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M I C R O B I O L O G Y

Upconversion dual-photosensitizer–expressing 
bacteria for near-infrared monochromatically excitable 
synergistic phototherapy
Mian Chen1,2, Qiuju Han1,2, Mengmeng Zhang1, Ying Liu1, Lu Wang1, Fengmin Yang1, Qian Li2*, 
Zhenping Cao1*, Chunhai Fan1,2, Jinyao Liu1*

Synergistic phototherapy stands for superior treatment prospects than a single phototherapeutic modality. How-
ever, the combined photosensitizers often suffer from incompatible excitation mode, limited irradiation penetra-
tion depth, and lack of specificity. We describe the development of upconversion dual-photosensitizer–expressing 
bacteria (UDPB) for near-infrared monochromatically excitable combination phototherapy. UDPB are prepared by 
integrating genetic engineering and surface modification, in which bacteria are encoded to simultaneously ex-
press photothermal melanin and phototoxic KillerRed protein and the surface primary amino groups are derived 
to free thiols for biorthogonal conjugation of upconversion nanoparticles. UDPB exhibit a near-infrared mono-
chromatic irradiation-mediated dual-activation characteristic as the photothermal conversion of melanin can be 
initiated directly, while the photodynamic effect of KillerRed can be stimulated indirectly by upconverted visible 
light emission. UDPB also show living features to colonize hypoxic lesion sites and inhibit pathogens via bacterial 
community competition. In two murine models of solid tumor and skin wound infection, UDPB separately induce 
robust antitumor response and a rapid wound healing effect.

INTRODUCTION
Phototherapies, such as photothermal therapy (PTT) and photody-
namic therapy (PDT), have aroused tremendous interest due largely 
to their low invasiveness, high spatiotemporal controllability, mini-
mal side effects, and the ability to avoid the occurrence of drug resis-
tance (1–3). The development of advanced photosensitizers that are 
able to increase the efficiency of converting light energy into heat or 
promote the generation of reactive oxygen species (ROS) is critical for 
effective phototherapy (4, 5). Despite a variety of elegant photosensi-
tizers have been developed, the treatment efficacy by either PTT or 
PDT alone usually remains unsatisfactory (6). Combination of PTT 
and PDT can synergistically enhance treatment potency, emerging as 
a simple yet valid route to overcome the limitation of using an indi-
vidual phototherapeutic modality (7–9). The main strategy to com-
bine PTT and PDT is the integration of two different photosensitizers 
into a single system (10). Unfortunately, because of intrinsic photo-
physical properties, the combined photosensitizers often require two 
different excitation wavelengths, resulting in an incompatible system 
that needs multistep operation procedures (11–13). In addition, con-
ventional photosensitizers along with their derivatives are always lack 
of specificity, particularly with respect to the complicated in vivo mi-
croenvironments, leading to insufficient therapeutic efficacy and even 
severe side effects (14). Therefore, approaches capable of synergizing 
phototherapies in a facile yet accurate and effective manner are highly 
desirable.

Bacteria have attracted increasing attention for various biomedical 
applications, benefiting from their natural characteristics, such as 

inherent motility, microbial community competition, hypoxia tro-
pism, and preferential colonization (15–18). Another appealing fea-
ture of bacteria is that they are both chemically and genetically 
modifiable (19–21). By virtue of the presence of rich reactive groups 
on bacterial surfaces and the advancement of genetic engineering 
tools, the structure and function of bacteria can be feasibly modified, 
making them as emerging therapeutic candidates for disease treat-
ment (22, 23). In the past few years, bacteria have been frequently 
functionalized as vehicles to carry photosensitizers for PTT or PDT, 
with an aim to improve the accumulation in target site (24–26). How-
ever, bacteria simultaneously modified with two different photosensi-
tizers to pursue synergistic phototherapy have been rarely reported 
(27). Meanwhile, previous methods especially via chemical modifica-
tion are difficult to introduce bacteria with sufficient photosensitizers 
and the resultant bacteria-based combinations also inevitably suffer 
from incompatible excitation mode (28, 29). The inadequate penetra-
tion depths of ultraviolet and visible lights render it challenging to 
obtain optimal treatment efficacy for bacteria-based synergistic pho-
totherapy (30, 31). Thus, it is imperative to explore how the living 
characteristics of bacteria and the benefits of synergistic phototherapy 
can be easily combined to achieve superior therapeutic outcomes.

Here, the development of upconversion dual-photosensitizer– 
expressing bacteria (UDPB) is reported for near-infrared (NIR) 
monochromatically excitable synergistic PTT and PDT (Fig. 1). By 
integrating synthetic bioengineering and surface modification, bacte-
ria are genetically encoded to dually express biogenic photothermal 
melanin and photosensitive KillerRed fluorescence protein, while the 
primary amino moieties on bacterial surface are modified to thiol 
groups via imidoester reaction for thiol-mediated click conjugation of 
upconversion nanoparticles (UCNPs). The resulting UDPB show a 
unique monochromatic irradiation-enabled dual-activation mode. 
Namely, the photothermal conversion of melanin can be stimulated 
directly by NIR irradiation, which can also be upconverted to visible 
light emission to activate the photodynamic effect of KillerRed. UDPB 
present natural superiorities in synergistic phototherapy by means of 
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their living characteristics that can colonize hypoxic lesion tissues and 
resist pathogens through bacterial community inhibition. In two 
mouse models of breast tumor and Staphylococcus aureus (S. aureus) 
infection of skin wound, UDPB demonstrate satisfactory therapeutic 
potentials through producing adequate local hyperthermia and ROS 
level in the lesion sites. Specifically, UDPB elicit a potent antitumor 
response by triggering a systemic immune response and causing 
apoptosis of tumor cells. UDPB also generate an accelerated healing 
effect of chronic wound infection by destructing the outer membrane 
of S. aureus and suppressing the overactivated inflammatory respons-
es. We anticipate that UDPB can inspire the preparation of advanced 
photosensitizers and provide a unique strategy for synergizing differ-
ent phototherapies for disease treatment.

RESULTS
Preparation and characterization of UDPB
To introduce bacteria with both PTT and PDT effects, we used ge-
netic engineering to construct and transform plasmids carrying both 
tyrosinase gene and KillerRed gene into a model strain of BL21 (Bac), 
enabling dual production of melanin and KillerRed. It is worth 

mentioning that melanin has a stable and high photothermal conver-
sion efficiency under 808-nm NIR irradiation and is a widely used 
biological photosensitizer with excellent biocompatibility (32, 33). 
KillerRed is a phototoxic red fluorescent protein that can generate 
biotoxic ROS under visible light irradiation (34, 35). To validate the 
successful construction of engineered bacteria-producing melanin 
and KillerRed (Bac-MK), DNA gel electrophoresis of colony poly-
merase chain reaction (PCR) was performed and the image shown in 
fig. S1 demonstrated that Bac-MK exhibited two bands at the expected 
sizes of tyrosinase and KillerRed. We also observed that the colonies 
turned black on agar plate and emitted red fluorescence (FL) after ex-
citation, indicating the dual-production of melanin and KillerRed in 
Bac-MK (Fig. 2A). As shown in fig. S2, bacteria-expressing tyrosinase 
only produced melanin (Bac-M) and turned black on the plate, but 
showed ignorable FL emission under irradiation. While bacteria-
expressing KillerRed (Bac-K) appeared light yellow on the plate and 
displayed an intensive red FL signal upon excitation. FL spectra illus-
trated that Bac-MK could be excited at 582 nm (Fig. 2B), which was 
far below the excitation of melanin at 808 nm. Namely, there was a 
mismatch in the excitation spectra of melanin and KillerRed. To en-
able a monochromatic irradiation-mediated dual-activation mode, 

Fig. 1. Schematic illustration. (A) Synthesis of UDPB for NIR monochromatically excitable synergistic phototherapy. (B) Advantages of UDPB in amplifying antitumor 
effect and accelerating the healing of wound infection. PTT, photothermal therapy; PDT, photodynamic therapy; UCNPs, upconversion nanoparticles; ROS, reactive oxy-
gen species.
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Fig. 2. Characterization of UDPB. (A) Coexpression of melanin (brightfield) and KillerRed [fluorescence (FL)] in Bac-MK displaying on plate. (B) Photoluminescence spec-
tra of Bac-MK. (C) Typical TEM image of Bac-MK. (D) and (E) Typical transmission electron microscopy (TEM) images of Er@Yb@Nd@Y UCNPs and Bac-MKU. (F) Zeta poten-
tial measured by dynamic light scattering. Data were presented as means ± SD (n = 3). (G) Number of thiol groups on each bacterial cell after treatment with Traut’s 
reagent for 30 and 60 min, respectively. Bacteria without Traut’s reagent treatment were used as a control. Data were presented as means ± SD (n = 3). (H) Photolumines-
cence spectra of UCNPs and Bac-MKU under 808-nm excitation. (I) Ultraviolet-visible spectra of UCNPs and different bacteria. (J) Optical density at 600 nm (OD600nm) val-
ues of Bac-MK and Bac-MKU after modification with UCNPs. (K) Confocal images of Bac-MK and Bac-MKU. Significance was analyzed by one-way analysis of variance 
(ANOVA) with Tukey’s post-test. a.u., arbitrary units. **P < 0.01.
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we designed UDPB, a hybrid bacteria-UCNPs system, by covalently 
attaching UCNPs onto the surface of Bac-MK. According to previous 
reports (36, 37), NaYF4:Yb,Er@NaYF4:Yb@NaNdF4:Yb@NaYF4:Yb 
(Er@Yb@Nd@Y) UCNPs were prepared via thermal decomposition, 
followed by introducing maleimide groups onto the surface using an 
ultrasound-assisted thin-film hydration approach. Meanwhile, the 
primary amino groups on the surface of Bac-MK were converted to 
thiol moieties with the help of a Traut’s reagent (38, 39), allowing the 
covalent conjugation of UCNPs by thiol-mediated click chemistry.

Typical transmission electron microscopy (TEM) images showed 
that the morphology of UCNP-decorated Bac-MK (Bac-MKU) was 
rod-shaped with a size of 1 to 2 μm (Fig. 2C), and Er@Yb@Nd@Y 
UCNPs appeared as spherical nanoparticles with an average diameter 
of ~41 nm and a relatively small size distribution (Fig. 2D and fig. S3). 
Clearly, a large number of UCNPs were anchored onto the surface of 
Bac-MKU after conjugation (Fig.  2E). To prove the attachment of 
UCNPs via thiol-mediated click chemistry, we mixed unthiolated 
bacteria with UCNPs and found that only a few particles attached 
onto the surface of bacteria (fig. S4). Dynamic light scattering (DLS) 
measurement indicated that the surface charges of both UCNPs and 
bacteria were negative, suggesting that the attachment of UCNPs onto 
Bac-MKU was mainly attributed to thiol-mediated click chemistry 
rather than electrostatic adsorption (Fig. 2F). The thiolation level of 
bacteria was analyzed after reacting with Traut’s reagent for different 
times and showed a positive correlation with reaction time. After re-
action for 1 hour, the thiol level of Bac-MKU was over twice higher 
than that of the untreated group (Fig. 2G). TEM images showed lim-
ited variation on bacterial morphology after Traut’s reagent treatment 
(fig. S5). To determine the amount of UCNPs on Bac-MKU, we mea-
sured the neodymium content by inductively coupled plasma–mass 
spectrometry. It showed that the loading of UCNPs on the thiolated 
bacteria reached 5.47 μg per optical density (OD) of bacteria, whereas 
the use of unthiolated bacteria yielded only 0.53 μg per OD of bacte-
ria, further verifying that surface thiolation could effectively facilitate 
the decoration of UCNPs by click chemistry. Photoluminescence 
spectra indicated that the emission peaks of UCNPs upon 808-nm 
irradiation were in the range of 516 to 560 nm, which well covered the 
maximum absorption of KillerRed (Fig. 2H). The peak intensity emit-
ted at ~545 nm was notably weakened, implying that the phototrans-
formation of UCNPs occurred on bacteria. Ultraviolet-visible (UV-Vis) 
spectra depicted that the absorbances of Bac-MKU were different 
from other types of bacteria, attributing to the conjugation of UCNPs 
(Fig. 2I). To investigate the influence of UCNPs on bacterial growth, 
the growth curves of Bac-MK and Bac-MKU at OD600nm were recorded, 
respectively. As plotted in Fig. 2J, the similar growth profiles dem-
onstrated the negligible effect of surface modification on bacterial 
activity. Moreover, the growth curves of Bac, Bac-M, and Bac-K at 
OD600nm suggested that these bacteria had a similar growth pattern 
(fig.  S6). Comparable to Bac-MK, Bac-MKU presented bright red 
fluorescence under confocal laser scanning microscopy (CLSM) im-
aging, certifying the limited influence of UCNP attachment on the 
fluorescence properties of the modified bacteria (Fig. 2K).

In vitro photothermal and photodynamic effects of UDPB
We systematically analyzed the photothermal and photodynamic ef-
fects of Bac-MKU in vitro. The temperature variations of Bac-MKU 
under NIR 808-nm irradiation at different laser powers were recorded. 
As the laser intensity rising from 0.8 to 1.2 W cm−2, the tempera-
ture remarkably increased by 10°C to over 30°C after exposing 3 × 108 

colony forming units (CFU) ml−1 of bacteria for 180 s (Fig. 3, A and 
B). As controls, the performances of phosphate-buffered saline (PBS), 
Bac, Bac-K, Bac-M, and Bac-MK were measured at a laser power of 
1.0 W cm−2 (Fig. 3C). In contrast to PBS, Bac, and Bac-K that pre-
sented negligible changes, the temperature of melanin-expressing 
bacteria including Bac-M and Bac-MK could reach ~46°C upon ex-
posure for 180 s, exhibiting a rising trend similar to Bac-MKU 
(Fig. 3D). After undergoing four cycles of photothermal treatment, 
the temperature-rising ability of Bac-MKU remained near unchanged, 
suggesting the potential for repeated light irradiation (Fig. 3E). We 
next used the light conversion ability of UCNPs to induce the ROS 
generation of Bac-MKU under NIR 808-nm irradiation. By using 
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA), a commercial 
ROS indicator that could be oxidized by ROS to emit a green fluores-
cence signal (40, 41), Bac-MKU exhibited a notable improvement in 
ROS generation compared to all the control groups, which was simply 
ascribed to the presence of UCNPs (Fig. 3F). It was worth noting that 
irradiation durations had a distinct influence on bacterial activity 
(Fig. 3G). The growth curves at OD600nm over different irradiation du-
rations suggested that Bac-MKU remained a relatively preferable bac-
terial activity after 5-min irradiation, while the bacteria were almost 
inactivated with irradiation time extending to 10 or 15 min.

We further measured the photothermal and photodynamic prop-
erties of Bac-MKU after co-incubation with different cells. Both eu-
karyotic and prokaryotic cell models were used for this study. As 
displayed in fig. S7, all of the 4T1 cells treated with 3 × 108 CFU ml−1 
of melanin-producing bacteria including Bac-M, Bac-MK, and Bac-
MKU emerged an obvious temperature rising trend compared to the 
PBS and Bac-K groups, which was attributed to the photothermal ef-
fect of melanin. After exposure to laser irradiation for 3 min, the tem-
perature of these cells treated with melanin-producing bacteria could 
reach up to 46°C (fig. S7), verifying a robust photothermal effect. To 
study the photodynamic effect of Bac-MKU, we measured the genera-
tion of ROS in 4T1 cells by using DCFH-DA. Cells were treated with 
3 × 108 CFU ml−1 of Bac-MKU and irradiated with 808-nm NIR light 
for 1 min. Typical CLSM images in Fig.  3I showed that the bright 
green fluorescence representing ROS was only observed in cells treated 
with Bac-MKU, while there was almost no fluorescence signal gen-
erated in cells treated with other bacteria. It claimed that the Bac-MKU 
cell group produced ROS, and the photodynamic effect of KillerRed 
could be triggered by NIR irradiation only after modifying with UCNPs. 
We also evaluated the effects of PTT and PDT on cells produced by 
Bac-MKU at different concentrations. As bacterial concentration 
increased, the photothermal temperature gradually elevated, accom-
panied by an increase in the production of ROS (fig. S8). Similarly, the 
temperatures of prokaryotic S. aureus cells separately treated with 
Bac-M, Bac-MK, and Bac-MKU could reach up to 46°C after 3-min 
irradiation, which was consistent with the temperature rise of 4T1 
cells (fig. S9). The generation of ROS in S. aureus cells treated with 
Bac-MKU also exhibited a significant improvement compared to all 
the control groups after irradiation, further demonstrating the satis-
fied photothermal and photodynamic effects in vitro (Fig. 3H). To-
gether, Bac-MKU could be dually activated to raise local temperature 
and generate ROS under NIR exposure, confirming that the proposed 
monochromatic irradiation-mediated dual-activation mode was suc-
cessfully achieved by combining UCNPs with melanin and KillerRed. 
To investigate the retention of UCNPs on the surface of bacteria over 
time, the ROS fluorescence signal ratio of Bac-MKU to Bac-MK was 
compared at different time points by incubation in PBS or Dulbecco’s 
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Fig. 3. In vitro photothermal and photodynamic effects of UDPB. (A) Temperature rises and (B) variations of Bac-MKU under 808-nm NIR light irradiation at different 
laser powers. (C) Temperature rises of Bac, Bac-K, Bac-M, Bac-MK, and Bac-MKU under NIR light irradiation at the power of 1.0 W cm−2. PBS was used as a control. (D) Digi-
tal and thermal imaging of different groups under NIR light irradiation. (E) Photothermal effects of Bac-MKU at the power of 1.0 W cm−2 during four cycles of irradiation. 
(F) ROS generation of different bacterial groups under NIR light irradiation for 1 min detected by the fluorescence of DCFH-DA. PBS was used as a control. Data were 
presented as means ± SD (n = 3). (G) OD600nm value of Bac-MKU after treatment with different durations of light irradiation. Data were presented as means ± SD (n = 3). 
(H) Fluorescence intensity representing ROS generation in S. aureus cells after treatment with different bacterial groups under NIR light irradiation for 1 min. S. aureus cells 
treated with PBS were as a control. Data were presented as means ± SD (n = 3). (I) Fluorescence signal representing ROS inside 4T1 tumor cells from different groups after 
1-min NIR light irradiation. 4T1 tumor cells treated with PBS were as a control. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Data were presented as 
means ± SD. Significance was analyzed by one-way ANOVA with Tukey’s post-test. ****P < 0.0001.
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modified Eagle’s medium (DMEM) supplemented with fetal bovine 
serum (FBS) (fig. S10). The fluorescence ratio of ROS decreased over 
time in the culture medium but remained around 130% after 8-hour 
incubation. While, the fluorescence ratio displayed minimal change 
in PBS, suggesting that the retention was relatively long-lasting on 
bacteria. Moreover, TEM images captured after 8-hour incubation 
provided a visual confirmation of the presence of UCNPs on the bac-
terial surface.

In vivo photothermal and photodynamic effects of UDPB
The photothermal and photodynamic effects of Bac-MKU were fur-
ther measured in vivo. We first developed a mouse model of subcuta-
neous 4T1 breast tumor to assess the productions of local hyperthermia 
and ROS. The temperature of tumor after treating mice with 3 × 
107 CFU bacteria was recorded under NIR 808-nm irradiation for 300 s. 
The tumor temperatures of the Bac-M, Bac-MK, and Bac-MKU 
groups reached up to 45°C rapidly, which was consistent with the 
in vitro results (Fig. 4, A and C). It was worth highlighting that the use 
of Bac-MKU could be expected to conduct PTT at a moderate tem-
perature to effectively diminish unwanted damage to surrounding 
normal tissues (42). Differently, the variations of tumor temperature 
in the PBS, Bac, and Bac-K groups were limited. We also detected the 
in vivo generation of ROS to investigate the PDT potential inside tu-
mor tissue. Because of the short lifetime of the generated ROS, the 
tumor tissue was immediately sectioned after NIR irradiation and 
prepared for frozen sections (43, 44). As expected, compared to the 
PBS and Bac-MK groups, Bac-MKU treatment exhibited strong green 
fluorescence, which was attributed to the oxidation of DCFH-DA by 
ROS produced within the tumor (Fig. 4E). These results validated that 
Bac-MKU could effectively perform photothermal and photodynam-
ic effects in tumor tissue under monochromatic NIR irradiation. We 
developed a mouse model of skin wound to further study the in vivo 
performance of Bac-MKU. The temperature rise of the wound surface 
under irradiation was monitored after treating with 3 × 107 CFU bac-
teria. The temperature curves revealed that similar to Bac-MK, Bac-
MKU could quickly reach a temperature of ~45°C on the wound 
surface after a short period of 3-min exposure to NIR 808-nm laser, 
which was consistent with the temperature rise in the tumor model 
(Fig. 4, B and D). The wound tissue was also sampled for frozen sec-
tions to assess the photodynamic effect. Similarly, Bac-MKU treat-
ment exhibited strong green fluorescence, indicating the production 
of abundant ROS in the skin wound (Fig. 4F). The results showed that 
Bac-MKU could produce an excellent in vivo photothermal and pho-
todynamic effect in both mouse models of tumor and skin wound.

Living characteristics of UDPB
As living bioagents, bacteria have been reported to be able to prefer-
entially colonize hypoxic, nutrient-rich, and immunosuppressive tu-
mor tissue (15, 21). To investigate the distribution and penetration of 
Bac-MKU inside the tumor, we first established an in  vitro tumor 
spheroid model (45). After co-incubation with 3 × 108 CFU ml−1 bac-
teria for 4 hours, the innate fluorescence signals of KillerRed associ-
ated with Bac-MKU were detected conformably at both the internal 
space and edge of the tumor spheroid, suggesting that Bac-MKU 
could penetrate deeply and distribute evenly inside tumor (Fig. 5A). 
We further studied the biodistribution of Bac-MKU in 4T1 breast tu-
mor–bearing mice. At 5 days after administration of 3 × 107 CFU bac-
teria, the samples of tumor tissue, blood, and major organs including 
the heart, liver, spleen, lung, and kidney were collected for bacterial 

plate counting. As shown in Fig. 5 (B and C), almost all bacteria in the 
Bac-MKU group accumulated inside the tumor, whereas none or 
negligible quantities of bacteria were presented in normal organs. It 
was noted that there was no notable difference in intratumoral bacte-
rial number between the Bac-MK and Bac-MKU groups, reflecting 
that decoration with UCNPs had no negative influence on bacterial 
mobility and residence in tumor tissue. Besides, the overall intratu-
moral penetration and distribution of Bac-MKU could be observed 
directly by capturing the fluorescence signal of KillerRed using 
CLSM. The frozen sections of tumor tissue sampled at 8-hour after 
injection showed obvious red fluorescence throughout the entire tu-
mor, ranging from inner core to the edge region (Fig. 5D). The uni-
form distribution of Bac-MKU inside tumor tissue could be beneficial 
to amplify the efficacy of phototherapy.

In addition to tumor colonization preference, bacteria are capable 
to combat pathogens through microbial community inhibition (18, 
22, 46). As a type of pathogen commonly found on the skin, S. aureus 
is the leading cause of skin wound infection (47). We cocultured Bac-
MKU with S. aureus to evaluate their community competition. En-
couragingly, despite that a negligible antibacterial effect of Bac toward 
S. aureus was detected at a low feed ratio of 1:10 (Bac to S. aureus), 
increased feed ratios of both 1:1 and 10:1 showed apparent inhibition 
efficacy (fig. S11A). Under non-illuminated conditions, both Bac-MK 
and Bac-MKU presented enhanced ability to inhibit the growths of 
S. aureus at different feed ratios (Fig. 5, E and F). Even at the low feed 
ratio of 1:10 (Bac-MK/Bac-MKU to S. aureus), co-incubation with 
either Bac-MK or Bac-MKU could efficiently suppress the prolifera-
tion of S. aureus. Plate counting clarified that with the feed ratio in-
creasing to 10:1, higher than 80% of S. aureus were inhibited by 
Bac-MKU. After co-incubation with S. aureus, the growths of Bac-
MK and Bac-MKU were not affected as comparable numbers were 
found to that of untreated bacteria (Fig. 5, G and H). It was worth 
pointing out that the growths of Bac were significantly suppressed 
after coculture with S. aureus (fig. S11B). Particularly, with feed ratios 
decreasing to 1:1 or 1:10, higher than 55% of Bac were suppressed. 
We speculated that the intracellular accumulations of melanin and 
KillerRed were the sources behind the antibacterial effects against 
S. aureus.

Advantages of UDPB in tumor therapy
Encouraged by the combined photothermal and photodynamic ef-
fects as well as the living characteristics to colonize tumor site, we ex-
amined the therapeutic value of Bac-MKU for tumor treatment. First, 
the in vitro synergistic cytotoxicity of Bac-MKU under NIR 808-nm 
irradiation was determined by directly co-incubating with 4T1 cells. 
Flow cytometry–based cell apoptotic analysis was conducted by stain-
ing with annexin V–fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) (48, 49). Expectedly, only a small portion of 4T1 cells un-
derwent apoptosis in the PBS, Bac, and Bac-K groups after NIR expo-
sure, indicating that most of the cells remained alive (Fig.  6A). 
Benefiting from the photothermal effect of melanin, cells treated with 
Bac-M and Bac-MK separately showed 17.6 and 19.5% of cell apopto-
sis. Notably, the apoptotic rate of Bac-MKU–treated cells increased up 
to 66.5% due to the synergistic effect of PTT and PDT (Fig. 6B). We 
further evaluated the antitumor efficacy of Bac-MKU in the 4T1 cell–
based three-dimensional tumor spheroid model (Fig. 6C). The tumor 
spheroids without bacterial treatments could maintain the spherical 
shape after light exposure, while the ones treated with Bac-MK 
were ruptured apparently. Differently, the spheroids treated with 
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Bac-MKU were destructed into debris completely, implying that 
Bac-MKU–mediated combination of PTT and PDT was far superior 
to a single therapy modality. We also assessed the in vivo therapeutic 
value of Bac-MKU in subcutaneous 4T1 tumor-bearing mice, which 
were characterized by a low immune response and poor immunoge-
nicity (50). Experimental design of the treatment was described in 
Fig.  6D. It was found that the tumors in the PBS, Bac, and Bac-K 

groups grew continuously with no apparent difference among them 
(Fig.  6E). Because of the photothermal property of melanin, single 
PTT mediated by Bac-M or Bac-MK exhibited an effective tumor-
growth inhibition. While compared to all the control groups, Bac-
MKU displayed the best antitumor efficacy, as supported by the 
slowest tumor growth and the lowest weight of the collected tumors 
(Fig. 6F and figs. S12 and S13). The enhanced treatment efficacy could 

Fig. 4. In vivo photothermal and photodynamic effects of UDPB. Temperature rises of (A) tumor and (B) skin wound tissues in mouse models of breast tumor and 
S. aureus infection of skin wound after treatment with Bac, Bac-K, Bac-M, Bac-MK, or Bac-MKU at a dose of 3 × 108 CFU ml−1 under 808-nm NIR light irradiation for 5 and 
15 min, respectively. Corresponding tissues treated with PBS were as a control. To visualize in vivo temperature variation after exposure to NIR light, thermal images at 0, 
1, 2, 3, and 5 min in (C) 4T1 tumor and at 0, 3, 6, 9, and 15 min in (D) skin wound tissues after corresponding treatments were recorded in a temperature-rising process. To 
determine in vivo ROS generation, ROS levels in (E) 4T1 tumor and (F) skin wound tissues were detected after Bac-MK or Bac-MKU treatment under 808-nm NIR light ir-
radiation for 5 and 15 min, respectively. Corresponding tissues treated with PBS were as a control. Cell nuclei were stained with DAPI.
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be simply attributed to the synergistic effect of PPT and PDT. In addi-
tion, compared to the PBS group, no obvious fluctuation in body 
weight was observed among all treated groups, suggesting limited side 
effects caused during treatment (fig.  S14). Hematoxylin and eosin 
(H&E) staining of major organs harvested from treated mice demon-
strated favorable biosafety of these living phototherapeutic bioagents 
as no detectable pathological changes were occurred (fig. S15).

To disclose the underlying antitumor mechanism, we analyzed 
both immune responses and apoptosis of tumor cells caused by 
Bac-MKU–mediated synergistic phototherapy. Both tumor-draining 
lymph nodes (TDLNs) and spleen tissues were collected at day 5 after 
treatment for flow cytometry and immunofluorescence measure-
ments. As plotted in Fig. 6G and fig. S16, the expressions of CD80, 
CD86, CD11c, and major histocompatibility complex–II (MHC-II) 

Fig. 5. Living characteristics of UDPB. (A) Confocal images displaying the distribution of fluorescent Bac-MK and Bac-MKU in 4T1 tumor spheroids (20 μm per step). 4T1 
tumor spheroids treated with PBS were as a control. Biodistributions of (B) Bac-MK and (C) Bac-MKU in major organs, blood, and tumor determined by plate counting. Data 
were presented as means ± SD (n = 4). (D) Fluorescence images presenting the intratumoral distribution of Bac-MKU at 8 hours by ice-cutting 4T1 subcutaneous tumors. 
PBS-treated group was used as a control. Cell nuclei were stained with DAPI. Number of S. aureus after competing with (E) Bac-MK or (F) Bac-MKU under different feed 
ratios. The obtained bacterial number/the bacterial number in the corresponding control groups represented relatively bacterial number of S. aureus. Data were pre-
sented as means ± SD (n = 3). Relatively bacterial number of (G) Bac-MK or (H) Bac-MKU after competing with S. aureus under different feed ratios. Data were presented 
as means ± SD (n = 3). Significance was analyzed by one-way ANOVA with Tukey’s post-test. **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, no significance.
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Fig. 6. Advantages of UDPB in tumor therapy. (A) Flow cytometric analysis and (B) statistical quantification of 4T1 tumor cell apoptosis in different treatment groups 
after NIR light irradiation. 4T1 tumor cells treated with PBS were used as a control. Data were presented as means ± SD (n = 3). (C) Confocal images of 4T1 tumor spheroids 
in the Bac-MK and Bac-MKU groups after NIR light irradiation. 4T1 tumor spheroids treated with PBS were used as a control. (D) Experimental design for assessing thera-
peutic efficacy. (E) Photograph of tumors sampled from different treatment groups at day (D) 13. (F) Tumor growth after different treatments during the therapeutic peri-
ods. Data were presented as means ± SD (n = 6). (G) Flow cytometric analysis of CD80+, CD86+, CD11c+, and MHC-II DC cells in tumor-draining lymph nodes (TDLNs) 
collected from mice at day 5 after different treatments. Data were presented as means ± SD (n = 5). Flow cytometric analysis of the percentages of (H) IFN-γ+ and (I) Ki67+ 
in CD8+ cells in TDLNs collected from mice at day 5 after different treatments. Data were presented as means ± SD (n = 5). (J) Qualification of TNF-α and IFN-γ in serum of 
4T1 tumor-bearing mice at day 5 after different treatments. Data were presented as means ± SD (n = 4). (K) Hematoxylin and eosin (H&E) and TUNEL staining of 4T1 tumor 
tissues collected from mice at day 13 after different treatments. Cell nuclei were stained with DAPI. Significance was analyzed by one-way or two-way ANOVA with Tukey’s 
post-test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant.
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on dendritic cells (DCs) in both TDLNs and spleen tissues sectioned 
from mice treated with Bac-MKU were significantly higher than 
those in all control groups, indicating the maturation of DCs by cap-
turing tumor antigens (51). We further evaluated whether the syner-
gistic phototherapy triggered a T cell response (Fig. 6, H and I, and 
fig. S17). The expression levels of Ki67+ in TDLNs and the spleen were 
considerably increased in the Bac-MKU group compared to all other 
groups, testifying significant promotion of T cell proliferation (52). As 
interferon-γ (IFN-γ) is mainly produced by activated natural killer 
cells, Th1 cells, and CD8+ cytotoxic cells (53), the enhanced propor-
tion of IFN-γ further disclosed that Bac-MKU treatment could up-
regulate IFN-γ–mediated immune responses. We also found that the 
levels of tumor necrosis factor–α (TNF-α), IFN-γ, interleukin-1β (IL-
1β), and IL-6 in mouse serum samples after treatment with Bac-MKU 
were higher than those in the rest groups (Fig. 6J and fig. S18). These 
results verified that Bac-MKU–mediated synergistic phototherapy 
could elicit a systemic immune response by promoting DC matura-
tion and T cell proliferation. To validate the apoptosis of tumor cells, 
we carried out a histopathological examination of the collected tu-
mors by using H&E and terminal deoxynucleotidyl transferase–
mediated deoxyuridine triphosphate nick end labeling (TUNEL) staining 
(Fig. 6K). H&E staining revealed that in the Bac-MKU group, tumor 
cell nuclei were markedly fragmented and reduced in size. Consis-
tently, compared to other groups, TUNEL staining showed that 
Bac-MKU–mediated phototherapy effectively promoted the apopto-
sis and proliferation inhibition of tumor cells, as revealed by intracel-
lular FITC labeling of damaged DNA (54).

Superiorities of UDPB in treating wound infection
The combination of PTT and PDT has been widely applied for com-
bating bacterial infections (55, 56). In light of the living feature to 
repulse pathogens through bacterial community competition, we 
assessed the value of Bac-MKU for treating skin wound infection 
caused by S. aureus, a clinically common pathogen that is prone to 
develop antibiotic resistance and leads to the emergence of various 
superbugs (47, 57). To facilitate the evaluation of antibacterial ef-
fects, S. aureus was engineered to express yellow fluorescent protein 
(YFP) and erythromycin resistance, while Bac-MKU were prepared 
using Bac carrying kanamycin and ampicillin resistance, allowing 
the distinguishment of these bacteria by either fluorescence or bac-
terial counting. The assessment of the effect of irradiation duration 
on bacterial survival showed that the numbers of S. aureus treated 
with Bac-MK and Bac-MKU were tremendously reduced after 
10-min exposure, with only sporadic bacteria remaining in the Bac-
MKU group (Fig. 7, A and B). Meanwhile, the numbers of Bac-MK 
and Bac-MKU were also reduced (Fig. 7C). Especially, in the Bac-
MKU group, bacteria were almost eliminated after 10-min irradia-
tion, which could potentially reduce undesired side effects during 
in vivo application. With exposure duration extending to 15 min, all 
S. aureus in the Bac-MKU group were completely killed. However, 
S. aureus treated with Bac-MK remained a survival rate of 53.4% 
and Bac-MK were not fully eliminated, which, in turn, demonstrated 
that Bac-MKU could be used as a safe yet effective therapeutic agent 
for S. aureus infection.

Inspired by the encouraging in vitro antibacterial effects, we fur-
ther evaluate the ability of Bac-MKU toward the healing of chronic 
wound infected with S. aureus. The mouse model was established by 
creating a skin wound with a diameter of 1.5 cm on the back and 
supplying with 3 × 108 CFU of S. aureus on the wound surface for 

1 hour. After wiping, 3 × 107 CFU of Bac-MKU were added, and 
4 hours later, 15-min NIR irradiation was conducted (Fig. 7E). The 
picture of wound to analyze the size variation at different time 
points was captured, and the results showed that the healing efficacy 
of the chronic wound in the Bac-MKU group was notably superior 
to those in all control groups (Fig. 7, F and G). The normalized ratio 
of unclosed wound size in the Bac-MKU group was near 26.7%, 
lower than that of the Bac-MK group 7 days after infection, whereas 
the chronic wound was almost healed by Bac-MKU treatment with 
healing time prolonging to 14 days (Fig. 7H and fig. S19). By com-
parison, all the PBS, Bac, and Bac-MK groups failed to achieve sim-
ilar efficacy to Bac-MKU. Quantitative analysis of the remaining 
S. aureus in the wound of the Bac-MKU group exhibited a 5- to 10-
fold decrement compared to those of the PBS, Bac, and Bac-MK 
groups (Fig.  7I and fig.  S20). Note that all the Bac, Bac-MK, and 
Bac-MKU were completely eliminated after playing the killing ef-
fects against S. aureus, implying the desired safety of these living 
agents for healing infected wounds (fig. S21). H&E staining of the 
major organs from treated mice further supported the safety of 
these bacterial agents (fig. S22). Meanwhile, the levels of key inflam-
matory cytokines including TNF-α and IL-6 were decreased after 
treatment with Bac-MKU (Fig. 7J). H&E staining of the skin tissues 
appeared that 7 days after treatment, and the numbers of neutro-
phils and lymphocytes in the Bac-MKU group were distinctly lower 
than those in the control groups (Fig. 7K). After healing for 14 days, 
these inflammatory cells almost disappeared in the Bac-MKU group 
and the epidermal layers became thicker and more compact than 
those in the control groups. Masson’s trichrome staining pointed out 
that an increased level of new collagen was deposited and inter-
weaved to construct specific network structures in the Bac-MKU 
group. Collectively, Bac-MKU demonstrated their superiorities in 
inhibiting pathogenic bacteria and accelerating the recovery of 
chronic wounds.

To explore the potential antibacterial mechanism, we examined 
whether the phototherapeutic effects induced by Bac-MKU could 
disrupt the integrity of the outer membrane of S. aureus by LIVE/
DEAD fluorescence staining assay. A commonly used green nucle-
ic acid stain SYTOX Green was used to detect the bacterial 
membrane integrity and label dead bacteria given its inability to 
penetrate intact bacterial outer membrane (58, 59). As expected, 
non–green fluorescent bacteria were detected in the S. aureus plus 
irradiation group as well as all the unirradiated groups including 
S. aureus, Bac-MK, and Bac-MKU (Fig. 7D). Differently, under ir-
radiation, S. aureus treated with Bac-MK turned green, disclosing 
the damage of the outer membrane and the penetration of SYTOX 
Green. Compared to the Bac-MK–treated group that only par-
tial S. aureus turned green, the majority of S. aureus in the 
Bac-MKU–treated group were stained with SYTOX Green, sug-
gesting the destruction of the outer membranes by the synergistic 
photothermal and photodynamic effect. We also used SEM to ob-
serve the changes in bacterial morphology caused by bacterial 
membrane disruption (fig. S23). Before irradiation, S. aureus dis-
played intact and smooth outer membrane structures. Even under 
irradiation, the morphologies of S. aureus alone and S. aureus 
treated with Bac-MK remained similar to that of natural bacteria. 
While the surface of S. aureus displayed apparent pores and 
wrinkles after treatment with Bac-MKU plus irradiation, further 
verifying potency of the synergistic effect to destruct the outer 
membrane and cause bacterial cell death.
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Fig. 7. Superiorities of UDPB in treating wound infection. (A) Photographs of S. aureus on LB agar plates supplemented with erythromycin. S. aureus treated with Bac-
MK or Bac-MKU were irradiated under 808-nm NIR light for different durations including 0, 10, and 15 min. (B) Survival rates of S. aureus after treated with Bac-MK and 
Bac-MKU under 808-nm NIR light irradiation for different durations. S. aureus treated with PBS was used as a control. Data were presented as means ± SD (n = 3). (C) Sur-
vival rates of Bac-MK and Bac-MKU after conducting phototherapy against S. aureus under 808-nm NIR light irradiation for the indicated durations. Data were presented 
as means ± SD (n = 3). (D) Confocal images of S. aureus after different treatments. Scale bar, 10 μm. Samples were irradiated with 808-nm NIR light for 15 min. Bacteria were 
stained with SYTO Green (a green dye for dead bacteria) to distinguish from the red fluorescence of Bac-MK. (E) Experimental design for assessing therapeutic efficacy. 
(F) Photographs of mice wounds infected with S. aureus under the treatments of PBS, Bac, Bac-MK, and Bac-MKU at days 0, 3, 7, and 14. (G) Traces of wound closure over time 
after different treatments. (H) Healing rates of wound sizes over time after treatment. Data were presented as means ± SD (n = 5). (I) Remaining bacterial counts in local 
wounds at 14 days. Data were presented as means ± SD (n = 4). (J) Qualification of TNF-α and IL-6 in serum at day 14. Data were presented as means ± SD (n = 4). (K) H&E 
and Masson staining of wound tissues at days 7 and 14. Significance was analyzed by one-way ANOVA with Tukey’s post-test. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001. ns, not significant.
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DISCUSSION
In summary, we present the development of UDPB for NIR mono-
chromatically excitable synergistic PTT and PDT. Meanwhile, a 
unique monochromatic irradiation-mediated dual-activation mode is 
proposed by using UDPB. To prepare UDPB, an approach integrating 
genetic engineering and surface modification is used. Hence, bacteria 
are first bioengineered to dually express photothermal melanin and 
photosensitive KillerRed. Then, with the help of imidoester reaction 
using a Traut’s reagent, the primary amino residues on the surface of 
the engineered bacteria are converted to free sulfydryl moieties for 
thiol-mediated click conjugation of UCNPs. Upon NIR irradiation, 
the photothermal conversion of melanin can be triggered directly, 
while the photodynamic effect of KillerRed can be induced indirectly 
by the upconverted visible light emission. UDPB show inherent supe-
riorities in combination phototherapy by virtue of their living proper-
ties that can colonize hypoxic tumor site and repulse pathogens via 
bacterial community competition. During in  vivo assessments in 
mice separately developed with subcutaneous breast tumor and 
S. aureus–infected skin wound, UDPB verify appealing therapeutic 
values by producing adequate local hyperthermia and ROS level in 
the lesion sites. We find that UDPB not only provoke a potent antitu-
mor response by eliciting a systemic immune response and causing 
tumor cell apoptosis but also accelerate the healing of chronic wound 
by damaging the outer membrane of S. aureus and alleviating proin-
flammatory reactions. Given the versatility of bioengineering to pro-
duce diverse biomolecules and the flexibility of surface modification 
to introduce various exogenous functional motifs, we believe that 
UDPB offer a universal platform for preparing next-generation pho-
totherapeutic agents and propose a feasible approach for combining 
different phototherapies and beyond for disease treatment.

MATERIALS AND METHODS
Materials and characterizations
l-tyrosine was received from Damas. CuSO4 was purchased from 
Aladdin. Kanamycin, ampicillin, PBS, LB, and LB agar were bought 
from Sangon Biotech. The ROS Assay Kit (S0033S) and annexin 
V–FITC Apoptosis Detection Kit were obtained from Beyotime Biotech-
nology. SYTO Green Dead Nucleic Acid Stain was received from 
ALPHABIO. 1,2-distearoyl-​sn-glycero-3-phosphoethanolamine-​N-
[methoxy(polyethyleneglycol)-2000]-maleimide (DSPE-PEG-Mal) 
was purchased from MedChemExpress. Traut’s reagent (molecular 
weight of 137.63) was received from Thermo Fisher Scientific. 
S. aureus (S. aureus MN8) was provided by M. Li from Shanghai Jiao 
Tong University.

Morphology observation was conducted by TEM (HT7700, 
Japan) and SEM (Hitachi-SU8230, Japan). Zeta potential was measured 
by DLS (Zetasizer Nano ZS, UK). UV-vis absorption and fluorescence 
spectra were measured by spectrophotometer (Agilent Cary 100, USA) 
and spectrofluorometer (HORIBA FluoroMax-4 and FLS1000, USA). 
OD value was obtained by BioTek Synergy H1(H1MF, USA). 
Confocal images were obtained by Leica TCS SP8 (German) and 
Nikon CSU-W1SoRa (Japan). Cell apoptosis and immune detection 
were analyzed by flow cytometry (BD FACSVerse, USA).

Construction of dual melanin and KillerRed 
expressing bacteria
Both the KillerRed and the tyrosinase for melanin were deigned 
to be expressed inside of the cells. Two recombinant plasmids 

(pET28a-MelA and p-KillerRed) were transformed into the host bac-
terial strain of Bac (BL21(DE3), purchased from Sangon Biotech, 
China) by an electroporation system. The positive transformants were 
separated on Luria-Bertani (LB) agar plates that were supplemented 
with kanamycin and ampicillin (100 μg ml−1). Transformants con-
taining pET28a-MelA or p-KillerRed plasmid were also constructed 
by electroporating the corresponding plasmid and separated by sup-
plementing kanamycin or ampicillin (100 μg ml−1) on LB agar plates. 
The tyrosinase variant used in this work was original from Rhizobium 
phaseoli, which was synthesized by Sangon Biotech (60). The KillerRed 
was from the plasmid we purchased from domestic suppliers and 
used as received. The gene sequences of tyrosinase and KillerRed 
were shown in table S1. Bacteria-expressing melanin and KillerRed 
(Bac-MK) and bacteria-expressing melanin (Bac-M) were cultured in 
LB medium containing 1 g of l-tyrosine and 94.5 mg of CuSO4 at 
30°C. Bacteria-expressing KillerRed were cultured with LB medium 
at 37°C. Afterward, all engineered bacteria were collected and resus-
pended in PBS for further use. We mixed the primers for both tyrosi-
nase and KillerRed and applied them in all PCR reactions. The primer 
sequences were included in table S2.

Preparation of Bac-MKU
UCNPs (Er@Yb@Nd@Y UCNPs) were synthesized according to a 
previously reported method (36, 37). DSPE-PEG-Mal was intro-
duced on UCNPs by ultrasonic film hydration method to obtain 
maleimide-modified UCNPs. Typically, oleic acid–capped UCNPs in 
chloroform (10 mg ml−1, 1 ml) and DSPE-PEG-Mal in chloroform 
(12.5 mg, 1 ml) were mixed in the screw-neck glass bottle. A rotary 
evaporator was used to dry the sample as much as possible to form 
the film. Then, distilled water (5 ml) was added and the sample was 
rapidly rotated in one direction with vigorous sonication to obtain 
UCNPs functionalized with maleimide groups. Excess phospholip-
ids were purified by ultracentrifugation. Traut’s reagent (50 mg ml−1, 
2 μl) was added to 1 ml of Bac-MK solution (3 × 108 CFU) at pH 8. 
The mixture was rapidly stirred at room temperature to introduce 
thiol groups on bacterial surface. After centrifuging to remove the 
supernatant, 200  μl of the above UCNPs functionalized with ma-
leimide groups was mixed with thiolated bacteria in PBS and stirred 
for 3 hours at room temperature, allowing for the covalent click reac-
tion between the thiol and maleimide to form upconversion bacteria 
hybrid system (Bac-MKU).

Determination of the content of surface thiol groups
We used Ellman’s reagent [5,5-dithio-bis(2-nitrobenzoic acid) 
(DTNB)] to measure the thiol group content present on bacteria. 
The corresponding bacterial samples (3 × 108 CFU ml−1) were re-
suspended in PBS, and DTNB was added to the bacterial solution 
with a working concentration of 0.1 mM. The reaction was lasted 
for 2 hours at room temperature. After removing bacteria by cen-
trifugation, 200 μl of supernatant was used for detection through a 
microplate reader at 412 nm. To determine the thiol group con-
tent, a standard curve was established using solutions containing 
progressively higher concentrations of l-cysteine hydrochlo-
ride hydrate.

Cell culture
4T1 breast cancer cells were obtained from American Type Cul-
ture Collections (ATCCs) and cultured in DMEM medium (Gibco, 
USA). Cell culture mediums contained 10% FBS (Gibco, USA), 
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streptomycin (100 μg ml−1), and 1% penicillin-streptomycin. Cells 
were incubated at 37°C in humidified 5% CO2.

Photothermal performance
The photothermal performances of bacteria were studied under 808-
nm NIR irradiation (Haoliangtech, China). The temperature varia-
tions were recorded with a thermal infrared camera during 300-s 
irradiation. To analyze the heating effects at different power densities, 
the PBS solution of Bac-MKU with a concentration of 3  ×  108 
CFU ml−1 was exposed at 0.8, 1.0, and 1.2 W cm−2. The photothermal 
performances of different groups, including Bac, Bac-K, Bac-M, Bac-
MK, and Bac-MKU with a concentration of 3 × 108 CFU ml−1 at 
1.0 W cm−2 were recorded for comparing the rising effects. PBS 
was chosen as a control. Four rounds of 808-nm light irradiation at 
1.0 W cm−2 were applied to the Bac-MKU solution by turning on/off 
the light device to measure the photothermal stability. To test the heating 
effect of bacterial samples, 4T1 tumor cells were first seeded into a 
96-well plate. After overnight growth, the supernatant was removed, 
and DMEM solutions with different groups at the final concentration 
of 3 × 108 CFU ml−1 were added to each group. The samples were 
then irradiated by laser, and the temperature variations were recorded. 
To further analyze the heating effect of bacterial samples, S. aureus 
with the final concentration of 3 × 108 CFU per ml were mixed with 
an equal concentration of bacterial samples. PBS solution was used as 
a control. The samples were then irradiated by laser, and the tempera-
ture variations were recorded.

Photodynamic performance
DCFH-DA, a commercial ROS detection kit, was used to test the pho-
todynamic effect of bacterial materials. Before measurement, 12.5 μl 
of DCFH-DA was added into 0.5  ml of NaOH aqueous solution 
(0.01 mol liter−1) with oscillating for 30 min in the dark. The solution 
was stored in an iced water bath after adding 2.5 ml of PBS. Different 
bacterial groups at the concentration of 3 × 108 CFU ml−1 were irradiated 
under light for 1 min. The equal volume of the aforementioned work-
ing reagent was mixed with different bacterial solutions quickly. The 
fluorescence values at 488-nm excitation and 525-nm emission were 
detected by a microplate reader (TECAN Spark, Switzerland). The 
ROS generation inside 4T1 cells under light irradiation was investi-
gated. 4T1 cells in the confocal dish (Thermo Fisher Scientific, USA) 
were incubated with DCFH-DA (final concentration of 10 μM) for 
30 min in the dark. After washing with PBS for several times, different 
bacterial groups at the final concentration of 3 × 108 CFU ml−1 were 
added to the cells and incubated for 2 hours. The samples were irradi-
ated under NIR light for 1 min. After irradiation, the cells were ob-
served by CLSM. The ROS generation inside S. aureus cells under 
light irradiation was also investigated. S. aureus cells were first incu-
bated with DCFH-DA (final concentration of 10 μM) for 30 min in 
the dark, and after PBS washing for several times, the different bacte-
rial groups at the final concentration of 3 × 108 CFU ml−1 were added 
to the S. aureus cells. The samples were irradiated under NIR light for 
1 min. The fluorescence values at 488-nm excitation and 525-nm 
emission were detected by a microplate reader.

Apoptosis assay
The cell apoptosis assay against 4T1 cells was performed by flow cy-
tometry after annexin V–FITC and PI staining. 4T1 cells, divided into 
six groups with the same cell number, were mixed with different bac-
terial groups (the final concentration of 3 ×  108 CFU ml−1) and 

irradiated by NIR light irradiation for 5 min. The 4T1 cells were 
stained with annexin V–FITC and PI for 10 min on ice and detected 
immediately by flow cytometry without washing.

Preparation of tumor spheres and their interaction 
with bacteria
Methylcellulose was used to prepare tumor spheres using the hanging 
drop method. First, 6 g of sterilized methylcellulose was dissolved in 
250 ml of basal medium. Then, 250 ml of medium containing twice 
FBS was added to the above solution. The entire mixture was mixed 
overnight at 4°C and centrifuged at room temperature (5000 rpm, 
2 hours) to collect the upper clear liquid and prepare the methylcel-
lulose stock solution. The above stock solution was diluted five times 
with normal medium, and 4T1 cells were added (final concentration 
of 2 × 104 cells per 20 μl). Next, 20 μl of the liquid was dropped onto 
the lid of a 100-mm culture dish, which was inverted and placed on a 
culture dish containing 10 ml of PBS. The drops were cultivated for 
7 days under standard culture conditions (5% CO2 at 37°C) to allow 
sufficient settling time. Bac-MK and Bac-MKU were added to the 
precultured tumor spheres at a final concentration of 3  ×  108 
CFU ml−1 and incubated for 4 hours. The group without bacteria was 
served as a control. The interaction between the bacteria and the tu-
mor spheres was observed using the fluorescence of Bac-MK under 
confocal imaging. After incubation, the tumor spheres were subjected 
to 5 min of light exposure to observe the destruction degree.

Animal studies
Animal experiments were supervised under the guidelines and ap-
proved by the ethics committee of Institutional Animal Care and 
Use Committee of Shanghai Jiao Tong University (A2023017).

Determination of ROS and photothermal 
performance in vivo
A subcutaneous 4T1 tumor model was developed using female Balb/c 
mice (6 to 8 weeks, purchased from SPF Biotechnology) for in vivo 
experiments. Different groups of Bac, Bac-K, Bac-M, Bac-MK, and 
Bac-MKU with 3 × 107 CFU were intratumorally injected. The tumor 
areas were irradiated with 1.0 W cm−2 for 5 min after 8-hour injec-
tion. The thermal imaging camera was used to record the temperature 
changes of different groups, reflecting the in vivo photothermal effect. 
After irradiation, the mice that were treated with Bac-MK, Bac-MKU, 
and blank groups were euthanatized, and the tumors were removed 
quickly. The tumor tissues were covered with optimal cutting tem-
perature compound (OCT) (Tissue-Tek, Sakura) and frozen at 
−80°C. The obtained tissues were cut to obtain thin slices rapidly and 
incubated with DCFH-DA (100 μM) in the dark for 30 min. After 
washing with PBS for several times to remove the superfluous dye, 
the samples were further added with 4′,6-diamidino-2-phenylindole 
(DAPI) containing mounting medium. The fluorescent images were 
obtained by CLSM. A model of chronic wound healing was developed 
by creating wounds on the back of mice. The wounds with the same 
size (d = 1.5 cm) were exposed to S. aureus (3 × 109 CFU ml−1, 100 μl) 
sufficiently for 1 hour. Then, the wounds were added with different 
bacterial groups (3 × 107 CFU). The PBS group was used as a control. 
After full exposure for 4 hours, the wound areas were irradiated with 
808-nm NIR laser at 1.0 W cm−2 for 15 min. Then, a thermal imaging 
camera was used to record the changes in temperature under light ir-
radiation. To analyze the ROS generation, the wound tissues were 
subjected to a similar treatment as the tumor.
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In vivo biodistribution of bacteria
To investigate the in vivo biodistribution, solutions containing 3 × 
107 CFU of Bac-MKU, Bac-MK, and PBS were injected into 4T1 tumor-
bearing Balb/c mice and irradiated with 808-nm NIR laser at 
1.0 W cm−2 for 5 min twice (n = 5). At day 5, the mice were euthanized, 
and blood and major organs—including the heart, liver, spleen, lung, 
kidney, and tumors—were collected and homogenized. The mixture 
was diluted with PBS and plated onto LB agar plates with kanamycin 
and ampicillin for bacterial counting. Subcutaneous tumor-bearing 
mice were intratumorally injected with or without 3 × 107 CFU of 
Bac-MKU. After 8-hour injection, the mice were euthanatized and 
the tumors were removed quickly. The tumor tissues were followed by 
covering with OCT (Tissue-Tek, Sakura) and frozen at −80°C. A 
DAPI-containing mounting medium was used to make the slide. Flu-
orescent images were collected using CLSM.

Assessment of antitumor effect
Female Balb/c mice (6 to 8 weeks) bearing 4T1 tumors were random-
ly assigned into six groups after the tumors reaching ~180 mm3. The 
mice in each group were intratumorally injected, respectively, with 
3 × 107 CFU of Bac, Bac-K, Bac-M, Bac-MK, and Bac-MKU. PBS so-
lution was injected as a control. The tumor area was irradiated twice 
with 808-nm NIR laser for 5 min at 8 and 24 hours after injection, 
respectively. The therapeutic performances on mice bearing 4T1 tu-
mor were evaluated by measuring body weight and tumor volume in 
each group during the therapeutic periods. Tumor volume was calcu-
lated as (width tumor)2 × length tumor × 0.5. All mice were euthanized, 
and the tumors were collected and photographed at day 13 after treat-
ment. To confirm the therapeutic efficacy of Bac-MKU, a histology 
analysis of tumor tissues was performed after treatment. Tumor tis-
sues were removed and fixed with a 4% paraformaldehyde solution, 
followed by embedding in paraffin for H&E and TUNEL staining. The 
major organs—including the heart, liver, spleen, lung, and kidney—
were also collected for H&E staining.

In vivo evaluation of immune responses
To evaluate the antitumor immune responses, the mice after conduct-
ing a similar method of administration as the assessment of antitumor 
effect were euthanatized at day 5 and the spleen and draining lymph 
nodes (DLNs) in each group were collected. The single-cell suspen-
sions of spleen and DLNs were directly obtained by grounding com-
pletely with a syringe plunger on a cell strainer (40 μm). To measure 
the activation and maturation of DCs, the cells were stained with 
FITC-conjugated CD11c, prep/Cyanine7-conjugated CD11b, phyco-
erythrin (PE)–CD80, allophycocyanin (APC)–conjugated CD86, and 
PE/Cyanine7-conjugated MHC2 (ABclonal Technology, China). To 
analyze the responses of T cells, cells were stained with APC/
Cyanine7-conjugated CD3, PE-conjugated CD4, and APC-conjugated 
CD8. After incubating on ice for 30 min, the cells were washed and 
fixed, followed by permeabilized with the Foxp3/Transcription Factor 
Fixation/Permeabilization Kit for subsequent intracellular staining. 
The nuclear proteins and intracellular cytokines were measured by 
staining with FITC-conjugated anti-Ki67 (SolA15), PE/Cyanine7-
conjugated IFN-γ antibody (XMG1.2), and PE-conjugated anti-
Foxp3 (MF-14). All antibodies were from BioLegend and eBioscience. 
The cells were washed with PBS for several times and further analyzed 
by flow cytometry. The mouse serum samples were also collected for 
analyzing IFN-γ and TNF-α by enzyme-linked immunosorbent assay 
(ELISA) assay (Multi Sciences, China) according to the instruction.

Antibacterial performance
The photokilling effects of Bac-MKU and Bac-MK on eliminating 
S. aureus were tested by using YFP-producing S. aureus with erythro-
mycin resistance. YFP-producing S. aureus was constructed accord-
ing to a previously reported method (61). Bac-MKU and Bac-MK 
with a final concentration of 3 × 108 CFU ml−1 were mixed with an 
equal concentration of S. aureus. The added equal volume of PBS was 
used as the control group. The mixture was irradiated for 0, 10, and 
15 min under an 808-nm NIR laser at 1.0 W cm−2. After irradiation, 
the bacterial mixtures were smeared into LB agar plates supplemented 
with erythromycin (5 μg ml−1) or kanamycin/ampicillin (100 μg ml−1). 
The survival rate was calculated by counting the corresponding 
numbers at 0, 10, and 15 min, respectively, with the obtained num-
ber divided by the control. The bacterial community inhibition of 
Bac, Bac-MK, and Bac-MKU against S. aureus was also tested. 
Bacteria were diluted to a final concentration of 1 × 108 CFU ml−1 
and placed in a 10-ml system at 37°C with shaking for 6 hours. 
To measure the effect of different initial bacterial concentrations at 
1:10 or 10:1, the corresponding bacteria were adjusted to 1  ×  107 
CFU  ml−1. The subsequent experimental procedures remained 
unchanged.

Exploration of antibacterial mechanism
The morphologies of bacteria with or without light irradiation were 
observed by SEM. The bacterial samples were fixed with 2.5% glutar-
aldehyde stationary liquid for 12 hours under 4°C. The dehydrated 
procedures were conducted by using the increasing concentration of 
ethanol (30, 50, 70, 80, 90, and 100%) for 15 min. To detect the bacte-
rial viability, different bacterial cells with or without light irradiation 
were harvested by centrifugation and washed with PBS for several 
times to remove LB medium. Bacterial samples were stained with 
SYTO Green dye aqueous solution for 10 min. The bacterial samples 
were spotted on the glass slides for observation.

In vivo assessment of wound healing
The model of chronic wound healing was built by creating wounds 
on the back of mice. Female Balb/c mice (6 to 8 weeks) were used 
for evaluating Bac-MKU antibacterial ability in  vivo. Mice were 
randomly divided into four groups waiting to be infected with 
S. aureus. The wounds on the mice were exposed to S. aureus 
(3  ×  109 CFU  ml−1, 100  μl) sufficiently for 1  hour. The wounds 
with the same size (d = 1.5 cm) were added with PBS, Bac, Bac-
MK, and Bac-MKU (3 × 107 CFU). After full exposure for 4 hours, 
the wound areas were irradiated with 808-nm NIR laser at 
1.0 W cm−2 for 15 min. A thermal imaging camera was used to record 
the changes in temperature under light irradiation. No further 
light irradiation was conducted afterward. The infected wounds 
were observed and recorded at different intervals (days 3, 7, 11, 
and 14). The remained bacteria in the wound at days 7 and 14 were 
counted by plate counting method after grinding wound tissues. 
Wound tissues at days 7 and 14 were also collected and immersed 
into a 4% paraformaldehyde fixative solution, followed by embed-
ding in paraffin for H&E and Masson staining. Major organs—
including the heart, liver, spleen, lung, and kidney—were collected 
for H&E staining to evaluate the therapeutic safety. To access the 
biochemical indexes of inflammation, the mice were euthanatized 
for collecting serum samples (3000 rpm, 20 min) to detect TNF-α 
and IL-6 by ELISA assay (Multi Sciences, China) according to the 
instruction.
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Statistical analysis
All statistical analyses were based on GraphPad Prism 8 and Origin 
8.0 software. The experimental figures were obtained with indepen-
dent experiments. The presented data were determined by one-way 
analysis of variance (ANOVA) or two-way ANOVA with Tukey’s 
post-test. Error bars represent the SD. *P  <  0.05, **P  <  0.01, 
***P <  0.001, and ****P <  0.0001 represented significant differ-
ence. ns represented no significance.
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Tables S1 and S2
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