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Abstract
Cancer immunotherapy based on carbon-quantum-dot (CQD) modi�ed cancer cells (CM-cancer) has
proven effective. The CQDs non-distinctively modify the conformational structure of proteins by hydrogen
bonding between the protein chains and the permeated CQDs via a thermal treatment. CM-cancer
vaccines exhibit robust immunogenicity, which can recruit macrophages and dendritic cells to effectively
deliver the cancer antigens into lymph nodes to activate CD8+ T cells, and eventually leads to an anti-
cancer immune response all over the body. The CM-cancer vaccinations are not only able to inhibit
primary tumors, but also clearly eliminate metastatic tumors. Our research demonstrates a promising
personalized cancer immunotheraputic technology for potential clinical applications.

Introduction
Cancer is one of the leading causes of death in the world. It is the central research topic on cancer
immunotherapy via training the immune system to recognize cancer-speci�c antigens (neoantigens)
following up to kill the cancer cells and overcome cancer recurrence and metastasis. Cancer cells exhibit
highly distinct compositions of mutation with limited overlapping similarities among patients1,2.
Personalized cancer vaccines are vigorously developed vaccine strategies that aim to modulate the
innate and adaptive immune systems for activating anticancer immunity with neoantigens3–5. Although
recent progresses in massive parallel sequencing as well as machine learning make cancer vaccine more
feasible, e�cient screening and identifying neoantigens for patients is still challenging. A full course of
the identi�cation process is high cost and time consuming.6,7 Furthermore, cancer vaccines that target
multiple neoantigens are considered more effective than targeting a single neoantigen8–9. However, it is
extremely challenging to design and produce personalized multi-targeted cancer vaccines within a
reasonable short preparation time at affordable cost to serve ordinary cancer patients. Herein, we
reported a novel route of cancer immunotherapy based on modi�cation of cancer cells by carbon-
quantum-dots (CQDs). We found that the CQDs can non-distinctively modify the conformational structure
of proteins through a facile thermal treatment. Vaccination with CQD-modi�ed cancer cells (CM-cancer)
can recruit macrophages (MPs) as well as dendritic cells (DCs) to effectively deliver the cancer antigens
into lymph nodes and eventually leads to speci�c anti-cancer immune response for the whole body. The
CM-cancer vaccinations are not only able to inhibit primary tumors, but also clearly eliminate metastatic
tumors. In this process, the extremely troublesome and time-consuming neoantigen identi�cation are
smartly avoided and passed it to antigen presentation cells (APCs) like MPs or DCs, which are of distinct
and incomparable advantages for customized cancer immunotherapy. The thermal induced non-
distinctive modi�cation of proteins by CQDs paves the way for personalized cancer immunotherapy.

Cancer cells are a natural source for multiple cancer neoantigens, including those not yet identi�ed10.
However, a whole-cancer-cell vaccination always lacks robust immune stimulation, and limited anti-
cancer responses11. The primary reasons for this may attributed to most contained proteins in cancer
cells being self-body proteins, which have very low immunogenicity, and express weak “eat me” signal to
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APCs. Derived from normal cells variations, the cancer cells contain multiple immune inhibitory proteins,
such as CD24, CD31, CD47, which express “don’t eat me” signal to prevent self-body phagocytosis 12–15.
All these lead to low cellular uptake e�ciency of the neoantigens by APCs, and their ine�cient
accumulation in lymphatic nodes result in the non-effective anti-cancer T-cell activation. In recent
advances, many strategies were proposed to enhance the immunogenicity of the cancer cells by coupling
with adjuvant or blocking the immune inhibitory proteins on cancer cells16–19. However, these methods
cannot inherently change or enhance the immunogenicity of the cancer cells in large extent. To achieve
satis�ed anti-cancer immunotherapy, immune checkpoint blockade (ICB) reagents are then commonly
adopted in combination20–22.

CQDs are promising biomedical materials due to their super small size (<10 nm), excellent
biocompatibility and non-toxicity23–25. Via a thermal treatment, the ultra-small CQDs modify the
conformational structure of proteins without distinction through hydrogen bonds between the CQDs and
protein chains. These conformational modi�cations lead to a signi�cant enhancement in
immunogenicity meanwhile dysfunction the immune inhibitory proteins on cancer cells. In vitro, the CM-
cancer vaccine hyperactivate MPs with enhanced cellular uptake e�ciency and increased MHC-II
expression. In vivo, the CM-cancer vaccine robustly triggers immune response to recruit MPs and DCs,
then engulf and deliver the cancer antigens into the lymph nodes to activate CD8+ T cells, eliciting a
powerful whole body anti-cancer immune response. Furthermore, we also demonstrate that vaccination
with CM-4T1 not only inhibit the primary tumors and prevent from metastasis, but also eliminate the
metastatic tumors in the post-surgical 4T1 cancer model with excellent prognosis.

Results
Synthesis and characterization of CQDs modi�ed proteins

To awaken the immune system precisely functioning to cancers, a potential solution is to change the
conformational structures of the self-body proteins on the cancer cell surface to enhance the “eat me”
signal and weaken the “don’t eat me” signal simultaneously. 12–15 Unfortunately, researchers have
suffered from laboursome and troublesome procedures based on current precise protein modi�cation
strategies to achieve these goals. Instead, we developed a facile CQD-based technology which can
modify a batch of proteins’ conformational structures without species and amount limitation.

The CQDs were synthesized from a classical dehydration and carbonaizaiton process from citric acid and
urea via a solvothermal route23–26. In this procedure, 4A molecular sieve was added to increase the
dehydration process between citric acid and urea. As shown in the transmission electron microscope
(TEM) image (Fig. 1a), the diameters of the CQDs range from 2 nm to 5 nm with clear 0.21 nm lattice
fringes, which corresponds to (100) plane of graphite. The heights of the CQDs range from 2 nm to 5 nm
as shown in the atomic force microscope (AFM) image (Fig. 1b). The elemental compositions of the
CQDs are revealed by energy-dispersive X–ray spectroscopy (EDS) pro�les, which demonstrates the
presence of C, O, N, and S elements (Supplementary Fig. 1). The CQDs aqueous solution exhibits main
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absorption peaks at 600 and 665 nm, and a weak deep-red emission peak at 715 nm under the 665 nm
laser excitation (Fig. 1c).

To analyze how the CQDs affect the protein conformational structures, we took one classic protein of
bovine serum albumin (BSA) as an example. Upon mixing with BSA at room temperature, the deep-red
emission from the CQDs was enhanced accompanying with 10 nm blue shifted (Fig. 1c). After annealed
at a temperature above 50 oC for 10 min and then naturally cooled down to room temperature, the deep-
red emission from the CQDs were signi�cantly enhanced, while its absorption spectrum was nearly
unchanged. Obviously, the annealing process combined the CQDs and BSA together, which prevented the
�uorescence quenching by water molecules. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was
further conducted to examin the composition of CQDs and BSA after different temperatures annealing.
As comparison, signi�cant enhanced emission band could be observed in the samples after annealed at
the temperature above 50 oC (Fig. 1d), in consistent with their Coomassie Brilliant Blue staining band
areas (Supplementary Fig. 2). We took 50 oC annealing treatment to produce the CQDs and proteins or
cells composites, which were named with CM-protein or CM-cell. As shown in Fig. 1e, all the proteins band
areas exhibited obvious red �uorescence in the annealed Fgfr2-S252W tumors whole proteins (WPs) with
CQDs (CM-WP), while no clear �uorescence were observed in proteins band areas of the WPs with CQDs
without annealing (Supplementary Fig. 3). These phenomena could be further visualized in �uorescence
imaging observation in vitro. We found that the CQDs could not be actively ingested by living cells or
stablely bonded to cell surfaces at the body temperature, as con�rmed by no clear red �uorescence of the
cells co-incubated with the CQDs for 24 h (Supplementary Fig. 4). In contrast, obvious red �uorescence
was observed in the cells co-incubated with the CQDs after annealing at above 50 oC for 10 mins
(Supplementary Fig. 5). The confocal laser scanning microscopy (CLSM) image with red �uorescent
signal of a single CM-4T1 further evidenced the thermal-induced composition of CQDs with whole
proteins of the cells (Fig. 1f). Similar phenomena could be observed in different cells as well, such as
MDA-MB-231, EMT6, 4T1 and Fgfr2-S252W cells (Supplementary Fig. 4, 5), implying that thermal induced
protein-bonding ability of the CQDs was universial to proteins.

The chemical structure of freeze-dried powder from the CQDs and BSA solutions with and without the
annealing, named CM-BSA and CQDs+BSA, respectively, were investigated by means of FTIR
spectrometer. As shown in Fig. 1g, an enhanced absorption peak at 3300 cm–1, which corresponded to
the stretching vibration of N–H bonds27, was observed in the CM-BSA, indicating the formation of stable
complexes through hydrogen bonding between the CQDs and the BSA protein after the annealing. The
conformational changes of the BSA protein before and after combining with the CQDs were investigated
further by circular dichroism (CD) spectroscopy. As shown in Fig. 1h and Supplementary Fig. 6, while the
CQDs did not show CD signal, the pure BSA and the CQDs+BSA solution at room temperature presented
similar CD signals, implying that simply mixing with CQDs at room temperature did not affect the
protein’s secondary structure. Upon the thermal treatment, the CD signal of the BSA decreased its
intensity in α–helix and β–sheet28. However, upon cooling down back to room temperature, the CD signal
mostly recovered in the pure BSA but not in the CM-BSA, implying that the annealing process induced an
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irriversible remodi�cation in the conformational structure of the CM-BSA through the newly formed
hydrogen bonds between the CQDs and the BSA.

To understand the interactions between the CQDs and protein structures in molecular level, we conducted
a Molecular Dynamics (MD) simulation for a BSA with and without CQDs at temperature of 37 oC and 70
oC, respectively. According to the experiment results, a four-layer CQDs structure was initially built up by
using Discovery Studio 2016 Client software (Extended Data Fig. 1). At 37 °C, no remarkable difference
was observed in the con�gurations of BSA with and without adding CQDs. At 70°C, the con�guration of
the BSA became dynamicaly looser, but the loosen structure recovered after temperature cooling down
back to 37 oC .When adding three CQDs to the BSA, the con�guration of the BSA signi�cantly changed in
both secondary and tertiary structures at 70 oC for 100 ns simulation (Fig. 1I), and the con�guration
change was kept, even when cooled back down to 20 oC. To further understand the interactions between
BSA and CQDs, the number of hydrogen bonds between the CQDs and the BSA during 100 ns simulation
at 70 oC were analyzed. As shown in Fig. 1J, the number of hydrogen bonds between CQDs and BSA in
the last 2 ns simulation was signi�cantly increased in comparison with that in the �rst 2 ns simulation.
The simulation clearly demonstrated that the conformational structure of BSA could not be changed by
the CQDs at body temperature, but could be signi�cantly modi�ed upon the annealing through enhanced
hydrogen bonding, in consistent with the experimental observation. With the merit of ultra-small sizes and
abundant N–H and C=O groups on the surface, the CQDs could permeate into the tiny loosing space of
proteins under the thermal treatment to form enhanced hydrogen bonds with the protein chains, which
modi�ed the conformational structure without destructing the amino acid sequence (primary structure) of
the protein.

CM-cancer induced MPs hyperactivation and anti-cancer immune response

For applications in biomedical and clinical �elds, the cytotoxicity of the CQDs was examined in several
cell systems. The CQDs did not affect cell viability even with concentrations up to 500 μg/ml, indicating
non- or extremely low cytotoxicity (Supplementary Fig. 7). MPs and DCs are potent antigen-presenting
cells and they play Crucial roles in the cancer immunotherapy29.

We adopted RAW264.7 (a murine MP cell line), in vitro, to analyze the behaviors of MPs affected, by
inactived cancer cells, CQDs and CM-cancer cells, respectively. As shown in Fig. 2a and Supplementary
Fig. 8, after 6 hr co-cultivation with CM-4T1, the RAW264.7 cells not only increased in cell size but also
were hyperactivated into dendritic-like morphology32. While no obvious morphological or size changes
were observed the RAW264.7 cells cultivated only with phosphate buffered saline (PBS), CQDs, and heat-
shocked 4T1 cells (H-4T1, at 50 ºC for 10 mins) with DID700 dye labled (DID700 dye molecules emit
�uorescence in 650-750 nm), respectively. According to the CLSM images, the hyperactivated RAW264.7
cells contained some red emissive objects which were from the endocytosed CM-4T1 and their
degradation products, while nearly no red �uorescent species were observed in the RAW264.7 cells co-
cultivated with CQDs or DID700–labeled H-4T1. Obviously, the CM-4T1 co-cultivated RAW264.7 cells
exhibited much stronger phagocytic activity than the inactivated pure H-4T1. Furthermore, �ow cytometric
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analysis detected much greater up-regulation of MHC Class II expression on the CM-4T1 co-cultivated
RAW264.7 cells than that co-cultivated with CQDs or H-4T1 cells (Fig. 2b), indicating stronger antigen-
presenting ability of the CM-4T1 hyperactivated RAW264.7 cells.

To visualize the hyperactivated behavior of MPs triggered by the CM-cancer in vivo33,34, a Tg
(mpeg1:EGFP) transgenic zebra�sh model whose MPs speci�cally expressed green �uorescence protein
(EGFP) 35,36 was examined by abdominal injection into the therapy group of (Z0) CQD-modi�ed
melanoma B16F10 cells (CM-B16F10), and control groups of (Z1) PBS, (Z2) CQDs, and (Z3) heatshoked
B16F10 cells (H-B16F10) with DiI dye labeled (DiI dye molecules emit �uorescence in 555-650 nm),
respectively. At the 6th hr. after injection, no signi�cant recruitment of MPs (green) were observed from
the control groups of (Z1)-(Z3) (Fig. 2c, Supplementary Fig. 9). In obvious contrast, the zebra�sh with
abdominal injection of the CM-B16F10 vaccine demonstrated a signi�cant recruitment of MPs, which
were well overlapped within the area of red �uorescent signals coming from the injected CM-B16F10 (Fig.
2c). These phenomena indicated that the MPs were successfully recruited to engulf the injected CM-
B16F10. At the 24th hr after CM-B16F10 injection, the number of the recruited MPs was signi�cantly
decreased, while merged yellow signals overlapped from the MPs (green) and the engulfed CM-B16F10
(red) were observed to drain into the abdominal subcutaneous lymph (Fig. 2c) 37.

To visualize the anti-cancer response triggered by the CM-cancer vaccine in vivo, the DiI (red �uorescence)
labelled B16F10 cancer xenografts were constructed in Tg (mpeg1:EGFP) and Tg (lck:EGFP) transgenic
zebra�sh models, respectively, whose MPs and T cells express green �uorescence38. The CM-B16F10
(~40 cells, 4 nl) were intraperitoneally injected into the 3-day cancer xenograft transgenic zebra�shes.
The anti-cancer MPs and T cells response after the CM-B16F10 vaccine injections were observed by
CLSM. As shown in Fig. 2d, a number of MPs were �rstly recruited to the cancer site and then in�ltrated
into the cancer after the CM-B16F10 treatment. The activated T cells were then followup recruited to the
cancer site, in�ltrated into the cancer with merged yellow dots (Fig. 2e). Actions of the T cells attacking
the cancer cells were clearly seen in the image, as evidenced by gradual decrease of the cancer sizes in
three days after the CM-B16F10 vaccine injection. In contrast, no signi�cant activated T cells were found
in the control group (Supplementary Fig. 10).

The CM-cancer vaccine induced anti-cancer effect was further evaluated in a B16F10‐C3 cancer
xenograft zebra�sh model. The B16F10‐C3 cell line was generated by transfecting the plasmid DNA of a
CFP (donor) / YFP (acceptor) FRET‐based (Fluorescence Resonance Energy Transfer) sensor caspase-3
(C3) into the B16F10 cells, which could serve as a monitor of the cancer cell proliferation growth by YFP
imaging (green �uorescence) and detect the caspase-3 activation dependent apoptosis by FRET imaging
(blue �uorescence) 39,40. The vaccinated therapy group of (B0) CM-B16F10‐C3 (~40 cells, 4 nl), and the
control groups of (B1) PBS (4 nl), (B2) pure CQDs (4 nl, 200 μg/ml), and (B3) heat-shocked B16F10‐C3 (H-
B16F10‐C3) (~40 cells, 4 nl) were intraperitoneally injected into the 3-day B16F10‐C3 cancer xenograft
A/B wild type zebra�shes, respectively. The cancer growth was monitored by the YFP imaging at
predetermined times. As shown in Supplementary Fig. 11 and 12, the therapy group (B0) showed very
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signi�cant inhibition of the cancer, in a sharp contrast with those in the control groups of (B1)-(B3). More
excitingly, after the CM-B16F10 vaccination, the cancer nearly disappeared on the day 6 and totally
disappereaed on the day 8, while the cancer growths of the three control groups were uncontrolled, and
eventually all zebra�shes died starting from the days 7 to 8 after the cancer plantation. The apoptosis of
the xenograft cancer cells in zebra�sh was monitored by FRET imaging which has a living indicator by
YFP (acceptor) signal (green), and apoptosis indicator by CFP (donor) signal (blue). As shown in
Supplementary Fig. 13, we observed that the living cancer cells (green) were proliferating rapidly in the
control groups of (B1)-(B3) from the 3rd day to the 6th day and no apoptosis of cancer cells occurred. In
contrast, the apoptosis of cancer cells (blue) in the therapy group of (B0) was very obvious in single cell
level on the 6th day, which lively visualized the anti-cancer effect triggered by the CM-cancer vaccination.

Transportation and presentation of the CM-cancer vaccine induced immune response in lymph nodes

The transportation of the CM-cancer vaccination to lymph nodes with activation of MPs and DCs, and
anti-cancer response were further investigated in a mouse model. The therapy group of (L0) CM-4T1
(CQDs: 200 μg/ml, cells: 1×107/ml, 100 μl), and the control groups of (L1) PBS (pH 7.4, 100 μl), (L2) pure
CQDs (CQDs: 200 μg/ml, 100 μl), and (L3) DID700 dye labled H-4T1 (cells: 1×107/ml, 100 μl) were
intraperitoneal injected into the four groups of Balb/c mice, respectively. The mice were sacri�ced at
different time points (ranging from 4 hr to 24 hr) after the injections, whose inguinal lymph nodes were
collected for histological analysis (Fig. 3, Supplementary Fig. 14). In the therapy group (L0), intensive
near infrared (NIR) �uorescence signal (from the combined CQDs) was observed just after 4 hr of
vaccination, and then the signal was gradually weakened but retained in the lymph node till to 24 hr. In
the control group of (L3), no any labeled-dye �uorescence (NIR) was observed in the lymph node within
24hr after injection, implying that the pure H-4T1 could hardly be delivered to the lymph nodes for
activating immune system. Predictablly, the other two control groups of (L1) and (L2) did not lead any
immune response. The experimental fact indicated that the CM-4T1 vaccine could effectively be drained
to lymph nodes. To further evaluate the immune response of the CM-cancer vaccine in lymph nodes, 4
μm-thick inguinal lymph nodes tissue sections from the four groups after injection at 4 hr and 24 hr were
stained with anti-CD8+ (brown), IFN-γ (brown), F4/80 (brown) and CD11c (brown), respectively. At 4 hr
after the injection, CD11c, F4/80, IFN-γ, and CD8+expression were obviously increased in the therapy
group (L0), indicating activated MPs and DCs could drain to the lymph nodes and effectively activated
cytotoxic T cells at about 4 hr after the CM-4T1 vaccination. At 24 hr after injection, the CD11c, F4/80,
IFN-γ, and CD8+ still retained high expression in the therapy group (L0). During the studying period, only
slightly increased expressions of CD11c, F4/80 and CD8+ were observed in the L3 groups at 24 hr after H-
4T1 vaccination. All these results demonstrated that vaccination with CM-cancer could effectively recruite
and hyperactivate MPs and DCs. By engul�ng the CM-cancer, the delivery of cancer antigens were grealy
enhanced to lymph nodes and triggered robust cytotoxic T cells response, which was in an obvious
constrast with the heat-shocked pure cancer cells vaccination. Noted that for the pure CQDs group, we
also observed the delivering of CQDs to lymph nodes, as evidenced by the NIR �uorescence from CQDs
which reached to the maximum intensity at around 2 hr. After that, the NIR �uorescence gradually lost its
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intensity, and eventually vanished at 24 hr, implying the totally clearance of CQDs out of body. Different
from the CM-4T1 vaccine, however, the pure CQDs did not trigger anti-cancer immune response.

CM-cancer vaccines induced speci�c cancer immunotherapy

To further study the immune response and immunotherapy effect of the CM-cancer vaccines, vaccination
protocols of CM-cancer were designed on two murine tumor models, which were 545 cells (Brca1-
de�ciency tumor cells) in FVB mice and 4T1 in Balb/c mice, as shown in Fig. 4a. Allograft tumors were
established by implanting 545 cells (5×105 cells) and 4T1 cells (5×105 cells) into the 4th mammary fad
pads of a normal female FVB and Balb/c mice, respectively. We studied the vaccination effect on the
therapy group of (P0) with intraperitoneal injection of the CM-545 and CM-4T1 vaccines (CQDs: 200
μg/ml, cells: 1×107/ml, 200 μl) in the corresponding murine tumor model in comparison with those
control groups by injecting: (P1) PBS (pH 7.4, 200 μl), (P2) pure CQDs (200 μg/ml, 200 μl), (P3) H-545 or
H-4T1 (cells: 1×107/ml, 200 μl), and (P4) CM-EMT6 (CQDs: 200 μg/ml, cells: 1×107/ml, 200 μl),
respectively. We specially designed the control group (P4) for the sake of testing cross-therapy effect on
the 545 and 4T1 carcinoma using the CM-EMT6 vaccine. As presented in Fig. 4b, the 545 tumor growth of
the CM-545 vaccine therapy group (P0) was signi�cantly inhibited (p < 0.0001) in comparison with the
control groups (P1-P3) and the Cross-vaccine therapy group (P4) as well. It should be noted that the 545
tumor was not effectively inhibited in the cross-vaccine therapy group (P4), implying an important fact
that the anti-tumor response could only be speci�cally triggered by the CM-cancer vaccine fabricated with
the exact same kind of cancer cells. All of the mice in P0 group were tumor-free or without detectable
tumor foci after the CM-545 vaccine treatment on the day 40 and no mice died in three months (Fig. 4c).
Similar anti-tumor response could also be observed in the therapy group with CM-4T1 vaccine in Balb/c
mice with 4T1 tumor, as shown in Fig. 4d and Supplementary Fig. 18. We further conducted �ow
cytometric analyses using various markers. The data revealed a signi�cant increase of the percentage of
activated CD8+ T cells in the total number of CD8+ T cells in CM-4T1 tumors compared to CQDs, H-4T1, or
PBS groups (Fig. 4e). Analysis of the 4T1 tumor tissues with antibodies for CD8+, cleaved caspase-3 and
Ki67 further revealed remarkable enhancement of cytotoxic T cells response and apoptosis of cancer
cells with signi�cant reduction of proliferation in the CM-4T1 vaccine therapy group of Balb/c mice (Fig.
4f).

To further reveal potentials of the CM-cancer vaccines, we introduced a transgenic mouse model that
carried a triple-negative mammary tumor in form of Fgfr2–S252W (unpublished data), and designed a
personalized therapeutic vaccination protocol, as shown in Extended Data Fig. 2. When the primary
mammary tumors in the Fgfr2–S252W mice reached at about 500–750 mm3 in size, a part of the tumors
were surgically taken out from the mouse body for producing CM-cancer vaccine. The mice were
randomized into two groups: the therapeutic group with injection of the CM-cancer (Fgfr2–S252W)
vaccine, and the control group with injection of PBS only. In comparison with the control group, the Fgfr2
tumors in the therapeutic group were signi�cantly inhibited (Extended Data Fig. 2). And the anti-cancer T
cell response in the primary tumor site and inhibition of the lung metastasis could also be observed in the



Page 10/26

therapeutic group (Extended Data Fig. 2). Above data suggested that CM-cancer vaccines possessed
enormous potential on personalized immunotherapeutics.

CM-cancer vaccines for metastatic cancer immunotherapy

4T1 tumor have strong spontaneous metastatic capability41. In the therapy group with CM-4T1 vaccine in
Balb/c mice with 4T1 tumor, the lung metastases of 4T1 tumors were signi�cantly inhibited in contrast
with the control groups of P1-P4, as shown in Fig. 4g, 4h. Through comparison of the H&E staining tissue
slices of the excised main organs from the �ve groups, surprisingly we observed that all cancer
metastases of the 4T1 carcinoma in organs, including lung, liver and spleen, were perfectly inhibited by
the CM-4T1 vaccine therapy, as shown in Fig. 4i, Supplementary Fig. 19.The immunotherapy e�cacy of
the CM-cancer vaccine for metastatic cancer was further studied in a 4T1 mammary cells transplanted
spontaneous metastasis mouse models (Fig. 5a and b). The 4T1 primary tumors were surgically removed
out at about 500–750 mm3 in size, and the mice were randomized into the therapy group of (M0) with the
CM-4T1 vaccination, and four control groups of (M1) PBS, (M2) pure CQDs, (M3) H-4T1, and (M4) CM-
EMT6 vaccine, respectively. In comparison with the H&E staining slices of lung and liver, the number of
metastatic nodules in the therapy group (M0) were signi�cantly reduced with the lowest number of
macroscopic metastatic nodules among the �ve groups (Fig. 5c, Supplementary Fig. 20). By checking the
characteristic protein expression levels of cytotoxic T cells (CD8+), MPs (F4/80), DCs (CD11c) and
cytokine (IFN-γ) in lung tissues, we observed that anti-cancer immune response was the highest in the
therapy group (M0), indicating feasibility and effectiveness of the personalized CM-cancer vaccines for
metastatic cancer immunotherapy (Fig. 5d).

Vaccination using weakened or inactivated forms of microbe has been an effective method in providing
active acquired immunity to prevent infectious diseases. However, vaccination with inactivated (heat-
shocked) cancer cells (H-cancer) has only induced a very limited anti-cancer immune response. The low
immunogenicity of the H-cancer vaccine is originated from the fact that most of cancer cells are mutated
from normal self-body cells, which contain multiple immune inhibitory proteins with “don’t eat me” signal
to prevent phagocytosis by MPs and DCs12–15. In addition, the ratio of potential cancer neoantigens
proteins with strong immunogenicity is much smaller than the normal self-proteins, leading to negligible
weak “eat me” signal from the neoantigens. Even with current advanced technology, it is still very
challenging to custom prepare personalized neoantigen vaccines within days at an affordable cost. All
these factors produce the main obstacles in clinical application of cancer-cell-based vaccines42. As well-
known, the immunogenicity of proteins are greatly dependent on their conformations43. In the proposed
CM-cancer vaccine technology, the combination between CQDs and proteins on cancer cells signi�cantly
modi�es the conformational strucutres of the proteins, as illustrated in Extended Data Fig. 3. This not
only causes dysfunction of the immune inhibitory proteins, but also improve the immunogenicity of the
CM normal self-proteins, making signi�cant enhancement in e�ciency of cellular-uptaking of CM-cancer
by MPs, and up-regulated MHC-II expression. The method reported in this paper has demonstrated that
the cytotoxic T-cells response in the lymph nodes is much more robust and e�cient. It should be noted

https://en.wikipedia.org/wiki/Acquired_immunity
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that the 4T1 tumor growth in the CM-EMT6 vaccined group was not effectively inhibited, implying that the
cancer immune response can only be triggered by injecting the CM-cancer fabricated using the same
cancer cells. Although both 4T1 and EMT6 are subtypes of breast cancers, they still present their own
speci�c neoantigens. The speci�c anti-cancer response triggered by the CM-cancer is based on the
successful neoantigens presentation with the help of CQDs’ mordi�cation. In this process, the extremely
troublesome and time-consuming neoantigen identi�caiton and production are smartly passed to APCs
like MPs or DCs. Due to the immunological tolerance of self-body proteins, the CM self-body proteins
from the cancer cells engulfed by MPs and DCs would not trigger an over-activated “immune storm” to
damage normal self-body tissues under a reasonable injection dose level44. In fact, there was no any
damages or side effects observed in main organs tissues among the CM-cancer vaccined mice in our
experiments, demonstrating its safety of this method (Supplementary Fig. 19).

In summary, we developed a unique method of thermally combining of cancer cells with CQDs to prepare
CM-cancer for personalized cancer immunotherapy. The ultra-small sizes and the abundant
biocompatible groups on the CQDs’ surface made the CQDs possible to permeate into the proteinsand
formed enhanced hydrogen bonds with the protein chains under a thermal treatment, then eventually led
to irreversible conformational changes of the proteins. Through this thermal induced non-distinctively
modi�cation process of proteins by the CQDs, the enhancement in immunogenicity of the CM-cancer
vaccines were obvious, as evidenced by a number of mice and zebra�sh experiments. The vaccination
with CM-cancer e�ciently recruited and activated MPs and DCs, then effectively delivered the cancer
antigens into the lymph nodes to activate cytotoxic T cells, and �nally led to a speci�c anti-cancer
immune response for the whole body to kill primary and metastatic tumors. More importantly, the whole
preparation time of the CM-cancer vaccines took only several hours, which provides a distinct and
incomparable advantage for customarized cancer immunotherapy. Our research reported in this paper
intelligently and fruitfully demonstrated a facile, low cost, quick and most importantly very e�cient
cancer immunotherapy technology. This technology would be acting as a shining light in the area of
cancer immunotherapy.

Methods
Synthesis of CQDs

2 g citric acid and 8 g urea were dissolved thoroughly in 30 ml DMSO. The solution and 2 g activated 4A
molecular sieve were turned into a reaction autoclave and heated at the temperature of 160 ℃ for 6 hr
under a solvothermal condition. The acquired dark solution was collected and mixed with twice its
volume of ethanol solution, then centrifuged at 8000 r min−1 for 5 min to remove residual solvents and
eventual organic molecular by-products. The precipitate was dissolved in ultrapure water and puri�ed by
dialysis (MWCO = 1000) against ultrapure water for 48 hr The dialysate was freeze-dried to obtain a dark
product of CQDs. Materials: Citric acid, urea and DMSO were purchased from Aladdin, Shanghai.

MD simulation
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The initial structure of the CQDs was manually built by Discovery Studio 2016 Client software according
to the experimental result of element analysis for the CQDs (Fig. 1A and Fig. 1B). The GAFF force �eld45

was used for modeling the single-layer quantum dot. The partial atomic charges of the CQDs were
obtained using the AM1–BCC charge model46. In order to build a multilayer CQDs structure, Packmol47

software was used to randomly place all elements together, forming the initial four-layer CQDs strufture
after 0.5 ns MD simulation (Fig. 1D).

The protein structure of BSA was cited from the PDB database (4f5s.pdb), and the ff99SB force �eld was
used to describe the protein structure. This protein was next solvated using the TIP3P48 water model in all
three dimensions. And then, the system was investigated at two different temperatures: 37 °C and 70 °C,
respectively. The whole MD simulation process lasted for 100 ns until reaching a stable conformational
structure.

To investigate the interaction between the CQDs and the BSA, the obtained BSA structure was surrounded
by three CQDs using Packmol software (BSA+CQDs system at 0 ns). The initial structure was immersed
in 10 Å water molecules to form a solvated system. The whole MD simulation process was performed at
37 °C and 70 °C and lasted for 100 ns until reaching a balanced conformation.

All simulations were carried out by the Amber 18 software. The solvated models were subjected to two
stages of energy minimization. The �rst energy minimization (2000 steps) was used to remove bad atom
contacts in water molecules. And the second energy minimization (20000 steps) was performed for the
whole system. Next, the solvated model was heated to the required temperature in 20 ps. The temperature
was controlled by the Langevin equilibration scheme. After the heating process, MD simulation was
performed in the NPT ensemble with periodic boundary conditions. During the simulation process, the
SHAKE algorithm was applied to constrain the bond length and angles for water atoms. The detailed
simulation protocols were similar to our previous studies49,50.

Reagents and Cell Culture

The murine melanoma cell line B16F10 was purchased from ATCC (Manassas, VA). The B16F10‐C3 cell
line was generated by transfecting the plasmid DNA of a CFP/YFP FRET‐based sensor C3 into B16‐F10
cells and isolated from a single clone, which could detect the caspase-3 (C3) activation based
apoptotic51,52. These cells were maintained in Dulbecco’s modi�ed Eagle medium (DMEM; GIBCO, Los
Angeles, CA) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT) and 1% penicillin and
streptomycin at 37°C with 5% CO2. The 1,1’–dioctadecyl–3,3,3’,3’–tetramethylindocarbocyanine
perchlorate (DiI; Invitrogen, Carlsbad, CA, USA) were used to label B16F10 with red �uorescence according
to manufacturer's protocol.

Potential biotoxicity and �uorescence imaging of CQDs

The environment contains 5% CO2 (the temperature is 37 °C).MDA-MB-231 cells were cultured in
Dulbecco’smodi�ed Eagle medium with 10% fetal bovine serum and 1% penicillin/streptomycin. 4T1 cells
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and EMT6 cells were cultured in ATCC‐formulated RPMI‐1640 Medium with 10% fetal bovine serum and
1% penicillin/streptomycin. And the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assays were used for in vitro cell activities evaluation. These cells were seeded into U-bottom 96-well cell
culture plates. The density of cells was 5 × 104 well−1.

Then, the media were removed and these cells in wells were incubated with CQDs aqueous solution at
various concentrations (0–1mg/ml) at 37 °C for 48 h. After 48 h the MTT (20 μl, 5mg/ml) was added and
cells were incubated in the each well for 4 h. Absorbance (OD570 nm) of each well was measured by
microplate reader and the cell viability was calculated via the following equation (At is the mean
absorbance value of the treatment group and Ac is the mean absorbance value of the control group):

For cell viability detection after exposure to the laser,the cells were costained with a live/dead cell double
staining kit to monitor viable and dead cells with the confocal �uorescence microscope. The double
staining kit contained acetoxymethyl ester of calcein which stained only viable cells with green
�uorescence, and propidium iodide which stained only dead cells with red �uorescence.

Fluorescence imaging of CQDs

The environment contains 5% CO2 (the temperature is 37 °C).MDA-MB-231 cells were cultured in
Dulbecco’smodi�ed Eagle medium with 10% fetal bovine serum and 1% penicillin/streptomycin. 4T1 cells
and EMT6 cells were cultured in ATCC‐formulated RPMI‐1640 Medium with 10% fetal bovine serum and
1% penicillin/streptomycin. These cells were seeded into U-bottom 12-well cell culture plates. After the cell
density in the well has grown to 80%, add a solution of near-infrared CQDs with a concentration of 50
μg/ml. After culturing for 24 hours, place one well plate into a oven at 50 oC for 10 min, and the other is
left untreated. The experimental group and the control group of the cell photothermal experiment were
obtained respectively. Finally, the two groups of cells were placed under a laser scanning confocal
microscope (Nikon Ti2 microscope) or �uorescence microscope (Axio Observor: Z1/7 ) for �uorescence
imaging and analysis of the cells. Ex 533-558 nm/Em 570-640 nm.

All animal experiments were conducted according to the animal research guidelines provided by the
Animal Care and Use Committee at the University of Macau.

Fluorescence images of mice major organs and whole body were acquired using using an ORCA-Flash4.0
V2 Digital CMOS camera. The excitation laser (655 nm) was generated from cnilaser MD-655NM-HS-
2W16060512 (10.6 mW cm−2) and emitted light was further �ltered through a 700-nm longpass �lter that
was coupled to the CMOS camera. The exposure time is 400 ms, and the images were further processed
with the ImageJ image analysis software.

Cellular experiment and �ow Cytometry
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RAW 264.7 cells were seed in 24-well plates at a density of 1×105 cells per well and grown in an incubator
at 37 °C with 5% CO2 for 1 day. After removing the culture medium, the cells were exposed to the 0.5 ml of

the PBS, CQDs (50 ug/ml), heat-shocked cancer cells (1×107/ml) and CM-cancer vaccine for 6 hr (CQDs:
50 ug/ml, Cells: 1×107/ml). Then, the cells were washed and trysinized to obtain single-cell suspension.
The cells in each well were incubated with 5% bovine serum albumin (BSA) in PBS at 4 °C for 15 min. The
samples were incubated with phycoerythrin-conjugated rat anti-mouse MHC class II (PE anti-mouse MHC
II) or phycoerythrin-conjugated rat IgG2a isotype control (PE anti-mouse IgG2a ISO) for 30 min at 4 °C.
Samples were washed by PBS and run on BD LSRFortessaTM (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA). The results were analyzed by FlowJo software (Tree Star Inc., Ashland, OR, USA).

Zebra�sh Breeding and Culture

All zebra�sh experiments were approved by the Institutional Animal Care and Use Committees of
University of Macau. Zebra�sh (Danio rerio) were maintained at standard conditions and guidelines in
accordance with the Zebra�sh Model Organism Database (http://z�n.org). The A/B wild type and
transgenic zebra�sh lines Tg(mpeg1:EGFP) and Tg(lck:EGFP) who expressed EGFP in macrophages and
T cells were used in the following studies. Adult �sh were fed twice a day with newly hatched shrimp and
raised in an aquaculture system with 12 hr alternating light/dark cycles. Eggs from adult zebra�sh were
collected and kept in zebra�sh culture media at 28 °C. In order to suppress pigment cell formation, 0.003
wt% 1–phenyl 2–thiourea (PTU) was contained in the culture media 1–day post fertilization (dpf).

Macrophage Activation in Tg(mpeg1:EGFP) Transgenic Zebra�sh Model

To investigate the interaction between CM-cancer vaccines and macrophages, 4 nl PBS, CQDs, heat-
shocked cancer cells and CM-cancer vaccine were intraperitoneally injected into 6 dpf Tg(mpeg1:EGFP)
transgenic zebra�sh larvae. At 6– and 24– hour post injection (dpi), the zebra�sh larval were
anesthetized with 0.01% tricaine and positioned on a wet agarose in a living cells dish, then imaged under
a Leica SP8 CLSM equipped with a 20× air objective. The �uorescence images were acquired at Ex 488
nm/Em 493–550 nm for EGFP signal and Ex 552 nm/Em 558 – 650 nm for CQDs or DiI signal detection
under the independent sequence of channel with HyD detectors.

Established Cancer Xenograft Zebra�sh Model

The DiI labelled B16F10 or B16F10‐C3 cells line were microinjected into zebra�sh to generate xenograft
cancers53 Brie�y, the cancer cells were collected by trypsinization and centrifuged for 3 min at 1,000 rpm.
The cell pellet was washed twice with PBS and resuspended in 50 µl of PBS at a concentration of 1 ×106

cells/50 μl and placed on ice for microinjection. Using a 10 µl pipette, the highly concentrated cells were
loaded into the glass micropipette and subsequently �xed onto the Nanoject  Injector (Drummond
Scienti�c Company, USA). At 48 hpf, zebra�sh larvae were anesthetized and positioned on a wet agarose
microinjection pad. Cell suspension (5 nl) containing 100 cancer cells was injected into A/B wild type,
Tg(mpeg1:EGFP) and Tg(lck:EGFP) transgenic zebra�sh embryo (2 dpf) beneath the yolk sac. After

http://zfin.org/
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microinjection, zebra�sh embryos were maintained in a 32 °C incubator. At 2–day post injection (dpi), the
injected zebra�sh embryos were observed using stereo �uorescence microscope SMZ18 (Nikon, Japan)
to exclude unsuccessfully transplanted zebra�sh.

Immunity Activation in Cancer Xenograft Zebra�sh Model

To investigate the immunity activation process of CM-cancer against cancer in zebra�sh model, 4 nl PBS
and CM-cancer vaccine were intraperitoneally injected into 3–day DiI labelled B16F10 cancer xenograft
Tg(mpeg1:EGFP) and Tg(lck:EGFP) transgenic zebra�sh model. On the 2nd, 3rd , 4th , 5th and 6th day post
cancer xenograft, the zebra�sh larval were anesthetized with 0.01% tricaine and positioned on a wet
agarose in a living cells dish, then imaged under a Leica SP8 CLSM equipped with a 20× air objective to
visualize the status of cancer, macrophages and T cells in zebra�sh. The �uorescence images were
acquired at Ex 488 nm/Em 493–550 nm for EGFP signal and Ex 552 nm/Em 558–650 nm for DiI signal
detection under the independent sequence of channel with HyD detectors.

Evaluation of Anti–cancer effect in zebra�sh model

To evaluate the anti–cancer effect of CM-cancer vaccine in zebra�sh, 4 nl PBS, CQDs, heat-shocked
cancer cells and CM-cancer vaccine were intraperitoneally injected into the 3–day B16F10‐C3 cancer
xenograft A/B wild type zebra�sh model. On the 2nd, 3rd, 4th, 5th, 6th and 8th day post cancer xenograft,
the zebra�sh larval were positioned on a wet agarose in a living cells dish, then imaged under a stereo
�uorescence microscope SMZ18 (Nikon, Japan) with GFP channel to observe the cancer growth. The
cancers of zebra�sh larval were quanti�ed by measuring the long diameter a and short diameter b of
cancer in �uorescent images. Then, the cancer volume V was estimated using the equation V = (ab2)/2. 9

To detect the apoptosis of single cells in zebra�sh xenograft cancer, FRET imaging was acquired at Ex
448 nm/Em 450–500 nm for CFP signal and Em 520–550 nm for YFP signal detection under a Leica
SP8 CLSM equipped with a 20× air objective at 3 and 6–day post cancer xenograft.

Animals

All animal experiments were approved by the University of Macau Animal Ethics Committee under the
protocol (UMAEC-037-2015). Fgfr2Neo-S252W/+;MMTV-Cre (Fgfr2-S252W) mice were generated by breeding
Fgfr2Neo-S252W/+ mice (Chen et al., 2003b), which were further interCrossed with MMTV-Cre mice to
generate Fgfr2-S252W mice.

Whole Mounts, H&E, Immunohistochemistry staining

The fourth abdominal mammary glands were harvested from pubertal mice, placed between two glass
slides, and spread by placing weights on top of the slides, followed by �xing in EtOH: CHCl3: HOAc (6:3:1,
v/v) using the methods described previously. The mammary glands were �xed with 4%
Paraformaldehyde, and then stained with correspondent antibodies using methods described previously.
Depara�nized sections from mammary glands were cooked with Retriever (Electronic Microscopy
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Science, 62700-10) in Buffer A (citrate buffer, pH 6.0) followed by staining with antibody. Images were
acquired using Nikon A1R Confocal System or Olympus IX83 Inverted Microscope. Antibodies for
Immunohistochemistry / Immuno-�uorescence staining are listed on Supplementary Table 1.

Tumor Digestion

Tumor cells were isolated, �nely minced, and digested with Digestion I at 37 °C for 3-4 hr. After cells were
spun down, they were treated with Digestion II for 5 min. Digested tumor cells were washed with Hanks
solution and lysed with red blood cell (RBC) Lysis Solution. Cells were resuspended in Flow Cytometry
Staining Buffer (ThermoFisher Scienti�c) and incubated with antibodies (Supplementary Table 2) for 1 hr
on ice. Then, the cells were washed and resuspended by Flow Cytometry Staining Buffer and analyzed by
�ow cytometry (BD FACSAria III). Signal threshold de�nition was de�ned using all‐stained, unstained and
isotype controls.
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Figure 1
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Design and characterization of CQDs, CM-BSA and CM-cancer. (a) TEM image of CQDs; inset: HRTEM
image of a CQD; (b) AFM image of CQDs; inset: height distribution of the CQDs; (c) Absorption (solid
lines) and emission (dotted lines, excitation at 655 nm) spectra of the aquesou solutions of CQDs,
CQDs+BSA and CM-BSA, respectively. BSA and CQDs concentrations in the solutions are 50 μg/ml and
10 μg/ml, respectively; (d) Flurenscence (excitation: 647 nm, �lter: 700 nm) images of SDS-PAGE pattern
of BSA with CQDs after thermal annealing at different temperatures; (e) Fluorescence (excitation: 647 nm,
�lter: 700 nm) (left) and Coomassie brilliant blue staining (right) images of SDS-PAGE pattern of Fgfr2-
S252W tumors whole proteins with CQDs after annealing (CM-WP) and without annealing (CQDs+WP),
respectively; (f) CLSM image of a single CM-4T1 (excitation: 632 nm, �lter: 700 nm); (g) FTIR spectra of
CQDs+BSA and CM-BSA freeze-dried powders; (h) CD spectra of CQDs, BSA, CQDs+BSA and CM-BSA
aqueous solutions at room temperature. BSA and CQDs concentrations in the solutions are 50 μg/ml and
10 μg/ml, respectively; (i) Simulational con�gurations of the BSA molecule with CQDs in aqueous
solution at 37 oC and 70 oC after 100 ns simulation. Water molecules are not shown. CQDs and BSA are
presented in brown and green, respectively; (j) The number (N) of hydrogen bonds between BSA and
CQDs at 70 oC in the �rst 2 ns (black) and last 2 ns (red) during 100 ns simulation.
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Figure 2

CM-cancer induced hyperactivation of MPs and anti-cancer immune response in zebra�sh model. (a)
CLSM images of the MPs, from left to right : after co-incubating with CQDs, H-4T1 and CM-4T1,
respectively; (b) MHC-II marked �uorescence intensities (MFI) from the MP cells in different treating
groups; data were collected using a �ow cytometer after the MPs were cultured in vitro with H-4T1 (n = 6),
CQDs (n = 6) and CM-4T1 (n = 7), respectively, for 24 hr. p < 0.0001 (****). CQDs: 50 μg/ml, 4T1 cells:
1×107/ml, respectively. Data plotted are mean ± S.E.M; (c) From left to right, CLSM images of MPs
(Green) response in Tg(mpeg1:EGFP) transgenic zebra�sh model after abdominal injection with CQDs
(Red), DiI dyes labeled H-B16F10 (Red) and CM-B16F10 (Red), respectively, at equivalent dose at 4 nl for 6
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hr and 24 hr; CQDs: 200 μg/ml, B16F10 cells: 1×107/ml, 4 nl; (d) CLSM images of the MPs response in DiI
labelled B16F10 cancer xenograft Tg(mpeg1:EGFP) zebra�sh model treated with CM-B16F10; MPs
(Green), B16F10 cells (Red); (e) CLSM images of the anti-cancer T cells response in DiI labelled B16F10
cancer xenograft Tg(lck:EGFP) zebra�sh model treated with CM-B16F10, T cells (Green), B16F10 cells
(Red); (f) CLSM images of monitoring the cancer cell proliferation growth (Green) and detect the caspase-
3 activation based apoptotic (Blue) by FRET imaging in B16F10‐C3 cancer xenograft zebra�sh model
after PBS, CQDs, H-B16F10-C3 and CM-B16F10-C3 treatments at day 6, respectively.

Figure 3

The CM-cancer vaccine generates robust immune responses in lymph node. Fluorescent images of the
4th mammary tissue with inguinal lymph node (left) after abdominal injection with CQDs, H-4T1 labeled
with �uorescent dyes (DID 700) and CM-4T1, respectively, at equivalent dose (200 μl per mice) at 4 hr and
24 hr (Scale bar: 3 mm), 647 nm excitation (BA 700 nm). IHC staining of the lymph nodes against CD11c,
F4/80, IFNγ, and CD8+ with indicated treatment groups (Scale bar: 100 μm).
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Figure 4

CM-cancer vaccine inhibits tumor growth and metastasis on murine mammary cancer models. (a)
Schematic illustration of CM-545 and CM-4T1 vaccines to inhibit primary 545 tumor in FVB and 4T1
tumor in Balb/c murine mammary model, respectively; (b) Growth curves of 545 tumors and c, percent
survival of FVB murine treated with CM-545 (n = 6), CM-EMT6 (n = 5), H-545 (n = 5), PBS (n = 5) and
CQDs (n = 5), p < 0.0001 (****). Data plotted are mean ± S.E.M.; (d) Growth curves of 4T1 tumors in mice
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treated with CM-4T1 (n = 6), CM-EMT6 (n = 6), H-4T1 (n = 6), PBS (n = 6) and CQDs (n = 6), p < 0.0001
(****). Data plotted are mean ± S.E.M; (e) IHC staining of tumor sections from orthotopic transplantation
model showing that the CM-4T1 vaccines treatment suppressed the expression of CD8+, Ki67 and
induced Cleaved Casp3. Scale bar: 50 μm; (f) Representative �ow cytometry ratios of activated CD8+ T
cells in the tumors from different groups after CM-4T1, CQDs, H-4T1 and PBS treatments (n = 4),
respectively. p < 0.0001 (****). Data plotted are mean ± S.E.M; (g) Statistics, and (h) images of metastatic
tumors in lungs from P0-4 groups after PBS, CQDs, H-4T1, CM-EMT6 and CM-4T1 treatments (n = 5),
respectively. p < 0.0001 (****), p = 0.0007 (***), p = 0.0004 (***), p = 0.0008 (***). Data plotted are mean ±
S.E.M; (i) H&E staining of lungs from P0-4 groups of 4T1 murine mammary model mice. Scale bar: 200
μm.

Figure 5
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CM-4T1 vaccine cures metastic cancer on a postoperative 4T1 murine mammary model. (a) Schematic
illustration of metastic cancer immunotherapy on 4T1 murine by the CM-4T1 vaccine. The 4T1 cells was
acquired by digesting the primary 4T1 tumor tissue of the mice and thermally combined with CQDs in
vitro; (b) Schematic illustration of CM-4T1 vaccine treating the post-surgical 4T1 murine mammary
model; (c) H&E and IHC staining of lung tissues from M0-M4 groups after PBS, CQDs, H-4T1, CM-EMT6
and CM-4T1 treatments, respectively. Scale bar: 100 μm.
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