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Phototherapy has great potential to revolutionize conventional therapeutic modalities. However, most
phototherapeutic strategies based on multicomponent therapeutic agents generally lack tumor-
specificity, resulting in asynchronous therapy and superimposed side-effects. Severe heat damage is also
inevitable because of the necessity of continuous external irradiation. Here we show the design of an
acid-activated and continuous external irradiation-free photothermal and photodynamic (PTT/PDT)
synchronous theranostic nanoplatform for precision tumor-targeting near-infrared (NIR) image-guided
therapy. pH-reversibly responsive brominated asymmetric cyanine is designed as the tumor-specific NIR
PTT/PDT-in-one agent to enhance anticancer efficiency and reduce side-effects. Ultra-small NIR
persistent luminescence nanoparticles are prepared as both the imaging unit and renewable
nanoimplant. Biotin functionalized polyethylene glycol is introduced to endow active tumor-targeting
ability and prolong blood-circulation. The developed smart platform offers merits of reversible activation,
PTT/PDT synergetic enhancement, tumor targetability and continuous external irradiation-free
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Introduction

Phototherapy, a localized, spatiotemporally controllable and
less invasive therapy tool, has great potential to revolutionize
conventional therapeutic modalities for precision therapy.*
Photothermal therapy (PTT) and photodynamic therapy (PDT),
two modalities of phototherapy, produce local hyperthermia
and generate cytotoxic reactive oxygen species (ROS), respec-
tively, to induce cell apoptosis or even necrosis upon light
excitation.”* However, PTT and PDT are often plagued by the
thermoresistance of cancer cells and inadequate oxygen supply
in a hypoxic tumor microenvironment, respectively.*” Thus,
using PTT or PDT alone is difficult for efficient therapy.
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paves the way to developing smart theranostic nanoplatforms for precision medicine.

Although considerable efforts have been made to integrate PTT
and PDT into one platform to improve therapeutic efficacy,*™*
most PTT and PDT synergistic platforms are based on multi-
component PTT and PDT agents,"** resulting in asynchronous
therapy and superimposed side-effects. Besides, conventional
phototherapeutic agents are mostly in the “always on” state and
lack tumor specificity, leading to severe nonspecific damage to
normal tissue.>**' The therapeutic effect of conventional pho-
totherapy also strongly depends on continuous external irradi-
ation, inevitably causing severe overheating damage to normal
tissue."'® Hence, an enormous challenge remains in devel-
oping innovative smart activatable PTT and PDT integrated
agents with precision tumor-targeting and efficient therapy. In
this sense, exploring ‘clean’ excitation sources without
nonspecific thermal damage is of particular significance.
Persistent luminescence nanoparticles (PLNPs) are magical
optical materials that can store excitation energy and emit
persistent luminescence after the cessation of excitation.”” "
Besides, the luminescence of near-infrared (NIR) PLNPs can be
reactivated with deep tissue penetrable NIR light, enabling
detection and imaging without the need for continuous in situ
excitation, thereby eliminating autofluorescence interfer-
ence®?* and avoiding phototoxicity and tissue thermal damage
from long-time continuous excitation.>*® PLNPs, therefore, are
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Fig. 1 Design of the PLNP-BAC-PEGBT theranostic platform. (a) Design strategy and synthetic route for BAC and PLNP-BAC-PEGBT. (b)
Illustration of PLNP-BAC-PEGBT as a pH-reversibly activatable PDT/PTT synchronous theranostic platform for autofluorescence-free image-
guided precision phototherapy without continuous external irradiation.

not only competent for long-term in vivo autofluorescence-free
imaging, but also show tremendous promise in continuous
external irradiation-free phototherapy. The great potential of
PLNPs as a built-in light source to reduce the side-effects of PDT
associated with continuous external irradiation has been
revealed, but exclusively restricted to ‘always on’ PDT
systems.***” Besides, most PLNPs suffer from serious agglom-
eration or poor luminescence performance,”>***3" impeding
further biomedical applications. So, it is still challenging to

© 2021 The Author(s). Published by the Royal Society of Chemistry

develop high-performance PLNPs with excellent persistent
luminescence and controllable morphology. In particular,
intelligent integration of high-performance PLNPs with a smart
activatable PTT/PDT-in-one agent is of great significance for
precision therapy.

Herein, we report a rational design of an NIR-emitting ultra-
small PLNP sensitized pH-reversibly activatable PTT/PDT-in-
one agent for precision tumor-targeting and autofluorescence-

free image-guided synchronous phototherapy without
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continuous external irradiation. pH reversibly responsive
brominated asymmetric cyanine (BAC) is designed as an acti-
vatable NIR PTT/PDT-in-one agent for precision tumor-targeting
and high-efficiency therapy. Ultra small-sized monodispersed
PLNPs with excellent NIR persistent luminescence are prepared
as both the autofluorescence-free imaging unit and built-in
light source to guide and trigger PDT/PTT. Meanwhile, biotin
(BT) functionalized polyethylene glycol (PEGBT) is introduced
into the PLNP sensitized pH reversibly activatable PTT/PDT-in-
one nanoplatform (PLNP-BAC-PEGBT) to endow active tumor-
targeting ability and prolong blood-circulation.?»* The as-
prepared PLNP-BAC-PEGBT theranostic nanoplatform not only
exhibits precision tumor-targeted imaging without auto-
fluorescence interference, but also shows an ultra-strong PTT/
PDT effect with excellent tumor-specificity and ignorable side-
effects, holding great potential for precision medicine.

Results and discussion
Design of the PLNP-BAC-PEGBT theranostic nanoplatform

Fig. 1 shows the design strategy of the PLNP-BAC-PEGBT
theranostic platform for autofluorescence-free image-guided
precision tumor-targeting phototherapy without continuous
external irradiation. To realize precision tumor-targeting and
PTT/PDT synchronous efficient therapy, we design a non-N-
alkylated BAC molecule as the pH-reversibly activatable PTT/
PDT-in-one agent. Unsubstituted N atoms in the indole ring
of BAC are employed as the specific recognition sites for the acid
microenvironment to realize tumor-specific activation. The
heavy atom Br is introduced to improve intersystem crossing
(ISC) from the lowest excited singlet (S1) state to the lowest
excited triplet (T1) state to enhance the ROS generation.***
Meanwhile, a chemically active ester is introduced into BAC to
integrate NIR-emitting PLNPs as a built-in excitation source for
continuous external irradiation-free imaging and phototherapy.
PEGBT is further introduced on the surface of the PLNP sensi-
tized BAC theranostic platform (PLNP-BAC) with chloroacetyl
chloride as bridges to endow active tumor-targeting ability and
prolong blood-circulation (Fig. 1a). As such, the designed PLNP-
BAC-PEGBT enables autofluorescence-free NIR imaging-guided
precision tumor-targeting phototherapy with no need for
continuous external irradiation.

Preparation and characterization of BAC

The synthetic route for the synthesis of BAC is illustrated in
Fig. 1a while the synthesis procedures are detailed in the ESI.
The structures of the synthesized BAC and the important
intermediates were confirmed from the nuclear magnetic
resonance, mass spectra and FT-IR spectra (Fig. S1-S147}). BAC
presents a characteristic absorption peak at ca. 506 nm in
a weakly basic medium (ethanol/water, 3/7 v/v; pH 7.4, simu-
lated normal physiological pH), but shows a new shoulder band
at ca. 783 nm with an evident decreased absorption band at
506 nm in a weakly acidic medium (pH 6.0, simulated tumor
acidic microenvironment*+?) (Fig. 2a). Meanwhile, the BAC
solution turns from pink to green because the protonation of
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the indole ring N atoms leads to the transition of BAC from its
base form to its acid form and vice versa (Fig. S157). The
reversible characteristic absorption change of BAC with pH lays
a solid foundation for pH-reversibly activatable PDT/PTT.
Density functional theory (DFT) calculation shows that the
protonation of the indole ring N atoms narrows the gap (Eg)
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of BAC,
leading to a distinct redshift of the absorption peak (Fig. 2b).
Besides, the acidic environment enables the activation of the
NIR fluorescence of BAC with a characteristic emission peak at
830 nm (Fig. 2a and S16at) due to the protonation of the indole
ring N atoms accompanied by the intramolecular change
transfer process. The pK, and the pH sensitive intervals of the
synthesized BAC determined by means of fluorescence titration
are 5.2 and 4.5-7.0, respectively (Fig. S161). The results indicate
that the as-synthesized BAC has pH reversible response features
and tumor acidic microenvironment-matched pH sensitive
intervals, providing great potential for tumor microenviron-
ment specific activation.

We then investigated the photothermal and photodynamic
performance of BAC. DFT calculation shows that the protonated
BAC can be excited to the S1 state under 808 nm irradiation in
the acidic microenvironment (Fig. 2c). The S1 state consumes
its energy not only through a nonradiative decay pathway
accompanied by heat release due to the strong ICT effect of the
protonated BAC, but also via an enhanced ISC from the S1 state
to the T1 state owing to the heavy atom effect. Meanwhile,
energy transfer from the T1 state to triplet oxygen further occurs
to yield singlet oxygen ('0,) (Fig. 2c). Hence, BAC has great
potential for tumor acidic microenvironment specifically acti-
vated photothermal and photodynamic performance. The acid-
activated photothermal effect of BAC at various power densities
of 808 nm laser irradiation was evaluated first. The BAC solution
exhibited an obvious increase of temperature at pH 6.0 and
displayed power density and exposure time-dependent hyper-
thermia (Fig. 2d). The photothermal conversion performance of
indocyanine green (ICG), approved by the United States Food
and Drug Administration,****° was also measured as a refer-
ence. Importantly, BAC showed a more obvious increase of
temperature than ICG (with the same concentration and power
density) (Fig. 2d), indicating that the as-prepared BAC at pH 6.0
has a superior photothermal effect. The photothermal conver-
sion efficiency of BAC at 0.6 W cm ™2 of 808 nm irradiation was
calculated to be 37.9% (Fig. S171). In comparison, the control
groups, phosphate buffer solution (PBS, pH 7.4) and BAC at pH
7.4, did not trigger any increase of temperature even if the
power density and exposure time were up to 0.6 W cm > and
10 min, respectively (Fig. 2d). These results clearly show that the
photothermal effect of BAC could be switched on only in an
acidic microenvironment, making it qualified for tumor acidic
microenvironment specifically activated PTT. Besides, BAC has
much higher photostability than ICG, especially at pH 7.4
(Fig. 2e, S18 and S19%), ensuring strong stability in blood
circulation and therapy. Considering both photothermal effi-
ciency and the photobleaching effect, 0.6 W cm ™ was taken as
the irradiating power in the follow-up study.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of BAC. (a) UV-vis-NIR absorption (dotted lines) and fluorescence (solid lines) spectra of BAC at pH 6.0 (blue lines) and
7.4 (magenta lines). (b) Optimized structures and frontier molecular orbital (HOMO and LUMO) energies from DFT calculations (Gaussian 09/6-
31G (d)) of BAC in its ground state (S0). (c) lllustration for photothermal and O, generation of BAC. (d) Time dependent temperature of BAC at pH
6.0 and 7.4 and ICG at pH 7.4 under continuous 808 nm laser irradiation with different power densities. (e) Effect of irradiation time on the
absorbance of BAC at pH 7.4 or 6.0 and ICG at pH 7.4 at the corresponding maximum absorption wavelength. (f) Time-dependent absorbance of
DPBF (A/Ag) at 410 nm without and with BAC or ICG at pH 6.0 and 7.4 under continuous 808 nm laser irradiation. Ag is the initial absorbance of

DPBF, while A is the absorbance of DPBF at a certain irradiation time.

The acid-activated photodynamic effect of BAC was evaluated
further under various power densities of 808 nm laser irradia-
tion. The 0, generation efficiency of BAC at pH 7.4 or 6.0 under
808 nm laser was measured with 1,4-diphenyl-2,3-benzofuran
(DPBF) as the 'O, probe. The decrease in the absorbance of
DPBF due to 'O, oxidation was used to evaluate the relative
generation efficiency of 'O,. DBPF alone is stable during 5 min
of continuous irradiation using an 808 nm laser (0.6 W ¢cm™?)
(Fig. 2F and S207). The negligible reduction of the absorbance
of DPBF indicates that BAC at pH 7.4 under the same laser
irradiation did not produce 'O, (Fig. 2f and S21at). However,
BAC at pH 6.0 under the same laser irradiation generated
significant 'O, as confirmed by the rapid decrease of the
absorbance of DPBF (Fig. 2f and S21bt). In contrast, ICG
enabled '0, generation at pH 7.4 under the same irradiation
(Fig. 2f and S227). The distinct feature of BAC for the efficient
generation of 'O, only in an acidic environment indicates that
BAC is also promising for tumor-specific PDT. The unique pH
reversible response activation and weak acidity specifically
activated PTT/PDT effect provide BAC with great potential as
a smart activatable PTT/PDT-in-one agent for tumor-targeting
precision phototherapy.

Preparation and characterization of PLNPs

Ultra-small sized PLNPs with excellent NIR persistent lumi-
nescence and super-long afterglow are the fundamental
requirements of in vivo imaging and the built-in excitation
source. However, traditional preparation methods hardly
provide a compromise between the small size and excellent
luminescence performance. Besides, most of the available

© 2021 The Author(s). Published by the Royal Society of Chemistry

PLNPs need UV light excitation to produce persistent lumines-
cence and have limited ability to reactivate the persistent
luminescence with visible and NIR light, which is unfavourable
for long-term in vivo application.”® In a previous report, we
proposed a surfactant-aided hydrothermal method in combi-
nation with a short term calcination method to prepare mon-
odispersed triple-doped NIR PLNPs (ca. 40 nm) with bright
luminescence and red LED light or 808 nm laser renewable
feature,**® but gradient centrifugation was still inevitable to
obtain the small-sized nanoparticles, leading to low yield. Here
we show the preparation of ultra-small size, ultra-bright and
NIR light renewable PLNPs with no need for gradient centrifu-
gation via careful control of the hydrothermal and calcination
conditions (Fig. S231). The doping elements and doping ratio
are consistent with the stoichiometry of the chemical formula
(Zn, 55Gay 5Geg 504:0.5%Cr*",2.5%Yb>",0.25%Er*")  in  our
previous work.>**® The solvothermal method with a high-
temperature and long time (220 °C, > 24 h) in combination
with low-temperature calcination (800 °C, 1 h) significantly
improved the optical performance of the PLNPs with no obvious
agglomeration (Fig. S237). Our improved method yielded ultra-
small sized, mono-dispersed and NIR light renewable PLNPs
with an average diameter of 12.8 & 1.1 nm (calculated from 100
randomly selected particles) and a uniform lattice spacing of
0.24 nm without further gradient centrifugation (Fig. S24a and
bt).

The as-prepared PLNPs gave an NIR ’E — “A, luminescence
emission peak from 650 to 900 nm (Fig. S24ct). The overlap
between the luminescence emission peak of the as-prepared
PLNPs and the absorption peak of the synthesized BAC in its

Chem. Sci., 2021, 12, 442-452 | 445
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acid form enables the PLNPs to sensitize BAC based on Forster
resonance energy transfer (FRET). Besides, the PLNPs exhibited
super long-lasting and repeatable NIR afterglow upon pre-
excitation with 254 nm UV light (Fig. S24d and gf). Interest-
ingly, the persistent luminescence of the PLNPs can be reac-
tivated with 650 nm red LED light and 808 nm laser irradiation
(Fig. S24e and f}) via a photo-assisted excitation process.?**!
These unique optical properties and ultra-small size make the
as-prepared PLNPs qualified for long-term autofluorescence-
free in vivo imaging and as a renewable built-in light source
for continuous external irradiation-free PTT and PDT.

Preparation and characterization of the PLNP-BAC-PEGBT
theranostic nanoplatform

The above results encouraged us to employ the prepared BAC
and PLNPs to construct a PLNP sensitized BAC theranostic
platform for autofluorescence-free image-guided precision
tumor-targeting phototherapy without continuous external
irradiation. To enhance its reaction activity, BAC was first
hydrolyzed  and  then  reacted with  1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI)
and N-hydroxysuccinimide (NHS) via amide condensation to
yield the active succinimide ester of BAC (BAC-NHS) (Fig. 1a).
Amino functionalized PLNPs (PLNP-NH,) were then obtained
(Fig. S25%) to covalently bond with BAC-NHS via ester-amide
condensation to form the PLNP sensitized activatable PTT/
PDT-in-one theranostic platform (PLNP-BAC). To endow active
tumor-targeting ability and prolong blood-circulation, PEGBT
was further introduced onto the surface of PLNP-BAC with
chloroacetyl chloride as a bridge. For this purpose, PLNP-BAC
was modified with chloroacetyl chloride to yield PLNP-BAC-Cl
via an acylation reaction between the -NH, group of PLNP-
BAC and the —-COCI group of chloroacetyl chloride with potas-
sium carbonate as the deacid reagent. The obtained PLNP-BAC-
Cl had a terminal -CH,Cl group to further react with PEGBT via
nucleophilic substitution to produce PEGBT modified PLNP-
BAC (PLNP-BAC-PEGBT) (Fig. 1a). As such, a smart theranostic
platform PLNP-BAC-PEGBT was successfully constructed.
Conjugation of BAC and PEGBT did not lead to obvious
morphological change or significant aggregation of PLNP-NH,
(Fig. 3a vs. Fig. S24at), but remarkably increased the hydrody-
namic size of PLNP-NH, from 58.9 + 2.3 nm to 91.6 + 3.2 nm
and 122.2 + 3.7 nm, respectively, owing to the conjugated rigid
plane structure of BAC and the large hydrodynamic volume of
PEGBT (Fig. 3b). Meanwhile, the zeta potential turned from
12.67 £ 4.38 mV to 11.63 + 3.48 and —16.97 + 3.24 mV,
respectively (Fig. 3c). The disappearance of the characteristic
bands at 3241 cm™ ! (-NH, stretching vibration of PLNPs) and
1703 cm™ ' (-COOH stretching vibration of BAC) in conjunction
with the appearance of the characteristic peaks at 1650 cm ™"
(stretching vibration of -CONH-) and 1600-1450 cm
(stretching vibration of the benzene skeleton) in the FT-IR
spectrum of PLNP-BAC-PEGBT also confirm the successful
conjugation of BAC and PEGBT onto the PLNPs (Fig. 3d). The
color of PLNP-BAC turned from white to pink (color of BAC in its
base form) further indicates the presence of BAC on the surface

1
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of PLNPs (Fig. S267). The content of BAC conjugated onto the
surface of PLNPs was measured to be 1.3 x 10~* mol g~ " via UV-
vis-NIR absorption spectrometry. In addition, the prepared
PLNP-BAC-PEGBT gave a pure spinel phase of ZnGa,0, and
Zn,GeO, (JCPDS file number 38-1240 and 25-1018, respectively)
like PLNPs (Fig. 3e), indicating no crystal phase change during
the whole functionalization process.

Conjugation of BAC and PEGBT to PLNPs had an insignifi-
cant effect on the inherent luminescence intensity and the
persistent luminescence of PLNPs at pH 7.4 (Fig. 3f, S26 and
S27bt). The change of pH from 7.4 to 6.0 slightly decreased the
luminescence intensity and persistent luminescence (Fig. 3f
and S27t) owing to the FRET effect from PLNPs to BAC origi-
nating from the overlap between the absorption peak of BAC in
its acid form and the emission peak of PLNPs. Even so, the
luminescence of PLNP-BAC-PEGBT was still clearly observed
using the in vivo imaging system (Fig. 3g). These results also
show that the FRET process between PLNPs and BAC occurs if
and only if a tumor acidic microenvironment is present, making
smart tumor-specific PDT/PTT therapy via PLNPs as the built-in
excitation light source possible.

In vitro PTT/PDT performance of PLNP-BAC-PEGBT

To reveal the synergistic acid-activated and continuous
external irradiation-free photothermal effect of PLNP-BAC-
PEGBT, continuous 808 nm laser irradiation as well as frac-
tionated 808 nm laser irradiation (repeated cycles for 1 min
laser on/1 min laser off) was carried out at 0.6 W cm ™. An
obvious temperature increase of PLNP-BAC-PEGBT was
observed under both continuous and fractionated irradiation
at pH 6.0 (Fig. 3h). In comparison, a slight temperature fluc-
tuation was noted for BAC at pH 6.0 under fractionated
808 nm laser irradiation (Fig. 3h). Besides, naked PLNPs
(either at pH 6.0 or pH 7.4) or PLNP-BAC-PEGBT (pH 7.4) only
did not trigger any notable temperature increase upon 808 nm
laser irradiation up to 10 min (Fig. 3h and S287). The above
results show that the as-prepared PLNP-BAC-PEGBT has great
potential for tumor-specific PTT and PLNPs can act as a built-
in light source for repeatable PTT due to their long NIR
afterglow.

The 'O, generation performance of PLNP-BAC-PEGBT at pH
7.4 or 6.0 under continuous and fractionated 808 nm laser
irradiation was then tested with DPBF as the probe for '0,.
PLNP-BAC-PEGBT at pH 6.0 generated significant 'O, under
continuous irradiation as confirmed by significant and rapid
reduction of the absorbance of DPBF (Fig. 3i and S29bf).
Interestingly, fractionated 808 nm laser irradiation of PLNP-
BAC-PEGBT (pH 6.0) gave an 'O, generation efficiency similar
to continuous irradiation in a period of 10 min (Fig. 3i). In
contrast, PLNP-BAC-PEGBT at pH 7.4 under the same contin-
uous or fractionated irradiation did not produce any 'O, as
verified by negligible reduction of the absorbance of DPBF
(Fig. 3i and S29aft). The above results clearly indicate that the as-
prepared PLNP-BAC-PEGBT has excellent potential for tumor-
specific PDT, and PLNPs are promising as the built-in light
source for assisted enhanced PDT.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization of PLNP-BAC-PEGBT. (a) TEM images of PLNP-BAC-PEGBT. (b) Hydrodynamic diameter distribution of PLNPs, PLNP-
OH, PLNP-NH,, PLNP-BAC and PLNP-BAC-PEGBT. (c) Zeta potentials of PLNP-OH, PLNP-NH,, PLNP-BAC and PLNP-BAC-PEGBT. (d) FT-IR
spectra of PLNP-NH,, BAC, PEGBT and PLNP-BAC-PEGBT. (e) XRD patterns of PLNPs, PLNP-BAC-PEGBT, ZnGa,O4 and Zn,GeO,. (f) Photo-
luminescence spectra of PLNPs and PLNP-BAC-PEGBT at pH 6.0 and 7.4. (g) Reactivated NIR persistent luminescence images of PLNPs, PLNP-
NH, and PLNP-BAC-PEGBT at pH 7.4 and 6.0 recorded on a PerkinElmer IVIS Lumina Il imaging system. (h) Irradiation time dependent
temperature change curves of BAC and PLNP-BAC-PEGBT at pH 6.0 with continuous or fractionated 808 nm laser irradiation. (i) Time-
dependent absorbance of DPBF (A/Ag) at 410 nm with PLNP-BAC-PEGBT at pH 6.0 and 7.4 under continuous or fractionated 808 nm laser
irradiation. Ag is the initial absorbance of DPBF, while A is the absorbance of DPBF at a certain irradiation time.

Cell targeting NIR imaging and PTT/PDT

The potential of PLNP-BAC-PEGBT for in vitro cell targeting
luminescence imaging and PTT/PDT was demonstrated with
HeLa and A549 cells, two kinds of biotin overexpressed cancer
cells,**** as model cells and biotin receptor-negative 3T3 cells as
the negative control.** The cytotoxicity of PLNP-BAC-PEGBT
towards the above cells was first evaluated via the MTT assay.
The cell viability of these cells remained over 95% after 24 h of
incubation even if the test concentration was up to 500 mg
mL ", demonstrating negligible cytotoxicity and good biocom-
patibility of PLNP-BAC-PEGBT (Fig. S30 and S31+).

Cell internalization and imaging of PLNP-BAC-PEGBT were
then investigated to show its targeting capability. To this point,
75 mg mL ™' PLNP-BAC-PEGBT was incubated with HeLa, A549
and 3T3 cells, respectively, and cell internalization was moni-
tored using a confocal laser scanning microscope (CLSM). The
luminescence signal in A549 cells incubated with PLNP-BAC-
PEGBT was clearly brighter than that in BT pre-treated A549
cells or the A549 cells treated with PLNPs (control groups)
although the same amount of PLNP-BAC-PEGBT (as PLNPs) was

© 2021 The Author(s). Published by the Royal Society of Chemistry

used (Fig. 4a), indicating that the BT on the surface of PLNP-
BAC-PEGBT exhibits active targeting specificity and enhances
the internalization of the nanoprobe. Besides, the BT mediated
active tumor-targeting effect of PLNP-BAC-PEGBT was verified
and quantified by flow cytometry analysis (Fig. S32). The mean
fluorescence intensity (MFI) of the cells incubated with PLNP-
BAC-PEGBT exhibited about a 1.4-fold increase compared with
that of the control groups. Furthermore, the CLSM and flow
cytometry analysis of HeLa cells gave the same results (Fig. S33
and S34t). However, no noticeable difference in the results of
CLSM and flow cytometry was observed in 3T3 cells treated with
PLNPs or PLNP-BAC-PEGBT (Fig. S35 and S367). These results
clearly indicate that the internalization of PLNP-BAC-PEGBT by
tumor cells was significantly improved by BT due to the
enhanced permeation and retention effect and BT receptor
mediated active tumor-targeting effect.

The photothermal and photodynamic cytotoxicity of PLNP-
BAC-PEGBT was tested on tumor cells (A549 and HeLa, pH
6.0) and normal cells (3T3, pH 7.4). PLNP-BAC-PEGBT irradi-
ated with an 808 nm laser exhibited obvious cytotoxicity against
the tumor cells in an irradiation time dependent manner

Chem. Sci., 2021, 12, 442-452 | 447
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Fig.4 Cell cytotoxicity and internalization of PLNP-BAC-PEGBT. (a) Cell internalization and cell imaging of PLNP-BAC-PEGBT toward A549 cells
(scale bar, 30 pm). (b) Cell viability of PLNP-BAC-PEGBT with continuous or fractionated 808 nm laser irradiation against A549, Hela and 3T3
cells. Control refers to continuous 808 nm laser irradiation (0.6 W cm™2, 10 min); 2 min and 10 min refer to 2 min and 10 min continuous 808 nm
laser irradiation (0.6 W cm™2) with PLNP-BAC-PEGBT, respectively; 10 min (1/1 min) represents fractionated 808 nm laser irradiation (repeated
cycles for 1 min laser on/1 min laser off, 0.6 W cm™2) with PLNP-BAC-PEGBT for a total time of 10 min. (c) CLSM imaging of A549 cells incubated
with or without PLNP-BAC-PEGBT under 10 min of 808 nm laser irradiation (0.6 W cm~2) (Calcein-Am and P! staining).

(Fig. 4b, c and S377). An extremely low cell viability (ca. 5%) was
observed for A549 and HeLa cells treated with PLNP-BAC-
PEGBT under continuous or fractionated 808 nm laser irradia-
tion for a total time of 10 min (Fig. 4b, ¢, and S377). In contrast,
PLNP-BAC-PEGBT did not induce discernible cytotoxicity
against 3T3 cells (cell viability ca. 90%) under all the above
irradiation conditions, because the PTT/PDT effect of PLNP-
BAC-PEGBT was inactive in normal cells (Fig. 4b and S38%).
These results show that PLNPs can act as an efficient built-in
light source for triggering PTT/PDT with no need for contin-
uous external light irradiation and the PTT/PDT effect of PLNP-
BAC-PEGBT could merely be activated in an acidic microenvi-
ronment, ensuring synergistic efficient therapy without side-
effects to adjacent normal tissues.

In vivo autofluorescence-free tumor-targeting NIR imaging
and precision therapy

The excellent biocompatibility, cell-targeting imaging and high-
efficiency in vitro anti-tumor effect of PLNP-BAC-PEGBT
encouraged us to explore whether it is suitable for in vivo
autofluorescence-free tumor-targeting NIR imaging and image-

448 | Chem. Sci, 2021, 12, 442-452

guided precision phototherapy. The in vivo precision tumor-
targeting imaging performance of PLNP-BAC-PEGBT was
demonstrated through intravenously injecting PLNP-BAC-
PEGBT (experimental group) or PLNP-BAC (control group) into
HeLa tumor-bearing mice (Fig. 5a). The luminescence signal
appeared at the tumor site of the experimental group at ca. 4 h,
gradually increased to the maximum at ca. 6 h, and remained
clear up to at least 12 h, indicating that the maximum amount
of PLNP-BAC-PEGBT was accumulated in the tumor site at 6 h
after injection. Hence, 6 h post-injection was chosen as the most
appropriate time point for follow-up therapy. In contrast,
almost no luminescence signal appeared at the tumor site of the
control group, while the luminescence signal in the liver and
lungs in the control group was slightly weaker than that in the
experimental group, confirming that the introduction of PEGBT
is indeed helpful in enhancing the tumor-targeting accumula-
tion and prolonging the blood circulation time. Besides, auto-
fluorescence background was effectively avoided during the
imaging process because the imaging signal was acquired with
no need for in situ excitation by taking advantage of the
persistent luminescence feature. The above results confirm that
PLNP-BAC-PEGBT has great potential for in vivo

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 PLNP-BAC-PEGBT-mediated in vivo luminescence images in HelLa tumor-bearing mice. (a) In vivo persistent luminescence imaging of
Hela tumor-bearing mice after intravenous injection with PLNP-BAC-PEGBT or PLNP-BAC pre-irradiated with a 254 nm UV light for 10 min
before injection and irradiated with 650 nm LED light for 2 min before acquisition. (b) Ex vivo persistent luminescence images of the major organs
and the tumor dissected from the mice at 6 h post-injection with PLNP-BAC-PEGBT (1-8: tumor, heart, liver, spleen, lungs, kidneys, stomach and
intestines, respectively). (c) Luminescence intensity of the major organs and the tumor dissected from mice at 6 h after intravenous injection with
PLNP-BAC-PEGBT or PLNP-BAC. (d) Biodistribution of PLNP-BAC-PEGBT or PLNP-BAC in the main organs and the tumor of the mice by
measuring the content of the Zn element from PLNPs at 6 h after injection. The corresponding main organs and tumor tissue of HelLa tumor-
bearing mice without any treatment were collected and measured as blank. Center values and error bars are defined as mean and s.d.,

respectively (n = 3).

autofluorescence-free tumor-targeting imaging and guiding the
stimulus in the best time and at the accurate location.

The major organs and the tumor tissues were then collected
at 6 h post intravenous injection for ex vivo imaging to further
investigate the tumor-targeting accumulation and bio-
distribution (Fig. 5b and c). Although the luminescence signal
in the lungs and liver and a slight luminescence signal in the
spleen were inevitable due to the strong phagocytosis of retic-
uloendothelial system organs, a noticeable luminescence signal
existed at tumor sites only in the PLNP-BAC-PEGBT group,
further showing that the tumor-targeting accumulation was
specifically improved by PEGBT. Moreover, the tumor-targeting
accumulation of PLNP-BAC-PEGBT was confirmed by induc-
tively coupled plasma mass spectrometry for the determination
of Zn (originating from the PLNP core) in major organs and
tumor tissues 6 h after the injection as well (Fig. 5d). The
quantitative results further indicate that the PLNP-BAC-PEGBT
group has higher tumor-targeting accumulation than PLNP-
BAC, making PLNP-BAC-PEGBT promising for tumor-targeting
accumulation and autofluorescence-free  tumor-specific
imaging.

We then evaluate the in vivo precision PTT/PDT of PLNP-
BAC-PEGBT. Tumor-bearing mice were intravenously injected
with PLNP-BAC-PEGBT and subjected to continuous or frac-
tionated (repeated cycles for 1 min laser on/1 min laser off)
808 nm laser exposure (0.6 W cm ™2 for a total time of 10 min) at

© 2021 The Author(s). Published by the Royal Society of Chemistry

6 h post-injection as the treatment groups, while other tumor-
bearing mice without any treatment or treated with PBS in
combination with continuous/fractionated laser irradiation or
PLNP-BAC-PEGBT only set as the control groups. The treatment
group under continuous 808 nm laser exposure shows an
obvious temperature increase in tumor sites (from the initial
32.5 °C to 49 °C) (Fig. S39%). Importantly, the treatment group
under fractionated irradiation exhibits almost the same
thermal increase (Fig. S39t), suggesting that the PLNP core can
act as an effective built-in light for tumor PTT/PDT. In contrast,
all control groups did not induce any increase of temperature
(Fig. S3971), indicating that the photothermal effect of PLNP-
BAC-PEGBT was specifically governed by the tumor acidic
microenvironment and the 0.6 W cm™? laser irradiation power
(continuous or fractionated exposure) was acceptable with no
obvious photothermal side-effects itself. Further experiments
with a high power laser demonstrate that fractionated laser
irradiation can effectively reduce damage of the laser itself
compared with the traditional continuous irradiation
(Fig. S407).

A time-dependent change in tumor volume indicates that
tumor tissues are obviously suppressed and disappear in the
late-stage for PLNP-BAC-PEGBT with continuous or fractionated
laser irradiation treatment groups, whereas the tumor tissues
still increased significantly in the above control groups (Fig. 6a
and b). To further investigate the in vivo therapeutic effect and

Chem. Sci., 2021, 12, 442-452 | 449
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mechanism of PLNP-BAC-PEGBT under laser irradiation,
histological and immunohistochemical (IHC) analyses
(including Ki67 and cleaved caspase 3 for cell proliferation and
apoptosis, respectively) of tumor tissue slices were carried out at
24 h post treatment. The hematoxylin and eosin (H&E) staining
results show that the tumor tissues in treatment groups were
seriously damaged with obvious karyopyknosis and many void
spaces of tumor cells in comparison with the control groups
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(Fig. S41%). Meanwhile, the treatment groups showed obvious
inhibition of cell proliferation and significant promotion of
apoptosis as confirmed by the obvious decrease of the expres-
sion of Ki67 and the increase of caspase 3 (Fig. S427), which is
consistent with the observed tumor tissue inhibition or even
disappearance. Furthermore, the systemic toxicity of the PLNP-
BAC-PEGBT platform was also evaluated by histology analysis
after the treatment process, where no obvious organ damage
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Fig. 6 PLNP-BAC-PEGBT-mediated in vivo PTT/PDT in Hela tumor-bearing mice models. (a) Representative photos for different groups of
mice during the PTT/PDT therapy process. (b) Tumor volume change in mice during the PTT/PDT process relative to initial tumor volumes. (c)
Body weight change of mice during the PTT/PDT process. (d) H&E staining of the main organs and tumor tissues of mice after the treatment
(scale bar, 100 um). Center values and error bars are defined as mean and s.d., respectively (n = 3).
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and inflammation were observed (Fig. 6d). Besides, neither
remarkable body weight loss nor abnormal behavior occurred
in the treatment groups compared to the controls (Fig. 6¢). All
the above results consistently confirm that the developed PLNP-
BAC-PEGBT platform is competent for tumor-specific ablation
by a single intravenous injection and one-time continuous or
even fractionated laser irradiation with good therapeutic effects
and no obvious side-effects.

Conclusions

In summary, we have reported a PLNP-BAC-PEGBT theranostic
nanoplatform based on pH-reversibly activatable NIR PTT/PDT-
in-one agent BAC and NIR renewable nanoimplant PLNPs for
precision tumor-targeting and autofluorescence-free image-
guided efficient phototherapy without the need for contin-
uous external irradiation. The reversibly activatable PTT/PDT
synergetic enhancement effect of BAC in combination with
the super-long NIR afterglow feature of PLNPs makes the PLNP-
BAC-PEGBT effectively overcome the shortcomings of limited
therapeutic efficiency and non-specific damage in the previous
‘always on’ or irreversible ‘turn-on’ PTT/PDT platforms with the
need for continuous and long term in situ irradiation. Such
a pH-reversibly activatable PTT/PDT synergetic effect, needless
continuous external laser irradiation and BT-mediated active
targeting combined with autofluorescence-free NIR image-
guiding endow the smart theranostic nanoplatform with great
potential for precision tumor-targeting and excellent thera-
peutic effects without nonspecific damage. This work furnishes
a prospective strategy to design an intelligent theranostic plat-
form for precision medicine.
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