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Intracellular Dual Fluorescent Lightup Bioprobes for
Image-Guided Photodynamic Cancer Therapy

Haijie Han, Qiao Jin,* Haibo Wang, Wenzhuo Teng, Jina Wu, Hongxin Tong,

Tingting Chen, and Jian Ji*

An intracellular dual fluorescent light-up bioprobe with aggregation-induced
emission features and endogenously producing photosensitizer protoporphyrin
IX (PplX) abilities is designed and synthesized. The bioprobe is nonemissive in
physiological environment. However, the bioprobe can selectively light up cancer
cells with blue fluorescence of tetraphenylene (TPE) and red fluorescence of PplX,
owing to the release of TPE and methyl aminolevulinate after targeted internalization
by cancer cells. Moreover, upon endogenous generation and accumulation of PplX
in cancer cells, efficient photodynamic ablation of cancer cells after light irradiation
is demonstrated with easy regulation for optimal therapeutic efficacy. The design
of such dual fluorescent light-up bioprobes might provide a new opportunity for
targeted and image-guided photodynamic cancer therapy.

1. Introduction

Image-guided delivery systems that combine diagnostic
agents and therapeutic drugs in a single formulation have
attracted much attention for precision medicine.l'"*] The
fluorescent probe can not only be considered as one of
the most effective diagnostic tools for real-time and non-
invasive monitor of biological processes, but it also serves
as a powerful tool for the development of personalized
medicine and targeted therapies.’) However, the conven-
tional fluorophore always suffers from low sensitivity and

H. Han, Dr. Q. Jin, W. Teng, J. Wu, H. Tong,

T. Chen, Prof. ). Ji

MOE Key Laboratory of Macromolecular Synthesis
and Functionalization

Department of Polymer Science and Engineering
Zhejiang University

Hangzhou 310027, China

E-mail: jingiao@zju.edu.cn; jijian@zju.edu.cn

Dr. H. Wang

Textile Institute

College of Light Industry

Textile and Food Engineering

Sichuan University

Chengdu 610065, China

DOI: 10.1002/smll.201600950

small 2016,
DOI: 10.1002/smll.201600950

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

signal-to-noise ratio owing to the intrinsically fluorescence
with high background signals. In order to tackle this chal-
lenge, it is urgently needed if the fluorophore is in “OFF”
stage and the fluorescence can be activated only in a specific
environment. Recently, to reduce false-positive responses,
the fluorescent lightup bioprobes that can respond to spe-
cific signals are developed for diagnosis and tracking of
many diseases because of the high sensitivity and low back-
ground signals.[! In addition, the conventional fluorophore
can usually result in aggregation-caused quenching effect.
Fluorogens with aggregation-induced emission (AIE)
behaviors have recently been developed as a powerful
tool for bioimaging.”-1%! Unlike the conventional fluores-
cent dyes, AIE bioprobes show weak or no fluorescence in
molecularly dissolved state. However, strong fluorescence
can be observed when they are in aggregated state because
of the restriction of intramolecular free rotations. Based on
the unique AIE characteristics, the AIE molecules are espe-
cially attractive to construct fluorescent lightup bioprobes
in response to biological stimuli, such as pH, redox poten-
tial, and dysregulated enzymes.''"'7l Unfortunately, only
single fluorescent lightup bioprobes were reported so far.
It will be particularly interesting to design dual fluorescent
lightup bioprobes, which might show higher sensitivity and
signal-to-noise ratio.

Photodynamic therapy (PDT), which is both minimally
invasive and minimally toxic, is considered as a favorable
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Figure 1. Schematic illustration of the intracellular dual fluorescent lightup of Biotin-PEG-MAL-TPE.

modality for the treatment of tumor and other different dis-
eases.['8-22l However, the choice of clinically used PDT drugs
is extremely limited since only Photofrin, Visudyne, and
Levulan (5-aminolevulinic acid, ALA) are approved by U.S.
FDA.[?l Compared to exogenously administered photosensi-
tizers, ALA which can be metabolized to the photosensitizer
protoporphyrin IX (PpIX) via intracellular heme biosyn-
thetic pathway is gaining increasing attention because of its
fast clearance and reduced concomitant photosensitivity.>
ALA and its derivatives such as methyl aminolevulinate
(MAL) have been successfully used for the treatment of dif-
ferent malignancies, such as actinic keratosis, basal cell carci-
noma, bladder cancer, etc.[*>?’l Meanwhile, taking advantage
of ALA-induced PpIX fluorescence, ALA and its derivatives
have great potential as a diagnostic agent for cancer diag-
nosis and fluorescence-guided surgery for resection of malig-
nant tumors.’"] However, because of the hydrophilic nature
and low specificity to tumor cells, the cellular internalization
of ALA and its derivatives is greatly limited by the lipophilic

2 www.small-journal.com

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

membrane barrier.?32l It would be highly desirable to
develop new delivery systems to bypass the lipophilic barrier
so that ALA and its derivatives can be effectively internal-
ized by cancer cells. Nevertheless, efficient delivery vehicles
for targeted delivery of ALA and its derivatives are still
largely unexplored up to now.

In this research, we designed a proof-of-concept bioprobe
based on ALA prodrug and AIE fluorogen that can be uti-
lized for endogenous dual fluorescent lightup bioimaging
and targeted photodynamic cancer therapy (Figure 1). Such
theranostic prodrug Biotin-PEG-MAL-TPE contains: (1) a
photosensitizer precursor MAL, which can be converted to
the photosensitizer PpIX for PDT and fluorescent lightup
imaging; (2) a tetraphenylene (TPE) unit with typical AIE
properties for fluorescent lightup imaging; (3) a PEG polymer
chain to increase the hydrophilicity, and (4) a biotin molecule
as a targeting moiety. MAL and TPE were conjugated to the
back bone via pH responsive covalent bonds. Meanwhile,
the prodrug Biotin-PEG-TPE in which TPE was conjugated
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to PEG via stable amide bond was used as a control to
investigate pH-responsive fluorescent lightup. The prodrug
PEG-MAL-TPE without biotin targeting was also used as a
control to study the targeting ability of biotin. Biotin-PEG-
MAL-TPE prodrug is water soluble and expected to be non-
fluorescent in physiological environment. After cell uptake,
the acid-labile hydrazone bond and benzoic imine bond
could be cleaved, which could result in the release of MAL
and TPE.[3334 Therefore, such prodrug offers a good oppor-
tunity to develop activatable photosensitizer with dual fluo-
rescent lightup properties for image-guided photodynamic
ablation of cancer cells.

2. Results and Discussion

The prodrug Biotin-PEG-MAL-TPE was synthesized
through a multiple synthesis process as shown in Scheme S4
(Supporting Information). MAL and TPE were conjugated
to PEG back bone via acid-labile benzoic imine bond and
hydrazone bond. Meanwhile, the bioprobe Biotin-PEG-TPE
without pH responsiveness and PEG-MAL-TPE without
biotin targeting were synthesized as negative controls
(Schemes S5 and S6, Supporting Information). The successful
synthesis of Biotin-PEG-MAL-TPE, Biotin-PEG-TPE, and
PEG-MAL-TPE was confirmed by '"H NMR, 13C NMR, ESI-
MS, and FT-IR (Figures S1-S22, Supporting Information).

It is well known that TPE shows typical AIE characteris-
tics. The fluorescent emission spectra of Biotin-PEG-MAL-
TPE probe and hydrazide functionalized TPE (TPE-hyd)
in DMSO/PBS mixture (1/99, v/v) were shown in Figure 2.
The hydrophobic TPE-hyd showed strong blue fluores-
cence, whereas Biotin-PEG-MAL-TPE probe was almost
nonfluorescent in the same medium owing to the excellent
hydrophilicity. Such probe was also stable and remained non-
fluorescent in cell culture medium or phosphate-buffered
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Figure 2. Fluorescent emission spectra of 50 x 107 m Biotin-PEG-
MAL-TPE bioprobe and 50 x 107¢ m TPE-hyd with excitation of 360 nm
in DMSO/PBS mixture (1/99, v/v, pH 7.4). Inset: Corresponding digital
photographs taken under 365 nm irradiation.

small 2016,
DOI: 10.1002/smll.201600950

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S| s

1000
800 -
2
& |
=
S 600
=
I—
— R
=
5
2 4004
@
T
(=] 4
=
= 200
0 ] . 1

T b » !
350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 3. Time-dependent fluorescent emission spectra of 50 x 107¢ m
Biotin-PEG-MAL-TPE bioprobe with excitation of 360 nm at pH 5.5. Inset:
Corresponding digital photographs taken under 365 nm irradiation.

saline (PBS) (Figure S23, Supporting Information). There-
fore, Biotin-PEG-MAL-TPE is very promising to serve as a
lightup probe with minimal background signals.

The response of Biotin-PEG-MAL-TPE to different pH
was evaluated by incubation of the probe at pH 7.4, 6.8, and
5.5. The fluorescent emission spectra were recorded over
time. As shown in Figure S24 (Supporting Information), the
Biotin-PEG-MAL-TPE probe was almost nonemissive and
negligible fluorescence change was observed over time at pH
7.4. Interestingly, the fluorescent emission intensity of Biotin-
PEG-MAL-TPE increased significantly with time at pH 5.5
(Figure 3). Strong blue fluorescence of TPE was observed
after incubation at pH 5.5 for 40 min owing to the cleavage
of acid-labile chemical bonds. The hydrophobic TPE-hyd was
released from hydrophilic Biotin-PEG-MAL-TPE and pre-
ferred to be aggregated in PBS solution. In order to obtain
the direct evidence of the cleavage of acid-labile chemical
bonds as well as pH-responsive release of photosensitizer
precursor MAL, 'H NMR was used to study the structural
change of Biotin-PEG-MAL-TPE in acidic environment
(Figure 4). After incubation in acidic environment for 24 h,
the peak at 1.9 ppm assigned to —CH,— next to hydrazone
bond disappeared. Meanwhile, a new peak at 2.9 ppm
assigned to —CH,— next to keto group appeared, which
showed the cleavage of hydrazone bond. The cleavage of
benzoic imine bond was confirmed by the disappearance of
the peak at 8.6 ppm arising from —CH = N— together with
the appearance of the peak at 10.1 ppm of —CHO. There-
fore, the benzoic imine bond and hydrazone bond can be
cleaved in acidic environment, accompanied with the release
of MAL and TPE residue. Furthermore, the molecular disso-
lution of the prodrug and the aggregation of the cleaved TPE
residues were further confirmed by dynamic light scattering
(DLS). Biotin-PEG-MAL-TPE was molecularly dissolved
in PBS with hydrodynamic diameter of 2.3 nm. However,
after incubation at pH 5.5 for 30 min, the hydrophobic TPE

www.small-journal.com




4 www.small-journal.com

m full papers

© @ Ay Ls LL@_A&

8 (ppm)

Figure 4. 'H NMR spectra of Biotin-PEG-MAL-TPE in a) DMSO-d, and
b) DMSO-d¢ with 2% deuterium chloride for 24 h (pH 3.1).

residues tended to cluster into aggregates as confirmed by
DLS (Figure S25, Supporting Information). The aggregation
of TPE residues can restrict the intramolecular rotations and
pH-responsive fluorescent lightup was realized.

Intracellular lightup imaging was studied using A549
(human lung adenocarcinoma epithelial cell line) as a model
cancer cell line. HUVEC (human umbilical vein endothe-
lial cell line) was used as a control normal cell line with less
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receptor of biotin. As discussed above, the Biotin-PEG-
MAL-TPE probe was nonemissive before cell uptake. Sur-
prisingly, after incubation of Biotin-PEG-MAL-TPE probes
with A549 cancer cells for 8 h, strong intracellular blue flu-
orescence and red fluorescence were observed (Figure 5a).
Such intracellular dual fluorescent lightup was most probably
because of the pH-responsive release of TPE and MAL. The
cellular internalization mechanism and pathway for Biotin-
PEG-MAL-TPE bioprobes were further investigated. Since
endocytosis is an energy-dependent uptake process for
various extracelluar substances and can usually be inhib-
ited by incubating cells at low temperature (4 °C instead of
37 °C) or in ATP (adenosine triphosphate) depleted envi-
ronments such as pretreating with NaN;.[?>30 Cell culture
was carried out at 4 °C or pretreated with NaN; in parallel
with regular incubation conditions to investigate the cel-
lular internalization pathway. Indeed, the fluorescence of the
cells incubated at 4 °C or pretreated with NaN; was much
weaker, which further confirmed that Biotin-PEG-MAL-
TPE was internalized into cells by endocytosis (Figure S27,
Supporting Information). After biotin-mediated selective
endocytosis, Biotin-PEG-MAL-TPE probe was internalized
into the lysosome. The hydrazone bond and benzoic imine
bond were unstable in acidic lysosomal environment. There-
fore, TPE and MAL can be released. After TPE was cleaved,
strong blue fluorescence lightup was observed because of the
AIE effect. Meanwhile, after MAL was released, MAL can
be converted into the photosensitizer PpIX by intracellular
heme biosynthetic pathway. Strong red fluorescence lightup
of PpIX can hence be observed. Moreover, it is well known

Merge

(c)

Figure 5. Fluorescence microscopy images of a) A549 cells incubated with 50 x 107 m Biotin-PEG-MAL-TPE bioprobes for 8 h, strong intracellular
blue fluorescence of TPE, and red fluorescence of PpIX were observed; b) HUVEC cells incubated with 50 x 10~ m Biotin-PEG-MAL-TPE bioprobes
for 8 h, weak fluorescence was observed owing to the less receptor of biotin in HUVEC cells; ¢) A549 cells incubated with 50 x 107 m PEG-MAL-TPE
bioprobes for 8 h, very weak fluorescence was observed owing to the absence of biotin moieties.
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Figure 6. Reactive oxygen generation detected by fluorescence of DCFDA in A549 cells exposed to a) Biotin-PEG-MAL-TPE prodrug after irradiated
with 635 nm light at 500 mW cm~2 for 0.5 min. b) PEG-MAL-TPE prodrug, after irradiated with 635 nm light at 500 mW cm~2 for 0.5 min and c) control

without treatment.

that biotin can increase the selective uptake by cancer cells
via receptor-mediated endocytosis.?7-3! If Biotin-PEG-MAL-
TPE probes were incubated with HUVEC cells for 8 h, only
weak fluorescence of TPE and PpIX could be observed in
HUVEC cells, which might be ascribed to the less receptor of
biotin in HUVEC cells (Figure 5b). Therefore, Biotin-PEG-
MAL-TPE bioprobes can selectively light up cancer cells in
a high signal-to-noise ratio. At the same time, PEG-MAL-
TPE prodrugs without biotin targeting were also used as
negative control. As shown in Figure Sc, after incubation of
PEG-MAL-TPE with A549 cells, the fluorescent intensity of
AS549 cells was much weaker than that incubated with Biotin-
PEG-MAL-TPE, probably owing to the inefficient cellular
internalization. Meanwhile, if A549 cells were incubated with
Biotin-PEG-TPE, in which TPE was conjugated to PEG by
stable amide bonds, blue fluorescence was not able to be
observed in A549 cells since TPE cannot be cleaved from the
probe in lysosomal pH (Figure S28, Supporting Information).
Therefore, by unique molecular design of Biotin-PEG-MAL-
TPE, intracellular dual fluorescence lightup can be detected
in cancer cells, which might be very promising for bioimaging.

The generation of reactive oxygen species (ROS) upon
light irradiation of a photosensitizer plays an important role
for the apoptosis of cancer cells in PDT. MAL is a precursor
of the strong photosensitizer PpIX. PpIX can generate ROS
upon red light irradiation, which is highly cytotoxic and can
lead to cell apoptosis. As shown in Figure 5, strong red flu-
orescence of PpIX can be observed after incubation of the
prodrugs with A549 cells, which indicated successful gen-
eration and accumulation of PpIX in cancer cells. The ROS
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generated by endogenous PpIX after 635 nm red light irra-
diation was further studied by staining A549 cells with
2’,7’-dichlorofluorescein diacetate (DCFDA).*’l DCFDA is
nonfluorescent and can be oxidized to 2’,7’-dichlorofluores-
cein (DCF) by ROS, which shows strong green fluorescence.
The green fluorescence was imaged by fluorescence micros-
copy. As expected, because of the selective internalization of
Biotin-PEG-MAL-TPE prodrug by receptor-mediated endo-
cytosis, the green fluorescence of A549 cells incubated with
Biotin-PEG-MAL-TPE prodrug was much stronger than that
of PEG-MAL-TPE prodrug (Figure 6), which was consistent
with the accumulation of PpIX in A549 cells (Figure 5a).

Since the production of ROS is a major mediator for
the activation of apoptosis signaling pathways in PDT, the
influence of Biotin-PEG-MAL-TPE and PEG-MAL-TPE
prodrugs on cancer cell apoptosis after light irradiation was
evaluated by the annexin V conjugate staining assay. The flow
cytometry results are shown in Figure 7 and the sum of the
two right quadrants represents apoptosis. After A549 cells
were incubated with Biotin-PEG-MAL-TPE prodrugs and
irradiated with 635 nm laser for 1 min, 36% of cancer cells
were induced to undergo apoptosis. However, the apoptosis
of A549 cells incubated with PEG-MAL-TPE prodrugs was
only 22%. Therefore, Biotin-PEG-MAL-TPE prodrugs can
cause cell apoptosis to a greater extent than PEG-MAL-TPE
prodrugs, which was in good agreement with the generation
of PpIX and ROS.

It is very important for a practical system of PDT that
it exhibits low cytotoxicity without light irradiation and
can induce high cytotoxicity after light irradiation. The
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Figure 7. Induction of apoptosis on A549 cells after incubation with Biotin-PEG-MAL-TPE prodrugs and PEG-MAL-TPE prodrugs.

photodynamic cytotoxicity of the prodrugs was evaluated
by MTT assay with light irradiation at 635 nm. At first, the
dark cytotoxicity of Biotin-PEG-MAL-TPE prodrugs, PEG-
MAL-TPE prodrugs, and free MAL against A549 cells was
evaluated. As shown in Figure 8a, after 24 h incubation, all
the samples did not show obvious cytotoxicity without light
irradiation even when the concentration of MAL was as high
as 50 x 10 M. However, a dose-dependent cytotoxicity was
observed in A549 cells upon exposure to 635 nm light for

5 min (Figure 8b). Compared to PEG-MAL-TPE prodrugs
and free MAL, Biotin-PEG-MAL-TPE prodrugs exhibited
a higher percentage of cell death with half-maximal inhibi-
tory concentration (ICsy) of 12.3 x 107 m. The results were
consistent with the ROS generation as well as the apop-
tosis studies. Meanwhile, the photodynamic cytotoxicity can
be well regulated by irradiation time and light intensity. As
expected, stronger inhibition of cell viability was observed
with longer irradiation time or stronger light intensity
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Figure 8. Cell viability of A549 cells a) after incubation with the prodrugs at different concentrations without light irradiation for 24 h; b) upon
incubation with the prodrugs at different concentrations after 5 min light irradiation (500 mW cm~2) followed by further incubation for 24 h; ¢) upon
incubation of the cells with 50 x 10~ m prodrugs and irradiation with light (500 mW cm~2) for different time, followed by further incubation for 24 h;
d) upon incubation of the cells with 50 x 107® m prodrugs and irradiation with different light intensity for 5 min, followed by further incubation for

24 h.
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(Figure 8c,d). Therefore, the photodynamic cytotoxicity of
the prodrugs could be easily regulated for optimal results and
hence can be considered as ideal vehicles for PDT.

3. Conclusion

In summary, a pH-responsive bioprobe Biotin-PEG-MAL-
TPE was successfully synthesized and utilized for intra-
cellular dual fluorescent lightup imaging and targeted
photodynamic ablation of cancer cells. Biotin-PEG-MAL-
TPE bioprobe was almost nonfluorescent in physiological
environment. After internalized into A549 cancer cells, TPE
and MAL can be released in acidic lysosomal environment.
Intracellular dual fluorescent lightup was achieved owing
to the AIE effect of TPE and heme biosynthesis of PpIX
from MAL. Importantly, benefiting from the biotin targeting
ligand, such Biotin-PEG-MAL-TPE bioprobe, can selec-
tively light up cancer cells with both blue fluorescence of
TPE and red fluorescence of PpIX. The endogenously gen-
erated PpIX was further used as a photosensitizer for PDT.
After 635 nm light irradiation, Biotin-PEG-MAL-TPE prod-
rugs exhibited stronger inhibition of cell viability than PEG-
MAL-TPE prodrugs and free MAL. In order to achieve
optimal PDT, the photodynamic cytotoxicity of the prodrugs
could be easily regulated by changing the concentration of
MAL, irradiation time, as well as light intensity. The design
of endogenous dual fluorescent lightup bioprobes presents a
promising potential for targeted image-guided photodynamic
cancer therapy.

4. Experimental Section

Materials: ~ N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide
HCl (EDC), N-hydroxysuccinimide (NHS), dicyclohexylcarbodiimide
(DCQ), 4-dimethylaminopyridine (DMAP), and ethyl bromoacetate
were purchased from Sigma-Aldrich. 3-(4,5-dimethyl-thiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) was purchased from
YEASEN. Benzophenone, 4-hydrobenzopheone, 4-formyl benzoic
acid, and hydrazine hydrate were purchased from Energy Chem-
ical. Zinc powder and titanium tetrachloride (TiCl,) were obtained
from Sinopharm Chemical Reagent Co., Ltd. Biotin-PEG5000-NH,
and mPEG5000-NH, were purchased from Xi’an ruixi Biological
Technology Co., Ltd. Methyl 5-aminolevulinate hydrochloride
(MAL-HCl) was obtained from J&K Scientific Ltd. A549 cell line and
HUVEC cell line were obtained from KeyGEN BioTECH.

Characterization: 'H NMR spectra and 3C NMR spectra were
recorded on a Bruker DMX500 instrument. Mass spectra were
recorded on Bruker Esquire 3000 plus. Fourier transform infrared
spectroscopy (FT-IR) analyses were performed on a Bruker Vector2
spectrometer. Fluorescence emission spectra were recorded from
PerkinElmer LS 55 fluorescence spectrometer. DLS measurements
were performed using Zetasizer Nano-ZS from Malvern Instruments
equipped with a He-Ne laser at wavelength of 633 nm at 25 °C.
Intensity-average hydrodynamic diameter (Dh) was adopted in this
research. Transmission electron microscopy (TEM) was performed
on a JEM-1230EX TEM (JEOL, Japan) operated at the accelerating
voltage of 80 kV.
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Synthesis of TPE-hyd: TPE-hyd was prepared according to our
previous publication.*?) Under an Ar atmosphere, benzophenone
(36.4 g, 0.2 mol), 4-hydrobenzopheone (38 g, 0.2 mol), zinc powder
(32 g, 0.48 mol), and 600 mL of THF were added into a three-necked
flask under stirring at 0 °C. 26 mL of TiCl,, (0.24 mol) was then slowly
added. The mixture was stirred at room temperature for 0.5 h and
then refluxed overnight. After cooled to room temperature, 100 mL
of 1 m dilute hydrochloric acid was added and extracted with dichlo-
romethane (CH,CL,). The crude product was purified by a silica gel
column (petroleum ether:ethyl acetate = 15:1). Hydroxylated TPE
(TPE-OH) was obtained as a white solid. 3.34 g of ethyl bromoac-
etate (20 mmol), 7 g of TPE-OH (20 mmol), 4 g of K,CO5 (30 mmol),
and 100 mL of acetonitrile were added into a flask. The mixture was
refluxed over night at 100 °C. The resulting mixture solution was
separated by filtration. The crude TPE-Et was purified through silica
gel column (petroleum ether:ethyl acetate = 20:1). Finally, 1 g of
TPE-Et was dissolved into methanol. Then, hydrazine hydrate (3 mL)
was added and stirred vigorously. After 10 h, the mixture solution
was poured into water and extracted with CH,Cl, for three times.
The collected organic layer was concentrated under reduced pres-
sure. *H NMR (500 MHz, DMSO-d6) & 4.31 (s, 2H), 4.39 (s, 2H),
6.73 (d, 2H), 6.86 (d,2H), 6.97 (g, 6H), 7.11 (m, 9H), 9.30 (s, 1H).
13C NMR (125 MHz, DMS0-dé) & 66.15, 113.95, 126.47, 127.80,
130.64, 131.78, 136.15, 139.94, 143.54, 156.25, 166.69. MS (EI):
M+m/z 421.3.

Synthesis of Succinimidyl 4-Formylbenzoate: Succinimidyl
4-formylbenzoate was synthesized as previously described./ !
2 g of 4-formyl benzoic acid (13.3 mmol) was dissolved in
50 mL of acetonitrile. 2.8 g of N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide HCl (EDC, 14.6 mmol) and 1.7 g of NHS
(14.6 mmol) were then added. The solution was stirred overnight
at room temperature. Acetonitrile was removed in vacuum and
replaced by CH,Cl, and washed three times with water. The solu-
tion was dried over MgSO, and CH,Cl, was removed in vacuum.
Succinimidyl 4-formylbenzoate was obtained as white powder. *H
NMR (500 MHz, CDCl,) 6 2.94 (s, 4H), 8.03 (d, 2H), 8.30 (d, 2H),
10.14 (s,1H). 13C NMR (125 MHz, CDCl;) § 25.84, 129.76, 131.11,
140.57,161.08, 169.16, 191.30.

Synthesis of Carboxylated TPE: Carboxylated TPE (TPE-COOH)
was prepared according to our previous publication with slight mod-
ification./“? Benzophenone (36.4 g, 0.2 mol), 4-hydrobenzopheone
(38 g, 0.2 mol), zinc powder (32 g, 0.48 mol), and 600 mL of THF
were added into a three-necked flask under stirring at 0 °C. 26 mL
of TiCl, (0.24 mol) was then slowly added. The mixture was stirred
at room temperature for 0.5 h and then refluxed overnight. After
cooled to room temperature, 100 mL of dilute hydrochloric acid
(1 mol L™?) was added and extracted with CH,Cl,. The crude product
was purified by a silica gel column and TPE-OH was obtained as a
white solid. 3.34 g of ethyl bromoacetate (20 mmol), 7 g of TPE-OH
(20 mmol), 4 g of K,CO5 (30 mmol), and 100 mL of acetonitrile were
added into a flask. The mixture was refluxed over night at 100 °C.
The resulting mixture solution was separated by filtration. The crude
was purified through silica gel column. This product was added into
a solution (CH,Cl,:TFA = 1:1) and stirred vigorously. After 24 h, the
mixture solution was poured into water and extracted with CH,Cl,
for three times. The collected organic layer was concentrated under
reduced pressure. TPE-COOH was obtained as white powder. 'H
NMR (500 MHz, CDCl5) & 4.60 (s, 2H), 6.65 (d, 2H), 6.95 (d,2H),
7.02 (g, 6H), 7.09 (m, 9H). 3C NMR (125 MHz, CDCly) 6 59.52,
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108.58, 121.23,126.07,127.47,132.43,134.87, 135.41, 138.56,
150.59, 168.67. MS (El): M-m/z 405.4.

Synthesis of MAL Conjugated TPE: MAL was conjugated to TPE-
hyd via acid-labile benzoic imine bond. Briefly, 200 mg of TPE-
hyd (0.37 mmol) and 127 mg of MAL (0.7 mmol) were dissolved
in 10 mL of DMSO. A drop of trifluoroacetic acid was then added.
The resulting solution was stirred at room temperature. After 24 h,
the crude product was purified by a silica gel column. MAL con-
jugated TPE (TPE-MAL) was obtained as white powder. 'H NMR
(500 MHz, DMS0-d6) 6 2.08 (t, 2H), 2.56 (t, 2H), 3.09 (s,2H), 3.59
(s, 2H), 4.40 (s, 2H), 6.72 (d, 2H), 6.86 (d,2H), 6.96 (g, 6H), 7.11
(m, 9H). 13C NMR (125 MHz, CDCly) 6 26.91, 34.25, 37.15, 51.49,
66.05, 113.91, 126.54, 127.74, 130.61, 131.80, 135.93, 139.81,
143.39, 154.08, 156.26, 172.46, 175.01. MS (El): M+m/z 548.5.

Synthesis of Biotin-PEG-CHO: Biotin-PEG-CHO was synthesized
as illustrated in Scheme S4 (Supporting Information). 400 mg of
Biotin-PEG5000-NH, and 100 mg of succinimidyl 4-formylbenzoate
were added into 15 mL of DMF. The mixture was stirred at room
temperature for 72 h. The solution was then dialyzed against DMF
and then water (MWCO 3500). After dialysis, the solution was lyo-
philized to obtain Biotin-PEG-CHO. The NMR results are presented
in the Supporting Information with characteristic peaks labeled.

Synthesis of Biotin-PEG-MAL-TPE: Biotin-PEG-MAL-TPE was
synthesized as illustrated in Scheme S4 (Supporting Informa-
tion). 250 mg of Biotin-PEG5000-CHO and 274 mg of TPE-MAL
were added into 10 mL of DMSO. The mixture was degassed three
times using the freeze-pump-thaw procedure and reacted at 40 °C
for 72 h. the solution was then dialyzed against DMSO and then
water at pH 8.0 (MWCO 3500). After dialysis, the solution was lyo-
philized to obtain Biotin-PEG-MAL-TPE. The NMR results with char-
acteristic peaks labeled and FT-IR analysis are presented in the
Supporting Information.

Synthesis of Biotin-PEG-TPE: Biotin-PEG-TPE was synthesized
as previously described and illustrated in Scheme S5 (Supporting
Information).3! 162 mg of TPE-COOH was dissolved in 10 mL of
CH,Cl,. 82 mg of DCC and 49 mg of DMAP were then added. After
stirring for 0.5 h, 200 mg of Biotin-PEG5000-NH, was added. The
solution was stirred continuously at room temperature for 96 h.
The solution was then dialyzed against DMSO and then distilled
water (MWCO 3500). After dialysis, the solution was lyophilized
to obtain Biotin-PEG-TPE. The NMR results with characteristic
peaks labeled and FT-IR analysis are presented in the Supporting
Information.

Synthesis of PEG-CHO: PEG-CHO was synthesized as illustrated
in Scheme S6 (Supporting Information). 400 mg of PEG5000-NH,
and 100 mg of succinimidyl 4-formylbenzoate were added into
15 mL of DMF. The mixture was stirred at room temperature for
72 h. The solution was then dialyzed against DMF and then water
(MWCO 3500). After dialysis, the solution was lyophilized to obtain
PEG-CHO. The NMR results are presented in the Supporting Infor-
mation with characteristic peaks labeled.

Synthesis of PEG-MAL-TPE: PEG-MAL-TPE was synthesized
similar to Biotin-PEG-MAL-TPE and illustrated in Scheme S6 (Sup-
porting Information). 250 mg of mPEG5000-CHO and 274 mg
of TPE-MAL were added into 10 mL of DMSO. The mixture was
degassed three times using the freeze-pump-thaw procedure and
reacted at 40 °C for 72 h. The solution was then dialyzed against
DMSO and then water at pH 8.0 (MWCO 3500). After dialysis, the
solution was lyophilized to obtain PEG-MAL-TPE. The NMR results
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with characteristic peaks labeled and FT-IR analysis are presented
in the Supporting Information.

pH-Responsive Fluorescence Lightup of Biotin-PEG-MAL-TPE:
Biotin-PEG-MAL-TPE was added into PBS (10 x 10> m, pH 5.0) with
the final concentrations of 50 x 10™® m. The mixed solution was
incubated at 37 °C and the fluorescence spectra were recorded at
designated time with the excitation wavelength of 360 nm.

Cell Culture: Human lung adenocarcinoma epithelial cells
(A549 cells) were cultured in F-12K medium containing 10% fetal
bovine serum (FBS) in 5% CO, at 37 °C. Human umbilical vein
endothelial cells (HUVECs) were cultured in RPMI 1640 medium
containing 10% FBS in 5% CO, at 37 °C.

Fluorescent Microscopy: A549 cells were seeded and incu-
bated in 24 well plates (1 x 10° cells per well) in F-12K medium.
After 24 h incubation, the medium was replaced with fresh serum-
free medium. The bioprobe (Biotin-PEG-MAL-TPE, PEG-MAL-TPE, or
Biotin-PEG-TPE) was added with the final concentration of 50 x
107 m. After incubation for 8 h, the medium was removed and the
cells were washed by PBS for three times. The fluorescence images
of A549 cells were observed by fluorescence microscope. For the
cell uptake of Biotin-PEG-MAL-TPE bioprobe by HUVEC cells, HUVEC
cells were seeded and incubated in 24 well plates (1 x 10° cells
per well) in RPMI 1640 medium. After 24 h incubation, the medium
was replaced with fresh serum-free medium. The Biotin-PEG-MAL-
TPE bioprobe was added with the final concentration of 50 x
107 m. After incubation for 8 h, the medium was removed and the
cells were washed by PBS for three times. The fluorescence images
of HUVEC cells were observed by fluorescence microscope.

Endocytosis Mechanism Investigation: A549 cells were seeded
in confocal dishes at 3 x 10* cells per well and incubated for 12 h at
37 °C. For the ATP-depletion studies, the cells were pretreated with
10 x 107 m NaN; and 50 x 107> m 2-deoxy-p-glucose for 30 min at
37°C. Then, the medium was replaced with 10 x 1076 m Biotin-PEG-
MAL-TPE in fresh culture medium. For low temperature incubation
at 4°C, the medium was replaced with 10 x 107® m Biotin-PEG-
MAL-TPE in fresh culture medium incubated at 4°C, instead of the
regular 37°C condition. The medium replaced with 10 x 107 m
Biotin-PEG-MAL-TPE in fresh culture medium without treatment was
used as parallel group. After incubation with Biotin-PEG-MAL-TPE
for 3 h, the medium was removed and the cells were washed with
PBS for three times. The fluorescence images of Biotin-PEG-MAL-
TPE in cells were observed by fluorescence microscope.

Cell Apoptosis: A549 cells were seeded in a 24-well plate
(3 x 10° cells per well) and cultured for 24 h. The medium was
replaced with fresh serum-free medium. Biotin-PEG-MAL-TPE or
PEG-MAL-TPE was added with final concentration of 50 x 107®
m. After incubation for 8 h, the samples were irradiated with a
635 nm laser at 500 mW cm~2 for 1 min. After incubation for 12 h,
cells were treated with trypsin and centrifuged for 5 min at 1000
rpm after being washed with PBS for three times. The cells were
then suspended in 500 pL binding buffer. 5 L Annexin V-FITC and
5 pL Pl were then added and incubated with the cells for 15 min in
the dark. Finally, the stained cells were analyzed using a FACScan
flow cytometer.

Reactive Oxygen Generation Measurement: A549 cells were
seeded and incubated in 96-well plates (1 x 10* cells per well) with
F-12K medium for 24 h. The prodrug Biotin-PEG-MAL-TPE or PEG-
MAL-TPE was then added with final concentration of 50 x 1076 m.
After incubation for 8 h, the medium was replaced by 40 pL serum
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free medium containing 10 x 107% m DCFDA. After incubation for
another 0.5 h, the cells were washed with serum free medium.
After irradiated with a 635 nm laser at 500 mW c¢cm~2 for 0.5 min
and washed with serum free medium, the fluorescence images
were observed using a fluorescence microscope.

Cytotoxicity Assay: A549 cells were seeded and incubated
in 96-well plates (1 x 10* cells per well) with F-12K medium for
24 h. The prodrug Biotin-PEG-MAL-TPE, PEG-MAL-TPE, or free MAL
was added in different concentrations (5-50 x 107 m). After incu-
bation for 8 h, the samples were irradiated by a 635 nm laser at
500 mW cm~2 for 5 min. The cells were then cultured for another
12 h. For MTT test, 20 pL MTT (5 mg mL™) per well was added and
the cells were incubated for another 4 h. Then the culture media
in each well was replaced by 150 pL DMSO. The absorbance was
measured at a wavelength of 490 nm. Data were expressed as
average + SD (n = 4). In order to measure the dark cytotoxicity of
Biotin-PEG-MAL-TPE prodrugs, PEG-MAL-TPE prodrugs, and free
MAL against A549 cells, A549 cells with light irradiation were
adopted. Meanwhile, different influence factors, such as light
irradiation time, and light intensity were studied to evaluate the
photodynamic cytotoxicity of Biotin-PEG-MAL-TPE prodrugs, PEG-
MAL-TPE prodrugs, and free MAL using the same method.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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