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ABSTRACT: Viral myocarditis (VMC), commonly caused by coxsackievirus B3 (CVB3)
infection, lacks specific treatments and leads to serious heart conditions. Current
treatments, such as IFNα and ribavirin, show limited effectiveness. Herein, rather than
inhibiting virus replication, this study introduces a novel cardiomyocyte sponge,
intracellular gelated cardiomyocytes (GCs), to trap and neutralize CVB3 via a
receptor−ligand interaction, such as CAR and CD55. By maintaining cellular morphology,
GCs serve as sponges for CVB3, inhibiting infection. In vitro results revealed that GCs
could inhibit CVB3 infection on HeLa cells. In vivo, GCs exhibited a strong immune
escape ability and effectively inhibited CVB3-induced viral myocarditis with a high safety
profile. The most significant implication of this study is to develop a universal antivirus
infection strategy via intracellular gelation of the host cell, which can be employed not only
for treating defined pathogenic viruses but also for a rapid response to infection outbreaks
caused by mutable and unknown viruses.
KEYWORDS: antiretroviral strategy, coxsackievirus B3, hydrogel, virus neutralization, cellular sponge

Group B coxsackievirus (CVB), part of a small RNA
family, leads to life-threatening inflammatory diseases,

especially in infants.1 CVB comprises six different serotypes
(CVB1−CVB6) and is a significant human pathogen
responsible for febrile illnesses, as well as diseases affecting
the heart, pancreas, and central nervous system.2−4 Among
these serotypes, CVB3 is one of the most common viruses that
cause viral myocarditis (VMC), a leading cause of dilated
cardiomyopathy and sudden cardiac death.5 Current treat-
ments for VMC rely on broad-spectrum antivirals and
supportive care.6 Broad-spectrum antiviral drugs work by
targeting the virus envelope, capsid protein, and polymerase to
inhibit viral replication. However, their nonspecific property
and off-target effect may lead to significant side effects.7−9 Due
to the capacity of antibodies to specifically recognize and bind
to viral surface antigens, the development of antiviral
antibodies has become a primary focus in current scientific
research.10−12 Although antibody therapy possesses excellent
specificity, it also has significant limitations. The rapid
mutation of viruses may hamper the efficacy of a single
antibody when confronting virus mutation or coinfection with
multiple viruses.13,14 Furthermore, the production of antibod-
ies is typically time-consuming and costly, with the speed of
production often unable to keep up with the pace of viral
mutation.15,16 Supportive care leans on the patient’s immunity,
which can burden those with weakened immunity.17 There-
fore, the search for an effective treatment for VMC remains a
significant challenge.

CVB3 infects host cells through receptor-mediated endocy-
tosis,18 and coxsackievirus and adenovirus receptors (CAR) are
highly expressed on the surface of susceptible target cells for
CVB3 infection. CAR acts as a universal stripping receptor that
binds to surface depressions (canyons) on the capsid apex of
the CVB3 dodecahedron, releasing liposomes that are hidden
within the hydrophobic pocket formed by the capsid protein
VP1.19,20 The liposome, known as “pocket factor”, is derived
from host cells and can promote the destabilization and
disintegration of viral particles.21 With the development of
biomimetic nanomedicine, it has been widely reported that the
host cell membrane was isolated to coat the nanomaterial and
inherit the membrane function of the source cell. Due to the
specific recognition between the virus and host cell, these
membrane-coated nanomedicines were explored to bind and
neutralize the virus for antivirus therapy.22−25 However, the
membrane separation from the host cell and reassembly
process on templated nanomaterial involved protein loss and
spatial disorder, which diminished the adsorption efficiency of
membrane-coated nanomedicine to viruses. Additionally, the
heterogeneity of nanomaterials could trigger an immune
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response and cause various side effects. Therefore, a new
generation of biomimetic cells with intact membrane structure
holds the potential to efficiently neutralize the virus.

To quickly respond to virus infection outbreaks, this study
developed a novel cellular sponge for virus sequestration and
clearance based on specific recognition of host cells by viruses,
without defining any specific receptor in the host cell
membrane (Figure 1). Regarding the selective infection of
CVB3, the hydrogel was prepared in cardiomyocyte cytoplasm
to construct GCs. Hydrogel served as an ideal cytoskeletal
structure to preserve the intact morphology and membrane
protein structure of host cells while eliminating the
proliferation and pathogenicity ability. Subcutaneously, GCs
adsorbed viruses through specific membrane receptor-medi-
ated recognition, such as CAR and CD55,3,26 as well as other
unidentified receptors. Instead of endocytosis through
receptors, viruses attached on the GC surface lost the infection
ability to normal host cells, and the in vitro attenuation effect of
GCs was evaluated in CVB3-infected cardiomyocyte. Due to
the maintenance of cell morphology, GCs camouflaged
themselves from the mononuclear phagocytic system and
exhibited a good systemic safety profile. In a mouse model of
viral myocarditis, the therapeutic efficacy of GCs was verified
against CVB3-induced VMC. The development of GCs based
on cellular sponges, rather than directly inhibiting virus
replication, offers a rapid and effective antiviral therapy
strategy, which only needed to select appropriate host cells
according to the corresponding virus type. Moreover, it is
particularly promising in response to large-scale infections
caused by rapidly spreading viruses like COVID-19, even when
the specific virus receptor is unknown.

PEG-DA and Irgacure 2959 (I2959) are commonly used for
photochemical cross-linking of hydrogels.27 This study trans-
ferred the cross-linking process into the intracellular cytoplasm.

To maximize intracellular infiltration and minimize interfer-
ence to cardiomyocytes, we employed PEG-DA with a low
molecular weight (600 Da) and I2959 at a low concentration
(10%, wt %). Successful cross-linking of PEG-DA and I2959
was achieved after UV (365−370 nm) irradiation at 6 W for 15
min, while a mixture without UV irradiation failed to form a
hydrogel (Figure S1). Cardiomyocytes were chosen as host
cells to construct GCs via intracellular gelation due to their
highly selective recognition and susceptibility to CVB3
infection. Previous reports have indicated that frozen dead
cells also serve as drug carriers for targeted delivery due to the
interaction between the membrane receptor and cytokines or
chemokines at the lesion site.28 Therefore, alongside the
construction of GCs, dead cells were obtained via a freezing−
thaw cycle and used as nongelated dead cells (NGDs) for
comparison. HL-1 in the logarithmic growth phase was treated
with PEG-DA and I2959 after a freezing−thaw cycle to
enhance the intracellular infiltration. Subsequently, these cells
were placed on ice and exposed to ultraviolet light (UV) to
construct GCs. The low-temperature condition was imple-
mented to prevent protein degradation and the denaturation of
GCs. After 24 h of storage in PBS solution at room
temperature, GCs retained an intact cellular morphology
(Figure 2A), similar to that of live cells. This outcome
indicated that the intracellular hydrogel effectively maintained
a stable cellular structure and cytoskeleton. HL-1 cells treated
with PEG-DA and I2959 without UV irradiation failed to form
GCs. Moreover, NGDs could not retain an intact morphology
and rapidly degraded into cell fragments at room temperature.
Scanning electron microscopy (SEM) results further corrobo-
rated the similarity in morphology between GCs and live cells,
while transmission electron microscopy (TEM) displayed the
successful intracellular gelation of GCs (Figure 2B and 2C).
DiD membrane staining revealed that GCs possessed an intact

Figure 1. Schematic illustration of GCs inhibiting CVB3 infectivity. GCs were prepared through intracellular hydrogelation to preserve the intact
cellular morphology and membrane structure. Benefiting from surface crucial antigens, such as CAR and CD55 receptors, GCs were disguised as
cardiomyocyte-like cells and competitively bound CVB3 to immobilize the virus and prevent further infection of host cells. GCs acted as virus
decoys to inhibit in vivo CVB3 infectivity, and the technology of intracellular gelation on the host cell provided a new insight into neutralizing the
corresponding virus without screening the specific neutralizing antibody.
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fluorescent membrane structure, whereas NGDs exhibited
scattered and agglomerated cell membrane fragments and
missed nuclei (Figure S2A). Cell diameter measurements
indicated that the size of the GCs was consistent with that of
live cells (Figure S2B). Flow cytometry results demonstrated a
similar plot distribution between GCs and live cells, while
NGDs appeared fragmented (Figure S2C). To ensure the

stability of GCs under different conditions, GCs were stored at
room temperature and subjected to repeated freezing and
thawing at −80 °C for 15 days, respectively. The results
indicated that GCs maintained their cellular structure
regardless of storage at room temperature or under frozen
conditions (Figure 2D,E). Collectively, these results suggested

Figure 2. Engineering and characterization of GCs. (A) Representative microscopic images of the Live group, NGD group, PEG-DA group, I2959
group, and GC group. Each group of cells, except for the Live group, was incubated in PBS for 24 h. (B) Scanning electron microscopy (SEM)
images of Live cells, NGDs, and GCs. (C) Transmission electron microscopy (TEM) images of Live cells, NGDs, and GCs. (D, E) Stability of GCs
in 1 × PBS over a span of 15 days at room temperature (D) and through repeated freezing−thaw cycles (E), determined by flow cytometry. NS =
nonsignificant, **P ≤ 0.01 and ***P ≤ 0.001.
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that GCs possess intact cell morphology, good structural
stability, and storage properties in vitro.

To investigate protein loss in intracellular gelation, the
protein profile of GCs was analyzed using SDS-PAGE. The
results revealed that the protein band of GCs was almost
consistent with that of live cells (Figure 3A), corroborated by
BCA results (Figure S3A). Cardiomyocyte skeletal protein α-
actin was examined using immunofluorescence, displaying
consistency with live cells and undamaged protein structural
domains (Figure 3B). The CCK8 assay results showed that
GCs had no proliferative ability (Figure 3C). Annexin−V-PI
staining revealed that GCs were dead cells, while all cells in the
NGD group died, with a normal cell mortality rate of about
8.75% after 1 day (Figures 3D and S3B). HL-1 cell viability
with different GC proportions (1:10, 1:1, and 10:1) revealed
good biocompatibility (Figure 3E). HeLa and HL-1 cells were
incubated with 100 TCID50 CVB3 and 1 × 106 GCs for 2 h to
check whether GCs could neutralize CVB3 and protect those
host cells. After 24 h, GCs in the supernatant were removed,

and the mRNA level of CVB3 in cells was detected by a real-
time fluorescence quantitative polymerase chain reaction (RT-
PCR). The results indicated that HeLa and HL-1 cells were
easily infected with CVB3, while GCs significantly reduced the
expression of CVB3 mRNA in both cell types, indicating that
GCs inhibited CVB3 infection (Figures 3F and S3C).
Additionally, the cell fragments in the NGD group also
exhibited a similar inhibition effect against CVB3 infection.
Viral plaque results showed reduced viral plaques in both NGD
and GC groups compared to the PC group, due to GCs
binding and neutralizing CVB3, inhibiting its infection (Figure
3G). Additional antiviral experiments with GCs diluted at 1/2
concentration showed that 1 × 106 GCs coincubated with
HeLa cells completely inhibited CVB3 infection, in a
concentration-dependent manner (Figure S3D). To rule out
the possibility of physical barrier effects by GCs, we
preincubated GCs with the virus for 30 min, collected the
supernatant, and infected HeLa cells. GCs still effectively
inhibited the CVB3 virus infection (Figure S3E). Overall, the

Figure 3. GCs inhibit CVB3 infection in normal host cells. (A) Coomassie blue analysis using SDS-PAGE in Live cells, NGDs, and GCs. (B)
Immunofluorescent staining for α-actin. (C) Proliferation curves of HL-1 cells and GCs assessed by a CCK8 assay at 24 h. (D) Cell death detected
by Annexin V/PI double staining and flow cytometry. (E) Effect of different doses of GCs (number ratio between GC and HL-1 cell, 1:10, 1:1, and
10:1) on HL-1 cell proliferation assessed by the CCK8 assay at 0, 24, and 48 h. (F) RT-PCR detection of CVB3 RNA levels in HeLa cells with or
without the addition of NGDs and GCs. NC: Negative control. PC: Positive control with CVB3. (G) Plaque morphology of CVB3 on HeLa cells
with or without the addition of NGDs and GCs. PFU: Plaque-forming units. NS = not significant, **P ≤ 0.01 and ***P ≤ 0.001.
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results suggest that GCs maintain the host cell cytoskeleton
and efficiently preserve membrane proteins, neutralizing the
CVB3 virus and suppressing infection. The replication and
infection processes of CVB3 are complex, including interaction

between virus particles and host receptors, fusion of a virion
envelope and cell membrane, nucleocapsid decapitation, and
release of the RNA genome into the cytoplasm. Obviously, the
in vitro anti-infection effect of GCs was mainly through binding

Figure 4. In vivo safety assessment of GCs. (A) Balb/c mice were intravenously injected with 1 × 106 GCs every 2 days with a total of four doses (n
= 5), and the body weight was recorded at experimental end points (day 7). (B) Comprehensive serum chemistry analysis was performed at day 7.
Measurement parameters included TB (total bilirubin), ALB (albumin), AST (aspartate aminotransferase), ALT (alanine aminotransferase), CREA
(creatinine), UREA (blood urea nitrogen), GLU (glucose), TBIL (total bilirubin), ALP (alkaline phosphatase), and IgG (immunoglobulin G). (C)
Lymphocyte (LYM), monocyte (MON), and granulocyte (GRA) counts were detected at day 7. (D) Complete blood count collected from GC
group mice was analyzed at day 7. The detected items included HGB (hemoglobin), RBC (red blood cells), HCT (hematocrit), MCV (mean
corpuscular volume), MCH (mean corpuscular hemoglobin), MCHC (mean corpuscular hemoglobin concentration), RDW (red cell distribution
width), PLT (platelets), PCT (platelet crit), MPV (mean platelet volume), PDW (platelet distribution width), and PLCR (platelet crit-to-large cell
ratio). (E) Histopathological analysis of the heart, liver, spleen, lung, and kidney using H&E-stained tissue sections. Scale bar: 100 μm. (F) Mice
were intravenously (i.v.) injected with NS and GCs at a number of 1 × 106 cells per mouse, and the fluorescence signals were detected using an in
vivo imaging system (D-22 cm) after administration at 6, 12, 24, 48, 72, 96, and 120 h (n = 7). NS = nonsignificant, **P ≤ 0.01 and ***P ≤ 0.001.
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and neutralizing the virus and then immobilizing it to inhibit
further interaction between virus particles and receptors of the
host cell. Of note, the virus could be not replicated after being
attached on the GC surface due to the noncell viability.

The potential systemic biosafety of GCs is a significant
concern for clinical translation, as an intracellular hydrogel may
induce physiological toxicity and immunogenicity. To evaluate
acute toxicity, Balb/c mice received intravenous injections of 1

× 106 GCs every other day for 5 doses, with no apparent side
effects or weight differences observed in both normal and GC-
treated mice (Figure 4A). Comprehensive blood tests and
serum analyses confirmed consistent levels of virus-infection-
related biomarkers (ALT and AST) between GC-treated and
control groups (Figure 4B). Lymphocyte (LYM) proportions
decreased, while monocyte (MON) and granulocyte (GRA)
proportions increased during CVB3 infection.29 Our examina-

Figure 5. In vivo therapy of GCs against CVB3 infection. (A) Survival rates of CVB3-infected mice after iv injection with NGDs and GCs (n = 5).
(B) CVB3-infected mice were iv administered with 100 μL of PBS (100 μL per mouse), NS (prepared from 1 × 107 cardiomyocytes), GCs (1 ×
106), and Ribavirin (50 mg/kg), every other day for a total of 7 injections, and body weight change curves of mice were created (n = 7). (C) RT-
PCR detection of CVB3 RNA levels in the heart. (D−F) RT-PCR detection of IFN-β, IFN-γ, and Fas mRNA levels in the heart. (G) ELISA detects
serum cTnI levels. (H−K) Serum CK, CK-MB, LDH, and LDH-L analyses were performed on day 7. (L) Histopathological analysis of the heart,
liver, spleen, lung, and kidney using H&E-stained tissue sections on day 3, day 7, and day 14. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.
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tion of lymphocytes, monocytes, and granulocytes (Figure 4C)
and other blood biomarkers (Figure 4D) showed no significant
differences between GCs and control groups. These results
confirm the short-term safety of GCs. Histopathological
analysis of collected organs (heart, liver, spleen, lung, and
kidney) showed no immune infiltration, lesion formation, or
tissue injury in GC-treated mice (Figure 4E), indicating good
in vivo biocompatibility. To track the in vivo biological
distribution, we stained HL-1 cells with DiD before intra-
cellular gelation and prepared them into nanoparticle cells
(NS) and GCs. Live imaging revealed that the GC group
exhibited the strongest fluorescence signal at 24 h, gradually
decreasing after 48 h. In contrast, the fluorescence intensity of
the NS group, prepared with the same cell quantity, was
significantly lower than that of the GC group (Figure 4F). GCs
first entered the lungs at 6 h and then moved to the liver and
spleen for metabolism. By 72 h, GCs’ fluorescence intensity
noticeably reduced. Conversely, the NS group’s fluorescence
intensity rapidly declined after 24 h (Figure S4A). These
results suggest that GCs have a long circulation time, sufficient
to achieve adequate virus neutralization, and may transport
captured viruses to organs, such as the lungs, liver, and spleen
for metabolism and elimination. Although our small-scale
preliminary safety study met the requirements for acute in vivo
toxicity in VMC mice over 7 days, further exploration is still
needed to investigate the long-term toxicity of GCs on a larger
scale.

As a novel cellular decoy, we investigated the antiviral
efficacy of GCs in CVB3-infected mice. CVB3-induced viral
myocarditis peaks at day 7 and gradually decreases.30 To
construct the viral myocarditis model, we intraperitoneally
injected mice with 1 × 105 TCID50 CVB3. We first conducted
a comparative analysis of the in vivo biosafety of NGDs and
GCs. The results indicated that all mice in the NGD group
succumbed 1 day postadministration (Figure 5A), possibly due
to the cell fragments inducing a pulmonary embolism.31,32 In
contrast, the GC group showed no fatalities, indicating higher
biosafety. Therefore, despite that NGDs exhibit effective viral
neutralization capabilities in vitro, their biosafety is consid-
erably low. Subsequently, we tested the in vivo antiviral
capabilities of GCs. Mice were divided into five groups: the
NC, CVB3, NS, GCs, and Ribavirin groups. Each group of
mice received an injection every other day, for a total of 7
injections. On day 2 after CVB3 inoculation, mice in the CVB3
group experienced rapid body weight decline, whereas the NS,
GC, and Ribavirin groups exhibited improved body weight
trends (Figure 5B). On day 7, we evaluated the CVB3 viral
load and IFN-β, IFN-γ, and Fas expression levels related to
myocardial cell damage and serum indicators closely related to
viral infection (cTnI, CK, CK-MB, LDH, and LDH-L). The
CVB3 group showed significantly increased myocardial injury-
related indicators. In contrast, the NS, GC, and Ribavirin
groups exhibited reduced viral titers and alleviated myocardial
cell damage. Specifically, the antiviral effect of the GC group
was close to that of the Ribavirin group. Additionally, the GC
group showed significantly reduced AST and ALT levels and
an increased proportion of monocytes and neutrophils in the
peripheral blood (Figure S5A and S5B), effectively alleviating
viral myocarditis. No significant changes were observed in
other blood parameters (Figures S5C and S5D). Notably,
although NS inhibited CVB3-induced viral myocarditis, the
dosage difference between GCs and NS means that GCs could
significantly enhance the neutralizing efficiency against the

virus. Finally, we collected the heart, liver, spleen, lungs, and
kidneys of mice on days 3, 7, and 14 for pathological analysis.
The GC group effectively improved CVB3-induced viral
myocarditis, with an inhibitory effect comparable to the
Ribavirin group (Figure 5L). H&E staining of the liver, spleen,
lungs, and kidneys in all groups was similar to that of normal
mice, with no evidence of pathological changes or tissue
damage (Figure S6).

Biological neutralization represents an emerging antiviral
infection strategy developed in recent years. Up to now, the
technology of utilizing cell-membrane-coated nanoparticles has
been applied to the neutralization of various viruses,33 such as
HIV,25 the Zika virus,24 and SARS-CoV-2.34 In addition,
biological neutralization including a neutralizing antibody
demonstrated therapeutic effectiveness, through binding to a
cell-free virus and preventing it from infecting cells.35,36

However, the main challenge relies on the slow development
rate of neutralizing antibodies, and the time-consuming process
leads to an inadequately rapid response to virus spread. The
envelope or capsid proteins of the virus primarily recognized
the specific receptors on the host cell membrane, facilitating
virus attachment, endocytosis, and replication.37 Based on the
virus infection characterization of the receptor−ligand
interaction,38 a host membrane camouflaged strategy was
developed as a decoy to competitively absorb the virus and
prevent further virus infection. For example, the CD4+ T cell
membrane was collected to encapsulate PLGA nanoparticles,
and membranes CXCR4 and CCR5 specifically bound HIV
gp120 to neutralize HIV and inhibit CD4+ T cell apoptosis.25

The Zika virus is a mosquito-borne virus causing neurological
disorders and congenital disabilities such as microcephaly, and
the biomimetic mosquito C6/36 cell membrane coated gelatin
nanoparticles neutralized the Zika virus, reducing fetal
microcephaly by preventing the virus from crossing the
placental blood barrier.24 CD147 has been identified as a
receptor for SARS-CoV-2. Biomimetic nanoparticles derived
from the membrane of SARS-CoV-2-susceptible human
pulmonary epithelial type II cells or human macrophages
show a dose-dependent inhibitory effect on the infectivity of
SARS-CoV-2.34 In summary, cell membrane biomimetic
nanomedicine has been proven to be a unique and effective
approach for neutralizing viruses.

However, the construction process of membrane-coated
nanomedicine involves cell disruption and membrane separa-
tion and subsequent membrane coating and reassembly on
template nanoparticles, which can induce membrane protein
loss and spatial disorder. As a result, the domain responsible
for virus binding may be hindered or disrupted, reducing the
adsorption capacity of the biomimetic nanomedicines. In
addition, incomplete membrane-coated nanomedicine en-
hanced the risk of systemic clearance by monocyte
phagocytosis as “foreign substances”. Therefore, it is crucial
to ensure that the cell membrane structure and physiological
characteristics are not damaged during the preparation of a
biomimetic nanomedicine. To overcome these limitations, we
prepared a biocompatible hydrogel as an ideal cytoskeleton to
stabilize the morphology and membrane protein of virus-
susceptible cells and enhance their absorption efficiency for
antiviral neutralization. In vivo safety evaluation and biodis-
tribution demonstrated that GCs had excellent biocompati-
bility, immune evasion capability, and prolonged retention
time in the infected tissue. HL-1 cells derived from mouse
hearts possessed a strong affinity to bind CVB3, and
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intracellular gelation technology was employed to construct a
cell sponge to capture and neutralize systemic and localized
CVB3 and prevent further infection on cardiomyocytes. In our
future research, we aim to engineer antibody receptors by gene
manipulation. Specifically, we plan to express the Fab
fragments of highly effective virus-neutralizing antibodies on
the surface of GCs through genetic engineering, thereby
enabling the adsorption and disintegration of viruses. This will
further improve the adsorption capacity of GCs and facilitate
virus capture and neutralization.

This study emphasizes the use of cardiomyocytes in
preclinical exploratory research. It is noteworthy that during
the clinical translation phase autologous or allogeneic cardiac
myocytes may face complex challenges such as difficulties in
harvesting and immune rejection. As a result, alternative cells
may become a highly prospective solution. Our research’s core
concept focuses on utilizing the high specificity of host cells to
adsorb and neutralize viruses, providing potential alternatives
for other cells with similar high-affinity characteristics. Overall,
the primary contribution of this study is the introduction of an
innovative antiviral strategy based on intracellular gelation.
This strategy, rooted in the unique features of intracellular gel
technology, can effectively overcome the “high-pressure
selection” mutation challenges that traditional antiviral
methods find difficult to address. Even if the virus mutates,
its recognition pattern may remain relatively stable, thereby
reducing the risk of the virus escaping neutralization. Facing
the outbreak of an epidemic, especially when viruses spread
and mutate rapidly, the development cycle of traditional drugs
and vaccines may be prolonged, making them less suitable for a
rapid response. However, the intracellular gelation strategy
proposed in this study, due to its rapid applicability, can be
deployed and promoted in a short time, making it a swift
antiviral response solution. By employing intracellular gelation
in host cells, we have not only demonstrated an innovative and
promising antiviral technology but also, more importantly,
provided a universal and practically feasible solution for
handling urgent epidemic outbreaks, such as those similar to
COVID-19.
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Materials and methods

Experimental design

The objective of this study is to employ intracellular gelation technology to preserve the original 

morphology and structure of target cells while rendering them non-functional, thereby creating 

specific gel cell traps for virus adsorption. We utilized PEG-DA and Irgacure 2959 (I2959) to 

prepare hydrogels through photochemical cross-linking. Through a successful process involving 

freezing, infiltration, and cross-linking, we prepared GCs and assessed its structural morphology, 

proliferation, stability, in vivo safety, and its capacity to protect target cells against viral infection.

Materials, cell lines, and animals

PEG-DA (molecular weight 700 Da) and I2959 were procured from Aladdin (China). DiD, 

Annexin-V-PI, and Crystal Purple were obtained from Biyotime (China). Penicillin-streptomycin 

(5000 U/mL), MEM, DMEM, trypsin, and fetal bovine serum (FBS) were purchased from Gibco 

(USA). The CVB3 Nancy virus strain was generously provided by Professor Chen Ruizhen of 

Fudan University and stored at -80°C. CVB3 was amplified in Hela cells, which were cultured in 

MEM medium supplemented with 10% FBS. Once the cell density reached approximately 80%, 

the supernatant was discarded, and 5 mL of serum-free culture medium and 100 μL of CVB3 were 

added. The cells were then incubated at 37°C with 5% CO2. When the cytopathic effect (CPE) 

mailto:xiewd@sz.tsinghua.edu.cn
mailto:chenggao@email.szu.edu.cn
mailto:wanhood@email.szu.edu.cn
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reached 70%, the petri dish was frozen at -80 °C for 5 min, thawed at 37 °C, and subjected to three 

to four cycles of freezing and thawing. The supernatant was then centrifuged at 1000 rpm for 5 

min to obtain the CVB3. The virus solution was diluted tenfold with 2% MEM, resulting in a total 

of ten dilutions. The diluted virus was added to pre-prepared Hela cells in a 96-well plate, with 

eight replicates for each dilution. The cells were cultured in a cell incubator for 5-7 days, and the 

number of CPE-positive wells was recorded under a microscope for each dilution. The TCID50 

(tissue culture infective dose 50%) was calculated using the following formula: logTCID50 = 

log10 (virus dilution yielding 50% tissue culture infection) + distance ratio × log10 (dilution 

factor). Hela and HL-1 cell lines were purchased from Meisen and authenticated through DNA 

fingerprinting, isozyme detection, and mycoplasma detection. The cells were cultured in a medium 

containing 10% fetal bovine serum and passaged every 1-2 days. Balb/c mice (5-6 weeks old, male) 

were purchased from Charles River. All animal experiments were approved by the Animal Ethics 

Committee of Shenzhen Second People's Hospital and conducted in accordance with the Animal 

Management Rules of the Ministry of Health of the People's Republic of China.

Intracellular gelation of GCs

HL-1 cells were seeded in 15 cm cell culture dishes. When the cell density reached 80%, the 

supernatant was discarded, and the cells were washed twice with PBS. Next, 10 mL of a 10% PEG-

DA and 0.1% I2959 solution was added to the dish. The cells were then frozen at -80°C for 10 

min, followed by thawing at 37°C. The excess PEG-DA and I2959 in the supernatant were 

discarded. Subsequently, the cells were exposed to 6W UV irradiation for 15 min to induce 

gelation and form GCs. The GCs were collected using the scraping method, washed twice with 

PBS, and filtered through a 70 μm filter to remove any aggregated GCs, ensuring cellular 

uniformity. The prepared GCs were stored in PBS at a concentration of 1 × 106 cells/mL and stored 
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at 4°C. 

Preparation of NS

HL-1 cells were initially washed twice with ice-cold 1 × PBS, then resuspended in a hypo-

osmotic PBS containing 20 mM TrisHCl (pH = 7.5), 225 mM D-mannitol, 75 mM sucrose, 0.2 

mM Ethylene glycol-bis (β-aminoethyl ether) - N,N,N',N' - tetraacetic acid (EGTA), and protease 

and phosphatase inhibitors. The cells were placed on ice and lysed with a homogenizer for 30 

minutes. Subsequently, the mixture was centrifuged at 20,000g for 25 minutes at 4℃, discarding 

the pellet and centrifuging the supernatant at 100,000g for 35 minutes at 4℃ to collect the cell 

membrane precipitate. For the synthesis of nanoparticle cores, 400 μL of poly (50:50 PLGA, 0.67 

dl/g; Lactel Absorbable Polymers) in acetone (20 mg/mL) was added dropwise into 1 mL of water 

until all the acetone had evaporated. Then, the polymer was mixed with the HL-1 cell membrane 

at a weight ratio of 2:1, followed by 2 minutes of sonication in a water bath to yield the 

nanoparticles (NS).

Characterization of GCs

Cell morphology was observed using a light microscope, scanning electron microscope (SEM, 

SU8100, Japan)  and transmission electron microscopy (TEM, Talos L120C, Germany) for live 

cells, NGDs, and GCs. The prepared cells were directly observed using an ordinary light 

microscope. For SEM imaging, the samples were washed with PBS and fixed with an electron 

microscope fixative at room temperature for 2 h, followed by transfer to 4°C for preservation. The 

fixed samples were then washed three times with 0.1M PBS (pH 7.4) and fixed with 1% osmium 

tetroxide in the dark at room temperature for 1-2 h. After three additional washes with 0.1M PBS 

(pH 7.4) for 15 min each, the cells were dehydrated in a series of ethanol solutions (30%, 50%, 
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70%, 80%, 90%, 95%, and 100%) for 15 min each. Subsequently, the cells were treated with 

isoamyl acetate for 15 min, dried, and made conductive. Finally, images were captured using the 

scanning electron microscope. For TEM imaging, 10 μL of the cell sample is pipetted onto a 

carbon-coated copper grid and left for 2 min, then the excess liquid is removed with filter paper. 

10 μL of uranyl acetate is applied to the copper grid for 1 min, and the excess liquid is removed 

with filter paper, followed by drying at room temperature, images are collected for analysis.

The staining of the DiD membrane was observed using confocal microscope. Cells from the live 

group, NGD group, and GC group were washed twice with PBS in confocal dishes. Then, 1 mL 

of 400× DiD dye was added to each well. After incubating at 37°C for 20 s, the cells were washed 

three times with PBS and observed using a confocal microscope. The excitation wavelength used 

was 644 nm, and the emission wavelength was 665 nm.

The diameter of cells in each group was measured using a cell counter. A 10 μL aliquot of cells 

was taken and mixed with trypan blue at a 1:1 ratio. After allowing the cells to stabilize, the 

diameter was measured using a cell counter.

SDS-PAGE electrophoresis was performed to detect the protein components of cells in each 

group and determine if there was any loss of membrane proteins. The protein from each group of 

cells was extracted, and its concentration was determined using BCA. The protein samples from 

each group were heated to 95°C for 5 min. Then, 30 μg of the samples were loaded onto a 10% 

gel and electrophoresed at 120 V for 2 h. After electrophoresis, the gel was stained with Coomassie 

brilliant blue dye for 2 h and washed overnight before imaging.

Add 1mL of 4% paraformaldehyde to the confocal dish and incubate at room temperature for 
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20 min. Then add 0.1% Triton to permeabilize the membrane for 20 min, followed by washing 3 

times with PBS. Add 3% BSA and incubate at room temperature for 30 min to block non-specific 

binding, then add the primary antibody against α-actin and incubate overnight at 4°C in a 

humidified chamber. Wash 3 times with PBS, each time for 10 min. Add the secondary antibody 

conjugated to GFP and incubate at room temperature for 1 hour, then wash on a shaker 3 times, 

each time for 10 min. Add DAPI at a 1:1000 dilution and incubate at room temperature for 5 min, 

then wash 3 times with PBS. Fluorescence signals are collected using a confocal microscope, with 

excitation wavelengths for DAPI at 330-380 nm and emission wavelength at 420 nm; for GFP, the 

excitation wavelength is 465-495 nm, and the emission wavelength is 515-555 nm.

Cell viability was assessed using the CCK8 assay. HL-1 cells and GCs cells (5000 cells) were 

seeded in 96-well plates, and the absorbance at OD405 was measured at 24 h, 48 h, and 72 h. 

Additionally, the effect of GCs on the growth of living cells was also evaluated using the CCK8 

assay. HL-1 cells (5000 cells) were seeded in 96-well plates and co-cultured with different ratios 

of GCs (1:10, 1:1, 10:1). After 24 h, 48 h, and 72 h, the GCs cells in the supernatant were washed 

off, and then 100 μL of DMEM and 10 μL of CCK8 were added. The plates were incubated in the 

dark for 1 h at 37°C, and the absorbance at OD405 was measured.

Flow cytometry was employed to detect cell death. The cell concentration in both groups was 

adjusted to 1 × 105 cells in a volume of 100 μL and washed twice with PBS. Then, 5 μL of Annexin-

V-GFP and PI-PE were added to the cells. After incubating at room temperature for 10 min, the 

cells were analyzed using flow cytometry. Double positive results indicated cell death.

In vitro evaluation of the ability of GCs to prevent CVB3 infection in cells    

Hela and HL-1 cells were cultured in 6-well plates at a density of 1 × 106 cells per well. When 

the cell density reached 60%, the positive control group was treated with 100 TCID50 CVB3, 



7

while the experimental group was treated with 100 TCID50 CVB3 along with either NGDs or 

GCs. The cells were incubated at 37°C for 2 h, followed by two washes with PBS and incubation 

with fresh culture medium for 24 h. Total RNA from the cells was extracted using the FastPure® 

Cell/Tissue Total RNA Isolation Kit V2. The CVB3 mRNA level in each group was then detected 

by RT-PCR using the Takara PrimeScriptTM RT reagent Kit with gDNA Eraser and TB Green® 

Premix Ex TaqTM II kits. The primer sequences for the RT-PCR are as follows (5'-3' sequences)：

CVB3 forward GTGGTGGGCTATGGAGTATG

CVB3 reverse ATTGCACAGAGTCAAGGGT

h-𝛽-actin forward CTCCATCCTGGCCTCGCTGT

h-𝛽-actin reverse CTCCATCCTGGCCTCGCTGT

GCs can inhibit CVB3 infection, primarily because they are essentially cardiomyocytes that 

have lost the ability to proliferate. Considering that GCs might suppress CVB3 infection by 

forming a physical barrier between the host cells and the GCs, one approach is to pre-incubate 

GCs with different concentrations of CVB3 and then infect Hela cells. Another approach is to pre-

incubate the GCs with the virus for 30 min and then use the supernatant for infection. The virus 

plaque assay was performed to assess the infectivity of the virus on target cells. For this experiment, 

Hela and HL-1 cells were seeded in 6-well plates at a density of 1 × 106 cells per well. When the 

cell density reached 90%, the viral plaque assay was conducted. The negative control group was 

treated with DMEM medium only, the positive control group was added with 100 TCID50 CVB3, 

and the experimental group was added with 100 TCID50 CVB3 along with either NGDs or GCs. 

The cells were incubated in a cell incubator for 1 h with intermittent shaking every 15 min. Next, 

3% agarose solution was prepared and heated to 45°C. 0.3% agarose solution was prepared in 10% 
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FBS DMEM and added to each well after washing the cells with PBS twice. The cells were then 

incubated in a 37°C, 5% CO2 incubator for 60-84 h until clear cytopathic effect (CPE) was 

observed. Subsequently, 1mL of 4% paraformaldehyde was added to each well and left at room 

temperature for 6-12 h to allow for fixation. The agarose was then rinsed off with running water, 

and each well was stained with 1mL of crystal violet dye at room temperature for 20 min. After 

washing with PBS for 2-3 times, pictures were taken, and the number of plaques was calculated.

GCs biodistribution study

In vitro experiments were conducted using pre-prepared NGDs and GCs. DiD fluorescent dye 

was used for cell membrane staining. The exciting light was 644 nm, and the emitted light was 

665 nm. For in vivo distribution studies, Balb/c mice were selected to evaluate the metabolism of 

GCs. On day 0, intravenous injections of NGDs and GCs were administered at a concentration of 

5 × 105 cells in a volume of 150 μL. Considering the potential risk of pulmonary embolism and 

associated mortality when injecting NGDs at a concentration of 1 × 106 cells in a volume of 150 

μL, the dosage was reduced by half to 5 × 105 cells in a volume of 150 μL. Subsequently, live 

imaging of the mice was conducted at 24 h, 48 h, and 72 h post-injection to monitor the 

fluorescence signal. Furthermore, the heart, liver, spleen, lungs, and kidneys were collected to 

detect the fluorescence signal, indicating the distribution of GCs in these organs.

HL-1 cells are stained with DiD, and then NS and GCs are prepared. For the in vivo distribution 

experiment, Balb/c mice are selected to evaluate the metabolism of GCs. On Day 0, 150μL of NS 

(prepared from 1 × 107 cardiomyocytes) and GCs (1 × 106) are injected intravenously. At 6 h, 12 

h, 24 h, 48 h, 72 h, 96 h, and 120 h after injection, live imaging is performed on the mice to monitor 

the fluorescence signal. In addition, the heart, liver, spleen, lungs, and kidneys are collected to 

detect the fluorescence signal, in order to understand the distribution and metabolism of GCs in 
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these organs.

In vivo safety studies and the evaluation of the ability of GCs to prevent CVB3 infection in 

VMC mice

In vivo safety studies were conducted using Balb/c mice to assess the biocompatibility of GCs. 

GCs were administered i.v. at a concentration of 1 × 106 in a volume of 150 μL every other day 

for a total of four injections. Blood samples were collected through cardiac puncture, with 100 μL 

of peripheral blood collected using an EDTA anticoagulant tube for a complete blood count. Blood 

biochemical indexes were measured using a separation gel coagulant tube, and 500 μL of 

peripheral blood was centrifuged at 3000 rpm to obtain serum.

The heart, liver, spleen, lungs, and kidney tissues from all mice were fixed in 4% 

paraformaldehyde for 24 h. Afterward, the tissues were dehydrated, embedded in paraffin, and 

sectioned into 5 μm slices. Hematoxylin and eosin (H&E) staining was performed, and the images 

were captured using a slide scanning image system (SQS-40P). The images were then analyzed 

using caseviewer software. The experiment to inhibit CVB3-induced viral myocarditis (VMC) in 

mice with GCs was divided into two parts. The first part is on day 0, 30 mice were randomly 

divided into five groups: negative control (NC), CVB3, PEG-DA+I2959 (P+I), GCs, and Ribavirin 

groups. Except for the NC group, each mouse was intraperitoneally injected with 1 × 105 TCID50 

of CVB3, and their body weight was recorded. Starting from day 2, tail vein injections were 

administered every other day. It should be noted that the amount of P+I used was equivalent to 

that permeated into the GCs, and the mixture also underwent 15 min of ultraviolet irradiation and 

was added with the same amount of PBS as the diluted GCs. The cell concentration in the GCs 

group was 1 × 106 cells in a volume of 150 μL, and the dose of Ribavirin was 100 mg/kg. The 

subsequent experimental scheme followed the same protocol as the in vivo safety experiment. The 
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other part is on day 0, 45 mice were randomly divided into five groups: NC, CVB3, NS, GCs, and 

Ribavirin groups. Except for the NC group, each mouse was intraperitoneally injected with 1 × 

105 TCID50 of CVB3, and their body weight was recorded. Starting from day 2, tail vein injections 

were administered every other day for a total of 7 injections. On day 7, we evaluated CVB3 viral 

load, IFN-β, IFN-γ, Fas expression levels related to myocardial cell damage, and serum indicators 

closely related to viral infection (cTnI, CK, CK-MB, LDH, and LDH-L).  On day 3, day 7 and day 

14，we collected heart, liver, spleen, lungs, and kidneys of mice for pathological analysis。

Statistical analysis 

Student's t test was used for comparison between two columns of date. One-way analysis of 

variance(ANOVA) was used where three or more columns of data were compared. Two-way 

ANOVA were utilized where two or more columns of data were compared. Values of *P ≤ 0.05, 

**P ≤  0.01 and ***P ≤  0.001 were considered statistical significance. All experiments were 

repeated at least three times, and all data was shown as the mean ± standard deviation (SD).
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Supplementary Figures

Figure S1. Characterization of hydrogel. Photograph of hydrogel prepared from 10 wt% of PEG-

DA and 1 wt% of I2959 with or without UV irradiation (6W) for 15 min.
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Figure S2. Characterization of GCs. (A) Representative fluorescence imaging on GCs by DiD 

membrane staining. Cell morphology was observed using confocal microscope. (B) Measurement 

of cell diameter by hematocytometer. (C) Representative flow cytometry scatter plots of Live cells, 

NGDs and GCs.
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Figure S3. GCs inhibited CVB3 infection in host cells. (A) Protein concentration (BCA) of Live, 

NGD and GC cells. (B) Detection of cell death in live cell group using Annexin V/PI double 

staining and flow cytometry. (C) RT-PCR detection of CVB3 RNA levels in HL-1 cells with or 

without the addition of NGDs and GCs. NC: Negative control; PC: Positive control with CVB3 

virus. (D) Plaque morphology of CVB3 in Hela cells with or without the addition of GCs diluted 

at a 1/2 concentration. (E) GCs were pre-incubated with virus for 30 min and then used the 

supernatant for infection. Plaque morphology of CVB3 in Hela cells. NS = non-significant, **P 

≤ 0.01, and ***P ≤ 0.001.
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Figure S4. In vivo distribution experiment. (A) Healthy mice were i.v. injected with NS (prepared 

from 1 × 106 cardiomyocyte) and GCs (1 × 106) per mouse, and the fluorescence signals of heart, 

liver, spleen, lung, and kidney were detected using in vivo imaging system at 6 h, 12 h, 24 h, 48 h, 

72 h, 96 h, and 120 h (n = 7).
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Figure S5. In vivo therapy of GCs against CVB3 infection. (A) Serum levels of AST and ALT. 

(B) Blood cell proportions of lymphocyte (LYM), monocyte (MON), and granulocyte (GRA). 

(C) Complete blood count performed at day 7. (D) Comprehensive serum chemistry panel 

performed at day 7. NS = non-significant, **P ≤ 0.01, and ***P ≤ 0.001.
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Figure S6. Histopathological analysis of liver (A), spleen (B), lung (C), and kidney (D) using 

H&E-stained tissue sections on day 3, day 7, and day 14.


