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A B S T R A C T   

Prevention of recurrence/metastasis and tissue regeneration are critical for post-surgery treatment of malignant 
tumors. Here, to address these needs, a novel type of microgel co-loading cryo-shocked cancer cells, immu
noadjuvant, and immune checkpoint inhibitor is presented by microfluidic electrospray technology and liquid 
nitrogen treatment. Owing to the encapsulation of cryo-shocked cancer cells and immunoadjuvant, the microgels 
can recruit dendritic cells and activate them in situ, and evoke a robust immune response. Moreover, with the 
combination of the immune checkpoint inhibitor, the antitumor immune response is further enhanced by 
inhibiting the interaction of PD1 and PDL1. With this, the excellent anti-recurrence and anti-metastasis efficacy 
of the microgels are demonstrated in an orthotopic breast cancer mouse model. Besides, because of the excellent 
biocompatibility and appropriate degradation performance, the microgels can provide support for normal cell 
adhesion and growth, which is beneficial to tissue reconstruction. These properties indicate the great value of the 
cryo-shocked cancer cell microgels for efficient tumor postoperative combination immunotherapy and tissue 
regeneration.   

1. Introduction 

Cancer is among the diseases with the highest fatality rate world
wide, and surgery is still the preferred treatment for most malignant 
solid tumors in clinics [1]. Unfortunately, tumor recurrence and 
metastasis rates are still high after surgery resection, which seriously 
threatens the survival of the patients [2,3]. Traditional post-surgery 
treatments, such as chemotherapy and radiotherapy, face the prob
lems of severe side effects and limited efficacy [4–10]. Alternatively, 
immunotherapy is an emerging strategy that brings new solutions to 
cancer treatment [11]. However, the repeated and systemic injection of 
immunotherapy agents, including dendritic cell (DC) vaccine, immune 
checkpoint inhibitors, adoptive T cells, cytokines, etc., may result in 
uncontrolled immune responses and adverse events [12–15]. To 

improve immunotherapy efficacy and reduce side effects, synthetic 
scaffold materials have been employed to regulate the tumor microen
vironment as well as achieve the loading, localization, and delivery of 
the bioactive agents [16–18]. Although with much progress, there re
mains the dilemma of insufficient interaction between immune cells and 
scaffolds and limited immune activation [19,20]. In addition, the 
regeneration of postoperative tissue defects is an important factor that 
affects the life quality of patients, while the existing immunotherapy 
scaffolds barely contribute to this [21,22]. Therefore, novel multifunc
tional immunologic therapeutic systems for tumor postoperative treat
ment and reconstruction are highly anticipated. 

In this paper, we proposed cryo-shocked cancer cell-loaded micro
gels for combination immunotherapy and tissue regeneration, as 
schemed in Fig. 1. Cryo-shocked cancer cells are inactivated cells 
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generated by freezing [23]. It has been demonstrated that cryo-shocked 
cancer cells can act as cancer vaccines and provoke the antitumor im
mune response [24]. Besides, microfluidics is an outstanding technology 
capable of manipulating multiple fluids in microchannels, and has been 
extensively utilized for the preparation of diverse microparticles 
[25–27]. These microparticles serve as vehicles for the encapsulation 
and delivery of small-molecule drugs, biomacromolecules, and even 
cells [28–32]. Particularly, the tunable microstructure of the micro
particles provides a superior environment for the contact and interaction 
of encapsulated agents with the surroundings compared with bulk sys
tems [33]. Moreover, by introducing biocompatible materials like 
gelatin, hyaluronic acid, etc., the resultant microgels can be promising 
in tissue regeneration due to their similarity with the natural extracel
lular matrix (ECM) [34–36]. It was thus conceived that by constructing 
cryo-shocked cancer cell-loaded microgels through the microfluidic 
encapsulation technique, novel functional platforms could be developed 
for efficient tumor postoperative treatment. 

Here, we presented the desired microgels co-loading cancer vaccine 
and immune checkpoint inhibitor for postoperative combination 
immunotherapy and tissue regeneration (Fig. 1). Droplets of methac
rylate gelatin/methacrylate hyaluronic acid (GelMA/HAMA) were 
generated by microfluidic electrospray, with cancer cells, cytosine- 
guanosine oligonucleotide (CpG ODN, an immunoadjuvant) and anti- 
programmed death receptor 1 antibody (aPD1, an immune checkpoint 
inhibitor) encapsulated. The droplets were collected in liquid nitrogen 
and crosslinked in situ via ultraviolet (UV) polymerization. With this, the 
encapsulated cancer cells were cryo-inactivated to act as whole-cell 
tumor antigens. Additionally, the cryo-shocked cancer cells, together 
with the CpG ODN, can recruit and activate DCs both in vitro and in vivo, 
thus provoking a strong immune response. Apart from these, the exis
tence of aPD1 could enhance the antitumor immune response by 

inhibiting the interaction of PD1 and programmed cell death ligand 1 
(PD-L1). By applying the resultant microgels in a breast cancer mouse 
model, their excellent anti-recurrence and anti-metastases efficiency 
was demonstrated. Moreover, the double network of GelMA/HAMA 
imparted the microgels with sufficient physical support and slow 
degradation performance, which was beneficial for cell adhesion and 
growth for tissue reconstruction. These features indicated that the cryo- 
shocked cancer cell microgels have significant potential as a versatile 
system for postoperative combination immunotherapy and tissue 
reconstruction. 

2. Materials and methods 

2.1. Materials 

GelMA and HAMA were synthesized in our laboratory. Bouin’s so
lution was obtained from Fuzhou Phygene Biotechnology Co., LTD. 
Carboxyfluorescein diacetate succinimidyl ester (CFDA SE) cell prolif
eration assay and tracking kit, red blood cell lysis buffer, collagenase I, 
collagenase II, collagenase IV, hyaluronidase, cell counting kit 8 (CCK8), 
and Calcein AM/PI Live/Dead viability assay kit were bought from 
Shanghai Beyotime Biotechnology Co., Ltd. 1′-dioctadecyltetramethyl 
indotricarbocyanine Iodide (DiR) was bought from Beijing Lablead 
Trading Co., LTD. Mouse TNF-α, mouse IL-6, and rat IgG ELISA kits were 
provided by Wuhan Elabscience Biotechnology Co., Ltd. aPD-1 (rat anti- 
mouse) and antibodies for flow cytometry used in this study were pur
chased from Biolegend Inc. (USA). Lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP) was obtained from Shanghai 
Aladdin Co., Ltd. CpG ODN 1826, with the sequence 5′-tccatgacgttcct
gacgtt-3′ and a phosphorothioate backbone, and CPG ODN 1826 label
ing with FAM on 3′ end (named FAM-CpG ODN) were obtained from 

Fig. 1. Schematic illustration of the preparation of cryo-shocked cancer cell microgels and their application in tumor postoperative combination immunotherapy and 
tissue regeneration. 
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Suzhou Synbio Technologies Co. 

2.2. Preparation of the microgels 

PBS solution containing GelMA (10% w/v), HAMA (1% w/v), 
immunoadjuvant CpG ODN (500 μg/mL), mouse breast cancer 4T1 cells 
(1.0 × 107/mL), aPD-1 (750 μg/mL) and photoinitiator LAP (4 mg/mL) 
was stirred at 37 ◦C to ensure full dissolution. The resultant solution was 
dispensed into liquid nitrogen by a microfluidic electrospray device, and 
then photo-crosslinked under 365 nm irradiation. The voltage was 3.3 
Kv, the tip diameter was 100 μm, and the distance between the jet and 
collector was 8 cm. The obtained microgels containing CpG ODN, 4T1 
cells, and aPD-1 were named MG-V+A. Microgels without the above 
components (named MG-Blank), microgels containing adjuvant CpG 
ODN (named MG-Adjuvant), microgels containing cryo-shocked cancer 
cells (named MG-Cells), microgels containing CpG ODN and cryo- 
shocked cancer cells (named MG-Vaccine), and microgels containing 
aPD-1 (named MG-aPD1) were prepared with the same parameters. 

2.3. Characterization of the microgels 

MG-Blank and MG-V+A were dispersed in PBS. The morphologies of 
the microgels were observed by optical microscope and their diameters 
were analyzed. The supercritical dried MG-Blank and MG-V+A, and the 
cross-section of the freeze-dried microgels were observed via field 
emission scanning electron microscopy (SEM, SU8010, Hitachi, Japan). 
MG-V+A were digested by collagenase II and hyaluronidase, and the 
obtained cancer cells were counted under an optical microscope. 

2.4. In vitro release of CpG ODN and aPD1 

The cryo-shocked cancer cell microgels with FAM-CpG ODN were 
placed in PBS at 37 ◦C and 120 rpm. At every time interval, a certain 
volume of release medium was removed and the fresh medium with the 
same volume was added. The amount of FAM–CpG ODN released into 
the media was determined by the intensity of FAM fluorescence in the 
supernatant using a full wavelength microplate reader (Varioskan LUX, 
ThermoFisher, American) with 492 nm ex/517 nm em, calibrated by a 
serial dilution of FAM–CpG ODN standard solutions. MG-V+A was used 
to investigate the release profiles as described above and the aPD1 
concentrations were quantified by Rat IgG total ELISA kit. The cryo- 
shocked cancer cell microgels with FAM-CpG ODN or MG-V+A were 
digested by collagenase II and hyaluronidase, and the contents of CpG 
ODN and aPD1 were measured by full wavelength microplate reader and 
Rat IgG total ELISA kit, respectively. 

2.5. In vivo fluorescence imaging of microgels 

200 μL cryo-shocked cancer cell microgels containing 4T1 cells 
labeled with DiR were injected subcutaneously into female BALB/c mice 
through a syringe. At the preset points in time, the mice were anes
thetized and imaged using a multi-mode in vivo imaging system (IVIS 
Lumina XRMS Series III, PerkinElmer, American) with 710 nm ex/760 
nm em. 

2.6. In vitro biocompatibility study 

200 μL MG-V+A was soaked in the culture medium for 24 h. The 
leaching solution was diluted to different concentrations. Mouse fibro
blasts NIH 3T3 cells were cultured with these diluted microgel leaching 
solutions for 24 h or 48 h, and CCK8 assay was used to test the cell 
viability. 

2.7. In vivo degradation test 

200 μL MG-V+A was injected subcutaneously into female BALB/c 

mice through a syringe. The injected samples were harvested on days 7, 
14, 28, and 56. By weighing the dry weight of the samples, the 
remaining mass percentages were calculated. 

2.8. In vitro recruitment of DCs 

Bone marrow-derived dendritic cells (BMDCs) were isolated from the 
mice and labeled with CFDA SE according to the relevant guidance. 
Transwell plates (24-well, 8 μm pore filters, Corning Inc., American) 
were used to study DC recruitment. The upper compartment was seeded 
with CFDA SE-labeled BMDCs. The lower compartment was placed with 
medium and 50 μL MG-Blank of, MG-Adjuvant, MG-Cells, or MG- 
Vaccine. After 24 h, the cells migrating from the upper compartment 
into the lower compartment were visualized and counted by fluores
cence microscope. 

2.9. In vitro activation of DCs 

BMDCs were incubated with 50 μL MG-Blank, MG-Adjuvant, MG- 
Cells, or MG-Vaccine for 24 h. The collected cells were stained with 
FITC-anti-CD11c, PE-anti-CD80, and APC-anti-CD86, and were analyzed 
with a flow cytometer (CytoFLEX, Beckman Coulter, German). The su
pernatants were used to detect TNF-α and IL-6 secretions via ELISA kits. 

2.10. In vivo immunization 

MG-Blank or MG-Vaccine of 200 μL was injected into the mice sub
cutaneously. Microgels, lymph nodes (LNs), and spleens were excised 7 
days after implantation. The microgels were digested with collagenase I 
(500 μg/mL), collagenase IV (100 μg/mL), and hyaluronidase (100 μg/ 
mL) at 37 ◦C for 1 h and then filtered using a 40 μm Falcon cell strainer 
to prepare single cells, which were further blocked with anti-mouse 
CD16/32. The cells were stained with FITC-anti-CD11c, PE-anti-CD80, 
and APC-anti-CD86 simultaneously. Spleens and LNs were homogenized 
using frosted slides to prepare single cells, which were further blocked 
with anti-mouse CD16/32. The cells from LNs were stained with FITC- 
anti-CD11c, PE-anti-CD80, and APC-anti-CD86 simultaneously, or 
FITC-anti-CD3, APC-anti-CD4, and PE-anti-CD8a simultaneously, and 
the cells from spleens were stained with FITC-anti-CD3, APC-anti-CD4, 
and PE-anti-CD8a simultaneously. The stained cells were analyzed with 
a flow cytometer. 

2.11. Fluorescence imaging of the microgels in vivo and draining LNs ex 
vivo 

200 μL MG-Vaccine containing 4T1 cells labeled with CFDA SE was 
injected into the mice subcutaneously and the mice were imaged using a 
multi-mode in vivo imaging system. 7 days after the injection, draining 
LNs were excised and imaged using a multi-mode in vivo imaging system. 

2.12. In vivo anti-recurrence and anti-metastases experiment 

To establish the orthotopic breast tumor model, 100 μL 4T1 cells (1 
× 107 cells/mL) were injected into the right mammary fat pads of mice. 
When the volume of the tumors reached about 100 mm3, the mice were 
anesthetized. Ophthalmic scissors were used to separate the skin at the 
tumor site and the tumor was exposed. After complete removal of the 
visible tumor, 200 μL MG-Blank, MG-Vaccine, MG-aPD-1, or MG-V+A 
were immediately injected into the surgery region and then the incision 
was sutured. The mice without microgels were set as control. According 
to the treatments, the mice were grouped as follows (n = 5): Control 
group, MG-Blank group, MG-Vaccine group, MG-aPD-1 group, and MG- 
V+A group. 14 days after the operation, both tumors and lungs were 
collected and photographed. The tumors were weighted. Then the tu
mors were fixed in 4% paraformaldehyde and tested by hematoxylin and 
eosin (H&E) staining and with a TdT-mediated dUTP Nick-End Labeling 
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(TUNEL) apoptosis detection kit. After being fixed in Bouin’s solution, 
the numbers of white metastasis nodules macroscopically in the lung 
tissues were counted. Histological alterations were also assessed by H&E 
staining. 

To evaluate the survival of mice, another set of mice with the same 
grouping and the same sample number as above were monitored and 
euthanized for humane reasons when the longest axis of the tumor 
reached 15 mm. 

2.13. Anti-tumor mechanism 

When the tumor volumes reached about 100 mm3, 50% of the tumor 
tissues were resected, and 200 μL corresponding microgels were injected 
directly into the surgery region. 7 days after the operation, the mice 
were sacrificed. The harvested tumors were digested with collagenase I, 
collagenase IV, and hyaluronidase to prepare single cells. After being 
blocked with anti-mouse CD16/32, some of the cells were stained with 
FITC-anti-CD3 and PE-anti-CD8a simultaneously and others were 
stained with FITC-anti-CD3 and APC-anti-CD4, and then with PE-anti- 
FoxP3. The stained cells were analyzed with a flow cytometer. 

2.14. In vitro cell attachment property 

50 μL MG-Blank was cultured with human breast epithelial cells 
MCF-10A or human adipose-derived stem cells ADSCs (1 × 105 cells/ 
mL). After 24 h, the obtained microgels were fixed by 4% para
formaldehyde, and then dehydrated by gradient ethyl alcohol and su
percritical drying. The morphology of cell-attached microgels was 
characterized via SEM. 

2.15. In vitro cell proliferation property 

After co-culture of MCF-10A or ADSCs with MG-Blank for 24 h, the 
microgels were placed in the fresh culture medium. After culture for 1, 2, 
and 4 days, the viability of cells adhered to the microgels was tested by 
CCK8 assay. Calcein-AM staining was used to observe cell growth con
ditions, and the images were obtained by fluorescence microscope. 

2.16. In vivo tissue regeneration 

200 μL MG-Blank was injected subcutaneously into the mice. The 
injected samples were harvested on days 0, 7, and 21. The obtained 
microgels were fixed in 4% paraformaldehyde and tested by H&E 
staining. 

2.17. Statistical analysis 

All values are presented as mean ± standard deviation (SD). Statis
tical analysis was evaluated using GraphPad Prism. The significance of 
differences between the two groups was calculated by a two-tailed un
paired Student’s t-test. The significance of differences between more 
than two groups was analyzed by one-way ANOVA using the Turkey 
post-hoc test. For animal survival, the significance of differences was 
determined by log-rank test. P < 0.05 was considered significant. 

3. Results and discussion 

3.1. Preparation and characterization of microgels 

As synthetic polymers originated from gelatin and hyaluronic acid, 
GelMA and HAMA are chosen to prepare the desired microgels. In a 
typical experiment, GelMA/HAMA droplets were first formed by 
microfluidic electrospray and collected in liquid nitrogen, after which 
they were crosslinked under UV radiation to obtain GelMA/HAMA 
microgels (MG-Blank). As shown in Figs. S1 and S2, MG-Blank exhibited 
well-dispersed size distribution with a mean diameter of 235 μm. SEM 

images displayed the wrinkled surface structure and the porous interior 
structure of MG-Blank (Fig. S3). These results demonstrated the suc
cessful fabrication of the photo-crosslinkable microgels by microfluidic 
electrospray without the use of oil or organic solvent. Besides, the cell 
viability and proliferative activity of liquid nitrogen-treated cells were 
evaluated. We found that the cancer cells treated with liquid nitrogen 
were inactivated, as manifested by the fluorescent live/dead assay re
sults shown in Fig. S4. Compared with the gradually elevated absor
bance of live cells, the absorbance of the liquid nitrogen-treated cancer 
cells kept at a constant level, indicating the loss of the proliferative 
ability of the tumor cells treated by liquid nitrogen (Fig. S5). 

UV radiation with appropriate intensity and time has little impact on 
the active components including proteins, nucleic acids, and even live 
cells [37–39]. Based on this, we prepared cryo-shocked cancer 
cell-loaded microgels by electrospraying a GelMA/HAMA solution 
containing cancer cells, CpG ODN, and aPD1 into liquid nitrogen and 
then polymerizing the droplets with UV. Compared with MG-Blank 
generated under the same experimental parameters, the microgels 
co-loaded with vaccine and aPD1 (MG-V+A) showed little difference in 
mean diameter (236 μm) and morphology (Fig. 2a, 2b, and Fig. S6). The 
obtained microgels maintained the porous structure and cancer cells 
could be observed, indicating the successful encapsulation (Fig. 2bii, 
2biii) and Fig. S3ii, S3iii)). Furthermore, the cryo-shocked cancer cell 
microgels were digested by collagenase II and hyaluronidase for quan
tifying cancer cells, CpG ODN, and aPD1. There were ~1.6 × 106 

inactivated 4T1 cells, 61.5 μg CpG ODN, and 101.7 μg aPD1 per 200 μL 
MG-V+A. The release profiles of CpG ODN and aPD1 were tested by 
spectrofluorimetry and ELISA, respectively. As shown in Fig. 2c and d, 
FAM-CpG ODN exhibited a relatively quick burst release of 68.72% on 
the first day and then a slower release till the seventh day when the 
release process was completed; aPD1 was released in a sustained manner 
to approximately 20 days. In order to investigate the change of the 
inactivated cancer cells encapsulated in the microgels, DiR was used to 
label cancer cells and then the obtained cells were applied to prepare 
microgels for in vivo fluorescence. As shown in Fig. S7, the fluorescence 
intensity in the injection site gradually decreased, indicating the 
decomposition of the cancer cells. Owning to the action of immune cells 
and enzymes in vivo, the inactivated cancer cells were disintegrated and 
the tumor antigens were subsequently released gradually. These results 
demonstrated the successful preparation of the cryo-shocked cancer 
cell-loaded microgels and the sustained release of the encapsulated 
therapeutic components. 

As a material for implant use, biocompatibility and biodegradation 
are important factors for the microgels serving as both tissue regenera
tion scaffold and drug delivery system. The leaching solution of MG- 
V+A was co-cultured with mouse fibroblasts NIH 3T3 cells. The results 
of the CCK8 assay showed that MG-V+A had no obvious cytotoxicity to 
3T3 cells with the increase of the leaching solution concentration and 
co-culture time, indicating good biocompatibility (Fig. 2e and Fig. S8). 
Then the in vivo degradation behavior of MG-V+A was investigated by 
subcutaneous injection. As shown in Fig. 2f, the microgels formed a 
round-like nodule subcutaneously. No significant change of the nodule 
morphology was observed for up to 4 weeks, indicating the local 
retention of the microgels, which is favorable for long-term and stable 
cell adhesion. In the first week, the mass of the injected microgels 
increased, which might be attributed to the adsorption of body fluid and 
the infiltration of cells (Fig. S9). Then, the mass gradually decreased 
with the degradation of the microgels, and the nodule still existed in 
week 8. These results indicated that the cryo-shocked cancer cell-loaded 
microgels possessed good biocompatibility and an appropriate biodeg
radation rate. 

3.2. In vitro DC recruitment and maturation 

Sufficient DC recruitment and maturation of DCs are of great 
importance for the microgels to activate the immune response. 
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Transwell cell migration assay was used to determine the capability of 
the microgels in recruiting DCs. Microgels encapsulated with immu
noadjuvant (MG-Adjuvant), cryo-shocked tumor cells (MG-Cells), both 
of them (MG-Vaccine), or none of them (MG-Blank) were prepared and 
located in the lower compartment, while BMDCs stained with CFDA SE 
were placed in the upper compartment. After 24 h, the BMDCs migrating 
toward the lower compartment were observed and counted by fluores
cence microscope. Compared with the control group (without treat
ment) and MG-Blank group, more DCs appeared in the lower 
compartment in the MG-Adjuvant group and MG-Cells group, and this 
difference was even more pronounced in the MG-Vaccine group 
(Fig. 3a). The counting results also indicated that the microgels in the 
MG-Vaccine group recruited the largest amount of DCs among these 
groups (Fig. 3c). It is thus concluded that tumor antigens (i.e. cryo- 
shocked cancer cells) and immunoadjuvant (i.e. CpG ODN) encapsu
lated in the microgels could robustly promote DC recruitment. CpG ODN 
sequences are a common danger signal which can provoke DC activation 
and trafficking [40,41]. The chemotaxis of BMDCs in response to anti
gens will be enhanced by the combination of danger signals [42]. 

To explore the ability of promoting DC maturation of the microgels, 
flow cytometry and ELISA were carried out after BMDCs were treated 
with different stimulation for 24 h. As the markers of DC maturation, 
CD80 and CD86 expression levels were studied. As shown in Fig. 3b and 
d, the percentage of CD80+CD86+ BMDCs was higher in both the MG- 
Adjuvant group (30.42%) and MG-Cells group (41.14%), and was the 
highest in the MG-Vaccine group (55.99%), compared with the control 
group (16.75%) and MG-Blank group (16.28%). The highest expression 
of CD80 and CD86 in the MG-Vaccine group indicated the strong 

capability of promoting DC activation. Besides, the cytokines related to 
DC maturation were also detected. As expected, the secreted TNF-α and 
IL-6 by BMDCs displayed the same trends as the results of flow cytom
etry (Fig. 3e and Fig. S10). Consequently, it was concluded that the 
microgels co-loading cryo-shocked tumor cells and immunoadjuvant 
were able to potently activate DCs and facilitate the maturation of DCs. 

3.3. In vivo immune response of the microgels 

After confirming that MG-Vaccine could recruit and activate DC in 
vitro, the immunization of the microgels in vivo was then investigated. 
MG-Vaccine or MG-Blank was injected into mice subcutaneously, and 
the microgels and the draining lymph nodes were separated on day 7 
after injection. DCs recruited in the microgels were analyzed. The 
number of DCs in the MG-Vaccine group was 3.3 times that in the MG- 
Blank group (Fig. 4b). The CD80 and CD86 surface marker expression of 
DCs in the MG-Vaccine group was 51.40%, which was higher than that 
in the MG-Blank group (29.69%) (Fig. 4a and c). These results indicated 
that the microgels co-loading cryo-shocked tumor cells and immu
noadjuvant were able to efficiently recruit and activate DCs in vivo. 
Commonly, after the uptake of antigens, immature DCs can differentiate 
into mature DCs. Then, mature DC migrates from antigen-exposed pe
ripheral tissues into secondary lymphoid organs, where they present 
antigens to T cells and stimulate an immune response. As a cell tracing 
probe, CFDA SE can be decomposed into CFSE after being catalyzed by 
intracellular esterase, and CFSE can bind to lysine residues or other 
amino groups of intracellular proteins and thus label these proteins. 
Therefore, MG-Vaccine with cancer cells labeled with CFDA SE was 

Fig. 2. Characterization of the cryo-shocked cancer cell microgels. (a) Optimal image of the microgels. Scale bar is 200 μm. (b) SEM images of (i) an entire microgel 
and (ii, iii) its cross-section. Scale bars are 20 μm in (i), 10 μm in (ii) and 5 μm in (iii). (c) Release profile of CPG ODN (n = 3). (d) Release profile of aPD1 (n = 3). (e) 
3T3 cell viability co-cultured with the leaching solution of the microgels for 24 h (n = 5). (f) Images of the mice and the separated microgels (insert) on different days 
after injection of 200 μL cryo-shocked cancer cell microgels. Scale bars are 1 cm in the main images and 0.5 cm in the insert images. Data are presented as mean ± SD. 
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injected into the mice subcutaneously to observe the migration of DCs to 
draining LNs. As shown in Fig. S11, the presence of antigens was visu
alized by fluorescence imaging at the injection site. 7 days after injec
tion, obvious fluorescence in the LNs isolated from the mice with MG- 
Vaccine treatment could be seen compared with that of the normal 
mice, indicating the uptake and transportation of antigens by DCs from 
the injection site to LNs. Besides, the MG-Vaccine group showed an 
elevated proportion of CD80+CD86+ cells in CD11c+ cells (33.46% vs 
13.98%) (Fig. S12), also suggesting the extensive migration of the 
activated DCs from the microgels to LNs. These results provided in vivo 
evidence that MG-Vaccine can efficiently recruit DCs, activate DCs, and 
promote matured DCs homing to LNs. 

Lymph nodes and spleens were separated on day 7 after implantation 
to detect T cells. As shown in Fig. 4d, e, 4g, and 4h, the population of 
CD8+ T cells in both lymph nodes (22.52%) and spleens (12.93%) of 
mice treated with MG-Vaccine were much higher than that of mice in the 
MG-Blank group (15.20% and 7.05%, respectively). The higher level of 
CD4+ T cells in the MG-Vaccine group was also observed in both lymph 
nodes (46.19% vs 31.04%) and spleens (15.67% vs 10.26%) (Fig. 4f, i, 
and Fig. S13, S14), indicating the robust T cell response induced by the 
MG-Vaccine. Furthermore, lymph nodes and spleens from the MG- 
Vaccine group were both visibly larger than that from the MG-Blank 
group (Fig. S15 and Fig. S16), which indirectly validated the immune 
response initiation in the mice. 

3.4. In vivo antitumor efficacy and mechanism 

A mouse orthotopic breast cancer model was established to investi
gate the anti-recurrence and anti-metastasis efficacy of the cryo-shocked 
cancer cell microgels (Fig. 5a). As shown in Fig. S17, when the tumor 
volume reached ~100 mm3, an operation was conducted to remove 
visible tumors to simulate complete tumor resection in clinical practice. 
The mice were grouped as follows: Control group (without treatment), 
MG-Blank group (treated with blank microgels), MG-Vaccine group 
(treated with microgels encapsulating cryo-shocked cancer cells and 
CpG ODN), MG-aPD1 group (treated with microgels encapsulating 
aPD1) and MG-V+A group (treated with microgels encapsulating cryo- 
shocked cancer cells, CpG ODN, and aPD1). Corresponding microgels 
were injected into the surgery region and then the wounds were sutured. 

On day 14 after the operation, recurrent tumors and lung tissues 
were harvested to evaluate the antitumor efficacy. Due to the presence 
of residual tumor cells in the surgery region, postoperative tumor 
recurrence happens. All mice in the Control group, MG-blank group, and 
MG-vaccine group displayed tumor recurrence. MG-aPD1 group had one 
mouse without local relapse, while the MG-V+A group had two mice 
free of recurrence (Fig. 5b). Comparing the weight of the recurrent tu
mors, the MG-V+A group also showed the best anti-recurrence effi
ciency (Fig. 5d). H&E staining and TUNEL assay of tumor tissues 
demonstrated the enhanced necrosis and apoptosis of tumor cells in the 
MG-V+A group (Fig. S18). Besides, the MG-V+A group showed 
remarkable anti-metastasis efficiency, as evidenced by the decreased 
number of metastasis nodules in the lung tissues (Fig. 5c and e). The 

Fig. 3. In vitro DC recruitment and maturation induced by the microgels. (a, c) (a) Fluorescence images and (c) counting results of CFDA SE-stained BMDCs by 
Transwell cell migration assay (n = 3). Scale bar is 200 μm. (b, d) (b) Representative flow cytometry data and (d) statistical data of mature BMDCs with different 
stimulation for 24 h (n = 3). (e) TNF-α secreted by BMDCs with different stimulation for 24 h (n = 3). Data are presented as mean ± SD. Statistical significance was 
calculated by one-way ANOVA using the Turkey post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.00, ****p < 0.0001. 
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long-term survival of the mice in each group was also studied. MG-V+A 
group showed the longest survival, with two of the mice surviving more 
than 36 days (Fig. 5f). All the results indicated that the cryo-shocked 
cancer cell-loaded microgels hold prominent oncotherapy efficacy. 

To explore the mechanisms behind the therapeutic effects generated 
by the microgel formulation, a tumor incomplete resection model was 
established. On day 7 after the operation, tumor-infiltrating lympho
cytes were collected and then detected by flow cytometry. An increased 
frequency of both CD8+ T cells and CD4+ T cells was verified in the MG- 
V+A group (Fig. 5g and h, and Figs. S19 and S20). Such consequences 
illustrated that the blockade of the PD-1/PD-L1 pathway could effec
tively enhance the T-cell immunity induced by the microgel-based 
cancer vaccine. As a population of immunosuppressive cells, regulato
ry T cells (Tregs, CD4+ FoxP3+ cells) exert a major negative effect on the 
antitumor immune response. As shown in Fig. 5i and Fig. S21, the 
proportions of FoxP3+ cells in CD4+ cells in the MG-aPD1 group and 
MG-V+A group were significantly lower than that in the groups without 
aPD1, indicating that the application of aPD-1 could decrease the 

number of the Tregs to alleviate the tumor-induced immune suppres
sion. The microgels encapsulating cryo-shocked cancer cells and 
immunoadjuvant could provoke the anti-tumor immune response, 
which was further enhanced by the immune checkpoint blockade. 

3.5. In vitro and in vivo tissue reconstruction properties of microgels 

After tumor resection, in addition to tumor recurrence/metastasis, 
loss of tissues is also a threat to the quality of life of patients. As a po
tential tissue regeneration platform, the microgels are supposed to have 
the ability to support the attachment and proliferation of normal tissue 
cells to achieve tissue repair. In theory, Arg-Gly-Asp (RGD) cell adhesion 
peptides of GelMA can promote cell adhesion, and the constitution of 
GelMA and HAMA, which are similar to ECM, can provide support for 
cell growth [36,39,43]. Therefore, the capability of the microgels for 
tissue regeneration was investigated. 

To rule out interference from inactivated cancer cells, MG-Blank was 
used for in vitro and in vivo experiments. After the co-incubation of MCF- 

Fig. 4. In vivo immune response of the microgels. (a, c) (a) Representative flow cytometry data and (c) statistical data of CD80+CD86+ cells in CD11c+ cells in the 
microgels on day 7 after injection of 200 μL MG-Blank or MG-Vaccine (n = 3). (b) CD11c+ cell number in the microgels on day 7 after injection (n = 3). (d, e, f) (d) 
Representative flow cytometry data of CD3+CD8a+ cells, and statistical data of (e) CD3+CD8a+ cells and (f) CD3+CD4+ cells in the draining lymph node (LN) on day 
7 after injection (n = 3). (g, h, i) (g) Representative flow cytometry data of CD3+CD8a+ cells, and statistical data of (h) CD3+CD8a+ cells and (i) CD3+CD4+ cells in 
the spleen on day 7 after injection (n = 3). Data are presented as mean ± SD. Statistical significance was calculated using Student’s t-test. *p < 0.05, **p < 0.01, ***p 
< 0.001., ****p < 0.0001. 
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Fig. 5. In vivo anti-recurrence and anti-metastasis efficacy. (a) Diagram of breast tumor model establishment and treatment schedule. (b) Photographs of the 
recurrent tumors on day 14 after tumor resection and injection of 200 μL MG-Blank, MG-Vaccine, MG-aPD1, or MG-V+A. Mice without microgel injection were set as 
control. Red dotted circles indicate no tumor recurrence. (c) Representative photographs and H&E staining of lungs collected from mice on day 14 after the operation. 
White nodules and yellow arrows indicate lung metastases. Scale bars are 2 mm. (d) Weight of tumors on day 14 after the operation (n = 5). (e) The number of 
macroscopically visible metastases in the lungs on day 14 after the operation (n = 5). (f) The survival rate of mice with different treatments after the operation (n =
5). (g, h) Statistical data of (g) CD3+CD8a+ cells and (h) CD3+CD4+ cells in the tumors on day 7 after the tumor incomplete resection and injection of 200 μL MG- 
Blank, MG-Vaccine, MG-aPD1, or MG-V+A. Mice without microgel injection were set as control (n = 3). (i) Statistical data of FoxP3+ cells in CD4+ cells in the tumors 
on day 7 after the operation (n = 3). Statistical significance was calculated by one-way ANOVA using the Turkey post-hoc test or log-rank test (survival curves 
comparison). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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10A and ADSCs with MG-blank for 24 h, cell attachment on the micro
gels was confirmed by SEM (Fig. 6a). The proliferation of cells adhered 
to the microgels was then evaluated by Calcein AM staining and CCK8 
assay. As shown in Fig. 6b, the number of cells with green fluorescence 
increased with time, indicating the proliferation of the cells adhered to 
the microgels. And the increasing absorbance tested by CCK8 assay also 
demonstrated that cells could continuously proliferate from day 0 to day 
4 (Fig. 6c). Besides, adherent cells on the microgels showed a spreading 
morphology and covered the entire surface of the microgels on day 4 
(Fig. S22). Furthermore, MG-Blank was injected subcutaneously into the 
mice and isolated for H&E staining. As shown in Fig. S23, compared 
with microgels on day 0, there were cells on the microgels on days 7 and 
21, and the number of cells increased evidently with the extension of 
injection time. Collectively, these preliminary data provided evidence in 
the regeneration of normal tissue on the microgels. 

Prevention of tumor recurrence/metastasis and tissue regeneration 
after surgery is vital for the long survival and high life quality of patients 
with cancer. Biomaterial scaffolds have attracted increasing attention 
and some remarkable results have been obtained in recent years [21, 
44–46]. On the one hand, scaffolds such as electrospun fiber, hydrogel, 
and 3D printing scaffolds, can provide support for tissue cells. On the 
other hand, as drug delivery systems, they can be used for postoperative 
antitumor therapy by delivering chemotherapeutics or photothermal 
agents. In contrast to previous studies, the microgels in our study were 
not only a carrier of therapeutic components and support for tissue cell 
attachment and proliferation, but also a scaffold for recruited DC acti
vation in situ to provoke an enhanced antitumor immune response 
(Fig. 4). In postoperative tumor models, the cryo-shocked cancer cell 
microgels exhibited a synergistic antitumor effect of the scaffold-based 
cancer vaccine and immune checkpoint inhibitor (Fig. 5). Apart from 
anti-recurrence/anti-metastases abilities, the tissue regeneration per
formance of the microgels was evaluated. According to Fig. 2f and S17, 
the cryo-shocked cancer cell microgels should be a favorable filler for 
dissected empty spaces after surgery. After the injection of the micro
gels, the cells were grown on the microgels, and the number of cells 
increased with time (Fig. S23). These results validate the potential use of 
microgels for anticancer treatment and tissue regeneration following 
surgical resection. 

4. Conclusions 

In summary, we have developed novel cryo-shocked cancer cell 
microgels with the desired multi-functions for post-surgical tumor 
treatment. Owing to the encapsulation of cryo-shocked cancer cells and 
immunoadjuvant, the microgels acted as a synthetic immune niche to 
initiate a potent immune response, which was further strengthened with 
the co-loading of immune checkpoint inhibitors. Based on this, we 
demonstrated that the cryo-shocked cancer cell microgels showed 
excellent anti-recurrence and anti-metastasis performances in the mouse 
breast cancer model. Besides, because of the excellent biocompatibility 
and suitable degradation rate, the microgels can provide support for 
normal cell adhesion and growth, thus serving as 3D scaffolds for tissue 
regeneration. These characteristics indicated the great potential of the 
cryo-shocked cancer cell microgels as a multifunctional platform for 
efficient postoperative cancer therapy. 
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