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Nature has created complex living systems with
outstanding structure and remarkable function.
Constructing biomimetic systems that rival living
organisms has attracted considerable research inter-
est in research fields of self-assembly and bionic sci-
ence. Inspired by the composition of photosynthetic
bacteria, we have designed artificial photoresponsive
protocells through capsulation of upconversion
nanoparticles@black phosphorus quantum dots
(UCNPs@BPQDs) within aptamer-modified liposome
(Apt-Lip) to form UCNPs@BPQDs@Apt-Lip (UBAL).
The UBAL protocells with near-infrared-light-
harvesting capability actively and efficiently convert
light energy into chemical and heat energy. Further-
more, the successful application of the protocells to
malignant tumors in vivo exhibited near-infrared-
light-mediated targeted combined photodynamic
and photothermal synergistic therapy. Our demon-
stration of operative protocells not only represents
a method for fabricating light-harvesting systems

Introduction

The biological world has evolved to produce a wide
variety of intelligent biomaterials that often have elabo-
rate hierarchical structural assemblies arising from weak-
ly interacting, yet readily available building blocks."?

Inspired by such natural systems, constructing an
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based on nanoassembly, but also provides a promis-
ing step toward photosynthetic protocells with
integrated cell-like structure and light-harvesting
function for nanomedicine.
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intelligent system that rivals the structure and function
of living organisms has attracted enormous research
interest in self-assembly and bionic science.®>® Photo-
synthetic bacteria, one of the simplest single-celled
organisms, use light energy for photosynthesis and me-
tabolism.®® They can absorb photons on the submicron
scale and efficiently convert light energy into accessible
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chemical energy. Photosynthetic-bacteria-inspired stud-
ies have attracted increasing attention, challenging
researchers to improve the ability to manipulate
photons®® and develop more precise and efficient ener-
gy transfer pathways."™? The construction of functional
nanomaterials that mimic photosynthetic bacteria holds
great promise in areas associated with energy conver-
sion,®™ optoelectronics,’®” and nanomedicine.®?

The photosynthesis center of photosynthetic bacteria
is located around the light-harvesting antenna formed by
self-assembled pigments.”? The hydrophobic cell mem-
branes provide a relatively stable environment for pho-
tosynthesis.??> The most important process in the natural
photosynthetic system is the absorption of sunlight by
light-harvesting complexes and the subsequent trans-
port of the absorbed photons to photosynthetic reaction
centers.” Hierarchical assembly is thus the main strategy
for the construction of an artificial photosynthetic sys-
tem,®?* and researchers have fabricated numerous
photosynthesis models for the conversion of light energy
to chemical energy.®3° The photosynthetic substance
could be assembled on a carrier that allows the harvested
energy to be quickly and efficiently transferred to the
photosynthetic reaction center. However, the conforma-
tion of light-harvesting molecules™*"*2 and the stability of
the photosynthetic reaction center®**3* are influenced
significantly by the surrounding environment. As a next

step, researchers have encapsulated the carriers into a
more stable system, such as micelles, to form synthetic
cell-like structures.?®*® Although the structural and func-
tional biomimetics have been challenging, incredible ef-
fort continues to be undertaken to construct assembly
systems with structure and function that mimic photo-
synthetic bacteria due to the carryover of this research
into bioelectronics, catalysis, and medicine.

Herein, we designed artificial photoresponsive proto-
cells that mimic the structure and light-harvesting func-
tion of photosynthetic bacteria for imaging-guided
combined photodynamic and photothermal therapy
(Figure 1). The photoresponsive protocells were con-
structed by encapsulating core-satellite-structured
upconversion nanoparticles@black phosphorus quan-
tum dots (UCNPs@BPQDs) into aptamer-modified lipo-
somes (Apt-Lip) to form UCNPs@BPQDs@Apt-Lip
(UBAL) protocells. In the protocells, the UCNPs-
absorbed near-infrared (NIR) light and transferred ener-
gy to BPQDs, leading to the transition of the ground state
electrons of BPQDs to the excited state. The excited
electrons then transferred their energy to oxygen mole-
cules to generate singlet oxygen (10,).57% Meanwhile,
BPQDs could absorb NIR and generate heat.*** With the
above structure and function, the UBAL protocells could
absorb light strongly and convert the light energy into
chemical and heat energy efficiently for imaging-guided
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Figure 1| (a) Schematic representation of the fabrication process of the hierarchically assembled UBAL protocells.
(b) lllustration of the UBAL protocells that absorb light strongly and efficiently convert light energy into chemical and
heat energy for NIR-light-mediated in vivo targeted phototheranostics.
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photodynamic and photothermal therapy. Our newly
fabricated protocells are thus expected to offer several
benefits: First, the NIR-light-harvesting system could
capture long-wavelength NIR light, which accounts for
more than 50% of sunlight. We took advantage of UCNPs
which have the ability to convert NIR light to ultraviolet
and visible light by sequential absorption of photons.*>™#*
Herein, we fabricated artificial photoresponsive proto-
cells that could assist the harvesting of long-wavelength
NIR light. Secondly, as the current available NIR-light-
harvesting system mainly focuses on dye-sensitized solar
cells*®* and photoenzymatic catalysis,*” we envisioned
that this NIR-light-harvesting system could expand its
application in nanomedicine due to its high sensitivity
and resolution, as well as the deep-tissue permeability
of NIR light. Finally, in addition to the structural and light-
harvesting function similarity to photosynthetic bacteria,
protocells with aptamer also possess strong binding
affinity and high selectivity toward their targets.*®4°
Therefore, our demonstration of protocells not only
represents a method for fabricating light-harvesting sys-
tems based on nanoassembly, but it also provides a
promising step towards artificial photosynthetic proto-
cells with integrated cell-like structure and light-harvest-
ing function for nanomedicine.

Results and Discussion

Design and characterization of
multifunctional photoresponsive protocells

Figurelaillustrates the preparation of the photoresponsive
UBAL protocells via encapsulation of core-satellite-
structured UCNPs@BPQDs within Apt-Lip. Briefly, the
core-shell UCNPs were synthesized (Supporting
Information Figures S1-S4) in order to avoid an environ-
mental quenching effect and to enhance the sensitization
of oxidized neodymium (Nd*") with high upconversion
efficiency under 808 nm irradiation. These UCNPs were
further coated with poly(acrylic acid) (PAA) (Supporting
Information Figures S5-S7) by a ligand-exchange proce-
dure to facilitate subsequent surface modification. The
ultrasmall BPQDs were synthesized (Supporting
Information Figures S8 and S9) by the liquid exfoliation
method from bulk crystals, and amino-groups-
modification of BPQDs (BPQDs-NH,) was achieved
through electrostatic adsorption of amino-terminated
polyethylene glycol (Supporting Information Figure S10).
Then, the BPQDs-NH, were hierarchically assembled on
the surface of PAA-coated UCNPs (UCNPs-PAA), resulting
in the fabrication of UCNPs@BPQDs with the aid of the
well-known 1-[3-(dimethylamino)propyl]-3-ethylcarbodii-
mide hydrochloride (EDC)/ N-hydroxysuccinimide (NHS)
chemistry. Subsequently, the prepared UCNPs@BPQDs
were mixed with maleimide-functionalized liposomes
(Mal-Lip) (Supporting Information Figure S11 and
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Table S1) in a 37 °C bath, leading to an aqueous core
UCNPs@BPQDs-encapsulated liposome reconstruction.
Finally, the UBAL protocells were successfully fabricated
by thiol-maleimide cross-linking chemistry between 3’-
thiol-modified aptamer and Mal-Lip.

The structure of UCNPs@BPQDs was characterized as
follows: (1) Transmission electron microscopy (TEM)
images showed the presence of BPQDs on the surface
of UCNPs, and the composite maintained good dispersity
(Supporting Information Figure S12). (2) Scanning
transmission electron microscopy (STEM) images
(Figure 2a,b) further confirmed the formation of
UCNPs@BPQDs core-satellite structure. (3) Functionali-
zation steps were verified by dynamic light scattering
and Fourier-transform infrared spectroscopy; UCNPs-
PAA was negatively charged (-17.4 mV) because of the
carboxyl group in PAA, and UCNPs@BPQDs had a great-
er negative charge of —27.2 mV (Supporting Information
Figure S13). The UCNPs@BPQDs displayed two vibra-
tional peaks at around 1647 and 1566 cm™ (Supporting
Information Figure S14), which were attributed to the
asymmetric stretching mode of the imidoyl group and
the amide vibrations. These results indicate the success-
ful conjugation of BPQDs to UCNPs. (4) The Y/P molar
ratio was measured to quantify the total amount of
BPQDs conjugated onto the surface of UCNPs by induc-
tively coupled plasma mass spectrometry measure-
ments®® (Supporting Information Table S2). The latter
result shows that the Y/P molar ratio is to be 100:96.5
in UCNPs@BPQDs nanostructure (P content 13.7 wt %),
indicating that 159 pg of BPQDs conjugated onto the
surface of per milligrams of UCNPs. (5) According to the
average particle sizes of UCNPs and BPQDs from TEM
images and the density from X-ray diffraction, the num-
ber of BPQDs per one UCNPs was calculated to be 20.

Encapsulation of UCNPs@BPQDs in the liposome was
further investigated as follows: The TEM images at dif-
ferent magnification (Figure 2c and Supporting
Information Figure S15) showed the uniform spherical
structure of UBAL with a diameter ranging from 100 to
200 nm. The protocell structure of UBAL was identified
as an appearance of UCNPs@BPQDs in the core of the
liposome. Atomic force microscopy (AFM) images also
showed a spherical morphology of UBAL, and the
measured heights were about 50 nm (Figure 2d,e).
Micrometer-scaled UBAL was further fabricated to con-
firm the formation of protocell structure,® which was
subsequently characterized using laser scanning confo-
cal microscope (LSCM). Green fluorescence signals
from FAM-labeled Apt-Lip under the excitation of
488 nm laser, and the red luminescence signals from
UCNPs@BPQDs under the two-photon LSCM (808 nm
laser) were observed (Figure 2f). The merged image
clearly showed that the UCNPs@BPQDs colocalized with
FAM-labeled Apt-Lip, indicating the successful loading
of UCNPs@BPQDs into Apt-Lip. The stability of protocell
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Figure 2 | Characterization of UBAL protocells. (a and b) STEM image with the elemental mapping images of
UCNPs@BPQDs. (c) The TEM image of UBAL protocells. (d and e) AFM image of the UBAL protocells and the height
profiles along the lines. (f) Fluorescence images of UBAL protocells with bright-field, FAM-labeled Apt-Lip,

UCNPs@BPQDs, and merge image. Scale bars, 5 pm.

structure was further characterized by dynamic light
scattering and cargo release profiles (Supporting
Information Figure S15). The time-dependent size
remains unchanged and a constant release rate shows
a limited leakage, implying the good stability of UBAL
protocells. Collectively, these results suggest that UBAL
protocells were constructed successfully with the bot-
tom-up assembly strategy.

Photoresponse performance and selective
recognition function of UBAL

The photoresponse performance and the upconversion
resonance energy transfer of the UBAL protocells were
further investigated (Figure 3a). The emissions at 409,
520-570, and 650-690 nm of UCNPs under 808 nm
laser excitation were assigned to the respective
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*Ho/2 = *hsy2, *Hny2/*Sz/2 = *hsya, and *Fg s — *hsyo transi-
tions of Er** ions.*> The role of the Yb*" ions across the
core-shell interface was to initiate Nd** — Yb* — Er*
energy transfer and to tune the optical emission of
Er**ions.>® Figure 3b shows the upconversion lumines-
cence spectrum of the UCNPs-PAA and UBAL proto-
cells, following excitation with 808 nm laser. As ex-
pected, the absorption spectrum of BPQDs exactly
overlapped with the whole emission region of UCNPs.
The whole emission region decreased, indicating the
efficient energy transfer from UCNPs to BPQDs. The
measured upconversion luminescence decay curves
at 662 nm (*Fg2— *hs2 transition) of UCNPs and
UCNPs@BPQDs under 808 nm laser excitation
(Figure 3c) showed the main component of the life-
times decrease from 0.59 to 0.47 ms, further confirm-
ing the energy transfer process.®”
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Figure 3 | Photoresponse performance and selective recognition function of UBAL protocells. (a) The schematic
illustration of upconversion luminescence properties and the upconversion resonance energy transfer of UBAL.
(b) The UV-vis spectra of BPQDs (blue line), and the upconversion spectrum of UCNPs (black line) and UBAL (red
line). (c) Decay curves from *Fg,, of Er** obtained by monitoring the emission at wavelengths of 662 nm. (d) The
schematic illustration of the 'O, generation of UBAL under NIR irradiation. (e) Time-course of 'O generation by UBAL
detected via bleaching of DPBF absorption at 410 nm under 808 nm laser (1.5 W-cm™) irradiation. (f) Decrease in
absorbance intensity of DPBF at 410 nm of BPQDs and UBAL solution under 808 nm laser (1.5 W-cm™2) irradiation.
(9) The schematic illustration of heating produced by UBAL under 808 nm laser (1.5 W-cm™). (h) Photothermal curves
of UBAL at different concentrations. (i) Photostability of BPQDs and UBAL under five laser on/off cycles. () lllustration
of targeting of MCF-7 cells with UBAL. (k, ). Flow cytometry analysis of MCF-7 and HEK293 cells after incubation with
FAM-labeled UBAL, with an emission signal evolving from the FAM-labeled on UBAL.
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The UBAL protocells could generate 'O, under NIR
irradiation due to the efficient energy transfer from
UCNPs to BPQDs (Figure 3d). As shown in Figure 3e, the
absorbance of 'O,-sensitive probe 1,3-diphenylisobenzo-
furan (DPBF) displays a continuous decrease around
410 nm with the increase of irradiation time, indicating
the efficient generation of 'O, by the UBAL protocells.
When UBAL was irradiated for 10 min, the absorption
decreased by ~ 30%, demonstrating the efficient energy
transfer from UCNPs to BPQDs. As a control, the depen-
dence of DPBF absorbance on the different time of
BPQDs excited by 808 nm laser was examined. As shown
in Figure 3f, the change in absorption was negligible
when the solution of BPQDs in H,O was illuminated with
NIR light. All of our results thus far indicate that the
upconversion emission of UBAL protocells from NIR to
visible light had potent catalytic activity, leading to de-
composition of DPBF***%* and inducing generation of
'O, throughout the energy transfer process. In other
words, UBAL protocells with NIR-light-harvesting func-
tion could efficiently convert light energy into chemical
energy.

Notably, the prominent extinction coefficient of BPQDs
(~14.8 Lg”-cm™) at 808 nm, which corresponds to a NIR
photothermal conversion efficiency of 28.4%, presents
BPQDs within UBAL protocells as ideal photothermal
agents (Figure 39).*° Figure 3h shows a concentration-
dependent heating effect, in which 500 pg-mL™ UBAL
application led to an apparent temperature increase from
28 to 49 °C after 2 minillumination of NIR. In contrast, the
temperature increased only by 0.6 °C for UBAL-free
solution under the same conditions, indicating that the
photoresponsive UBAL protocells could exhibit excellent
photothermal responses under NIR irradiation. Figure 3i
further shows that the photothermal effect of the UBAL
does not undergo deterioration during temperature ele-
vation, suggesting good photothermal stability of UBAL
protocells. To investigate the cause of the heating effect
attributed to upconverting 808 nm laser to visible light
and the possible absorption by BPQD or purely BPQD
absorption in our UBAL system, the heating effects gen-
erated by UCNPs under 808 nm excitation and BPQDs
under commercial LED lights (1000 Im) were measured
and compared (Supporting Information Figure S17). Both
UCNPs and BPQDs solutions rose <10 °C within 30 min
under the corresponding laser excitation, consistent with
several literature reports.*®°>% Therefore, our above
results confirmed that the thermal effect in the UBAL
protocells has three origins: the first is from the UCNPs
solution, the second is from BPQDs absorbing the con-
verted visible light to generate extra heat, and the third is
from BPQDs excited by an 808 nm laser. Furthermore,
the thermal effect of UBAL was derived primarily from
the heat absorption of BPQDs. All of these results
demonstrated that UBAL protocells efficiently convert
NIR-light energy into chemical and heat energy.
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The UBAL protocells also possess strong binding affin-
ity and high selectivity toward their targets due to the
surface-anchored aptamers (Figure 3j), revealed by
employing a nucleolin-specific aptamer, AS1411, model in
this study. We achieved the aptamer functionalization by
covalent attachment to the surface of liposomes utilizing
thiol-maleimide cross-linking chemistry between 3’-
thiol-modified aptamer and Mal-Lip.*” It was necessary
to characterize the conjugation yield of aptamer onto
UBAL protocells before verifying the binding affinity
between the aptamer and the liposome; a critical step
in assessing reproducibility and quality control of our
UBAL protocells. To characterize the coupling efficiency
and calculate the distribution density of aptamers on the
surface of liposomes, a standard curve (/~-Ceam-apt) Was
determined by measuring the fluorescence intensity of
different concentrations of FAM-Apt (Supporting
Information Figure S18). Approximately 750.4 uM apta-
mer was attached to the surface of the liposome per
milliliter protostome solution, which corresponded to a
coupling efficiency of 71.93% and was calculated to be
~ 59 aptamer molecules per one liposome, which is
expected to lead to a strong binding affinity.

Consequently, the strong binding affinity and good
selectivity of UBAL protocells toward their targets were
characterized by flow cytometry and confocal microsco-
py. As shown in Figure 3k, a massive fluorescence peak
shift was apparent for MCF-7 (human breast cancer) cells
incubated with the FAM-labeled UBAL, clearly indicating
the strong binding affinity of the UBAL to target cells.
Meanwhile, FAM-labeled UCNPs@BPQDs@Ctrl-Lip
(UBCL) exhibited weak affinity to MCF-7 cells, evidenced
by a small shift in the fluorescence peak. In contrast, a
fluorescence peak shift was not observed after incubat-
ing UBAL or UBCL with HEK293 (human embryonic
kidney) cells (Figure 3l), signifying that UBAL protocells
have much stronger binding affinity to MCF-7 cells com-
pared with the noncancer cell line, HEK293. The targeting
specificity of UBAL toward MCF-7 cells was also con-
firmed by confocal microscopy (Supporting Information
Figure S19). A strong emission signal was detected from
MCF-7 cells surface after incubation with UBAL. Overlay
of dark- and bright-field images showed that the signal
was primarily within the cytoplasm, indicating aptamer-
guided binding of the UBAL to MCF-7 cells. In contrast,
no evident emission signal was observed in MCF-7 cells
treated with our UBCL control. Thus, the excellent cell-
targeting capability of UBAL protocells was assumed to
have improved the efficiency of light-energy conversion
at the target tissue.

Detection of intracellular 'O, generation and
photothermal response

With both good light-energy conversion and cell-target-
ing capability, the performance of the UBAL protocells in
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Figure 4 | UBAL protocells usage for in vitro targeted photodynamic/photothermal therapy. (a) Cell viability of MCF-7
and HEK293 cells with various concentrations of UBAL. (b) Relative viability of MCF-7 cells after incubation with BAL
and UBAL at different irradiation time. **P < 0.0]. Data are presented as the mean + SD (*P < 0.05, **P < 0.01). (¢) The
intracellular 'O, production under different treatments, using H.DCFH-DA as a probe. Scale bars, 20 pm.
(d) Fluorescence images of MCF-7 cells pretreated with the antioxidant AA for 1 h before UBAL treatment without
or with NIR irradiation. Scale bars, 20 um. (e, f) Confocal fluorescence images of MCF-7 cells treated with BAL or UBAL
after different times of NIR irradiation, stained with calcein-AM (live cells, green fluorescence) and Pl (dead cells, red

fluorescence). Scale bars, 100 pm.

targeted combined photodynamic and photothermal
therapy was evaluated. Figure 4a and Supporting
Information Figure S20 show that the UBAL protocells
displayed excellent biocompatibility. The intracellular
'O, generated by the UBAL protocells under NIR-light
illumination was determined with a standard fluoresc-
ent indicator 2’,7’-dichlorodihydrofluorescein diacetate
(H,DCFH-DA). As shown in Figure 4c and Supporting
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Information Figure S21, MCF-7 cells treated with UBAL
together with NIR irradiation displayed strong fluores-
cence, suggesting that UBAL might have produced reac-
tive oxygen species (ROS) inside MCF-7 breast cancer
cells.

Furthermore, the intracellular photothermal response
of UBAL was evaluated with the fluorescent live/dead
assay. 'O, generated by UBAL under NIR irradiation
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caused cellular apoptosis and affected the photothermal
response signals of the live/dead assay. This observation
was made by pretreatment of the MCF-7 cells with TmM
of the antioxidant, ascorbic acid (AA), for 1 h prior to
UBAL treatment to scavenge ROS. Figure 4d and
Supporting Information Figure S22 show MCF-7 cells
treated with UBAL alone (sham) and MCF-7 cells treated
with UBAL and NIR-light irradiation (test). The sham and
the test cells were stained with calcein-AM to determine
cell viability and with propidium iodide (PI) to detect
dead cells. For the UBAL-treated sham, both the
cytoplasm and nucleus predominantly stained with cal-
cein-AM and showed negligible Pl staining, demonstrat-
ing pronounced cell viability. On the other hand, the
UBAL-treated and NIR-light-irradiated test cells dis-
played very low levels of calcein-AM staining and pre-
dominantly high PI staining, which likely resulted from
the good photothermal response of UBAL following

NIR-light irradiation and a significant increase in cell
membrane permeability and subsequent cell death.
Inspired by these exciting results, the combined therapy
of UBAL was examined in vitro over a time course, using
UBAL protocells prototype, BPQDs@Apt-Lip (BAL), as
control. 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay
(Figure 4b) together with live/dead assay (Figure 4e, f)
were performed to evaluate the photodynamic and
photothermal synergistic therapeutic efficacy. NIR laser
effect was first excluded by examining the viability of
MCF-7 cells irradiated by an 808 nm laser (Supporting
Information Figure S23). No significant decrease in cell
viability was observed, indicating that NIR irradiation in
the absence of UBAL protocells did not compromise cell
viability. The viabilities of MCF-7 cells incubated with BAL
or UBAL under 808 nm irradiation (1.5 W-cm™) show a
downward trend as irradiation time increases. In
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Figure 5 | Long-term (30 days) in vivo toxicity studies of UBAL protocells. (a) The blood levels of alanine aminotrans-
ferase, alkaline phosphatase, and aspartate aminotransferase from control and treated mice as liver function markers.
(b) Creatinine, blood urea nitrogen, and uric acid levels in the blood representing kidney functions. (c) Histological
examinations of major organs (heart, liver, spleen, lung, and kidney) of intravenous injection groups at different doses

of UBAL protocells. Scale bar, 200 pm.
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comparison, cell death rate in UBAL treatment group is
significantly higher than that in the BAL treatment group,
indicating UBAL protocells offer the most effective can-
cer cell killing. The results of our cell live/dead assays also
demonstrate that almost all cells were killed when the cells
were treated with UBAL under 808 irradiation for 10 min,
highlighting the significance of the therapeutic effect of
NIR-responsive UBAL protocells. All of our results indi-
cate that the photoresponsive protocells possess power-
ful potential for the combined photodynamic and
photothermal therapeutic efficiency.

In vivo biocompatibility evaluation

The in vivo targeted photodynamic and photothermal
therapy performance of UBAL protocells was studied in
sequence, as follows: In vivo, the biocompatibility was
investigated to facilitate the potential clinical translation
of the UBAL protocells. Mice were untreated or treated
with UBAL. The bodyweights of healthy mice were
recorded during 1 month feeding, and the mice were
euthanased; blood was drawn from each mouse before
they were sacrificed. Biopsies from the major organs
(heart, liver, spleen, lung, and kidney) were evaluated by
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Figure 6 | /n vivo UCL images and the evaluation of therapeutic efficacy. Time-dependent UCL images of 4T1 tumor-
bearing mice after intravenous injection of (a) UBAL and (b) UBCL. (c) Infrared thermal images of tumor sites after
injecting specific samples under the 808 nm laser irradiation (1.5 W-cm™). (d) Volume curves of tumor growth.
(e) Photos of the final tumors harvested from sacrificed mice. (f) The average weight of organs (heart, liver, spleen,
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NIR; Group Ill, UBAL,; Group IV, BAL + NIR, Group V, UBAL + NIR. Scale bar, 200 ym.
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hematoxylin and eosin (H&E) staining. As can be seen in
Supporting Information Figure S24, no significant
difference in weight change are apparent between the
control- and UBAL-treated groups. Additionally, blood
biochemistry and hematology examinations (Figure 5a,b
and Supporting Information Figure S25) showed that the
liver function, kidney function, and blood indices of mice
injected with the UBAL had no significant differences or
abnormities compared with the control group. Moreover,
the tissues of the major organs had no obvious patho-
logical abnormity compared with the control mice,
implying high histocompatibility of UBAL protocells
(Figure 5c). These results demonstrate that UBAL
protocells possess high biocompatibility.

In vivo time-dependent UCL imaging and
therapeutic efficacy

In order to investigate the tumor-specific accumulation
capability of UBAL in vivo, UCL imaging was used to
track the photoresponsive protocells. When UBAL was
injected through the tail vein into female Balb/c mice
bearing 4T1 tumor, the fluorescence signal could be seen
at the tumor site, and the signal intensity reached a
maximum at 2 h. In contrast, the signal intensity was
dimmer and disappeared more rapidly in mice injected
with UBCL (Figure 6a,b and Supporting Information
Figure S26), suggesting that UBAL possessed better
tumor accumulation capability than UBCL. Furthermore,
female Balb/c mice bearing subcutaneous 4T1 tumors
were divided randomly into five groups (n=5) and trea-
ted with different agents: Group | mice were injected with
DPBS; Group Il mice were exposed to NIR irradiation;
Group lll mice were injected with UBAL; Group IV mice
were injected with BAL and exposed to NIR irradiation
(BAL + NIR); Group V mice were injected with UBAL and
exposed to NIR irradiation (UBAL + NIR). As presented in
Figure 6¢, acquired thermal imaging data show that the
tumor temperature in Groups IV and V treated mice rose
rapidly to 50 °C and displayed the most severe burn at
the tumor region compared with Groups I-lll indicating
that the high-tumor targeting of BAL and UBAL gener-
ated significant photothermal conversion under NIR-light
illumination. In addition, compared with the Groups I-IV,
Group V mice treated with UBAL protocells and NIR light
displayed the slowest increase of tumor volume
(Figure 6d), confirming the good antitumor efficacy with
photodynamic/photothermal therapy of the NIR-light-
regulated UBAL protocells. The tumors from the sacri-
ficed mice were collected, and the average weight of the
isolated major organs (heart, liver, spleen, lung, kidney,
and stomach) was recorded. As shown in Figure 6e,
tumors isolated from mice in Group V had the smallest
volume, thus demonstrating that the NIR-light-regulated
UBAL efficiently inhibited tumor growth. Each type of
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mice and isolated organ from mice in the five groups
showed similar weights, as presented in Figure 6e and
Supporting Information Figure S27, further confirming
good biocompatibility of the UBAL protocells. The his-
tological changes of major organs and tumor tissues
were also examined by H&E staining. The main organs
(kidney, liver, and spleen) of the mice in the five groups
displayed no prominent abnormalities or lesions
(Supporting Information Figure S28), while the tumor
tissues (Figure 69g) exhibited irregular widening of the
intercellular space in Group V mice, indicating that the
NIR-light-regulated UBAL protocells were effective in
damaging the tumor tissue.

Conclusion

We have fabricated artificial photoresponsive protocells
that mimic the structure and light-energy conversion
function of photosynthetic bacteria. These artificial
protocells were further applied in NIR-light-regulated
photodynamic and photothermal therapy. Under NIR
stimulation, the protocells could efficiently convert the
energy of incident photons into chemical energy and
heat. Due to the efficient generation of 'O, and heat
under irradiation, the photoresponsive protocells dis-
played high performance in ablating tumor cells and
suppressing the growth of solid tumors. This work not
only provides a new approach for fabricating light-
harvesting systems with potential applications in
biomedicine and bioelectronics, but also open new pos-
sibilities for constructing intelligent systems that rival
living organisms.
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