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ABSTRACT: Targeted and on-demand drug delivery technologies
have attracted considerable interest for personalized cancer thera-
pies. In this study, we developed a UV-crosslinkable and thermo-
responsive gelatin methacrylate (GelMa)—poly(N-isopropylacryla-
mide) (PNIPAM) (G/P) hybrid hydrogel, integrated with folic
acid-functionalized superparamagnetic iron oxide nanoparticles
(SPIONs). Differential scanning calorimetry (DSC) and alternating
magnetic field (AMF) evaluations confirmed that introducing
GelMa modulated the lower critical solution temperature (LCST)
to approximately 32 °C while enabling efficient magnetothermal
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response. Cyclic compression tests demonstrated superior mechan-
ical properties. The 2.5G/P hydrogel achieved a compressive stre
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ngth of 0.06 MPa at 78% strain, outperforming pure GelMa
(0.023 MPa) and PNIPAM (0.012 MPa), with the highest modulus of elasticity at both 25 and 37 °C. In vitro biocompatibility assays
using L929 fibroblasts indicated excellent cytocompatibility with >70% viability over 7 days. Furthermore, the hydrogel demonstrated
excellent blood compatibility with a hemolysis ratio below 2%, complying with ISO 10993-4 standards. Synergistic reduction in cell
viability was observed in human lung adenocarcinoma (NCI-H1975) and fibroblast-like osteosarcoma (MG-63) cell lines when com-
bining drug loading and simulated AMF thermal stimulation. Triggered by hyperthermia at 41 °C, the hydrogel demonstrated a highly
controlled, pulsatile ‘ON/OFF’ drug release profile of 5-fluorouracil (5-FU) driven by network shrinkage, achieving a maximum cumu-
lative release of 72.6% over 28 days with a well-defined biphasic kinetic pattern. These results show that this dual-stimuli responsive
hydrogel is a mechanically robust, highly efficient platform for controlled cancer therapy.
KEYWORDS: UV-crosslinkable hydrogels, thermo-magnetic responsive hydrogels, cancer-targeting nanoplatforms,
superparamagnetic iron oxide nanoparticles (SPIONs), AMF-triggered drug release, biocompatibility
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As a widespread health crisis characterized by uncontrolled cell
mutations, cancer remains a leading cause of death globally
across all demographic groups. Projections for 2025 estimate
2 million new cases in the United States, with nearly half involv-
ing breast, lung, prostate, or colorectal cancers.1 Modern cancer
treatment utilizes a multidisciplinary approach combining sur-
gery, radiotherapy, and chemotherapy, sometimes incorporating
precise tools like laser therapy or focused ultrasound for special-
ized tissues. While drug administration is a fundamental thera-
peutic method, its success depends less on a drug’s inherent
potency and more on its ability to effectively reach the target
site. Challenges in drug delivery significantly influence overall
efficacy by impacting critical factors such as pharmacokinetics,
toxicity, and cellular uptake.2

While conventional systems focused on sustained drug deliv-
ery, modern research has shifted toward on-demand, controlled
release to enable precise timing, location, and dosage for per-
sonalized therapies. The success of these systems relies on a
trations at the target site while minimizing systemic side
effects.3–5 Among various polymer systems investigated as drug
delivery platforms, hydrogels are increasingly favored due to
their high porosity, three-dimensional structure, and ability to
absorb significant amounts of physiological fluids. Hydrogel
materials offer unique advantages, such as tissue adhesion, bio-
degradability, the ability to mimic the extracellular matrix, and,
above all, the ability to respond to external stimuli.6–9 In recent
years, hydrogels have emerged as a highly versatile class of bio-
materials, showcasing a remarkable diversity in chemical
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compositions, cross-linking mechanisms, and processing meth-
odologies to meet the stringent demands of biomedical applica-
tions. Recent comprehensive reviews have extensively
documented this expanding landscape, detailing the transition
from conventional networks to highly tailorable and advanced
functional hydrogel platforms.10,11

Stimuli-responsive hydrogels change their shape or volume as
a result of structural or chemical transitions in response to
external stimuli, being physical (temperature, light, electric/
magnetic field), chemical (pH, glucose), or biological
(enzymes). These changes make on-demand drug release possi-
ble directly on the target site.12–16

Poly(N-isopropylacrylamide) (PNIPAM) has been well
investigated as a typical thermosensitive material due to its
reversible phase transition at the lower critical solution temper-
ature (LCST), which is 32 °C in aqueous solution.17,18 At tem-
peratures below the LCST, PNIPAM is hydrophilic with chains
in the form of flexible, expanded coils. At temperatures above
LCST, the PNIPAM chains collapse into globules, becoming
hydrophobic.19 Researchers have verified thermoresponsive
hydrogels based on PNIPAM for a flexible drug delivery patch
dedicated to wound healing or cancer treatment, enabling con-
trolled drug release by exploiting PNIPAM’s LCST behavior.20–
22 So far, PNIPAM has been combined with both gold nano-
rods and magnetic nanoparticles in order to prepare thermore-
sponsive microgels or hydrogels.2,23,24

A natural way to overcome some of the problems associated
with using pure PNIPAM is to create hybrid systems using nat-
ural polymers. The addition of natural polymers like gelatin
improves the mechanical properties of PNIPAM and bioactiv-
ity, as well as increases the biodegradability of the system. In
the case of gelatin, the effect is more pronounced after its mod-
ification with methacrylic anhydride, resulting in the formation
of gelatin methacrylate (GelMa). GelMa is a very useful form
of gelatin due to the possibility of being photo-crosslinked in
the presence of a photoinitiator, resulting in the formation of
three-dimensional structures under UV.25–28 This property is
crucial for stabilization of the material after injection into a
body. Moreover, GelMa effectively prevents the entire scaffold
from collapsing above the PNIPAM LCST temperature.
Furthermore, the addition of GelMa increases the LCST of
the resulting hydrogel. This shift is primarily driven by the
change in the hydrophilic-hydrophobic balance of the polymer
chains. The introduction of a large number of polar functional
groups into the system by the addition of GelMa results in
stronger bonds with water molecules, which require more ther-
mal energy to break these bonds and force the polymer to col-
lapse into its hydrophobic state.

GelMa-based thermoresponsive composites have been ana-
lyzed so far by various groups, including the development of
G/P hybrid systems exhibiting temperature-induced phase tran-
sitions and reversible volume changes under physiological con-
ditions.29,30 For instance, Huang et al. engineered a
thermoresponsive G/P bilayer hydrogel actuator in which the
incorporation of PNIPAM introduced an LCST-driven phase
transition, resulting in pronounced and reversible volumetric
deformation upon thermal stimulation. The mismatch in swell-
ing behavior between the GelMa and PNIPAM layers enabled
temperature-triggered actuation without compromising the
structural integrity of the construct.29 Similarly, Daaboul et al.
reported GelMa/NIPAm hybrid hydrogels exhibiting cyclic
swelling–deswelling behavior at physiologically relevant
B

temperatures, demonstrating controlled modulation of network
permeability and water content across thermal transitions.
These systems highlight how the integration of thermosensitive
polymeric segments into GelMa matrices can impart externally
regulated thermoresponsive behavior while preserving the bio-
compatibility and photocrosslinkable characteristics of the
GelMa backbone.30

So far, e.g., Li et al.24studied the physico-chemical properties
of the PNIPAM and GelMa combination dedicated to the fab-
rication of microscale vasculatures and verified its biocompati-
bility on human umbilical vein endothelial cells and
osteosarcoma cells, both in vitro and in vivo. It was found that
the G/P hydrogels’ sizes and shrinkage ratios could be well-
controlled by regulating GelMa concentration. Cell studies con-
firmed the biocompatibility of G/P hydrogels in a 7-day exper-
iment, as well as CD31 marker expression, which confirmed the
maintenance of endothelial function. More complex material
systems containing GelMa and PNIPAM were also proposed.
Liu et al. proposed multifunctional thermal and magnetic
microcarriers (TMMs) made of PNIPAM, polylysines (PLLs),
GelMa, poly (ethylene glycol) diacrylate (PEGDA), N,N-
methylenebis(acrylamide) (MBA), Fe3O4 and SiO2.

31 Also,
PNIPAM and GelMa polymer systems were studied in combi-
nation with different nanoparticles so far, e.g., graphene oxide
nanoparticles.32,33

An additional possibility for triggering the drug release is the
introduction of nanoparticles in the form of gold nanoparticles
or superparamagnetic iron oxide nanoparticles (SPIONs). In
both cases, the mechanism of drug release triggering is related
to a local increase in temperature by an external stimulus. In
the case of gold nanoparticles, near-infrared light is an effective
stimulus, while for SPION, an alternating magnetic field (AMF)
is effective to induce local hyperthermia even for relatively
deep-located tissues. SPIONs are approved not only for stimu-
lation of hyperthermia but also for diagnostic purposes by mag-
netic resonance imaging (MRI).34–39 Dagdelen et al.
demonstrated the incorporation of SPIONs into a redox-
responsive degradable microgel system, showcasing their ability
to induce controlled drug release under hyperthermic condi-
tions. Their responsiveness to an alternating magnetic field
enables precise, non-invasive activation, proving SPIONs’
potential for targeted and on-demand therapeutic applica-
tions.40 The nanocomposite design approach can determine
whether release occurs via controlled drug bursts or by up-
regulating release kinetics over an extended period, with up to
20-fold ON/OFF state resolution already reported.41

So far, few researchers have analyzed the material system
containing G/P and SPIONs for on-demand drug delivery.
Jalili et al. prepared an injectable drug delivery system, com-
posed of iron oxide nanoparticles coated with PNIPAM and
loaded with doxorubicin (DOX). These drug nanocarriers were
entrapped within a GelMa prepolymer solution before cross-
linking. The studies aimed to analyze on-demand drug delivery
and in vitro efficacy using osteoblasts and osteosarcoma cells.
On-demand local drug delivery using magnetothermal activa-
tion was confirmed.42 The significantly enhanced release at
higher temperatures was observed, particularly above the
LCST transition, confirming the temperature-triggered behav-
ior of the injectable hydrogel. The presented data showed that
ca. 75.1% of the loaded DOX was released after 24 h of thermal
exposure above the LCST transition temperature. A lower
release at 37 °C was observed in samples containing the
https://doi.org/10.1021/acsami.6c10083
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GelMa matrix compared to samples composed of nanogels
only, indicating a significant influence of the local environment
on drug release dynamics.

The reaction of aldehyde-functionalized dextran with
hydrazide-functionalized PNIPAM-coated SPIONs was used by
Campbell et al. to prepare an injectable, degradable, in situ gelling
hydrogel nanocomposite in which SPIONs are covalently grafted
into the hydrogel network structure.43,44 However, this type of
linkage can restrict the mobility of SPIONs, resulting in an inho-
mogeneous response during heating.

Here, we propose a stimuli-responsive system made of folic
acid-functionalized SPIONs (FAS) physically integrated within
a G/P hydrogel matrix. The physical encapsulation of FAS
enhances nanoparticle mobility, thereby promoting uniform
heat dissipation when activated by an AMF. Furthermore,
leveraging FAS as thermal actuators induces the controlled de-
swelling of the thermoresponsive hydrogel, creating additional
free volume within the matrix, which subsequently facilitates
accelerated drug release through external AMF modulation.

■ RESULTS AND DISCUSSION

A novel G/P hydrogel was synthesized by the radical grafting of
UV-crosslinkable GelMa with thermo-responsive PNIPAM via
sequential N-acylation with UV-crosslinkable moiety (methacry-
late groups) based on rational design and selection protocol
(Figure 1), and the as-prepared hydrogel was subsequently uti-
lized for controlled AMF-triggered localized drug release. Prior
to the preparation of the hybrid hydrogel, the GelMa precursor
was prepared via the reaction of gelatin methacrylic anhydride
using the method described in the literature.45,46 1H-NMR spec-
tral signals confirmed successful GelMa formation, exhibiting
chemical shifts at around 5.4 and 5.6 ppm, which were assigned
Figure 1. Schematic illustration of the preparation, structure, and multifunc
AMF-triggered drug delivery and anticancer therapy. (1,2) Chemical structu
the UV-crosslinked hybrid hydrogel integrating GelMa, PNIPAM, and therap
ized thermal stimulation via FAS, enabling controlled and on-demand drug r
below and above the LCST, regulating swelling/deswelling behavior; and
thermal therapy inducing targeted tumor cell death with minimal toxicity to

C

to the acrylic protons (2H) of the grafted methacrylate group.
In contrast, the signal at 1.9 ppm was attributed to the methyl
group (3H) of the grafted methacrylate group (Figure S1).
Samples used in this study and their component concentra-

tions are detailed in Table 1.
The SEM analysis of G/P hydrogels (Figure 2A) revealed a

spongy structure with macro- and micropores, with undulating
grooves. Such interconnected pore networks mimicking the
extracellular matrix (ECM) are crucial from the perspective of
tissue regeneration, supporting the effective diffusion of oxygen,
nutrients, and metabolic by-products.
In G/P hydrogels, an increase of GelMa from 1.5 to 3.5%

(w/w) led to a significant increase in pore size, from 279.5 ±
17.63 to 1068.12 ± 89.81 μm. As shown in Figure 2B, the aver-
age pore size for pure GelMa is 332.73 ± 19.44 μm, which is
consistent with the literature report.46,47 Compared to GelMa,
the PNIPAM hydrogel exhibited a higher pore size, reaching
926.90 ± 39.87 μm, which falls below the macropore size
observed in the higher-concentration GelMa hydrogel. The
hybrid 2.5G/P and 2.5G/PFAS hydrogels displayed a porous
structure with both macro- and micropore structures inter-
meshed, indicating the blending of GelMa, PNIPAM, and
FAS. The significant increase in pore diameter following the
cross-linking of GelMa with PNIPAM renders the hydrogel
suitable for cell growth and endows the hydrogel with better
mechanical strength.
The structural characteristics of the hybrid hydrogel were

analyzed using FTIR spectroscopy, as shown in Figure 2C.
The spectrum of GelMa alone exhibits characteristic peaks of
gelatin polymer with an absorption band around 3346 cm–1,
which can be attributed to the O–H and N–H stretching vibra-
tions. In contrast, peaks in the region 2800–3100 cm–1 can be
assigned to the stretching vibration of C–H groups. The
tional behavior of the thermomagnetic responsive hydrogel system for
re of synthesized GelMa, PNIPAM, FAS, and 5-FU; (3) formation of
eutic agents (FAS and 5-FU); (4) application of AMF generating local-
elease, (5) thermo-responsive volume phase transition of the hydrogel
(6) mechanism of selective anticancer performance: combined drug-
normal cells.

https://doi.org/10.1021/acsami.6c10083
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Table 1. Samples Characteristics

name
GelMa
% (w/w)

PNIPAM
% (w/w)

FAS % (w/w of
polymer mass)

5-FU % (w/w
of polymer
mass)

GelMa 10 0 0 0
PNIPAM 0 5 0 0
1.5G/P 1.5 5 0 0
2.5G/P 2.5 5 0 0
3.5G/P 3.5 5 0 0
2.5G/PFAS 2.5 5 2 0
2.5G/P-1/
2D

2.5 5 0 0.5

2.5G/P-D 2.5 5 0 1
2.5G/PFAS-
1/2D

2.5 5 2 0.5

2.5G/PFAS-
D

2.5 5 2 1
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gelatin-based backbone structure is associated with the absorp-
tion bands observed at 1630 cm–1 (C=O stretching,
amide I) and 1537 cm–1 (N–H bending coupled to C–H
stretching, amide II).48 Similarly, the typical characteristic peaks
of PNIPAM were observed at 1542, 1639, and 3294 cm–1,
which can be ascribed to N-H bending, C=O stretching, and
secondary amide (N–H) stretching, respectively.27 The spectra
of the hybrid hydrogel with different ratios of the G/P combina-
tion were almost identical due to the overlapping of character-
istic peaks of PNIPAM and GelMa with some peak shift
arising from cross-linking. However, a slight shift was observed
in the characteristic peaks of individual PNIPAM and GelMa
compared to the hybrid hydrogel, which can be attributed to
the hydrogen bonding between PNIPAM and GelMa.
Incorporating FAS into the hydrogel does not show any notice-
able change in the FTIR spectra, suggesting that FAS is trapped
within the hydrogel matrix without forming covalent bonds.

The hydrogels’ thermal behavior was analyzed using differen-
tial scanning calorimetry (DSC), as shown in Figure 2D. The
DSC heating scans reveal that pure GelMa aqueous solution
does not exhibit any thermal effect within the studied tempera-
ture range, while pure PNIPAM solution displays an endother-
mic peak starting at 25 °C and ending at 40 °C with a maximum
at 32 °C. According to the literature, this peak is associated with
PNIPAM’s transition from a random coil to a globular struc-
ture.49 The incorporation of GelMa into the hydrogel signifi-
cantly reduces the magnitude of the transition peak from 25
to 2.5 J gPNIPAM

–1 and shifts the peak to higher temperatures,
for example, to 41 °C for the 3.5 G/P formulation. Moreover,
the addition of FAS to the 2.5 G/P hydrogel results in a slight
decrease in the transition temperature by 1 °C while nearly
doubling the peak size from 6 to 10 J gPNIPAM

–1, indicating an
alteration in the thermal properties and interactions within the
hybrid network.

The morphology studies using transmission electron micros-
copy (TEM) revealed the uniform spherical shape for the bare
SPIONs and FAS, see Figure 2E,F. The size of prepared
SPIONs and FAS is below 12 nm, which could be due to the
use of hydrochloric acid (HCl) during the coprecipitation syn-
thesis that reduces the size of NPs compared to the SPIONs
obtained without additional acidic agent50 to maintain fine
D

morphology, well-distribution of the NPs in the thermorespon-
sive polymer matrix, and potential low aggregation post-stimuli
treatment. Figure 2G shows the hydrodynamic size of the FAS,
where the inset reveals the Zeta potential for the FAS measured
in phosphate-buffered saline (PBS) at pH 7.4.
Based on the SEM and DSC results, the 2.5G/P sample com-

position has been selected for further experiments. This sample
is characterized by optimal LCST near physiological conditions
and a suitable pore size.
Thermogravimetric analysis provided information on the

thermal stability of the material before and after the incorpora-
tion of FAS into the hydrogel matrix (Figure 3A). The thermo-
grams for 2.5G/P and 2.5G/P-D before the FAS loading into
the hydrogel differ from 2.5G/PFAS and 2.5G/PFAS-D. This
difference can be attributed to the presence of FAS in the struc-
ture, which acts as heat mediators, enhancing water loss and
contributing to hydrogel degradation. The first derivative ther-
mogravimetry (DTG) demonstrates a multi-peak region below
250 °C, originating most probably from the water evaporation
that may undergo different kinetics for varied compositions of
the material, resulting in different interactions between particu-
lar molecules.51 The main DTG peak for water evaporation in
all samples appears below 100 °C, while FAS incorporation
results in additional hydrogen bonds between the water mole-
cules and the organic coat as well as the 5-FU in the hydrogel,
resulting in an additional peak at 150 °C and its shift to 230 °C.
The following DTG exothermic peaks allocated around 400 °C
can be ascribed to the degradation of the organic ingredients
through decarboxylation and carbonization. As the measure-
ments are performed in a nitrogen atmosphere, the pyrolysis
can undergo what is seen at higher temperatures, where the
minor peaks above 800 °C are seen. Overall, the presence of
FAS leads to a shift in the degradation peaks, indicating its influ-
ence on the thermal behavior of the hydrogel matrix.
As the FAS are used as heat generators to enhance drug

delivery, their magnetic properties were investigated using a
vibrating magnetometer (VSM). The M-H curves of SPIONs,
PFAS, and the 2.5G/PFAS composite, measured between –1
and 1 T, exhibit the characteristic shape of superparamagnetic
behavior (Figure 3B). The 2.5G/PFAS sample shows a lower
saturation magnetization (Ms) compared to both SPIONs and
PFAS, as expected due to the increased proportion of organic
matrix relative to the magnetic core. Despite this reduction,
the overall superparamagnetic trend is preserved, which is
promising for AMF-triggered drug release via magnetic hyper-
thermia, as it reduces the risk of nanoparticle aggregation after
drug release. Figure 3C shows thermographic images of the
hydrogel captured using a thermal imaging camera at AMF
amplitudes of 27 and 33 G.
Figure 3D illustrates the temperature-induced volume shrink-

age of PNIPAM and 2.5G/P-D hydrogels during heating to
40 °C, illustrating the thermoresponsive volume phase transi-
tion behavior after 5-FU encapsulation. Additionally, the mag-
netically induced heating and energy conversion capability of
the 2.5G/PFAS-D hybrid hydrogel were evaluated by exposing
the sample to an AMF. Figure 3E,F presents the temperature-
time profiles of the 2.5G/PFAS-D suspension under different
AMF intensities, showing uniform heating behavior across the
sample. The temperature gradually increases with increasing
magnetic field strength, reaching maxima of 31, 33, and 41 °C
https://doi.org/10.1021/acsami.6c10083
ACS Appl. Mater. Interfaces XXXX, XXX, XXX–XXX
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Figure 2. (A) SEM images of GelMa, PNIPAM, 1.5 G/P, 2.5 G/P, 3.5 G/P, and 2.5 G/PFAS thermoresponsive hydrogels; (B) TEM images of
SPIONs and FAS; (C) corresponding pore area; (C) FTIR spectra of the thermoresponsive hydrogels; and (D) examples of DSC scans for various
compositions registered upon heating at 10 K min–1; a note: a small endothermic peak seen at 20 °C on presented DSC scans is an instrumental
artifact occurring also on the DSC baseline scan; TEM images and histograms for (E) SPIONs, (F) FAS, and (G) hydrodynamic size of FAS, where
inset shows the Zeta potential of the FAS in pH 7.4.

ACS Applied Materials & Interfaces www.acsami.org Research Article

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
a
a
m
i
c
k
/
a
r
t
i
c
l
e
-
p
d
f
/
d
o
i
/
1
0
.
1
0
2
1
/
a
c
s
a
m
i
.
6
c
1
0
0
8
3
/
6
6
4
6
6
3
6
7
/
a
m
-
2
0
2
6
-
1
0
0
8
3
j
.
p
d
f
 
b
y
 
I
N
S
T
 
O
F
 
F
U
N
D
A
M
E
N
T
A
L
 
T
E
C
H
 
R
E
S
 
P
A
S
,
 
Z
a
h
r
a
 
M
o
a
z
z
a
m
i
 
G
o
u
d
a
r
z
i
 
o
n
 
1
0
 
A
u
g
u
s
t
 
2

within 800 s at 14, 22, and 27 G, respectively. At 33 G, the tem-
perature stabilizes around 40 °C, while 35 G raises it to 43 °C
(Figure 3E). It is worth noting that samples at the therapeutic
temperature are achieved by 10 min of AMF application, and
applied conditions are below the acceptable body limit in small
regions of about 1.8 × 109 A m–1 s-1, reducing the risk of gen-
eration of eddy currents.52–54
E

It has been shown that a temperature of 40–42 °C does not
cause any damage at the cellular level.55–57 Thus, the 27 G
intensity that produces a temperature of 41 °C was considered
worthy of further study. Temperature-time profiles measured at
four different spots of the hydrogel under AMF at 27 G nearly
overlap (Figure 3F), indicating homogeneous SPION distribu-
tion and consistent heating.
https://doi.org/10.1021/acsami.6c10083
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Figure 3. (A) Thermograms for investigated hydrogels, with and without FAS, where inset shows DTG curves and particular range of temperatures
in detail, (B) M–H curves, (C) images from the thermovision camera of tested hydrogel at 33 and 27 G amplitude of AMF, (D) temperature-induced
volume shrinkage of PNIPAM and 2.5G/P-D hydrogels, (E) 2.5G/PFAS-D hydrogel under alternating magnetic fields with amplitudes ranging from
14 to 35 G, and (F) temperature profiles of 2.5G/PFAS hydrogel under 27 G AMF.
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Furthermore, UV spectrophotometric analysis of the incuba-
tion medium did not reveal characteristic absorption peaks cor-
responding to FAS release during the investigated period,
suggesting stable nanoparticle retention within the hydrogel
matrix.

The cyclic compression tests, conducted at both 25 and
37 °C, further highlight the mechanical robustness and shape
recovery of the 2.5 G/P hydrogel (Figure 4A,B). The results
indicate that the 2.5 G/P hydrogel maintained consistent
mechanical performance across all cycles at both temperatures,
demonstrating its stability and durability under repetitive stress
conditions. At body temperature (37 °C), both PNIPAM and
the 2.5 G/P hydrogel exhibited similar strain behavior during
cycling; however, the 2.5 G/P hydrogel showed significantly
higher stress levels, indicating a greater capacity to withstand
mechanical forces without deformation. At room temperature
F

(25 °C), the 2.5 G/P hydrogel demonstrated higher stress
levels compared to GelMa and PNIPAM, but with reduced
strain. This suggests that the 2.5 G/P formulation provides a
more rigid structure while retaining flexibility to resist mechan-
ical fatigue. This enhanced mechanical profile, especially at
physiological temperature, highlights its suitability. The
mechanical properties of the biohybrid hydrogels with different
G/P mass ratios demonstrate that the 2.5 G/P hydrogel pos-
sesses superior compressive strength, achieving 0.06 MPa at
78% compression strain, compared to pure GelMa
(0.023 MPa) and PNIPAM (0.012 MPa) (Figure 4C and D).
Additionally, the 2.5 G/P hydrogel exhibited the highest modu-
lus of elasticity at both room temperature (25 °C) and body
temperature (37 °C) (Figure 4E), likely due to a higher degree
of chemical cross-linking interactions between GelMa and
PNIPAM.
https://doi.org/10.1021/acsami.6c10083
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Figure 4. (A,B) Cycling behavior of GelMa, PNIPAM, and 2.5 G/P hybrid hydrogels in PBS solution at 25 and 37.5 °C; (C,D) compression stress
vs. strain; (E) elastic modulus at 25 and 37.5 °C; and (F) swelling ratio of thermoresponsive hydrogel samples.
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A key parameter in determining the drug release kinetics of
the hydrogel is the swelling behavior. The swelling behavior
of the as-prepared hydrogels was investigated in the PBS buffer
(pH 7.4) at 25 °C. It is pertinent to note that the ionic strength
plays a key role in influencing the swelling behavior. In the
swelling experiment, the ionic strength of the PBS buffer is
expected to reduce the osmotic pressure difference between
the hydrogel network and the surrounding solution, thereby
lowering the equilibrium swelling ratio.58 As shown in
Figure 4F, PNIPAM exhibits the highest swelling ratio, whereas
GelMa shows the lowest value. The G/P hybrid hydrogels dis-
play intermediate swelling behavior, with the equilibrium swell-
ing ratio increasing with GelMa content. For all samples, a rapid
increase in swelling is observed during the initial hours of
G

immersion, followed by a plateau corresponding to the equilib-
rium swelling state.59

The L929 fibroblasts, which are adherent cells responsible for
extracellular matrix production, displayed similar morphology in
extracts of the hydrogels and on TCP (tissue culture plastic)
(Figure 5). The cell proliferation in the presence of the hydro-
gel solution did not show any difference compared to the con-
trol solution, and an increase in cell density with time was
consistently observed. After 24 h, the fibroblasts maintained their
typical shape and well-spread morphology, extending filo-
podia and lamellipodia, indicative of required cell-material
interactions.
Previous AMF-heating measurements confirmed that the

2.5G/P hydrogel reached the magnetothermally relevant
https://doi.org/10.1021/acsami.6c10083
ACS Appl. Mater. Interfaces XXXX, XXX, XXX–XXX
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Figure 5. L929 cells cultured for 24 h in contact with sample extracts in comparison with TCP as a control: cellular nucleus in blue (middle column),
actin skeleton in green (left column), merged nucleus and actin images (right column), magnification 200×.
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temperature 41 °C under actual AMF exposure (Figure 3D–F).
To ensure reproducibility, stability, and compatibility with in
vitro setups, the same temperature profile was subsequently rep-
licated using a controlled oven. This approach allowed us to iso-
late the thermomagnetic responsive behavior of the system
from AMF-equipment variability while maintaining direct
H

consistency with the experimentally validated AMF-induced
temperature range. Accordingly, both the thermo-assisted cyto-
toxicity evaluation (Figure 6) and the ON–OFF release assess-
ment (Figure 7) were conducted under this AMF-equivalent
thermal stimulation to provide a reliable, mechanistically
grounded in-vitro proof-of-concept.
https://doi.org/10.1021/acsami.6c10083
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Figure 6. (A) Cell viability in the presence of hydrogels at different time points and (B) corresponding cell absorbance values. (C,D) Viability of
human lung adenocarcinoma (NCI-H1975) and fibroblast-like human osteosarcoma (MG-63) cells cultured with the investigated hydrogels.
(E,F) Hemolysis ratios and photographs of human RBCs treated with different hydrogel extracts. Statistical significance is indicated as *p < 0.05,
**p < 0.01, and ***p < 0.001.
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The cytotoxicity of the hydrogels was investigated using
L929 fibroblasts in a Presto Blue assay. As shown in
Figure 6, the addition of different test hydrogel samples did
not significantly change cellular viability after 3, 5, and 7 days
of incubation in direct contact with the hydrogel samples,
with the cell viability exceeding 70% relative to TCP
(Figure 6A), and the two-way ANOVA analysis revealed no
I

statistically significant differences (ns). Similarly, an increase
in the absorbance of the cells on the 5th and 7th days was
observed compared to the 3rd day, suggesting appropriate cell
proliferation in contact with the hydrogel and TCP
(Figure 6B). This result confirmed the biocompatible poten-
tial of the hydrogel and the precursors, hence could act as a
drug delivery system for bio-applications.
https://doi.org/10.1021/acsami.6c10083
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Figure 7. (A,B) Drug release profile of the hybrid hydrogels at 37.5 and 41 °C. (C,D) In vitro release profiles fitted with the Gallagher–Corrigan
model and the corresponding kinetic parameters.
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An important criterion for scaffolding in the manufacture of
tissue constructs is the maintenance of normal cellular behavior
in a 3D microenvironment.60,61

In both cell lines-human lung adenocarcinoma (NCI-H1975)
and fibroblast-like human osteosarcoma (MG-63)-a reduction
in cell viability was observed in the presence of the combined
drug and FAS treatment, compared to either the drug or FAS
alone, as well as the tissue culture plastic (TCP) control
(Figures 6C,D and S3). Before the cell viability analysis, the
cells with samples were exposed to heat treatment to simulate
the effects of an alternating magnetic field. These results con-
firm the enhanced anticancer properties of FAS when combined
with thermal stimulation.

Blood compatibility and non-cytotoxic properties are critical
for hydrogels used in medical applications. The hemolysis ratio
test was used to evaluate the blood compatibility of the hydro-
gels. The positive control, consisting of red blood cells (RBC)
dispersed in water, showed bright red after centrifugation, indi-
cating RBC breakage. In contrast, the hydrogel solutions
showed a transparent color, which is comparable to the negative
control of PBS (Figure 6E,F). All hydrogels exhibited a hemo-
lytic percentage below 2%, which meets ISO 10993-4 require-
ments, suggesting high blood compatibility. Moreover,
scaffolds incorporating FAS did not show any hemolytic
J

influence on human RBCs compared to hydrogels without
nanoparticles. Hence, this blood compatibility makes it a suit-
able candidate for medical applications.
At temperatures above the LCST of PNIPAM (≈32 °C),

such as 41 °C used in this study, the swelling ratio decreases,
indicating thermally induced shrinkage of the PNIPAM-
containing hydrogel. This behavior is consistent with the
well-known thermoresponsive mechanism of PNIPAM,
where hydrogen bonding between amide groups and water
molecules weakens, and hydrophobic interactions between
isopropyl groups become dominant, leading to polymer chain
collapse.30

The switchable release behavior in response to an “ON-OFF”
temperature cycle [at (OFF 37.5 °C) and (ON 41 °C)] was fur-
ther evaluated, with performance correlated to the swelling
behavior of the UV-crosslinkable and thermoresponsive hybrid
hydrogel (Figure 7). The 5-FU, which is currently the third
most used anticancer drug for the treatment of solid cancers,
including colorectal and breast, was used as a model drug.
The hybrid hydrogel and the FAS-incorporated hybrid hydrogel
exhibit an initial burst release within the first 8 h, followed by a
slower release phase at 37 °C (Figure 7A,B). When the temper-
ature is increased to 41 °C, the drug release rate increases signif-
icantly, indicating temperature-triggered release behavior.
https://doi.org/10.1021/acsami.6c10083
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https://pubs.acs.org/doi/suppl/10.1021/acsami.6c10083/suppl_file/am6c10083_si_001.docx
http://www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c10083


ACS Applied Materials & Interfaces www.acsami.org Research Article

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
a
a
m
i
c
k
/
a
r
t
i
c
l
e
-
p
d
f
/
d
o
i
/
1
0
.
1
0
2
1
/
a
c
s
a
m
i
.
6
c
1
0
0
8
3
/
6
6
4
6
6
3
6
7
/
a
m
-
2
0
2
6
-
1
0
0
8
3
j
.
p
d
f
 
b
y
 
I
N
S
T
 
O
F
 
F
U
N
D
A
M
E
N
T
A
L
 
T
E
C
H
 
R
E
S
 
P
A
S
,
 
Z
a
h
r
a
 
M
o
a
z
z
a
m
i
 
G
o
u
d
a
r
z
i
 
o
n
 
1
0
 
A
u
g
u
s
t
 
2

The cumulative release of 5-FU from the hybrid hydrogels at
37.5 °C (control group) and 41.5 °C (test group) gradually
increased over time. Hydrogels loaded with 1.0 mg mL–1 of 5-
FU showed a total cumulative release of 36.5%, compared to
25.8% for 0.5 mg mL–1. The FAS-incorporated hydrogel
achieved 72.6% release over 28 days, exhibiting a biphasic pat-
tern with an initial burst followed by sustained release. The
release behavior strongly correlated with the temperature-
dependent swelling and shrinking of the hydrogels, indicating
that 5-FU release was modulated by hydrogel volume changes.
Total drug release from 2.5G/PFAS samples is similar to that
of other proposed drug carriers analyzed by other researchers.
For example, Wu et al. analyzed three sizes of Ag-Au
nanoparticle-based carriers loaded with trimetazidine
(TMZ drug). The drug loading capacity was a maximum of
46.5 wt % for the biggest nanocarriers. The authors proved that
the thicker the gel shell of Ag-Au nanoparticles was, the slower
the drug release rate due to the longer restricted diffusion path
in the thick gel shell. Additionally, the temperature-dependent
drug release profile was presented, also using NIR light as a trig-
ger for on-demand drug release. The experiment was conducted
over 48 h, and for the highest analyzed temperature (41 °C),
total drug release for all nanocarrier types was 70–80%.34
Similar drug release kinetics for SPION nanocomposite were
presented by Jalili et al.42

The release profiles were fitted with the Gallagher–Corrigan
model, a biphasic kinetic model commonly applied to complex
polymer-based matrices.62 The model is expressed as:

ft = ft max 1 – e – k1t
� �

+ ft max – fbð Þ· ek2t – k2t2 max

1+ ek2t – k2t2 max

� �

where fb is the burst fraction, k1 and k2 are the release constants
for the initial and sustained phases, respectively, ft max is the
maximum fraction released, and t2 max is the time at which the
transition to the second phase occurs.

The resulting parameters are summarized in Figure 7C,D.
The high coefficients of determination (R2 = 0.991–0.994) con-
firmed the excellent fit of the data. Distinct differences among
samples were observed in both the burst fraction (fb) and the
release constants. 2.5G/PFAS-1/2D showed the highest burst
release (fb = 22.3%) and the fastest initial rate (k1 = 0.224 h–
1), indicating a pronounced early release phase, whereas
2.5G/P-1/2D exhibited the lowest burst (fb = 6.2%) and the
most controlled profile. All samples displayed comparable sus-
tained release rates (k2 ≈ 0.013–0.014 h–1), suggesting similar
long-term release kinetics. Notably, 2.5G/PFAS-D achieved
the greatest overall release (ft max = 44.5%), although with a less
accurate model fit (Reduced Chi-Sqr = 4.80). These results
demonstrate the ability of the Gallagher–Corrigan model to
mechanistically distinguish between burst and sustained release
phases, providing deeper insight into the release behavior of the
formulations.

Although the present study demonstrates promising in vitro
performance, the absence of in vivo evaluation remains a limita-
tion. Future studies will focus on assessing the biocompatibility,
therapeutic efficacy, and long-term stability of the proposed sys-
tem in relevant animal models to further validate its transla-
tional potential.
K

3. CONCLUSION

A novel, dual-stimuli responsive hybrid hydrogel drug carrier
was developed using 2.5% (w/w) gelatin methacryloyl
(GelMa) and 5% (w/w) poly(N-isopropylacrylamide)
(PNIPAM), integrated with 2% (w/w) folic acid-coated super-
paramagnetic iron oxide nanoparticles (FAS). The optimized
2.5G/P matrix exhibits exceptional mechanical resilience,
achieving a superior compressive strength of 0.06 MPa at
78% strain with excellent shape-memory, ensuring durability
under repetitive physiological stress. Furthermore, in vitro
assays confirmed outstanding cytocompatibility (>70% viability
against L929 fibroblasts) and hemocompatibility (hemolysis
ratio < 2%, complying with ISO 10993-4 standards), ensuring
its safety for contact with blood and physiological fluids.
Magnetothermal activation at a hyperthermic temperature of
41 °C induced network shrinkage, triggering a controlled, pulsa-
tile “ON/OFF” release of 5-fluorouracil (5-FU). This release
profile, which follows the Gallagher–Corrigan model, reached
a maximum cumulative release of 72.6% over 28 days, and yield-
ing a profound synergistic reduction in NCI-H1975 and MG-63
cancer cell viability.
These structural and functional attributes endow the developed

2.5G/P-FAS hydrogel with significant potential for targeted onco-
logical applications. Its injectability and rapid UV-
photocrosslinkability make it an ideal candidate for in situ form-
ing, localized drug-delivery implants directly inside post-surgical
tumor resections to eradicate residual cancer cells and prevent
recurrence. Moreover, its robust compressive stability and blood
compatibility allow this thermo-magnetic platform to be engi-
neered as implantable patches for the localized chemo-
hyperthermia treatment of solid tumors, such as osteosarcoma
and lung malignancies. This work establishes a versatile material
platform that paves the way for more precise, patient-tailored,
and spatiotemporally controlled cancer therapies.
4. EXPERIMENTAL SECTION

4.1. Materials and Sample Preparation

4.1.1. Raw Materials. Type A gelatin, methacrylic anhydride
(MA), N-isopropylacrylamide (NIPAM), ethanol (98%), PBS, 2-
hydroxy-1-(4-(hydroxyethoxy) phenyl)–2-methyl-1-propanone
(Irgacure 2959, IR), N,N′-methylenebisacrylamide (BIS), and folic acid
were purchased from Sigma-Aldrich. Cut-off dialysis tubing (MWCO:
12–14 kDa) was sourced from Acros Organics and Spectrum Labs.
Iron (III) chloride hexahydrate (FeCl3·6H2O), iron (II) chloride tetra-
hydrate (FeCl2·4H2O), sodium hydroxide (NaOH), acetone, and
25% aqueous ammonia solution (all analytical grade) were supplied
by Warchem Sp. z o.o., Warsaw, Poland.

4.1.2. Synthesis of SPIONs and FAS. SPIONs were synthesized
via a co-precipitation method. Iron salts, FeCl3·6H2O (1.08 g,
4.0 mmol) and FeCl2·4H2O (0.4 g, 2.0 mmol), were dissolved in
50 mL of distilled water [establishing a strict 2:1 stoichiometric molar
ratio of Fe3+ : Fe2+]. To this, 0.5 mL of 0.1 M HCl was added. The
solution was stirred magnetically, and the pH was initially adjusted to
10.5 using an aqueous ammonia solution, then further increased to
11.5. The solution was stirred for an additional 5 min at 80 °C.
Afterward, the resulting SPIONs were magnetically separated from
the solution, washed thoroughly with distilled water to remove any
residual chemicals, and then dried at 60 °C to yield approximately
440 mg of dry nanoparticles.
https://doi.org/10.1021/acsami.6c10083
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For FAS, 500 mg of folic acid was dissolved in 40 mL of ethanol/
water (4:1) mixture, and the SPION suspension was added to this
solution. The pH was again adjusted to 11, and the mixture was stirred
at 60 °C for 24 h to facilitate the coating of SPIONs with folic acid.
The FAS was purified by centrifugation and then resuspended in dis-
tilled water.50

4.1.3. Synthesis of GelMa and Thermo-Magnetic Cancer-
Treatment Hydrogel Fabrication. GelMa was synthesized by react-
ing 10 g of Type A gelatin with methacrylic anhydride (MA; 0.8 mL g–1

gelatin) in PBS at 60 °C. After the reaction, the mixture was dialyzed
against distilled water for 7 days using cut-off dialysis tubing
(MWCO: 12–14 kDa) to ensure the complete removal of unreacted
methacrylic anhydride. The dialyzed GelMa was subsequently lyophi-
lized to obtain a porous foam.

For the fabrication of hydrogels, GelMa (10% w/w) was dissolved in
PBS, and the solution was mixed with (0.5% w/w relative to GelMa) of
the photoinitiator Irgacure 2959 (IR). The resulting solution was exposed
to UV radiation (365 nm, 12.5 mW cm–2) for 120 s to induce crosslink-
ing and form a hydrogel. For thermoresponsive hydrogels, NIPAM (5%
w/w) was added, and BIS (0.2% w/w), FAS (2% w/w), and 5-FU
(0.5 and 1% w/w) are accurately described using weight-to-weight per-
centages (w/w)% based on total polymer mass to ensure clear and rep-
licable formulation protocols,46 where all monomers and crosslinkers
were used as received without further purification.

4.2. Characterization

4.2.1. Morphology. The morphological characteristics of
SPIONs, FAS, and hydrogels were analyzed using scanning electron
microscopy (SEM; Jeol JSM-6010PLUS/LV InTouchScope) and
transmission electron microscopy (TEM; EF-TEM, Zeiss Libra 120
Plus). For SEM imaging, samples were sputter-coated with gold to
enhance conductivity.

4.2.2. Chemical Structure. Fourier-transform infrared spectros-
copy (FTIR; Bruker Vertex 70 FT-IR Spectroscopy).

4.2.3. Thermal Properties. The thermal characterization and
stability of the hydrogels were assessed using differential scanning cal-
orimetry (DSC; Perkin Elmer PYRIS-1) and thermogravimetric analy-
sis (TGA; TGA 8000, Perkin Elmer).

4.2.4. Magnetic Properties. The magnetic response of both
SPIONs and FAS hydrogels was evaluated using vibrating sample mag-
netometry (VSM; QD vibrating sample magnetometer VSM) to assess
their superparamagnetic behavior.

4.2.5. Mechanical Properties. Compression Testing: The
mechanical properties of the hydrogels were evaluated through com-
pression tests conducted using a texture analyzer (Brookfield Ametek
CTX TA) at a compression rate of 1 mm/min.

4.2.6. Swelling Ratio. The swelling behavior of the hydrogels
was studied by immersing dried hydrogel samples in distilled water at
room temperature (25 °C). The weight of the samples was measured
at several time points (0.25, 0.5, 1, 2, 3, 6, and 24 h) to evaluate the
swelling kinetics.

4.2.7. Magnetic Hyperthermia Studies. The heat was induced
using 10KWHF equipment supplied from the Superior Induction
Company (Pasadena, CA, USA) using amplitude in the range 27–
35 Gauss (G) and frequency about 294 kHz (using copper solenoid
type with coils number: 7, height: 5 cm, diameter: 7 cm). The heating
effectiveness of the hydrogel was recorded using a FLIR A300 thermo-
vision camera.

4.3. Biological Evaluations

4.3.1. Cytotoxicity. Cellular viability was assessed using the
PrestoBlue assay on L929 fibroblasts (Sigma-Aldrich). Cells were
seeded in 96-well plates and incubated with the hydrogel extracts for
2, 5, and 7 days to evaluate any cytotoxic effects.

4.3.2. Sterilization Process. Prior to conducting the subsequent
four analyses, the prepared hydrogels were washed for a duration of
10 days. This extended washing period was implemented to ensure
L

the complete removal of any unreacted monomers, cross-linking
agents, solvents, or other potentially toxic residues from the synthesis
process. Following this, the material samples were sterilized under
UV radiation for 30 min before proceeding with the cell loading and
hemolysis assays.

4.3.3. Cell Morphology. Fibroblast morphology following expo-
sure to extracts was analyzed via fluorescence microscopy. The cyto-
skeleton and nuclei were stained using ActinGreen and NucBlue,
respectively. Microscopic images were acquired at 200× magnification
using a Leica AM TIRF MC microscope.

4.3.4. Anticancer Tests. On the starting day of the experiment,
the human lung adenocarcinoma cell line NCI-H1975 (ATCC) and
fibroblast-like human osteosarcoma cell line MG-63 (Sigma-Aldrich)
cells were detached using trypsin and seeded at a density of 10,000 cells
per well into 48-well plates, separately for each cell type. The following
day, samples were added: 2.5G/P, 2.5G/P-D, 2.5G/PFAS, and
2.5G/PFAS-D. The next day, 48-well plates containing the cells and
samples were exposed to thermal treatment: 5 cycles of 15 min at
41 °C, with 5-min breaks at 37 °C between each cycle. After 2 days,
a PrestoBlue assay was performed to assess cell viability.

4.3.5. Hemolysis Assay. Extracts were prepared from 8 mg of
each sample type. The samples were immersed in 2 mL of PBS, kept
at 37 °C, and gently stirred for 24 h.4 Fresh, healthy human blood
was collected using Vacuette tubes containing sodium citrate as an anti-
coagulant (9 mL; Greiner Bio-One, Frickenhausen, Germany). Whole
blood was diluted with PBS at a 1:2 volume ratio. The RBCs were then
separated from the plasma by centrifuging at 500 g for 10 min and
washed five times with 10 mL of PBS. For the hemolysis test, 0.2 mL
of the diluted RBC suspension (around 5 × 108 cells per mL) was
added to 0.8 mL of non-diluted extracts. The RBC suspension dis-
persed in PBS was selected as a negative control and the RBCs suspen-
sion dispersed in distilled water was used as a positive control. All the
suspensions were centrifuged at 10,000 g for 3 min after incubation at
37 °C for 3 h. The absorbance of the resulting supernatant was mea-
sured at 540 nm using a microplate reader (Synergy HTX, BioTek,
Winooski, VT, USA). The hemolysis rate was calculated according to
the following equation:

Percentage of hemolysis=

sample absorbance� negative control absorbance
positive control absorbance� negative control absorbance

×100%

4.3.6. Drug Release. The release of the chemotherapy drug 5-
FU from the thermoresponsive hydrogels was investigated under an
ON-OFF temperature-controlled system using ovens, which was
employed to simulate the thermal effects of an AMF. The temperature
was alternated between 37.5 °C (OFF), representing the normal drug
release condition, with sampling at multiple time points (0.5, 1, 2, 3, 4,
5, 6, 8, 20, 25, 50, 100, 148, 192, 264, 336, 528, and 672 h) and 41.5 °C
as simulated hyperthermia point (ON for 15 min), which was applied
between each interval at 37.5 °C as part of a thermal switching
protocol. The amount of released 5-FU was quantified using a UV
absorption spectrophotometer (Multiscan GO, Thermo Scientific) at
285 nm.

4.3.7. Statistical Analysis. All experimental data were expressed
as the mean ± standard deviation (SD). Statistical significance was
evaluated using GraphPad Prism 8.0.1 software. A p-value of less than
0.05 was considered statistically significant. Two-way ANOVA with
Tukey’s multiple comparison test was used, where applicable, to com-
pare groups.
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