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In vivo hitchhiking of immune cells by intracellular 
self-assembly of bacteria-mimetic nanomedicine 
for targeted therapy of melanoma
Cheng Gao1,2†, Qingfu Wang1†, Junyan Li1, Cheryl H. T. Kwong1, Jianwen Wei1, Beibei Xie1, 
Siyu Lu3, Simon M. Y. Lee1,2*, Ruibing Wang1,2*

Cell-based drug carriers are mostly prepared in vitro, which may negatively affect the physiological functions of 
cells, and induce possible immune rejections when applied to different individuals. In addition, the immunosup-
pressive tumor microenvironment limits immune cell–mediated delivery. Here, we report an in vivo strategy to 
construct cell-based nanomedicine carriers, where bacteria-mimetic gold nanoparticles (GNPs) are intravenously 
injected, selectively phagocytosed by phagocytic immune cells, and subsequently self-assemble into sizable in-
tracellular aggregates via host-guest interactions. The intracellular aggregates minimize exocytosis of GNPs from 
immune cells and activate the photothermal property via plasmonic coupling effects. Phagocytic immune cells 
carry the intracellular GNP aggregates to melanoma tissue via inflammatory tropism. Moreover, an initial photo-
thermal treatment (PTT) of the tumor induces tumor damage that subsequently provides positive feedback to 
recruit more immune cell–based carriers for enhanced targeting efficiency. The optimized secondary PTT notably 
improves antitumor immunotherapy, further strengthened by immune checkpoint blockade.

INTRODUCTION
In recent years, cell-based drug delivery systems have emerged, which 
combines the unique physiological properties (e.g., the high bio-
compatibility and homing effects) of endogenous cells and the physi-
cochemical properties of synthetic formulations (1–3). Cell-based 
carriers can disguise payload as a “self” component during systemic 
circulation and help it escape the clearance of the reticuloendothelial 
system, thereby improving the utilization of drugs (4–6). For instance, 
Mitragotri and coworkers (7) designed an erythrocyte-based immune 
targeting system, which delivers antigenic nanoparticles anchored on 
the surface of the carrier cells to the antigen-presenting cells in the 
spleen. For some diseased tissues that are difficult for medicines to 
reach (such as myeloma and brain cancer), the homing effects of stem 
cells and the inflammatory tropism of immune cells were usually used 
to develop cell-based carrier to improve targeted delivery (8–11). Gu 
and coworkers covalently attached platelets (anti–PD-1 antibody on 
the surface) to the surface of hematopoietic stem cells (HSCs) via click 
chemistry, and HSC brought the platelets into the bone marrow due 
to the homing effects of HSC (12). Subsequently, the tumor micro-
environment stimulated the platelets to release anti–PD-1 antibody for 
immunotherapy of leukemia (12). Very recently, Wang et al. (13) 
developed a cell-friendly, facile host-guest interaction-mediated 
macrophage-liposome conjugation strategy for macrophage-hitchhiking 
delivery of medicine to treat inflammatory diseases. In all of these pre-
viously reported examples, the cell-based carriers were constructed 
in vitro before in vivo administration, which often requires separation 
of endogenous cells, and large-scale preparation is barely possible 
(14, 15). The subsequent drug loading processes, via either intracellular 

drug internalization or cell surface attachment, may inevitably affect 
the physiological function of the carrier cells (16). Last, the isolated 
and subsequently prepared transporting cells only correspond to one 
single host, and it would still generate immune rejection when applied 
to other individuals (17, 18). Moreover, drug leakage from cell-based 
carriers often takes place during in vivo delivery, which may negative-
ly affect the overall targeting efficiency (19).

The other key factor of cell-based carrier was the targeted deliv-
ery efficiency mediated by cell’s physiological function. Recently, 
Wang et  al. (15) have demonstrated that nanomedicine-loaded 
macrophage could be accumulated in the aorta atherosclerotic 
plaque through inflammation tropism–mediated active targeting 
and significantly promoted atherosclerotic regression. The inflam-
mation tropism–mediated active targeting of immune cells was at-
tributed to the chemoattractant difference between the systemic 
circulation and disease site (20). Thus, inflammation plays an es-
sential role for immune cell–based targeted delivery, and most of 
previous researches also took advantage of this special feature of 
immune cell to construct cell-based carriers for targeted delivery 
of therapeutic payloads (21, 22). Although immune cells show better 
tumor targeting efficiency than traditional nanomedicine, the immune- 
suppressive microenvironment of tumor often leads to insufficient 
recruitment of immune cells carriers in the tumor (23). Thus far, 
very few strategies have been developed to improve the targeted de-
livery efficiency of immune cell–based carriers into solid tumors.

Here we report an in vivo strategy to efficiently and stably hitch-
hike phagocytic immune cells via selective phagocytosis of bacteria- 
mimetic gold nanoparticles (GNPs) and their subsequent 
supramolecular self-assembly intracellularly (Fig. 1). In this design, 
both -cyclodextrin (-CD)–modified GNPs and adamantane 
(ADA)–modified GNPs are respectively coated by Escherichia coli 
outer membrane vesicles (OMVs). The E. coli OMVs induce the 
phagocytosis of GNPs by circulating immune cells, leading to intra-
cellular degradation of OMVs and subsequent supramolecular self- 
assembly of GNPs driven by -CD–ADA host-guest interactions 

1State Key Laboratory of Quality Research in Chinese Medicine, Institute of Chinese 
Medical Sciences, University of Macau, Taipa, Macau 999078, China. 2MoE Frontiers 
Science Center for Precision Oncology, University of Macau, Taipa, Macau 999078, 
China. 3Green Catalysis Center, College of Chemistry and Molecular Engineering, 
Zhengzhou University, Zhengzhou, 450000, China.
*Corresponding author. Email: rwang@um.edu.mo (R.W.); simonlee@um.edu.mo (S.L.)
†These authors contributed equally to this work.

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

mailto:rwang@um.edu.mo
mailto:simonlee@um.edu.mo


Gao et al., Sci. Adv. 8, eabn1805 (2022)     11 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 16

(24). This process turns dispersed GNPs without photothermal ef-
fect into GNP aggregates with photothermal effect and significantly 
inhibits the leakage of GNPs from immune cells. Because of the in-
flammatory tropism (25), immune cells carry the intracellular GNP 
aggregates to the tumor tissues in vivo. Moreover, to improve the 
inflammation-mediated targeting efficiency of immune cell–based 
carriers to the tumor, upon the initial accumulation of GNPs 
carried by the phagocytic immune cells into the tumor, an initial 
photothermal treatment (PTT) of the tumor is conducted to induce 
tumor damage and enhance the tumor inflammatory signals, thereby 
providing a positive feedback to recruit more immune cells (includ-
ing carriers that contain intracellular GNP aggregates), leading to 
significantly improved tumor accumulation of GNP aggregates for 
secondary PTT treatment. This approach showed highly effective 
antitumor PTT/immunotherapy, which is further strengthened by 
an immune checkpoint inhibitor.

RESULTS AND DISCUSSION
PTT of GNP aggregates induced immunogenic tumor 
cell death
GNPs were synthesized in an aqueous solution by using citrate re-
duction of chloroauric acid according to reported methods (26, 27) 
and then reacted with mono (6-mercapto-6-deoxy) -CD and 

1-mercaptoamantane (ADA) via gold-sulfur bond, respectively, af-
fording -CD–modified GNPs (CD-GNPs) and ADA-modified 
GNPs (ADA-GNPs; fig. S1). The molar ratios of [CD]/[AuCl4−] and 
[ADA]/[AuCl4−] in the reaction mixtures were both 0.1. As shown 
in Fig. 2 (A and B), both transmission electronic microscopy (TEM) 
and scanning electronic microscopy (SEM) analysis exhibited spher-
ical morphology of GNPs with a diameter of ~10 nm. Because of 
host-guest interactions between -CD and ADA (Fig. 2C) (24, 28), 
the mixed solution of CD-GNPs and ADA-GNPs (equivalent Au 
content) turned black from purple (Fig. 2D), and both TEM and SEM 
images showed micrometer-sized GNP aggregates (Fig. 2, E and F) 
with a mean diameter of 2.5 m (Fig. 2G) and a negative zeta poten-
tial (fig. S2A), confirmed by dynamic light scattering (DLS) analy-
sis. Furthermore, a red shift from 540 to 620 nm was detected on the 
absorption wavelength of GNP aggregates (Fig. 2H), and the tem-
perature increased up to 48°C after near infrared (NIR) irradiation 
with an 808-nm laser (0.5 W/cm2) for 10 min, in comparison to the 
very modest temperature increase of free CD-GNPs or ADA-GNPs 
under the same conditions (Fig. 2I). The photothermal property of 
GNP aggregates was maintained after irradiation for 3 cycles (fig. 
S2B), making multiple photothermal treatments in vivo possible. In 
addition, as shown in fig. S2 (C and D), the largest size of aggrega-
tion was detected in the mixture of CD-GNPs and ADA-GNPs at a 
molar ratio of 1:1 in comparison to other molar ratios (10:1, 5:1, 1:5, 

Fig. 1. In vivo construction of immune cell–based nanomedicine carriers and initial PTT treatment enhance hitchhiking delivery into the tumor and improve 
antitumor immunotherapy. (A) E. coli OMVs are coated on both CD-GNPs and ADA-GNPs to prepare bacteria-mimetic nanoparticles. (B) Selective phagocytosis of 
bacteria-mimetic nanoparticles by phagocytic immune cells induces OMV degradation and subsequent intracellular aggregation of GNPs mediated by CD-ADA host-guest 
interactions, leading to photothermal property due to the plasmonic effects of GNP aggregates. The large size of intracellular GNP aggregates also inhibits the leakage 
during in vivo cell-hitchhiking delivery. Because of the inflammatory tropism to melanoma, immune cells achieve the targeted delivery of intracellular GNP aggregates to 
the tumor tissues. (C) Initial PTT treatment of GNP aggregates induces tumor damage that subsequently enhances inflammatory signals and provides a positive feedback 
to recruit more immune cells (including the carriers) for enhanced antitumor therapy. Secondary photothermal treatment (PTT) of Mixture induces tumor cell immuno-
genic cell death (ICD) and activates antitumor immune response, further strengthened by immune checkpoint blockage (aPD-L1).
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and 1:10), and GNP aggregate from a molar ratio of 1:1 also exhibited 
the highest photothermal conversion efficiency (fig. S2E). Thus, mix-
ture of CD-GNPs and ADA-GNPs at a GNP molar ratio of 1:1 was 
used to prepare GNP aggregates in this study.

The PTT treatment of B16 cells by GNP aggregates under NIR 
laser irradiation was further investigated. After incubation with the 
GNP aggregates for 3 hours, GNP aggregates were mostly observed 
outside B16 cells under confocal laser scanning microscopy (CLSM), 
expectedly due to their microscale sizes (fig. S3A). Subsequently, B16 
cells were irradiated for 5 min with a laser of 808 nm (0.5 W/cm2), 

the reactive oxygen species (ROS) production increased significantly 
after 6 hours (Fig. 2K and fig. S3B), and a high apoptosis rate 
(Fig. 2K and fig. S3C) and severe cell growth inhibition (Fig. 2L) 
were observed after incubation for additional 24 hours. ROS pro-
duction is one of the essential components that govern intracellular 
ICD pathways and contributes to traffic DAMPs (damage-associated 
molecular patterns) to the extracellular space (29–31). The PTT 
effects of GNP aggregates could effectively induce ICD of B16 cells, 
as shown by calreticulin (CRT) cell surface exposure detected by 
CLSM and flow cytometry (Fig. 2M and fig. S4, A and B), increased 

Fig. 2. Preparation of GNP aggregates and PTT-induced immunogenic tumor cell death. (A) TEM image of GNPs. Scale bar, 500 nm. (B) SEM image of GNPs. Scale bar, 
500 nm. (C) Schematic illustration of the formation of GNP aggregates via supramolecular assembly between CD-GNPs and ADA-GNPs. (D) Photographs of GNP solution 
and mixture solution of CD-GNPs and ADA-GNPs. (E) TEM image of GNP aggregates. Scale bar, 2 m. (F) SEM image of GNPs. Scale bar, 3 m. (G) Size distribution of 
the mixture of CD-GNPs and ADA-GNPs determined by DLS. (H) Ultraviolet-visible (UV-vis) absorption spectra of CD-GNPs, ADA-GNPs, and the mixture of the two. 
a.u., arbitrary unit. (I) Photothermal curve of the mixture of CD-GNPs and ADA-GNPs (at a total concentration of 0.2 mg/ml of Au) under NIR irradiation with a laser of 
808 nm (0.5 W/cm2) for 10 min. (J) B16 cells were incubated for 6 hours after PTT treatment via GNP aggregates under an NIR laser for 10 min, and the DCF fluorescence 
was measured by flow cytometry to determine the ROS generation. (K and L) B16 cells were incubated for 24 hours after PTT treatment via GNP aggregates, the apoptosis 
rate was measured via flow cytometry (K), and cell viability was analyzed by MTT assays (L). (M and N) After incubation for 24 hours after PTT treatment, the CRT expression 
in B16 cells was imaged by CLSM and quantitatively analyzed by enzyme-linked immunosorbent assays (ELISAs) (M), and the released HMGB-1 in cell culture medium was 
quantified by ELISA assays (N). Scale bar, 25 m. The experiments were repeated three times (n = 3) and data were presented as means ± SD. Statistical analysis for (I) was 
performed using two-way analysis of variance (ANOVA). All other analyses were conducted using one-way ANOVA. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.
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release of high-mobility group box-1 (HMGB-1; Fig. 2N) and ade-
nosine triphosphate (ATP) production (fig. S4C) shown by enzyme- 
linked immunosorbent assays (ELISAs).

Intracellular supramolecular assembly of  
bacteria-mimetic GNPs
Considering the specific recognition and phagocytosis of bacteria 
by phagocytic immune cells (32–34), nonpathogenic OMVs of E. coli 
were coated onto GNPs via ultrasonic method to prepare the bacteria- 
mimetic GNPs, namely, M-GNPs. TEM showed that a transparent 
membrane layer with a thickness of 6  nm was coated on GNPs 
(Fig. 3A), and DLS showed an increased size from 30 to 45 nm after 
coating of GNPs with OMVs (Fig. 3B). In comparison with the black 
GNP solution, the color of M-GNPs remained pink in phosphate- 
buffered saline (PBS) solution (Fig. 3C). The diameter of OMV-coated 
GNPs increased in a very modest manner, even after storage for 
1 month (fig. S5A), indicating a good stability of OMV coating, 
similar to a previous report (35). Furthermore, the absorption wave-
length (Fig. 3D) and diameter (Fig. 3E) did not change after mixing 
M-CD-GNPs and M-ADA-GNPs. This result indicated that the OMV 
coating provided a protection layer to prevent supramolecular 
aggregation between CD-GNPs and ADA-GNPs, thereby making it 
possible for in vivo administration of the mixture of M-CD-GNPs 
and M-ADA-GNPs.

The protein bands of M-GNPs in the gel by Coomassie Blue 
staining were similar to those of OMVs (Fig. 3F), suggesting success-
ful coating GNPs by OMVs (Fig. 3G). Mouse monocyte macro-
phage (RAW264.7 cells) and human normal liver cells (L-02 cells), 
respectively, selected as representative immune cells and nonimmune 
cells for in vitro study, were treated with cyanine5 (Cy5) NHS 
ester–labeled M-GNPs (M-Cy5-GNPs). After incubation for 3 hours, 
the fluorescence intensity of RAW264.7 cells treated with M-Cy5-
GNPs was significantly increased, and the intracellular Au content 
was 2.5-fold as that in RAW264.7 cells treated with Cy5-GNPs 
(Fig. 3H). The internalized amount of Au in M-GNP–treated RAW264.7 
cells was almost 10-fold as that in M-GNP–treated L-02 cells, indi-
cating a highly selective phagocytosis of M-GNPs by immune cells. 
Furthermore, cytochalasin was used to inhibit macrophage pinocytosis. 
As shown in fig. S5B, the intracellular uptake of macrophage toward 
Cy5-labeled GNPs was significantly inhibited by cytochalasin, and 
the Au concentration in macrophage was decreased to 0.3098 × 
10−3 ng per cell in comparison to 1.754 × 10−3 ng per cell from 
macrophage without cytochalasin treatment. Although cytochalasin 
treatment also reduced the intracellular Au concentration in macro-
phage treated with M-GNPs, the Au concentration remained a high 
level of 2.352 × 10−3 ng per cell and was much higher than that of 
macrophage treated with free GNPs and cytochalasin. The result 
further showed that OMV coating increased the internalization of 
macrophage toward GNPs. To investigate intracellular assembly pro-
cess, the study of the degradation of coated OMVs in macrophages 
was first conducted, where OMVs were stained with DiO (green 
fluorescence) to prepare Mixture, and macrophage was stained with 
LysoTracker Red. As shown in fig. S6A, OMVs were quickly fused 
with macrophage membrane after incubation for 10 min and then 
distributed in red fluorescent lysosome at 30 min. After incubation 
for 60 min, the green fluorescence of OMVs nearly disappeared, 
suggesting the degradation of OMVs. To track the intracellular 
assembly process of Mixture in RAW264.7 cells, fluorescein isothio-
cyanate (FITC)–polyethylene glycol (PEG) (2k)-SH and Cy5-PEG 

(2k)-SH were conjugated onto ADA-GNPs and CD-GNPs, respec-
tively, with PEG as a spacer to minimize the fluorescence quenching. 
As shown in Fig.  3I, the Cy5 fluorescence of M-CD-GNPs over-
lapped well with the FITC fluorescence of M-ADA-GNPs in RAW264.7 
cells treated with the mixture of M-CD-GNPs and M-ADA-GNPs 
at an equal molar ratio of Au (Mixture) for 30 min, exhibiting a 
time-dependent manner, with the total Au content of 0.012 ng per 
cell after incubation for 9 hours (Fig. 3J). The TEM ultrastructure 
of RAW264.7 cells showed intracellular GNP aggregates with a mean 
diameter of 2 m (Fig. 3K), confirming the intracellular self-assembly/
aggregation of M-CD-GNPs and M-ADA-GNPs. Subsequently, in 
comparison with cells treated with M-CD-GNPs or M-ADA-GNPs 
alone, the Mixture-treated RAW264.7 cells remained a strong merged 
fluorescence intensity with a low efflux ratio (~32.5%) of GNPs after 
being placed in fresh media for 12 hours (Fig. 3L and fig. S6B), indi-
cating that the formation of micrometer-sized GNP aggregates in-
hibited efflux of GNPs from macrophage.

The effect of GNP self-assembly/aggregation 
on macrophage function
The effect of intracellular GNP self-assembly/aggregation on the 
physiological function of RAW264.7 cells was further investigated. 
Figure 4 (A and B) showed that intracellular GNP aggregates had 
negligible cytotoxicity to RAW264.7 cells even at a high concentra-
tion of 200 M Au, and nearly all cells were alive after incubation 
for 24 hours. As shown in Fig. 4C, RAW264.7 cells were plated on 
the upside of the insert, and melanoma (B16) cells were seeded in 
the bottom of chamber. In comparison to that of free RAW264.7 
cells, the intracellular self-assembly of GNPs had negligible effects 
on the migration ability (Fig.  4,  D  and  E) and invasion ability of 
RAW264.7 cells through matrix (Fig. 4, F and G). Moreover, the FITC 
fluorescence of M-ADA-GNPs overlapped with the Cy5 fluorescence 
of M-CD-GNPs inside the RAW264.7 cells (Fig. 4F), indicating that 
RAW264.7 cells went through the matrix with the intracellular GNP 
aggregates. Furthermore, M-CD-GNPs and M-ADA-GNPs, respec-
tively, induced the production of tumor necrosis factor– (TNF-) 
and interleukin-1 (IL-1; Fig. 4H) and M1 polarization (Fig. 4I) of 
RAW264.7 cells, attributed to the lipopolysaccharide (LPS) in the 
OMV coating [LPS (6.08 g/ml) in M-GNPs (2 mg/ml)]. However, 
when the cells were incubated with Mixture at the same dose of GNPs, 
the inflammatory factors reached a high level and the percentage of 
M1 macrophage further increased to 68.5%, indicating that large size 
of intracellular GNP aggregates and OMVs synergistically induced 
M1 polarization and promoted secretion of inflammatory cytokines, 
whereas no negative influence on the physiological function of 
RAW264.7 cells was exhibited.

Immune cell–hitchhiking delivery of GNP  
aggregates to the tumor
Six-week-old male mice were subcutaneously inoculated with B16 
cells and randomly and blindly divided into three groups (n = 3) to 
investigate in vivo hitchhiking of immune cells and increased hitch-
hiking delivery to the tumor tissues. After administration with 
Cy5-modified free GNPs (Cy5-GNPs), Cy5-modified M-GNPs 
(M-Cy5-GNPs), and the mixture of Cy5-labeled M-CD-GNPs 
and M-ADA-GNPs at a molar ratio of 1:1 (Cy5-Mixture) at the 
Cy5 dose of 0.5 mg/kg for 1 hour, respectively, the Au contents in 
phagocytic immune cells of mice treated with Mixture or M-GNPs 
reached a high level (~85 g per immune cell), when compared with 
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that of the GNP-treated group (~25 g per immune cell), indicating 
that bacteria-mimetic strategy enhanced in vivo uptake of M-GNPs 
by immune cells (Fig. 5A). After administration for 24 hours, the 
intracellular Au content in immune cells of M-GNP–treated mice 
decreased significantly, in contrast to the high Au content in im-
mune cells of Mixture-treated group (~50 g per immune cell), 
which was further confirmed by the flow cytometry analysis of Cy5 
fluorescence intensity in immune cells (fig. S7A), CD11b+ cells, and 
CD11c+ cells (Fig. 5B and fig. S7B). Furthermore, circulating neutrophils 

and monocytes in the blood were identified as Ly-6G+ cells and 
CD11b+CD115+ cells, respectively. Figure S7 (C to F) showed that 
neutrophils and monocytes from Mixture-treated group had high Au 
content intracellularly, which were 1.49- and 1.56-fold that of M-GNP–
treated mice and 3.18- and 3.91-fold that of GNP-treated mice, re-
spectively. These results suggest that the large size of supramolecular 
GNP aggregates (mediated via supramolecular self-assembly intra-
cellularly) significantly inhibited the efflux effect of immune cells, 
and Mixture was mainly phagocytosed by the circulating immune 

Fig. 3. Selective phagocytosis and intracellular self-assembly of M-GNPs in macrophage. (A) TEM image of M-GNPs. Scale bar, 50 nm. Insert: Amplified M-GNPs (scale 
bar, 20 nm). (B) Size distribution of GNPs, M-GNPs, and OMVs. (C) Photographs of GNPs and M-GNPs in deionized water or PBS. (D) UV-vis absorption spectrum of Mixture. 
(E) Size distribution and photograph of Mixture. (F) The protein bands of M-GNPs, OMVs, and E. coli in the gel by Coomassie Blue staining. (G) Scheme showing selective 
intracellular uptake and self-assembly of M-GNP Mixture. (H) Fluorescence imaging on the intracellular uptake of GNPs and M-GNPs by L-02 cells and RAW264.7 cells, 
respectively, and the quantitative analysis on the intracellular Au content by ICP-MS. (I) RAW264.7 cells were incubated with the mixture of M– fluorescein isothiocyanate 
(FITC)–ADA-GNPs and M-Cy5-CD-GNPs for different durations (10, 20, 30, and 60 min), and CLSM imaging was conducted at 9 hours. Scale bar, 20 m. (J) Intracellular Au 
content in RAW264.7 cells was analyzed via ICP-MS, after incubation with the mixture of M-FITC-ADA-GNPs and M-Cy5-CD-GNPs for 3, 6, and 9 hours. (K) TEM imaging on 
Mixture- and M-GNP–treated RAW264.7 cells, respectively. Scale bar, 2.5 m. (L) After treatment with the mixture of M-FITC-ADA-GNPs and M-Cy5-CD-GNPs for 6 hours, 
RAW264.7 cells were incubated in fresh media for different durations (1, 6, and 12 hours) and quantified by ICP-MS at all preset time points. The experiments were repeated 
three times (n = 3) and data were presented as means ± SD. Statistical analysis for (I) and (L) were performed using two-way ANOVA. All other analyses were conducted 
using one-way ANOVA. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.
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cells (neutrophils or monocytes) in the blood. Pharmacokinetic 
analysis on the fate of Mixture was conducted by measuring 
the change of blood Cy5 fluorescence intensity at different time 
points for up to 24 hours (Fig. 5C). Figure 5D showed that the half-
life (T1/2) of M-Cy5-GNPs was 2.8 hours, lower than Cy5-GNPs 
with T1/2 of 3.8 hours, attributed to the quick phagocytosis and 
clearance of nanosized GNPs (~20 nm) by phagocytic immune cells 
(36–38). In contrast, the T1/2 of Mixture was extended to 9.2 hours, 
exhibiting a long circulation time due to the formation of intra-
cellular GNP aggregates that significantly retarded the exocytosis, 

thereby slowing down the clearance by mononuclear phagocyte sys-
tem (39, 40).

After verifying the in vivo construction of immune cell–based 
carriers, the biodistribution of Mixture in B16 tumor–bearing mouse 
was investigated via an in vivo imaging system (IVIS) at preset time 
points (up to 24 hours; Fig. 5E). In comparison with that of mice 
treated with Cy5-GNPs, bright red fluorescence was observed in the 
tumor sites of both mice treated with M-Cy5-GNPs and Mixture in 
the first few hours after administration, resulting from the enhanced 
intracellular uptake and immune cell–hitchhiking delivery of 

Fig. 4. The effects of intracellular self-assembly of GNPs on macrophage. (A) Viability of RAW264.7 cells incubated with different concentrations of Mixture for 
24 hours (the total concentration of Au of 50, 100, and 200 M). (B) Live/dead cell staining on RAW264.7 cells after treatment with 200 M Mixture (the total concentration 
of Au). Scale bar, 100 m. (C) Scheme showing the migration and invasion test of macrophage. (D and E) RAW264.7 cells were incubated with Mixture at a total Au of 
0.2 mg/ml for 6 hours, and the migrated cells toward B16 cells were photographed (D) and quantified (E) after incubation for additional 24 hours. Scale bar, 100 m. N, no 
statistical significance. (F and G) Fluorescence imaging (F) and quantitative analysis (G) of RAW264.7 cells that went through the matrix with intracellular GNP aggregates 
(FITC-labeled ADA-GNPs and Cy5-labeled CD-GNPs) at a total concentration of 0.2 mg/ml of Au. Scale bar, 50 m. (H and I) The level of TNF- and IL-1 (H) in the cell 
culture medium and M1 polarization (I) of RAW264.7 cells were determined by ELISA assay and flow cytometry respectively, after treatment with Mixture at a total 
concentration of 0.2 mg/ml of Au for 24 hours. The experiments were repeated three times (n = 3) and data were presented as means ± SD. All statistical analysis was per-
formed using one-way ANOVA. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.
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M-Cy5-GNPs to the tumor site. After administration for 12 hours, 
the fluorescence signal decreased quickly in the tumor of M-Cy5-
GNP–treated mice, whereas the tumor of mice treated with Mixture 
maintained a strong and sustainable red fluorescence signal (Fig. 5F). 
The ex vivo fluorescence imaging further confirmed the long reten-
tion time of micrometer-sized GNP aggregates in the tumor tissues 
of mice treated with Mixture, and the tumor fluorescence intensity 
increased to 50.7-fold that of mice treated with free GNPs and 

2.17-fold that of mice treated with M-GNPs, after administration 
for 24 hours (Fig. 5, E and G). Moreover, a large area of strong fluo-
rescence was detected in section analysis of the tumor collected 
from mice treated with the mixture of FITC-labeled M-ADA-GNPs 
and Cy5-labeled M-CD-GNPs for 24 hours, and the fluorescence of 
Cy5 overlapped well with FITC, indicating the accumulation of GNP 
aggregates in the tumor (Fig. 5H). In contrast, only weak fluores-
cence signal with high dispersion was observed in M-Cy5-GNP– or 

Fig. 5. In vivo construction of immune cell–based nanomedicine carriers and increased hitchhiking delivery to the tumors. (A and B) Melanoma mice were treated 
with Cy5-GNPs, M-Cy5-GNPs, and Cy5-Mixture at the Cy5 dose of 0.5 mg/kg for 24 hours, and the quantitative analysis of Au content (A) and Cy5 fluorescence (B) was 
conducted in the collected immune cells at 1 and 24 hours after administration, by using ICP-MS and flow cytometry, respectively. h, hour or hours. (C and D) Fluorescence 
imaging of the blood (C) collected from Cy5-Mixture–treated mice at different time points (1, 2, 3, 4, 6, 9, 12, and 24 hours) and the corresponding fluorescence intensity 
(FI)–time curves (D). (E to G) In vivo fluorescence images (E) and intensity-time curves (F) of Cy5-Mixture–treated mice at different time points (1, 2, 3, 4, 6, 9, 12, and 
24 hours) and ex vivo imaging (E) and quantified radiant efficiency (G) on the heart (h), liver (li), spleen (s), lung (lu), kidney (k), and tumor (t) collected from melanoma 
mice after administration for 24 hours. (H) Fluorescent section analysis on the tumor collected from mice treated with the mixture of FITC-labeled M-ADA-GNPs and 
Cy5-labeled M-CD-GNPs for 24 hours. Green, FITC-labeled ADA-GNPs; red: Cy5-labeled CD-GNPs. Scale bar, 200 m. (I) TEM analysis of GNP aggregates and GNPs in the 
collected tumor tissues after administration for 24 hours. Scale bar, 3 m. The experiments were repeated three times (n = 3) and data were presented as means ± SD. Statis-
tical analysis for (G) was performed using two-way ANOVA. All other analyses were conducted using one-way ANOVA. **P ≤ 0.01 and ***P ≤ 0.001.



Gao et al., Sci. Adv. 8, eabn1805 (2022)     11 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 16

Cy5-GNP–treated group of mice (fig. S7G). TEM imaging of the 
tumor tissues directly showed GNP aggregates with a diameter of 
~1.2 m in Mixture-treated mice, in contrast to small dark GNP dots 
(~30 nm) observed in the M-GNP–treated mice (Fig. 5I). These re-
sults indicated the successful in vivo hitchhiking of immune cells by 
bacteria-mimetic GNPs and the increased hitchhiking delivery of GNP 
aggregates to the tumor tissues, which inhibited the efflux from im-
mune cell–based carriers and prolonged their retention time in the 
tumor tissues.

Initial PTT enhanced recruitment of immune  
cell–based carriers
After intravenous infusion of GNPs, M-GNPs, and Mixture at GNPs 
(10 mg/kg) into mice for 1 hour, the tumor sites were externally 
irradiated by NIR (808 nm) at 0.5 W/cm2 power. As expected, the 
photothermal effects were only detected in the Mixture-treated mice 
due to the accumulation of GNP aggregates, and the temperature in 
the tumor site increased to 55°C after irradiation for only 5 min (fig. 
S8). Subsequently, in accordance with the in vivo biodistribution of 
these materials (Fig.  5,  E  and  F), photothermal imaging was con-
ducted at the same preset time points in mice. As shown in Fig. 6A, 
an obviously high temperature was recorded in Mixture-treated mice 
at all time points. As the photothermal efficiency has a positive cor-
relation with the dose of GNP aggregates (fluorescence intensity of 
GNP aggregation) in the tumor tissues, it was unexpected to find that 
the trend of temperature curve was not positively correlated with the 
in vivo biodistribution curve of Mixture in mice (Figs. 5F and 6B). 
The largest fluorescence intensity of GNP aggregation was observed 
at 2 hours after administration, but the highest temperature was ob-
served at 4 hours after administration.

To explain this observation, the tumor was collected after NIR 
irradiation at 1 hour after administration. As shown in Fig. 5C, in 
comparison with the black tumor tissues isolated from GNP-treated 
mice and M-GNP–treated mice, the tumor from Mixture-treated mice 
showed certain pale white area (Fig. 6C), likely attributed to the high- 
temperature–induced tissue damage. Furthermore, the inflammatory 
cytokines (TNF- and IL-1) in the tumor tissue of Mixture-treated 
mice also increased significantly (Fig. 6D). After initial NIR irradia-
tion at 1 hour after administration, the TNF- concentration in the 
tumor tissue of Mixture-treated mice maintained a high level at 
different time points and reached highest concentration at 4 hours 
after administration, in contrast to that of the Mixture-treated mice 
without NIR irradiation (Fig. 6E). These results showed that an ini-
tial PTT treatment at 1 hour after administration induced tumor dam-
age and increased the production of inflammatory cytokines, which 
may provide positive feedback to recruit more immune cells to the 
tumor tissues. Thus, the in vivo biodistribution of Mixture was fur-
ther investigated with an initial PTT treatment at 1 hour after admin-
istration. As shown in Fig. 6 (F and G), the red fluorescence signal 
of Cy5 in the tumor tissues reached the highest intensity at 4 hour 
after administration, consistent with the trend of TNF- concen-
tration over time, indicating an enhanced accumulation of GNP 
aggregates after an initial PTT. In comparison with the biodistribu-
tion of Mixture in mice (Fig. 5F), the fluorescence intensity in the 
tumor tissues with an initial PTT treatment at 1 hour was much 
stronger and maintained a high level (Fig. 6G) for the following 
hours. Ex vivo fluorescence imaging of mice after administration 
for 24 hours showed that an initial PTT treatment increased the 
fluorescence intensity (from GNP aggregates) in the tumor tissues 

to 1.78-fold that of mice without PTT treatment (Fig. 6, H and I), 
indicating that the initial PTT treatment increased the tumor re-
cruitment of immune cells and significantly improved targeted 
hitchhiking delivery of GNP aggregates by immune cells.

Inhibition of tumor growth by bacteria-mimetic GNP Mixture
Subsequently, the antitumor efficacy of Mixture was assessed with 
two NIR laser irradiations (5 min each time) sequentially conducted at 
1 and 4 hours, respectively, after administration. An immune check 
point blockage agent [atezolizumab, anti-programmed death-ligand 1 
(aPD-L1)] was selected for synergistically assisting the antitumor 
immunotherapy induced by PTT treatments. However, after treat-
ment with 8 g of aPD-L1 per mouse every 3 days for five doses in 
total, aPD-L1 exhibited little inhibition effects on the growth of mela-
noma tissue (fig. S9A), which was consistent with our previous study 
(41). In this investigation, the melanoma mice were randomly and 
blindly separated into five groups, followed by intravenous admin-
istration with PBS, M-GNPs with NIR irradiation at 1 hour after admin-
istration [M-GNPs (1 hour)], Mixture with NIR irradiation at 1 hour 
after administration [Mixture (1 hour)], Mixture with NIR irradiations 
at 1 and 4 hours, respectively [Mixture (1 and 4 hours)], and Mixture 
(1 and 4 hours) assisted by 8 g of aPD-L1 per mouse every 3 days for 
five doses in total [Mixture (1 and 4 hours) + aPD-L1], at the same 
GNP dose of 10 mg/kg (Fig. 7A). As shown in Fig. 7B, the Mixture 
(1 hour) treatment delayed the growth of tumor and extended the 
overall survival time of melanoma mice, but all mice still died at the 
end of the experiment. In contrast, Mixture (1 and 4 hours) effectively 
decreased the tumor size and increased the survival rate to 50% by 
the end of the experiment, and more significantly, all mice survived 
with the assistance of aPD-L1, attributed to the PTT-induced ICD of 
B16 cells and the activated antitumor immunity. After administration 
for 7 days, the tumor tissues were collected from another batch of 
melanoma mice in a parallel experiment, the tumor photos further 
showed the effective antitumor effect of Mixture (1 and 4 hours) + 
aPD-L1 (Fig. 7C). Furthermore, the lung metastasis of B16 cells was 
obviously inhibited and there were no metastatic nodules observed 
in mice treated with Mixture (1 hour), Mixture (1 and 4 hours), or 
Mixture (1 and 4 hours) + aPD-L1(Fig. 7D). Moreover, the hematox-
ylin and eosin (H&E) staining, terminal deoxynucleotidyl transferase– 
mediated deoxyuridine triphosphate nick end labeling (TUNEL) 
staining, and caspase-3 staining of the tumor sections confirmed 
that Mixture (1 and 4 hours) effectively induced tumor necrosis and 
apoptosis, in comparison to Mixture (1 hour), which was further 
strengthened by aPD-L1 (Fig. 7E).

Mechanism of antitumor immunotherapy assisted by aPD-L1
As an initial immune response involved in the process of immune 
development (42, 43), the antigen-presenting innate immune cells 
in the tumors collected on day 7 were investigated first. The increased 
tumor infiltration of F4/80+ cells (Fig. 8A and fig. S10) and CD11c+ 
cells (Fig. 8B and fig. S11) after treatment of mice by Mixture (1 hour) 
was observed, and two sequential PTT treatments [Mixture (1 and 
4 hours)] exhibited a much higher intratumoral level of antigen- 
presenting immune cells. The main function of macrophages is to 
digest the dead tumor cells and secret proinflammatory cytokines to 
recruit other immune cells and to present the antigens to dendritic 
cells (DCs), while DCs could process antigens before presenting 
them to T cells, which strengthens immunity response (44, 45). The 
enhanced intratumoral infiltration of macrophages and DCs should 
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be attributed to the enhanced immunogenicity caused by Mixture 
and PTT treatment, which has been verified on the PTT-induced 
ICD of B16 cells (Fig. 2, D to G). In comparison with Mixture (1 and 
4 hours) and free aPD-L1 (fig. S9, B to I), flow cytometry analysis 
(Fig. 8, C and D, and figs. S12 and S13) showed the increased M1 
macrophages (F4/80+CD11b+CD86+ cells) and DCs (CD45+CD11b+ 
CD11c+ cells) in the tumors of mice treated with Mixture (1 and 
4 hours) + aPD-L1, suggesting that the combination therapy enhanced 

the polarization of M1 macrophages and recruited more DCs to the 
tumor tissues to facilitate antigen presentation to T cells. Immuno-
fluorescence analysis exhibited modest increase in the infiltration 
density of CD3+CD8+ cells in the tumor after the initial PTT treat-
ment of Mixture (1 hour), and the two sequential PTT treatments 
[Mixture (1 and 4 hours)] exhibited a much higher intratumoral 
level of these cells (Fig.  8E), providing direct evidence for PTT- 
induced tumor microenvironment changes by increasing the quantity 

Fig. 6. Initial PTT treatment enhanced tumor inflammation and recruitment of immune cell–based nanomedicine carriers, leading to significant tumor accumu-
lation of GNP aggregates. (A and B) After intravenous administration of GNPs, M-GNPs, and Mixture at a GNP dose of 10 mg/kg into melanoma-bearing mice for dif-
ferent durations (1, 2, 3, 4, 6, 9, 12, and 24 hours), photothermal imaging was conducted on melanoma mice under NIR irradiation (808 nm) for 5 min at a power of 
0.5 W/cm2 (A), and the temperature in the tumor sites was recorded (B). (C and D) After NIR irradiation for 5 min at 1 hour after administration, the tumor tissues (C) were 
collected from mice treated with GNPs, M-GNPs, and Mixture, the Mixture-treated mice without NIR irradiation served as a control group, and the level of TNF- and IL-1 
(D) in the tumors was quantified via ELISA assays. (E) After the initial PTT treatment at 1 hour after administration, the TNF- concentration in the tumor of Mixture-treated 
mice was measured at different time points. (F and G) In vivo fluorescence imaging (F) and quantitative analysis of fluorescence intensity in the tumors (G) were conducted 
in mice after administration with Mixture for different times. (H and I) Ex vivo fluorescence imaging (H) and quantitative analysis (I) of fluorescence intensity of the heart 
(h), liver (li), spleen (s), lung (lu), kidney (k), and tumor (t) were analyzed in Mixture-treated mice at 24 hours after administration. The experiments were repeated three 
times (n = 3) and data were presented as means ± SD. Statistical analysis for (I) was performed using two-way ANOVA. All other analyses were conducted using one-way 
ANOVA. ***P ≤ 0.001.
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of cytotoxic T cells. Flow cytometry analysis also confirmed that 
Mixture (1 and 4 hours) increased the number of CD3+CD8+ T cells 
and CD3+CD4+ T cells in the tumors (Fig. 8F and fig. S14), which 
was further increased upon addition of aPD-L1. These results demon-
strated that Mixture (1 and 4 hours), with two PTT treatments, 
effectively increased tumor accumulation of GNP aggregates via 
in vivo hitchhiking immune cells, leading to significantly enhanced 
PTT treatment–induced change of the tumor microenvironment, 
and tumor-specific T cell response to potentiate checkpoint block-
ade immunotherapy (aPD-L1) against melanoma.

In vivo safety evaluation
As potential reactogenicity to endotoxin remains one of the main 
concerns for the safe use of OMVs (46, 47), mice were intravenously 
administered with 1- and 10-fold Mixture, respectively, of that used 
in the antitumor experiment, for safety evaluation. After adminis-
tration for 1 hour, the level of TNF- and IL-6 in the serum (fig. S15, 
A and B) increased and the number of white blood cells (fig. S15C) 
decreased in 10× Mixture–treated mice, whereas nearly negligible 
change was observed in 1× Mixture–treated mice. After administra-
tion for 24 hours, all these parameters of both groups of mice returned 

Fig. 7. Improved antitumor efficacy of Mixture via two PTT treatments (1 and 4 hours), assisted by aPD-L1. (A) Schematic illustration of antitumor experiment in 
mice by Mixture with two NIR laser irradiations (808 nm for 5 min each time) at 1 and 4 hours, respectively, after administration, assisted by immune checkpoint blockage. 
(B) The change of tumor volume in mice treated with PBS, M-GNPs (1 hour), Mixture (1 hour), Mixture (1 and 4 hours), and Mixture (1 and 4 hours) + aPD-L1 at a GNP 
dose of 10 mg/kg and 8 g of aPD-L1 per mouse every 3 days for five doses in total (n = 6). (C) Photographs of the tumor tissues collected on day 7. I: PBS. II: M-GNPs 
(1 hour). III: Mixture (1 hour). VI: Mixture (1 and 4 hours). V: Mixture (1 and 4 hours) + aPD-L1. (D) Photographs of the lung tissues collected on day 7 and quantitative analysis 
on metastatic nodules. (E) H&E staining, TUNEL staining, and caspase-3 staining of the tumor tissues collected on day 7. Scale bar, 100 m. The experiments for (C), (D), 
and (E) were repeated three times (n = 3) and data were presented as means ± SD. All statistical analyses were performed using one-way ANOVA. *P ≤ 0.05, **P ≤ 0.01, and 
***P ≤ 0.001.
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to the normal levels comparable to those of mice in the control 
group, and the H&E staining on the liver, spleen, lungs, and kidneys 
showed negligible damage (fig. S15D), which was further confirmed 
by the analysis of hepatic function biomarkers including alanine 

transaminase (ALT) and aspartate transaminase (AST; fig. S15E) 
and renal function biomarkers including urea nitrogen (BUN) 
and uric acid (UA; fig. S15F). Moreover, to evaluate the possible 
polarization of immune cells in the blood after administration with 

Fig. 8. Enhanced intratumoral infiltration of immune cells by PTT treatment induced ICD with or without aPD-L1. (A and B) Immunofluorescence analysis on the 
infiltration of F4/80+ cells (A) and CD11c+ cells (B) in the tumor tissues collected from mice after administration for 7 days. (C and D) Flow cytometry analysis on M1 
macrophages (F4/80+CD11b+CD86+ cells) (C) and DCs (CD45+CD11b+CD11c+ cells) (D) in the tumor tissues collected on day 7. (E) Immunofluorescence analysis on the 
infiltration of CD3+CD8+ cells into the tumor tissues collected from mice after administration for 7 days. (F) Flow cytometry analysis of CD4+ T cells (CD3+CD4+ cells) and 
CD8+ T cells (CD3+CD8a+ cells) in the tumor tissues collected on day 7. The experiments were repeated three times (n = 3) and data were presented as means ± SD. All 
statistical analyses were performed using one-way ANOVA. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.
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Mixture and 10× Mixture for 24 hours, measurement of toll-like 
receptor (TLR) signaling on the circulating leukocytes was conducted. 
As shown in fig. S16 (A to D), the percent of Ly-6G+TLR4+ cells and 
CD11b+CD115+TLR4+ cells in Mixture-treated mice returned to 
the normal levels comparable to those of the control group, and the 
polarization of leukocyte in 10× Mixture–treated mice was only 
modestly increased. The results showed that 10× Mixture induced 
very modest acute inflammation and the symptoms were quickly 
alleviated, whereas negligible systemic toxicity was observed in 1× 
Mixture–treated mice in this investigation.

In addition, safety evaluation was also conducted in mice treated 
with Mixture followed by an initial PTT treatment and a secondary 
PTT treatment. As shown in fig. S17 (A and B), after both the initial 
PTT treatment and the secondary PTT treatment for 3 hours, the 
level of TNF- and IL-6 in the serum of Mixture-treated mice in-
creased, and the number of white blood cells decreased. However, 
negligible damage was observed in the liver, spleen, kidneys, and 
lungs (fig. S17, C to E). The result showed that the initial PTT and 
the secondary PTT in Mixture-treated mice would induce modest 
systemic inflammation; however, no off-target damages on the spleen, 
liver, kidneys, and lungs were observed.

To overcome the current challenges faced by in vitro construc-
tion of cell-based nanomedicine carriers and to inhibit the efflux of 
nanomedicine from cells, this study came up an in vivo construc-
tion strategy of cell-based nanomedicine carriers for increased hitch-
hiking delivery, via selective phagocytosis of bacteria-mimetic 
nanomedicine and subsequent supramolecular aggregation inside 
phagocytic immune cells via host-guest chemistry–mediated self- 
assembly. Different nanomedicine coating or biomimicry could be 
designed for degradation in response to different intracellular envi-
ronment and stimuli, such as pH, GSH, ATM, and enzymes. As dif-
ferent cells have different physiological functions, the responsiveness 
of the nanomedicine’s coating material could be specifically designed 
according to the required type of cells as carriers for targeted delivery, 
such as platelets, stem cells, red blood cells, macrophages, T cells, or 
even tumor cells.

Notably, in vivo safety evaluation showed that 10× Mixture in-
duced very modest acute inflammation, and the symptoms were 
quickly alleviated, whereas negligible systemic toxicity was observed 
in 1× Mixture–treated mice in this investigation. The aim of OMV 
coating on GNPs was to induce intracellular uptake by the circulat-
ing immune cells; therefore, a relevant low dose of OMVs would do. 
The dose of OMVs could be controlled as one of the quality control 
attributes when this technology is applied in large animal models or 
future clinical studies. In principle, liposomes modified with specific 
antibody to recognize immune cells may replace OMVs to induce 
selective phagocytosis by immune cells in vivo, as a feasible in vivo 
cell-hitchhiking strategy to further improve the safety.

In the study of immune cell–hitchhiking delivery of supramolec-
ular GNP aggregates to the tumor tissues, we found that the initial 
PTT treatment caused tumor damage and increased the inflamma-
tory signal from the tumor tissue, leading to enhanced recruitment 
of immune cells (including cell-based carriers) with a positive feedback. 
The optimized dual PTT treatments on melanoma mice adminis-
tered with Mixture (1 and 4 hours) exhibited significantly improved 
intratumoral infiltration of M1 macrophage, DCs, CD4+, and CD8+ 
T cells, potentiating checkpoint blockade immunotherapy (aPD-L1) 
against melanoma. The positive feedback induced by the initial PTT 
treatment could be extended to other therapeutic modalities, such 

as chemotherapy, dynamic therapy, and radiation therapy. Treatment- 
induced tissue damage would strengthen the targeted immune cell–
hitchhiking delivery nanomedicine. Therefore, this study not only 
provides the first in vivo cell-hitchhiking drug delivery systems with 
minimal premature loss of nanomedicine but also offers important 
new insights on new strategies for significantly improving tumor 
targeting efficiency of immune cell–based carriers.

MATERIALS AND METHODS
Experimental design
The objective of this study was to develop an in  vivo strategy to 
construct immune cell–based carrier for enhanced tumor-targeted 
delivery of nanomedicine and improved antitumor immunotherapy. 
To achieve this goal, we first designed M-CD-GNPs and M-ADA-
NPs and confirmed selective phagocytosis and subsequent supra-
molecular self-assembly of the mixture of two types of NP via 
-CD–ADA host-guest interactions in macrophages. We next veri-
fied the efflux inhibition behavior of intracellular GNP aggregates 
from macrophages and their photothermal efficacy against B16 
cells. Subsequently, melanoma mice were constructed to investigate 
the selective phagocytosis of Mixtures by immune cells in vivo and 
the cell-hitchhiking delivery of NP to the tumor. Furthermore, an 
initial PTT treatment on the tumor enhanced the accumulation ef-
ficiency of immune cell–based carriers, and the antitumor immuno-
therapeutic efficacy of secondary PTT treatment was investigated, 
which was assisted by immune checkpoint inhibitor. In general, the 
sample size of n = 3 to 6 per group was used and determined to be 
the optimal size for statistical analyses, and experiments were re-
peated independently.

Materials
HAuCl4·3H2O, sodium citrate, 1-adamantanethiol, Cy5-PEG (2k)-
SH, and FITC-PEG (2k)-SH were all procured from Aladdin (China). 
Zhiyuan Biological Technology Co. Ltd. (China) provided mono(6-
mercapto-6-deoxy)--CD. Fetal bovine serum (FBS) and Gibco 
Dulbecco’s modified Eagle’s medium (DMEM) were obtained from 
Gibco (China). All other chemical reagents were supplied by 
Aladdin (China).

B16 cells, LO2 cells, and RAW264.7 cells were obtained from 
American Type Culture Collection (ATCC; USA). All of these cell 
lines were authenticated by DNA fingerprinting, isozyme detection, 
viability test, and mycoplasma detection. E. coli (ATCC 33694) was 
purchased from ATCC. Male C57BL/6 mice (6 weeks) were purchased 
from Faculty of Health Sciences, University of Macau. All animal 
procedures were approved by the Animal Ethics Committee, University 
of Macau and were conducted in accordance with the Animal 
Management Rules of the Ministry of Health of the P. R. China.

Preparation of GNPs
HAuCl4 solution (0.25 mM, 100 ml) was put into a round bottomed 
flask and stirred under 130°C in oil bath. When the solution was 
boiled, the sodium citrate solution (0.7 ml, 5%) was added oppor-
tunely. Upon the color of reaction solution became wine red, the 
sodium citrate solution was added again, and the above process was 
repeated twice. Last, the solution was cooled to ambient tempera-
ture, and the GNPs were centrifuged at 12,850g for 30 min. After 
washing twice with deionized water, purified GNPs were collected 
and characterized by TEM, SEM, and DLS.
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Preparation of CD-GNPs, ADA-GNPs, and GNP aggregates
For the preparation of CD-GNPs, the -CD solution (5 mM, 2 ml) 
was added to 2 ml of concentrated GNP solution and stirred for 
2 hours in room temperature. Then, the resultant solution was cen-
trifuged at 21,000g for 8 min and dried for further use. Similarly, to 
preparing the ADA-GNPs, 0.015 mmol of ADA-SH was dissolved in 
3 ml of dimethyl sulfoxide and then mixed with the concentrated 
GNPs for 2 hours. The obtained ADA-GNPs were further purified 
through centrifugation at 21,000g for 8 min and dried. CD-GNPs 
and ADA-GNPs were mixed in deionized water to prepare GNP 
aggregates and imaged by an optic camera. The morphology of GNP 
aggregates was detected by TEM and SEM. Ultraviolet-visible(UV-vis) 
absorption of GNP aggregates was measured by a UV spectropho-
tometer (DR6000, Hach), and the temperature change was recorded 
under NIR irradiation of 808 nm (0.5 W/cm2) for 10 min.

PTT efficacy of GNP aggregates against B16 cells
B16 cells were cultured in a 75-cm2 flask in DMEM with 10% (v/v) 
FBS at 37°C and incubated in DMEM containing GNPs, CD-GNPs, 
ADA-GNPs, and CD-GNPs + ADA-GNPs (molar ratio was 1:1) at a 
total Au of 0.2 mg/ml [the quantity of Au in each cell was determined 
by inductively coupled plasma mass spectrometry (ICP-MS)] for 6 hours. 
Then, the cell culture medium was irradiated for 5 min with an 808-nm 
laser, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide 
(MTT) was added after treatment for 24 hours, and the absorbance 
was recorded by enzyme-labeled instrument (SpectraMax M5, Molec-
ular Devices). Annexin V–FITC/ propidium iodide (PI) was also added 
and the fluorescence of FITC and PI was detected by a flow cytometer 
(CytoFLEX, Beckman Coulter). In addition, 2′-7′dichlorofluorescin 
diacetate (DCFH-DA) was incubated with cells after incubation for 
further 6 hours after NIR irradiation, and the fluorescence of DCF 
was determined by a flow cytometer.

ICD of B16 cells induced by PTT of GNP aggregates
B16 cells were cultured in flasks (25 cm2) in DMEM that contained 
10% (v/v) FBS at 37°C. Then, B16 cells were incubated with GNPs, 
CD-GNPs, ADA-GNPs, and their mixtures in DMEM, respective-
ly, at a dosage of 0.2 mg/ml GNPs for 6 hours. After irradiation by 
an NIR laser for 5 min, the medium was collected for the analysis 
of HMGB-1 and ATP release via ELISA. The treated cells were 
collected and incubated with Alexa Fluor 488-CRT antibody 
for 2 hours. Then, the cells were further stained for 15 min with 
4′,6-diamidino-2-phenylindole (DAPI). Subsequently, fluorescence 
images were taken by CLSM (TCS SP8, Leica), using 405- and 488-nm 
lasers to visualize the nuclei and CRT expression on the cell mem-
brane, respectively. Quantitative analysis was conducted by a flow 
cytometer to further identify CRT exposure. In addition, B16 cells 
treated for 3 hours with mixtures of CD-GNPs and ADA-GNPs (at 
a dosage of 0.2 mg/ml GNPs in total) were imaged by CLSM to study 
the extracellular or intracellular location of the GNP aggregates.

Preparation of M-CD-GNPs and M-ADA-GNPs
E. coli was incubated overnight and centrifuged for 5 min at 2000g, and 
the subsequent supernatant was filtered with a 0.45-m membrane. The 
resulting solution was transferred into Millipore with 10-kDa filter and 
centrifuged for 5 min at 5000g to obtain the OMV- rich solution. Last, 
the concentrated OMV solution was centrifuged at ultrahigh speed of 
150,000g (Optima XPN-100 Ultracentrifuge, Beckman) for 3 hours, and 
the precipitant of OMVs was stored at −80°C for future investigations.

After collection of OMVs, the CD-GNPs and ADA-GNPs were 
added individually and sonicated 10 s at intervals of 10 s in sonica-
tion bath at a frequency of 40 kHz (100 W) for 2 min. Then, the 
subsequent solution was centrifuged for 30 min at 5000g to precip-
itate M-CD-GNPs and M-ADA-GNPs. The morphology of M-CD-
GNPs and M-ADA-GNPs was studied by a TEM, and the sizes were 
analyzed by DLS [Nano-ZS Zetasizer, Malvern, and Zetasizer 
Software (version 7.11)]. The solution of Mixture was imaged by an 
optic camera, and the UV absorbance was determined by UV-vis 
spectrophotometry (DR6000, Hach). Furthermore, the proteins in 
the purified M-GNPs were analyzed via Coomassie Blue staining. 
The LPS content was analyzed by ELISA assay.

Cellular uptake toward GNPs and M-GNPs
RAW264.7 cells and L-02 cells were cultured in confocal dishes in 
DMEM containing 10% (v/v) FBS at 37°C and then individually in-
cubated in DMEM with Cy5-GNPs and M-Cy5-GNPs at a total 
Au concentration of 0.2 mg/ml for different time points (1, 3, 6, and 
9 hours). Then, the cells were fixed by paraformaldehyde, and the 
fluorescence photography was imaged by CLSM. ICP-MS (iCAP Q 
ICPMS, Thermo Fisher Scientific) was further used for quantitative 
analysis on the Au content inside the cells.

Intracellular assembly in RAW264.7 cells
RAW264.7 cells were cultured in 55-cm2 dishes in DMEM containing 
10% (v/v) FBS at 37°C and then individually incubated in DMEM 
with M-CD-GNPs, M-ADA-GNPs, and Mixture at a total concen-
tration of 0.2 mg/ml of Au for 1, 3, 6, and 9 hours, and the cells were 
washed with PBS and fluorescence photography was imaged by CLSM.  
The intracellular Au content was further determined by ICP-MS.

Reflux behavior of RAW264.7 cells toward  
intracellular GNP aggregates
RAW264.7 cells were cultured in 55-cm2 dishes in DMEM contain-
ing 10% (v/v) FBS at 37°C and then individually incubated in DMEM 
with M-Cy5-CD-GNPs, M-FITC-ADA-GNPs, and Mixture at a total 
Au concentration of 0.2 mg/ml for 6 hours. After washing twice with 
PBS and replacement with fresh media, the mass of Au remained in 
Raw264.7 cells was determined at different time points (1, 6, 12 and 
24 hours) by ICP-MS, and the fluorescence photography was imaged 
by CLSM (TCS SP8, Leica).

Effect of intracellular GNP aggregates on macrophage
In vitro cytotoxicity of M-CD-GNPs and M-ADA-GNPs was evaluated 
via MTT assays. Briefly, RAW264.7 cells were cultured in 96-well plates 
and incubated with different concentrations (50, 100, and 200 M Au) of 
M-CD-GNPs, M-ADA-GNPs, and Mixture for 24 hours. Then, the 
medium was replaced with DMEM, and the survival cells were quanti-
fied via MTT enzyme-linked immunometric meter (SpectraMax M5, 
Molecular Devices).

Transwell experiments were conducted to examine the migration 
ability and invasion ability of macrophage after intracellular supra-
molecular assembly of GNPs, in comparison to the free macrophage. 
Briefly, macrophages were seeded in a 24-well plate at 5 × 105 cells 
per well and incubated with Mixture at 0.2 mg/ml of Au for 6 hours. 
Then, macrophages loaded with GNP aggregates were plated onto 8-m 
pore polycarbonate, and B16 cells were incubated in the bottom of 
a 24-well plate at 5 × 105 cells per well. After inserting to the 24-well 
plate and migrating for another 24 hours, cells on the top of each insert 
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were removed gently, and cells from the bottom were stained with 
crystal violet (0.1%) and photographed by microscopy (Migration- 
IX73). The free macrophages seeded in the 24-well plate were served 
as positive control. Through the similar procedures, the invasion 
experiment was conducted by dipping a layer of matric gel in the 
lower side of each insert. Then, the fluorescence photograph was 
imaged by Leica (Leica DMI8 living cell microscope).

Polarization effect of Mixture on macrophages
RAW264.7 cells were cultured in 55-cm2 dishes in DMEM contain-
ing 10% (v/v) FBS at 37°C and then individually incubated in DMEM 
with M--CD-GNPs, M-ADA-GNPs, and Mixture (molar ratio was 
1:1) at 0.2 mg/ml of Au for 6 hours. After PBS rinsing for twice, the 
cells were incubated for another 24 hours and stained with FITC-
CD86 antibody for flow cytometry analysis (Cytoflex, Beckman Coulter).

In vivo hitchhiking delivery of Mixture in melanoma mice
Six-week-old C57BL/6 mice (male) were injected subcutaneously 
with 2 × 105 cells in 0.1 ml of PBS at the bottom right hind leg. Until 
the diameter of tumor size increased to 0.5 cm2, the B16 tumor–
bearing mice were used for further experiment. B16 tumor–bearing 
mice were intravenously injected with Cy5-GNPs, M-Cy5-GNPs, 
and M-Cy5-Mixture (n = 3), at a Cy5 dose of 0.5 mg/kg. After 
administration for 1 and 24 hours, the blood was collected and 
centrifuged to separate the leukocyte. The amount of leukocyte was 
calculated under a microscope and dissolved in aqua regia for the 
determination of Au content by ICP-MS (iCAP Q ICPMS, Thermo 
Fisher Scientific). Furthermore, the blood samples were incubated 
with FITC-CD11b antibody and PE-CD11c for 1.5 hours, and the 
fluorescence intensity of Cy5 in CD11b+ cells and CD11c+ cells was 
measured, respectively, by flow cytometry (Cytoflex, Beckman Coulter). 
Moreover, another batch of melanoma mouse was also intravenously 
administered with different GNP formulations (n = 3) and imaged 
by IVIS (Lumina XR, PerkinElmer) after administration for 1, 2, 3, 
4, 6, 9, 12, and 24 hours. To analyze the pharmacokinetics of these 
GNP formulation, the blood samples (n = 3) were collected from 
melanoma mice after administration for 1, 2, 3, 4, 6, 9, 12, and 
24 hours and imaged by IVIS. At the end point of experiment 
(24 hours), the heart, liver, spleen, lung, kidney, and tumor tissue 
were collected and ex vivo–imaged by IVIS. In addition, the TEM 
imaging was conducted on tumor tissues to observe the morphology 
of GNP aggregates, and the fluorescence imaging was used to detect 
the aggregated fluorescent signal of GNP aggregates in tumor tissues.

PTT treatment of Mixture-induced tumor inflammation
B16 tumor–bearing mice were administered with GNPs, M-GNPs, 
and Mixture at a total Au dose of 2 mg/kg. After administration for 
1 hour, the mice were irradiated by an 808-nm laser (808, Hi-Tech 
Optoelectronics Co. Ltd.) for 5 min at 0.5 W/cm2 power and were 
imaged by a photothermal imager (TiS60+, Fluke) at different time 
points (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 min). The tumor tissues 
were subsequently collected and imaged by a photothermal imager. 
Furthermore, after the initial PTT treatment at 1 hour after admin-
istration, the tumor tissues were harvested, and the level of TNF- 
and IL-1 was measured by ELISA kit. Similarly, after administra-
tion for different hours (1, 2, 3, 4, 6, 9, 12, and 24 hours), the mice 
were irradiated for 5  min by an 808-nm laser of 0.5 W/cm2 and 
imaged by a photothermal imager at the end of irradiation, and the 
tumor tissues were collected at preset time points to measure the 

tumor TNF- level. At the end point of experiment (24 hours), the 
heart, liver, spleen, lung, kidney, and tumor tissue were collected 
and ex vivo–imaged by IVIS.

Antitumor therapy of Mixture with secondary PTT treatment
The PTT-induced antitumor therapy was conducted via two steps 
of irradiation by an 808-nm laser. Briefly, The B16 tumor–bearing 
mice were administered with GNPs, M-GNPs, and Mixture at an 
Au dose of 2 mg/kg. After administration for 1 hour, the mice were 
irradiated for 5 min by an 808-nm laser of 0.5 W/cm2. After admin-
istration for 4 hours, the mice were irradiated 5 min again with an 
808-nm laser of 0.5 W/cm2. In Mixture-treated group, 8 g of aPD-L1 
per mouse was intravenously injected to the mice once every 3 days 
for five doses in total after administration of Mixture. The size of tumor 
tissues in all groups was recorded. After administration for 6 days, 
the tumor tissues were collected and imaged by a photo camera and 
sectioned for H&E staining, caspase-3 staining, and TUNEL staining. 
The lung tissues were harvested by analyzing the tumor metastasis, 
and the number of tumor metastatic sphere was recorded.

Infiltration of immune cells in tumor tissues
To examine the immunotherapy of Mixture, immunofluorescence 
analysis was performed on tumor sections. Briefly, frozen tumor 
sections were conducted with a thickness of 5 m. Then, the sections 
were fixed in acetone at −20°C for 10  min and blocked with 2% 
bovine serum albumin for 1 hour. After PBS washing, the sections 
were stained by the following antibody groups for 1.5 hours: APC- F4/80 
antibody, FITC-labeled CD11b antibody, allophycocyanin (APC)-CD3 
antibody, and PE-CD8a antibody. After staining with DAPI for 10 min, 
the fluorescence photos were observed under CLSM.

To quantitatively analyze immune cells, the tumor tissue was 
treated for 1 hour with collagenase I (1 mg/ml). Then, the ground 
mixture was filtered through a nylon mesh filter to obtain suspension 
of single cells, which was subsequently incubated with APC-F4/80 
antibody, FITC-labeled CD11b antibody and PerCP/Cyanine5.5- 
CD86, FITC-CD11b antibody, APC-CD45 antibody and PE-CD11c 
antibody, APC-CD3 antibody, and FITC-CD4 antibody and PE-CD8a 
antibody, respectively. A flow cytometer is used for cell collection, 
and FlowJo software is used for data analysis.

Safety evaluation
To evaluate the safety of Mixture, the normal mice were intravenously 
injected with 10-fold of Mixture used in antitumor study. After ad-
ministration with Mixture for 1 and 24 hours, the blood was collected 
for white blood cell count by a hemocytometer, and the serum was 
collected for the determination on the level of inflammatory cyto-
kines (TNF- and IL-6), ALT, AST, BUN, and UA. The organs (heart, 
liver, spleen, lung, and kidney) were harvested after administration 
for 24 hours, and the histological examinations were performed.

Statistical analysis
Statistical analysis relied on one-way and two-way analysis of vari-
ance (ANOVA) methods. Statistical significance was annotated 
with *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001, respectively. All data 
were presented as the mean value ± SD of independent runs.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn1805
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