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Abstract: Thermosensitive polymers P1–P6 of N-isopropylacrylamide (PNIPA) and poly(ethylene
glycol) dimethacrylates (PEGDMAs), av. Mn 550–20,000, were synthesized via surfactant-free precipi-
tation polymerization (SFPP) using ammonium persulfate (APS) at 70 ◦C. The polymerization course
was monitored by the conductivity. The hydrodynamic diameters (HDs) and the polydispersity
indexes (PDIs) of the aqueous dispersion of P1–P6 in the 18–45 ◦C range, assessed via dynamic
light scattering (DLS), were at 18◦ as follows (nm): 73.95 ± 19.51 (PDI 0.57 ± 0.08), 74.62 ± 0.76
(PDI 0.56 ± 0,01), 69.45 ± 1.47 (PDI 0.57 ± 0.03), 196.2 ± 2.50 (PDI 0.53 ± 0.04), 194.30 ± 3.36
(PDI 0.56 ± 0.04), 81.99 ± 0.53 (PDI 0.56 ± 0.01), 76.87 ± 0.30 (PDI 0.54 ± 0.01), respectively. The elec-
trophoretic mobilities estimated the zeta potential (ZP) in the 18–45 ◦C range, and at 18 ◦C they were
as follows (mV): −2.57 ± 0.10, −4.32 ± 0.67, −5.34 ± 0.95, −-3.02 ± 0.76, −4.71 ± 2.69, −2.30 ± 0.36,
−2.86 ± 0.42 for polymer dispersion P1–P6. The polymers were characterized by attenuated total
reflectance–Fourier transform infrared spectroscopy (ATR-FTIR), H nuclear magnetic resonance (1H
NMR), thermogravimetric analysis (TG/DTA), Differential Scanning Calorimetry (DSC), and powder
X-ray diffraction analysis (PXRD). The length of the cross-linker chain influences the physicochemical
properties of the obtained polymers.

Keywords: nanoparticles; N-isopropylacrylamide; poly(ethylene glycol) dimethacrylates; lower
critical temperature solution; anionic initiator; ammonium persulfate; electrical conductivity

1. Introduction

The development of nanotechnology in pharmaceutical and biomedical sciences is the
most promising area of research in the context of improving the effectiveness of pharma-
cotherapy. The main requirements of modern pharmacological treatment are to improve
its specificity by developing targeted therapy, to adjust the optimal pharmacokinetics, to
reduce adverse reactions, and to avoid the drug substance’s impact on healthy tissues.
These features are particularly beneficial in the treatment of antibiotics, anticancer, and
antiviral drugs [1].

Potential materials meeting the requirements of modern pharmacotherapy are three-
dimensional polymer networks that react to environmental stimuli in a reversible manner,
e.g., anionic or cationic polymers or ion-sensitive polymers, which may reversibly enable
release of a drug from their structure, depending on pH or specific ion presence [2–4]. Due
to their specific responsive nature to external stimuli, these materials are also commonly
referred to as smart polymers. The variety of possible modifications to their structure,
which impacts their physicochemical properties, supports their utility as a drug carrier.
Properly selected features of such material could enhance their practical use in the medical
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sector [5–7]. The synthesis of polymers with cross-linking agents allows the production of
products possessing different reaction thresholds towards external factors, like temperature,
pH, and ionic strength, in contrast to the basic linear structure of the polymer. Currently,
the objective is to procure polymers with precisely selected parameters that would enable
the overcoming of anatomical barriers and the controlled release of the drug substance at
the intended site [8,9].

Sensitivity to external stimuli is a characteristic commonly displayed by various
biopolymers found in living organisms. The observation of these polymers interacting
with their environment led to the proposition of manufacturing synthetic analogues with
regulated sensitivity. Resilin is an instance of such a compound, a protein present in the
cuticle of the fruit fly (Drosophila melanogaster), characterized by above-average mechanical
strength and elasticity. The features that define resilin become apparent upon exposure to
mechanical stimuli, and these changes are reversible. Resilin stores energy during periods
of stretching and then rapidly releases this energy, thereby enabling dynamic movements.
Following each cycle of stretching and contraction, the material returns to its original
form without any loss of functionality [10–13]. In response to stressful conditions, both
prokaryotic and eukaryotic organisms have evolved a protective mechanism comprising
guardian proteins, also known as heat shock proteins (HSPs). These proteins are responsible
for maintaining cellular homeostasis and are induced by a variety of stressors, including
heat shock. Upon the removal of the stressor, HSPs can return to their normal state [14,15]

Polymers that respond to changes in temperature, particularly those with a phase
transition temperature near the human body’s physiological temperature, are regarded
as an effective drug delivery system with controlled release of active substances [16]. The
applicability of temperature-responsive polymers as carriers for selected active pharma-
ceutical agents was investigated. Poly N-isopropylacrylamide (PNIPA) was studied as
a mesalazine carrier [17], whereas poly(N-isopropylacrylamide-co-acrylic acid) was ap-
plied in research on doxorubicin [18] and ibuprofen [19]. Voriconazole was investigated
using chitosan-graft-poly(N-isopropyl acrylamide) and polyvinyl alcohol [20]. The ease of
adjusting the temperature stimulus intensity in experimental settings and the feasibility
of conducting in vitro and in vivo testing account for the widespread usage of thermally
responsive polymers in research [16]. These polymers are also anticipated for application in
regenerative medicine to retrieve cells of two-dimensional tissues from culture media [21].

Poly PNIPA is a temperature-responsive polymer that has gained attention from medi-
cal researchers due to its phase transition temperature, which is similar to the physiological
temperature of the human body [22]. At its lower critical solution temperature (LCST)
of 32 ◦C, according to our measurements, PNIPA may undergo a rapid phase transition.
Below this temperature, PNIPA mixes with water in an unlimited way due to the for-
mation of hydrogen bonds between the hydrophilic groups (-CONH-) and the solvent
molecules. This results in the solvation of the polymer [22]. The binding of water molecules
by hydrophilic fragments of the PNIPA molecule leads to a decrease in the strength of
polymer–polymer interactions and the loosening of the macromolecule chain structure,
which takes on the so-called coil form [23]. As the ambient temperature increases, the
hydrogen bonds weaken, while the strength of hydrophobic interactions between isopropyl
substituents (-CH(CH3)2) [22] increases. This, along with the increase in the entropy of
water molecules at isopropyl groups, leads to the release of water from connections with
amide groups. Upon reaching and surpassing the LCST, the chain conformation transforms
into a hydrophobic globular form (globule), causing polymer aggregates to precipitate
from the solution [24]. PNIPA and its derivatives are potential carriers for drug substances
in targeted therapy and the development of new controlled drug release systems due to
numerous studies published in recent decades [25–30]. The significant advantage of using
this polymer in these applications is its lack of cytotoxicity [31,32]. The modification of
the linear structure of PNIPA during the synthesis of hydrogels based on it achieved bio-
compatibility and biodegradability [33,34]. The combination of PNIPA with cross-linking
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agents creates better conditions for loading the drug into the hydrogel network and enables
drug release after reaching an LCST equal to or higher than the desired temperature [21].

The development of controlled drug release systems involves the linking of PNIPA chains
with biodegradable compounds, such as poly(ε-caprolactone) dimethacrylate (PCLDMA) and
bisacryloylcystamine (BACy), which are easily degraded at the site of application [35,36].
This construction allows for a rapid release of the initial dose of the drug substance after
the biodegradable components degrade. The maintenance dose remaining in the polymer
network is released gradually due to the gradual pushing out of the drug molecules from
the shrunken PNIPA chains [33].

An important aspect of drug carriers in targeted anticancer therapy is the controlled
release of cytostatic substances. This is necessary to prevent the drug from being released
into the bloodstream and causing systemic effects. A beneficial carrier should provide
specific drug permeability and drug targeting to enable drug activity in desirable regions of
the body, e.g., in the cancerous tissue or in infected body areas, and should not demonstrate
toxic effects on healthy tissues [35–39]. The use of PNIPA as a carrier in targeted therapy is
related to its thermosensitive properties and the processes in cancer cells. Cancer tissue’s
rapidly dividing cells require a constant supply of nutrients, which is the responsibility of
the blood vessels produced during cancer angiogenesis.

One feature of vessels created in this manner is the absence of smooth muscles, which
renders them unresponsive to neurotransmitter-induced contractions. As a result, the blood
flow through the vessels remains constant, leading to an increase in temperature in the
neoplastic region [40]. An appropriately modified structure of the PNIPA hydrogel, with
an LCST equal to the temperature of the tumor tissue (1–2 ◦C higher than the physiological
temperature), could be used as a carrier for cytostatic drugs.

The use of PNIPA in cell culture for regenerative medicine is based on changes in
surface polarity and hydration, which affect cell adsorption. Culturing is performed
in a medium with a temperature above the LCST. This exposes isopropyl groups and
eliminates bound water, facilitating cell adhesion. Material recovery is possible by reducing
the temperature below 32 ◦C, which causes hydration and changes in the polymer’s
conformation. This results in reduced cell adhesion and detachment of the tissue layer. The
method enables the acquisition of cell monolayers from two-dimensional tissues, such as
epithelial tissue, without harming the cells or their connections. This is in contrast to other
invasive methods, such as mechanical or enzymatic methods [21].

Another medical application for PNIPA is the development of dressings that incor-
porate chains of the polymer into their structure. The intended use of such materials is
the treatment of wounds that are difficult to heal, deep, leaky, and prone to infection,
such as burns or surgical incisions. Hybrid hydrogels containing PNIPA in their structure
can meet the following requirements: good air permeability, ability to absorb exudate,
ensuring proper hydration, and protection against infection. In addition, the transparency
of PNIPA-based materials allows the wound healing process to be monitored. On the
other hand, the synthesis of hybrid hydrogels allows their properties to be adapted to the
needs of the target material [41]. Combinations of PNIPA with microcrystalline cellulose
increase the strength of the product [42]: with calcium alginate, they allow the maintenance
of appropriate wound moisture [43]; with silver nanoparticles, they provide antibacterial
properties [44]; and with boron nitride nanolayers, they improve adhesive properties [45].

Poly(ethylene glycol) dimethacrylates (PEGDMAs) belong to the group of poly-
oxyethylene glycol derivatives. The presence of double bonds between the carbon atoms of
the methacrylic group demonstrates their ability to attach molecules with unpaired elec-
trons, accompanied by the transfer of the radical center [46]. They are most commonly used
as cross-linkers in the synthesis of polymer hydrogels and branched polymers by radical
polymerization [47,48]. In medicine, TETGDMA is used as a component of light-curing
dental composites used in aesthetic enamel reconstruction procedures—it is a component
of the organic phase formed by methacrylate resins. It is also considered as a replacement
for the components of resin matrices currently used in medicine.
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The aim of this work was to synthesize the cross-linked structure of six PNIPA deriva-
tives and to determine the effect of PEGDMAs of different chain lengths, used in the
synthesis as cross-linking agents, on the physicochemical properties of the PNIPA deriva-
tives obtained. Analysis of the results of the instrumental tests carried out made it possible
to determine the usefulness of the product synthesized as a potential temperature-triggered
drug carrier.

2. Materials and Methods
2.1. Materials

N-isopropylacrylamide (NIPA) (99% St. Louis, MO, USA), ammonium persulfate (APS)
(98%, Sternheim, Germany), poly(ethylene glycol) dimethacrylate (PEGDMA) (average
Mn ~550, ~750, ~2000, ~6000, ~10000, ~20000, St. Louis, MO, USA), were purchased from
Sigma Aldrich. Dialysis tubing cellulose membrane (MWCO 12,000–14,000 Da St. Louis,
MO, USA) was also obtained from Sigma Aldrich. The deionized water (<0.06 µS cm−1)
was filtered using an HLP 20 system (microfiltration capsule 0.22 µm, Hydrolab, Straszyn,
Poland). It met the requirements of the PN-EN ISO 3696:1999 standards for analytical
laboratories. All chemicals and solvents were used as received without further purification
or modification.

2.2. Synthesis

Six thermosensitive homopolymers (P1–P6) were synthesized using cross-linking
agent PEGDMA and anionic initiator APS via free radical precipitation polymerization
without the addition of a surfactant (SFPP). The reaction was conducted for 6 h at 70 ◦C in
an aqueous environment with continuous stirring (2500 rpm) under an inert N2 atmosphere.
Table 1 shows the substrate composition and product names and acronyms.

Table 1. Substrate compositions of P1, P2, P3, P4, P5, and P6 cross-linked polymers.

Components
Type of Co-Polymer Nanoparticle System

P1 P2 P3 P4 P5 P6

Monomer (g) NIPA 5.0099 4.9911 5.0246 5.0090 5.0022 5.0020
Anionic initiator (g) APS 0.5051 0.5062 0.5037 0.5054 0.5017 0.5005

Cross-linkers (g)

PEGDMA (Mn~550) 0.5164 - - - -
PEGDMA (Mn~750) - 0.5383 - - -
PEGDMA (Mn~2000) - - 0.5080 - -
PEGDMA (Mn~6000) - - 0.5088 -

PEGDMA (Mn~10000) 0.5041
PEGDMA (Mn~20000) - - 0.5005

The post-reaction mixture underwent purification through forced equilibrium dialysis
(FED) against deionized water, followed by lyophilization for 26 h using Alpha 1-2 LD
(Martin Christ Freeze Dryers, Osterode am Harz, Germany). The resulting polymers were
analyzed using ATR-FTIR, TG, DSC, and PXRD techniques.

2.3. Conductivity Analysis

The CC-505 conductometer (Elmetron, Gliwice, Poland) was used to measure the
conductivity of the reaction mixture during polymerization at a constant temperature
of 70 ◦C. The conductivity was also measured after synthesis during the cooling pro-
cess. The instrument had an accuracy of up to 19,999 mS·cm−1 ± 0.1% for values below
20,000 mS·cm−1 and ± 0.25% for values above 20,000 mS·cm−1. The conductometer was
fitted with an EC-60 immersion conductometric sensor featuring platinum electrodes and a
glass housing (K = 1.0 ± 0.2 cm−1, Elmetron, Gliwice, Poland), as well as a Pt-1000A temper-
ature sensor (0–100 ± 0.35 ◦C). Both sensors were continuously submerged in the reaction
mixture. Temperature compensation was manually ensured during the polymerization
reaction and automatically during the cooling process.
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2.4. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy Measurements

The Nicolet iS50 FT-IR spectrometer, equipped with a monolithic diamond crystal
universal ATR sampling accessory (Thermo Fisher Scientific, Madison, WI, USA), was used
to conduct attenuated total reflection Fourier transform infrared analysis (ATR-FTIR). The
prepared samples P1–P6 were analyzed in the infrared region from 4000 to 400 cm−1 with
an average of 32 scans taken at resolution 4 cm−1 ± 0.01 cm−1 at room temperature. A
deuterated L-alanine-doped triglycene sulphate detector (DLaTGS) was used. The ATR
module was cleaned with methanol and dried before measuring the sample. The back-
ground spectrum was obtained by using a blank ATR crystal and automatically subtracted
from the sample spectrum. The ATR-FTIR spectra of substrates in commercial form and
the lyophilized polymerization products were measured under identical instrument condi-
tions at ambient temperature. The spectral data were processed using OMNIC software
(version 9, Thermo Fisher Scientific, Madison, WI, USA), and the substances were compared
by qualitative analysis.

2.5. Hydrodynamic Diameter and Polydispersity Index Measurements

The dynamic light scattering (DLS) technique was used to measure the hydrodynamic
diameter (HD), distributions, and polydispersity index (PDI) of the dispersion of aqueous
polymer particles. A Zetasizer Nano ZS ZEN3600 device (Malvern Instruments, Malvern,
UK) equipped with a standard red He-Ne laser (4 mW, λ = 633 nm) was used for the mea-
surements. A sensitive avalanche photodiode detector (APD) was placed at a 173◦ angle,
and non-invasive backscattering (NIBS) technology was applied. A laser beam attenuator
was used to regulate the light intensity during the measurement. The measurements were
conducted in a translucent polyacrylic disposable DTS-0012 cuvette (Malvern Instruments,
Malvern, UK) filled with 1 mL of purified polymer dispersion that was not diluted and
had no precipitation after dialysis. The cuvette was placed in a temperature-controlled
measurement cell. The sample was equilibrated for 240 s before measurement at each new
temperature. DLS measurements were recorded in 1 ◦C increments from 18 to 45 ◦C. The
number of runs per measurement was automatically adjusted within the range of 10–100.
The cumulants analysis algorithm was used to estimate the HD and PDI parameters. The
methods for calculating these parameters are defined in ISO standard documents: ISO
13321:1996E and ISO 22412:2008 [49–51]. The refractive index and viscosity of water were
used as dispersant parameters, while polystyrene latex was used as the material param-
eter for calculations. The average values of HD and PDI data were obtained from five
consecutive measurements at each temperature, as indicated in the figures. The repeated
results were in good agreement. The size distribution was presented by intensity, with PDI
value 0 for highly monodispersed standard. Zetasizer® software version 7.10 was used to
create custom standard operating protocols (SOPs) for use on subsequent samples without
modification and to process data from DLS measurements. The statistical analysis was
conducted using descriptive statistical methods.

2.6. Zeta Potential Measurements

A Zetasizer Nano ZS ZEN3600 device (Malvern Instruments, Malvern, UK) was used
to measure the zeta potential of polymer particles in aqueous dispersion. The measure-
ment was carried out using the laser Doppler electrophoresis technique (laser Doppler
velocimetry, LDV). The Henry equation was approximated using the Smoluchowski model
(f(Ka) = 1.5). Measurements were taken using a 0.75 mL U-shaped plastic capillary cu-
vette with built-in gold-plated copper electrodes (Malvern Instruments, Malvern, UK).
The temperature range was 18–45 ◦C, with measurements taken every one degree and an
equilibration time of 120 s at each temperature. The zeta potential value was determined by
averaging five measurements at each temperature. The measurements were recorded with
Zetasizer® software (version 7.11). The statistical analysis was conducted using descriptive
statistical methods.
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2.7. Thermogravimetric Measurements

A TG 209 F1 Libra instrument with an automatic sample changer (ASC) (Erich NET-
ZSCH GmbH and Co. Holding KG, Selb, Germany) was used to conduct thermogravi-
metric analysis (TGA). The thermal decomposition experiment was carried out under
non-isothermal heating conditions. The samples weighing 5.0 ± 0.02 mg were heated from
25 to 800 ◦C at heating rate 5.0 ◦C·min−1 under high-purity nitrogen atmosphere with a
flow rate of 50 mL·min−1. Standard, opened alumina, Al2O3, crucibles (150 µL) were used.
The lyophilized material was compacted into the crucible with a rammer. The material
was not graded. Weight loss measurements were recorded continuously, as a function of
temperature and time. The data were recorded and processed using Netzsch Proteus 7.1.0
analysis software (Selb, Germany).

2.8. Differential Scanning Calorimetry Measurements

A DSC 214 Polyma instrument (Netzsch, Selb, Germany) equipped with an Intracooler
IC70 (Netzsch, Selb, Germany) was used to perform the differential scanning calorimetry.
The lyophilized samples, weighing3.0 ± 0.07 mg, were placed in standard aluminum
crucibles (~25 µL) with vented covers and scanned against an empty reference crucible of
the same type. All measurements were conducted under high-purity nitrogen atmosphere
at a flow rate of 50 mL·min−1. The samples underwent programmed heating and cooling
between 25 and 240 ◦C at a rate of 5.0◦C·min−1. The experimental running conditions,
according to set temperature program heating/cooling/heating/cooling/heating, were
as follows: heated to 240◦C, isothermal 2 min, cooled to 25◦C, isothermal 5 min. The
experimental data were analyzed using Netzsch Proteus® 7.1.0 analysis software (Netzsch,
Selb, Germany). The synthesized polymers P1–P6 were analyzed using differential scanning
calorimetry to determine the characteristic quantities of the glass transition Tg. These
quantities include the onset, midpoint, inflection, endset temperature, and glass transition
height ∆Cp.

2.9. Powder X-ray Diffraction Measurements

The P1–P6 polymer samples were ground in an agate mortar and analyzed using a
Bruker D2 PHASER X-ray diffractometer (Bruker AXS, Karlsruhe, Germany) equipped
with a LynxEYE detector. The X-ray powder diffraction patterns were recorded in the
Bragg–Brentano (θ/2θ) horizontal geometry. For XRD measurements, the samples were
irradiated between 5◦ and 70◦ with 0.02◦ increments, using monochromatic Ni-filtered
CuKα1.2 radiation (λ = 1.5418 Å) at an angle of 2θ and τ = 4 s/step. The voltage was
set to 30 kV and the electric current to 10 mA. The rotation of sample was 15 min−1, the
divergence slit 1.0 mm, and the shutter 0.5 mm. A sample holder with a small cavity of
20 mm × 0.5 mm and a diameter of 51.5 mm (Brucker AXS, C79298-A3244-B261, Karlsruhe,
Germany) was used to measure the samples at 295 K in ambient atmosphere. The samples
were placed on the holder and pressed to create a flat surface.

Diffrac.Eva V 3.2 software (Bruker AXS, Karlsruhe, Germany) was used to analyze
and process the PXRD data.

3. Results
3.1. Synthesis

Polymers P1–P6 were synthesized via a free radical polymerization technique accord-
ing to Pelton’s methodology described in numerous articles.

The synthesis process for polymers P1–P6 is displayed in a chosen exemplary general
scheme, as illustrated in Figure 1.
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Figure 1. Polymerization reaction scheme of NIPA with PEGDMA under the experimental conditions
employed in this study, together with the suggested polymer structure.

The molar ratios of NIPA, APS, and cross-linker PEGDMA required for the syn-
thesis of polymers P1–P6 were as follows: NIPA:APS:PEGDMA (Mn~550)—1:0.05:0.02;
NIPA:APS:PEGDMA (Mn~750)—1:0.05:0.02; NIPA:APS:PEGDMA (Mn~2000)—1:0.05:0.006;
NIPA:APS:PEGDMA (Mn~6000)—1:0.05:0.002;—NIPA:APS:PEGDMA (Mn~10000)—
1:0.05:0.001; NIPA:APS:PEGDMA (Mn~20000)—1:0.05:0.0007. The detailed composition of
the polymers is given in Table 1.

More information on the synthesis procedure can be found in Section 2.2. From 100 mL
of purified polymer solutions, 0.37605 g of P1, 0.37858 g of P2, 0.41609 g of P3, 0.47413 g
of P4, 0.46013 g of P5, and 0.43545 g of P6 polymers were obtained through freeze-drying.
The resulting products were a white solid with a wattle-like consistency.

3.2. Conductivity Measurements

Figure 2A–F show the time-dependent conductivity changes observed during the
synthesis of P1–P6 at 70 ◦C. The conductivity change profiles among the P1–P6 mixtures
demonstrate distinct differences during the first 20 s after the polymerization process began,
as illustrated in the bottom plots of Figure 2A–F.
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Figure 2. Conductivity changes observed in the reaction systems in the course of synthesis of P1
(A), P2 (B), P3 (C), P4 (D), P5 (E), P6 (F) polymers at T = 70 ◦C. Point (a) determines the moment of
addition an initiator−APS, point (b) the addition of the aqueous solution of the monomers−NIPA
and appropriate PEGDMAs, point (c) the beginning of visible change in cloudiness of the reaction
mixture, point (d) the complete turbidity of the reaction mixture.

Figures 3 and 4 show the conductivity profiles of the reaction mixtures P1–P6 as they
cool to room temperature as a function of temperature and time, respectively.
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3.3. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy Analysis

The monomers NIPA and five PEGDMAs, the initiator APS, and the synthesized
polymers P1–P6 were characterized using ATR-FTIR spectroscopy. Figure 5 displays the
typical ATR-FTIR spectra of the substrates and products, with characteristic bands labelled.
The spectra of NIPA and APS have been previously described in detail in our studies [52].
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Figure 5. Fourier-transformed infrared spectroscopy with attenuated total reflectance (ATR−FTIR):
spectra of monomer−N-isopropylacrylamide (NIPA), initiator−ammonium persulfate (APS), cross-
linkers (PEGDMA), and synthesized polymers P1–P6.

Peaks at approximately 1715, 1637, 1097, 841, and 655 cm−1 in the spectra of PEGDMA
cross-linkers are attributed to C=O, C=C, C-O-C, C=C-H, and C=C-H bending vibrations,
respectively [53–57].

The ATR-FTIR spectra of poly(NIPA-PEGDMA) P1–P6 exhibit peaks that characterize
the C-H vibrations of the isopropyl group at 2971, 2934, and 2875 cm−1. Additionally,
there is a peak attributed to the stretching vibrations of the CONH at 1636 cm−1, a peak
corresponding to the N-H stretching vibrations at 1537 cm−1, and peaks originating from
the C-O-C stretching vibration at 1171 cm−1 and 1130 cm−1 [58,59].

3.4. Hydrodynamic DiameterAnalysis

HD was measured at one-degree intervals between 18 ◦C and 45 ◦C. Five measure-
ments were taken at each temperature, and the values were averaged with the standard
error calculated. Figure 6A–F show the changes in the hydrodynamic diameter of purified
aqueous dispersions of P1–P6 polymers with temperature.

Figure 7A–F display typical intensity-based distribution plots of cross-linked polymer
particles P1–P6 in an aqueous dispersion at 18 ◦C and 45 ◦C. The size distribution represents
the most intense peak out of the five peaks recorded at a specified temperature.
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Figure 7. The particle size distribution by intensity for P1 (A), P2 (B), P3 (C), P4 (D), P5 (E), and P6
(F) dispersions at 18 ◦C—solid line and 45 ◦C—dash line, obtained from dynamic light scattering
(DLS) analysis.

3.5. Polydispersity Index

The polydispersity index (PDI) of the tested systems was measured during the particle
size measurements. Five PDI measurements were taken at one temperature ranging from
18 to 45 ◦C. The PDI values at one temperature were averaged and the standard error
calculated. Figure 8A–F show the variation of the PDI values for the purified aqueous
dispersions of P1–P6 polymers as a function of temperature.
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(D), P5 (E), and P6 (F) samples, determined by dynamic light scattering.

3.6. Zeta Potential

Zeta potentials (ZPs), also known as electrokinetic potentials, were measured for a
purified aqueous dispersion of P1–P6 polymers over a temperature range of 18–45 ◦C. Five
measurements were taken for each temperature, and the average value was calculated along
with the corresponding standard error. Figure 9A–F illustrate the temperature-dependent
changes in ZP. The samples were measured without buffering, and their pH values were
measured at approximately 22.5 ◦C as follows: 6.2, 6.3, 5.7, 6.3, 6.3, and 6.7 for the P1, P2,
P3, P4, P5, and P6 polymer dispersions, respectively.
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Figure 9. The influence of temperature on the zeta potential (ZP) of P1 (A), P2 (B), P3 (C), P4 (D), P5
(E), and P6 (F) samples, determined by electrophoretic mobility.

The ZP values of all tested co-polymer dispersions were consistently negative through-
out the temperature range of 18–45 ◦C. An increase in temperature above the phase transi-
tion temperature led to a linear decrease in ZP. At 45 ◦C, the ZP values were −24.44 ± 0.71,
−24.18 ± 0.34, −23.86 ± 0.29, −22.94 ± 0.68, −25.42 ± 0.86, and −25.92 ± 0.97 mV for P1,
P2, P3, P4, P5, and P6 respectively.

3.7. Thermogravimetric Analysis

The polymeric material’s thermal stability was assessed by measuring mass changes
between 25 and 800 ◦C. Figure 10A–F show the TGA and first derivative thermal analysis
(DTA) plots, while Table 2 provides the TGA and DTA curve analysis results for all six
polymers evaluated.
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Figure 10. Thermoanalytical curves for polymers P1 (A), P2 (B), P3 (C), P4 (D), P5 (E), and P6 (F)
obtained using a heating rate of β = 5 ◦C min− 1 in a nitrogen atmosphere at 50 mL/min. The curves
include TG (solid line) and DTG (dashed line) data.

Table 2. The results of the TG and DTG curve analysis of P1–P6.

Type of
Polymer

Nanoparticle
System

t1 (◦C)
Rate of Mass

Loss 1 (%
min−1)

t2 (◦c)
Rate of Mass

Loss 2 (%
min−1)

t3
(◦C)

Rate of Mass
Loss 3 (%
min−1)

TOnset
(◦C)

TEndset
(◦C)

Res. at
750 ◦C

(%)

T1.0wt%
(◦C)

P1 50.7 0.80 299.8 0.59 396.2 8.29 313.3 417.1 5.39 30.8
P2 46.7 0.75 296.8 0.65 397.1 8.67 312.2 416.2 7.06 30.8
P3 49.0 0.68 296.8 0.58 397.1 8.16 319.6 417.6 6.63 30.9
P4 49.6 0.71 293.7 0.47 398.6 9.49 327.8 414.2 6.71 30.6
P5 51.8 0.72 292.0 0.47 399.6 9.34 316.3 412.8 6.65 30.6
P6 48.7 0.72 276.1 0.44 399.5 9.76 318.1 412.9 6.12 30.2
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Thermographic plots show that all P1–P6 systems have similar three-stage mass loss
profiles and thermal decomposition patterns. The initial stage of thermal degradation, from
30 to 85 ◦C, resulted in a mass loss ranging from 5.7% to 6.6%. A very small mass loss of 4.1%
to 5.9% was observed between 249 and 318 ◦C. The greatest mass loss, approximately 81%,
occurred in the temperature range 318–480 ◦C. The weight loss was minimal and gradual
from temperatures above 480 ◦C until the final temperature. At the end of the process, the
residual mass was 5.4% for P1 and 7.1% for P2, representing the lowest and highest values,
respectively, compared to the initial mass. At 750 ◦C, the thermal decomposition of all
polymers exceeded 90%, indicating complete polymer decomposition at this temperature.
The DTG curves showed three peaks with maximum temperature ranges of 48.7–51.8 ◦C,
276.1–299.8 ◦C, and 396.2–399.6 ◦C. Table 2 presents the results of TG and DTG curve
analysis for the six tested polymers.

3.8. Differential Scanning Calorimetry Analysis

Figure 11A–F present a comparative analysis of the thermal profiles of the first
(solid line), second (dashed line), and third (dotted line) heating runs of the P1–P6 sam-
ples. All of the curves generated by the first heating cycle exhibit two endothermic ef-
fects, the broad endothermic peak at approximately 64.3 ◦C and a less pronounced en-
dothermic event at around 137.7 ◦C. In the curves generated in the second and third
stages, no endothermic peak was detected, and only one endothermic effect was visi-
ble. The glass transition temperatures Tg obtained from DSC studies of the first, sec-
ond, and third run heat were 132.3/134.0/130.9; 139.8/138.5/137.3; 133.9/138.5/138.3;
137.0/134.3/135.3; 141.3/135.0/134.6; 141.7/135.9/135.7 ◦C, for the P1, P2, P3, P4, P5,
and P6 respectively. The first, second, and third runs of heating yielded the following
∆Cp values: 0.249/0.215/0.112; 0.508/0.355/0.148; 0.156/0.138/0.111; 0.292/0.213/0.131;
0.624/0.422/0.344; 0.834/0.282/0.277 J·g−1·K−1 for P1, P2, P3, P4, P5, and P6, respectively.
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Figure 11. The DSC heating thermograms of the first (solid line), second (dashed line), and third
(dotted line) heating runs for the polymers P1 (A), P2 (B), P3 (C), P4 (D), P5 (E), and P6 (F). The
heating rate β = 5 ◦C min−1 in a nitrogen atmosphere at 50 mL·min−1.

3.9. Powder X-ray Diffraction Analysis

Diffraction data were obtained for the lyophilized and powdered samples of syn-
thesized P1–P6 polymers in the form of diffraction patterns. These patterns display the
relationship between the intensity (count number) of diffraction reflections from diffraction
angle (reflection Bragg) 2θ as presented in Figure 12. The PXRD patterns recorded show
two wide diffraction pronounced peaks at 2θ values of approximately 7.90◦ and 19.30◦.
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4. Discussion
4.1. Synthesis

In order to obtain the polymeric particles of NIPA derivatives, the surfactant-free
participation polymerization (SFPP) method was tested. Conducting the radical poly-
merization reaction at 70 ◦C in an aqueous medium without surfactant allows for easy
observation of the process. The polymer’s thermosensitive properties caused the clear
solution to turn into an increasingly milky biphasic mixture, indicating the progression of
the polymer chain elongation process. The turbidity confirms that the obtained products are
a thermosensitive polymer with a LCST. Above LCST, the polymer chain dehydrates and
becomes insoluble [60–62]. The thermally controlled phase transition behavior is explained
by thermodynamic changes in the system based on the Gibbs free energy equation [63].

There was no observed linear relationship between the length of the cross-linker chain and
the time taken for turbidity to appear or for the plateau to be established. The conductivity in
each system reached a constant level after approximately 23,000 s. The yield of the process
increased as the length of the cross-linker chain increased (550–6000 Mn) for P1–P4 poly-
mers. However, for P5–P6 polymers, the yield decreased. Increasing the molecular weight
of the cross-linking agent above 6000 Mn, and thus lengthening its chain, may reduce the
process yield. Turbidity decreased and finally disappeared as the reaction mixture cooled
to room temperature.

4.2. Conductivity

Conductivity measurements were utilized to monitor the synthesis process in the
reaction system and identify specific polymerization steps, consistent with our previous
studies [52,64]. The changes in conductivity and temperature observed after adding APS to
the reaction system were caused by the initiator’s decomposition, which generated free
radicals (Figure 2A–F point (a)) [65]. The addition of the NIPA and PEGDMA mixture
caused a notable reduction in conductivity (Figure 2A–F point (b)), indicating the initia-
tion of the polymerization and cross-linking processes. This activation of the NIPA and
PEGDMA molecules resulted in the formation of active compounds, specifically oligorad-
icals. The propagation of the polymer chain is reflected in the flattening of the graph of
conductivity changes over time, which persisted for approximately one hour, during which
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the polymer chain elongated. The opacity of the reaction mixture (Figure 2A–F point (c)) is
another visible indication of chain elongation and cross-linking reactions resulting from
the mixture’s addition. This observation is consistent with the conductivity changes. The
increase in conductivity, which began after approximately 8000 s, continued until the end
of the process. This may indicate the presence of radical reactions that are not related to the
elongation of the polymer chain structure, such as termination or radical center transfer, or
other reactions that occur in an aqueous environment, such as hydrolysis or dissociation.

As the temperature of the reaction mixtures was lowered, an increase in the conductiv-
ity of the reaction system was observed over time and temperature (Figures 3 and 4). The
rising conductivity in the system may be attributed to the unwinding of polymeric strands
and the release of ‘stuck’ compounds or functional groups from the coiled form, which
dissociate after release. No significant deviations from the linear profile were observed,
which could be indicative of the phase transition moment. The observed deviations from
linearity in the P2 post-reaction system can be attributed to apparatus errors.

4.3. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy

The analysis of the ATR-FTIR spectrograms presented in Figure 5 indicates that a pure
compound, resulting from the complete polymerization of the substrates, was obtained, free
from impurities. The dactyloscopic regions of the substrates and polymeric products are
significantly different, further confirming the formation of a new product. The absorption
bands present in the PNIPA derivatives spectra, which are characteristic of the bonding of
C-O-C groups, indicate the success of the cross-linking process. The presence of a band
characteristic of the hydroxyl group in the product’s spectrum indicates the existence of
water in the tested PNIPA derivative samples. This observation confirms the presence of
trace amounts of water that were not removed during the freeze-drying process.

4.4. Hydrodynamic Diameter

Figure 13 clearly shows that at 18 ◦C, the polymer particles P1, P2, P5, and P6 are nano-
sized. Their (HD) does not exceed a width of 85 nm. In contrast, the HD of polymers P3 and
P4 is almost 2.5 times larger. A correlation can be observed whereby polymers containing
cross-linkers with the longest and shortest carbon chains in their polymer network have
comparable hydrodynamic diameters at the nano scale. A similar relationship, although
not as pronounced, is observed at 45 ◦C.

It is conceivable that the chain lengths of the cross-linking agents in polymers P3 and P4,
in comparison to polymers P1, P2, P5, and P6, are optimal for allowing the polymer chains to
be configured in such a way that in the temperature range of 18–32 ◦C, intramolecular hy-
drophobic interactions are intensified, resulting in intermolecular aggregation, uniformity
in the size of the particles formed, and, ultimately, collapse of the polymer particles at the
LCST [66].

It can be to assumed that the case in question is not affected by the polarity and
size of particle solvent or its effect on the mobility of the polymer particles given that the
same solvent was used in the same volume in each case. Nevertheless, the intermolecular
dynamics during the polymerization kinetics, the architecture of the particles being formed,
and the interaction of the polymer particles with each other and with the solvent particles
can influence this situation. It can be observed that intermolecular interactions, particularly
in relation to the formation of hydrogen bonds between polymer molecules and solvent
molecules, appear to be of significant importance below the LCST in the context of polymers
P3 and P4. This is due to the fact that at 45 ◦C, where the polymer–solvent hydrogen bonds
are broken and intermolecular interactions increase, there is not such a significant difference
in particle size among polymers P1–P6.



Polymers 2024, 16, 2786 20 of 28

Polymers 2024, 16, x FOR PEER REVIEW 20 of 28 
 

 

polymers P3 and P4. This is due to the fact that at 45 °C, where the polymer–solvent hy-

drogen bonds are broken and intermolecular interactions increase, there is not such a sig-

nificant difference in particle size among polymers P1–P6. 

It seems probable that the steric configuration of the P3 and P4 polymer molecules 

within the dispersion system, the intrinsic structure of these polymers and the resulting 

pore size in the polymer network via cross-linking may facilitate the penetration of water 

molecules and the formation of hydrogen bonds within the polymer network. The for-

mation of strong hydrogen bonds in which the proton donor is a water molecule results 

in the formation of ‘water shells’ and therefore maintains the original size of the particle. 

It is also important to consider the presence of NH4+ and SO3− ions in the system, which 

result from the hydrolysis of terminal groups. It seems plausible to suggest that the pores 

formed in the polymer network are of a sufficient size to accommodate large sulphate ions 

originating from the terminal groups of the polymer chains. This may favor repulsive in-

teractions and the formation of larger polymer particle sizes. 

The observation that the particle size of the P1 and P2 polymers is larger at 45 °C than 

at 18 °C can be attributed to the larger tendency of aggregate formation after the LCST 

transition. 

 

Figure 13. Hydrodynamic diameters of P1–P6 measured at 18 °C and 45 °C. The designations Mn 

550, 750, 2000, 6000, 10,000, and 20,000 indicate the average particle size of the cross-linker in 

polymerization of P1, P2, P3, P4, P5, P6, respectively. 

The particle size distribution analysis of the dispersion of P1–P6 polymers at 18 °C 

revealed the presence of at least three separated populations (cf. Figure 8), indicating that 

the system exhibits polydispersity at this temperature. It can be observed that as the cross-

linking chain length increases, the particle size distribution becomes narrower, although 

it still remains polymodal, a finding that is consistent with the PDI measurement results. 

It may be hypothesized that systems at temperatures below the LCST display a lack of 

stability due to the constant state of competition between polymer molecules for the for-

mation of hydrogen bonds and the attainment of equilibrium. The particle size distribu-

tion at 45 °C appears to be monomodal and narrower in comparison to the size distribu-

Figure 13. Hydrodynamic diameters of P1–P6 measured at 18 ◦C and 45 ◦C. The designations
Mn 550, 750, 2000, 6000, 10,000, and 20,000 indicate the average particle size of the cross-linker in
polymerization of P1, P2, P3, P4, P5, P6, respectively.

It seems probable that the steric configuration of the P3 and P4 polymer molecules
within the dispersion system, the intrinsic structure of these polymers and the resulting
pore size in the polymer network via cross-linking may facilitate the penetration of water
molecules and the formation of hydrogen bonds within the polymer network. The forma-
tion of strong hydrogen bonds in which the proton donor is a water molecule results in the
formation of ‘water shells’ and therefore maintains the original size of the particle. It is also
important to consider the presence of NH4

+ and SO3
− ions in the system, which result from

the hydrolysis of terminal groups. It seems plausible to suggest that the pores formed in
the polymer network are of a sufficient size to accommodate large sulphate ions originating
from the terminal groups of the polymer chains. This may favor repulsive interactions and
the formation of larger polymer particle sizes.

The observation that the particle size of the P1 and P2 polymers is larger at 45 ◦C
than at 18 ◦C can be attributed to the larger tendency of aggregate formation after the
LCST transition.

The particle size distribution analysis of the dispersion of P1–P6 polymers at 18 ◦C
revealed the presence of at least three separated populations (cf. Figure 8), indicating
that the system exhibits polydispersity at this temperature. It can be observed that as
the cross-linking chain length increases, the particle size distribution becomes narrower,
although it still remains polymodal, a finding that is consistent with the PDI measurement
results. It may be hypothesized that systems at temperatures below the LCST display a
lack of stability due to the constant state of competition between polymer molecules for
the formation of hydrogen bonds and the attainment of equilibrium. The particle size
distribution at 45 ◦C appears to be monomodal and narrower in comparison to the size
distribution at 18 ◦C. The data suggest that the polymers underwent a reduction in size
by shrinking, resulting in a decrease in HD for polymers P3–P6. Conversely, the HD of
polymers P1 and P2 exhibited an increase, which may be indicative of particle aggregation
forming stable aggregates—mesoglobules [67]. This can be related to the lifetime of the
hydrogen bonds and also to the volume of the solvation shell. It is therefore to be expected
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that this will automatically affect the entropy of hydration, which contributes to the free
energy of the system [68,69]. Above the phase transition temperature, coil globules are no
longer stabilized by the surrounding solvent. Consequently, the tendency to aggregate and
form mesoglobules is observed in the case of P1 and P2. However, in the case of P3-P6,
it can be hypothesized that the longer cross-linker chain may provide stabilization and
protection against aggregation [70–72].

4.5. Polydispersity Index

As anticipated, the PDI of the P1–P6 polymeric derivatives of PNIPA exhibited a
notable variation in particle size at the phase transition temperature, as illustrated in
Figure 9A–F. At temperatures below the phase transition temperature, the PDI values did
not exceed 0.6. This indicates that within the temperature range of 18–32 ◦C, the samples
exhibited a relatively high polydisperse character. A PDI value exceeding 0.7 is considered
excessively polydisperse, rendering the sample unsuitable for particle distribution anal-
ysis [73]. PDI values below the phase transition temperature were observed to be in the
range of 0.2–0.4, indicating that the size of the dispersed P1–P6 polymer particles gradually
became uniform under thermal energy, resulting in monodispersity [52,74]. The observed
decrease in PDI values within the temperature range of 18–32 ◦C for samples P3 and P4
may be attributed to discrepancies between experimental outcomes and existing theoretical
frameworks that describe systems comprising spherical particles. The Einstein–Stokes
relation assumes a hydrodynamic radius for spherical particles. However, the polymer
dispersions under investigation may contain particles that exhibit either spherical or non-
spherical shapes. This may result in varied chain density distributions due to reduced
solvent interactions and also due to Brownian fluctuations, which may affect the divergence
of results. It should also be emphasized again that measurements made using the DLS
method give the hydrodynamic diameter and not the actual particle size [75].

4.6. Zeta Potential

One of the principal factors influencing the interaction of particles in a colloidal system
is their charge [76,77]. In order to determine the dimensions of the polymeric particles, it is
also necessary to ascertain their surface charge in order to ensure accurate characterization.
According to theory proposed by Derjaguin, Landau, Verwey, and Overbeek (DLVO), the
stability of the colloid depends on the sum of the attractive van der Waals forces and the
electrostatic repulsion forces resulting from the presence of the electrical double layers of the
two uniquely charged surfaces. Thus, the zeta potential value provides an estimate of the
stability of the colloidal system. Furthermore, the zeta potential value can be employed to
indicate the combination of particles with opposite zeta potential values, which represents
a key factor in the design of carrier–drug combinations

The resulting polymer particles P1–P6 are negatively charged throughout the tempera-
ture range 18–45 ◦C (Figure 10A–F). Their zeta potential values range from approximately
−2.0 mV to −26 mV. According to the principles of zeta potential theory, the occurrence of
high potential values (either negative or positive) with a magnitude greater than 30 mV is
an indication of suspension stability [78]. It is important to note that the zeta potential, as an
absolute value, provides information on electrostatic repulsive forces but not on attractive
van der Waals forces. Consequently, it is not uncommon to find stable solutions of particles
characterized by low zeta potential values and vice versa. Therefore, if the van der Waals
attractive forces become weak, it is possible that mild electrostatic repulsion, as described
by low zeta potential values, may be sufficient to ensure the stability of the colloid [79,80].

The observed increase in charge density on the surface of the particle with increasing
temperature may be attributed to the phenomenon of shrinkage. During this process,
relatively large sulphonic groups are pushed out of the polymer network and onto the
surface of the particle. This results in an increase in charge density. In a system comprising
both negatively and positively charged segments, electrostatic attraction between them
can result in heteroaggregation or agglomeration [81]. It is probable that this phenomenon
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occurred in systems P1 and P2, as evidenced by an increase in particle size above the phase
transition temperature rather than a decrease.

The measurements exhibited minimal standard errors, which may suggest that the
incorporation of PEGDMA cross-linkers could play a stabilizing role in the systems tested
by forming a steric barrier, but they also reduced the zeta potential [76,82].

The results of the zeta potential measurements did not allow for a clear linear rela-
tionship between the length of the cross-linking chain and the zeta potential value to be
established. Nevertheless, it was observed that the zeta potential values at 45 ◦C were
comparable for pairs of cross-link-containing polymers of comparable orders of magnitude
in terms of chain length. For instance, polymers P1 and P2, P3 and P4, and P4 and P5
exhibited comparable zeta potential values at 45 ◦C. However, no such relationship was
observed at 18 ◦C. This phenomenon can be attributed to the specific conformation of the
long-chain structure of the cross-linking agent and its coverage of the particle surface dur-
ing the shrinkage of the polymer particles at high temperatures. Furthermore, it is possible
that the specific adsorption of dissolved ions onto the formed, shrunken surface may also
be a contributing factor. In both instances, this results in a reduction in the electrochemical
thickness of the double layer. This results in a reduction in the maximum energy barrier,
which in turn leads to particle aggregation [79,80,83,84].

4.7. Thermogravimetry

The TG/DTG curves for P1–P6 polymers heated in a controlled nitrogen atmosphere
from 25 to 800 ◦C at heating rate 5 ◦C·min−1 are presented in Figure 11A–F. The weight
loss runs exhibit a high degree of similarity, with three distinct stages discernible. The
convergence of the thermal decomposition profiles indicates that the degradation mecha-
nism of the tested P1–P6 polymers is the same. This is in line with the assumption that the
polymers are made from the same substrates.

The initial stage observed below 85 ◦C may be attributed to various factors, including
the removal of physically adsorbed water on the surface of the polymer particles and
volatile substances or structural dehydration (~6.1%) [52,85–89]. The slight weight loss
observed in the second stage, estimated at approximately 4.9%, can be attributed to the
commencement of polymeric matrix decomposition and the release of ammonia and sulfur
dioxide as a consequence of the decomposition of the terminal ammonium sulphate groups
derived from the initiator [52,90]. The third main stage, characterized by the fastest rate
of weight loss and the greatest percentage weight loss (~81%), can be attributed to the
polymer chain backbone [91,92].

The onset decomposition temperature (Tonset) of polymers P3 and P4 is significantly
higher than for polymers P1, P2, P5, and P6 (cf. Table 2). This is likely due to the larger
particle size of P3 and P4, which is consistent with HD measurements (cf. Figure 7A–F
and Figure 13). The results do not align with the initial assumptions. It was anticipated
that the elongation of the cross-linker chain would result in an increase in the Tonset value,
thereby enhancing the stability of the material. All polymers that were subjected to testing
demonstrated stability up to 240 ◦C, see Figure 11A–F.

The percentage of residue remaining after 750 ◦C is remarkably consistent across
all polymers tested, with an average of 6.4 ± 0.6. However, it is notable that the lowest
residue is observed for P1 and the highest for P2 (cf. Table 2). This may indicate that
the decomposition process of P1–P6 polymers occurred in a uniform manner across all
samples and was not influenced by factors such as the presence of crystalline structures, as
corroborated by PXRD studies (cf. Figure 13), or impurities [93–95].

The maximum degradation rate temperature for P1–P6 polymers exhibits near-identical
values, with a standard deviation of ± 1.4 ◦C. This finding suggests that the effect of cross-
linker chain length on degradation temperature is both negligible and non-linear.
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4.8. Differential Scanning Calorimetry

As illustrated in Figure 11A–F, the endothermic effect observed at approximately
64 ◦C only manifests in the curve representing the first heating cycle. It is very likely
that this phenomenon is related to dehydration, which can be involved as the evapora-
tion of either hygroscopic water or poorly bound water from the polymer network [91].
This observation can be corroborated with the result obtained in TG measurements,
cf. Figure 11. The results of the DSC studies, from second and third heating cycles,
indicated that all polymers tested exhibited a single endothermic effect related to the glass
transition phenomenon. Furthermore, no melting effects were observed. These findings
imply that the samples under investigation were purely amorphous polymers, devoid of
impurities or eutectic forms. Contaminated samples, on the other hand, exhibit multiple
peaks, with the eutectic peaks becoming less distinct, while the amorphous polymers dis-
play no melting effect [96–98]. The Tg values obtained in the study of P1–P6 polymers are
comparable within the acceptable experimental range of ±2.01 standard error, indicating
that there is no linear effect of cross-linker chain length on this parameter. However, when
comparing the heat flow values for the endothermic peak from the first heating run, it can
be observed that the heat flow values for P3 and P4 are higher than for the other polymers.
This heat flow difference may be attributed to the particle size, as evidenced by the HD
study. This observation may indicate that particle size is influenced by factors beyond the
conformations of the polymer chain and the strength of inter- and intramolecular interac-
tions. It may also be affected by the geometry of the pores present in the parent polymer
matrix filled with water molecules.

4.9. Powder X-ray Diffraction

X-ray diffraction studies indicate that the P1–P6 polymerization products contain a
significant amount of the amorphous phase. This is demonstrated by the absence of sharp
peaks that are characteristic of the periodicity of the crystalline form, as shown in Figure 13.
This observation suggests that the substrates reacted completely and that there are no
impurities with a crystalline structure in the final polymerization product. However, it
has been reported that broad diffraction lines in nano-sized materials may indicate low
crystallinity [99,100].

The tested samples showed a halo with two maxima at approximately ~7.90◦ and
~19.30◦ 2θ. In the PXRD pattern for P5, only the second maximum is shifted by 0.50◦

towards higher angles. This suggests that a change has occurred in the local molecular
packing arrangement and indicates that the length of the cross-linker chain does not
significantly affect the peak position [101,102].

Analysis of the peak shape and intensity in the diffractograms indicates that the
structures of the tested substances are very similar. No new peaks appear, nor do any
characteristic peaks disappear.

According to the PXRD data presented in our previous publication, the diffraction pat-
terns of pure monomer—NIPA—and initiator—APS—show sharp and intense crystalline
peaks [52].

5. Conclusions

In conclusion, the synthesis of six thermosensitive polymeric derivatives of NIPA (P1–
P6) cross-linked by PEGDMA with different chain lengths (Mn 550–20,000) was successfully
achieved via surfactant-free precipitation polymerization in an aqueous environment at
70 ◦C. The analysis of ATR-FTIR spectrograms demonstrated that the compounds obtained
are the result of complete polymerization of the substrate, with no evidence of impurities.
The deployment of conductivity measurements throughout the synthesis process can prove
invaluable for the estimation of polymerization steps and their corresponding durations.
Furthermore, it can serve as substrate for the study of reaction kinetics. The effect of the
PEGDMA chain length on the physicochemical properties of the resulting co-polymers was
examined. The synthesized polymers P1, P2, P5, and P6 were nano-sized, with an HD of
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less than 100 nm at 18 ◦C. The polymers P3 and P5 exhibited micro-sized characteristics,
with an HD of approximately 195 nm at 18 ◦C. The synthesized polymers exhibited LCST
within the range of 31 to 32 ◦C, which is in close proximity to the temperature of the human
body at the surface. The behavior of the LCST was monitored by measuring changes in
HD over the temperature range from 18 to 45 ◦C using the DLS method, with the results
being confirmed by independent ZP measurements over the same temperature range. A
linear relationship was not observed between the increase in PEGDMA chain length in the
P1–P6 polymers and their HD and LCST values. The particle size distributions exhibited a
constant and narrow distribution at 45 ◦C. The PDI values demonstrated a reduction in
polydispersity with an increase in temperature above the LCST. The ZP results indicate
the formation of particles with a negative surface charge within the temperature range of
18–45 ◦C. Furthermore, there is a tendency for colloidal stability to increase with increasing
temperature once the LCST is exceeded. Nevertheless, the potential values remain within
the range characteristic of unstable systems, with values between −30 and 30 mV.

No linear correlation was observed between the changes in thermogravimetric param-
eters and the length of the cross-linker chain in TG studies. The relative thermal stability
was evaluated up to 240 ◦C. The DSC studies confirmed the absence of a linear relationship
between glass transition temperature and cross-linker chain length. As evidenced by PXRD
studies, a material exhibiting an amorphous halo was obtained, which may indicate the
presence of multiple amorphous phases or disordered states, such as monocrystalline
disorder. The physicochemical characteristics of the synthesized P1–P6 products can be
employed to optimize the technological process of particles with the desired functional
properties and to determine the suitability of macromolecular combinations for pharma-
ceutical applications.

Author Contributions: Conceptualization, A.G. and W.M.; methodology, A.G. and W.M.; investiga-
tion, A.G., B.P. and K.G.; resources, A.G. and W.M.; data curation, A.G. and W.M.; writing—original
draft preparation, A.G. and W.M.; writing—review and editing, A.G. and W.M.; visualization—A.G.,
supervision, W.M.; project administration, A.G. and W.M.; funding acquisition, A.G. and W.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Wroclaw Medical University, grant number SUBK.D060.24.028.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: FTIR: DLS, PXRD, TG, and DSC experiments were performed in the Laboratory
of Elemental Analysis and Structural Research, Faculty of Pharmacy, Wroclaw Medical University.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Raza, A.; Rasheed, T.; Nabeel, F.; Hayat, U.; Bilal, M.; Iqbal, H.M.N. Endogenous and exogenous stimuli-responsive drug delivery

systems for programmed site-specific release. Molecules 2019, 24, 1117. [CrossRef] [PubMed]
2. Qingmei, S.; Yunqing, Z.; Jianzhong, D. Recent progress on charge-reversal polymeric nanocarriers for cancer treatments. Biomed.

Mater. 2021, 16, 042010. [CrossRef]
3. Rudko, M.; Urbaniak, T.; Musiał, W. Recent Developments in Ion-Sensitive Systems for Pharmaceutical Applications. Polymers

2021, 13, 1641. [CrossRef] [PubMed]
4. Veider, F.; Sanchez Armengol, E.; Bernkop-Schnurch, A. Charge-reversible nanoparticles: Advanced delivery systems for therapy

and diagnosis. Small 2023, 20, e2304713. [CrossRef]
5. Galaev, I.Y.; Mattiasson, B. “Smart” polymers and what they could do in biotechnology and medicine. Trends Biotechnol. 1999, 17,

335–340. [CrossRef]
6. Lakshmi, K.N.S.; Vasu Naik, V.V.; Lalitha, K.; Tripura Sundari, G.R.B. An Overview of Smart Characteristics of Smart Polymers.

World J. Pharm. Pharm. Sci. 2017, 6, 650–663. [CrossRef]
7. McCune, J.A.; Mommer, S.; Parkins, C.C.; Scherman, O.A. Design Principles for Aqueous Interactive Materials: Lessons from

Small Molecules and Stimuli-Responsive Systems. Adv. Mater. 2020, 32, 1906890. [CrossRef]

https://doi.org/10.3390/molecules24061117
https://www.ncbi.nlm.nih.gov/pubmed/30901827
https://doi.org/10.1088/1748-605X/abffb5
https://doi.org/10.3390/polym13101641
https://www.ncbi.nlm.nih.gov/pubmed/34070206
https://doi.org/10.1002/smll.202304713
https://doi.org/10.1016/S0167-7799(99)01345-1
https://doi.org/10.20959/wjpps20176-9307
https://doi.org/10.1002/adma.201906890


Polymers 2024, 16, 2786 25 of 28

8. Alvarez-Lorenzo, C.; Grinberg, V.Y.; Burova, T.V.; Concheiro, A. Stimuli-sensitive cross-linked hydrogels as drug delivery systems:
Impact of the drug on the responsiveness. Int. J. Pharm. 2020, 579, 119157. [CrossRef]

9. Karg, M.; Pastoriza-Santos, I.; Rodriguez-González, B.; Von Klitzing, R.; Wellert, S.; Hellweg, T. Temperature, pH, and ionic
strength induced changes of the swelling behavior of PNIPAM-poly (allylacetic acid) copolymer microgels. Langmuir 2008, 24,
6300–6306. [CrossRef]

10. Burrows, M.; Shaw, S.R.; Sutton, G.P. Resilin and chitinous cuticle form a composite structure for energy storage in jumping by
froghopper insects. BMC Biol. 2008, 6, 41. [CrossRef]

11. Michels, J.; Appel, E.; Gorb, S.N. Resilin—The Pliant Protein. In Extracellular Composite Matrices in Arthropods; Cohen, E., Moussian,
B., Eds.; Springer: Cham, Switzerland, 2016. [CrossRef]

12. Li, L.; Kiick, K.L. Resilin-based materials for biomedical applications. ACS Macro Lett. 2013, 2, 635–640. [CrossRef] [PubMed]
13. Qin, G.; Hu, X.; Cebe, P.; Kaplan, D.L. Mechanism of resilin elasticity. Nat. Commun. 2012, 3, 1003. [CrossRef] [PubMed]
14. Lang, B.J.; Guerrero, M.E.; Prince, T.L.; Okusha, Y.; Bonorino, C.; Calderwood, S.K. The functions and regulation of heat shock

proteins; key orchestrators of proteostasis and the heat shock response. Arch. Toxicol. 2021, 95, 1943–1970. [CrossRef] [PubMed]
15. Singh, M.K.; Shin, Y.; Ju, S.; Han, S.; Choe, W.; Yoon, K.-S.; Kim, S.S.; Kang, I. Heat Shock Response and Heat Shock Proteins:

Current Understanding and Future Opportunities in Human Diseases. Int. J. Mol. Sci. 2024, 25, 4209. [CrossRef]
16. Jeong, B.; Gutowska, A. Lessons from nature: Stimuli-responsive polymers and their biomedical applications. Trends Biotechnol.

2002, 20, 305–311. [CrossRef]
17. Osman, A.; Ebru Toskoy, O.; Eroglu, M.S. Novel levan and pNIPA temperature sensitive hydrogels for 5-ASA controlled release.

Carbohydr. Polym. 2017, 165, 61–70. [CrossRef] [PubMed]
18. Ghalehkhondabi, V.; Fazlali, A.; Soleymani, M. Temperature and pH-responsive PNIPAM@ PAA nanospheres with a core-shell

structure for controlled release of doxorubicin in breast cancer treatment. J. Pharm. Sci. 2023, 112, 1957–1966. [CrossRef]
19. Jin, X.; Wang, Q.; Sun, J.; Panezail, H.; Wu, X.; Bai, S. Dual temperature- and pH-responsive ibuprofen delivery from poly(N-

isopropylacrylamide-co-acrylic acid) nanoparticles and their fractal features. Polym. Bull. 2017, 74, 3619–3638. [CrossRef]
20. Cheaburu-Yilmaz, C.N.; Yilmaz, O.; Kose, F.A.; Bibire, N. Chitosan-graft-poly(N-isopropylacrylamide)/PVA cryogels as carriers

for mucosal delivery of voriconazole. Polymers 2019, 11, 1432. [CrossRef]
21. Doberenz, F.; Zeng, K.; Willems, C.; Zhang, K.; Growth, T. Thermoresponsive polymers and their biomedical application in tissue

engineering—A review. J. Mater. Chem. B 2020, 8, 607–628. [CrossRef]
22. Zhang, N.; Zheng, S.; Pan, Z.; Liu, Z. Phase transition effects on mechanical properties of NIPA hydrogel. Polymers 2018, 10, 358.

[CrossRef] [PubMed]
23. Widmann, T.; Kreuzer, L.P.; Hohn, N.; Bießmann, L.; Wang, K.; Rinner, S.; Moulin, J.-F.; Schmid, A.J.; Hannappel, Y.; Wrede,

O.; et al. Hydration and Solvent Exchange Induced Swelling and Deswellingof Homogeneous Poly(N-isopropylacrylamide)
Microgel Thin Films. Langmuir 2019, 35, 16341–16352. [CrossRef] [PubMed]

24. Podewitz, M.; Wang, Y.; Quoika, P.T.; Loeffler, J.R.; Schauperl, M.R.; Liedl, K. Coil−Globule Transition Thermodynamics of
Poly(N-isopropylacrylamide. J. Phys. Chem. B 2019, 123, 8838–8847. [CrossRef]

25. Shaibie, N.A.; Ramli, N.A.; Mohammad Faizal, N.D.F.; Srichana, T.; Mohd Amin, M.C.I. Poly (N-isopropylacrylamide)-Based
Polymers: Recent Overview for the Development of Temperature-Responsive Drug Delivery and Biomedical Applications.
Macromol. Chem. Phys. 2023, 224, 2300157. [CrossRef]

26. Li, L.; He, Y.; Zheng, X.; Yi, L.; Nian, W. Progress on Preparation of pH/Temperature-Sensitive Intelligent Hydrogels and
Applications in Target Transport and Controlled Release of Drugs. Int. J. Polym. Sci. 2021, 2021, 1340538. [CrossRef]

27. Jiang, Y.; Wang, J.; Wang, J.; Zhuang, Y.; Qi, L.; Feng, G.; Zhang, L. Fabrication of novel PNIPAM@ GO microspheres loaded with
dual drugs featuring on-demand drug release capability. J. Appl. Polym. Sci. 2022, 139, e52444. [CrossRef]

28. Khosravani, N.; Ahmadi, V.; Kakanejadifard, A.; Adeli, M. Thermoresponsive and antibacterial two-dimensional polyglycerol-
interlocked-polynipam for targeted drug delivery. J. Nanostructure Chem. 2024, 14, 245–255. [CrossRef]

29. Hemmatpour, H.; Haddadi-Asl, V.; Burgers, T.C.; Yan, F.; Stuart, M.C.; Reker-Smit, C.; Vlijm, R.; Salvati, A.; Rudolf, P. Temperature-
responsive and biocompatible nanocarriers based on clay nanotubes for controlled anti-cancer drug release. Nanoscale 2023, 15,
2402–2416. [CrossRef]

30. Amoli, M.S.; Yang, H.; Anand, R.; EzEldeen, M.; Aktan, M.K.; Braem, A.; Jacobs, R.; Bloemen, V. Development and characterization
of colloidal pNIPAM-methylcellulose microgels with potential application for drug delivery in dentoalveolar tissue engineering
strategies. Int. J. Biol. Macromol. 2024, 262, 129684.

31. Jalababu, R.; Rao, K.S.V.K.; Rao, B.S.; Reddy, K.V.N.S. Dual responsive GG-g-PNPA/PIPAM based novel hydrogels for the
controlled release of anti- cancer agent and their swelling and release kinetics. J. Polym. Res. 2020, 27, 83. [CrossRef]

32. Capella, V.; Rivero, R.E.; Liaudat, A.C.; Ibarra, L.E.; Roma, D.A.; Alustiza, F.; Mañas, F.; Barbero, C.A.; Bosch, P.; Rivarola,
C.R.; et al. Cytotoxicity and bioadhesive properties of poly-N-isopropylacrylamide hydrogel. Heliyon 2019, 5, 1474. [CrossRef]
[PubMed] [PubMed Central]

33. Gan, J.; Guan, X.; Zheng, J.; Guo, H.; Wu, K. Biodegradable, thermoresponsive PNIPAM-based hydrogel scaffolds for the sustained
release of levofloxacin. RSC Adv. 2016, 6, 32967–32978. [CrossRef]

34. Wang, S.; Zhang, Z.; Zhang, Q.; Li, L. Physical Crosslinked Poly (N-isopropylacrylamide)/Nano-Hydroxyapatite Thermosensitive
Composite Hydrogels. J. Inorg. Organomet. Polym. Mater. 2018, 28, 2069–2079. [CrossRef]

https://doi.org/10.1016/j.ijpharm.2020.119157
https://doi.org/10.1021/la702996p
https://doi.org/10.1186/1741-7007-6-41
https://doi.org/10.1007/978-3-319-40740-1_4
https://doi.org/10.1021/mz4002194
https://www.ncbi.nlm.nih.gov/pubmed/23997990
https://doi.org/10.1038/ncomms2004
https://www.ncbi.nlm.nih.gov/pubmed/22893127
https://doi.org/10.1007/s00204-021-03070-8
https://www.ncbi.nlm.nih.gov/pubmed/34003342
https://doi.org/10.3390/ijms25084209
https://doi.org/10.1016/S0167-7799(02)01962-5
https://doi.org/10.1016/j.carbpol.2017.01.097
https://www.ncbi.nlm.nih.gov/pubmed/28363576
https://doi.org/10.1016/j.xphs.2023.04.009
https://doi.org/10.1007/s00289-017-1915-4
https://doi.org/10.3390/polym11091432
https://doi.org/10.1039/C9TB02052G
https://doi.org/10.3390/polym10040358
https://www.ncbi.nlm.nih.gov/pubmed/30966393
https://doi.org/10.1021/acs.langmuir.9b03104
https://www.ncbi.nlm.nih.gov/pubmed/31714092
https://doi.org/10.1021/acs.jpcb.9b06125
https://doi.org/10.1002/macp.202300157
https://doi.org/10.1155/2021/1340538
https://doi.org/10.1002/app.52444
https://doi.org/10.1007/s40097-022-00514-0
https://doi.org/10.1039/D2NR06801J
https://doi.org/10.1007/s10965-020-02061-0
https://doi.org/10.1016/j.heliyon.2019.e01474
https://www.ncbi.nlm.nih.gov/pubmed/31008402
https://www.ncbi.nlm.nih.gov/pmc/PMC6458465
https://doi.org/10.1039/C6RA03045A
https://doi.org/10.1007/s10904-018-0893-9


Polymers 2024, 16, 2786 26 of 28

35. Lacroce, E.; Rossi, F. Polymer-based thermoresponsive hydrogels for controlled drug delivery. Expert Opin. Drug Deliv. 2022, 19,
1203–1215. [CrossRef] [PubMed]

36. Kesharwani, P.; Prajapati, S.K.; Jain, A.; Sharma, S.; Mody, N.; Jain, A. Biodegradable Nanogels for Dermal Applications: An
Insight. Curr. Nanosci. 2022, 19, 509–524. [CrossRef]

37. Abasian, P.; Shakibi, S.; Maniati, M.S.; Nouri Khorasani, S.; Khalili, S. Targeted delivery, drug release strategies, and toxicity study
of polymeric drug nanocarriers. Polym. Adv. Technol. 2021, 32, 931–944. [CrossRef]

38. Huda, S.; Alam, M.A.; Sharma, P.K. Smart nanocarriers-based drug delivery for cancer therapy: An innovative and developing
strategy. J. Drug Deliv. Technol. 2020, 60, 102018. [CrossRef]

39. Rahim, M.A.; Jan, N.; Khan, S.; Shah, H.; Madni, A.; Khan, A.; Jabar, A.; Khan, S.; Elhissi, A.; Hussain, Z.; et al. Recent
advancements in stimuli responsive drug delivery platforms for active and passive cancer targeting. Cancers 2021, 13, 670.
[CrossRef]

40. Salhab, M.; Al Sarakbi, W.; Mokbel, K. The evolving role of the dynamic thermal analysis in the early detection of breast cancer.
Int. Semin. Surg. Oncol. 2005, 2, 8. [CrossRef] [PubMed] [PubMed Central]

41. Xu, X.; Liu, Y.; Fu, W.; Yao, M.; Ding, Z.; Xuan, J. Poly(N-isopropylacrylamide)-Based Thermoresponsive Composite Hydrogels
for Biomedical Applications. Polymers 2020, 12, 580. [CrossRef]

42. Zubik, K.; Singhsa, P.; Wang, Y.; Manuspiya, H.; Narain, R. Thermo-responsive poly(N-isopropylacrylamide)-cellulose nanocrys-
tals hybrid hydrogels for wound dressing. Polymers 2017, 9, 119. [CrossRef] [PubMed] [PubMed Central]

43. Li, B.; Li, D.; Yang, Y.; Zhang, L.; Xu, K.; Wang, J. Study of thermal-sensitive alginate-Ca 2+/poly(N-isopropylacrylamide)
hydrogels supported by cotton fabric for wound dressing applications. Text. Res. J. 2019, 89, 801–813. [CrossRef]

44. Murali Mohan, Y.; Vimala, K.; Thomas, V.; Varaprasad, K.; Sreedhar, B.; Bajpai, S.K.; Mohana Raju, K. Controlling of silver
nanoparticles structure by hydrogel networks. J. Colloid Interface Sci. 2010, 342, 73–82. [CrossRef] [PubMed]

45. Tong, X.; Du, L.; Xu, Q. Tough, adhesive and self-healing conductive 3D network hydrogel of physically linked functionalized-
boron nitride/clay/poly(N-isopropylacrylamide). J. Mater. Chem. A 2018, 6, 3091–3099. [CrossRef]

46. Lang, P.R.; Liu, Y. Soft Matter at Aqueous Interfaces; Lecture Notes in Physics; Springer International Publishing: Berlin/Heidelberg,
Germany, 2016; Volume 917, pp. 49–50.

47. Bäckström, S.; Benavente, J.; Berg, R.W.; Stibius, K.; Larsen, M.S. Tailoring Properties of Biocompatible PEG-DMA Hydrogels with
UV Light. Mater. Sci. Appl. 2012, 3, 425–431. [CrossRef]

48. Kurmaz, S.V.; Ozhiganov, V.V. Polymer networks prepared via the crosslinking free-radical polymerization of dimethacrylate in
the presence of branched polymethacrylate and its fractions. Polym. Sci. Ser. B 2010, 52, 369–380. [CrossRef]

49. ISO 13321:1996; Methods for Determination of Particle Size Distribution; Photon Correlation Spectroscopy. International
Organization for Standardization (ISO): Geneva, Switzerland, 1997; pp. 3406–3408.

50. ISO 22412; Particle Size Analysis–Dynamic Light Scattering. International Organisation for Standardisation (ISO): Geneva,
Switzerland, 2008.

51. Worldwide Malvern Instruments. Dynamic Light Scattering, Common Terms Defined; Inform White Paper; Malvern Instruments
Limited: Malvern, UK, 2011; pp. 1–6.

52. Gola, A.; Kozłowska, M.; Musiał, W. Influence of the Poly (ethylene Glycol) Methyl Ether Methacrylates on the Selected
Physicochemical Properties of Thermally Sensitive Polymeric Particles for Controlled Drug Delivery. Polymers 2022, 14, 4729.
[CrossRef]

53. Wang, Y.; Qiu, J.; Peng, J.; Li, J.; Zhai, M. One-step radiation synthesis of gel polymer electrolytes with high ionic conductivity for
lithium-ion batteries. J. Mater. Chem. A 2017, 5, 12393–12399. [CrossRef]

54. Killion, J.A.; Geever, L.M.; Devine, D.M.; Grehan, L.; Kennedy, J.E.; Higginbotham, C.L. Mechanical properties and thermal
behaviour of PEGDMA hydrogels for potential bone regeneration application. J. Mech. Behav. Biomed. Mater. 2011, 4, 1219–1227.
[CrossRef]

55. Killion, J.A.; Geever, L.M.; Devine, D.M.; Grehan, L.; Kennedy, J.E. Modulating the mechanical properties of photopolymerised
polyethylene glycol-polypropylene glycol hydrogels for bone regeneration. J. Mater. Sci. 2012, 47, 6577–6585. [CrossRef]

56. Poupart, O.; Schmocker, A.; Conti, R.; Moser, C.; Nuss, K.M.; Grützmacher, H.; Mosimann, P.J.; Pioletti, D.P. In vitro Implementa-
tion of Photopolymerizable Hydrogels as a Potential Treatment of Intracranial Aneurysms. Front. Bioeng. Biotechnol. 2020, 8, 1–13.
[CrossRef] [PubMed]

57. Zeng, Z.; Mo, X.M.; He, C.; Morsi, Y.; El-Hamshary, H.; El-Newehy, M. An: In situ forming tissue adhesive based on poly (ethylene
glycol)-dimethacrylate and thiolated chitosan through the Michael reaction. J. Mater. Chem. B 2016, 4, 5585–5592. [CrossRef]
[PubMed]

58. Zanini, S.; Riccardi, C.; Grimoldi, E.; Colombo, C.; Villa, A.M.; Natalello, A.; Gatti-Lafranconi, P.; Lotti, M.; Doglia, S.M. Plasma-
induced graft-polymerization of polyethylene glycol acrylate on polypropylene films: Chemical characterization and evaluation
of the protein adsorption. J. Colloid Interface Sci. 2010, 341, 53–58. [CrossRef]

59. Qu, T.; Wang, A.; Yuan, J.; Shi, J.; Gao, Q. Preparation and characterization of thermo-responsive amphiphilic triblock copolymer
and its self-assembled micelle for controlled drug release. Colloids Surf. B Biointerfaces 2009, 72, 94–100. [CrossRef]

60. Hou, L.; Wu, P. LCST transition of PNIPAM-b-PVCL in water: Cooperative aggregation of two distinct thermally responsive
segments. Soft Matter 2014, 10, 3578–3586. [CrossRef]

https://doi.org/10.1080/17425247.2022.2078806
https://www.ncbi.nlm.nih.gov/pubmed/35575265
https://doi.org/10.2174/1573413718666220415095630
https://doi.org/10.1002/pat.5168
https://doi.org/10.1016/j.jddst.2020.102018
https://doi.org/10.3390/cancers13040670
https://doi.org/10.1186/1477-7800-2-8
https://www.ncbi.nlm.nih.gov/pubmed/15819982
https://www.ncbi.nlm.nih.gov/pmc/PMC1084358
https://doi.org/10.3390/polym12030580
https://doi.org/10.3390/polym9040119
https://www.ncbi.nlm.nih.gov/pubmed/30970798
https://www.ncbi.nlm.nih.gov/pmc/PMC6432186
https://doi.org/10.1177/0040517518755790
https://doi.org/10.1016/j.jcis.2009.10.008
https://www.ncbi.nlm.nih.gov/pubmed/19883919
https://doi.org/10.1039/C7TA10898B
https://doi.org/10.4236/msa.2012.36060
https://doi.org/10.1134/S1560090410070018
https://doi.org/10.3390/polym14214729
https://doi.org/10.1039/C7TA02291C
https://doi.org/10.1016/j.jmbbm.2011.04.004
https://doi.org/10.1007/s10853-012-6588-7
https://doi.org/10.3389/fbioe.2020.00261
https://www.ncbi.nlm.nih.gov/pubmed/32318555
https://doi.org/10.1039/C6TB01475E
https://www.ncbi.nlm.nih.gov/pubmed/32263355
https://doi.org/10.1016/j.jcis.2009.09.012
https://doi.org/10.1016/j.colsurfb.2009.03.020
https://doi.org/10.1039/c4sm00282b


Polymers 2024, 16, 2786 27 of 28

61. Pasparakis, G.; Tsitsilianis, C. LCST polymers: Thermoresponsive nanostructured assemblies towards bioapplications. Polymer
2020, 211, 123146. [CrossRef]

62. Manfredini, N.; Gardoni, G.; Sponchioni, M.; Moscatelli, D. Thermo-responsive polymers as surface active compounds: A review.
Eur. Polym. J. 2023, 198, 112421. [CrossRef]

63. Heskins, M.; Guillet, J.E. Solution Properties of Poly(N-isopropylacrylamide). J. Macromol. Sci. Part A Pure Appl. Chem. 1968, 2,
1441–1455. [CrossRef]

64. Gola, A.; Bernardi, A.; Pasut, G.; Musiał, W. The Influence of Initiator Concentration on Selected Properties of Thermosensitive
Poly (Acrylamide-co-2-Acrylamido-2-Methyl-1-Propanesulfonic Acid) Microparticles. Polymers 2021, 13, 996. [CrossRef]

65. Kolthoff, I.M.; Miller, I. The chemistry of persulfate. I. The kinetics and mechanism of the decomposition of the persulfate ion in
aqueous medium. J. Am. Chem. Soc. 1951, 73, 3055–3059. [CrossRef]

66. Yang, L.; Liu, T.; Song, K.; Wu, S.; Fan, X. Effect of intermolecular and intramolecular forces on hydrodynamic diameters of poly
(N-isopropylacrylamide) copolymers in aqueous solutions. J. Appl. Polym. Sci. 2013, 127, 4280–4287. [CrossRef]

67. Haladjova, E.; Toncheva-Moncheva, N.; Apostolova, M.D.; Trzebicka, B.; Dworak, A.; Petrov, P.; Dimitrov, I.; Rangelov, S.;
Tsvetanov, C.B. Polymeric nanoparticle engineering: From temperature-responsive polymer mesoglobules to gene delivery
systems. Biomacromolecules 2014, 15, 4377–4395. [CrossRef]

68. Chakraborty, I.; Mukherjee, K.; De, P.; Bhattacharyya, R. Monitoring Coil-Globule Transitions of Thermoresponsive Polymers by
Using NMR Solvent Relaxation. J. Phys. Chem. B 2018, 122, 6094–6100. [CrossRef]

69. Bischofberger, I.; Calzolari, D.C.E.; De Los Rios, P.; Jelezarov, I.; Trappe, V. Hydrophobic hydration of poly-N-isopropyl acrylamide:
A matter of the mean energetic state of water. Sci. Rep. 2014, 4, 4377. [CrossRef]

70. Ortiz De Solorzano, I.; Bejagam, K.K.; An, Y.; Singh, S.K.; Deshmukh, S.A. Solvation dynamics of: N -substituted acrylamide
polymers and the importance for phase transition behavior. Soft. Matter 2020, 16, 1582–1593. [CrossRef] [PubMed]

71. Mahmood, A.; Patel, D.; Hickson, B.; Desrochers, J.; Hu, X. Recent Progress in Biopolymer-Based Hydrogel Materials for
Biomedical Applications. Int. J. Mol. Sci. 2022, 23, 1415. [CrossRef] [PubMed]

72. Quoika, P.K.; Podewitz, M.; Wang, Y.; Kamenik, A.S.; Loeffler, J.R.; Liedl, K.R. Thermosensitive Hydration of Four Acrylamide-
Based Polymers in Coil and Globule Conformations. J. Phys. Chem. B 2020, 124, 9745–9756. [CrossRef]

73. Karmakar, S. Particle Size Distribution and Zeta Potential Based on Dynamic Light Scattering: Techniques to Characterize Stability
and Surface Charge Distribution of Charged Colloids. In Recent Trends in Materials: Physics and Chemistry; Studium Press: New
Delhi, India, 2013; pp. 117–159.

74. Schilli, C.M.; Zhang, M.; Rizzardo, E.; Thang, S.H.; Chong, Y.K.; Edwards, K.; Karlsson, G.; Müller, A.H.E. A new double-
responsive block copolymer synthesized via RAFT polymerization: Poly (N-isopropylacrylamide)-block-poly (acrylic acid).
Macromolecules 2004, 37, 7861–7866. [CrossRef]

75. Wang, X.; Qiu, X.; Wu, C. Comparison of the Coil-to-Globule and the Globule-to-Coil Transitions of a Single Poly (N-
isopropylacrylamide) Homopolymer Chain in Water. Macromolecules 1998, 31, 2972–2976. [CrossRef]

76. Bhattacharjee, S. DLS and zeta potential–what they are and what they are not? J. Control Release 2016, 235, 337–351. [CrossRef]
77. Chakraborty, S.; Panigrahi, P.K. Stability of nanofluid: A review. Appl. Therm. Eng. 2020, 174, 115259. [CrossRef]
78. Patel, V.R.; Agrawal, Y.K. Nanosuspension: An approach to enhance solubility of drugs. J. Adv. Pharm. Tech. Res. 2011, 2, 81–87.

[CrossRef]
79. Marzun, G.; Streich, C.; Jendrzej, S.; Barcikowski, S.; Wagener, P. Adsorption of Colloidal Platinum Nanoparticles to Supports:

Charge Transfer and Effects of Electrostatic and Steric Interactions. Langmuir 2014, 30, 11928–11936. [CrossRef] [PubMed]
80. Grasso, D.; Subramaniam, K.; Butkus, M.; Strevett, K.; Bergendahl, J. A review of non-DLVO interactions in environmental

colloidal systems. Rev. Environ. Sci. Biotechnol. 2001, 1, 17–38. [CrossRef]
81. Zhang, M.; Zhang, B.; Li, X.; Yin, Z.; Guo, X. Synthesis and surface properties of submicron barium sulfate particles. Appl. Surf.

Sci. 2011, 258, 24–29. [CrossRef]
82. Suk, J.D.; Xu, Q.; Kim, N.; Hanes, J.; Ensign, L.M. PEGylation as a strategy for improving nanoparticle-based drug and gene

delivery. Adv. Drug Deliv. Rev. 2016, 99, 28–51. [CrossRef]
83. Merk, V.; Rehbock, C.; Becker, F.; Hagemann, U.; Nienhaus, H.; Barcikowski, S. In situ non-DLVO stabilization of surfactant-free,

plasmonic gold nanoparticles: Effect of Hofmeister’s anions. Langmuir 2014, 30, 4213–4222. [CrossRef]
84. Freitas, C.; Müller, R.H. Effect of light and temperature on zeta potential and physical stability in solid lipid nanoparticle (SLNTM)

dispersions. Int. J. Pharm. 1998, 168, 221–229. [CrossRef]
85. Wang, Y.; Li, C.; Liu, P.; Ahmed, Z.; Xiao, P.; Bai, X. Physical characterization of exopolysaccharide produced by Lactobacillus

plantarum KF5 isolated from Tibet Kefir. Carbohydr. Polym. 2010, 82, 895–903. [CrossRef]
86. Ortega, A.; Sánchez, A.; Burillo, G. Binary graft of poly (N-vinylcaprolactam) and poly (acrylic acid) onto chitosan hydrogels

using ionizing radiation for the retention and controlled release of therapeutic compounds. Polymers 2021, 13, 2641. [CrossRef]
87. Rivera-Escobedo, L.A.; Sánchez-Orozco, J.L.; García-Cerda, L.A.; Puente-Urbina, B.; García-Uriostegui, L.; Meléndez-Ortiz, H.I.

Hafnium-doped nano-magnetite/poly(N-vinylcaprolactam) composites for doxorubicin release. Mater. Chem. Phys. 2023, 301,
127670. [CrossRef]

88. Feng, J.; Dou, J.; Zhang, Y.; Wu, Z.; Yin, D.; Wu, W. Thermosensitive hydrogel for encapsulation and controlled release of
biocontrol agents to prevent peanut aflatoxin contamination. Polymers 2020, 12, 547. [CrossRef] [PubMed]

https://doi.org/10.1016/j.polymer.2020.123146
https://doi.org/10.1016/j.eurpolymj.2023.112421
https://doi.org/10.1080/10601326808051910
https://doi.org/10.3390/polym13070996
https://doi.org/10.1021/ja01151a024
https://doi.org/10.1002/app.38035
https://doi.org/10.1021/bm501194g
https://doi.org/10.1021/acs.jpcb.8b02179
https://doi.org/10.1038/srep04377
https://doi.org/10.1039/C9SM01798D
https://www.ncbi.nlm.nih.gov/pubmed/31951239
https://doi.org/10.3390/ijms23031415
https://www.ncbi.nlm.nih.gov/pubmed/35163339
https://doi.org/10.1021/acs.jpcb.0c07232
https://doi.org/10.1021/ma035838w
https://doi.org/10.1021/ma971873p
https://doi.org/10.1016/j.jconrel.2016.06.017
https://doi.org/10.1016/j.applthermaleng.2020.115259
https://doi.org/10.4103/2231-4040.82950
https://doi.org/10.1021/la502588g
https://www.ncbi.nlm.nih.gov/pubmed/25226205
https://doi.org/10.1023/A:1015146710500
https://doi.org/10.1016/j.apsusc.2011.07.137
https://doi.org/10.1016/j.addr.2015.09.012
https://doi.org/10.1021/la404556a
https://doi.org/10.1016/S0378-5173(98)00092-1
https://doi.org/10.1016/j.carbpol.2010.06.013
https://doi.org/10.3390/polym13162641
https://doi.org/10.1016/j.matchemphys.2023.127670
https://doi.org/10.3390/polym12030547
https://www.ncbi.nlm.nih.gov/pubmed/32138229


Polymers 2024, 16, 2786 28 of 28

89. Zhao, H.; Li, Y. A novel pH/temperature-responsive hydrogel based on tremella polysaccharide and poly (N-isopropylacrylamide).
Colloids Surf. A Physicochem. Eng. Asp. 2020, 586, 124270. [CrossRef]

90. Suresh, G.; Radnik, J.; Kalevaru, V.N.; Pohl, M.M.; Schneider, M.; Lücke, B.; Martin, A.; Madaan, N.; Brückner, A. Tailoring the
synthesis of supported Pd catalysts towards desired structure and size of metal particles. Phys. Chem. Chem. Phys. 2010, 12,
4833–4842. [CrossRef]

91. Dharmasiri, M.B.; Mudiyanselage, T.K. Thermo-responsive poly (N-isopropyl acrylamide) hydrogel with increased response rate.
Polym. Bull. 2021, 78, 3183–3198. [CrossRef]

92. Zhang, Z.; Wang, S.; Waterhouse, G.I.N.; Zhang, Q.; Li, L. Poly (N-isopropylacrylamide)/mesoporous silica thermosensitive
composite hydrogels for drug loading and release. J. Appl. Polym. Sci. 2020, 137, 48391. [CrossRef]

93. Oun, A.A.; Rhim, J.W. Characterization of carboxymethyl cellulose-based nanocomposite films reinforced with oxidized nanocel-
lulose isolated using ammonium persulfate method. Carbohydr. Polym. 2017, 174, 484–492. [CrossRef]

94. Marwanto, M.; Maulana, M.I.; Febrianto, F.; Wistara, N.J.; Nikmatin, S.; Masruchin, N.; Zaini, L.H.; Lee, S.H.; Kim, N.H.
Characteristics of nanocellulose crystals from balsa and kapok fibers at different ammonium persulfate concentrations. Wood Sci.
Technol. 2021, 55, 1319–1335. [CrossRef]

95. Hajebi, S.; Abdollahi, A.; Roghani-Mamaqani, H.; Salami-Kalajahi, M. Temperature-Responsive Poly (N-Isopropylacrylamide)
Nanogels: The Role of Hollow Cavities and Different Shell Cross-Linking Densities on Doxorubicin Loading and Release.
Langmuir 2020, 36, 2683–2694. [CrossRef]

96. Newman, A.; Zografi, G. Commentary: Considerations in the Measurement of Glass Transition Temperatures of Pharmaceutical
Amorphous Solids. AAPS Pharm. Sci Tech. 2020, 21, 26. [CrossRef]

97. Shawe, J.; Riesen, R.; Widmann, J.; Schubnell, M. UserCom. Mettler Toledo 2000, 11, 1–28.
98. Bernal-Chávez, S.A.; Alcalá-Alcalá, S.; Tapia-Guerrero, Y.S.; Magaña, J.J.; Del Prado-Audelo, M.L.; Leyva-Gómez, G. Cross-linked

polyvinyl alcohol-xanthan gum hydrogel fabricated by freeze/thaw technique for potential application in soft tissue engineering.
RSC Adv. 2022, 12, 21713–21724. [CrossRef] [PubMed]

99. Liu, X.M.; Pramoda, K.P.; Yang, Y.Y.; Chow, S.Y.; He, C. Cholesteryl-grafted functional amphiphilic poly (N-isopropylacrylamide-
co-N- hydroxylmethylacrylamide): Synthesis, temperature-sensitivity, self-assembly and encapsulation of a hydrophobic agent.
Biomaterials 2004, 25, 2619–2628. [CrossRef] [PubMed]

100. Snežana, I.-S.; Nikoli, L.; Nikolic, V.; Ristic, I.; Budinski-Simendic, J.; Kapor, A.; Nikolic, G.M. The structure characterization
of thermosensitive poly (N-isopropylacrylamide-co-2-hydroxypropyl methacrylate) hydrogel. Polym. Int. 2014, 63, 973–981.
[CrossRef]

101. Chihacheva, I.P.; Timaeva, O.I.; Kuz’micheva, G.M.; Dorohov, A.V.; Lobanova, N.A.; Amarantov, S.V.; Podbel’skiyc, V.V.;
Serousovc, V.E.; Sadovskaya, N.V. Specific physical and chemical properties of two modifications of poly (N-vinylcaprolcatam).
Crystallogr. Rep. 2016, 61, 421–427. [CrossRef]

102. Bates, S.; Zografi, G.; Engers, D.; Morris, K.; Crowley, K.; Newman, A. Analysis of amorphous and nanocrystalline solids from
their X-ray diffraction patterns. Pharm. Res. 2006, 23, 2333–2349. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.colsurfa.2019.124270
https://doi.org/10.1039/b920464d
https://doi.org/10.1007/s00289-020-03270-9
https://doi.org/10.1002/app.48391
https://doi.org/10.1016/j.carbpol.2017.06.121
https://doi.org/10.1007/s00226-021-01319-0
https://doi.org/10.1021/acs.langmuir.9b03892
https://doi.org/10.1208/s12249-019-1562-1
https://doi.org/10.1039/D2RA02295H
https://www.ncbi.nlm.nih.gov/pubmed/36043115
https://doi.org/10.1016/j.biomaterials.2003.09.028
https://www.ncbi.nlm.nih.gov/pubmed/14751748
https://doi.org/10.1002/pi.4589
https://doi.org/10.1134/S106377451603007X
https://doi.org/10.1007/s11095-006-9086-2

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis 
	Conductivity Analysis 
	Attenuated Total Reflection Fourier Transform Infrared Spectroscopy Measurements 
	Hydrodynamic Diameter and Polydispersity Index Measurements 
	Zeta Potential Measurements 
	Thermogravimetric Measurements 
	Differential Scanning Calorimetry Measurements 
	Powder X-ray Diffraction Measurements 

	Results 
	Synthesis 
	Conductivity Measurements 
	Attenuated Total Reflection Fourier Transform Infrared Spectroscopy Analysis 
	Hydrodynamic DiameterAnalysis 
	Polydispersity Index 
	Zeta Potential 
	Thermogravimetric Analysis 
	Differential Scanning Calorimetry Analysis 
	Powder X-ray Diffraction Analysis 

	Discussion 
	Synthesis 
	Conductivity 
	Attenuated Total Reflection Fourier Transform Infrared Spectroscopy 
	Hydrodynamic Diameter 
	Polydispersity Index 
	Zeta Potential 
	Thermogravimetry 
	Differential Scanning Calorimetry 
	Powder X-ray Diffraction 

	Conclusions 
	References

