

2. Materials and Methods

2.1. Polymer Star Synthesis

The synthesis of star-shaped six-arm thermosensitive poly-2-alkyl-2-oxazolines and
poly-2-alkyl-2-oxazines with a hexaase [26] orthoparacyclophane core has been described
in detail earlier [25]. The molar mass characteristics of the samples were determined in
chloroform. The molar masses (MM) of CPh6-PEtOz and CPh6-PiPrOz are higher than
MM of CPh6-PEtOx and CPh6-PiPrOx (Table 1). Accordingly, the molar fraction ω of
hydrophobic groups in CPh6-PEtOz (7.2 mol %) and CPh6-PiPrOz (8.3 mol %) is almost
one and a half times lower than in CPh6-PEtOx (11.0 mol %) and CPh6-PiPrOx (11.8 mol %).
The values of dispersity factor Ð = Mw/Mn of investigated samples were calculated using
GPC curves which were obtained in [25]. However, it should be taken into account that
linear standards were used in the GPC analysis. Accordingly, the obtained Ð values should
be considered as an estimate of the polydispersion.

Table 1. Molar masses and average values of hydrodynamic radii of scattering object in aqueous solutions of investigated
stars-shaped CPh6-PAlOx and CPh6-PAlOz.

Polymer MsD, (1) g mol−1 Ð (2) Rh-D, (1) nm <Rf>, nm <Rm>, nm <Rs>, nm <Sf> <Sm> <Ss> C s

CPh6-PEtOz 23,000 1.27 3.5 3.9 ± 0.3 - 89 ± 8 0.09 - 0.91 0.07
CPh6-PiPrOz 20,000 1.24 3.3 4.1 ± 0.3 - 89 ± 9 0.10 - 0.92 0.07
CPh6-PEtOx 15,000 1.29 3.0 - 6.3 ± 0.7 84 ± 7 - 0.35 0.65 0.06
CPh6-PiPrOx 14,000 1.19 2.6 - 15 ± 1 86 ± 12 - 0.84 0.16 0.08

(1) the values of MsD and Rh-D were obtained in [25]. (2) the values of Ð were calculated using GPC curves which were obtained in [25].
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2.2. Solution Investigation

The thermosensitive behavior of star-shaped pseudo-polypeptoids was studied by
light scattering and turbidimetry on a PhotoCor Complex (Photocor Instruments Inc.,
Moscow, Russia) setup with a diode laser and a sensor for measuring optical transmission.
Wavelength is λ = 659.1 nm. The studies were carried out in the temperature range T from
5 to 75 ◦C. The value of T was changed discretely with a step from 0.5 to 5 ◦C and was
regulated with an accuracy of 0.1 ◦C.

The measurement procedure was described in detail [33]. For all solutions, the values
of the scattered light intensity I, optical transmission I*, hydrodynamic radii Rh of scattering
objects and their Si contribution to the total light scattering were determined. The Si values
were obtained from the area of the corresponding peak in the intensity distribution I
over Rh.

After the given temperature was established, only the dependences of the light scat-
tering intensity I and optical transmission I* on time t were recorded. These measurements
were carried out at a scattering angle of 90◦. When the changes in I were no more than 1%
over the time required for the accumulation and processing of the autocorrelation function,
the distribution of I over the hydrodynamic radii Rh was obtained, and the angular depen-
dences of the values of I, Rh, and Si were analyzed in the range of light scattering angles
from 45◦ to 135◦ in order to prove the diffusion nature of the modes, as well as to obtain
extrapolated values of Rh (Figure 2). In all experiments, the time teq required to achieve
time constant values of I, Rh, and Si was recorded. Since the phase separation temperatures
for CPh6-PEtOx and CPh6-PEtOz at c < 0.01 g cm−3 had values above 75 ◦C, measurements
for these solutions were carried out on a Zetasizer Nano ZS (Malvern Instruments Limited,
Worcestershire, UK) particle analyzer in the temperature range from 15 to 100 ◦C.

Đ were calculated using GPC 
curves which 

λ

τ

−

Figure 2. Relaxation time 1/τ on squared wave vector q2 for CPh6-PAlOz and CPh6-PAlOx at 21 ◦C.

The polymer concentrations varied from 0.0002 to 0.015 g cm−3 for CPh6-PiPrOx
and CPh6-PiPrOz and from 0.005 to 0.025 g·cm−3 for CPh6-PEtOx and CPh6-PEtOz. The
solutions were filtered into dust-free vials using Millipore filters with hydrophilic PTFE
membrane and pore size of 0.45 µm (Merck KGaA, Darmstadt, Germany).

Microcalorimetric studies of aqueous solutions of star-shaped CPh6-PAlOz and CPh6-
PAlOx were carried out on a MicroCal PEAQ-DSC microcalorimeter (Malvern Instruments
Limited, Worcestershire, UK) with a capillary cell with a volume of 0.507 mL at a heating
rate of 1 ◦C/min and a pressure of 50 kPa. The temperature range of measurements was
chosen depending on the characteristics of the polymer (from 5 to 60 ◦C for CPh6-PiPrOz
and from 15 to 100 ◦C for CPh6-PiPrOx, CPh6-PEtOx, and CPh6-PEtOz). The solution
concentrations varied from 0.001 to 0.015 g cm−3 for CPh6-PiPrOx and CPh6-PiPrOz, and
from 0.005 to 0.025 g cm−3 for CPh6-PEtOx and CPh6-PEtOz. The phase transition heat
∆H was calculated using the OriginLab taking into account the polymer concentration.
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3. Results and Discussion

3.1. Behavior of Star-Shaped Six-Arm Pseudo-Polypeptoids in Aqueous Solutions at
Low Temperatures

At low temperatures, the aqueous solutions of the studied polymer stars were not
molecularly dispersed; there were two types of scattering objects at all concentrations
(Figure 3). However, the behavior of CPh6-PAlOz and CPh6-PAlOx was markedly different.
In the case of CPh6-PEtOz and CPh6-PiPrOz, the radii Rf of the particles responsible for
the fast mode (Table 1) were close to the hydrodynamic radii Rh-D of the macromolecules
of the stars under consideration, determined in an organic solvent in which there were
no associative phenomena [25]. Therefore, particles with radius Rf could be considered
as individual star-shaped macromolecules. Taking into account the hydrophobicity of the
CPh6 core and the hydrophilicity of the PEtOz arms, it can be assumed that the structure
of CPh6-PAlOz molecules in aqueous solutions is similar to that of unimolecular micelles
of the core-shell type [34–37]. For both PAlOz stars, the Rf values did not depend on the
polymer concentration (Figure 4).

Figure 3. The distributions of light scattering intensity over hydrodynamic radii of scattering species for solutions of star-
shaped pseudo-polypeptoids. Rf, Rm, and Rs, are the hydrodynamic radii of macromolecules (fast mode), small aggregates
(middle mode) and large aggregates (slow mode), respectively. Sf, Sm, and Ss are contributions of the corresponding modes
to the total light scattering.

In exactly the same way, no concentration dependence was found for the species
responsible for the faster mode in CPh6-PEtOx and CPh6-PiPrOx solutions. However,
the radii Rm of these particles differed markedly from Rh-D for CPh6-PAlOx. For CPh6-
PEtOx, the concentration-averaged value <Rm> = (6.3 ± 0.7) nm is 2.1 times higher
than Rh-D = 3.0 nm. For CPh6-PiPrOx, the discussed parameters differed more strongly:
<Rm> = (15 ± 1) nm and Rh-D = 2.6 nm. Therefore, the species under discussion are
supramolecular structures. Similar aggregates, which are usually called micelle-like struc-
tures, have been repeatedly observed for stimulus-sensitive polymers [6,35,38–42], includ-
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ing the star-shaped PAlOx and PAlOz [43–46]. The formation of these supramolecular
structures in solutions of the studied CPh6-PAlOx is mainly caused by interaction of hy-
drophobic CPh6 core. This explains the difference in the behavior of CPh6-PAlOx and
CPh6-PAlOz. In the CPh6-PEtOz and CPh6-PiPrOz molecules, the hexaaza [26] orthopara-
cyclophane core is well shielded from water molecules by the hydrophilic corona formed
by the arms, that prevents the formation of aggregates. The lengths Ltsc of the chains of
PEtOz and PiPrOz are 15.9 and 12.1 nm [25]. These values are almost two times higher
than Ltsc for CPh6-PEtOx (Ltsc = 8.5 nm) and CPh6-PiPrOx (Ltsc = 6.9 nm). Accordingly, in
the case of CPh6-PAlOx, the arm length is not enough for reliable screening of branching
centers, and the interaction of the latter leads to the aggregate formation.

 

≈

≈

Figure 4. The dependences of the hydrodynamic radii Rh of scattering species on concentration c

for aqueous solutions of star-shaped CPh6-PEtOz and CPh6-PEtOx 15 ◦C and CPh6-PiPrOz and
CPh6-PiPrOx at 21 ◦C.

As was shown earlier, the shape of micelle-like aggregates is close to spherical [45].
The spherical form of molecules of polymer stars with a large number of relatively short
arms was proved theoretically [47] and experimentally [48]. These facts allow the esti-
mation of the aggregation degree magg as the ratio of volumes of the aggregates and the
macromolecules. For spherical particles, the volume is proportional to third power of their
radius and for investigated CPh6-PAlOx

magg ≈ (Rm/Rh-D)3 (1)

Thus, magg ≈ 9 and 200 for CPh6-PEtOx and CPh6-PiPrOx, respectively. Note that
such an approach is rough. First, the hydrodynamic radius is not the real dimension of
dissolved species. Second, the densities of aggregates and macromolecules are different. A
significant distinction in the magg values for CPh6-PEtOx and CPh6-PiPrOx may be caused
by the different hydrophobicity of their arms. Indeed, as shown by Winnik et al., PEtOx
dehydration begins at about 50 ◦C, while in the case of PiPrOx, this can occur already at
20 ◦C [7]. Consequently, in CPh6-PiPrOx molecules at 21 ◦C, there can be a noticeable
number of dehydrated units, the intermolecular interactions of which promote aggregation
and, in particular, an increase in the size of micelle-like structures.

In addition to unimolecular micelles or small aggregates, large aggregates with a
hydrodynamic radius Rs from 70 to 110 nm were detected in CPh6-PAlOz and CPh6-PAlOx
solutions. No systematic change in Rs with concentration was found. The average values of
the hydrodynamic radii <Rs> of these supramolecular structures for the studied polymers
are practically the same (Table 1). It can be assumed that these aggregates were formed
mainly by “defective” molecules, the number of arms which was less than six, and the arm
length was less than the average for the sample. The relative weight concentration cs of
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large aggregates is low. The cs value can be roughly estimated using the models of sphere
for macromolecules and micelle-like structures and coil for large aggregates. As is known,
the intensity Ii of ith specie is proportional to both the molar mass Mi and concentration c
of particles [49–51]

Ii ~ ciMi (2)

where Ii = SiI, I is integral light scattering intensity of solution, and Si is relative contribution
of ith specie in the I value. Si = Sf and ci = cf for macromolecules, Si = Sm and ci = cm for
micelle-like structures, and Si = Ss for large supramolecular structures (see Figure 3). The
particle radius Ri is related to its molar mass as Mi ~ Ri

x. Parameter x depends on the
particle shape, for example, x = 3 for spherical particles, x = 2 for coil structures, and x = 1
for rigid rods. Within the described approximations, we obtain for CPh6-PAlOz

cs/cf = (Sf/Ss) (Rs
2/Rf

3) (3)

and CPh6-PAlOx
cm/cf = (Sm/Ss) (Rs

2/Rm
3) (4)

The contributions Si of different particles for solutions of investigated stars did not
depend on polymer concentration. The average values of Sf, Sm, and Ss (<Sf>, <Sm>,
and <Ss>, respectively) are shown in Table 1. Substitution of <Sf>, <Sm>, and <Ss> into
Equations (3) and (4) gives values of relative concentration cs of large aggregates for each
polymer studied (Table 1). It is clearly seen that cs did not exceed 8%.

In order to estimate the aggregation degree magg for large aggregates, one can use
the previously proposed approach [52] based on comparing the translational friction
coefficients for macromolecules and aggregates. By modeling unimolecular micelles by
spheres, and large aggregates by ellipsoids of revolution, it is possible to show that the
aggregation degree associated with the parameters of the ellipsoid by the equation [52]:

magg = Vell/Vsph = p2Rf
3/8a3 (5)

where Vell is the volume of the modeling ellipsoid of revolution, Vsph is the volume of the
modeling sphere, p = a/b, a and b are the major and minor axes of ellipsoid. Herein, the
dependences of a and b on p for a model ellipsoid of revolution with a translational friction
coefficient f are described by the formulas

a = f /(6πη0F(p)) (6)

b = f /(6πη0pF(p)) (7)

where
aF(p) = (p2−1)1/2/(p ln((p + (p2−1)1/2)/(p−(p2−1)1/2)) (8)

For a given value of the translational friction coefficient of the ellipsoid, the magg
value turns out to be a rather weak function of the ellipsoid parameters. In the region of
“reasonable” values of the asymmetry factor 1 < p < 3, the change in magg is about 30%. In
particular, taking into account the values of Rh-D and Rs from Table 1, at p = 2, the values of
magg are from 10,000 to 20,000 for CPh6-PEtOz and CPh6-PiPrOz and from 15,000 to 25,000
for CPh6-PEtOx and CPh6-PiPrOx. Therefore, for all investigated stars at low temperatures,
the large aggregates contain from one to two tens of thousands of macromolecules.

Note that when estimating the relative weight concentration cs of large aggregates
and aggregation degree magg, we used the hydrodynamic radii of the particles and their
contributions to the integral value of light scattering, which were determined using a
PhotoCor Complex setup. Similar information for CPh6-PEtOz and CPh6-PEtOx solutions
was obtained using a Zetasizer Nano ZS particle analyzer. Figure S1 in Supplementary
Materials shows the corresponding distributions for solutions of these polymers. As might
be expected, they are qualitatively similar to the dependencies shown in Figure 3. The
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average values of hydrodynamic radii Rf, Rm and Rs obtained with different instruments
coincide within the experimental error. A similar situation takes place for the contributions
of particles to the integral light scattering intensity. However, one must keep in mind that
the accuracy of determining these parameters is significantly lower, and the experimental
error can reach 15%.

3.2. Behavior of Star-Shaped Six-Arm Pseudo-Polypeptoids in Aqueous Solutions on Heating

A phase transition was detected in aqueous solutions of the studied polymers on heat-
ing by methods of light scattering, turbidimetry, and microcalorimetry. The temperature T1
of the onset of phase separation was determined from the beginning of a sharp decrease
in optical transmission I* and the beginning of a strong increase in the light scattering
intensity I (Figure 5). Below T1, the characteristics of most of the studied solutions did not
change with temperature (Figures 5 and 6). Only in some solutions with PAlOx arms, when
approaching T1, a slight increase in intensity I was observed, caused by an increase in the
size Rs of large aggregates and their contribution Ss to the total intensity of light scattering.
This behavior distinguishes the studied polymers from the star-shaped PAlOz and PAlOx,
whose cores were calix [n] arenes (n = 4, 8) [46,53]. In solutions of the mentioned polymers,
the processes of aggregation and self-organization at the molecular level began long before
reaching T1. Probably, this is the manifestation of the role of the branching center in the
formation of the properties of thermosensitive stars in aqueous solutions.

Figure 5. Temperature dependences of relative light scattering intensity I/I15 and I/I21 and relative transmission I*/I*15 and
I*/I*21 for solutions of investigated star polymers. I15 and I21 are light scattering intensity at 15 ◦C and 21 ◦C, respectively.
I*15 and I*21 are optical transmission at 15 ◦C and 21 ◦C, respectively.
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Figure 6. Temperature dependences of hydrodynamic radii Rh of scattering objects for aqueous solutions of star-shaped
pseudo-polypeptoids.

Above T1, the light scattering intensity increased very rapidly with temperature,
achieving the maximum value near the temperature T2, at which the optical transmission
became zero (Figure 5). T2 can be considered as the temperature of the finishing of the phase
separation according to turbidimetry data. The reason for the observed behavior of light
scattering is the growth of radius of the large aggregates (Figure 6) which is often observed
for thermosensitive polymer stars [43,46,54–56]. At T ≥ T1, macromolecules in solutions
of CPh6-PAlOz and small aggregates in solution of CPh6-PAlOx were not detected by the
dynamic light scattering. Thus, at T > T1, the dominant process in solutions of the studied
star-shaped polymers was aggregation as a result of an increase in dehydration degree on
heating and the formation of intermolecular hydrogen bonds. Above T2, a decrease in the I
and Rs values was observed, however, a quantitative analysis of these data is impossible,
since in this region the solutions are turbid and light scattering is multiple.

The microcalorimetric endotherms of the aqueous solutions of CPh6-PAlOx and
CPh6-PAlOz are shown in Figure 7. The dependences of the phase transition heat on the
concentration ∆H for the studied polymer stars had a form typical for thermosensitive
polymers (Figure 8). Thus, no qualitative change in thermodynamic behavior was observed
on passage from linear polymers to star-shaped polymers. On the other hand, the influence
of the arm structure was clearly visible. As can be seen in Figure 8, for polymer stars
containing isopropyl groups, the ∆H value was almost an order of magnitude higher than
the phase transition heat for CPh6-PEtOz and CPh6-PEtOx, that can explain the lower
hydrophobicity of the latter. It should also be noted that ∆H was slightly higher for the
star-shaped CPh6-PAlOz in comparison with this characteristic for CPh6-PAlOx.
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Figure 7. Microcalorimetric endotherms of CPh6-PiPrOz and CPh6-PiPrOx (c = 0.015 g cm−3) and CPh6-PEtOz and
CPh6-PEtOx (c = 0.025 g cm−3) in water (rate 1.0 ◦C/min).

Figure 8. Concentration dependences of enthalpy for the studied aqueous solutions.

From the obtained values of ∆H, the temperatures of the peak maximum and the
maximum heat capacities, one can calculate the Van’t Hoff enthalpy ∆HvH [57,58]:

∆HvH = 4RTp
2(Cp

max/∆H) (9)

where Tp is the temperature of the maximum, Cp
max is the heat capacity at Tp, and R is

universal gas constant. The ratios n’ = ∆HvH/∆H gives information about the number
of structural units of the polymers that cooperate with each other in the transition [59],
i.e., so-called “cooperative units”. The values of ∆HvH, ∆H and n’ given in Table 2 were
obtained for solutions with the maximum polymer concentration: c = 0.015 g cm−3 for
CPh6-PiPrOz and CPh6-PiPrOx and c = 0.025 g cm−3 for CPh6-PEtOz, CPh6-PEtOx. The
highest n’ value was obtained for CPh6-PEtOx, which is the most hydrophilic, while for
the most hydrophobic CPh6-PiPrOz, the n’ parameter has the lowest value.

Table 2. Thermodynamic characteristics of solutions of star-shaped pseudo-polypeptoids.

Polymer ∆HvH, kJ/mol ∆H, kJ/mol n’

CPh6-PEtOz 6.0 0.3 20
CPh6-PiPrOz 1.8 2.4 0.75
CPh6-PEtOx 10.1 0.2 50
CPh6-PiPrOx 3.4 2.2 1.5
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3.3. Concentration Dependences of Phase Separation Temperatures for Aqueous Solutions of
Investigated Polymer Stars

Figure 9 shows the concentration dependences of temperature T1 obtained for the
studied polymers. The phase separation temperatures increased with dilution. This is
typical for dilute solutions of thermosensitive polymers. Table 3 compares the phase sepa-
ration temperatures according to turbidimetry (T1 and T2) and microcalorimetry (Tonset
and Tp) data (Tonset is temperature of the onset of phase separation (see Figure 7)). For
all polymers, the temperatures of the onset of phase separation, determined by discussed
methods, differed insignificantly. On the other hand, the values of T2 and Tp for stars with
arms containing isopropyl groups differed by 8 ◦C. The observed distinctions can be asso-
ciated with both different physical bases of the methods and with different experimental
procedures (discrete temperature variation and constant heating).

 

Figure 9. Concentration dependencies of the phase separation temperature T1 for star-shaped
CPh6-PAlOz and CPh6-PAlOx.

Table 3. Phase separation temperatures of solutions of star-shaped pseudo-polypeptoids at concen-
tration c = 0.015 g cm−3.

Sample Tonset,
◦C Tp, ◦C T1, ◦C T2, ◦C

CPh6-PEtOz 63 70 65 70
CPh6-PiPrOz 20 31 20 23
CPh6-PEtOx 75 83 74 -
CPh6-PiPrOx 33 47 34 39

The lower critical solution temperature (LCST) was determined only for CPh6-PiPrOz.
Taking into account the character of the dependences of T1 on c, it can be assumed that for
other samples LCST slightly differs from the T1 value obtained at the maximum studied
concentration. As for the absolute values of the phase transition temperatures, for stars with
oxazoline arms, they do not differ very much from the cloud points for linear [6,20,33,60]
and star-shaped [26,27,33,53,61] PEtOx and PiPrOx. For PAlOz, the data are much less even
for linear polymers [20,24], and for star-shaped CPh6-PAlOz they are absent at all. Besides,
when analyzing the phase separation temperatures, it is necessary to take into account
the influence of at least the molar mass of the polymer and the hydrophilic-hydrophobic
balance [33], and it is rather difficult to draw reliable conclusions about the “chemical
structure—macromolecule architecture—phase separation temperature” correlations.

As expected, for stars with more hydrophilic arms CPh6-PEtOz and CPh6-PEtOx,
higher phase separation temperatures were obtained in comparison with T1 for the CPh6-
PiPrOz and CPh6-PiPrOx solutions. This difference is quite large, at a given concentration it
is 40–45 ◦C and correlates with the data for linear PEtOx and PiPrOx [20,33,60]. At passage
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from PAlOx to PAlOz, the hydrophobicity of the polymer increases as a result of the
elongation of the monomer unit by one –CH2– group. This leads to a decrease in the phase
separation temperature. In the investigated concentration range, in the pair of CPh6-PEtOz
and CPh6-PEtOx, the T1 values differ by 5–10 ◦C, and for CPh6-PiPrOz and CPh6-PiPrOx
the distinction is more (from 14 to 17 ◦C). It should be borne in mind that CPh6-PEtOz and
CPh6-PiPrOz are characterized by higher molar mass. This should have led to a decrease
in the phase separation temperatures for stars with PAlOz arms. Therefore, the discussed
difference in the T1 values for CPh6-PAlOz and CPh6-PAlOx could be slightly smaller if
the compared samples had similar molar masses and hydrophilic-hydrophobic balance.

Note that the values of the phase separation temperatures and LCST can be signif-
icantly influenced by the polydispersion of the samples [62]. Therefore, the dispersion
should be taken into account when analyzing the T1 values. However, as can be seen
from Table 1, the values of Ð for the studied CPh6-PAlOz and CPh6-PAlOx are close.
Accordingly, it can be assumed that the effect of polydispersion will be minimal.

The effect of the structure of the studied stars is most pronounced when comparing
CPh6-PEtOz and CPh6-PiPrOx. The monomer units of the arms of these polymers have
the same set of atoms and groups, but for CPh6-PEtOz the phase separation temperatures
are about 40 ◦C higher than T1 for CPh6-PiPrOx. Consequently, the position of the –CH2–
group, namely in the main chain or in the side fragments, is a decisive factor determining
the phase separation temperature. Note also that the difference in the T1 values for
CPh6-PEtOz and CPh6-PEtOx is significantly less than the corresponding difference for
CPh6-PiPrOz and CPh6-PiPrOx, i.e., the higher the hydrophobicity of the homologues, the
greater the difference in the phase separation temperatures of their solutions.

4. Conclusions

Aqueous solutions of star-shaped six-arm pseudo-polypeptoids on heating were
investigated within a wide concentration and temperature ranges. Poly-2-ethyl-2-oxazine,
poly-2-isopropyl-2-oxazine, poly-2-ethyl-2-oxazoline, and poly-2-isopropyl-2-oxazoline
were arms and hexaaza [26] orthoparacyclophane was core.

At low temperatures, the behavior of the solutions depended on the structure and
size of arms. Macromolecules, more precisely unimolecular micelles, and large aggregates
were observed in solutions of poly-2-alkyl-2-oxazines, while in solutions of poly-2-alkyl-
2-oxazolines there were two types of aggregates. The formation of the smaller ones is
caused by interaction of hydrophobic CPh6 core, because the short arms do not sufficiently
shield them from the solvent. In addition to unimolecular micelles and small aggregates, in
aqueous solutions of the studied polymer stars, large loose aggregates were present, which
contained from 10,000 to 25,000 macromolecules. These supramolecular structures were
formed mainly from molecules, the arm number in which was less than six, and the arm
length was less than the average for the sample. The weight fraction of large aggregates
did not exceed 8%.

On heating below the phase separation temperature, in contrast to the previously
studied pseudo-polypeptoids with a calix[n]arene core, the characteristics of the CPh6-
PAlOz and CPh6-PAlOx solutions were practically independent of temperature. This
behavior can be explained by the influence of the structure of the branching center. Within
the phase separation interval, the prevailing process was aggregation due to the formation
of intermolecular hydrogen bonds. This led to the fact that unimolecular micelles and
small aggregates attached to large aggregates or formed new supramolecular structures,
the size of which increased on heating.

For all investigated solutions, the phase separation temperatures increased with
dilution, but LCST was determined reliably only for star with poly-2-isopropyl-2-oxazine
arms. At a given concentration, the phase separation temperatures for poly-2-alkyl-2-
oxazoline stars with CPh6 core differed from their values for linear analogs and stars with
branch centers of a another structure. These differences are insignificant and can be caused
both by the difference in the structure and architecture of the molecules of the compared
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samples, and by the influence of the molar mass of the polymers. It was shown that an
increase in the arm hydrophobicity leads to a decrease in the phase separation temperature
of the aqueous solutions of studied stars. In particular, their values for poly-2-alkyl-2-
oxazolines are higher than for poly-2-alkyl-2-oxazines. On passage from CPh6-PEtOz to
CPh6-PiPrOz and from CPh6-PEtOx to CPh6-PiPrOx, the phase separation temperatures
decreased. Besides, for polymer stars containing isopropyl groups, the phase transition
heat was almost an order of magnitude higher than the ∆H value for star with ethyl groups
in side fragment of arms.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13091429/s1, Figure S1: The distributions of scattering species over hydrodynamic radii
for solutions of star-shaped CPh6-PEtOx and CPh6-PEtOz. Rf, Rm, and Rs, are the hydrodynamic
radii of macromolecules (fast mode), small aggregates (middle mode) and large aggregates (slow
mode), respectively.
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