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M A T E R I A L S  S C I E N C E

Metallo-alginate hydrogel can potentiate microwave 
tumor ablation for synergistic cancer treatment
Yujie Zhu, Zhijuan Yang, Zijian Pan, Yu Hao, Chunjie Wang, Ziliang Dong, Quguang Li, Yikai Han, 
Longlong Tian, Liangzhu Feng*, Zhuang Liu*

Microwave ablation (MWA) as a local tumor ablation strategy suffers from posttreatment tumor recurrence. 
Development of adjuvant biomaterials to potentiate MWA is therefore of practical significance. Here, the high 
concentration of Ca2+ fixed by alginate as Ca2+-surplus alginate hydrogel shows enhanced heating efficiency and 
restricted heating zone under microwave exposure. The high concentration of extracellular Ca2+ synergizes with 
mild hyperthermia to induce immunogenic cell death by disrupting intracellular Ca2+ homeostasis. Resultantly, 
Ca2+-surplus alginate hydrogel plus MWA can ablate different tumors on both mice and rabbits at reduced 
operation powers. This treatment can also elicit antitumor immunity, especially if synergized with Mn2+, an 
activator of the stimulation of interferon genes pathway, to suppress the growth of both untreated distant tumors 
and rechallenged tumors. This work highlights that in situ–formed metallo-alginate hydrogel could act as microwave- 
susceptible and immunostimulatory biomaterial to reinforce the MWA therapy, promising for clinical translation.

INTRODUCTION
Microwave ablation (MWA) is an interventional technique developed 
for local thermal ablation of tumors by using the heat generated 
by the intense oscillation of polar molecules under microwave 
exposure (1, 2). Attributing to its minimal invasiveness, short-term 
clinical performance, and highly effective cell killing capacity, 
MWA has currently been widely used for treating several types of 
solid tumors including hepatocellular carcinoma, pulmonary cancer, 
and colorectal cancer liver/pulmonary metastases (3). However, 
owing to the irregular shape of most tumors, current MWA treat-
ment often needs to produce a larger ablation zone at a higher 
operation power density for complete tumor ablation and thereby 
would impose severe thermal damages to surrounding normal 
tissues with frequent side effects (e.g., post-ablation syndrome and 
pleural effusions) (4–6). Therefore, it is of great significance to find 
out a type of functional agent that can confer current MWA with 
enhanced tumor heating efficacy in a tunable heating zone to realize 
more efficient MWA cancer treatment with superior safety.

It has been found in both preclinical animal experiments and 
clinical practices that local thermal ablation including MWA treat-
ment could create a large pool of tumor antigens and various 
damage-associated molecular patterns (DAMPs) to prime adaptive 
antitumor immunity. These immune responses, however, are often 
not effective enough to inhibit tumor metastases and recurrence 
(7, 8), even in combination with other immunotherapeutics such as 
immune checkpoint blockade (9, 10), mainly attributing to the 
immunosuppressive tumor microenvironments. Given that im-
munostimulatory adjuvants could potentiate different local thermal 
ablation treatments to synergistically suppress the tumor progression 
(11, 12), it is, therefore, of great interests to develop adjuvant 
biomaterials with both profound microwave susceptibility and im-
munostimulatory effect for enhanced MWA ablation.

Metal ions can continuously reorient under the oscillating 
electromagnetic radiation and thus enable efficient microwave 
heating (13–15). Compared to bulk solutions, metal ions encapsu-
lated within nanoscale or microscale structures have been found to 
be potent MWA susceptible agents with enhanced microwave heating 
owing to the spatial confinement effect (16–19). In addition, Ca2+ 
ions are known to play important roles in cell proliferation, apoptosis, 
and the activation of diverse immune cells (20–22). Recently, it has 
been reported that the disruption of intracellular Ca2+ hemostasis 
can result in effective cancer cell killing (23, 24). Moreover, some 
recent studies have reported that some transition metal ions includ-
ing manganese ions (Mn2+) and zinc ions (Zn2+) could efficiently 
prime the stimulator of interferon genes (STING) pathway via dif-
ferent mechanisms to elicit potent innate and adaptive antitumor 
immunities for effective tumor suppression (25–27). Inspired by 
those previous findings and the high coordination affinity of algi-
nate to divalent metal ions, in our work here, we designed a metallo- 
alginate hydrogel to not only potentiate MWA but also enhance the 
antitumor immune responses after MWA treatment.

In this study, we first found that excess Ca2+ upon being fixed 
with sodium alginate as Ca2+-surplus hydrogel could work as an 
efficient microwave susceptible agent to enable enhanced microwave 
heating in a Ca2+ concentration–dependent manner (Fig. 1). Treat-
ment of increased extracellular Ca2+ (e.g., 4 mM) together with mild 
hyperthermia (43°C) could synergistically induce effective immu-
nogenic cell death (ICD) of cancer cells by inducing intracellular 
Ca2+-overloading and subsequent mitochondria dysfunction. Com-
pared to microwave irradiation alone, the in situ–formed Ca2+-surplus 
alginate hydrogel together with microwave irradiation could lead to 
more efficient tumor temperature increment, resulting in effective 
ablation of tumors in both mice and rabbits. Moreover, it was 
uncovered that this in situ–formed Ca2+-surplus alginate hydrogel 
showed comparable immunostimulatory effect to that of imiquimod 
(R837), a commercial Toll-like receptor 7 (TLR7) agonist, in synergiz-
ing with microwave irradiation to suppress the growth of distant 
tumors. Furthermore, we demonstrated that intratumoral fixation 
of Ca2+-surplus alginate hydrogel together with Mn2+ ions would 
remarkably improve the immune stimulatory effect of WMA 
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treatment by activating the STING pathway. Therefore, this in situ–
formed metallo-alginate hydrogel as a microwave susceptible and 
immunostimulatory agent would have great potential to assist 
clinically used MWA treatment.

RESULTS
Design and characterization of microwave susceptible 
Ca2+-surplus alginate hydrogel
As a natural anionic polysaccharide, alginic acid and its salts [e.g., 
sodium alginate (ALG)] have been intensively used as pharmaceutical 
ingredients for diverse biomedical applications owing to their 
excellent biocompatibility (28). In particular, ALG could be used to 
enable in situ fixation of various payloads owing to its formation of 
hydrogels in the presence of endogenous Ca2+ ions (Fig. 2A). First, 
it was confirmed that ALG solution (20 mg ml−1) appearing as viscous 
liquid would rapidly form hydrogel maintaining its integrity and 
shape in a slanted bottle upon being mixed with CaCl2 (0.5 M) solu-
tions (Fig. 2B). As indicated by the rheological behavior analysis, we 

found that as-prepared ALG hydrogels showed obvious ALG 
concentration–dependent storage modulus (Fig. 2C), solidly con-
forming the Ca2+-triggered gelation property of ALG.

It has been reported that free-standing ions encapsulated within 
the small spaces of hydrogels, microcapsules, and hollow nano-
structures can work as efficient microwave susceptible agents owing 
to the ion confinement effect (17, 18). We therefore evaluated 
the microwave susceptibility of these ALG hydrogels (20 mg ml−1) 
formed at varying Ca2+ concentrations (greater than, equal to, and 
less than the chelating capacity of ALG molecules) by recording 
their temperature increasing behaviors under microwave irradiation 
(5 W, 5 min). It was found that the ALG hydrogel formed at 0.5 M 
Ca2+ ions showed a rapid temperature increase of 20.7°C under this 
microwave irradiation, much higher than 7.8° and 5.9°C for ALG 
hydrogels formed at 0.05 and 0.005  M Ca2+ ions, respectively 
(Fig. 2D). Considering the saturated Ca2+ chelating capacity of ALG 
molecules at 20 mg ml−1 is theoretically equal to 0.05 M, these 
results imply that free-standing Ca2+ ions inside the as-prepared 
Ca2+–cross-linking ALG hydrogel (coined as Ca2+-surplus ALG 

Fig. 1. A scheme illustrating the mechanism of metallo-alginate hydrogel in enhancing MWA treatment and boosting antitumor immunity. Upon being injected 
inside the tumors, this metallo-alginate hydrogel can work as a microwave heating sensitizer to enhance MWA of the primary tumor. Meanwhile, the existence of excess 
extracellular Ca2+ can sensitize cancer cells to mild thermal damage by disrupting intracellular calcium homeostasis, further promoting complete ablation of the primary 
tumor. In addition, the released DAMPs from these death cancer cells together with extracellular Ca2+ and Mn2+ would work together to prime effective innate and adaptive 
antitumor immune responses by activating the STING and other pathways to suppress the growth of both metastatic (distant) and relapsed (rechallenged) tumors. IFN-, 
interferon-; ROS, reactive oxygen species; DC, dendritic cell. IFNAR, interferon-/ receptor.
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hydrogel) would function as an efficient microwave susceptible 
agents via the ion confinement effect (17, 29). Furthermore, the 
microwave susceptibility of Ca2+-surplus ALG hydrogels (ALG = 
20 mg ml−1) was shown to be in proportion to Ca2+ concentrations 
in range of 0.05 to 0.5 M (Fig. 2E) and much effective than bulk Ca2+ 
solutions at equivalent Ca2+ concentrations (Fig. 2F). Meanwhile, 
we observed that the ALG hydrogel formed with ALG (20 mg ml−1) 
at Ca2+ ions (0.05 M) exhibited less effective microwave heating 
capacity than those formed with ALG at lower concentrations (5 and 
10 mg ml−1) in the presence of 0.05 M Ca2+ ions under the same 
microwave irradiation (fig. S1).

Next, we investigated the potency of Ca2+-surplus ALG hydro-
gels to concentrate the microwave heating zone. To this end, three 
types of ALG hydrogels with gradient Ca2+ concentrations (0.05 and 

0.5 M), homogenous low Ca2+ concentration (0.05 M) and homog-
enous high Ca2+ concentration (0.5 M) were prepared. Upon 
being exposed to a microwave irradiation (5 W, 5 min), we found 
that the hydrogel with homogenous low Ca2+ concentration showed 
an inconspicuous increase in temperature, while the hydrogel with 
homogenous high Ca2+ concentration showed a marked tempera-
ture increase. Meanwhile, the hydrogel with gradient Ca2+ concen-
trations showed rapid temperature increase only in the zone with 
the high Ca2+ concentration, but not in the surround region with 
the low concentration of Ca2+ (Fig. 2, G to H). Together, these results 
indicate that the Ca2+-surplus ALG-Ca hydrogel is promising to 
concentrate the microwave heating zone to its injection site while 
leaving the surrounding tissues with free ions at physiological 
concentrations minimally disturbed.

Fig. 2. Preparation and characterization of ALG-Ca gel. (A) A scheme illustrating the preparation of Ca2+-surplus ALG hydrogel for enhanced microwave heating. 
(B) Optical images of ALG with/without Ca2+. (C) Rheological behavior analysis of ALG-Ca gels with different ALG concentrations. (D) Microwave heating profiles of ALG 
solution and ALG-Ca hydrogel formed as varying concentrations of Ca2+ as indicated. (E) Microwave heating profiles of ALG solution and ALG-Ca hydrogel formed with 
ALG concentration (20 mg ml−1) and Ca2+ ions at different concentrations as indicated. (F) Microwave heating profiles of CaCl2 solutions at different concentrations. 
(G and H) Thermal images (G) and corresponding distance-dependent heating profiles of three types of ALG-Ca hydrogel with homogenous Ca2+ concentrations of 0.05 M 
(bottom, left) and 0.5 M (top, middle), and gradient Ca2+ concentrations (0.05 and 0.5 M, right). Methylene blue was used to indicated the high concentration of Ca2+.
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Study of the immunogenic cell killing capacity of increased 
extracellular Ca2+ together with hyperthermia
As an important intracellular second messenger, both extracellular 
and intracellular concentrations of Ca2+ ions are precisely regulated 
to control various physiological processes including cell prolifera-
tion and survival (30–32). As a result, disruption of intracellular 
Ca2+ hemostasis has recently been shown to be a promising approach 
to kill cancer cells because the abnormal oscillation of intracellular 
Ca2+ concentration can activate a series of lethal signal transduction 
(33). Therefore, we carefully studied the impact of high-concentration 
extracellular Ca2+ exposure on the cell viability of cancer cells, 
particularly in the presence of mild hyperthermia, which has been 
reported to be capable of enhancing the therapeutic efficacy of 
diverse cancer therapies (34–36), by using the standard methyl thiazolyl 
tetrazolium (MTT) cell proliferation assay. We found that the 
viabilities of murine CT26 cells were minimally affected upon incu-
bation with CaCl2 at a series of Ca2+ concentrations at 37°C for up 
to 4 hours (Fig. 3A). In marked contrast, incubating CT26 cells with 
CaCl2 (Ca2+ = 2 and 4 mM) at 43°C (mild hyperthermia) for 4 hours 
would result in notable cell death, although this mild hyperthermia 
treatment itself showed negligible influence on the viability of CT26 
cells treated with CaCl2 exposure at lower concentrations. Further 
increase of hyperthermia treatment temperature to 50°C, however, 
would kill most of cells regardless of CaCl2 exposure. The ability of 
extracellular Ca2+ to enhance mild hypothermia mediated cell 
killing was further confirmed by the lactate dehydrogenase (LDH) 
leakage assay (fig. S2).

To further elucidate the mechanism of the observed synergistic 
cell killing capacity of increased extracellular CaCl2 incubation 
under mild hyperthermia exposure, we then carefully evaluated the 
cell killing capacity of various different metal salts at 43°C toward 
CT26 cancer cells. It was found that the mild hyperthermia treatment 
negligibly affected the viabilities of CT26 cells incubated with NaCl, 
KCl, MnCl2, and ZnCl2 at varying concentrations (Fig. 3, B to D, 
and fig. S3). It was then shown that the mild hyperthermia exposure 
(43°C, 4 hours) with the addition of extracellular Ca2+ (4 mM) 
could also cause more effective death of murine H22 liver cancer 
cells and rabbit VX2 liver cancer cells (Fig. 3, E and F). In marked 
contrast, this combination treatment strategy showed negligible 
influence on normal human umbilical vein epithelial cells (fig. S4), 
which may be attributed to the lower intrinsic oxidative stress levels 
inside these normal cells than that of cancer cells (37). Collectively, 
our results demonstrated that the mild hyperthermia in the presence 
of a high concentration of extracellular Ca2+ could synergistically 
induce cancer cell death.

Next, we studied the mechanisms of extracellular Ca2+ plus mild 
hyperthermia to kill cancer cells. It has been reported that hyper-
thermia treatment (also known as heat shock) can promote intra-
cellular reactive oxygen species (ROS) generation and disrupt 
intracellular Ca2+ homeostasis by promoting extracellular Ca2+ 
influx, thereby resulting in irreversible mitochondrial damages and 
cell death (33, 38–40). Via the immunofluorescent staining, we 
found that the mild hyperthermia treatment (43°C, 4 hours) could 
lead to increased heat shock protein 70 (HSP70) expression inside 
treated CT26 cells as analyzed by both confocal microscopic obser-
vation and flow cytometric analysis (Fig. 3G and fig. S5). Consist-
ently, we found that the mild hyperthermia could also effectively 
promote intracellular ROS generation using a cell-permeable ROS 
probe of 2′-7′-dichlorofluorescein diacetate (DCFH-DA; Fig. 3H 

and fig. S6). In contrast, CT26 cells treated by extracellular Ca2+ 
alone without hyperthermia showed negligible disturbance on the 
HSP70 expression and little ROS generation. Moreover, as indicated 
by using a fluorescent Ca2+ probe of Fluo-4AM, CT26 cells treated 
by simultaneous extracellular Ca2+ (4 mM) and mild hyperthermia 
(43°C) showed increased intracellular Ca2+ concentration (Fig. 3I 
and fig. S7), which, however, was not affected by extracellular Ca2+ 
incubation under normal temperature or mild hyperthermia alone 
without additional Ca2+. As mitochondrial is an organelle playing a 
key role in regulating intracellular calcium homeostasis and its 
dysfunction would cause cell death (41), we then evaluated the 
effect of this combination treatment on the mitochondrial membrane 
potential of cells. After being stained with rhodamine 123, a poten-
tiometric fluorescent dye used for assessing the electrochemical 
potential across mitochondrial membrane, we found that only cells 
simultaneously treated by extracellular Ca2+ and mild hyperthermia 
showed obvious fluctuation of mitochondrial membrane potential 
(Fig. 3J and fig. S8). These results demonstrated that mild hyper-
thermia treatment would lead to intracellular ROS generation, 
which synergizes with abundant extracellular Ca2+ ions influx to 
promote the elevation of intracellular Ca2+ and subsequent damage 
of mitochondrial membrane potential (Fig. 3K), further leading to 
irreversible cell death.

Next, we therefore carefully explored the potential immuno-
stimulatory efficacy of this combination treatment by evaluating its 
potency in causing the release of diverse DAMPs including adenosine 
triphosphate (ATP), calreticulin (CRT), and high mobility group box 
1 (HMGB1). Via the microscopic observation, we found that the 
mild hyperthermia exposure (43°C) in the presence of additional 
extracellular Ca2+ (4 mM) for 4 hours could result in the most effec-
tive expression of CRT on the plasma membrane and release of 
HMGB1 from the nuclei of CT26 cells, respectively. In marked con-
trast, the mild hyperthermia treatment alone showed moderate 
disturbance on the expression of CRT and release of HMGB1 of 
those treated cells, while the extracellular Ca2+ exposure alone min-
imally disturbed the expression of CRT and release of HMGB1 of 
those treated cells (Fig. 3, L and M). These results were consistent 
with corresponding flow cytometric analysis data (fig. S9). In addi-
tion, we found that CT26 cells treated by the mild hyperthermia expo-
sure (43°C) with addition of extracellular Ca2+ (4 mM) for 4 hours 
resulted in the most effective ATP release, while the bare mild 
hyperthermia treatment (43°C) showed moderate effect on ATP 
release via the measurement with a commercial ATP detection kit 
(Fig. 3N). Given that CRT, HMGB1, and ATP have been recognized 
as typical biomarkers of ICD, our results collectively demonstrated 
that extracellular Ca2+ exposure could synergize with mild hyper-
thermia treatment to elicit effective ICD of cancer cells.

In vivo therapeutic efficacy of combined in situ Ca2+ fixation 
and MWA treatment
Considering that effective intratumoral retention of Ca2+ would 
offer a wide time window to enable high effective MWA treatment 
and avoid fast Ca2+ leakage induced side effect, we therefore care-
fully investigated the tumor retention profiles of these in situ fixed 
Ca2+ in the presence of ALG hydrogel. By using an inductively 
coupled plasma optical emission spectrometer (ICP-OES), it was 
determined that ~53.1% of these in situ–fixed Ca2+ remained at 
tumor site at 24 hours after injection, while only 26.8% of free Ca2+ 
intratumorally injected in the absence of ALG remained at tumor 
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Fig. 3. Extracellar exposure of high concentration of Ca2+ potentiated the cancer cell killing of mild hyperthermia. (A) Relative cell viabilities of CT26 cells incubated 
with different concentrations of CaCl2 at 37°, 43°, and 50°C. (B to D) Relative cell viabilities of CT26 cells incubated with different concentrations of NaCl (B), KCl (C), and 
MnCl2 (D) at 37° and 43°C. (E and F) Relative viabilities of H22 (E) and VX2 (F) cells incubated with different concentrations of CaCl2 at 37° and 43°C. (G to J) Confocal 
images of intracellular heat shock protein 70 (HSP70) expression (G), ROS generation (H), Ca2+ influx (I), and mitochondrial membrane potential change (J) of CT26 cells 
after various treatments. DAPI, 4API, s treatments.membrane po (K) Schematic illustration of the synergistic cell killing mechanism of increased extracellular CaCl2 exposure in the 
presence of mild hyperthermia treatment. (L and M) Microscopic observation of CT26 cells with various treatments before being stained with calreticulin (CRT) antibody 
(L) and high mobility group box 1 (HMGB1) antibody (M). (N) Adenosine triphosphate (ATP) secretion assay of CT26 cells with varying treatments. Data were presented as 
the means ± SD. Statistical analysis was performed using one-way analysis of variance (ANOVA; ****P < 0.0001, ***P < 0.001, and **P < 0.01). ns, not significant.
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site (Fig. 4A). In addition, it was found that the microwave exposure 
minimally affected the retention profile of these in situ–fixed Ca2+, 
indicating that ALG hydrogel could enable effective intratumoral 
retention of Ca2+ ascribing to its excellent ion chelating capacity. 
Then, we investigated the in vivo microwave susceptibility of this 
in situ–formed Ca2+-surplus ALG hydrogel on CT26 tumor–bearing 
mice. As recorded using a thermal infrared camera, it was shown 
that CT26 tumors with intratumoral injections of ALG (20 mg ml−1) 
and CaCl2 (0.5 M) showed rapid temperature increase and kept at 
~42° and 50°C upon microwave exposure at the power densities of 
3 and 5 W for 10 min, respectively. Whereas tumors with intra-
tumoral injection of ALG (20 mg ml−1) alone needed to be heated at 
higher power densities of 5 and 7 W for 10 min to achieve compa-
rable microwave heating effects, respectively (Fig. 4, B and C). In 
marked contrast, CT26 tumors with intratumoral injection of CaCl2 
solutions (0.5 M) only exhibited limited temperature increase after 
being exposed to the microwave irradiation at 30  min after 
the injection (fig. S10), ascribing to the fast leakage of Ca2+ from 

tumor sites. Furthermore, it was uncovered that a large volume of 
Ca2 +-surplus ALG hydrogel (2 ml) could be easily injected into the 
porcine liver, used as the mimic of large tumors, and then enable a 
more rapid microwave heating and a larger thermal ablation volume 
(fig. S11). These results collectively demonstrate that the in situ–
fixed Ca2+-surplus ALG hydrogel could work as an effective micro-
wave susceptible biomaterial.

Next, we evaluated the in vivo treatment efficacy of this ALG-Ca– 
assisted MWA treatment in subcutaneous CT26 tumor–bearing 
mice (Fig. 4D). When their tumor volumes reached ~100 cm3, six 
groups of mice received following treatments: group 1, control 
group with saline injection; group 2, ALG-Ca hydrogel (0.5 M) 
injection only; group 3, ALG injection plus MWA (5 W); group 4, 
ALG injection plus MWA (7 W); group 5, ALG-Ca hydrogel (0.5 M) 
plus MWA (3 W); and group 6, ALG-Ca hydrogel (0.5 M) plus 
MWA (5 W). It was found that the treatments of groups 4 and 6, 
both of which could heat tumors to ~50°C, fully ablated treated 
tumors without noticeable tumor recurrence for up to 60 days 

Fig. 4. In vivo ALG-Ca–assisted MWA treatment. (A) In vivo Ca2+ retention profiles of free CaCl2 and ALG-Ca hydrogel with/without MWA. (B and C) Thermal images and 
microwave heating profiles of in vivo microwave susceptibility of ALG (20 mg ml−1) and Ca2+-surplus ALG-Ca hydrogel (20 mg ml−1, 0.5 M). (D) Schematic illustration of the 
experimental schedule for subcutaneous CT26 tumor model treatment. (E and F) Tumor growth curves and corresponding mobility-free survival rate (F) of CT26 tumor–
bearing mice post different treatments as indicated (n = 5). The mice were set as death when their tumor volume was larger than 1000 mm3. (G) Schematic illustration of 
the subcutaneous VX2 tumor model treatment experimental schedule. (H and I) Tumor growth curves (H) and corresponding mobility-free survival rate (I) of VX2 tumor–
bearing rabbits after different treatments as indicated (n = 5). The rabbits were set as death when their tumor volume was larger than 8000 mm3. Data were presented as 
the means ± SEM. P values were calculated by using unpaired t test (****P < 0.0001).
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(Fig. 4, E and F). The different power densities of microwave irradia-
tion treatments here were used to ensure these treatments to achieve 
the complete ablation of primary tumors with varying injections. In 
addition, it was interestingly found that the treatment of ALG-Ca 
hydrogel injection and MWA at 3 W for 10 min (group 5) exhibited 
more effective tumor suppression effect than the treatment of plain 
ALG hydrogel injection and MWA at 5 W (group 3), although both 
treatments heated tumors to ~42°C. The median survival time of 
mice of group 5 was 44 days, much longer than 22 days for the mice 
in group 3, further confirming that the high concentration of extra-
cellular Ca2+ could significantly enhance the therapeutic efficacy of 
mild hyperthermia as aforementioned in vitro cellular experimental 
results. Whereas the treatment of plain ALG-Ca hydrogel injection 
minimally influenced the growth rate of these treated tumors. The 
superior therapeutic efficacies of the treatments of groups 4 and 6 
were further confirmed by the tumor slices collected at 24 hours 
after corresponding treatments and stained via the hematoxylin and 
eosin staining and terminal deoxynucleotidyl transferase–mediated 
deoxyuridine triphosphate nick end labeling staining (fig. S12). 
These results demonstrated that in situ fixation of high concentra-
tion of Ca2+ could effectively enhance the therapeutic efficacy of 
MWA, particularly against tumor cells in the zone at a subtherapeutic 
temperature.

Furthermore, we investigated the therapeutic potency of ALG-Ca– 
assisted MWA treatment on large subcutaneous VX2 tumors 
grown on New Zealand rabbits (Fig. 4G). Four groups of VX2 
tumor–bearing rabbits were (volume = ~700 mm3, n = 5) treated as 
below: group 1, saline injection only; group 2, ALG-Ca hydrogel 
(0.5 M) injection only; group 3, ALG injection plus MWA (7 W); 
and group 4, ALG-Ca hydrogel (0.5 M) injection plus MWA (7 W). 
As expected, these VX2 tumors treated with ALG-Ca injection plus 
MWA exposure (10 min, group 4) were completely ablated and no 
obvious recurrence ware observed in the following 120-day moni-
toring process (Fig. 4, H and I). In contrast, the treatments of ALG-Ca 
hydrogel injection alone (group 2) and ALG injection plus MWA 
(group 3) only moderately delayed the tumor growth with their 
median survival times quantified to be 64 and 72 days, respectively, 
much longer than 40 days for these untreated rabbits. Our results 
further confirmed the high therapeutic efficacy of our combined 
treatment of in situ fixation of Ca2+-surplus ALG hydrogel and 
MWA exposure.

Study of combined in situ Ca2+ fixation and MWA treatment 
boosted antitumor immunity
As a critical second messenger in immune cell signaling, it has been 
reported that Ca2+ itself can work as dangerous signals to activate 
dendritic cells (DCs) via different mechanisms (42). With the bone 
marrow–derived DCs (BMDCs) as the model, we found that the 
increased extracellular Ca2+ incubation could significantly promote 
the maturation of BMDCs as indicated by the increased expressions 
of surface markers of CD80 and CD86 via the flow cytometric analy-
sis (fig. S13). Together with their high efficacy in promoting the 
release of immunostimulatory DAMPs, we investigated the potency 
of this combined in situ fixation of Ca2+-surplus ALG hydrogel and 
MWA exposure in inhibiting the growth of distant untreated and 
rechallenged tumors by activating the host’s antitumor immunity 
(Fig. 5A).

First, five groups of mice with two CT26 tumors on their both 
flanks (n = 5) were treated as below: group 1, saline injection only; 

group 2, ALG-Ca hydrogel (0.5 M) injection; group 3, ALG injec-
tion plus MWA (7 W); group 4, ALG + R837 (15 mg kg−1) injection 
plus MWA (7 W) group; and group 5, ALG-Ca hydrogel injection 
plus MWA (5 W). The large tumors in these bilateral CT26 tumor–
bearing mice received same treatment as aforementioned apart 
from group 4, in which R837 (imiquimod), a TLR7 agonist, was 
introduced to enhance the immunostimulatory effect after ALG-Ca– 
assisted MWA treatment. Consistent to the aforementioned in vivo 
treatment results, the treatments of groups 3 to 5 were shown to be 
capable of fully ablating primary tumors, while the treatment of 
group 2 showed limited inhibitory effect on the growth of treated 
tumor (Fig. 5B). We found that the treatment in group 5 showed 
effective suppression effect on the growth of these untreated distant 
tumor, comparable to the treatment of group 4 with R837 as the 
immunostimulatory agonist (Fig. 5C). Whereas the treatments of 
groups 2 and 3 only exhibited moderate suppression effect on the 
growth of these treated mice without significant extension of mouse 
survival time (Fig. 5D). Meanwhile, ALG-Ca–assisted MWA treat-
ment was shown to be safe at the tested dosed as it would not cause 
significant weight loss of these treated mice (Fig. 5E). These results 
demonstrated that the ALG-Ca–assisted MWA treatment could 
effectively suppress the growth of distant tumors, the mimic of 
metastatic tumors, via eliciting potent abscopal effects.

The detailed mechanisms of this ALG-Ca–assisted MWA treat-
ment in eliciting potent abscopal effects were then carefully investi-
gated. Therefore, another six groups of bilateral CT26 tumor models 
(n = 5) were treated as below: group 1, saline injection only; group 2, 
ALG-Ca hydrogel injection; group 3, ALG injection + MWA 
irradiation (7 W) group; group 4, ALG-R837 injection; group 5, 
ALG-R837 injection + MWA (7 W); and group 6, ALG-Ca hydrogel 
injection + MWA (5 W). The different power densities of micro-
wave irradiation treatments here were used to ensure these treat-
ments to achieve the complete ablation of primary tumors with 
varying injections. At 7 days after varying treatments of their large 
tumors (day 7), these mice were euthanized with distant tumors and 
their lymph nodes adjacent to primary tumors collected, homoge-
nized, and stained with varying antibodies by flow cytometric 
analysis. It was notably found that our ALG-Ca–assisted MWA 
treatment could effectively activate DCs inside the lymph nodes 
by promoting their maturation, at comparable efficacy to the treat-
ment of ALG-R837 injection plus MWA (group 5; Fig. 5F and fig. 
S14). Meanwhile, the ALG-Ca–assisted MWA treatment could also 
remarkably increase the abundances of total CD3+ T cells and 
CD3+CD8+ T cells inside the distant tumors at a comparable level to 
the treatment of group 5 (Fig. 5, G and H, and fig. S15). Although 
these treatments negligibly affected the abundances of immunosup-
pressive regulatory T cells (Tregs) inside distant tumors of mice, we 
found that the ALG-Ca–assisted MWA treatment (group 6) could 
result in comparable increase of CD3+CD8+ T cells/Treg ratios 
(Fig. 5I and fig. S16), an important sign of activation of host’s anti-
tumor immunity to the treatment of group 5 with R837 plus 
MWA. Moreover, it was uncovered that the ALG-Ca–assisted MWA 
treatment in group 6 could also lead to efficient secretion of 
cytotoxic cytokines of tumor necrosis factor– (TNF-) and 
interferon- (IFN-) inside distant tumors at comparable levels to 
the R837-assisted MWA treatment in group 5 (Fig.  5,  J  and  K). 
These results indicated that ALG-Ca–assisted MWA is able to 
create a locoregional proinflammatory microenvironment to bene-
fit the recruitment of immune cells and thus potentiate the host’s 
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Fig. 5. ALG-Ca–assisted MWA treatment in eliciting antitumor immunity. (A) Schematic illustration of the utilization of bilateral CT26 tumor model for in vivo antitumor 
treatment. (B to E) Tumor growth curves of primary (B) and distant tumors (C), as well as corresponding mobility-free survival rate (D) and body weights (E) of mice with 
their large tumors after different treatments as indicated (n = 5). The mouse was set as death when its tumor volume was large than 1000 mm3. (1), (2), (3), (4), (5) represent 
Control, ALG-Ca, ALG+7W, ALG+R837+7W and ALG-Ca+5W, respectively. (F) DC maturation status in the drain lymph nodes adjacent to the primary tumors post various 
treatments as indicated. (G to I) The frequencies of CD3+ cells (G), CD3+CD8+ T cells (H), and the ratios of CD3+CD8+ T cells to corresponding regulatory T cells (Tregs) inside 
the distant tumors after various treatments as indicated. (J and K) The secretion levels of tumor necrosis factor– (TNF-) (J) and IFN- (K) inside the distant tumors after 
various treatments as indicated. (L) Schematic illustration of the tumor rechallenge assay. (M and N) Tumor growth curves (M) and mobility-free survival rate (N) of mice 
after various treatments as indicated (n = 5). (O) Proportions of effector T memory (TEM) analyzed by flow cytometry at day 40, right before rechallenging mice with sec-
ondary tumors. (P and Q) Cytokine levels including TNF- (P) and IFN- (Q) in sera from mice isolated right before and 7 days after mice were rechallenged with secondary 
tumors. Data were represented as means ± SEM (n = 5 biologically independent animals). P values in (B) to (D) and (M) to (Q) were calculated by using unpaired t test 
(*P < 0.05, **P < 0.01, and ***P < 0.001). P values in (F) to (K) were calculated by using one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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antitumor immunity. Besides, this Ca2+-surplus ALG hydrogel itself 
could work as a potent immune adjuvant biomaterial at a comparable 
immunostimulatory potency to commercial R837 at the tested dose to 
further reinforce the activation of antitumor immunity. Consider-
ing that R837 is prone to cause unwanted immune stimulation–related 
side effects if diffused out from the injection site, our Ca2+-surplus 
ALG hydrogel holds superior biocompatibility because both Ca2+ 
and ALG themselves in the absence of hyperthermia treatment 
would not cause any obvious side effects.

As another hallmark of the activation of host’s antitumor im-
mune responses, immunological memory induced by diverse cancer 
treatments can provide long-term protective effect to inhibit tumor 
recurrence (43, 44). Therefore, the potency of ALG-Ca–assisted 
MWA treatment in preventing tumor recurrence were then carefully 
assessed on a tumor challenge model. To this end, CT26 tumor–
bearing mice cured by ALG-Ca–assisted MWA were subcutaneously 
injected with CT26 cells at 40 days after the initial MWA treatment, 
while another group of healthy mice were also injected with CT26 
cells as the control (Fig. 5L). We observed that the growth rate of 
tumors inoculated in the cured mice was much slower than that 
in the control mice, and two of the five cured mice were able to 
completely reject the growth of rechallenged second tumors 
(Fig. 5, M and N). Furthermore, by flow cytometric analysis, the 
abundance of effector T memory (CD3+CD8+CD44+CD62L−cells 
in the peripheral blood collected from the cured mice before the 
inoculation of second CT26 tumors were determined to be 29.7%, 
significantly higher than 21.9% in the healthy mice (Fig. 5O and fig. 
S17). By using the enzyme-linked immunosorbent assays (ELISAs), 
the serum levels of TNF- and IFN- collected from these cured 
mice at 7 days after the secondary CT26 tumor inoculation (day 47) 
were much higher than those detected at day 40 before tumor 
inoculation (Fig. 5, P to Q). In sharp contrast, these control mice 
showed the comparable secretion levels of TNF- and IFN- in 
their sera at the aforementioned two time points. Collectively, these 
results demonstrated that ALG-Ca–assisted MWA could elicit 
potent immune memory effect to reject tumor recurrence.

Study of the potency of in situ Ca2+ and Mn2+ fixation 
in potentiating MWA treatment
In recent years, the effect of metal ions on antitumor immunity has 
been widely reported. In particular, Mn2+ ions have been proven to 
be capable of eliciting effective innate and adaptive antitumor 
immunities by activating the STING pathway (45, 46). Motivated 
by the high affinity of ALG in binding diverse divalent metal ions, 
we therefore prepared a Mn2+-loaded Ca2+-surplus ALG hydrogel 
(Ca2+/Mn2+-surplus ALG hydrogel) and then explored its potency 
in potentiating MWA treatment by activating the antitumor im-
mune responses. First, it was confirmed that the encapsulated Mn2+ 
ions would be gradually released from the Ca2+/Mn2+-surplus ALG 
hydrogel and promote the activation of the STING pathway inside 
BMDCs in a concentration-dependent manner (fig. S18). Next, via 
the flow cytometric analysis, the mixture of Ca2+ (4 mM) and Mn2+ 
(200 M) was further found to be more effective than Ca2+ and 
Mn2+ alone in promoting the maturation of BMDCs (Fig. 6A and 
fig. S19). Meanwhile, it was determined that incubation with Ca2+ 
and Mn2+ together or Mn2+ alone could result in effective secretion 
of IFN-, a characteristic cytokine of the STING pathway activation, 
at a comparable level from treated BMDCs (Fig.  6B). In marked 
contrast, incubation with Ca2+ alone minimally affected the IFN- 

secretion. In addition, the high STING activation capacity of Mn2+ 
was confirmed on commercial 293-Dual mSTING reporter cells 
(ISG-SEAP/KI-[IFN-]Lucia) by measuring the released Lucia 
luciferase activity using a QUANTI-Luc luciferase detection reagent 
(Fig. 6, C and D). These results demonstrated that both extracellular 
exposure of high concentration of Ca2+ ions (4 mM) and Mn2+ ions 
can promote DC maturation, while only Mn2+ ions can activate the 
STING pathway. Therefore, the induction of Mn2+ ions is expected 
to synergize with the ALG-Ca–assisted MWA treatment to prime a 
more potent antitumor immune response.

Therefore, the potency of this Ca2+/Mn2+-surplus ALG hydrogel 
in potentiating MWA treatment was evaluated on a poorly immuno-
genic murine H22 liver tumor model with two tumors inoculated 
on their both flanks (Fig.  6E). Then, six groups of these bilateral 
H22 tumor models (control group, n = 6; the rest of groups, n = 8; 
large tumor = ~100 mm3 and small tumor = ~30 mm3) were treated 
as below: group 1, saline injection only; group 2, ALG-Ca injection; 
group 3, ALG-Ca-Mn injection; group 4, ALG injection + MWA 
(7 W); group 5, ALG-Ca injection + MWA (5 W); and group 6, 
ALG-Ca-Mn injection + MWA (5 W). These large tumors of mice 
received same ALG-Ca fixation and MWA treatment as aforemen-
tioned, and Mn2+ was injected at a dose of 7 mg/kg. As expected, we 
observed that the addition of Mn2+ could further enhance the 
therapeutic efficacy of ALG-Ca–assisted MWA treatment in sup-
pressing the growth of untreated distant tumors (Fig. 6, F and G, 
and fig. S20). The survival rate of mice treated with ALG-Ca-Mn–
assisted MWA was determined to be 37.5%, significantly higher 
than 12.5% for these mice treated with ALG-Ca–assisted MWA 
(Fig. 6H). Although Mn2+ has been reported be able to induce 
potential toxic effect, our combination treatment with Ca2+/
Mn2+-surplus ALG hydrogel and MWA did not cause significant 
body weight loss (fig. S21), indicating its good biocompatibility at 
the tested dose.

The detailed mechanism of this ALG-Ca-Mn–assisted MWA 
treatment in eliciting potent abscopal effects was then carefully 
investigated as aforementioned. Another six groups of bilateral H22 
tumor models (n = 6) received same treatments as above mentioned 
at day 0 and then were euthanized at day 7 for various analysis. 
Notably, the ALG-Ca-Mn–assisted MWA treatment resulted in the 
most effective DC maturation inside lymph nodes close to treated 
tumors (Fig. 6I and fig. S22). As the result, this ALG-Ca-Mn–assisted 
MWA treatment could also contribute to the highest tumor- 
infiltrating CD3+CD8+ T cell abundance and CD3+CD8+ T cell/Treg 
ratio (Fig. 6, J and K, and fig. S23), implying the effective priming of 
adaptive antitumor immunity. It was also shown that the treatment 
could effectively promote the intratumoral abundance of proin-
flammatory M1 macrophages, while leading to a slight reduction of 
anti-inflammatory M2 ones (Fig. 6, L to N, and figs. S24 and S25). 
This significantly primed innate antitumor immunity could be 
ascribed to the activation of the STING pathway, verified by the 
increased expression of IFN- inside the distant tumors (Fig. 6O), 
as previously reported (47, 48). Furthermore, it was uncovered that 
ALG-Ca-Mn–assisted MWA could also lead to the highest secretion 
levels of diverse inflammatory cytokines including IFN-, TNF-, 
interleukin-12p70 (IL-12p70), and IL-6 inside the distant tumors by 
using corresponding ELISA kits (Fig. 6, P to S). These results collec-
tively implied that the introduction of Mn2+ is able to effectively 
potentiate the immunostimulatory capacity of ALG-Ca-Mn–assisted 
MWA by activating the STING pathway.
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Biocompatibility evaluation of ALG-ca-Mn–assisted 
MWA treatment
We then evaluated the biocompatibility of our proposed therapeu-
tic regimen of ALG-Ca-Mn–assisted MWA treatment because the 
high exposure doses of Ca2+ and Mn2+ ions might cause some 

unwanted side effects. Via the biochemical blood test and routine 
blood test, we found that both ALG-Ca-Mn–assisted and ALG-Ca–
assisted MWA treatments following the aforementioned therapeutic 
regimens negligibly impair the concentration of urea in the blood 
(fig. S26A), revealing that they would not significantly damage the 

Fig. 6. The potency of ALG-Ca-Mn to enhance MWA treatment of H22 tumor model. (A and B) Maturity rate (A) and IFN- secretion levels of BMDC cells with various 
treatments via the flow cytometry and ELISA assay, respectively. (C) Schematic illustration of the working principle of 293-Dual mSTING reporter cells. (D) Relative light 
units (RLU) of 293-Dual mSTING cells transfected with cGAS plasmid with varying treatmentsfor 24 hours before being measured using a QUANTI-Luc luciferase detection 
kit. (E) Schematic illustration of the experimental schedule on subcutaneous H22 bilateral tumor model. (F to H) The tumor growth curves of primary tumors (F) and 
distant tumors (G), as well as mobility-free survival rate (H) of H22 tumor–bearing mice after different treatments as indicated (control group, n = 6; the other groups, 
n = 8). The mice were set as death when their tumor volume was larger than 1000 mm3. (I) DC maturation status in the drain lymph nodes adjacent to the primary tumors 
after various treatments as indicated. (J to N) The intratumoral frequencies of CD3+CD8+ T cells (J), the ratios of CD3+CD8+ T cells to corresponding Tregs (K), intratumoral 
frequencies of CD11b+F4/80+/CD80+ M1 cells (L) and CD11b+F4/80+/CD206+ M2 cells (M), and the ratios of M1/M2 (N) inside the distant tumors of mice after various 
treatments as indicated. (O to S) The secretion levels of IFN- (O), IFN- (P), TNF- (Q), IL-6 (R), and IL-12p70 (S) inside the distant tumors of mice with varying treatments 
as indicated. Data were represented as means ± SEM. P values in (F) to (H) were calculated by using unpaired t test (*P < 0.05, **P < 0.01, and ***P < 0.001). P values in (A), 
(B), (D), and (I) to (S) were calculated by using one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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normal functions of the kidneys throughout the 14-day monitoring 
process. On the other side, although high concentration of Ca2+ in 
the blood is prone to cause the blood coagulation by promoting the 
contraction of platelets (49), we confirmed that our treatments did 
not obviously impair the function of platelets because the index of 
mean platelet volume of treated mice was minimally disturbed (fig. 
S26B). Furthermore, we uncovered that these treatments also mini-
mally disturb the normal functions of red blood cells (fig. S26, C to L). 
Together with the results shown in fig. S21 that these treatments did 
not affect the body weights of treated mice, we demonstrated that 
our proposed ALG-Ca-Mn–assisted MWA treatment would be 
rather safe and thus hold great promise for future clinical translation.

DISCUSSION
In this study, we prepared a metallo-alginate hydrogel with promising 
microwave susceptibility and immunostimulatory effect to potentiate 
MWA treatment. Attributing to the high loading capacity of algi-
nate polymer to diverse divalent metal ions, traditional ALG hydro-
gel could be used as a concise platform to enable in situ fixation of 
different metal ions under the guidance of real-time imaging instru-
ments (e.g., ultrasonography) for varying purposes. Using its 
tunable microwave susceptibility by adjusting the concentrations of 
free-standing Ca2+ ions and ALG, the in situ–formed Ca2+-surplus 
ALG hydrogel could not only enable effective microwave heating at 
a reduced power density but also concentrate the heat inside the in-
jected zone, thereby showing great promise to reduce the side effects 
faced by the conventional MWA treatment. Together with the high 
potency of high extracellular Ca2+ exposure in enhancing the cell 
killing ability of the subtherapeutic hyperthermia (e.g., 43°C) by de-
structing intracellular Ca2+ homeostasis, our proposed ALG-Ca– 
assisted MWA treatment could offer superior therapeutic efficacy.

Furthermore, owing to the ability of extracellular Ca2+ in poten-
tiating mild hyperthermia mediated release of diverse immuno-
stimulatory DAMPs, this in situ–formed Ca2+-surplus ALG hydrogel 
was found to be a potent adjuvant biomaterial to promote the 
maturation of DCs at a comparable immunostimulatory potency to 
commercial R837. Moreover, by virtue of the high capacity of ALG 
hydrogels in loading divalent metal ions (e.g., STING activating 
Mn2+), the simultaneous introduction of Mn2+ could further en-
hance the immunostimulatory capacity of MWA treatment by 
activating the STING pathway. Therefore, ALG-Ca–assisted MWA, 
especially ALG-Ca-Mn–assisted MWA with the addition of Mn2+ 
ions, could effectively delay the growth of both distant and rechal-
lenged tumors, showing great promises to inhibit tumor metastasis 
and prevent tumor recurrence.

In summary, this study presents the concise preparation of a 
type of metallo-alginate hydrogel as a bifunctional biomaterial to 
potentiate conventional MWA treatment by enhancing the micro-
wave heating efficacy and priming efficient antitumor immunity. 
Together with its excellent biocompatibility and easy operation, this 
metallo- alginate hydrogel holds great promises for future clinical 
translation to extend the clinical application of MWA treatment.

MATERIALS AND METHODS
Materials
ALG was obtained from J&K Chemicals. CaCl2 was obtained 
from Sigma-Aldrich. Manganese chloride (MnCl2), sodium chloride 

(NaCl), zinc chloride (ZnCl2), and potassium chloride (KCl) were 
purchased from Sinopharm Chemical Reagent Co. RPMI 1640 
medium (no calcium nitrate) was purchased from HyClone. Anti-
bodies for flow cytometric analysis of intratumoral immune cells 
were obtained from BioLegend and eBioscience. ELISA kits were 
obtained from Invitrogen.

Preparation and characterization of Ca2+-surplus 
ALG hydrogel
Ca2+–cross-linked ALG hydrogels (ALG-Ca) with varying ALG 
contents were prepared by mixing CaCl2 aqueous solutions at 
designated concentrations with equivalent volume of ALG aqueous 
solution at different concentrations. The elastic modulus (G′) and 
viscous modulus (G″) of ALG-Ca hydrogel formed with ALG (5, 10, 
and 20 mg ml−1) and CaCl2 (0.5 M) were determined by using an 
Anton Paar rheometer.

To evaluate the microwave susceptibility, the as-prepared ALG-Ca 
hydrogels at different ALG (5, 10, and 20 mg  ml−1) and Ca2+ 
concentrations (0.005, 0.125, 0.25, 0.5, and 1 M) were exposed to a 
microwave probe (5 W, 2.45 GHz; WB-3100, BXING MEDICAL 
EQUIPMENT CO. LTD.) for 5 min, and their surface temperatures 
were recorded by using thermal infrared camera (Fotric 225). For 
parallel comparison, the temperature evolution profiles of both ALG 
solution and Ca2+ solutions at varying concentrations under the 
same microwave exposure were also recorded as aforementioned.

To demonstrate the potency of the Ca2+-surplus ALG hydrogel 
in concentrating the heating zone, a small ALG-Ca hydrogel with 
high Ca2+ concentration (0.5 M) obtained by mixing ALG solution 
(40 mg ml−1, 300 l) with CaCl2 solution (1 M, 300 l) were mounted 
within another ALG-Ca hydrogel with low Ca2+ concentration 
(0.05 M, 4  ml). Apart from this hydrid ALG-Ca hydrogel, other 
ALG-Ca hydrogel with homogenous Ca2+ concentrations at 0.5 or 
0.05 M in similar shapes were then prepared as the control groups. 
Later, these three hydrogels were exposed to a microwave irradia-
tion (5 W, 2.45 GHz) for 5 min, and their heating profiles were 
recorded by using a thermal infrared camera as aforementioned.

Cell experiments
Murine CT26 colon cancer cells (TCM37), H22 hepatocellular carci-
noma cells (ZQ0109), and rabbit VX2 liver cancer cells (MZ-0769) 
were obtained from the Cell Bank of Shanghai Institutes for Biological 
Sciences, Shanghai Zhongqiao Xinzhou Biological Technology 
Co. Ltd., and Ningbo Mingzhou Biological Technology Co. Ltd., 
respectively. These cells were maintained under the standard cul-
ture conditions.

To study the Ca2+ exposure enhanced hyperthermia mediated 
cell killing, CT26 cells were preseeded in 96-well cell culture plates 
(1 × 104 cells) overnight and then incubated with CaCl2 solutions at 
varying Ca2+ concentrations for 4 hours at 37°, 43°, and 50°C before 
their relative viabilities were determined by using the standard 
MTT assay. Meanwhile, culture medium of each well was collected 
with the released LDH measured using a commercial LDH detection 
kit. In addition, the same experimental procedures were applied on 
H22 and VX2 cells. To study the influence of mild hyperthermia 
treatment on the cytotoxicity of other metal ions, these preseeded 
CT26 cancer cells were treated with other salts including KCl, NaCl, 
ZnCl2, and MnCl2 via the aforementioned procedure. To test the 
effects of hyperthermia treatment on HSP70 expression, preseeded 
CT26 cells (1 × 105 cells) were incubated with the fresh RPMI 1640 
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containing varying concentrations of CaCl2 (0 and 4 mM) at 37° or 
43°C for 4 hours. Then, the treated CT26 cells were sequentially 
stained with HSP70 primary antibody (dilution, 1:500), corre-
sponding secondary antibody (dilution, 1:500), and 4′,6-diamino- 
2-phenylindole (1 g ml−1) before being subjected to confocal 
microscopic observation (Zeiss, LSM 800). In addition, the HSP70 
expression levels of CT26 cells with same treatments were subjected 
to quantitative flow cytometric analysis (BD Accurit C6 Plus).

Then, CT26 cells with same treatments were washed twice with 
phosphate-buffered saline (PBS) before being incubated with of 
DCFH-DA (10 M and 30 min), Fluo-4AM (2 M and 30 min), and 
rhodamine 123 (2 M and 30 min) for determining their intracellular 
ROS production, Ca2+ internalization and mitochondria damage 
via the confocal microscopic observation and flow cytometric 
analysis, respectively.

To test the cellular ATP release, the supernatants of these cells 
with same treatments as aforementioned were collected to deter-
mine their ATP concentrations by using an ATP assay kit. CT26 
cells received same treatments were stained with anti-CRT (catalog 
no. ab2907, Abcam) and anti-HMGB1 (catalog no. 70-ab40050-100, 
Abcam) primary antibodies and their corresponding fluorescent 
secondary antibodies (catalog no. 111-545-003, Jackson) for evalu-
ating the CRT expression and HMGB1 release via the microscopic 
observation and flow cytometry, respectively.

To test the influence of Ca2+ on DCs maturation, BMDCs differen-
tiated from bone marrow cells of C57BL/6 mice were prepared by 
according to an established method (50). Then, BMDCs were seeded 
in 24-well nontreated plates (1 × 106 cells) and then incubated with 
different concentrations of Ca2+ or lipopolysaccharide (LPS) for 
15 hours before being stained with fluorescent antibodies against 
CD11c, CD86, and CD80 for 30 min and analyzed via the flow 
cytometry. The influence of Mn2+ on DC maturation was tested 
through the same method. In this experiment, BMDCs incubated 
with blank medium, Ca2+ (2 mM), Mn2+ (200 M), Ca2+/Mn2+ (2 mM, 
200 M), and LPS for 15 hours.

Animal experiments
Female Balb/c mice, Balb/c nude mice, and specific pathogen–free 
New Zealand white rabbits were purchased from Laboratory Animal 
Center of Soochow University and used by following the protocols 
approved by Laboratory Animal Center of Soochow University. To 
inoculate subcutaneous tumor models, CT26 cells (2 × 106) or H22 
cells (2  ×  106) suspended in 50 l of PBS were subcutaneously 
injected to the back of each mouse. To inoculate bilateral tumor 
models, 1 × 106 and 2.5 × 105 CT26 or H22 cells were simultaneously 
injected into right and left flanks of each mouse, respectively. To 
inoculate the rabbit tumor model, small pieces of VX2 tumor mass 
collected from the Balb/c nude mice were injected into the back of 
each rabbit. Tumor size was calculated as follows: volume = (tumor 
length) × (tumor width)2/2.

In vivo Ca2+ retention
Twelve CT26 tumor–bearing mice were randomly divided to two 
groups and received intratumoral injection of ALG (40 mg ml−1, 
25 l) and CaCl2 (1 M, 25 l) or free CaCl2 (1 M, 25 l) alone. Thirty 
minutes later, three mice of each group were randomly picked out 
and subjected to microwave irradiation (5 W, 10 min), followed by 
collecting their tumors at 24 hours after injection to determine the 
intratumoral Ca2+ contents with ICP-OES. The rest of the three mice of 

each group without microwave irradiation were also euthanized 
with their tumors collected for determining the Ca contents 
with ICP-OES.

In vivo cancer treatment
Six groups of CT26 tumor–bearing Balb/c mice received the following 
treatments: group 1, saline; group 2, ALG-Ca; group 3, ALG + MWA 
(5 W, 10 min); group 4, ALG + MWA (7 W, 10 min); group 5, 
ALG-Ca + MWA (3 W, 10 min); and group 6, ALG-Ca + MWA 
(5 W, 10 min). The intratumoral injection doses of ALG and CaCl2 
were 40 mg  ml−1and 1  M at equivalent volume of 25 l, and the 
operation frequency of microwave irradiator was 2.45  GHz as 
aforementioned. The tumor surface temperature of these mice 
during the microwave exposure was measured by using a thermal 
camera (Fotric 225). The tumor volume and body weight of each 
mouse was monitored by using the digital caliper and balance 
every other day.

In addition, four groups of VX2 tumor–bearing New Zealand 
white rabbits received the following treatments: group 1, saline; 
group 2, ALG-Ca; group 3, ALG + MWA (7 W, 10 min); and group 
4, ALG-Ca + MWA (7 W, 10 min). The injection dosages of diverse 
agent for the VX2 rabbit tumor model were 10-fold of those used for 
the mouse models. Their tumor length and width were recorded as 
aforementioned for determined tumor volume.

Abscopal effect of ALG-Ca–assisted MWA treatment
When their large tumors reached ~100 mm3, five groups of bilateral 
CT26 tumor–bearing mice received the following treatments: group 
1, saline; group 2, ALG-Ca; group 3, ALG + MWA (7 W, 10 min); 
group 4, ALG-R837 + MWA (7 W, 10 min, R837 = 15 mg kg−1); and 
group 5, ALG-Ca + MWA (5 W, 10 min). These mice were received 
intratumoral injections of ALG and CaCl2 at the aforementioned 
doses before being exposed to microwave irradiation. Then, the sizes 
of both tumors on the each mouse and their body weights were also 
recorded as aforementioned.

Then, the detailed antitumor immune responses of these mice 
after various treatments were carefully analyzed. Six groups of bilateral 
CT26 tumor model (n  =  5) received the following treatments: 
group 1, saline; group 2, ALG-Ca; group 3, ALG + MWA (7 W); group 4, 
ALG + R837; group 5, ALG-R837 + MWA (7 W); and group 6, 
ALG-Ca + MWA (5 W). At 7 days after various treatments at the 
aforementioned doses, the lymph nodes close to the treated tumors 
and untreated tumors of these mice were collected for preparing 
single-cell suspensions by following our previously used procedures 
(10). After being stained with varying fluorescent antibodies, the per-
centages of maturated DCs (CD11c+CD80+CD86+), total CD3+ T cells, 
CD8+ T cells (CD3+CD4−CD8+), and Tregs (CD3+CD4+Foxp3+) 
were analyzed by using the flow cytometry. Then, the intratumoral 
contents of IFN- and TNF- of homogenized tumor suspensions 
were determined using corresponding ELISA kits under the man-
ufacturer’s procedures.

Immune memory effect of ALG-Ca–assisted MWA treatment
For evaluating the long-term immune memory effect induced by 
the ALG-Ca–assisted MWA treatment, these cured mice were 
rechallenged with the same CT26 cells (2 × 106 cells) at 40 days after 
the primary treatments. Meanwhile, five healthy mice were sub-
cutaneously injected with same CT26 cancer cells as the control 
group. The sizes of these rechallenged tumors were monitored as 
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aforementioned. In addition, the peripheral blood of each mouse 
(~200 l) was collected at day 40 before the inoculation of the 
second tumor and day 47 for analyzing the percentage of memory 
T cell via flow cytometry and the cytokines of TNF- and IFN- via 
the ELISA assay.

The potency of ALG-Ca-Mn–assisted MWA to treat H22 
tumor model
Six groups of bilateral H22 tumor models (control group, n = 6; the 
rest of groups, n = 8) received the following treatments: group 1, 
saline; group 2, ALG-Ca injection; group 3, ALG-Ca-Mn injection; 
group 4, ALG injection + MWA (7 W); group 5, ALG-Ca injection 
+ MWA (5 W); and group 6, ALG-Ca-Mn injection + MWA (5 W). 
These mice received the same ALG-Ca fixation and MWA treat-
ment as aforementioned, and Mn2+ (7 mg/kg) was simultaneously 
injected. The sizes of these untreated distant tumors and the body 
weights were also monitored as aforementioned.

Then, the detailed antitumor immune responses of these mice 
after various treatments were carefully analyzed. Six groups of mice 
received various treatments as aforementioned were euthanized at 7 
after the treatment for preparing single-cell suspensions of lymph nodes 
close to the treated tumors and untreated tumors as aforementioned. 
The frequencies of maturated DCs (CD11c+CD80+CD86+), CD8+ 
T cells (CD3+CD4−CD8+), Tregs (CD3+CD4+Foxp3+), M1 (CD11b+F4/ 
80+CD80+), and M2 (CD11b+F4/80+CD206+) were analyzed via the 
flow cytometry. Then, the secretion levels of IFN-, TNF-, IL-6, 
IL-12p70, and IFN- of these tumor lysates were analyzed using 
corresponding ELISA kits as aforementioned.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo5285

View/request a protocol for this paper from Bio-protocol.
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