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Abstract

Therapeutic effects of photodynamic therapy (PDE) lanited by the selectivity of
photosensitizer (PS). Herein, a novel tumor-tadjeteig-PS conjugate (Gan-ZnPc)
which integrated with zinc phthalocyanine (ZnPc)d aGanetespib has been
developed. ZnPc is a promising PS with remarkaldletgsensitization ability.
Ganetespib is a heat shock protein 90 (Hsp90) itwhnilwith preferential tumor
selectivity and conjugated to ZnPc as a tumor-tacgdigand. The multifunctional
small molecule conjugate, Gan-ZnPc, could be bdarektracellular Hsp90 and then
selectively internalized into the tumor cells, émled by the generation of abundant
intracellular reactive oxygen species (ROS) upoadiation. Besides, Gan-ZnPc can
arrest cell proliferation and induce apoptosis hy inhibition of Hsp90. Herein, with
combination of the inhibition of Hsp90 and the gatien of cytotoxic ROS,
Gan-ZnPc implements tumor selectivity, concentrad®®&l and chemotherapy in a
synergistic manner, which results in highly effeetanti-tumor activity in vitro and in

Vivo.
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1. Introduction

Photodynamic therapy, which has been approved lforcal use, is a promising
noninvasive treatment for cancer. It combines tima@nsically nontoxic components
(photosensitizer, light and tissue oxygen) to gaigercytotoxic reactive oxygen
species which leads to oxidative damage of thes aahstruction and triggered an
apoptotic or necrotic response[1-3]. PDT reacti@a® be controlled externally
because these biological responses only occur iarevithe PS located and is
restricted by the light irradiation to the diseasiedue[4, 5]. Although PDT has been
extensively studied during recent years and priedinpractices have shown
promising results, it is still less commonly used ¢ancer therapy in clinic. The main
reason is that PS without tumor selectivity is idifft to accumulate in malignant
tissue[6], which causes undesirable adverse effeatdh as skin photosensitivity and
photoallergic reactions during PDT[7, 8]. Thussitritical to selectively localize PS
in tumor to enhance PDT efficiency and minimizelatelral damage to normal tissue.
Therefore, development of PS with improved targespecificity to avoid off-target
sensitization has been proven challenging.

Previously, for achieving enhanced PS selectivignomedicine was commonly
applied strategy to increase the specific accunauaat the target site. The major
underlying mechanism of nanomedicines is the erdgspermeability and retention
(EPR) effect, whereby defects or gaps in the tumasculature allow the

extravasation and accumulation of larger partittias would be retained within the



blood vessels of healthy tissues[9]. Unfortunatélyther penetration of these same
large particles is often hampered by the denseaesitular matrix, leading to
problems with the delivery of nanoparticles to €eleéep within a tumor mass[10, 11].
However, the recent clinical development of mudiplow-molecular weight
ligand—drug conjugates suggests that these smdkcuole conjugates could be a
promising strategy to delivery drugs to target.sBesides, these ligand-drug small
molecule conjugates are often advantaged in th'igenicity, in vivo and in vitro
stability, ability to penetrate tumors and ease ansdt of manufacturing[12, 13].
Moreover, a ligand-drug conjugate only with tumetestivity may be not efficient
enough for anti-tumor therapy. Recently, there hasn considerable interest in
combining different anticancer therapeutic metho@lee combination acting on
different disease pathways has shown several aatyesitand considerably enhanced
therapeutic efficacy[14, 15].

In the present work, a novel tumor-targeted drugde8jugate was developed
(scheme 1). This conjugate could selectively biodHsp90, a target receptor
overexpressed in tumor cells, leading to enhancednaulation of PS in tumor cells
for enhanced PDT and chemotherapy. As a proof-ntept study, zinc
phthalocyanine (ZnPc) was utilized as a charadteriBS, which has a strong
absorption in the tissue-penetrating red-light viewgth range and high efficiency in
generating ROS, but in lack of tumor selectivity[16§]. As a tumor-targeted drug,

Ganetespib (termed STA-9090), an attractive Hsp8bitor, was chosen because of



its high affinity for activated Hsp90 in tumor cetind low affinity for latent Hsp90 in
normal cells[18-20]. Hsp90 is known to be a molacwhaperone with intracellular
and extracellular overexpression in malignant tungells and highly restricted
expression within normal tissue[21, 22]. Therefar&|-surface expression of Hsp90
and the high affinity with its inhibitors in tumaells allow Hsp90-targeted drugs to
concentrate in tumor tissue without harming healtigsue[13]. Also, Hsp90
participates in many key processes in oncogenasts as self-sufficiency in growth
signals, stabilization of mutant proteins, angicggs, and metastasis[23, 24]. As a
Hsp90 inhibitor, Ganetespib can potently arredtmeliferation and induce apoptosis
in a wide variety of human tumor cell lines[25]. ttWihe conjugation of Ganetespib
and ZnPc, Gan-ZnPc could concentrate in tumor ahlls to binding to activated
extracellular Hsp90 secreted by tumor cells andnote the cellular internalization of
Gan-ZnPc by an active endocytotic process[26-28k €oncentration of PS inside
the cells was of great benefit to the generationindfacellular ROS with the
irradiation, thereby an enhanced PDT effect coddekpected[29]. Furthermore, A.
Ferrario et al. had previously reported that PDdnalwas found to induce expression
of various pro-survival and angiogenic signalinglesales such as HIFel survivin
and VEGF, etc. in tumor tissue and weaken its &fffjc However, inhibition of
activated Hsp90 in tumor cells resulting in the chklde of multiple signal

transduction cascades was a beneficial adjuvarREdr in a synergistic way[30, 31].



The combination of two or more therapeutic modaditivas helpful in overcoming
limitations encountered by each therapy when ukmteEB2].

According to the results in this study, Gan-ZnPcsvaemonstrated preferential
internalization into MCF7 tumor cells mediated bgp90 via receptor blocking
experiments. The dark- and photo-toxicity again€MM cells and mice bearing 4T1
xenograft revealed that Gan-ZnPc exhibited potentiiro and in vivo anti-tumor
effect due to the combination of tumor-targetednobinerapy and concentrated PDT
in tumor tissue. To the best of our knowledge, stigly is the first example of a PS
conjugated with a Hsp90 inhibitor to enhance tusalectivity and implement PDT

and chemotherapy for synergistic anti-tumor therapy
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Scheme 1. Chemical structure and schematic illustration o&n&nPc for
synergistic tumor-targeted chemotherapy and PDTh-Bd#c was firstly bound to
extracellular Hsp90 and then selectively interraizinto the tumor cells. The
accumulation of Gan-ZnPc could inhibit the actioh ldsp90 and generate

intracellular ROS upon irradiation. With the comddion of these therapeutic



modalities, Gan-ZnPc was a multifunctional molecutdntaining a promising

synergistic chemo-photodynamic therapy.

2. Results and discussions

2.1 Synthesis of Gan-ZnPc

Gan-ZnPc was synthesized through conjugating sklfénPc and Ganetespib with
an aliphatic chain. Ganetespib was synthesizedrditgpto previous reports[33] and
ZnPc was sulfonated for its later modification. Aopane aliphatic linkage was
attached to Ganetespib with exposure of an aminapgrAfter sulfamide reaction,
Gan-ZnPc was successfully synthesized and usddrthier experiments. W. Ying et
al. have confirmed that Ganetespib bound to Hsp®Ough important hydrogen
bonding interactions involving the resorcinol hyxlyb group, carbonyl group of
triazolone and the Nof triazolone[25].In our study, ZnPc was conjugated to
aminoindole of Ganetespib to maintain the affinayHsp90. But, the phthalocyanine
derivatives in our study were not able to be charamed by'H NMR and HPLC
presumably due to their aggregation[34]. Therefare,used MALDI-TOF and FTIR
spectrum to characterize it. As showed in Figuret®d FTIR spectrum of Gan-ZnPc
demonstrated that the stretching vibrations of -€=C=N-, -C-N- and -CH in
benzene are around 1629, 1329, 1087 and 2958 respectively, which were the
representative peaks of ZnPc segment. Moreoverstiigéching vibrations of -OH,
-NH- and -C=0 are around 3389, 3219 and 1704 @mapectively, which were the

representative peaks of Ganetespib segment. Camgpdine FTIR spectrum of



compound S6 and Gan-ZnPc, the appearance of shgteibrations of -OH around
3389 cnm' suggested the hydrolysis of the benzyl. Hereie, BTIR spectrum of
Gan-ZnPc suggested that Ganetespib was successfuilygated to ZnPc.

2.2 Spectroscopy property of Gan-ZnPc
Most PS have a great absorbance at Q-band whidbhleehthem to be excited by
long-wavelength light with high penetrability. Herethe UV/vis absorbance of
ZnPc, Ganetespib and Gan-ZnPc were detected ang@acech (Figure 1A). ZnPc
demonstrated the expected characteristic absorpgaks at 672 nm in DMSO. On
the contrary, Ganetespib has none absorbance ah@-kBhen ZnPc was covalently
conjugated to Ganetespib, the slight red shifthef dbsorbance to 678 nm at Q-band
was noticed. This change may be caused by the maiiltin of ZnPc with electron
withdrawing group. The differences between ZnPc &@ah-ZnPc in fluorescence
spectroscopy were similar with the UV/vis spectopgc As shown in Figure 1B, the
maximum excitation wavelength of ZnPc was at 672wimie Gan-ZnPc was at 678
nm, which was corresponded to the maximum absarpti@velength. As for
emission fluorescence (Figure 1C), the maximum siomswavelength of ZnPc and
Gan-ZnPc was at 678 nm and 688 nm respectivelysd liesults indicated that
Gan-ZnPc had a similar spectroscopy property tocZamirl suggested that Gan-ZnPc

may have a parallel photosensitivity of ZnPc.



2.3 ROS generation efficiency

ROS generation was measured by using DPBF as a iR@&tor. DPBF could
capture and react with ROS and reduce its absoebaind16 nm. Through recording
the degradation rate of DPBF, the generation efficy of ROS was measured (Figure
1D). Obviously, there was no significant degradatd DPBF without the PS, which
suggested that ROS can’t be generated without B8 wradiation. However, DPBF
was degraded rapidly when ZnPc or Gan-ZnPc waseekisvhich demonstrated that
ZnPc and Gan-ZnPc generated plenty of ROS after lamdiation at 671 nm. More
than 90% of DBPF was degraded after 80 s accumaelgtirradiation and the
degradation rate was rapidly decreased probablytaltige reducing concentration of
DBPF. Obviously, there is no significant influenoea ROS generation after the
modification of ZnPc, revealing the promising RO®negration efficiency of
Gan-ZnPc.
2.4 Photosensitization ability in aqueous solutions

Although Gan-ZnPc can dissolve in aqueous solutim#taining 1% DMSO in a
certain concentration, aggregation of PS was a&tgroblem resulting in losing their
photosensitization ability such as fluorescenceperty and generation of ROS.
However, it has been reported that the aggregaifoRS can be disassociated by
proteins under physiological environment[35]. To antitatively measure the
monomer percentage in aqueous solutions, the #geree emission comparison
method was used since the monomers emit fluoresoghite the emission of dimers

or multimers can be neglected. As ZnPc can dissalv@ disperse absolutely in



DMSO, the monomer percentage was defined to 100%4tenfluorescence emission
intensity of ZnPc dissolved in aqueous solution wasnalized. As shown in Figure
1E, Gan-ZnPc dissolved in PBS containing 1% DMSOitteth inappreciable

fluorescence compared to dissolve in pure DMSOs ftienomenon indicated that
most Gan-ZnPc dissolved in aqueous solutions wasstate of self-aggregation and
lost photosensitization ability. When fetal bovieerum (FBS) was added to the
solution, the emission intensity was increased. Thenomer percentage was
increased to 19% and 36% when 5% and 10% FBS omotan PBS respectively.

The recuperative fluorescence with addition of FB&icated that Gan-ZnPc may
interact with FBS and disperse in monomer statechvinesulted in recovering their
photosensitization ability. By the way, an incomsjoius blueshift of fluorescence
peak of Gan-ZnPc could be observed due to theaictien between the Gan-ZnPc
and proteins, which is similar to previously regf@b6]. The further confirmation of

ROS generation of Gan-ZnPc in aqueous solutionmeasured. As shown in Figure
1F, Gan-ZnPc dissolved in aqueous solution comtgihigher concentration of FBS
possessed higher ROS generation efficiency withlaser irradiation, which was

consistent with the fluorescence emission intensitithermore, comparison of ROS
generation efficiency between Gan-ZnPc and ZnPadneous solution showed
insignificant difference (Figure S4), indicatingeth have an equivalent ROS
generation efficiency in aqueous solution. The mmrable percentage of monomers

of Gan-ZnPc and considerable ROS generation dffigién serum protein contained



systems implied Gan-ZnPc could be used for PDT mupd#ein-riched physiological
environment.
2.5 Photostability

Furthermore a PS used in PDT needs to be stable enough atidration, so that it
can generate enough cytotoxic ROS during the tre@tmFor confirming the
photostability of Gan-ZnPc and ZnPc, their chandstie maximal absorption in
Q-band was used to quantify their concentration @it photobleaching property
was demonstrated. As shown in Figure S5, after 20 imadiation at a laser
irradiation intensity of 100 mW cfat 671 nm, only about 10% of Gan-ZnPc and

ZnPc was photobleached, which indicating that GaR€&was stable enough to be
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Figure 1. Spectroscopy and photosensitization ability of Gakc. (A) UV/Vis

absorption spectra of Ganetespib, ZnPc and Gan-InBMSO (5uM). Excitation




(B) and Emission (C) fluorescence spectroscopyni?Zand Gan-ZnPc in DMSO (3
uM). (D) ROS generation of ZnPc and Gan-ZnPc in DMEQuM) under laser
irradiation indicated by the degradation rate ofAPB(normalized absorbance at 416
nm). Emission fluorescence spectroscopy (E) and Bé&feration (F) of Gan-ZnPc in
pure DMSO and aqueous solution containing 1% DM&Q different concentration
of FBS.

2.6 Cellular internalization and cellular ROS geneation
Cellular internalization profiles were evaluated MICF7 and NIH/3T3 cell using
confocal laser scanning microscopy (CLSM). MCFThusnan breast cancer cell with
high Hsp90 expression while NIH/3T3 is murine endorig fibroblast cells used as
normal cell model. As expected, MCF7 cells incubategh Gan-ZnPc for 2 hand 4 h
showed stronger fluorescence compared to ZnPgadtidg that more Gan-ZnPc was
internalized into MCF7 cells (Figure 2A & Figure A6 Comparing the fluorescence
intensity of 2 h and 4 h incubation, both ZnPc a@dn-ZnPc displayed a
time-dependent cellular internalization. To confircellular internalization was
mediated by Hsp90, 100 folds molar of free Gandbesghich can block the binding
between Hsp90 and Gan-ZnPc, was mixed in culturdiunewith Gan-ZnPc. It was
obviously that the fluorescence was decreased &fimrbation for 2 h or 4 h
compared with Gan-ZnPc, suggesting that celluléakgof Gan-ZnPc was decreased
significantly when Hsp90 was occupied by free Gasigb. To further confirm the

increased cellular internalization of Gan-ZnPc veatieved by binding to Hsp90



expressed on the cell surface, NIH/3T3 was useal megative control. As shown in
Figure 2B & Figure S6B, it was obviously that weikorescence was observed in
both ZnPc and Gan-ZnPc after 2 h or 4 h incubatand there is no significant
difference between them, indicating a small amoohtZnPc or Gan-ZnPc was
internalized. The difference in cellular internalibn of ZnPc and Gan-ZnPc between
the MCF7 and NIH/3T3 cells demonstrated the prefiake tumor cellular
internalization of Gan-ZnPc, which may be attriloute the expression of Hsp90 on
the surface of tumor cells. To quantify the cellulaternalization, flow cytometry
(FCM) analysis was carried out on MCF7 cells antH/ST3 cells and showed in
Figure 2 C&D. Gan-ZnPc showed significantly morelludar internalization
compared to ZnPc or the mixture of Ganetespib aa-ZPc, which was consistent
with the results of CLSM. The high cellular intelimation of Gan-ZnPc mediated by
Hsp90 indicated that Gan-ZnPc could concentratauimor cells with high Hsp90

expression, which was potential to improve PDT affe
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Figure 2. Cellular internalization evaluation by CLSM and MCCLSM images of
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Gan-ZnPc/Ganetespib mixture for 4 h and stainedch VidAPI. Flow cytometry

analysis of MCF7 cells (C) and NIH/3T3 cells (Djeafdifferent incubation for 4 h.
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Additionally, the intracellular ROS generation &ilof Gan-ZnPc in living cells
was detected using DCFH-DA as an indicator. ThéndngDCF fluorescence was
corresponded to the higher intracellular ROS gdimgraAs shown in Figure 3A,
compared to ZnPc or the mixture of Ganetespib aatZhPc, Gan-ZnPc exhibited a
greater intracellular ROS generation in MCF7 celidhile showed negligible
difference in NIH/3T3 cells (Figure 3B). The resutif intracellular ROS generation

determined by DCF fluorescence was consistent with cellular internalization



studies, indicating that the more cellular inteization, the more intracellular ROS

generation, which may result in the higher cytatayi
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Figure 3. Intracellular DCF fluorescence imaged of MCF7 £€l) and NIH/3T3
cells (B) after incubation with ZnPc, Gan-ZnPc an&nPc/Ganetespib mixture for
4 h and irradiation. (scale bar = ph)

2.7 In vitro Cytotoxicity Study
The in vitro cytotoxicity of Gan-ZnPc against MCH#,1, NIH/3T3 was evaluated by
MTT assay. Firstly, cytotoxicity of Gan-ZnPc agdiMCF7 was evaluated for totally
24 h, 48 h and 72 h incubation. For totally 24 ¢uimation, cells were incubated with
drug solution for 6 h first and exposed to irraidiatfor 10 min at 6 h, 9 h and 12 h,
and then incubated till reached 24 h. Similarly, 48 h group, cells were incubated
with drug solution for 12 h first and exposed t@adiation at 12 h, 18 h and 24 h. For
72 h group, cells were incubated with drug solution 24 h first and exposed to
irradiation at 24 h, 30 h and 36 h. As illustrated-igure 4, cell viability decreased
along with the increasing concentration, which dest@ated the cytotoxicity of
Ganetespib, ZnPc and Gan-ZnPc were dose-dependdpan irradiation,
Ganetespib/ZnPc equimolar mixture was relativelyrenpotent than Ganetespib or

ZnPc alone, which may benefit from the combinataPDT and inhibition of



Hsp90. However, cell viability was inhibited to $seshan 20% by 100 nM of
Gan-ZnPc with irradiation in 24 h (Figure 4A) indimg that Gan-ZnPc possessed the
higher cytotoxicity against MCF7 cells than Ganpiie&nPc equimolar mixture.
This may due to the more internalization of Gan-Zmito MCF7 cells than ZnPc
which resulted in enhancing PDT efficacy. In adufti the in vitro cytotoxicity
evaluation was carried out without irradiation (litig 4D), the free ZnPc didn’t show
significant cytotoxicity during the assay. As foatespib, there is no significant
difference in the absence and presence of irratiatvhich proving that irradiation
played a negligible role in cell viability withotithe PS. However, in the absence of
irradiation, Gan-ZnPc also exhibited certain darkidity which may be attributed to
the inhibition of Hsp90 in MCF7 cells. But it wastiteable that the dark toxicity of
Gan-ZnPc is slightly lower than Ganetespib, whicswkely due to the bulky PS of
Gan-ZnPc and the reduced affinity to Hsp90. Furtitee, the cytotoxicity of
Gan-ZnPc was evaluated in 48 h (Figure 4 B&E) ahth TFigure 4 C&F). To further
characterize that Gan-ZnPc was an “all in one” mulks, in vitro cellular cytotoxicity
was also evaluated on 4T1 cells. As showed in Eigd¥, Gan-ZnPc was more
potential than Ganetespib/ZnPc equimolar mixtuck these results was similar to the
evaluation on MCF7 cells. Therefore, the in vitypotoxicity on MCF7 and 4T1 cells
suggested that Gan-ZnPc was a potential moleculed ufor synergistic

chemo-photodynamic therapy.
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To confirm the cell cytotoxicity of Gan-ZnPc difeel from tumor cells and

normal cells, in vitro cytotoxicity assay was atsoried out on the 4T1 and NIH/3T3

cells for 24 h (Figure 5). In the present of iregdn, the aggressive 4T1 cells were

more impressionable compared to the non-oncogettit3Y3 cells due to the high

affinity to activated Hsp90 and high internalizatiahrough binding to the

extracellular Hsp90. However, Gan-ZnPc possessedicghototoxicity to NIH/3T3

cells upon irradiation which may be attributedhe free diffusion into the cells. The

negligible toxicity to NIH/3T3 cells in the abseottirradiation suggested that Hsp90



in normal cells was in a latent and uncomplex statie low affinity to the Gan-ZnPc.
The in vitro cytotoxicity results suggested thavaent conjugation of Ganetespib to
ZnPc interestingly promoted the cellular internaian of PS to enhance PDT effect
and made Gan-ZnPc a multifunctional molecule witthtcytotoxicity against tumor

cells while sparing normal cells.
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Figure 5. Cytotoxicity evaluation of Gan-ZnPc on 4T1 (A) adtH/3T3 (B) cells for
24 h with and without irradiation. (red-light LERrhp, 100 mW crf, 660-670 nm).
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2.8 In vivo and ex vivo biodistribution
Next, in vivo biodistribution of Gan-ZnPc and ZnRRas evaluated by fluorescence
imaging on unhairing area using 4T1 bearing mice.shown in Figure 6A, after
single intravenous administration, ZnPc was digteld without significant tumor
selectivity and the fluorescence of ZnPc was dee@aluring 24 h. On the contrast,
Gan-ZnPc obviously accumulated in the tumor tisafter intravenous injection.
Besides, although the fluorescence of Gan-ZnPcoofal tissue near tumor was
decreased rapidly during 24 h, the fluorescencthéntumor region was decreased

slowly and even maintained a strong fluorescenc24irh compared to ZnPc. The

accumulation of Gan-ZnPc in tumor tissue was simila Ganetespib, which



possessed a half-life of 58.3 h in tumor[18], imdileg that Gan-ZnPc was
preferentially distributed to tumor and maintairgekigh concentration in tumor.

To investigate the distribution of Gan-ZnPc and &mf® major organs, mice were
sacrificed at 24 h post-injection and the majoraog) were excised for imaging
(Figure 6B). Ex vivo fluorescence images showedgadr fluorescence intensity at
the tumor site than other organs in mice which vierated with Gan-ZnPc. Although
Gan-ZnPc was distributed in liver and lung, the todtable irradiation to tumor
tissue may restrict the adverse effect to the majgans. Additionally, mean
fluorescence intensity (MFI) of excised major orgi@md tumor was shown in Figure
6C. The MFI of Gan-ZnPc in excised tumor was dramdical3 times higher than
ZnPc at 24 h post injection. These results confirthat Gan-ZnPc could successfully
accumulate and remain in tumor, which may effetyivenhance the PDT efficacy

with irradiation in vivo.
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Figure 6. In vivo and ex vivo biodistribution stadion balb/c mice bearing 4T1
xenografts. (A) In vivo fluorescence images on urihg area of 4T1 bearing mice at
different time after single intravenous injectiohZnPc or Gan-ZnPc. (B) Ex vivo
fluorescence images of excised major organs anartwan 24 h post-injection (C)
MFI of excised major organs and tumor at 24 h pgsttion. Data are expressed as
mean + standard deviation (SD). (n=3, ***p < 0.001)
2.9 In vivo antitumor efficacy

The in vivo antitumor efficacy of Gan-ZnPc was istrgated on balb/c mice bearing
4T1 xenografts. When the tumor grew to about 100°nttmey were separated
randomly into eight groups and intravenously irgelctvith Saline, Ganetespib, ZnPc
and Gan-ZnPc respectively. The volume of tumor maasured every two days. As
illustrated in Figure 7A, the tumors were completalippressed for the treatment of
Gan-ZnPc with laser irradiation. Such a superioghould be benefited from the

selective accumulation of Gan-ZnPc in tumor dught® Hsp90 mediated cellular



internalization, following by the combination offiefent PDT and the inhibition of
Hsp90, the more PS accumulated in tumor, the mitieait PDT was. Furthermore,
even in the absence of laser irradiation, Gan-Zefubited a certain anticancer
activity, which was ascribed to the inhibition o§p90 action in the tumor cells. On
the contrary, ZnPc possessed negligible anticaeffect without laser irradiation
compared to with laser irradiation. Upon completmithe PDT treatment, all the
mice were sacrificed and all the tumors were exkciaad gathered for imaging
(Figure 7B) and weighing (Figure 7C). During theTPeatment, body weight was
also monitored and no significant weight changesewabserved compared to the

control groups, suggesting that Gan-ZnPc did ndaice significant adverse effects on
the mice (Figure 7D).
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Figure 7. In vivo anti-tumor evaluation on balb/c mice bagridT1 xenografts. (A)
The relative tumor volume (Vi during the treatment of Saline, ZnPc, Ganetespib
and Gan-ZnPc with or without laser irradiation (580V cm?, 671 nm). Photograph

(B) and weight (C) of the tumors excised from theevbearing 4T1 tumor after PDT



treatment. (D) The relative body weight of miceidgrthe PDT treatment. Data are
expressed as mean + standard deviation (SD). (Bo&dor irradiation, dash line for

no irradiation, n=6, **p < 0.001)

3. Conclusions

In summary, Gan-ZnPc, as an “all in one” molecuatayld combine Hsp90 inhibition

with PDT. Gan-ZnPc could identify and bind to Hsp8fcreted on the tumor cells
surface, then entered the cells by Hsp90 mediagdidlar internalization. Since

Gan-ZnPc concentrating in tumor cells, abundanbtoyic ROS could generate
intracellularly and damage susceptible organelldslewtriggered by the light.

Besides, Gan-ZnPc could inhibit Hsp90 activity Ime ttumor cells, leading to cell
apoptosis. Consequently, under irradiation, GaneZmRas a promising PS with

preferable cellular internalization, enhanced tumocumulation and combination of
PDT and chemotherapy. All these superior charatiesi of Gan-ZnPc resulted in
facilitating anti-tumor efficiency and showed tlaan-ZnPc was a highly promising
tumor-targeted drug-PS conjugate for synergistrodutargeted chemotherapy and
PDT to breast cancers. Our study inspired thatugating Hsp90 inhibitor with a PS
for synergistically implementing tumor-targeted PCahd chemotherapy is an
effective means for cancer therapy. Furthermore tletailed mechanisms of
synergistic action of PDT and Hsp90 inhibition diist conjugate are under

investigation.



4. Materials and methods

4.1 Materials

Zinc phthalocyanine (ZnPc), chlorosulfonic acid,72Dichlorofluorescin diacetate
(DCFH-DA), 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphghtetrazolium bromide (MTT),
Fetal Bovine Serum (FBS), Dulbecco's modified Esglenedium (DMEM),
phosphate buffered saline (PBS), 1-Boc-5-Aminoiagdol-isopropylresorcinol,
Ganetespib (STA-9090) were purchased from Sigmaigid (USA). Phenyl
chloroformate, 3-Bromo-1-propanol, 4',6-Diamidingfenylindole Dihydrochloride
(DAPI), 1,3-Diphenylisobenzofuran (DBPF), hydrazineonohydrate, thionyl
chloride, palladium on activated charcoal (Pd/@}apsium ferricyanide was obtained
from Aladdin (China). Other chemicals were of ahtabl grade and used without
further purification.

4.2 Synthesis of Gan-ZnPc

Detailed synthesis procedure was seen in supplamyedata.

4.3 Characterization of Gan-ZnPc

UV-vis SpectroscopyZnPc, Ganetespib, Gan-ZnPc were dissolved in DMS® a
uM. The UV-visible absorption spectra from 200 nm9@ nm were acquired with
an UV-vis spectrophotometer (TECHCOMP, UV2600 sqgdtotometer).

Fluorescence SpectroscopyZnPc and Gan-ZnPc were dissolved in DMSO at 3
uM and their fluorescence spectra were acquired &itepectrofluorophotometer
(Fluoromax-4, Horiba, Japan). The fluorescence tspsmopy of Gan-ZnPc in

aqueous solution was obtained similarly. Briefllan=ZnPc was dissolved in PBS



containing 1% (V/V) DMSO, then the exact volumeF®S (fetal bovine serum) was
added. The fluorescence spectroscopy in aqueousticsolwas expressed by
normalized emission intensity. The fluorescenceitation spectra of ZnPc and
Gan-ZnPc were acquired through monitoring emissiavelength at 780 nm. The
fluorescence emission spectra were acquired byiegat 560 nm.

Detection of ROS.The generation of ROS was detected using DBPF R®&
indicator. DBPF can capture and react with ROSdtgpileading the decreased
absorbance at 416 nm. Therefore, the generatidRQff was demonstrated by the
characteristic absorbance decrease of DPBF at #ill6T'he stock solution of DBPF
(60 uM) in DMSO was added blank DMSO as control, ZnP&an-ZnPc at a final
concentration at 4M. Then, the mixture was exposed to laser irragiiatit 671 nm
(20 mW cn¥) in an interval of 120 s and the absorbance atrdfiévas detected per
10 s. The generation of ROS of Gan-ZnPc in agusolugion was acquired using the
same method. In brief, DBPF and Gan-ZnPc was disdoin PBS containing 1%
(V/V) DMSO, then the exact volume of FBS was adddte mixture was exposed to
laser irradiation and the absorbance at 416 nm desscted per 20 s. The DBPF
degradation was calculated as#)/Ap x 100% (A the absorbance of the mixture
solution at specified time after irradiationy:Ahe absorbance of the mixture solution
before irradiation)

Photostability. The photostability of ZnPc and Gan-ZnPc afterdiaion was

detected by the decrease of their characterissorabion. ZnPc and Gan-ZnPc was



dissolved in DMSO at mM and exposed to laser irradiation at 671 nm (100 m
cm?) in an interval of 20 min. The characteristic ajpsion, 672 nm for ZnPc and
678 nm for Gan-ZnPc, was detected per 2 min. Aedptiotostability was calculated
as A /Ao (A: the characteristic absorption of the solutionspécified time after
irradiation; Ay: the characteristic absorption of the solutiorobefrradiation)

4.4 Cellular assay

Cell culture. MCF7 human breast cancer cells, 4T1 murine breaster cells,
NIH/3T3 murine embryonic fibroblast cells were ab&d from Laboratory Animal
Center of Sun Yat-sen University (Guangzhou, Chara) cultured in RPMI 1640 or
DMEM containing 10% FBS and antibiotics (penicilif0 U mL* and streptomycin
100 ug mL™) under a humidified atmosphere at 37 °C with 5%.iring the cell
assay experiments, drugs were dissolved in culwedium containing 0.5% DMSO
and 10% FBS.

Cellular Uptake (determined by confocal CLSM).MCF7 or NIH/3T3 cells were
seeded at glass base dish and incubated overilightculture medium was removed
and rinsed twice with PBS, then the cells were lbated with a solution of ZnPc or
Gan-ZnPc, Gan-ZnPc/Ganetespib (1/100, n/n) at eerdgration of 1uM for 2 h or 4
h under the same conditions. After that, the sofutvas removed and the cells were
washed twice with PBS and dyed with DAPI. Then|scelere washed 5 times with

PBS and imaged with CLSM (LSM 710, Zeiss, Germany).



Cellular Uptake (determined by FCM analysis).MCF7 or NIH/3T3 cells were
incubated in 24-well plates overnight. The mediumswemoved and rinsed twice
with PBS, the cells were washed with PBS, thendéiés were incubated with a
solution of ZnPc or Gan-ZnPc, Gan-ZnPc/Ganeteshib0Q, n/n) for 4 h under the
same conditions. After removing the solution andsing with PBS, cells were
harvested and resuspended in PBS for flow cytometgasurements. (Guava
EasyCyte 6-2L, Merck Millpore).

Intracellular ROS generation. MCF7 cells or NIH/3T3 cells were seeded at glass
base dish overnight. The medium was removed arsagditwice with PBS, then the
solution of ZnPc or Gan-ZnPc, Gan-ZnPc/Ganetespil00Q, n/n) was added. After 4
h incubation, the solution was removed and furtheubated with DCFH-DA for 30
min and then exposed to red light irradiation (59/rom?, 660-670 nm) for 5 min.
Then, the cells were washed with PBS and dyed @Ar| following imaged with
CLSM.

In vitro Cytotoxicity Study. The in vitro cytotoxicity of Ganetespib, ZnPc and
Gan-ZnPc against MCF7, 4T1 or NIH/3T3 cells for B448 h and 72 h were
determined by MTT assay. Ganetespib, ZnPc, Ganbt&m-ZnPc (equimolar
mixture) and Gan-ZnPc were first dissolved in DM@@d diluted with culture
medium to get different concentration solution witbntained 0.5% DMSO. Cells
were incubated in 96-well plates (5%1¢ells per well) with 10L DMEM contain

10% FBS overnight at 37 °C with 5% @Orhe medium was removed and rinsed



twice with PBS, then 10QL of drug solution or culture medium containing %.5

DMSO as control was added and incubated for detextmitime. For the first group
that total incubation time was 24 h, cells weretfincubated for 6 h with drug
solutions. After drug solution was removed, celleravrinsed with PBS and fresh
culture medium was added. Cells were exposed frlight irradiation (100 mW

cm?,660-670 nm) for 10 min and then continuously irated in incubator. The same
red-light irradiation (same intensity, same wavgtbrand same irradiation time) were
then exposed to cells at 9 h and 12 h, and thés weke incubated in incubator for
another 12 h, before MTT solution was added. Tka tocubation time was 48 h for
the second group, the cells were first incubatedlfd h with drug solutions rinsed
with PBS followed by adding fresh culture mediunheTsame red-light irradiation
was also exposed to cells at 12 h, 18 h and 24hén The cells ware incubated in
incubator for another 24 h. For the third grouphvitie total incubation time of 72 h,
in which the cells were first incubator for 24 hthvdrug solutions and then rinsed
with PBS followed by added fresh culture mediume Bame red-light irradiation was
exposed to cells at 24 h, 30 h and 36 h. Thenehlg ware incubated in incubator for
another 36 h. Cytotoxicity for 24 h, 48 h and 7®@ithout irradiation was carried out
similarly. In brief, cells were incubated with draglution and rinsed with PBS at 6 h,
12 h, 24 h, respectively. Then fresh culture medwas added and cells were
continually incubated till the time achieved. Whine incubation was completed,

MTT solution was added and incubated for anothertlddn the culture medium was



replaced with DMSO. The cell viability was measunedh a microplate reader
(ELX800, Bio-Tek, USA) by the percentage of optidahsity value at 490 nm.

4.5 In vivo assay

Animals and tumor model. Female BALB/c mice (20 = 2 g, 5-6 weeks) were
obtained from the Laboratory Animal Center of Suat-¥en University (Guangzhou,
China). All experimental procedures were approvend asupervised by the
Institutional Animal Care and Use Committee of at-sen University.

To develop the breast tumor model, the 4T1 celpsnsion (1x19 cells) was
subcutaneously injected into the right flank of leamouse. Tumor volumes were
calculated according to the formula: (L¥)}2, (L is the longest and W is the shortest
tumor diameter (mm)).

In vivo biodistribution. 4T1 bearing BALB/c mice were randomly divided into
two groups (n=3) and received a single intravennjgxtion of ZnPc and Gan-ZnPc
(both at a dosage of 0mmol kg?). Mice were anesthetized and imaged on the
unhairing area directly at 1, 3, 6, 9, 12, 24 h small animal imaging system
(NightOWL LB983, Berthold, Germany, excitation: 630n, emission: 680 nm).
After last imaged, they were sacrificed and hedistsrs, spleens, lungs, kidneys and
tumors were excised for imaging. Mean fluorescentansity (MFI) of excised major
organs and tumor was calculated as fluorescenagsper square millimeter.

In vivo antitumor efficacy. When the tumor volume reached about 100°mti1

bearing mice were divided randomly into 8 groups=(6) and treated with saline,



Ganetespib, ZnPc, Gan-ZnPc (both at a dosage qfrddb kg', 1% DMSO in saline
as vehicle and as control) with and without lasexdiation (500 mW cifi 671 nm)
every four days. Then, the tumor regions of miceewexposed to laser irradiation for
10 min at 1, 4, 7 h respectively post intravenaysction. Tumor volume and body
weight were recorded every two days. Upon compietibthe PDT treatment, all the
mice were sacrificed and all the tumors were excied gathered for imaging and
weighing.

4.6 Statistical analysis

Quantitative data were expressed as mean * stamasidtion (SD). Student’s
t-test was used for statistical comparisons betweemxperimental group and control
groups. Statistical Package for the Social Sciemegsion 19.0 (SPSS 19.0, SPSS
Inc., USA) was used for statistical analysps< 0.05 was considered statistically

significant,p < 0.01 ang < 0.001 were considered highly significant.
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Highlights
Gan-ZnPc was developed by conjugating zinc phtlyaloioe with Ganetespib.

It was bound to Hsp90 and then selectively intézedlinto the tumor cells.

()

)

® The concentrated intracellular photosensitizer eobéd photodynamic therapy.
® [t can inhibit Hsp90 and integrate photodynamiadpg in a synergistic manner.
()

Gan-ZnPc implemented tumor selectivity, photodyramiherapy and

chemotherapy simultaneously.



