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An Integrated Engineered Bacterial Nanocomposite System
for Targeted Prodrug Delivery and Enhanced Antitumor
Efficacy

Yuqi Li, Lihui Ren, Hui Li, Zhengwei Xu, Muhan Chen, Jun Yang, Zixuan Wang,
Jiawei Yuan, Shangwen Zhang, Shu Wei, Jiayun Xu, Dingcheng Zhu, Hongcheng Sun,
Junqiu Liu,* and Shuangjiang Yu*

Even with the promising therapeutic potential of engineered bacteria that
target tumors, effective cancer treatment will still need to involve combination
strategies. Herein, a model strain of Escherichia coli (BL21) is aimed to
engineer to internally produce copper sulfide nanoparticles (CuS), which are
subsequently armed with disulfiram-loaded gold nanorods, resulting in
Au-DSF@CuS-BL21 for hypoxic-targeted prodrug delivery and enhanced
antitumor effects. The bacterial membrane in this system serves as a barrier
between the prodrugs of CuS and DSF, preventing the premature formation
and release of the highly toxic CuET complex during circulation, thus ensuring
bacterial survival and minimizing drug leakage. The key findings revealed that
bacterial activity of Au-DSF@CuS-BL21 is effectively sustained, exhibiting
enhanced capabilities for tumor targeting and penetration. Upon activation by
808 nm near-infrared laser irradiation, photothermal bacterial lysis is induced,
resulting in the release of CuS and DSF. This process facilitate the formation
of the highly toxic CuET complex, as well as augmented antitumor efficacy by
stimulating the innate immune response. Collectively, these findings offer
promising opportunities for enhancing the biosafety of modified bacteria, as
well as for compartmentalized prodrug delivery and improved effectiveness of
combination antitumor therapies.

1. Introduction

Increasing the target efficiency of therapeutic agents while mini-
mizing systemic side effects is the central objective in the field of
anticancer drug delivery.[1] The unique physiological features of
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solid tumors offer a vital opportunity to
achieve this objective.[2] For example, hy-
poxia has emerged as a pivotal physiological
characteristic of the solid tumor microenvi-
ronment (TME), suggesting novel avenues
for the formulation of targeted tumor treat-
ment strategies.[3–5]

Obligate anaerobes and facultative anaer-
obes thrive in hypoxic tumor regions,
creating potential hypoxic-targeted vehi-
cles for efficient drug delivery and can-
cer treatment.[6–10] Its modifiable surface
allows the attachment of small-molecule
drugs and nanotherapeutics to enhance tar-
geted in vivo delivery.[11] Genetic engineer-
ing enables bacteria to express therapeu-
tic proteins and particles, producing spe-
cific effects.[12–16] In addition, parts of bac-
teria can influence antitumor immune re-
sponses both systemically and in the TME,
presenting a promising opportunity to inte-
grate live bacteria with other immunother-
apy strategies.[17,18] These features make
genetically engineered bacteria promising
carriers for cancer combination therapy.[19]

However, the absence of selectivity in some
cytotoxic drugs results in the inactivation of bacterial vehicles,
presenting a significant challenge for their delivery using live
bacteria.[20,21] Expectedly, employing tumor-targeting bacteria to
deliver non-toxic or low-toxicity prodrugs to the tumor location,
then activating them to produce highly cytotoxic therapeutic
agents, could offer valuable insights into addressing the previ-
ously mentioned challenges.[22–24]

Disulfiram (DSF) was initially employed to treat alcoholism
and has since been found to possess anticancer properties by
converting into a highly cytotoxic diethyldithiocarbamate-copper
complex (CuET) when combined with copper ions (Cu2+).[25–27]

The main challenge in improving the treatment strategy involv-
ing DSF and Cu2+ lies in the poor water solubility and stability
of DSF, the uneven distribution of copper ions in the body, and
the absence of specific tumor characteristics.[28] Therefore, devel-
oping a safe and efficient method to efficiently deliver DSF and
Cu2+ to tumor sites to induce cytotoxicity is crucial for enhancing
the effectiveness of this treatment.
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Given the challenges outlined above, this study developed a
compartmentalized prodrug delivery strategy utilizing a bacteria-
mediated nanocomposite system (Au-DSF@CuS-BL21) to min-
imize the side effects of therapeutic agents while enhancing
their antitumor efficacy. Initially, genetically engineered BL21
was used as a host strain to biosynthesize and deliver copper sul-
fide nanoparticles (CuS). Then, DSF-loaded polyethylene glycol-
thiol ether (mPEG-SH)-modified gold nanorods (AuNRs) were
fixed to the surface of the bacteria via the dopamine (DA) de-
position method. This bacteria-derived drug delivery system is
designed to migrate to the tumor site via hypoxia targeting and
facilitate the release of DSF from the AuNRs in the slightly acidic
microenvironment of tumors. Upon exposure to near-infrared
laser (NIR, 808 nm) irradiation, the AuNRs generate photother-
mal effects, which not only induce cytotoxicity in tumor cells but
also lead to photothermal lysis of BL21, resulting in the acceler-
ated release of therapeutic payloads. The released CuS nanopar-
ticles not only exhibit photothermal properties but also simul-
taneously produce and release Cu2+ under NIR irradiation. The
generated Cu2+ ions immediately bind with DSF to form the
highly cytotoxic CuET, which promotes intratumoral immuno-
genic cell death (ICD), thereby enhancing immune responses
and yielding a synergistic antitumor efficacy.[29] This strategy re-
veals promising opportunities for improving the biosafety of en-
gineered bacteria, in addition to compartmental prodrug delivery
and improved antitumor efficacy (Scheme 1).

2. Results and Discussion

2.1. Preparation and Characterization of Au-DSF

AuNRs have gained significant attention in the field of antitumor
drug delivery and therapeutic investigations because of their tun-
able dimensions, facile surface modification capabilities, and su-
perior photothermal properties in the NIR region.[30–32] Herein,
a two-step growth method involving the use of seeds and hy-
droquinone as a reducing agent was employed to synthesize
AuNRs with photothermal conversion capabilities in the NIR I
region. This choice aims to balance the potential photothermal
effects of CuS nanoparticles in the following study.[33] As shown
in Figure 1A and Figures S1 and S2 (Supporting Information),
three distinct types of AuNRs, designated AuNRs-1, AuNRs-2,
and AuNRs-3, were successfully synthesized by varying the con-
centration of silver nitrate in the growth solution. TEM images
and statistical analysis of nanomeasurements confirmed the suc-
cessful production of AuNRs with different aspect ratios. Addi-
tionally, UV–vis–NIR spectroscopy revealed a shift in the longitu-
dinal localized surface plasmon resonance (LSPR) peak from 780
to 931 nm and 1014 nm, corresponding to the different aspect ra-
tios. Upon irradiation with an 808 nm laser, the temperature of
AuNRs-1 increased to over 60 °C within 5 min, demonstrating
superior photothermal performance compared with that of the
other two samples (Figure S3, Supporting Information). Impor-
tantly, the characteristic absorption peak of AuNRs-1 is closely
aligned with the 808 nm wavelength, akin to the absorption char-
acteristics of CuS nanoparticles, which may enhance their com-
bined photothermal efficacy.[34] Consequently, AuNRs-1 were se-
lected for further investigation in subsequent studies.

The surfaces of the AuNRs were subsequently modified with
mPEG-SH (AuNRs-mPEG) to ensure effective dispersion of the
nanorods. Following this modification, DSF was anchored onto
the AuNRs-mPEG via sulfur-gold bonds, resulting in the forma-
tion of DSF-loaded mPEG-SH-modified AuNRs (Au-DSF). As il-
lustrated in Figure 1B, no significant changes in the peak absorp-
tion or position of Au-DSF were observed compared with those
of the unmodified AuNRs, suggesting that the incorporation of
mPEG-SH and DSF does not obviously alter the local surface
plasmon resonance of the AuNRs. Furthermore, the characteris-
tic absorption peak of DSF at 267 nm was observed, confirming
the successful absorption of DSF onto the surface of the AuNRs.
Moreover, the zeta potentials of AuNRs, AuNRs-mPEG, and Au-
DSF were measured to be 28.1 ± 7.4, −9.6 ± 1.0, and 20.5 ± 4.3
mV, respectively, further supporting the adsorption ofmPEG and
DSF onto the surface of the AuNRs (Figure 1C). As shown in
Figure 1D, elemental mapping analysis demonstrated that sulfur
was uniformly distributed across the surface of the AuNRs in the
Au-DSF sample. Conversely, a less pronounced sulfur signal was
detected in the AuNRs-mPEG, suggesting a greater sulfur con-
centration in the Au-DSF, which can likely be attributed to the
incorporation of DSF. Additionally, we investigated the stability
and release properties of DSF at three different pH levels to repli-
cate normal physiological conditions (pH= 7.4), TME (pH= 6.5),
and lysosomal environments (pH = 5.0) following its application
to the surface of AuNRs. Inductively coupled plasma (ICP) anal-
ysis revealed that the loading capacity of DSF within the AuNRs
reached ≈10%, whereas the cumulative release in PBS at pH 7.4
was only 4.6% over a 48-h period. These findings suggest that
both DSF and the AuNRs maintain good stability in a normal
physiological environment, which is advantageous for the safe in
vivo delivery of DSF.Upon reducing the pH to 6.5, there was a no-
table increase in the release rate of DSF, with the cumulative re-
lease reaching 54.7% after 48 h. Moreover, the release rate under
NIR irradiation increased to 61.6% at pH 5.0. This phenomenon
can be attributed to the diminished electrostatic interactions be-
tween DSF and the AuNRs, which are compromised by the pres-
ence of a positive charge in acidic environments (Figure 1E). Ad-
ditionally, NIR treatment markedly enhanced the release of DSF,
particularly at pH values of 7.4 and 6.5. This effect is likely due
to the increased thermal motion of molecules at elevated temper-
atures, which weakens the gold‒sulfur interaction and leads to
increased DSF release. This pH- and photothermally responsive
mechanism of DSF release is crucial for the effective delivery of
DSF in subsequent tumor therapy studies.

2.2. Formulation and Analysis of Au-DSF@CuS-BL21

Some microorganisms, including bacteria and fungi, can me-
tabolize copper ions and sulfide ions into CuS nanoparticles.[35]

These nanoparticles have demonstrated considerable promise
for use in antitumor therapy, positioning them as novel therapeu-
tic nanomaterials.[36] Herein, BL21 is utilized as the host strain
model for the development of copper-resistant bacterial strains
(CuS@BL21) owing to its strong protein expression capacity un-
der the defined experimental conditions. A plasmid that incor-
porates a Cu2+-binding peptide was constructed on the basis of
previous studies (Figure S4, Supporting Information).[37,38] This
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Scheme 1. Schematic representation of the application of an engineered E. coli-based drug delivery system (Au-DSF@CuS-BL21) designed for efficient
antitumor therapy. Preparation process (A) and underlying antitumor mechanism (B) of Au-DSF@CuS-BL21.

plasmid included a green fluorescent protein to evaluate the ex-
pression of the affinity peptide and to enable further characteriza-
tion. Then, endotoxin-free BL21 was employed as the expression
system for the Cu2+-binding peptide, enabling the conversion of
CuS nanoparticles within a copper-rich environment.
To support bacterial survival and achieve the optimal concen-

tration of CuS nanoparticles, 4 specific ratios of Cu2+ to cys-
teine were selected for the bacterial growth medium, as shown
in Figure S5 (Supporting Information). The optimal Cu2+-to-
cysteine ratio was found to be 1:4 on the basis of bacterial growth
and precipitation analysis with different shaking durations. The

assessment of the bacterial mixture and precipitate, as depicted
in Figure S6A (Supporting Information), along with the results
from the confocal live/dead bacterial staining presented in Figure
S6B (Supporting Information), indicated that BL21 exhibited op-
timal viability in the Cu2+-enriched medium for a duration of 5
h; however, viability declined significantly after 12 h. The con-
centration of CuS nanoparticles within E. coli was quantified us-
ing ICP analysis. As shown in Figure S7 (Supporting Informa-
tion), the copper content within BL21 increased with increasing
shaking time, althoughminimal changes were observed after the
5 h mark. Considering the survival of bacteria and the amount of
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Figure 1. Characteristics of Au-DSF. A) UV–vis spectra of three types of AuNRs with different aspect ratios. B) UV–vis spectra of free AuNRs and Au-DSF.
C) Zeta potential diagrams of the AuNRs, AuNRs-mPEG, and Au-DSF (n = 3). D) Elemental mapping images of the sulfur in AuNR-mPEG and Au-DSF
(scale bar, 10 nm). E) DSF release curves from Au-DSF under different conditions (n = 3). F) Representative TEM image of CuS-BL21 (a), bright-field
STEM images of CuS nanoparticles within CuS-BL21 (b), and TEM images of Au-DSF@CuS-BL21 (c). G) CLSM images of bacterial viability after exposure
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copper present, the optimal culture conditions for copper-
resistant bacteria were determined, andwe set the concentrations
of Cu2+ and cysteine at 3.0 and 12.0mm, respectively, with a shak-
ing period of 5 h. Under the optimized conditions mentioned
above, it is clear that biosynthesized CuS particles are located
within the gaps of the bacterial membrane, indicating the suc-
cessful isolation of CuS@BL21 (Figure 1F; Figure S8, Supporting
Information). Moreover, experiments investigating the release of
Cu2+ from CuS@BL21demonstrated that laser irradiation at 808
nm facilitates amore efficient release of Cu2+ compared to irradi-
ation at 980 and 1064 nm (Figure S9, Supporting Information).
This wavelength corresponds closely with the characteristic ab-
sorption peak of AuNRs-1, thereby corroborating the in situ gen-
eration of CuET.
Thereafter, Au-DSF was conjugated to the surface of

CuS@BL21 through the process of DA co-deposition, fol-
lowing standard methodologies with slight modifications.[39,40]

The TEM image presented in Figure 1F illustrates the success-
ful development of an engineered bacterial strain, designated
Au-DSF@CuS-BL21, which displays Au-DSF on its surface.
The bacterial activity of the obtained Au-DSF@CuS-BL21 was
subsequently verified by a live/dead bacterial staining assay.
As shown in Figure 1G, most bacteria remained viable when
exposed to Cu2+ or DSF for the given time; in contrast, a sub-
stantial number of bacteria became nonviable in the presence
of the CuET solution. However, the bacterial survival rate of
the Au-DSF@CuS-BL21 group clearly improved compared with
that of the CuET-treated group, suggesting that the strategy
of compartmentalized CuS and DSF delivery can significantly
protect the activity of bacterial vehicles.

2.3. Evaluation of Photothermal Properties

Extensive research on the photothermal conversion of AuNRs
has led to their use in cancer therapies, where they absorb
light of specific wavelengths and convert it into heat to de-
stroy tumor cells.[41,42] Similarly, the photothermal properties
of CuS nanoparticles have been studied, making them promis-
ing candidates for biomedical applications, particularly in can-
cer treatment.[43–45] Herein, the photothermal characteristics of
BL21-derived formulations were examined under NIR irradiation
(808 nm). As illustrated in Figure 1I, the incorporation of poly-
dopamine (PDA), CuS, or Au-DSF into the system markedly in-
creased the photothermal temperature to different extents com-
pared with that of free BL21. Furthermore, the simultaneous
presence of all three factors results in the highest efficiency of
photothermal enhancement, which is attributable to the superpo-
sition effect in the Au-DSF@CuS-BL21-treated group. Figure 1H
and Figure S10 (Supporting Information) also show that the tem-
perature of the engineered bacteria can be adjusted by varying
the concentration of Au-DSF and the intensity of laser irradia-
tion.Moreover, a comprehensive assessment of the photothermal

conversion efficiency of Au-DSF@CuS-BL21 was conducted. As
shown in Figure 1J, according to calculations, the photothermal
conversion efficiency was 36.4%. Then, the cycling photother-
mal properties of Au-DSF@CuS-BL21 were thoroughly evalu-
ated. Figure 1K illustrates three cycles of laser activation and de-
activation, demonstrating consistent and stable temperature vari-
ations. In addition, we assessed the efficacy of CuS in BL21 by
facilitating its reaction with DSF to yield CuET under NIR irradi-
ation. The UV spectrum presented in Figure S11 (Supporting In-
formation) reveals a characteristic peak for CuET at≈265 and 450
nm, which suggests that the CuS nanoparticles biosynthesized in
BL21 can effectively release Cu2+ and undergo a chemical reac-
tion with DSF to form CuET when exposed to NIR irradiation.
Overall, these results demonstrate that Au-DSF@CuS-BL21 pos-
sesses good photothermal properties and NIR-mediated CuET
generation, highlighting its potential applications in multimodal
cancer therapy.

2.4. Evaluation of Therapeutic Effects In Vitro

To ensure the survival and smooth transportation of drugs by en-
gineered bacteria, the migration ability of engineered BL21 cells
was first assessed using a transwell assay. Briefly, the bacteria
were introduced into the upper chamber of the transwell appara-
tus and incubated for 3 h, after which the chamber fluid was col-
lected for analysis (Figure 2A). As illustrated by the colony counts
on the Petri dishes after 24 h shown in Figure S12 (Supporting
Information), the modified bacteria demonstrated the ability to
transverse the agar layer from the upper chamber to the lower
chamber, indicating that their migratory capacity remained in-
tact. However, the results revealed that there was almost no bac-
terial migration in the experimental group exposed to NIR irradi-
ation, likely because the photothermal effect resulted in bacterial
inactivation. The fluorescence spectra presented in Figure 2B,C,
which display the emission peaks of bacterial green fluorescent
protein at 510 nm and those of AuNRs-Cy5.5 at≈710 nm, further
confirm that the engineered BL21 strain is capable of transport-
ing loaded AuNRs through the agar layer, and this functionality
can be precisely disrupted by NIR irradiation.
Previous studies have demonstrated that some facultative

anaerobic bacteria exhibit an inherent ability to colonize the hy-
poxic TME of solid tumors in vivo.[46,47] In this section, we as-
sessed the targeted colonization capability of engineered BL21
cells by establishing an in vitro 4T1 3D tumor cell spheroidmodel
(TCS), which replicates the 3D structure and TME characteris-
tics of tumors (Figure 2D).[48] As shown in Figure 2E, the CLSM
images indicated that after a 6-h coincubation with TCSs, Au-
DSF@CuS-BL21 (1.0 × 109 CFU mL−1) exhibited a pronounced
fluorescent signal in the deep part of the TCSs. This observation
suggested that Au-DSF@CuS-BL21 was capable of penetrating
deeply into the TCSs. To investigate whether engineered bacte-
ria carrying the Au-DSF could subsequently infiltrate tumor cells

to different conditions for 6 h (dead bacteria stained red; live bacteria stained green) (scale bar: 50 μm). H) Photothermal images of Au-DSF@CuS-BL21
(BL21: 1.0 × 109 CFU mL−1, AuNRs: 10.8 mg L−1) exposed to an 808 nm laser at varying intensities. I) Photothermal conversion curves of PBS (a), BL21
(b), PDA@BL21 (c), PDA@CuS-BL21 (d), and Au-DSF@CuS-BL21 (e) (1.0 × 109 CFU mL−1) exposed to an 808 nm NIR laser (1.5 W cm−2). J) Thermal
conversion efficiency diagram K) thermal cycling of Au-DSF@CuS-BL21 (BL21: 1.0 × 109 CFU mL−1, AuNRs: 10.8 mg L−1) exposed to an 808 nm laser
(1.5 W cm−2).
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Figure 2. A) Schematic of the transwell assay to investigate bacterial penetration behavior. Fluorescence spectra of (B) GFP and (C) AuNRs-Cy5.5 in
the chamber fluid at the 3-h mark of the transwell assay. D) Schematic diagram illustrating the scanning position of a 3D tumor cell spheroid with the
colocalization of engineered bacterial formulations. E) CLSM images displaying the distribution of fluorescently engineered BL21 formulations within 4T1
tumor spheroids (20 μm per step, scale bar: 100 μm). F) Engineered bacterial cell colocalization CLSM images after treatment with various therapeutic
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upon reaching them, we stained the cell membranes and nuclei.
CLSM analysis, as shown in Figure 2F, revealed that the bacte-
ria did not penetrate the cells; however, the Au-DSF@CuS-BL21
with NIR irradiation (Au-DSF@CuS-BL21+NIR)-treated group
displayed red fluorescence within the cells. This observation sug-
gested that the Au-DSF was successfully released and subse-
quently internalized by the 4T1 cells through endocytosis trig-
gered by NIR irradiation.
The cytotoxicity of the BL21-based formulations was evaluated

in the 4T1 cell line. As illustrated in Figure S13 (Supporting In-
formation), it is evident that Cu2+ and DSF individually do not
exhibit significant toxicity to cells. However, when co-cultured
with free Cu2+ and DSF, cell viability decreased sharply to 57%,
indicating that the rapidly formed CuET enhances cellular tox-
icity and independently confirms its therapeutic effect. Notably,
with NIR irradiation, the cell survival rate in the group treated
with Cu2+ + Au-DSF dropped to only 12%, demonstrating that
NIR irradiation can further enhance the therapeutic efficacy of
the nanocomposites. The biocompatibility of CuS-BL21 was sub-
sequently assessed through in vitro experiments. As illustrated
in Figure 2G, the cell viability following incubation with CuS-
BL21 did not exhibit a significant decrease compared to cells
treated with the blank BL21 in the absence of NIR irradiation,
thereby demonstrating favorable in vitro biosafety. A bacterial
concentration of 5.0 × 107 CFU mL−1 was subsequently used for
further experiments. As shown in Figure 2H and Figure S14A
(Supporting Information), all the experimental groups exhibited
relatively low toxicity in the absence of NIR irradiation. How-
ever, upon the application of laser irradiation, a marked increase
in cytotoxicity was observed across most experimental groups,
particularly in the free drug (Au-DSF+CuS-BL21)-treated group
and the Au-DSF@CuS-BL21-treated group, which demonstrated
the most pronounced toxicity. This increase in cytotoxicity may
be attributed to the activation and acceleration of CuET genera-
tion induced by the photothermal effect. Notably, NIR irradiation
did not significantly augment the cellular toxicity of free CuS-
BL21. This result can be explained by the fact that CuS-BL21 is
present in the extracellular space, which hinders its ability to ef-
fectively induce cell death, as the photothermal effects of CuS are
not readily accessible to the cells. Furthermore, we found that
cytotoxicity was positively correlated with the concentration of
Au-DSF@CuS-BL21, laser intensity, and irradiation duration un-
der the same conditions (Figure 2I; Figure S14B,C, Supporting
Information).
The live/dead cell double-staining technique was employed to

visually assess the cytotoxic effects of various treatments on 4T1
cells, with live cells indicated by green fluorescence and dead cells
indicated by red fluorescence. As shown in Figure 2J, both the
PBS control group (a) and the laser-only group (b) exhibited pro-
nounced green fluorescence, indicating minimal adverse effects
of the laser on 4T1 cells under experimental conditions. Con-
versely, treatment with Au-DSF@BL21+NIR resulted in obvi-

ous cell death, as evidenced by extensive red areas. Furthermore,
larger areas of cell death were observed in the Au-DSF+CuS-
BL21+NIR group and the Au-DSF@CuS-BL21+NIR group than
in the other groups, which aligns with the findings from the
MTT assay. These results underscore the potent capacity of Au-
DSF@CuS-BL21 to induce tumor cell death upon activation by
NIR irradiation. The activation of apoptotic mechanisms by the
engineered bacteria in 4T1 cells was subsequently further exam-
ined through flow cytometry analysis. The findings in Figure 2K
revealed that, in comparisonwith those in the PBS group, the 4T1
cells in the CuS-BL21+NIR-treated group exhibited increased
apoptosis, corroborating the CLSM staining results for live/dead
cells. Notably, Au-DSF@CuS-BL21 did not elicit additional ad-
verse reactions upon light exposure, with 71.1% of the apoptotic
cells (early apoptotic + late apoptotic) undergoing apoptosis fol-
lowing laser irradiation. These data indicate that the engineered
bacterial formulations effectively induced apoptosis at both the
early and late stages after induction by NIR irradiation, thereby
significantly inhibiting the proliferation of 4T1 tumor cells.

2.5. Au-DSF@CuS-BL21-Mediated Combination Therapy

BALB/c mice bearing 4T1 tumors were employed as experimen-
tal animal models to investigate the tumor-targeting capability of
Au-DSF@CuS-BL21, following a protocol approved by the Ani-
mal Care Committee of Hangzhou Normal University (No. HSD-
20231201-02) (Figure 3). Initially, to ensure the biosafety of the
engineered bacteria, a comprehensive hemolysis assay was per-
formed. The findings indicated that, relative to the positive con-
trol, the engineered BL21 strain displayed favorable blood com-
patibility, underscoring its considerable potential for application
in in vivo studies (Figure S15, Supporting Information). Then,
to facilitate visualization of the material’s signal, the AuNRs
were conjugated with Cy5.5-SH. Various formulations, including
PBS, CuS-BL21+Au-DSF, and Au-DSF@CuS-BL21, were subse-
quently administered to the mice via tail vein injection, followed
by fluorescence imaging at predetermined time points. As shown
in Figure 3B, the fluorescence signal from free AuNRs showed
minimal accumulation at the tumor site. In contrast, the AuNRs
associated with the BL21 strain demonstrated significant enrich-
ment at the tumor site at the 8-h mark, along with a pronounced
retention effect, suggesting that BL21 increases the accumulation
of the AuNRswithin the tumor. To further substantiate the target-
ing ability of the bacteria, anatomical sections were stained with
Au-DSF@CuS-BL21 8 h after intravenous injection. As shown
in Figure 3C, the presence of the Au-DSF@CuS-BL21 group was
evident in the tumor sections, marked by the green fluorescence
of the engineered bacteria, indicating the targeted motility of the
engineered bacteria toward the tumor.
Then, the in vivo photothermal effects of various experimen-

tal treatments were assessed in 4T1 tumor-bearing BALB/cmice.

agents for 6 h (scale bar: 10 μm). Cell viability of 4T1 cells after coculture for 24 h with (G) BL21 or CuS-BL21 without NIR irradiation; H) PBS (a), CuS-
BL21+AuDSF (b), CuS-BL21 (c), Au-DSF@BL21 (d), or Au-DSF@CuS-BL21 (e) with or without laser irradiation (1.0W cm−2); and I) Au-DSF@CuS-BL21
with different Au-DSF concentrations ((a) 1.0 mg L−1 Au-DSF, (b) 3.0 mg L−1 Au-DSF, (c) 5.0 mg L−1 Au-DSF, (d) 7.0 mg L−1 Au-DSF) under NIR (1.0
W cm−2) exposure for different times (n = 3). J) Quantitative analysis of CLSM images showing live/dead staining of 4T1 cells subjected to different
treatments for 24 h (scale bar, 100 μm). K) Flow cytometry analysis of apoptosis in annexin V-FITC/PI-stained 4T1 cells subjected to different treatments
for 12 h. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3. A) Schematic diagram of the experimental design and time course for the Au-DSF@CuS-BL21 antitumor treatments. B) In vivo biolumines-
cence imaging of subcutaneous 4T1 tumor-bearing BALB/c mice at different intervals after treatment with PBS (a), free Au-DSF + CuS-BL21 (b), or
Au-DSF@CuS-BL21 (c). C) CLSM images of tumor slices after injection of PBS (a) or Au-DSF@CuS-BL21 (b) (scale bar, 50 μm) for 8 h. D) Thermal
images of tumor-bearing mice exposed to a 1.0 W cm−2 laser for varying irradiation durations after treatment with free CuS-BL21+Au-DSF (a), CuS-BL21

Adv. Funct. Mater. 2025, e19382 © 2025 Wiley-VCH GmbHe19382 (8 of 12)
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Themice were administered CuS-BL21+Au-DSF, CuS-BL21, Au-
DSF@BL21, or Au-DSF@CuS-BL21 via tail vein injection. Eight
hours after treatment, the tumor area was exposed to anNIR laser
(808 nm, 1.0 W cm−2) for different durations (1, 3, or 5 min),
and the resulting photothermal effects were recorded using an
infrared thermal imaging camera. As illustrated in Figure 3D,
the effectiveness of illumination for each group increased with
increasing irradiation time. Among the groups, Au-DSF@CuS-
BL21 exhibited themost significant photothermal effect, with the
tumor temperature reaching 50.3 °C after 5 min of exposure, in-
dicating superior photothermal performance in the mice (Figure
S16, Supporting Information). To further assess the biosafety of
the NIR irradiation protocol (808 nm, 1.0 W cm−2, 5 min) on ad-
jacent tissues, histopathological analysis was conducted on skin
samples surrounding the tumor sites at 0 and 7 d post-treatment
using Masson’s trichrome staining. The findings demonstrated
no notable pathological alterations, suggesting that this pho-
tothermal treatment regimen is comparatively safe for normal
tissues (Figure S17, Supporting Information). Thus, these find-
ings suggest that CuS-BL21 may enhance the payload’s delivery
to the tumor site, facilitating the advancement of combined pho-
tothermal therapy.
Furthermore, the biodistribution and clearance dynamics of

the engineered bacteria were evaluated following the treatment
of Au-DSF@CuS-BL21. As shown in Figure 3E and Figure S18
(Supporting Information), although the surface fluorescence im-
ages of the tumor andmajor organs (the heart, liver, spleen, lung,
and kidney) indicated a substantial accumulation of CuS-BL21
in the liver, fluorescent images of observed liver sections showed
sparse green fluorescence localized in the liver region during the
initial phase of treatment. At subsequent time points, the inten-
sity of the green fluorescence markedly diminished, with the sig-
nal becoming nearly undetectable by day 7 post-treatment. Fur-
thermore, it is noteworthy that, relative to the group not sub-
jected to laser irradiation, the bacterial fluorescence signal within
the liver was substantially reduced following laser-mediated tu-
mor therapy. This observation may be attributed to the laser ex-
posure impairing bacterial motility, thereby inhibiting their re-
entry into systemic circulation and subsequent hepatic accumu-
lation. Complementary ICP analysis of the Au element corrob-
orated these findings, as shown in Figure S19 (Supporting In-
formation). ICP analysis revealed that the Au concentration per
unit of liver tissue was not high in the observation time points. In
contrast, the Au-DSF@CuS-BL21 treatment group demonstrated
a significant increase in Au accumulation in tumors compared
to the free drug-treated group. This finding highlights the bacte-
ria’s hypoxia-targeting capability, which effectively enhances drug
enrichment at the tumor site. Furthermore, following laser ir-
radiation, the retention of gold nanoparticles within the tumor
region was also improved on day 2. This effect is likely due to
laser-induced bacterial lysis, which reduces bacterial migration
and thereby promotes greater accumulation in the tumor area.

To further evaluate the effects of tumor treatment, female
BALB/c mice with 4T1 tumors (60-80 mm3) were randomly
divided into six groups: PBS (G1), CuS-BL21+Au-DSF+NIR
(G2), CuS-BL21+NIR (G3), Au-DSF@BL21+NIR (G4), Au-
DSF@CuS-BL21 (G5), and Au-DSF@CuS-BL21+NIR (G6).
Treatments were administered via the tail vein on days 0, 2, and
4, followed by NIR laser exposure (808 nm, 1.0W cm−2, 5 min) at
the tumor site after 8 h of each treatment. Tumor size was mea-
sured using calipers at the set time points, and the body weights
of the mice were recorded to monitor their survival. As shown
in Figure 3F–H, the average tumor volume in the PBS group
increased sharply, reaching ≈2000 mm3 by day 22. Compared
with the PBS group, the free drug-treated group (G2) presented
a slight tumor suppressive effect (TGI: 13.5%). These outcomes
arise from the inability of free drugs to accumulate at the tumor
site in a synchronized and effective manner, hindering the ability
of NIR irradiation to achieve optimal therapeutic results. The Au-
DSF@BL21 with laser irradiation-treated group (G4) presented
a significant reduction in tumor growth during the initial treat-
ment phase, but this effect diminished by day 13. This decline
was due to the absence of CuS nanoparticles in the G4 group,
which prevented the effective formation of highly toxic CuET
with DSF released from the AuNRs, leading to a limited tumor
inhibitory effect. The G5 group, which did not receive laser treat-
ment, also exhibited poor antitumor effects due to the absence
of the combined therapeutic benefits of PTT. In contrast, the G6
group treated with Au-DSF@CuS-BL21+NIR achieved a remark-
able tumor suppression rate of 92.9% (Figure 3I). This significant
increase can be attributed to the photothermal interactions be-
tween the AuNRs and CuS-BL21 after exposure to the NIR laser,
as well as the highly cytotoxic CuET formed through the inter-
action between the released DSF and the generated Cu2+ upon
NIR irradiation. Besides this, the enhanced immune response
during the progression of therapy has also contributed to signifi-
cant tumor inhibition, as discussed in the following section. Fur-
thermore, the mouse survival rate of G6 was markedly improved
compared to the other three groups within the observed 40 days
also confirmed the above results (Figure 3J). Although the mice
experienced a decrease in body weight during treatment, their
weights quickly returned to normalwithin themonitored 22 days,
indicating that the engineered BL21 is a safe therapeutic vehicle
for cancer therapy (Figure 3K).
To assess the induction of the immune response in vivo

through immunogenic cell death (ICD) and bacterial thermolytic
antigens during treatment, we investigated the maturation of
dendritic cells (DCs), T-cell infiltration, and the polarization of
M1 macrophages within tumors subjected to various treatment
modalities. Briefly, tumor tissue was harvested at 12 d posttreat-
ment and subsequently analyzed by flow cytometry. Figure 4A,D
demonstrate that the mature DC population in tumors from
mice treated with Au-DSF@CuS-BL21+NIR (G6) was signifi-
cantly higher, being 2.2 times greater than that in the PBS group

(b), Au-DSF@BL21 (c), and Au-DSF@CuS-BL21 (d). E) Luminescence images of the heart, liver, spleen, lung, and kidney after treatment with Au-DSF-
Cy5.5@CuS-BL21 for 24 h. F) Representative photographs of tumors on mice after various treatments. G) Quantification of individual tumor growth
curves, H) RTV results, I) mouse body weights, and K) TGI rates of mice subjected to different treatments for 22 d (n = 5). J) Survival rates of mice after
different treatments for 40 d (n= 5). G1: PBS, G2: free CuS-BL21+Au-DSF+NIR, G3: CuS-BL21+NIR, G4: Au-DSF@BL21+NIR, G5: Au-DSF@CuS-BL21,
G6: Au-DSF@CuS-BL21+NIR. **p < 0.01; ***p < 0.001.
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Figure 4. A) Representative flow cytometry analysis of mature dendritic cells (CD80+CD86+CD11c+). B) Flow cytometry analysis of CD8+ and CD4+

T cells (gated on CD3+ T cells) in tumors after different treatments. C) Representative flow cytometry image of M1 macrophages (CD80+F4/80+).
Proportion of (D) mature dendritic cells, E) tumor-infiltrating CD8+ T cells, and F) tumor-infiltrating M1 macrophages in treated tumors (n = 3). H)
Ex vivo TUNEL assay and Ki-67 immunohistochemical staining of 4T1 tumors after treatments with various therapeutic agents for 12 d (scale bar, 100
μm). G1: PBS, G2: CuS-BL21+Au-DSF+NIR, G3: CuS-BL21+NIR, G4: Au-DSF@BL21+NIR, G5: Au-DSF@CuS-BL21, G6: Au-DSF@CuS- BL21+NIR.
*p < 0.05; ***p < 0.001.
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(G1), 1.7 times greater than in the CuS-BL21+Au-DSF+NIR
group (G2), 1.6 times greater than in the CuS-BL21+NIR group
(G3), and 1.5 times greater than in the Au-DSF@BL21+NIR
group (G4). Not only that, the population of both CD8+ T cells
(Figure 4B,E) and M1-type macrophages (Figure 4C,F) in the Au-
DSF@CuS-BL21+NIR (G6) group also exhibited themost signif-
icant increase in frequency compared to the other treated groups.
These findings suggest that this combinatorial therapeutic ap-
proach, which utilizes engineered BL21, can significantly en-
hance the DC maturation and stimulate tumor-specific immune
responses, leading to improved antitumor activity.
After treatment, the tumor tissues were collected, weighed,

and subjected to histomorphological and immunohistochem-
ical analyses. The results of the TUNEL assay, illustrated in
Figure 4G, indicated that the combination of Au-DSF@CuS-
BL21 and NIR effectively induced apoptosis in tumor cells.
Additionally, Ki-67 staining demonstrated that this combina-
tion significantly decreased the number of proliferating cells.
Hematoxylin and eosin (H&E) staining further confirmed that
the Au-DSF@CuS-BL21 and laser treatment achieved maximal
elimination of tumor cells. To assess the biosafety of the en-
gineered bacteria, we conducted pathological examinations of
H&E-stained primary organs in the mice (heart, liver, spleen,
lung, kidney, etc.). As depicted in Figure S20 (Supporting In-
formation), the pathological analysis of tissue sections from
these organs across all groups revealed a normal tissue architec-
ture with no significant pathological alterations, such as hemor-
rhage or inflammatory infiltration. These findings suggest that
Au-DSF@CuS-BL21 has favorable biosafety characteristics in
vivo.

3. Conclusion

In summary, the present study concentrated on the genetic mod-
ification of an E. coli strain to biosynthesize CuS nanoparticles,
which were subsequently integrated with DSF-loaded AuNRs
to develop an engineered bacterial nanocomposite system des-
ignated as Au-DSF@CuS-BL21 for effectively targeted prodrug
delivery and increased antitumor efficacy. The bacterial mem-
brane functioned as a protective barrier, preventing the prema-
ture formation and release of the toxic CuET complex during
circulation, thereby ensuring bacterial viability and minimizing
drug leakage. The principal findings demonstrated that the en-
gineered bacteria retained their functional activity while enhanc-
ing tumor targeting and penetration capabilities. Activation via
NIR irradiation induced photothermal bacterial lysis, resulting
in the release of CuS and DSF, which subsequently formed the
CuET complex, thereby augmenting antitumor efficacy through
the stimulation of the innate immune response. The research
underscores the potential for improved biosafety in genetically
modified bacteria and the effective compartmentalized deliv-
ery of prodrugs, contributing to enhanced cancer treatment
strategies.
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