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Highlight
1. pH-PDT is highly sensitive to pH in the range of 5.5-®ith increased emission at
555 nm for about 12-fold

2. pH-PDT shows increased singlet oxygen quantum yield fbg4 to 0.45 when

pH decreases from 5.5 and 3.5

3. pH-PDT locates in lysosomes of cancer cell for photodyinaimerapy of cancer

and have no obvious toxicity of normal cells



Abstract

Photodynamic therapy that can cause high toxiatgancer cells and lower toxicity
in normal cells is in great demand. Herein, we repgH-responsive photosensitizer
based on BODIPYpH-PDT) by specific response to lysosomes of cancer ¢etls
efficient photo dynamic therapy. The photosensitisehighly sensitive in the pH
range of 5.5-3.0, exhibiting an increased emissib®55 nm for about 12-foldn
vitro experiments confirmed that the singlet oxygen twan yield of the
photosensitizer was increased from 0.24 to 0.4&nimcidic environment (pH 5.5 to
3.5). With different pH of lysosomes in cancer €edhd normal cells, theH-PDT
can specifically respond to lysosomes of cancdr(EllPG-2 cell) for photodynamic

therapy of cancer and have no obvious toxicityafmal cells (HL-7702 cells).

| ntroduction

Photodynamic therapy (PDT), in which the energy lgfht can be
transformed to’O, to generate singlet oxygen by irradiating a phensgizer
(PS) with light at certain wavelengths, has bee@ogaized as one of the most
efficient treatment modalities for cancer, owing ite high specificity and
minimal invasiveness® However, the inevitable side effects of PDT have
limited its extensive clinical use to ddtélthough drug delivery nanoparticles
have been well-developed for efficient cancer thgranly 0.7% (median) of
the administered nanoparticle dose is deliveratiecsolid tumouP.This means

that more than 90% of the toxic drugs are absohyedormal organs and cells,



which is the main reason for undesirable side &feén cancer therapy.
Generally, the patients treated with PDT must meffeom sunlight or other
forms of light exposure for at least 30 days, beeamost of the administered
PSs are retained by normal céll§herefore, development of stimulating
responsive PSs that can be activated by specificecacell environments while
limiting toxicity to normal cells, is in great denh

Various stimulating responsive PSs that can bevatetil by the stimulus of
enzyme5®, DNA®® heat!, and small moleculé$'*to enhance the efficiency
and precision of PDT, have been reported. Howeveose stimulating
responsive PSs generally could not distinguish etwnormal and cancer
cells. Due to the high invasiveness and permewbdft cancer cells, their
organelle microenvironment is different from nornwlls, which may be
exploited for the development of a stimulating msgve PS>1°

It is well-known that lysosomes play a key rolecillular processes. They
can receive and degrade unwanted materials fromideutof the cell and
obsolete components inside the cell with the aidusherous acid hydrolasés.
To maintain the optimal activity of hydrolases,dgemes dwell in the acidic
microenvironment because of the proton-pumping okcu ATPasé>'®
Various pH-responsive PSs that can be activatedthiey acidic lysosome
environment have been reported. For example, O’'Siirsa reported an
iodinated BODIPY with attaching photo induced elenttransfer (PET)-based

quenchers for pH-activated PBTHuangxian Ju and colleagues have reported



lysosome-targeted and pH-controlled nanoparticles, which folate was
covalently-linked to recognize cancer cells for@mted PDT2 However, a PS
that is stimulated only by cancer cell lysosome egmains silent in normal
cells without complex target molecules, has nothe#n reported. Compared
with normal cells, the lysosomal pH (¥l in cancer cells (pkt 3.8—4.7)
shows a higher acidity than that in normal celld{p4.5—-6.0), mainly owing to
the increased expression of specific subunits tatmote the pumped
efficiency of H by V-ATPase®>?? These lysosome pH differences between
normal and cancer cells may be used as a stratedgsign a responsive PS.
However, it is challenging to find lysosome targefeS with a smart pKa of
3.8—4.5 for efficient photodynamic therapy (PDT)yoim cancer cells.

BODIPY (4,4-Difluoro-4-bora-3a,4a-diaza-s-indacerd®rivatives are one
kind of commonly used fluorescent dye for ion sessmd imaging probed:?*
Actually, BODIPYs have many ideal PS characterssfach as high extinction
coefficients, resistance to photobleaching, andhdrglight—dark toxicity
ratios?>?° However, only a few of the derivatives have beesighed for PDT
application®?’

To distinguish lysosomes of cancer cells and abroells, a smart pH
responsibility with suitable pKa is requirement. lim modified BODIPYs
generally show pH sensitivity. For example, Urahalehas recently reported a
N,N-diethylaminophenyl (4-position) modified

2,6-dicarboxyethyl-1,3,5,7-tetramethyl-BODIPY (DNBDP) with a pKa of



6.0 as a pH-responsive fluorescent marker for lysmsimaging® However,
the pH sensitivity of this molecule is not enoughdistinguish between normal
and cancer cells. Herein, by substituting carbdxylefor iodine of 2,6-position
of DIEtINBDP, we report a novel pH-responsive RHI{(PDT in Figure 1la),
which can preferentially be activated by lysosonws cancer cells via
concentration control. While introduction of iodiman endow the@H-PDT
with a photodynamic effect, the iodine that behavas a weak
electron-donating group successfully lowers the K®DIEtBDP from 6.0 to
4.0. With the N,N-diethylaminophenyl group in 4-gms, pH-PDT can not
only be specifically accumulated in lysosomes, ddsb be highly responsive to
pH in the range of 3.0-5.0 (the leap point at pH).4In the more acidic
microenvironment,pH-PDT exhibited stronger emission at 555 nm and
increased production of singlet oxygen. Consequepti-PDT can act as a
smart PS that shows much more efficient photodyoauiion for cancer cells

than for normal cells in enhanced PDT of cancer.
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Fig. 1. a) lllustration of pH-responsiveH-PDT, b) fluorescent intensity changes of
pH-PDT (10 uM) at 555 nm in different pH value (3.0, 3.5, 3485, 4.9 and 5.5), ¢)
decay profiles of the emission of DMA (5M) at 400 nm withoupH-PDT, in the
presence opH-PDT (10 uM) with different pH in PBS, an@H-PDT with Vc (100

uM), irradiated by 532 nm laser (50 mW/gm

Results and discussion

The photo-physical properties ofpH-PDT were measured in
phosphate-buffered saline (PBfYable S1). The pH-responsiveness of
pH-PDT was evaluated from pH 3.0 to 5.5 in PBS using ridgoent
spectroscopypH-PDT exhibited moderate emission at 553 nm (fluorescent
quantum yield, 0.012) only in acidic conditions agito the protonation of

diethylamino (Figure 1b). When the pH value waseased, the emission at



553 nm was decreased by a factor of 12 from pHt®@.8.5 (pKa = 4.0). In
neutral and alkaline conditiongpH-PDT showed minimal fluorescence
because of the PET effect. The absorptiompldtPDT from 450 to 600 nm
showed no obvious change with pH, further confignitme PET effect of
pH-PDT (Figure S1). The photostability opH-PDT was measured by
exposing it to 532 nm laser (50 mW/n{Figure S2)pH-PDT was destroyed
less than 5% of the time when irradiated by lasger20 min, indicating its
excellent stability.

To investigate the pH-dependent photodynamic belavof pH-PDT,
9,10-dimethylanthracene (DMA), which is recognizag a singlet oxygen
indicator, was used to monitor the production oiget oxygen. As shown in
Figure 1c, upon addition gdH-PDT to the solution, the emission of DMA
decreased significantly at a wavelength of 400 rver 40 s under 532 nm
laser irradiation (50 mW/cth For comparison, the emission of DMA never
decreased due to addition of Vitamin C (Vc, an bitbr of singlet oxygen).
More importantly,pH-PDT in different pH conditions exhibited a variable
singlet oxygen production ability. In the presewnt@H-PDT, the emission of
DMA at 400 nm was decreased to 13.02%, 24.26%532,22.11%, 47.33%,
and 56.60%, irradiated by 532 nm laser for 240 thetpH of 3.00, 3.52, 3.84,
4.56, 4.97, and 5.55, respectively (Figure 1c). Bhmglet oxygen quantum

yield of pH-PDT at a pH of 3.5 and 5.5 was 0.45 and 0.24, respgt{Ce6 in



DMSO as standard), indicating a more efficient Eh@xygen production of
pH-PDT in more acidic conditions.

With consideration to the pH-controlled photodynamroperty ofpH-PDT
in solution, ex vivo experiments were conducted. The toxicity pii-PDT
toward normal and tumour cells was first valuatethg the MTT method. As
shown in Figure SHH-PDT showed little or no cytotoxicity (> 90% viability)
in both normal (HL-7702) and tumour cells (HePGi&¥icating thappH-PDT
can be used as a proper PS candidate for PDT.

To determine the precise distribution @ifl-PDT in cancer (HePG-2) and
normal (HL-7702) cells, co-localization experimenits lysosomes were
conducted. Cells loaded wigH-PDT were incubated with the commercial dye
Lyso Tracker red. As shown in Figure PH-PDT accumulated in the
lysosomes in both HePG-2 and HL-7702 cells. The geerimages and
correlation analysis images show that the greeam(fyH-PDT) and red (from
Lyso Tracker Red) fluorescence were well overlappedicating precise
lysosome pH-PDT accumulation. The Pearson’s correlation coefficien

HePG-2 and HL-7702 cell were 0.85 and 0.74, respaygt



Fig. 2. CLSM images of HePG-2 (a) and HL-7702 (b) cetidabelled withpH-PDT

(1) /Lyso tracker red (2). Green channel (1): 5586 m forpH-PDT (5 uM), Aex =
488 nm; Red channel (2): 650 + 25 nm for Lyso temaled (200 nM)jex = 543 nm;
Merged images (3); correlation analysis imagesqdale bar: 50 um.

PDT experiments were then carried out in HePG-2 ldhe7/702 cells to
compare the PDT efficiency between tumour and nbreedls. Cells were
incubated withpH-PDT for 30 min, washed with culture medium, irradiated
with 532 nm laser light (10 mW/cnfor 0—4 min, and incubated for a further
24 h. It was surprised that the PDT efficiencybf-PDT in normal and cancer
cells could be precisely controlled by changing thacentration opH-PDT
and laser power density. When the concentratiqgptbPDT was 1uM and the
power density was 10 mW/émthe difference in cell toxicity) between
HL-7702 and HePG-2 cells was obvious, as shownignré S4. With a higher
concentration opH-PDT, e.g.= 2 uM, cell cytotoxicity in both normal and
cancer cells was apparent after irradiating wit@ 88 laser for more than 1

min, even though normal cell viability is higherath that of cancer cells.



Therefore, 1uM of pH-PDT and 10 mW/crhof laser power was selected as
the optimal condition for the follow-up PDT expegnis. As demonstrated in
Figure 3b-3d, the cell viability of normal cells @0%) was unchanged after
pH-PDT treatment compared with the control (C), laseydh), or pH-PDT
without irradiation (0) groups. However, cell villyi of cancer cells was
dramatically decreased after extended irradiatRnolonging incubation time
after PDT treatment would further decrease cebiitgt only for cancer cells.
These results indicate thaid-PDT can enable killing of cancer cells with 532

nm laser irradiation but has less effect on norcads.
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Fig. 3. PDT of cancer (red) and normal cells (black). €elere treated witpH-PDT
(2 uM for a, 1 pM for b, c, d) irradiated by 532 raser (10 mWi/cH), the

experiment was divided into seven groups: Cont@), (aser only (L),pH-PDT

without irradiation (M) and irradiated with laserf0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0



min, then cells were incubated for further 24 h 2d)h (b), 36 h (c), 48 h (d).

To confirm the generation of singlet oxygen in figi cells, the singlet
oxygen sensor green (SOSG) was used. As showmgurd=#, only cancer cells
(HePG-2 cells) were stained green. Both of thetgpks in the presence of Vc
showed no emission. This indicated that the singkggen was only generated
in cancer cells and that PDT was specific due ® ltwer pH value of

lysosomes in cancer cells than in normal cells.

b HePG-2 + Ve C HL-7702 d HL-7702+ Ve

Fig. 4. Confocal fluorescent images of HepG-2 cells and7M02 cells with
treatmentof pH-PDT (1 uM) after 532 nm irradiation stained by SOSG, HePG-2
cells without Vc for a, HePG-2 cells with Vc for HL-7702 cells without Vc for c,
HL-7702 cells with Vc for d, 515 + 25 nm for SOS&g/mL), Aex = 488 nm, scale
bar: 50um.

The differential PDT effects were further confirmbey co-staining of cells
with Calcein AM (AM, specifically staining live del green) and propidium
iodide (PI, specifically staining dead cells red3. shown in Figure 5, HL-7702
cells were in good condition, only showing greemofescence after 532 nm
irradiation, indicating thapH-PDT had minimal photodynamic toxicity on
normal cells. In contrast, obvious cell death ocediin HePG-2 cells (marked

by red fluorescence) after 532 nm laser irradiatidhese results further



confirmed that PDT withpH-PDT was specifically activated by the acidic

microenvironment of cancer cells.

HL-7702 HePG-2 HL-7702 HePG-2

Fig. 5. CLSM images of Calcein Am/PI stained HL-7702 éad HePG-2 (b) cells
with or withoutpH-PDT (1 pM) treated after exposed to 532 nm laser (Y¥&/anr)
at different times. The experiment was divided iatght groups: Control (1), only
laser (2)pH-PDT without irradiation (3) angH-PDT irradiated with laser for 1 (4),
1.5(5), 2 (6), 2.5 (7) and 3 (8) min. Red chanf6&ll + 25 nm for Pl (200 nM).ex =

543 nm; green channel: 515 = 25 nm for AM (200 nM) = 488 nm, scale bar: 200



pum.

Conclusions

In conclusion, we have developed a lysosome-tatgeted pH-sensitive
photosensitizerpH-PDT, for PDT. The designed BODIPY-based pH-sensitive
agent can accept a proton to increase its fluontsogensity and ability of
singlet oxygen production. Due to the differencepH levels of normal and
cancer cell lysosomegH-PDT can be specifically activated by cancer cell
lysosomes for PDT and have minimal toxicity in natntells. This work

provides an efficient strategy to design smart difieg superior PDT efficacy.

Experimental

1.1 Materials and characterization

All the starting materials were obtained from comered suppliers and used
as received. 2,4-dimethylpyrrole, 4-diethylaminatedehyde, BEFH,O, EgN
were purchased from J&K Chemical Technology. N-mdminimide and
trifluoroacetic acid were purchased from Energy m@ical Company.
2,3-Dicyano-5,6-dichlorobenzoquinone was purchdsad Beijing InnoChem
Science & Technology Co., Ltd. All organic solvemt®re supplied from

Strong Chemical Company (Shanghai, China). Singigtgen green sensor



(SOSG), MTT, Calcien AM (AM), propidium iodide (PBnd cell culture
reagents were purchased from Invitrogen.

1.2 Instruments

'H NMR and**C NMR spectra were recorded with a Bruker DRX 500
spectrometer at 400 and 100 MHz, respectively. darathemical shifts are
reported in parts per million downfield from tetratnylsilane (TMS). The
high-resolution mass spectra (HR-MS) were measared Bruker Micro TOF
Il 10257 instrument. UV-visible spectra were re@mdon a Shimadzu
UV-2550 spectrometer. Steady emission experimenisoan temperature were
measured on an Edinburgh instrument FLS-920 speeter with a Xe lamp as
an excitation source. The quantum yield and lifetiwere measured by QM40.
Confocal laser scanning microscopy (CLSM) was peréml on an Olympus
FV1000 confocal fluorescence microscope with a 60x1onersion objective
lens.

1.3 Synthesis

The Synthetic process pH-PDT is shown in Scheme 2.

—
A

) 1) TFADCM

2) DDQ

3) Et;N BF; * Et,0

H
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Scheme 2. The synthesis route of pH-PDT.

Under N atmosphere, 2,4-dimethylpyrrole (0.95 g) and
4-diethylaminobenzaldehyde (1 g) in dry &Hb (250 mL) was stirred at r.t.
On cooling with an ice bath, TFA (0.1 mL) was addea syringe, and the
mixture was stirred overnight at r.t. A solution @DQ (1.22 g) in THF (30
mL) was added via addition funnel, and the mixtwees stirred at r.t. for 7 h.
Triethylamine (4.2 mL) was added dropwise with aoglon an ice bath, and
the mixture was stirred for another 0.5 h. Theng'B&O (5.26 mL) was added
dropwise with a syringe, and the reaction mixtur@svstirred overnight. The
solution was concentrated under reduced pressacewater (200 mL) was
added. The mixture was stirred for 24 h and ex¢ichetith CHCl,. The organic
layer was dried over anhydrous JS&y, and the solvent was evaporated under
reduced pressure. The crude product was purifieddymn chromatography
(silica gel, CHCl.,/Jhexane 1:1, v/v) to givd as green solid. Yield 200 mg
16.0%.*H NMR (400 MHz, CDCJ): 7.00 (2H, d), 6.72 (2H, d), 5.96 (2H, s),
3.39 (4H, dd), 2.54 (6H, s), 1.51 (6H, s) 1.19 (6H,°C NMR (100 MHz,
CDCl): 154.65, 148.32, 143.24, 129.01, 120.81, 11244239, 30.45, 30.26,
29.70, 14.64, 14.51, 12.37. HR-MS (ESI Positivelc.céor CrsHogBF,N3",
396.2417 [M], found 396.2403.

1 (200 mg) and N-iodosuccinimide (NIS, 468 mg) weissolved in dry
CH.Cl, (50 mL). The mixture was stirred at room tempea&turhen, the

precipitate was collected to gip#i-PDT as a red solid. Yield 300 mg 89



NMR (400 MHz, CDCY): 6.96 (2H, d), 6.75 (2H, d), 3.43 (4H, dd), 2(6#,
s), 1.54 (6H, s) 1.21 (6H, t§3C NMR (100 MHz, CDGJ): 155.84, 148.60,
145.43, 132.17, 129.24, 128.97, 120.68, 112.01163544.40, 17.36, 15.94,
12.35. for GgH27BF2Nal,", 648.0350 [M], found 648.0360.

1.4 Quantum yields of singlet oxygen

PBS/ethanol (v:v 2:1) solution (3 mL) containipg-PDT at pH 3.5 and 5.5
was put in a quartz cuvette with an optical patigth of 1.0 cm. The cuvette
was illuminated by 532 nm laser (GG-532-1500 MW)hwa power density of
50 mW/cnf for every 30 seconds. The decrease of DMA at 400 was
monitored by fluorescent spectra. The singlet orygpiantum yields of

pH-PDT was determined according to previous me#sfbllowing equation.

_Ir1A,
r-/ As

@s
Whereg, is the singlet oxygen quantum yieldsandrs are the reaction rate
of DMA with singlet oxygen generated from photosemation of pH-PDT
and Ce6, respectivelyA and As are the absorbance @H-PDT and Ce®6,
respectively, ang,s (0.53) is the singlet oxygen quantum yields of Ce6

1.5 Cdl culture

The cancer cells (HePG-2) and normal cells (HL-3%0re provided by the
Institute of Biochemistry SIBS, CAS (China) and ICBlology and Wuhan
Procell life science & Technology Co. Ltd. Cells rae cultured in
phenol-red-free Dulbecco’s modified essential mediuRPMI 1640)

supplemented with 10% fetal bovine serum (FBS) &%@ Pen-Strep. Cells



were incubated at 37 °C under 5% Lahd split with trypsin/EDTA solution
(0.25%) as recommended by the manufacturer.

1.6 CLSM Imaging

HePG-2 and HL-7702 cells (5x10L) were plated on 14 mm glass
coverslips and allowed to adhere for 24 h. Thenciles were incubated with
pH-PDT (5 pM) for 2 h at 37 °C. The pH-PDT loadeslilx were incubated
with commercial dyes Lyso Tracker Red (200 nM) f8@ min. After
incubation, the cells were washed three times WBS&. CLSM imaging was
performed on an Olympus FV1000 confocal scanningtesy with a 60x
oil-immersion objective lens. Green channel: 55264m for pH-PDT (5 uM),
rex = 488 nm; Red channel: 650 + 25 nm for Lysokea¢200 nM) A ex = 543
nm.

The detection of singlet oxygen in live cells: T&eperiment was divided
into eight groups: Control (C), laser only (L), pHDT without laser (0), and
with laser for 1.0, 1.5, 2.0, 2.5 and 3.0 min. HeP@&nd HL-7702 cells (5x£0
/L) were plated on 14 mm glass coverslips and abbvo adhere for 24 h. Then
the cells were incubated with pH-PDT (1 uM) andyhoxygen sensor green
(5 pg/mL) for 2 h at 37 °C, washed with cell cutunmedium. After that, cells
were exposed to 532 nm laser (10 W/cm2) for 18,2.0, 2.5 and 3.0 min and
incubated for another 48 h. CLSM imaging was penfadt on an Olympus
FV1000 confocal scanning system with a 60x oil-imsi@n objective lens.

Green channel: 515 + 25 nm for singlet oxygen segseeniex = 488 nm;



1.7MTT assay

The methyl thiazolyl tetrazolium (MTT) assay wasedisto detect the
cytotoxicity of pH-PDT. Cells were seeded in 96-well plates at a derdity
1x10 cells per well, then cultured in 5% G@t 37 °C for 24 h. After the cells
were incubated witlpH-PDT at different concentrations (0, 0.25, 0.5, 1, 1.25
2.5,5,10, 12.5 and 25 uM) in PBS for 12 and 2rehlpectively. MTT (20 pL,

5 mg/mL) was added to each well of the 96-well ngdate for 4 h at 37°C.
After dimethyl sulfoxide (DMSO, 200 mL/well) was @eld, the absorbance was
measured at 490 nm using a microplate reader. aliptes were analysed in
triplicate.

The photodynamic cytotoxicity opH-PDT was measured as the same
method. The experiment was divided into eleven gsouwControl (C), laser
only (L), pH-PDT without laser (0), and with laser for 0.5, 1.05,12.0, 2.5,
3.0, 3.5 and 4.0 min. Before adding MTT, cells wérst seeded in 96-well
plates at a density of 1x16ells per well, then cultured in 5% G@&t 37 °C for
24 h. Cells were incubated wigH-PDT 1 uM for 30 min, then washed with
cell culture medium. After that, cells were expose&32 nm laser (10 W/cin
for 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 nmid ancubated for another 24, 36,
48 and 60 h, respectively.

The photodynamic cytotoxicity opH-PDT by AM-Pl assay was also
measured via CLSM imaging as the same method. Xperienent was divided

into eight groups: Control (C), laser only (IpH-PDT without laser (0), and



with laser for 1.0, 1.5, 2.0, 2.5 and 3.0 min. HeP@&nd HL-7702 cells (5x£0
/L) were plated on 14 mm glass coverslips and abbvo adhere for 24 h. Then
the cells were incubated wittH-PDT (1 puM) for 2 h at 37 °C, washed with
cell culture medium. After that, cells were expose®32 nm laser (10 W/cin
for 1.0, 1.5, 2.0, 2.5 and 3.0 min and incubatadafwother 48 h. The treated
cell groups were further co-stained with 200 nM dcted AM (AM) and 200
nM propidium iodide (PI) to distinguish live (greeand dead (red) cells for 8
min. CLSM imaging was performed on an Olympus FM186nfocal scanning
system with a 20x oil-immersion objective lens. Rbédnnel: 617 £ 25 nm for
Pl (200 nM),Aex = 543 nm; green channel: 515 + 25 nm for AM (880, Aex

=488 nm.
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