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Abstract: Air pollutants pose a severe threat to respiratory system health.
Establishing an in vitro toxicological assessment model that can closely mimic the in
vivo physiological state is of great significance for replacing animal experiments and
improving the accuracy of toxicity prediction. Conventional two-dimensional (2D)
cell culture fails to recapitulate the tissue microenvironment and pollutant
concentration gradients, often resulting in deviations from the true physiological
conditions in the assessment of toxicity responses. Therefore, this study was dedicated
to constructing an in vitro 3D cell model suitable for the toxicity assessment of air
pollutants. A thiol-cytosine  dual-functional hyaluronic acid precursor
(HA-SH-HMDA-Cytosine) was synthesized through chemical modification.
Subsequently, a dual-network biomimetic hydrogel (Hybrid gel) was constructed
through the synergistic interplay between covalent crosslinking of disulfide bonds and
physical crosslinking formed by triple hydrogen bonds between cytosine and its
tautomer. The obtained hydrogel possessed appropriate gelation time, porous
microstructure, swelling behavior and mechanical strength. After being functional
modified with RGDS peptide, the hydrogel can efficiently support the adhesion and
proliferation of human bronchial epithelial BEAS-2B cells, enabling the cells to
self-assembe into structurally regular lung spheroids, and its culture performance is
comparable to that of Matrigel. Meanwhile, 1-nitropyrene (1-NP) was selected as a
model air pollutant for toxicity assessment. The results demonstrated that the toxicity
response of this lung spheroid model was more physiologically relevant than that of
traditional 2D culture, accompanied by a significantly elevated ICso value.
Mechanistic studies revealed that 1-NP induced excessive reactive oxygen species
production, triggered lipid peroxidation and cell membrane damage, and
down-regulated the expression of tight junction proteins including ZO-1, Occludin
and Claudin-1, thereby impairing the airway epithelial barrier function. In summary,
the 3D cell culture system based on HA biomimetic hydrogel developed in this study
provides a novel, stable and reliable alternative model for the in vitro toxicological
assessment of air pollutants, and offers a feasible strategy for the reduction,
replacement and refinement of experimental animals in accordance with the 3R
principles.

Keywords: Hyaluronic acid; Hydrogel; Dual-network structure; Cell spheroid;
1-Nitropyrene; In vitro toxicity evaluation
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Introduction

Air pollutants mainly originate from human production activities and daily living
behaviors, posing a severe threat to human health and imposing substantial disease
and socioeconomic burdens. As the foundation for environmental governance, health
risk assessment of environmental pollutants is of vital importance for formulating
scientific and effective pollution control strategies!'*!. For a long time, researchers
have predominantly relied on animal models to assess the health risks of air pollutants,
and animal models have long been regarded as the gold standard in toxicological
research®). However, conventional animal experiments inherently have limitations
such as long cycles, high costs, and significant species differences. To enhance
research efficiency and reduce animal usage, an increasing number of studies have
turned to in vitro testing as alternative approaches*!. Although traditional
two-dimensional (2D) cell culture systems enable uniform exposure of cells to
contaminants, they fail to recapitulate the gradient distribution and local concentration
differences of contaminants in vivo, often leading to inaccurate estimation of toxic
effects, thereby causing discrepancies between in vitro results and the actual in vivo
reactions!l. In contrast, 3D cell culture system can effectively reconstruct the spatial
arrangement of cells, the interaction between cells and the matrix, as well as the
concentration gradients of nutrients, oxygen, and signaling molecules. By highly
simulating the natural physiological microenvironment of tissues, the 3D culture
technique can more accurately reflect the toxicological responses of cells and tissues
to environmental pollutants, making them especially well-suited for toxicity
assessments involving cell communication and epithelial barrier function!”#!.

A primary challenge in 3D cell culture is limited mass transfer efficiency™!l.
When cells aggregate to form spheroids or organoids, the core region frequently
suffers from insufficient oxygen and glucose supply, accompanied by the
accumulation of metabolic wastes such as lactate and carbon dioxide, ultimately
leading to cell necrosis!'''?]. As a highly hydrated advanced polymer network, 3D
hydrogels are ideally suitable for meeting the physiological demands of the cellular
microenvironment for 3D culture!'3l. By precisely regulating the pore parameters, the
novel biomimetic hydrogels can construct a micron-scale interconnected porous
network, achieving efficient mass transport. Such biomimetic micro-topological
structures are regarded as “breathable” scaffolds capable of autonomous substance
exchange. Not only do they support efficient permeation of nutrients and oxygen
(diffusion coefficient close to that of natural soft tissues), but they also facilitate the
timely clearance of metabolic by-products, thereby significantly improving cell
viability and growth homeostasis during long-term 3D culture!!*!5]. The natural
extracellular matrix (ECM) acts as both a structural scaffold for maintaining cell
morphology and a critical biochemical and mechanical regulatory factor for cell
functions!'®). As an essential component of the ECM, hyaluronic acid (HA) has been
widely utilized in the design of engineered hydrogels owing to its inherent biological
functions and abundant modifiable sites!!”). Nevertheless, natural HA is compromised
by poor mechanical properties and rapid degradation in vivo, which severely restrict
its practical applications and necessitate structural optimization through chemical
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modification!®]. In recent years, to enhance the mechanical strength and biological
activity of HA hydrogels, researchers have optimized their performance by
constructing sophisticated cross-linking structures or introducing efficient energy
dissipation mechanisms!’1.

In this study, a dual-network dynamic biomimetic hydrogel based on HA was
designed and fabricated, aiming to establish a 3D lung spheroid model derived from
the human bronchial epithelial cell line BEAS-2B. To construct a reversible dynamic
hydrogen-bonding network, cytosine was selected as the modifying molecule for HA.
This nucleobase is capable of forming triple hydrogen bonds with its tautomer under
physiological pH conditions?®. However, previous studies have confirmed that
directly modifying HA with cytosine fails to yield nucleobase-functionalized HA
hydrogels. This phenomenon is mainly attributed to the low grafting rate, as well as
the severe steric hindrance caused by the lack of long spacer linkers between the HA
chains and cytosine moieties!?!l. Therefore, to improve the grafting efficiency of
cytosine and effectively alleviate molecular steric hindrance,
1,6-hexamethylenediamine (HMDA) was employed as a long-chain bridging unit to
synthesize  the  hyaluronic  acid-hexamethylenediamine-cytosine  derivative
(HA-HMDA-Cytosine). To construct a stable covalent crosslinking network,
sulfhydryl groups (-SH) were further introduced into the molecular backbone of
HA-HMDA-Cytosine to prepare its thiolated derivatives (HA-SH-HMDA-Cytosine),
which provided abundant active sites for the subsequent covalent crosslinking of the
hydrogel. Covalent crosslinking can optimize the solid content of the hydrogel and
enhance its structural stability, thereby avoiding undesirable degradation during cell
culture!??], By adjusting the weight/volume percentage (w/v) of HA in the system, the
crosslinking density of the hydrogel can be precisely modulated, enabling its
mechanical properties to be tailored to match the physiological microenvironment of
lung tissues.. Meanwhile, Arg-Gly-Asp-Cys (RGDS) adhesive peptide was
incorporated into the gel network to further optimize the biological activity and cell
adhesion performance of the scaffold®’]. Based on this, the effects of hydrogels with
different crosslinking densities and crosslinking modes on the adhesion, spreading
and proliferation of BEAS-2B cells were systematically investigated. Subsequently, a
3D lung spheroid model derived from the BEAS-2B cell line was constructed using
the dual-network biomimetic hydrogel. Finally, I-nitropyrene (1-NP), a typical
atmospheric pollutant, was selected for exposure assessment to validate the
application potential of the 3D spheroid model in the toxicological evaluation of air
pollutants (Scheme 1). In summary, this study successfully developed a biomimetic
hydrogel material suitable for 3D cell culture. As an innovative in vitro modeling
platform, the prepared material provides a reliable system for the toxicity assessment
of air pollutants and related fundamental research, and holds great potential for
reducing and even replacing the use of experimental animals.
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Dual-functional modification procedure of HA with cytosine and thiol groups
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Scheme 1. Schematic diagram of the construction of BEAS-2B lung cell spheroids
based on dual-network HA hydrogels and their application as a model for toxicity
assessment of environmental pollutants.
2 Material and Methods
2.1. Chemicals and Materials

Low-molecular-weight sodium hyaluronate (Molecular weight: 200~400 kDa,
cosmetic grade), L-cysteine hydrochloride (molecular weight: 157.62 Da, purity >
98%),  1-(3-dimethylaminopropyl)-3-ethylcarbodiimide = hydrochloride ~ (EDC,
molecular weight: 191.70 Da, purity > 98%), N-hydroxysuccinimide (NHS, molecular
weight: 115.09 Da, purity > 98%), 1,6-hexanediamine (HMDA, molecular weight:
116.2 Da, purity > 99%), cytosine (molecular weight: 111.1 Da, purity > 98%), and
hydroquinone (molecular weight: 110.11 Da, purity > 98%) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd., China. Dialysis bags MD25
with molecular weight cut-off (MWCO) of 3500 Da and 10000 Da were obtained
from Beijing Solarbio Science & Technology Co., Ltd., China. Deuterium oxide (D-0)
was supplied by Adamas Reagent Co., Ltd., China. RGDS peptide was purchased
from Shanghai ACMEC Biochemical Technology Co., Ltd., China. The human lung
epithelial cell line BEAS-2B was preserved in the cell bank of our laboratory. All the
other reagents used in this study were of analytical purity and commercially available.
2.2. Synthesis of HA-based hydrogel precursor

HA-SH-HMDA-Cytosine was synthesized through a three-step route involving
transamination and amidation reactions, with the detailed procedures performed
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according to reported literature!?*2®!. Firstly, the hydrophobic linker Cytosine-HMDA
was synthesized through transamination reaction. Subsequently, HA-HMDA-Cytosine
was prepared through the amidation reaction. Finally, another amidation reaction was
conducted to yield the target product HA-SH-HMDA-Cytosine. Detailed synthetic
protocols and reaction parameters can be found in the supplementary materials.
Fourier transform infrared spectroscopy (FTIR) and proton nuclear magnetic
resonance spectroscopy (‘H NMR) were used to characterize the chemical structures
of the hydrogel precursors. The corresponding spectral results are displayed in
Supplementary Figure 2 and Supplementary Figure 3.
2.3. Preparation of HA-Based Hydrogel

In this study, the concentrations of HA-based hydrogels were expressed as
weight/volume percentage (% w/v), and the density of HA was 1.78 g-mL"". To mimic
the 3D cell culture microenvironment, PBS (pH 7.4) was used as the solvent.
HA-SH-HMDA-Cytosine macromonomers were separately prepared into solutions of
1.5%, 2.0% and 2.5% (w/v). Gelation was performed under physiological conditions
at 37 °C and pH 7.4 to fabricate dual-network hybrid hydrogels (Hybrid gels). For
comparison, HA-SH covalently crosslinked hydrogels (Covalent gels) were also
fabricated by preparing HA-SH solutions at the same w/v concentrations in the
identical solvent system. Each group of hydrogel precursor solutions was transferred
into 1.5 mL centrifuge tubes. The gelation time was determined by the tube inversion
method, which was defined as the point when the solution stopped flowing.
2.4. Characterization
2.4.1 'H NMR

'H NMR spectra were recorded on a nuclear magnetic resonance spectrometer
(Avance 400, Bruker Ltd., Germany). A suitable amount of lyophilized hydrogel
precursor samples was dissolved in D20 to prepare a concentration of 10 mg/mL, and
then subjected to spectral acquisition for 'H NMR measurement.
2.4.2 FTIR

Approximately 1~2 mg of lyophilized samples was fully ground and mixed with
200 mg of potassium bromide (P116273, Aladdin, China) powder in an agate mortar,
followed by tablet pressing. The samples were scanned with a Fourier transform
infrared spectrometer (Nicolet-5700, Thermo Ltd., USA), and the corresponding
infrared spectra were recorded.
2.4.3 Swelling test

The masses of hydrogel samples in the dry state and at swelling equilibrium were
weighed separately. The swelling ratio of the hydrogel was calculated according to
Formula (2-1), where Wy and W represent the mass of the hydrogel in the dry state
and swollen state, respectively.

W
%100 (2-1)

, Y
Swelling rate (%)=
0

2.4.4 scanning electron microscopy (SEM)

The porous microstructure of hydrogel samples was observed by SEM (TM-1000,
Hitachi Ltd., Japan). Lyophilized hydrogel specimens were quenched and fractured in
liquid nitrogen, followed by gold sputtering. SEM images were performed at an
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accelerating voltage of 15 kV.
2.4.5 Rheology

A rotational rheometer (Kinexus Ultrat, NETZSCH, Germany) was used to
perform frequency sweep tests at 25 °C (Strain: 5%, Frequency: 0.1-10 Hz). The
storage modulus (G') and loss modulus (G") were determined to evaluate the
mechanical strength and network structural stability of the hydrogels.
2.5 Cell culture
2.5.1 Cell adhesion

BEAS-2B cells were seeded onto the surface of sterilized hydrogels at a density
of 2.5x10* cells/cm?. Each well was added with 1 mL of DMEM medium (03.1006C,
allBio, China) supplemented with 10% fetal bovine serum (164210, Procell, China)
and 1% penicillin—streptomycin (C100C5, NCM Biotech, China). The cells were
cultured at 37 °C in a 5% CO: incubator (HCP-168E, Haier Biomedical, China) for 6
h. Subsequently, cells were stained with Calcein-AM (KGA9501, KEYGEN
BIOTECH, China) for live cell fluorescent labeling. Fluorescent imaging was
performed using an inverted laser scanning confocal microscope (LSM 900, Carl
Zeiss AG, Germany), and the all imaging procedures were controlled by ZEISS ZEN
3.7 software.
2.5.2 Cell proliferation

BEAS-2B cells were seeded onto sterile hydrogel surfaces at a density of 1x10*
cells/em? and cultured in an incubator in a 5% CO- at 37 °C for 1, 3, and 5 days,
respectively. After incubation with CCK-8 working solution (K1018, Affinity
Biosciences, China) for 2 h, the absorbance at 450 nm was measured using a
microplate reader (Multiskan FC, Thermo Scientific, USA). The obtained absorbance
data were recorded and analyzed to evaluate cell proliferation activity.
2.6 Construction of BEAS-2B 3D spheroids based on HA-based hydrogels

BEAS-2B cells were seeded into the HA-based hydrogel scaffolds at a density of
5x10* cells/cm? and cultured in a constant-temperature incubator at 37 °C with 5%
CO: for 1, 3, 5, and 7 days, respectively. The proliferation activity of cell spheroids
was detected using the CCK-8 assay, and spheroid diameters were quantitatively
analyzed using Image J software (version 1.54r). At room temperature in the dark, the
cytoskeleton and cell nuclei were separately stained with TRITC-phalloidin
(AC10878, ACMEC, China) and DAPI fluorescent dye (SL7100, Coolaber, China).
The structural formation and growth process of BEAS-2B lung spheroids were
observed using a laser scanning confocal microscope.
2.7 1-NP exposure treatment of 3D lung spheroids

After routine culture for 7 days, the 3D spheroids were gently rinsed three times
with PBS. The medium was replaced with fresh culture medium containing different
concentrations of 1-NP (0, 1, 2.5, 5, 10, 25, 50, 100, 200 and 400 uM), followed by
continuous 1-NP exposure for 48 h. Morphological changes of the 3D lung spheroids
were observed under bright field with an inverted microscope (ECLIPSE Ts2, Nikon,
Japan). Afterwards, CCK-8 reagent was added and incubated at 37 °C for 2 h. The
absorbance at 450 nm was measured with a microplate reader, and the cell viability
was calculated according to Formula (2-2). Herein, Ic represents the absorbance of the
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untreated control group, Is represents that of the 1-NP-treated group, and Ib indicates
the absorbance of the blank control group.

11
Cell viability (%)= Ib x100 (2-2)
¢ b

2.8 Live/Dead staining

Working solutions of Calcein-AM and propidium iodide (PI, KGA9501,
KEYGEN BIOTECH, China) were prepared in accordance with the manufacturer’s
instructions. The 3D lung spheroids were dissociated and incubated in the staining
working solution at 37 °C for 15 min in the dark, followed by three washes with PBS
to remove residual dye. Fluorescence images were performed using a laser scanning
confocal microscope. The fluorescence intensities of green signals (live cells) and red
signals (dead cells) were quantitatively analyzed with Image J software. Cell viability
was calculated as the ratio of the live cell fluorescence intensity to the total cellular
fluorescence intensity.

2.9 Reactive oxygen species (ROS) detection

After exposure for 1-NP, intracellular ROS levels in 3D lung spheroids were
detected using 2',7'-dichlorofluorescein diacetate (DCFDA, KGA7308, KEYGEN
BIOTECH, China). DCFDA working solution was diluted to a final concentration of
10 uM. The spheroids were incubated at 37 °C for 40 min in the dark, followed by
three washes with PBS to remove residual working solution. Fluorescence images
were subsequently performed using a laser scanning confocal microscope. The
fluorescence intensity was quantitatively analyzed using Image J software to evaluate
the relative ROS levels in the spheroids.

2.10 LDH and MDA determination

The release level of lactate dehydrogenase (LDH) can directly reflect the degree
of cell membrane damage and cellular necrosis. In this study, a commercial LDH
assay kit (M1030, Beyotime, China) was used to determine LDH activity. After 1-NP
exposure, 50 pL of cell culture supernatant was collected and mixed with an equal
volume of working reaction solution, followed by incubation at room temperature for
15 min. After incubation, the absorbance was measured at 490 nm with a reference
wavelength of 630 nm using a microplate reader.

Malondialdehyde (MDA), as a terminal product of lipid peroxidation, can
effectively reflect cellular oxidative stress status and the degree of cell membrane
damage. A commercial assay kit (AKFAO013M, Boxbio, China) was used to detect
MDA content based on the thiobarbituric acid (TBA) method. The supernatant of cell
lysates was mixed with an equal volume of MDA working solution, and the resulting
mixture was heated in a boiling water bath for 15 min. The absorbance was measured
at 532 nm with a reference wavelength set at 450 nm using a microplate reader.

2.11 Western blotting

Total protein was extracted from 1-NP-exposed 3D lung spheroids using RIPA
lysis buffer (PO013, Beyotime, China). Protein concentration was quantified using a
BCA protein assay kit (WB6501, NCM Biotech, China). Protein samples were
separated by 10% SDS-PAGE gel electrophoresis (WB2102, BIOTIDES, China) and
then transferred onto PVDF membranes (IPVH00010, HKHCBIO, China). The
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membranes were blocked with 5% skim milk diluted in TBST buffer (PS103S,
EpiZyme, China) containing 0.5% Tween-20 at room temperature for 2 h. After
removal of the blocking solution, the membranes were incubated with primary
antibodies overnight at 4 °C (detailed information on primary antibodies is listed in
Supplementary Table 1). Following thorough washing with TBST, the membranes
were incubated with secondary antibodies diluted at a ratio of 1:10000 for 1 h at room
temperature. Subsequently, ECL chemiluminescence substrate (P1050, APPLYGEN,
China) was added for signal development. Protein band images were visualized using
a gel imaging system (C300, Azure Biosystems, USA), and the gray values of the
bands were quantitatively analyzed by Image J software.
2.12 RNA extraction and quantitative real-time PCR

Total RNA was extracted from 1-NP-exposed 3D lung spheroids using a rapid
RNA extraction kit (M5105, NCM Biotech, China). The concentration and purity of
RNA were determined with a microvolume spectrophotometer (NanoDrop One,
Thermo Scientific, USA). Total mRNA was reverse-transcribed into cDNA using a
reverse transcription kit with genomic DNA elimination enzyme (RR036A, TAKARA,
Japan). Gene amplification and quantification were performed on a real-time
fluorescent quantitative PCR instrument (QuantStudio 7 Flex, Applied Biosystems,
USA) using 2x Universal SYBR Green Fast gPCR Mix (RR820A, TAKARA, Japan).
Detailed primer sequences are listed in Supplementary Table 2.
2.13 Statistical analysis

All statistical analyses were conducted using GraphPad Prism v.8.0.1. Detailed
information on statistical methods and P-values is provided in the figure legends.
3 Results and discussion
3.1 Synthesis and characterization of hydrogel precursors

The hydrogel precursor HA-SH-HMDA-Cytosine was synthesized via a
three-step sequential synthetic route involving transamination and amidation reactions
(Figure 1A). The detailed synthetic procedures were described as follows. Firstly, the
hydrophobic linker HMDA-Cytosine was synthesized. Subsequently, it was
covalently conjugated to HA chains to yield the HA-HMDA-Cytosine intermediate.
Finally, further thiolation modification was performed to successfully prepare the
target product HA-SH-HMDA-Cytosine. The synthetic routes and structural
characterization data are presented in Supplementary Figure 1~3. Quantitative
analysis based on "H NMR spectra revealed that the amidation grafting efficiency of
HA-HMDA-Cytosine was approximately 19% (Supplementary Figure 3B).
Meanwhile, to construct single-network covalent hydrogels independent of hydrogen
bonding and solely relying on covalent crosslinking (Covalent gels), the
monothiol-modified hydrogel precursor HA-SH was synchronously synthesized in
this study. Its amidation modification efficiency was calculated to be about 50%
according to 'H NMR spectra (Supplementary Figure 3D). FTIR spectra confirmed
that characteristic stretching vibration absorption peaks of the ketone carbonyl group
(C=0) derived from cytosine structural units (Figure 1B) and thiol functional units
(Figure 1C) were detected at 1730 cm™ and 1720 cm™, respectively. After hydrogel
crosslinking and formation, the intensities of these two carbonyl characteristic peaks
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decreased significantly or even nearly vanished. This phenomenon indicated that
intermolecular hydrogen bonds were effectively formed between ketone carbonyl and
amino groups in the system, while thiol groups were oxidized to form covalent
disulfide bonds!?"?%!. The synergistic combination of non-covalent hydrogen bonding
interactions and covalent disulfide crosslinking provides a solid molecular structural

foundation for the construction of the dual-network hybrid hydrogel system.
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Figure 1. Design and synthesis of HA-based hydrogel precursors. (A) Schematic illustration of
the synthetic route for preparing functionalized HA-based hydrogel precursors via stepwise
chemical modification using HA as the starting substrate, achieving dual-group co-modification
with cytosine and thiol groups. (B) FTIR spectra of HA (a), HA-HMDA-Cytosine (b),
HA-SH-HMDA-Cytosine (c¢), and HA-HMDA-Cytosine hydrogel (d). (C) FTIR spectra of HA (a),
HA-SH (b), and HA-SH hydrogel (¢).
3.2 Synthesis and physicochemical properties of HA-base hydrogels

In this study, dual-network hybrid HA hydrogels (denoted as Hybrid gels) were
rationally designed and fabricated. These hydrogels possess a dual crosslinking
structure: one is a covalent crosslinking network formed by disulfide bonds generated
via the oxidation of thiol groups!®”), and the other is a physical crosslinked network
constructed through triple hydrogen bonding interactions between cytosine and its
tautomer'?®!. HA inherently lacks cellular integrin-binding sites and exhibits extremely
low protein adsorption capacity. Nevertheless, covalent conjugation of RGD
cell-adhesive peptides to HA chains can effectively facilitate cell adhesion(Figure
2A)?1. Both Covalent gels and Hybrid gels undergo rapid sol-gel transition at 37 °C
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under physiological neutral pH that mimics the in vivo microenvironment, and their
gelation kinetics are strongly dependent on HA concentration. At an HA mass
concentration of 4.0% (w/v), the gelation time of Hybrid gels is only 2.00 + 0.44 min;
when the concentration decreases to 1.0% (w/v), the gelation time is remarkably
extended to 30.67 £ 1.17 min. At the same HA concentration, Hybrid gels display
distinctly shorter gelation times than Covalent gels, and such discrepancy is more
pronounced at low concentrations. This indicates that intermolecular hydrogen
bonding of cytosine can synergistically facilitate network crosslinking process (Figure
2B). Gelation time is a key parameter for 3D cell culture. During cell seeding and 3D
culture, an excessively fast gelation rate leads to premature solidification of the
hydrogel precursor solution prior to homogeneous cell mixing and spreading, thereby
impeding uniform cell distribution. Conversely, an overly slow gelation rate causes
cell sedimentation and aggregation, resulting in uneven cell distribution and failure to
maintain normal 3D growth behaviors and morphological characteristics™*%. It is
generally accepted that a gelation time of 5~20 min is optimal for 3D cell
encapsulation and culture®!l.

The micromorphology of the prepared hydrogels was further characterized by
SEM. Both Covalent gels and Hybrid gels displayed interconnected, uniformly
distributed and loose porous architectures, with pore sizes ranging from 100 to 200
pm. At the same concentration, the average pore size of Hybrid gels was obviously
smaller than that of Covalent gels. This difference originates from the higher overall
crosslinking density of Hybrid gels constructed by dual-network crosslinking, which
thereby endows them with a denser porous microstructure (Figure 1C). Appropriate
and homogeneous porous structure can effectively facilitate the diffusion and mass
exchange of nutrients, oxygen and metabolic wastes within hydrogel scaffolds. Such
favorable structural features are conducive to long-term 3D cell culture, maintain the
viability and proliferation of encapsulated cells, and effectively alleviate central
necrosis of cell spheroids caused by insufficient mass exchangel*?. Moreover, the
pore size in the range of 100~200 pm not only provides sufficient spatial support for
cell aggregation and 3D structural growth, but also maintains the structural stability of
hydrogel scaffolds. It avoids cell crowding and compression caused by overly small
pores, as well as cell shedding and loss induced by excessively large pores®!. This
structural distinction was further verified by swelling tests. All hydrogels exhibited
excellent water absorption and swelling properties. At the same HA concentration,
Covalent gels possessed a significantly higher equilibrium swelling ratio than Hybrid
gels, further confirming that dual-network crosslinking effectively increases the
crosslinking density of Hybrid gels (Figure 1D).

To evaluate the mechanical properties of the hydrogels, rheological tests were
conducted on Covalent gels and Hybrid gels with different precursor concentrations
under neutral pH conditions (Figure 2E and Supplementary Figure 4A, 4B). The
results demonstrated that Hybrid gels possessed significantly higher storage modulus
and structural stiffness than Covalent gels at all tested HA concentrations. This is
primarily attributed to the synergistic crosslinking between covalent bonds and
hydrogen bonds within the dual-network hybrid system, which endows the hydrogels
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with elevated network crosslinking density and mechanical strength. Consistent with
expectations, the equilibrium swelling behavior of hydrogels with different
concentrations was dependent on solid content and negatively correlated with
structural stiffness (Figure 1D). To further visually evaluate their compression
resistance, a static compression test with a 50 g weight was performed
(Supplementary Figure 5). Under neutral pH conditions, Covalent gels of different
concentrations exhibited irreversible structural collapse after 10 min of compression.
By contrast, Hybrid gels only underwent slight deformation under the same load and
maintained complete structural integrity after weight removal. This phenomenon
reveals that the synergistic effect of covalent crosslinking and
hydrogen-bond-mediated physical crosslinking in the dual-network structure of
Hybrid gels markedly enhances compressive toughness and structural stability, while
effectively overcoming the brittle fracture limitation of single covalent crosslinked
34 In conclusion, we successfully developed a dual-network Hybrid gel
system with combined covalent crosslinking and hydrogen-bond physical crosslinking.
By adjusting the concentration of HA hydrogel precursors, gelation kinetics,
microscopic pore structure, swelling characteristics and mechanical properties can be
precisely regulated. This hydrogel system serves as an ideal biomimetic scaffold for
the subsequent establishment of 3D airway epithelial cell spheroids.

networks!
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Figure 2. Synthesis and physicochemical characterization of HA-based hydrogels. (A)
Schematic illustration of the copolymerization reaction of HA-SH-HMDA-Cytosine
macromonomers. The system simultaneously constructs a dual crosslinking network: a covalent
crosslinking network formed by disulfide bonds via thiol oxidation, and a physical crosslinking
network formed via intermolecular hydrogen bonding between cytosine molecules. (B) Gelation
kinetic curves of Covalent gels and Hybrid gels with different HA precursor contents (% w/v). (C)
Representative SEM images of the microscopic porous structure of lyophilized hydrogels. (D)
Equilibrium mass swelling ratio of Covalent gels and Hybrid gels. (E) Effects of different HA
precursor contents (% w/v) on the mechanical properties of hydrogels, characterized by the elastic



432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467

modulus (G') measured via frequency sweep at 5% strain. Data are expressed as mean + SD (n =
3). Statistical analysis was performed via one-way analysis of variance (ANOVA) followed by
Dunnett’s post-hoc test. *P<0.05, **P<0.01.
3.3 Cell adhesion and proliferation on hydrogel surfaces

Cell adhesion is a pivotal event governing cell fate and modulates a series of core
biological processes such as cell proliferation, migration, and differentiation!*>].
However, native HA lacks specific cell adhesion sites and tends to inhibit protein
adsorption, thereby resulting in insufficient cell adhesion capacity. To address this
limitation, 0.5 mM RGD peptide was introduced to functionally modify the hydrogel
system and optimize the cell adhesion microenvironment?*!. The promoting effects of
Covalent gels and Hybrid gels with different concentrations on the adhesion and
proliferation behaviors of BEAS-2B cells were systematically compared. First,
Live/Dead fluorescence staining was performed to assess the viability of BEAS-2B
cells cultured on Covalent gels and Hybrid gels at concentrations of 1.5%, 2.0%, and
2.5% (w/v) (Figure 3A). The results revealed that both hydrogel systems exhibited
favorable biocompatibility without apparent cytotoxicity, and the cultured cells
maintained high overall viability. At the same concentration, the cell density in the
Hybrid gels group was markedly higher than that in the Covalent gels group, with
more evident cell aggregation occurred at 1.5% and 2.0% (w/v). These findings
indicated that dual-network Hybrid gels were more favorable for cell adhesion,
attachment, and early colonization. Furthermore, the CCK-8 assay was applied to
continuously quantify cell proliferative activity over 5 consecutive days (Figure 3B—
D). The results demonstrated that both hydrogels could support the normal
proliferation of BEAS-2B cells in a time-dependent pattern. On day 1 of culture, no
significant difference in cell proliferation level was detected among all groups. On
day 3, the cell proliferation level in the Hybrid gel group began to exceed that of
Covalent gels at the same concentration. By day 5, the proliferative superiority of the
2.0% (w/v) Hybrid gel group became more prominent. In addition, 2.0% (w/v) Hybrid
gels exhibited the optimal capacity to support cell proliferation at all detected time
points. When the concentration was elevated to 2.5% (w/v), cell proliferation was
partially suppressed in both hydrogel systems. Taken together, the above results
demonstrate that dual-network Hybrid gels can provide superior cell-adhesive sites
and a favorable mechanical microenvironment, effectively facilitating the adhesion,
aggregation, and proliferation of BEAS-2B cells. Accordingly, 2.0% (w/v) was
identified as the optimal matrix concentration for supporting cell growth and
proliferation.
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Figure 3. Effects of HA-based hydrogels on the cell adhesion and proliferation of BEAS-2B
cells. (A) Live/Dead fluorescent staining images of BEAS-2B cells cultured on Covalent gels and
Hybrid gels for 6 h of incubation(Scale bar: 100 um). (B—D) Quantitative analysis of proliferative
activity of BEAS-2B cells cultured on hydrogel scaffolds with different concentrations for 1 day
(B), 3 days (C), and 5 days (D), respectively. Data are expressed as mean = SD (n=3). Statistical
analysis was performed via one-way ANOVA followed by Dunnett’s post-hoc test.
3.4 Construction of BEAS-2B cell-derived lung spheroid model

BEAS-2B, a normal human bronchial epithelial cell line, can stably maintain the
inherent physiological characteristics of the airway epithelium. It possesses favorable
in vitro proliferative capacity and 3D self-assembly potential, and is highly sensitive
to atmospheric pollutants, inflammatory stimuli, and pharmacological interventions.
Accordingly, BEAS-2B cells have been widely used in respiratory toxicology
research and investigations into the mechanisms of airway epithelial injury and
repair®®!. To verify the capacity of HA-based hydrogels to support the 3D culture of
BEAS-2B cells, a biomimetic 3D culture microenvironment was established in this
study. BEAS-2B single cells were seeded into three different matrices, namely
Matrigel, Covalent gel, and Hybrid gel, and cultured continuously for 7 days. The
regulatory effects of different matrices on cell proliferation and 3D spheroid
formation were systematically evaluated (Figure 4A). The establishment of a parallel
culture system with multiple matrices provides experimental support and a theoretical
basis for screening biomimetic scaffolds suitable for 3D spheroid construction!®”),
During the culture period, Observations showed that BEAS-2B cells in Matrigel
gradually aggregated over time, forming uniformly sized and well-organized
spheroids. In Covalent gels, cells aggregated slowly, resulting in fewer and smaller
spheroids with relatively poor overall growth viability. By contrast, distinct spheroid
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structures were observed in Hybrid gels as early as day 3 of culture. By day 7, the
number of spheroids increased markedly with more regular morphology, and their
growth state closely resembled that in Matrigel (Figure 4B). Proliferation results
indicated that cell viability in all groups increased in a time-dependent manner. On
day 1, there were no significant differences in cell proliferative activity among the
three groups. Starting from day 3, the proliferative activity in the Hybrid gel group
was significantly higher than that in the Covalent gel group (P<0.05) and gradually
approached the level of the Matrigel group. On day 7, there was no statistical
difference in proliferation activity between the Hybrid gel and Matrigel groups, while
the Covalent gel group remained significantly lower than the other two groups
(P<0.05). These results demonstrate that Hybrid gels can effectively support the
long-term proliferation of BEAS-2B cells, with culture performance comparable to
that of Matrigel (Figure 4C). Statistical analysis of spheroid diameters further
confirmed the above trend. On day 3, the spheroid diameter in the Hybrid gel group
was significantly larger than that in the Covalent gel group (P<0.05) and showed no
obvious difference compared with the Matrigel group. From day 5 to day 7, the
spheroid diameter in the Hybrid gel group continued to increase, and the gap with the
Matrigel group gradually narrowed. In contrast, spheroids in the Covalent gel group
remained small throughout the culture period, with a slow growth rate (Figure 4D).
Therefore, compared with single covalently crosslinked hydrogels, covalent-hydrogen
bonded dual-network hydrogels exhibit a more favorable porous structure, tunable
stiffness, excellent toughness, and dynamic reversibility through the synergistic
effects of chemical covalent bonds and physical hydrogen bonds, thereby better
mimicking the biomimetic microenvironment of the natural ECM. Cytoskeleton
staining revealed that on day 3, BEAS-2B cells within Hybrid gel showed obvious
cell aggregation and initial spheroid formation, with F-actin distributed in a radial
pattern. By day 7, an intact cytoskeletal network had formed inside the spheroids;
F-actin presented a regular circular distribution, nuclei were arranged uniformly and
orderly, and the spheroid diameter reached approximately 100 pm, indicating that the
cells had successfully assembled into mature, polarized epithelial-like spheroid
structures (Figure 4E)¥. In conclusion, RGD-functionalized Hybrid gels remarkably
enhance cell adhesion and provides a 3D biomimetic culture microenvironment
comparable to Matrigel for BEAS-2B cells. They efficiently supports cell
proliferation, aggregation, and spheroid formation, and possess great potential to
replace Matrigel for the 3D culture of pulmonary epithelial cells.



529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554

>
@)

7T =2 Matrigel Sd
4 B3 Covalent gels
] s
3 =~ =N S £ 12 O3 Hybridgels ~ **+
2 R 4 Y / 3 "\/ 9 / R =
) \ : > X / | single BEAS-2B —X £ 5
J s z A ~
HA-SH-HMDA-Cytosine ~~"----... \7(\ >\\Q « AN X& -’5' '{r' 0.8
< y 7 m / ’-\/ \ 7 days ( A\ £A
/J\‘I/K[/ ’I)»\Y i E 9 0.4+
[ e . O
A A Synthetic niche 3D Expansion
HA-SH-HMDA-Cytosine Day 0 Day 7 0.0
D 150 .
. . 33 Matrigel ns
B Matrigel Covalent gels Hybrid gels B Covileit gels ey
- 2
3 = =3 Hybrid gels T waax
s E ns —
g 2 1009 oo
Ao ns —
e o hEE
&3 FRAK -3
)
3d £ E 50+ *REE
]
>z
<
3d 5d 7d
E F-act Nucleus Merge
5d
a h
i &
& TP '
7d b Ll T €

Figure 4. HA-based hydrogels support the construction of 3D BEAS-2B cell spheroid models.
(A) Schematic illustration of the experimental procedure for 3D spheroid formation of BEAS-2B
cells cultured in synthetic hydrogels and Matrigel. (B) Bright-field microscopic images of
BEAS-2B cells cultured in Matrigel, Covalent gels, and Hybrid gels on day 3, day 5, and day 7
(Scale bar: 20 pm). (C) Quantitative analysis of proliferative activity of BEAS-2B cells cultured in
different matrices for 1, 3, 5, and 7 days (n=4). (D) Statistical analysis of the average spheroid
diameter in Matrigel, Covalent gels, and Hybrid gels on day 3, day 5, and day 7 of culture (n=20).
(E) Cytoskeleton staining images of BEAS-2B cells cultured in Hybrid gels on day 3 and day 7
(Scale bar: 25 pum). Data are expressed as mean £+ SD. Statistical analysis was performed via
two-way ANOVA followed by Dunnett’s post-hoc test. *P<0.05, **P<0.01, ***P<0.001,
**%%P<0.0001; ns, no significant difference.
3.5 Construction of a 3D Lung Spheroid Model Based on Hybrid Gel for 1-NP
Toxicity Evaluation

Compared with conventional 2D culture, 3D cell culture can better mimic the in
vivo tissue morphology, intercellular interactions and microenvironmental barrier
effects of the airway epithelium, which more closely approximates the real
physiological state. It provides a more physiologically relevant in vitro model for
assessing the pulmonary toxicity of environmental pollutants*®). To evaluate the toxic
injury effects of 1-NP on the airway epithelium, a BEAS-2B 3D spheroid model
constructed based on Hybrid gel was employed in this study to perform 1-NP
exposure experiments with different concentration gradients. Meanwhile, a traditional
2D cell culture system was set as a control to systematically compare the differential
characteristics of cellular toxic responses to 1-NP between the two culture modes
(Figure 5A). First, a gradient-dose toxicity assay of 1-NP was conducted in the
BEAS-2B 3D spheroid model, and the ICso was determined. Bright-field microscopic
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observations showed that as the 1-NP concentration increased from 0 uM to 400 uM,
the 3D spheroids exhibited evident concentration-dependent damage, accompanied by
gradual morphological shrinkage and blurred boundaries. Spheroid structures in the
high-concentration group were severely impaired and disintegrated, with a large
amount of cell debris observed in the field of view (Supplementary Figure 5A). Cell
viability analysis revealed that cell survival rate decreased in a typical sigmoidal
dose-dependent manner with elevated 1-NP concentration. Fitting analysis showed
that the ICso value of 1-NP in the 3D spheroid model was 56.15 uM, which was
significantly higher than 13.80 uM obtained in the 2D culture system (Supplementary
Figure 5B, 5C). Based on the above ICso results, 1 uM, 10 uM and 50 puM were
selected as the subsequent 1-NP intervention concentrations, corresponding to
low-dose environmental exposure, moderate effective concentration and near
half-inhibition critical concentration, respectively. This provides a reasonable
experimental concentration basis for further exploration of toxicological
mechanisms*?/,

Morphological observation and Live/Dead staining results showed that the
control group (Ctrl) and the low-concentration (I pM) 1-NP group maintained intact
spheroid morphology and clear boundaries without obvious structural damage, and
the internal cells remained highly viable. When the 1-NP concentration increased to
10 uM, spheroids began to exhibit structural abnormalities such as shrinkage and
marginal damage. In the high-concentration (50 pM) group, most spheroids suffered
severe structural collapse with completely blurred boundaries; a large number of dead
cells accumulated inside the spheroid cavities, and some spheroids even entirely lost
intact structural integrity. These findings further indicated that 1-NP induced obvious
concentration-dependent structural damage to BEAS-2B 3D spheroids, and high-dose
I-NP exposure caused severe destruction of spheroid architecture (Figure 5B).
Previous studies have demonstrated that 1-NP, as a typical polycyclic aromatic
hydrocarbon pollutant, can significantly induce excessive ROS accumulation in
pulmonary epithelial cells and subsequently trigger oxidative stress injury which
serves as one of the key mechanisms underlying its cytotoxicity and airway epithelial
damage!*!). Therefore, this study further explored the effect of 1-NP exposure on
oxidative stress levels in the BEAS-2B 3D spheroid model. The results showed that
compared with the Ctrl group, the relative ROS fluorescence intensity in the 10 uM
and 50 uM 1-NP groups increased in an obvious dose-dependent manner. Diffuse
ROS-specific fluorescence signals were observed in the spheroids of the 50 uM group,
indicating that high-concentration 1-NP remarkably activated oxidative stress (Figure
5C, D). In addition, MDA is a representative end product of membrane lipid
peroxidation, and its content directly reflects the degree of cellular oxidative damage
and lipid peroxidation*?), MDA detection results were consistent with the ROS trend;
MDA levels in both the 10 uM and 50 pM 1-NP groups were significantly higher than
those in the Ctrl group (Supplementary Figure 6A). This further confirmed that 1-NP
exposure effectively induced lipid peroxidation and exacerbated oxidative stress
injury in 3D spheroids, and verified that oxidative stress is a critical mechanism by
which 1-NP mediates airway epithelial damage.
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To further elucidate the molecular mechanism underlying cell injury induced by
1-NP exposure, the expression patterns of six functionally related genes were detected.
Among these, injury biomarker genes (REPS2, H3C12, PRKAA2, and ML167) were
significantly upregulated following 1-NP treatment. In contrast, CLDNI8 and
CDHRA4, which are associated with cell membrane structural maintenance and barrier
protection, were markedly downregulated, suggesting that 1-NP exposure induced cell
membrane structural damage (Supplementary Figure 6B). Once cell membrane
integrity is compromised, LDH is released into the extracellular environment.
Therefore, LDH release serves as a biomarker for detecting pyroptosis or other types
of cell death accompanied by increased membrane permeability****. LDH release
assays showed that the relative LDH release levels were significantly elevated in the
10 uM and 50 pM 1-NP groups, indicating that 1-NP exposure disrupted cell
membrane integrity and induced cellular injury (Supplementary Figure 6C).

Tight junctions constitute the most essential physical barrier of the airway
epithelium, which effectively seals the gaps between epithelial cells, blocks the
transmembrane transport of exogenous pollutants, inflammatory factors, and harmful
stimuli, and plays a pivotal role in maintaining respiratory homeostasis and resisting
external injury!®]. To investigate the intervention effect of 1-NP on airway epithelial
barrier function, Western Blot was used to detect the expression levels of tight
junction proteins (Figure 5E, 5F). The results showed that the expression levels of
Z0-1, Occludin and Claudin-1 were all downregulated in a dose-dependent manner
with increasing 1-NP concentration. Under 50 uM 1-NP treatment, the relative protein
expression levels of ZO-1, Occludin and Claudin-1 decreased to 0.49-fold (P<0.05),
0.74-fold (P<0.01) and 0.56-fold (P<0.001) of the Ctrl group, respectively. qPCR
detection of gene expression exhibited a highly consistent trend with protein changes
(Supplementary Figure 7), further confirming that 1-NP exposure markedly impaired
the epithelial barrier integrity of 3D spheroids. In summary, 1-NP exerts significant
dose-dependent toxic effects on BEAS-2B 3D spheroids. The underlying mechanisms
are closely associated with the induction of excessive ROS accumulation,
exacerbation of lipid peroxidation damage, disruption of cell membrane structural
homeostasis, and impairment of airway epithelial tight junction barriers. These results
demonstrate that the 3D pulmonary epithelial spheroid model constructed based on
Hybrid gels possesses good applicability and great application potential in the
toxicological evaluation of environmental pollutants and related molecular
mechanism research.
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Figure 5 Toxic effects and underlying mechanisms of 1-NP exposure on BEAS-2B 3D
spheroids. (A) Schematic overview of the experimental workflow. With conventional 2D cell
culture as the control, the BEAS-2B 3D spheroid model constructed by Hybrid gels was employed
to systematically evaluate the toxic effects and molecular mechanisms of 1-NP exposure. (B)
Representative bright-field images and Live/Dead staining images of BEAS-2B 3D spheroids after
treatment with different concentrations of 1-NP. Calcein-AM labeled live cells with green
fluorescence, while PI labeled dead cells with red fluorescence (Scale bar: 100 pum). (C, D)
Representative fluorescence images and quantitative analysis of intracellular ROS levels after
1-NP treatment with various concentrations of 1-NP. The DCFDA probe was used for specific
green fluorescence labeling of ROS (Scale bar: 100 um). (E, F) Western Blotting detection and
grayscale quantitative analysis of tight junction proteins (ZO-1, Occludin, Claudin-1) expression
levels in 3D spheroids treated with different concentrations of 1-NP (n=3). Data are expressed as
mean + SD. Statistical analysis was performed via one-way ANOVA followed by Dunnett’s
post-hoc test. ns, no significant difference, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001vs the
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ctrl group.
4. Conclusion

Unlike  conventional  single-component  synthetic  hydrogels, the
covalent-hydrogen bond dual-network hydrogel fabricated in this study can adaptively
accommodate mechanical deformation during cell proliferation and 3D spheroid
development, while maintaining a stable network structure and avoiding irreversible
structural degradation and collapse. Thus, it exhibits promising application prospects
in the field of 3D cell culture. The developed Hybrid gels can precisely mimic the
physiological microenvironment of lung tissues and are suitable for the 3D culture of
human bronchial epithelial BEAS-2B cell line. Through the synergistic effect of
disulfide covalent crosslinking and cytosine-mediated triple hydrogen-bond physical
crosslinking, Hybrid gels form a stable dual-network system. With appropriate pore
architecture, tunable swelling behavior, and optimized mechanical properties, the
hydrogel efficiently supports cell adhesion, proliferation and 3D spheroid formation,
showing culture performance comparable to that of Matrigel. When the biomimetic
hydrogel-based 3D lung epithelial spheroid model was applied to 1-NP toxicity
evaluation, the 3D model exhibited a more physiologically relevant toxic response
and a markedly higher ICso value compared with the traditional 2D culture system.
Mechanistic investigations revealed that 1-NP induces excessive intracellular ROS
accumulation and lipid peroxidation damage, impairs cell membrane integrity, and
downregulates the expression of tight junction proteins (ZO-1, Occludin and
Claudin-1), thereby disrupting the structural integrity and functional barrier of airway
epithelium. In conclusion, the biomimetic HA-based dual-network hydrogel
established in this study provides a stable and novel 3D culture model for the in vitro
toxicological evaluation of air pollutants. Meanwhile, it offers a feasible in vitro
research strategy to reduce and even replace experimental animals in toxicity testing.
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