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Highlights

1. A photosensitive multifunctional conjugate ZnPgl@n was synthesized to realize
photodynamic therapy to reverse multidrug resisgtaand enhanced antitumor therapy.

2. Upon the irradiation, ZnPc&l en could generate ROS to deplete intracellulaHGS

3. The decreased GSH would enhance apoptotic celhd®atBcl-2/caspase 3 pathway and
reduce expression of P-gp to reverse lenvatiniistaesce.

4. ZnPc-G-Len displayed significantly enhanced tumor accatioh and excellenin vivo

antitumor activity.
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ABSTRACT

The therapeutic efficacy of targeted therapy isvitically hindered by multidrug resistance
(MDR) because of elevated GSH levels. Thus, depletif intracellular GSH level is highly
desirable for targeted-therapeutic agents to revéusnor drug resistance. In this study, a
photosensitive multifunctional conjugate ZnPgi@n, in which lenvatinib (a VEGFR inhibitor)

is linked to a photosensitizer ZnPc through an lalklyains, was synthesized to realize
photodynamic therapy to reverse multidrug resisgtaartd enhanced antitumor therapy. Upon the
irradiation, ZnPc-g-Len could generate ROS to deplete intracellulaHGEhe decreased GSH
would enhance apoptotic cell death by Bcl-2/casBgsathway and reduce expression of P-gp to
reverse lenvatinib resistance. Moreover, througleRBesPLA2000 encapsulation, ZnPcgd.en
NPs displayed significantly enhanced tumor accutimriaand excellentin vivo antitumor
activity. And the fluorescence characteristics ofPZ-G-Len could monitor the changes of
nanoparticlesn vivoin real time to guide when and where to conduetsimbsequent therapy. As
a result, conjugate ZnPcsCen had an outstanding capability to enhance sysigr therapy of
multidrug-resistant cancer by glutathione depletidnd the approach reported here provide a
promising strategy in development of conjugategrated targeted therapy with photodynamic

therapy to reverse targeted drug multidrug restg#tamnd enhance synergistic therapy.



1. Introduction

Over the last few years, there is increasing ewdeto demonstrate the prominent role of
tyrosine kinases (TKs) in tumor initiation and presgion’ Targeted therapies against the TKs
(known as tyrosine kinase inhibitors or TKIs) hageolutionized the practice of oncology and a
variety of TKIs have been developed, evaluatedlimical trials, and approved for cancer.
However, despite significant responses to TKIs,ttagority of patients will develop multidrug
resistant (MDR) to treatment within two yedr$herefore, effectively solving the problem of
MDR becomes one of the biggest challenges in @lrapplications.

MDR has been known to be associated with multipletdrs, such as the alterations of drug
target, the repair of DNA damage and blockade afidnduced apoptosis, among which, high
levels of glutathione (GSH) is correlated with 816 As a well-known intracellular antioxidant,
GSH is widely expressed in normal tissues and calisan important antioxidant that
significantly attenuates oxidative stress levelsemlby toxic xenobiotics and reactive oxygen
species (ROS)Conceivably, increased GSH levels are a univerisahomenon in various types
of cancer cells and solid tumors, and this tendsake these cells and tissues more residtsht.
The main reason for drug resistance is that GSHcoajugate therapeutic agents to facilitate
their efflux by P-glycoprotein (P-gp), which is tbaee of most important proteins in MDR, and
overexpressed in many tumdfs!? GSH also is able to influence the apoptotic preces
affecting Bcl-2 family anti-apoptotic proteins anchspase activity. Thus, depletion of
intracellular GSH level is highly desirable for thpeutic agents to reverse tumor drug
resistance.

Recently, photodynamic therapy (PDT) has been deeel to reverse tumor resistarite’

PDT is a noninvasive medical technology that empIBDS generated from photosensitizers



(PS) by light activation, triggering an apoptoticnecrotic response.Excessive ROS can react
rapidly with biological substrates GSH to disrup redox balance in cancer céfls’ PDT has
also been demonstrated to cause the photo-destructi P-gp by superabundant ROS. The
reduction of P-gp expression facilitates the cyliosetention delivery of therapeutic agents,
resulting in a synergistic effett.*® 2423

Accordingly, an ideal scenario that integratesdted therapy with photodynamic therapy can
substantially overcome the MDR to enhanced antitutherapy. Lenvatinib (Len) is first
approved in 2015 as a vascular endothelial groathof receptor (VEGFR) inhibitor, which is
the majority of approved TK&. Unfortunately, Len remains severely multidrug sesit that is
a substrate for the MDR transport protein P-glyotgin (P-gp) (Eisai data on filé). For
overcoming the drug resistance, PDT was recommerdied phthalocyanine has strong tissue
penetration and ROS production capacity under iggd4°In the present study, the preparation
and anti-tumor activities of a conjugate (ZnPgk@n), in which Len is linked to a tetra (4-
carboxyphenoxy)-zinc phthalocyanine (ZnPc) coreulgh an alkyl chains with different lengths
was reported. As illustrated in Scheme 1, uponirtiagliation of red light, the conjugate ZnPc-
Ch-Len generate ROS, which depletes intracellular (38Hs resulting in down-regulation of P-
gp and enhanced apoptotic cell death to reverse resistance. Also, the fluorescence
bioimaging properties of conjugate can provide uth weal-time information about when and
where to apply the light illumination. The synetgieffect of Len and ZnPc can enhance anti-
tumor effectsin vitro andin vivo. Herein, this report demonstrates that the ralipresigned
conjugate ZnPc-GLen has ‘all in one’ mode of anticancer actions reverse multidrug
resistance with synergistic effects in the proofafcept studies iwitro as well as irvivo.

2. Results and Discussion



2.1 Synthesis of ZnPc-&Len.

The ZnPc and Len were covalently linked by a fléxibarbon chain, which can improve the
biocompatibility of the conjugate while maintainittge maximum targeting capacity of Len. The
synthesis of ZnPc was prepared according to owrteg procedure¥.The synthesis methods of
the conjugates ZnPcolen, ZnPc-G-Len and ZnPc-G-Len were demonstrated in Scheme 2.
The detailed structure of ZnPgCen, ZnPc-G-Len and ZnPc-G-Len were confirmed by
FTIR spectrum (Figure 1A) and Matrix-Assisted La&ssorption/lonization Time of Flight
Mass Spectrometry (MALDA-TOF-MS) (Figure S16—-S18pforting Information). As showed
in Figure 1A, the vibration bands centered at 2@20' (-CH) and 1369 cfh (-CH) are
corresponding to the alkane belong to ZnRd-én and ZnPc-G-Len. Moreover, the stretching
vibrations of -NH-, -C=0- and -C-O-C- are aroun®833177, 1655 and 1229 ¢mespectively
in the spectra of ZnPcqd.en, which were the representative peaks of Legmsat. These
results of the above FTIR data confirmed that Las been successfully covalently conjugated
with zinc phthalocyanine. And ZnPgCen demonstrated the similar UV/vis absorbance to
ZnPc (Figure 1B). Moreover, the maximum excitatwavelength and emission wavelength of
ZnPc-G-Len were at 681 nm and 687 nm respectively (Figl®. The fluorescence
spectroscopy of ZnPc, ZnPgCen and ZnPc-G-Len were showed at Figure S1-S3. The
fluorescence spectroscopy of ZnPgl@n was similar to ZnPc and suggested that ZnfRced
may have a parallel photosensitivity of ZnPc.
2.21n Vitro ROS Generation

The ROS production capacity of three conjugatescAnPLen upon light irradiation were first
investigated. The generation of ROS was indicatedBPF as a ROS sensitive probe. DPBF

could rapidly capture and react with ROS, then cedits absorbance at 416 nm. As shown in



Figure 1D, upon the irradiation, DPBF was degradgudly in the present of ZnPc or ZnPg-C
Len, whereas the group of purely DBPF declared igoificant degradation upon the same
irradiation, which confirmed the capacity of ROSnegmtion of ZnPc-GLen with light
irradiation. Then the photobleaching of ZnPg¢t@n were evaluated in Figure S4, which
confirmed that ZnPc-GLen possessed a great photostability during th& Béneration.

2.3 Anticancer efficiency of ZnPc-G-Len.

First, to evaluate the anticancer efficiency ofethderivatives, the MTT assay was used to
detect cell viability compared with free Len, frEaPc and ZnPc/Len (equimolar mixture) and
ZnPc-G-Len against MCF7 cells (20M), MCF7/ADR cells (10QuM) and 4T1 cells (2QuM)
respectively. As shown in Figure 2, in the abseatarradiation, free Len and ZnPc/Len
(equimolar mixture) exhibited cell cytotoxicity et of 30.16% and 28.71% against MCF7 cells.
But conjugates ZnPc«len, ZnPc-G-Len and ZnPc-G-Len showed lower cell cytotoxicity
rates of 9.52%, 27.23% and 19.27%, respectivelymfihe above dark cytotoxicity data, it was
verified that the modification of a bulky group thre amino group of Len reduced slight activity
of Len. Among the dark cytotoxicity of three congiigs, ZnPc-gLen conjugate showed the
least decrease compared to the prototype drugvideich might be possible that the alkyl chains
of eight carbons have the least effect on the hopdif Len and its target protein. The above
same phenomenon was also observed in drug-resiM@i7/ADR cells and 4T1 cells.
However, under a relatively low light dose (660-6@@, 50 mW crif, 10 min), all three
conjugates show significantly higher cytotoxicityah Len in all of three cancer cells, among
which ZnPc-G-Len conjugate showed the strongest cytotoxicity ®IDR reversal efficacy with
74.71% for MCF7 cells, 74.55% for MCF7/ADR cellsda#9.71% for 4T1 cells respectively.

More interestingly, the cytotoxicity of Len in drugsistant MCF7/ADR cells was almost



negligible (approximately 18%), but the activity lafdn modified photosensitizer (ZnPg-Cen)
was significantly increased with irradiation, whiguggested that the conjugated form can
increase the activity of Len in drug-resistant £elfhus, from above the cell viability, it was
reasonable to infer that the covalent combinatibrplwtosensitizer and Len can effectively
improve cytotoxic activity even in drug-resistastls.

2.4 Correlation between GSH and Len-resistance.

With the above desirable observation of significeytbtoxicity and MDR reversal efficacy of
ZnPc-G-Len and the previous reports about GSH particgpatethe development of various
multidrug-resistance celf§,?°it is suspicious that whether Len is cross-reststa MCF7/ADR
cells and whether GSH was involved in Len-crossstast. To elucidate the first concern, both
MCF7 and MCF7/ADR cells were investigated for theensitivity towards Len. MCF7 and
MCF7/ADR cells were seeded in 96-well plates anplosed to different concentrations of Len
for 24 h. Cell viability tested by MTT assay indied that MCF7/ADR cells were less sensitive
towards Len (Figure 3A and 3B). Noteworthy, highseld42.9uM) of Len that sufficed to
reduce MCF7 viability to 50% only reduced MCF7/ARRIIs viability to 95%. These results
agreed well with the surmise that Len was indesdtant to MCF7/ADR cells.

Then whether GSH contributed to Len cross-resigtanbserved in MCF7/ADR was
investigated. MCF7 and MCF7/ADR cells were predavith BSO (buthionine sulfoximine, a
GSH synthetase inhibitor) or exogenous GSH, thetetefor their sensitivity towards various
concentrations of Len. Firstly, GSH and BSO itsefre confirmed to have no toxicity on cell
growth after 72 h exposure (Figure S5 and S6). Te#ls were incubated with BSO (5QM) or
GSH (2.5 mM) for 24 h to disrupt GSH balance, fokal by being exposed to Len to test the

sensitivity. As shown in Figure 3, the results sgigd that the combined application of BSO



could increase the cytotoxicity of Len. ComparethWwICF7 cells (~2 -fold, from 73.4M to
42.9 uM), a significant decrease of thesiGralues was found in MCF7/ADR cells (-5 -fold,
291.5uM to 58.8uM). On the contrary, the concomitant applicatioregbgenous GSH reduced
the sensitivity of Len, with 1.4-fold improvemerfttbe 1G;, values in MCF7/ADR cells and 1.2-
fold in MCF7. Combine the above results, it canchearly obtained the correlation between
GSH and Len-resistance in MCF7/ADR cells.
2.5 Monitoring GSH change

To shed light on the mechanism of Len-resistano®cZG-Len was chosen as a representative
compound to investigate the subsequent studiesubeda had the strongest cytotoxicity and
MDR reversal efficacy. First, the level of GSH inQ¥7 and MCF7/ADR cells impacted by
ZnPc-G-Len was investigated. Cells were treated with Z6Rt.en, BSO, Len and ZnPc for 24
h follow by exposing to irradiation for 10 min atiden the level of GSH was quantitatively
measured. As shown in Figure 4, Free Len coulchtligncrease GSH level in MCF7/ADR
cells. This observation can be explained by themates that MDR cells can launch robust GSH
biosynthetic system to produce GSH to detoxify dpewutic agents through phase |l
metabolisni” ** ' However, treatment of BSO, ZnPc or ZnPgk@n resulted in significant
reduction of the GSH level. Compared with MCF7 ssell more significant decrease of GSH
levels by ZnPc-gLen was found in MCF7/ADR cells. Through the abexperiments, it can be
reasonably concluded that conjugate ZnRd-€n could efficiently deplete GSH in MCF7 and
MCF7/ADR cells.
2.6 Mechanism of MDR Reversal

Resistant cells increase the capacity of toleratiegapy drugs by high GSH levels mediated

escaping apoptostdlevertheless, ZnPcg& en was convincingly verified to effectively defte



GSH in MCF7/ADR cells. Naturally, it can be coned that ZnPc-&Len could alleviate
apoptotic silence to reverse MDR. To test this hiypsis, the apoptosis induced by ZnRek€n

in MCF7 and MCF7/ADR cells was measured by AnneXi®ITC/PIl double staining assay.
After incubation with free Len, the apoptosis ratéhe MCF7 cells was 44.1%, respectively, but
only 16.3% in the MCF7/ADR cells (Figure 5A). Thissult was consistent with accepted
knowledge that apoptosis can be silenced in dregtent cells. Compared with free drug
formulation, it was discovered that ZnPg4n promoted much higher level of apoptosis in
both MCF7 and MCF7/ADR cells with 82.4% and 75.00us, the outstanding performance of
apoptosis activation by ZnPgCen in MCF7/ADR may lead to a better therapeutitcome.

After obtaining the above results, the probablemaatsm of apoptosis caused by ZnRet€n
was investigated. The previous studies have shdwaiddrug resistance mediated from high
GSH concentration is associated with overexpressefoanti-apoptotic protein Bcl-2 which is
known as an important gatekeeper to the apoptesipansé® *3Next, western blot was used to
analyze the level of Bcl-2 expression in both M@HRA MCF7/ADR cells with ZnPc+4Len. As
shown in Figure 5B and 5D, after exposure of MCFME&F7/ADR cells to ZnPc-&Len with
irradiation, the expression of Bcl-2 protein wagndicantly decrease compared to free Len.

Furthermore, Caspase 3, the downstream proteircle? Bnd the essential executioner caspase
required for apoptosis signaling were also investid.>* It was obviously that ZnPcgl en
upregulated the expression of apoptosis relateavetecaspase 3 in MCF7/ADR cells (Figure
5B and 5E). All these results indicated that ZnRd-€n is more efficiently decrease the
expression of Bcl-2, thus activating caspase 3roonpte MCF7/ADR cell apoptosis compared

with the single free drug Len.
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However, there may be another reason that ZnPlce@ could induce greater apoptosis in
MCF7/ADR cells, which is probably due to the enhethéntracellular drug accumulation by
reducing the efflux of the drug. As well-known, B;@n efflux pump transporter, was able to
increase Len efflux and cause therapy faifiréhus, the expression level and activity of P-gp
will make a great contribution to the MDR effech order to confirm this hypothesis, the
expression of P-gp after treating with ZnPgt@n in MCF7/ADR cells was investigated. As
shown in Figure 5C and 5F, the expression of P-gp downregulated significantly by ZnPg-C
Len upon the irradiation in the MCF7/ADR cells. brief, it could be inferred that the
mechanism of MDR reversal might lie on the inductad apoptosis through down-expression of
Bcl-2 and up-expression of caspase 3 accompaniéda reduction of P-gp expression.
2.71n vitro cytotoxicity evaluation

First, intracellular drug accumulation efficiency HnPc-G-Len in MCF7 and MCF7/ADR
cells were evaluated by confocal laser scanningastopy (CLSM). Cells were incubated with
ZnPc-G-Len for 24 h to arrive a same absorbance (Figieb®&fore the different treatment.
Then cells were rinsed with PBS and incubated fvébh culture medium to investigate the drug
retention. As shown in Figure 6A, MCF7 cells prdsdnhigher fluorescence intensity than
MCF7/ADR cells under no light irradiation. This cae explained that MCF7/ADR increased
efflux of ZnPc-G-Len assisted by overexpressed P-gp, resultinigniteld drug accumulation in
cells. In contrast, upon light irradiation, theradellular fluorescence intensity became obviously
stronger in MCF7/ ADR cells which may be due to deerease of the expression of P-gp. Such
improvement of intracellular drug retention of ZrE@gLen was also observed in MCF7/ADR
cells with the treatment of verapamil, which is @@ inhibitor. Taken together, the findings

confirmed that ZnPc-&Len could indeed accumulate effectively inside MGYDR cells.
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Subsequently, its cytotoxicity against MCF7 celi$1 cells and MCF7/ADR cells were tested
(Figure 6B, 6C & 6D), and I§ values were calculated and summarized in TableTB&.1G,
values of ZnPc-gLen against 4T1 cells was 194M compared with 67.7M for Len, a 3.5-
fold decrease, and a 4.5-fold decrease against M@HRg correspondingly. More importantly,
ZnPc-G-Len showed a significantly improved cytotoxicitgaanst MCF7 /ADR cells, with an
ICso values 47.322M while 329.2uM for Len, a 6.9-fold decrease, indicating that Z-Len
could indeed reverse MDR in cancer cells.

To evaluate the synergistic effect between ZnPclamg the combination index (CI) of ZnPc-
Cs-Len was calculated according to Equation®f1And the CI index indicates antagonism (ClI
>1), additivity (Cl = 1), or synergism (Cl <1) befen the drugs. ZnPc and Len conjugated in
ZnPc-G-Len were synergistic against all three cell linegh CI values of 0.82, 0.80 and 0.42 in
the 4T1, MCF7, and MCF7/ADR cell lines, respectyvéh the MCF7/ADR cells, the Cl values
was much lower than that in other cancer cells 4Rtl MCF7, indicating an excellent
synergistic effect in the drug resistant straine Bynergy in MCF7 ADR suggested that ZnPc-
Cs-Len might minimize drug resistance in cancer cells
2.81n vivo antitumor efficacy

Thein vivotherapeutic effects and potent toxicity were ewealhy verified on the tumor bearing
mice. Therapeutic nanoparticles (NPs) have beerelwidhvestigated to enhance cancer
treatment. Because of the low solubility of ZnRgek@n, it was loaded into biodegradable
PEGoogPLA2000 Nanoparticles to improve solubility. In additiatnPc-G-Len nanoparticles can
be accumulated in tumor tissues after tail veireaipn due to enhanced permeability and

retention (EPR) effects. At the same time, therfsoence characteristics of ZnPgl@n can
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be utilized to monitor the changes of nanopartigtegivo in real time so as to guide when and
where to conduct the subsequent therapy.

First, Len, ZnPc and ZnPcsglen can be formulated in PkggrPLA2000t0 form nanoparticles
of a uniform diameter around 124, 167 and 151 nmLén NPs, ZnPc NPs and ZnPg-Cen
NPs respectively (Figure S8 and S9). ZnRd-én NPs still had the ability to produce ROS
generation (Figure S10). The antitumor efficacyZaPc-G-Len NPs was also investigated
4T1 cells (Figure S11).

Thenin vivoimaging experiment was performed using the fluoease properties of ZnPgC
Len NPs. As shown in Figure 7A, for ZnPg-Cen NPs, fluorescence was clearly observed at
tumor site after 3 h post-injection. More importgnt24 hours after the injection, clear
fluorescence signals could still be observed atttimeor site. These results suggested that the
tumor accumulation of ZnPcgtl.en NPs could be real-time monitored by the flsoence
changes. Moreover, according to the fluorescenmemsity, the distribution of ZnPcg.en NPs
in different tissues was compared. As shown in fe@g(B, after 24 h of injection, ZnPgCen
NPs accumulated mainly in tumor tissue, while tbeuanulation in other tissues was tolerable.
Figure 7C represents the mean fluorescence inyeaEiZnPc-G-Len in the tumor and other
organs, and the result was consistent with thatdan Figure 7B. In all, after the encapsulation
of ZnPc-G-Len into PEGorPLGA200 ZNPc-G-Len could efficiently accumulate in tumor
tissue and stay in tumor for long time, which viélor the enhanced antitumor effativo.

Thus, the antitumor efficacy of ZnPg-Cen NPs in vivo was tested via intravenous ingatti
As shown in Figure 7D, without irradiation, the mad saline groups and ZnPc NPs groups had
almost no effect on tumor growth. ZnPg-IB2n NPs could slightly inhibit tumor growth, and

moderate therapeutic efficacy of Len NPs was oleskei the mice administrated. This result
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was consistent with the conclusion that the modiitn of a bulky group on the amino group of
Len could reduce slight the anti-tumor activity lofn in the absence of lighh vitro cell
experiments. And light irradiation had little effean the anti-tumor effect of Len NPs, but light
had substantial effect on ZnPc NPs due to PDT. rAlfght irradiation with 671 nm, the
antitumor activity of ZnPc NPs was similar to tledtLen NPs. However, ZnPcsden NPs
display the best therapeutic efficacy and almostetely depress the tumor progression after
light irradiation. After PDT treatment, tumors wesrcised for photographing (Figure 7E) and
weighing (Figure 7F). During the treatment, bodyghé of mice was record and no significantly
changes were observed (Figure 7G).

To further evaluate the therapeutic effects, steth#&E staining analysis of tumor tissues and
organs was performed. From H&E staining imagesuiie@@A), some tumor cells were damaged
in the Len NPs group and ZnPg-Cen NPs group without light irradiation, which sha be the
contribution of Len. ZnPc NPs group with light dration also had some tumor cell damage,
which should be the contribution of PDT of ZnPc.eiidh was a large area of cell damage in
ZnPc-G-Len NPs group with laser irradiation, which sholdd the synergistic effect of
photodynamic and targeted therapy. Moreover, majgans (liver, spleen, kidney, heart and
lung) were collected and sliced for H&E stainingg(ife 8B). No obvious sign of organ damage
or inflammatory lesion was observed. All these ftsssuggested ZnPcgden NPs would be a
relatively safe agent with noninvasive in situ diugcking and fluorescence imaging guided
efficient antitumor therapy in vivo.

3. Conclusions
In summary, a photosensitive multifunctional comjieg ZnPc-@Len was designed and

synthesized to realize the photodynamic therapset@rse multidrug resistance and enhanced
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antitumor therapy. After the irradiation, the cayate ZnPc-gLen could generate ROS to
deplete intracellular GSH. The decreased GSH wauildance apoptotic cell death by Bcl-
2/caspase 3 pathway and reduce expression of B-gpverse lenvatinib resistande. vitro
ZnPc-G-Len could accumulate effectively inside MCF7/ADRBIls and possessed an excellent
synergistic effect. Moreover, through PkérPLA0 encapsulation, ZnPcgden
nanoparticles can be accumulated in tumor tissé¢sthe same time, the fluorescence
characteristics of ZnPcgl.en can monitor the changes of nanopartiategivo in real time so
as to guide when and where to conduct the subsetherapy. With the guidance, ZnPg-Cen
NPs showed excellenth vivo antitumor activity. As a result, conjugate ZnPgt@n had an
outstanding capability to enhance synergistic fhneraf multidrug-resistant cancer by
glutathione depletion. And the approach reportede hprovide a promising strategy in
development of conjugate integrated targeted tlyexaph photodynamic therapy to reverse
targeted drug multidrug resistance and enhanceaggtie therapy.

4. Experimental Section

4.1 Materials

1-(2-chloro-4-hydroxyphenyl)-3-cyclopropylurea, LeWethyl 4-chloro-7-Methoxyquinoline-
6-carboxylate, 2',7’-Dichlorofluorescin diacetate DGQFH-DA), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride, -D&minooctane, 1,12-Dodecanediamine,
Fetal Bovine Serum (FBS), 3-(4,5-dimethyl-thiaze{p-2,5-diphenyl tetrazolium bromide
(MTT), Dulbecco's modified Eagle's medium (DMEMhgsphate buffered saline (PBS), I- were
purchased from Sigma-Aldrich (USA). Phenyl chlorofate, 3-Bromo-1-propanol, 4',6-
Diamidino-2-phenylindole Dihydrochloride (DAPI), 910-anthracenediyl-bis(methylene)

(ABDA), buthionine-sulfoximine (BSO), reduced gltiteone (GSH) 1,3-Diphenylisobenzofuran
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(DBPF), was obtained from Aladdin (China). Plkgs -PLA2000 Was purchased from Beijing
HWRK Chem Co., LTD. GSH Assay Kit, P glycoproteeibbit monoclonal antibody3-actin
mouse monoclonal antibody, HRP-labeled Goat Antiub#lgG, HRP-labeled Goat Anti-Rabbit
IgG was obtained from Beyotime Biotechnology CalDL Other chemicals were of analytical
grade and used without further purification. Pregige column chromatography was used with
200-300 mesh silica gel (Qingdao Haiyang ChemiCina).'H and**C NMR spectra were
recorded on a Bruker ARX 600 MHz spectrometer. phaty of ZnPc-G-Len & 95%) were
determined by analytical HPLC. Analytical HPLC waerformed at Hitachi L-2000 instrument
equipped with a UV-DAD detector. The chromatograpseparation was achieved on an C18
column, (150 mm x 3.9 mm, Nova-Pak-C18, Waterg) fidw rate of 1.0 mL/min in two mobile
phases (THF-Distilled water=15:85).
4.2 Synthesis of ZnPc-¢Len
4-(3-chloro-4-(3-cyclopropylureido)phenoxy)-7-methoxyquinoline-6-carboxylate Methyl (S1)
10g (44.12 mmol) 1-(2-chloro-4-hydroxyphenyl)-3-ropylurea and 8.88g (35.30 mmol)
Methyl 4-chloro-7-Methoxyquinoline-6-carboxylate svdissolved in 150 mL DMF. Then 18.29
g (132.36 mmol) KCO; was added and the suspension was stirred(atf@i530 min. After that,
the suspension was stirred at room temperatur@ forand 500 mL distilled water was added.
The precipitate was filtered and washed thoroughtip distilled water. After drying at vacuum,
the precipitate was re-crystallize in methanol diahloromethane (2:1, v/v) to get white crystal
pure product with a yield of 89 % NMR (400 MHz, DMSOdg) & 8.70 (d,J = 5.3 Hz, 1H),
8.58 (s, 1H), 8.29 (d] = 9.1 Hz, 1H), 7.99 (s, 1H), 7.57 — 7.47 (m, 2AR6 (dd,J = 9.1, 2.8

Hz, 1H), 7.21 (dJ = 3.0 Hz, 1H), 6.54 (d] = 5.3 Hz, 1H), 3.98 (s, 3H), 3.87 (s, 3H), 2.58, @
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= 7.0, 3.5 Hz, 1H), 0.67 (df, = 6.8, 3.3 Hz, 2H), 0.43 (df,= 7.0, 3.5 Hz, 2H). ESI-MS (m/z):
442.1 [M+HT.

4-(3-chloro-4-(3-cyclopropylureido)phenoxy)-7-methoxyquinoline-6-carboxylic acid (S2) 10
g (22.63mmol)S1 was dissolved in 100 mL methanol, 50 mL THF aniyl NaOH solution.
After stirred at 701 for 2.5 h, the solution was cooled to room tempegeaand concentrated
using rotary evaporator. Then, pH value of the mixtwas buffered close to 4.5 using
hydrochloric acid. The precipitate was filtered awdshed thoroughly with distilled water.
Finally, the white productS2 was dried at vacuum and recrystallized in methaad
dichloromethane (2:1, v/v) with a yield of 9241 NMR (400 MHz, DMSOsdg) & 13.34 (s, 1H),
8.82 (d,J = 5.8 Hz, 1H), 8.61 (s, 1H), 8.32 (@= 9.1 Hz, 1H), 8.03 (s, 1H), 7.57 @= 3.2 Hz,
2H), 7.31 (ddJ = 9.1, 2.8 Hz, 1H), 7.25 (d,= 2.9 Hz, 1H), 6.73 (dJ = 5.8 Hz, 1H), 4.02 (s,
3H), 2.61 — 2.55 (m, 1H), 0.67 (df, = 6.7, 3.3 Hz, 2H), 0.48 — 0.38 (m, 2H). ESI-MS
(m/z):426.1[M-H].

N-(8-aminooctyl)-4-(3-chloro-4-(3-cyclopropyl ur eido)phenoxy)-7-methoxy quinoline-6-
carboxamide (S3). 500 mg (1.17 mmol$2, 336.05 mg (1.75 mmol) EDCI and 337.18 mg (2.34
mmol) 1-Hydroxybenzotriazole (BtOH) was dissolvaddMF. The mixture was stirred at room
temperature for 2 h. After that, the mixture wasletito DMF solution of 1,8-Diaminooctane
(337.18 mg, 2.34 mmol) and stirred at room tempeeafor 24 h. Then the mixture was added to
distilled water and the precipitate was filteredl amashed thoroughly with distilled water. The
pure productS3 was purified by column chromatography with a yiefd48%.'H NMR (400
MHz, DMSO-dg) & 8.67 (d,J = 5.2 Hz, 1H), 8.51 (s, 1H), 8.40 = 5.7 Hz, 1H), 8.27 (d] =
9.1 Hz, 1H), 8.14 (s, 1H), 7.64 (s, 1H), 7.51 (d),17.47 (d,J = 2.8 Hz, 1H), 7.23 (dd] = 9.1,

2.8 Hz, 1H), 6.54 (d) = 5.2 Hz, 1H), 4.02 (s, 3H), 3.30 (= 6.7 Hz, 2H), 2.78 — 2.69 (m, 2H),
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2.58 (dg,J = 7.0, 3.4 Hz, 1H), 1.54 (§,= 7.2 Hz, 4H), 1.39 — 1.21 (m, 10H), 0.66 (@it 6.8,
3.3 Hz, 2H), 0.49 — 0.39 (m, 2H). ESI-MS (m/z): 55fM+H]".

N-(12-aminododecyl)-4-(3-chloro-4-(3-cyclopropylureido)phenoxy)-7-methoxy  quinoline-6-
carboxamide (S4). 500 mg (1.17 mmol$2 336.05 mg (1.75 mmol) EDCI and 337.18 mg (2.34
mmol) HoBt was dissolved in DMF. The mixture waisretl at room temperature for 2 h. After
that, the mixture was added to DMF solution of 1IDidecanediamine (468.31 mg, 2.34 mmol)
and stirred at room temperature for 24 h. Themthe@ure was added to distilled water and the
precipitate was filtered and washed thoroughly vdistilled water. The pure produ&4 was
purified by column chromatography with a yield @®8.*H NMR (400 MHz, DMSO#€) 5 8.66
(d,J = 5.3 Hz, 1H), 8.49 (s, 1H), 8.42 — 8.32 (m, 28125 (d,J = 9.1 Hz, 1H), 7.79 (s, 1H), 7.51
(s, 1H), 7.45 (dJ = 2.8 Hz, 1H), 7.22 (dd} = 9.1, 2.8 Hz, 1H), 6.53 (d,= 5.2 Hz, 1H), 4.01 (s,
3H), 2.64 (tJ = 7.5 Hz, 2H), 2.60 — 2.54 (m, 1H), 1.72 (s, 4HB1 (dt,J = 25.3, 6.7 Hz, 4H),
1.31 — 1.21 (m, 16H), 0.64 (di,= 6.8, 3.3 Hz, 2H), 0.43 (d, = 4.6 Hz, 2H). ESI-MS (m/z):
610.3 [M+HT.

ZnPc-Cp-Len. 500 mg (0.45 mmol) ZnPc, 228.26 mg (0.54 mmol),lE28.14 mg (0.67 mmaol)
EDCI, 120.42 mg (0.89 mmol) HoBt and 90 N, N-Diisopropylethylamine was dissolved in
DMF. The mixture was stirred at room temperature2$ h and evaporated to yield a blue oil
when reaction completed. Finally, the pure produes purified by column chromatography
(CH,CI,/CH;OH/TEA 15:1:0.1) as a dark green solid with a yiefd15%. MALDI-TOF MS
(m/z):1529.751 (Calcd for [M+H] 1529.250). Chemical purity assessed by HPLC:36.5

ZnPc-Cg-Len. 500 mg (0.45 mmol) ZnPc, 296.26 mg (0.54 mn$d)128.14 mg (0.67 mmol)
EDCI, 120.42 mg (0.89 mmol) HoBt and 9Q N, N-Diisopropylethylamine was dissolved in

DMF. The mixture was stirred at room temperature2$ h and evaporated to yield a blue oil
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when reaction completed. Finally, the pure produas purified by column chromatography
(CH,CI,/CH;OH/TEA 15:1:0.1) as a dark green solid with a yiefd26%. MALDI-TOF MS
(m/z):1656.602 (Calcd for [M+H] 1656.386), 1678.611 (Calcd for [M+Na]1678.368).
Chemical purity assessed by HPLC: 97.47%.

ZnPc-Cyo-Len. 500 mg (0.45 mmol) ZnPc, 326.31 mg (0.54 mmol) $28.14 mg (0.67
mmol) EDCI, 120.42 mg (0.89 mmol) HoBt and 9@ N, N-Diisopropylethylamine was
dissolved in DMF. The mixture was stirred at ro@mperature for 24 h and evaporated to yield
a blue oil when reaction completed. Finally, therepyproduct was purified by column
chromatography (CHCIl,/CH;OH/TEA 15:1:0.1) as a dark green solid with a yield19%.
MALDI-TOF MS (m/z):1712.584 (Calcd for [M+H] 1712.449), 1734.593 (Calcd for [M+Na]
1734.431). Chemical purity assessed by HPLC: 96.02%

4.3 Characterization of ZnPc-Len

UV-vis Spectroscopy.Len, ZnPc, ZnPc-gLen, ZnPc-G-Len, ZnPc-G,-Len were dissolved
in DMSO at the same concentration ofull. Then their UV-visible absorption spectra were
recorded using an UV-vis spectrophotometer (TECHE®OMV2600 spectrophotometer).

Fluorescence Spectroscopy¥nPc, ZnPc-gLen, ZnPc-G-Len, ZnPc-Gx-Len were dissolved
in DMSO at the same concentration. Then their #goence spectra were recorded using a
spectrofluorophotometer (Fluoromax-4, Horiba, Jap@he fluorescence excitation spectra and
emission spectra were obtained through monitormgs&ion wavelength at 780 nm and exciting
at 560 nm, respectively.

Detection of ROS.Blank DMSO (control), ZnPc, ZnPceen, ZnPc-G-Len and ZnPc-G-
Len were mixed with DBPF solution (M) at a final concentration at M. After that, the

mixture was exposed to laser irradiation (671 nf,n®V cm?) and the absorbance of the
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mixture at 416 nm was recorded. The generation atfgpaf ROS of ZnPc, ZnPcHlen
nanoparticles in aqueous solution was acquiredyusia similar method and ABDA was used as
water soluble indicator. In brief, blank DMSO (canlf, ZnPc or ZnPc-g&Len nanoparticles
were mixed with ABDA water solution (10AM) at a final concentration of aM (ZnPc
equivalent dose). After that, the mixture was erpo® laser irradiation (671nm, 100 mW€m
and the absorbance of mixture at 401 nm was reedrekhe DBPF and ABDA degradation rate
was calculated as (BA)/Ap x 100% (A: the absorbance of the mixture solution before
irradiation, A: the absorbance after irradiation;)

Photostability. The photostability of ZnPc, ZnPcCen, ZnPc-G-Len and ZnPc-g-Len
during PDT was measured by their degradation refteby the decrease of their absorbance.
Photosensitizers were dissolved in DMSO at sameerdmation and exposed to laser irradiation
(671 nm,100 mW cff). And the photobleaching capacity was calculatedAdA,. (Ao: the
absorbance of mixture before irradiation;, #he absorbance after irradiation;)

4.4 Cellular assay

Cell culture. 4T1 murine breast carcinoma cells, MCF7 and MCPBRA(adriamycin drug-
resistant) human breast carcinoma cells were addairom Laboratory Animal Center of Sun
Yat-sen University (Guangzhou, China). The cultanedium was RPMI 1640 or DMEM
containing 10% FBS and antibiotics (penicillin 100nL™ and streptomycin 100g mL™).

In vitro Cytotoxicity Study. The in vitro cytotoxicity of Len, ZnPc, Len/ZnPedquimolar
mixture), ZnPc-G-Len, ZnPc-G-Len and ZnPc-gG-Len against MCF7, MCF7/ADR and 4T1
for 72 h was determined by MTT assay. Cells weeded at 96-well plates (5x%@ells per
well) with 100 uL DMEM or RPMI 1640 contain 10% FBS. Then the crdtumedium was

removed and 10QL of drug solution (20uM for MCF7 and 4T1 cells and 100M for
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MCF7/ADR cells) or blank culture medium containi@gg% DMSO (control) was added and
incubated for 24 h. After that, drug solution waspved and cells were rinsed twice with PBS
and continuously cultured in fresh culture medidinen cells were exposed to irradiation (660-
670 nm, 50 mW cf, 10 min) and continuously incubated. The samediation was
implemented to cells at 48 h and MTT solution wddeal at 72 h. The absorbance at 570 nm
was determined using a microplate reader (ELX80®-Tek, USA). Cell viability was
determined by the percentage of the optical densitye of the study group over the control
group. The in vitro cytotoxicity of Len affect bySBE or BSO was measured by simple
pretreatment. Cells were incubated with 2.5 mM G8B00uM BSO for 24 h. Then cells were
rinsed twice with PBS and Len in various concergratvas added for co-incubation for 24 h.
Then cells were rinsed twice with PBS again andhfreulture medium was added for another 48
h. Cell viability was determined by MTT assay. Tl vitro cytotoxicity of various
concentration of Len, ZnPc and ZnPgi&n against MCF7, MCF7/ADR and 4T1 cells for 72 h
was determined by MTT assay. Drug solution was ddae firstly incubated for 24 h. Then
drug solution was removed and cells were continyotdtured in fresh culture medium. Cells
were exposed to light irradiation (660-670 nm, 5&/rmoni?, 10 min) and then continuously
incubated in incubator. The same irradiation waslé@mented to cells at 48 h and MTT solution
was added at 72 h.

Combination index (CI) analysis. The following equation was used to calculate tbsed
effect profiles of Len and ZnPc combined in ZnRgk@n: Cl = D/Da + D/Db, where D is the
ICso values of ZnPc-gLen. Da and Db represent thesj@alues of Len and ZnPc, respectively.
Cl values less than 1 indicate synergism, Cl vakeesl to 1 indicate an additivity effect, and CI

values more than 1 correspond to an antagonisrateffe
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Glutathione determination. Intracellular GSH was measured as described lgucteon of the
GSH and GSSG Assay Kit. First, 1x°1MACF7 or MCF7/ADR cells were plated in cell culture
dish and incubated overnight. Then cells were iatedb with 4uM Len, ZnPc, ZnPc-gLen or
500 uM BSO for 24 h and exposed to irradiation (660-6if, 50 mW crif, 10 min) after
removing drug solution and rinsed with PBS. Theslésavere treated with trysin and collected
by centrifuge, then treated with proper volume oftpin removal reagent S. Samples were
frozen by liquid nitrogen and thawed at 37 °C foleast three times. After placed at 4 °C for 5
min, the extract was collected by centrifuging &C4at 10000 rpm for 5 min. Proper volume of
extract and Proper volume detection solution wasethin 96-well plates and incubated at 25 °C
for 30 min. The intracellular GSH was determined thg absorbance at 405 nm using a
microplate reader.

Apoptosis assay.Flow cytometry analysis was used for apoptosisayasgirst, MCF7 or
MCF7/ADR cells were seeded on 6-well plates (2 Xcils per well) and incubated overnight,
then the cells were treated with Len, ZnPc and ZBfkcen for 24 h. After replacing with the
fresh culture medium, cells were exposed to irtémia’50 mW cnif, 660-670 nm, 10min) at 24
h and 48 h. At 72 h, the cells were digested ysin without EDTA, collected in centrifuge
tubes, washed with PBS and binding buffer and sthin Pl and Annexin-V-FITC containing
binding buffer for 15 min, and finally analyzed Byow Cytometry (Guava EasyCyte 6-2L,
Merck Millpore).

Western blot. The change of P-gp, caspase 3 and Bcl-2 was igaésti by Western blotting
method. Briefly, MCF7/ADR and MCF7 cells were segde 6-well plates at a density of 1 x
10° per well. Then the cells were treated with %0BSO, 2.5 mM GSH, 2QM Len, ZnPc-G-

Len with or without irradiation. The irradiation@3nW cm,660-670 nm) was given at 24 h and
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48 h for 10 min once time. Untreated cells wereduae the negative control. After 72 h
incubation, cells were harvested and the cellulantgins were extracted. The protein
concentration was determined using the BCA protsisay. Equal amounts of protein in each
treatment were separated by SDS-PAGE and electsftnaed to 0.221M PVDF membranes
for western blot. And the normalized gray value veemlyzed by image analysis software
(Image J 1.50i).

Internalization and efflux assay.MCF7 or MCF7/ADR cells were seeded on the shestsgl
and incubated overnight. Then the culture mediuns veplaced with fresh culture medium
containing ZnPc-gLen or verapamil was added. The cells of lightugravas exposed to
irradiation (50 mW cri,660-670 nm) at 6 h and 12 h during 24 h incubatifter that, drug
solution was removed and cells were rinsed twidd WBS. The cells were incubated with fresh
culture medium for another 24 h. Then the cellseawacubated with DCFH-DA for 30 min and
exposed to irradiation (50 mW &mn660-670 nm) for 5 min. Finally, the cells wergefil with
4% paraformaldehyde and observed by confocal Esrning microscope (Olympus FV3000).

Preparation and characterization of PLApoocrPEG2000 Nanoparticles. The mixed THF
solution of ZnPc-@Len and PEGyoorPLA2000 ZNPc and PE&gorPLA2000 Or Len and PEGoor
PLA2000 (drug: 1 mM, polymer: 8 mM, 100L) was slowly added into the distilled water (1 mL)
while ultrasound. Then the mixtures were vigorotigexl overnight at room temperature to
evaporate the organic solvent. To determine thg dnncentration in micelles, micelles were
collected by centrifugation and THF was added famdisification. Then, DMSO was added to
dissolve and disperse the ZnPc and ZnRt€h. The concentration of Len in micelles was
determined by the UV-vis absorbance and the coratemt of ZnPc and ZnPcglen in

micelles was determined by fluorescence assay.niibelles were characterized by Zetasizer
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Nano instruments (Zetasizer Nano ZS90) and trarssoms electron microscopy (JEOL
JEM1400).
4.5 In vivo assay

Female BALB/c mice (20 = 2 g, 5-6 weeks) were otgdifrom the Laboratory Animal Center
of Sun Yat-sen University (Guangzhou, China). Alperimental procedures were approved and
supervised by the Institutional Animal Care and Q@senmittee of Sun Yat-sen University. To
develop the xenograft tumor model, 4T1 cell susjpen®/as subcutaneously injected into the
right flank of each mouse. Tumor volumes were dated as (Lx\§)/2, (L and W represent the
longest and shortest tumor diameter (mm)).

In vivo biodistribution. Mice bearing xenograft tumor were randomly dividieit two groups
(n=3) and received a tail intravenous injectiorfreE ZnPc-G@Len and ZnPc-gLen NPs at a
dosage of 2umol kg'. After narcotized, mice were imaged on the deeemsiea directly via in-
vivo imaging Systems (NightOWL LB983, Berthold, Gemy). After that, mice were sacrificed
and major organs and tumors were excised for ingagiean fluorescence intensity (MFI) of
excised hearts, livers, spleens, lungs, kidneystamibr was calculated as fluorescence counts
per square millimeter.

In vivo antitumor efficacy. Once the xenograft tumor reached about 100° nmice were
divided randomly into 8 groups (n = 6) and tairavenous injection with saline, Len NPs, ZnPc
NPs, ZnPc-GLen NPs at a dosage ofuinol kg* every four days. And the group with light
irradiation was exposed to a laser irradiation (61, 500 mW crd, 10 min) at 24 h after drug
administration. Tumor volume and body weight wereorded every two days. When the PDT

treatment was finished, mice were sacrificed tunmwggse excised for imaging and recording the
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weight. The major organs and tumors were excisedigtological examination by standard
H&E staining.
4.6 Statistical analysis

Quantitative data were demonstrated by a formahean * standard deviation (SD). Anova
analysis was used for statistical comparisonsisfita! Package for the Social Sciences version
22 (SPSS 22, SPSS Inc., USA) was used for stalisticalyses. p < 0.05 was considered as
statistically significant, p < 0.01 and p < 0.00&revconsidered as highly significant.
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Figure 1. Spectroscopy and photosensitization ability oPZiG,-Len. The FTIR spectrum (A)
and the UV/vis absorbance (B) of Len, ZnPc, ZnB4-€h, ZnPc-G-Len and ZnPc-G-Len. (C)
Excitation and Emission fluorescence spectroscdp¥n®c-G-Len in DMSO. (D) The ROS

generation of ZnPc, ZnPcsLen, ZnPc-G-Len and ZnPc-G-Len in DMSO.
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Figure 2. In vitro cytotoxicity of Len, ZnPc, ZnPc/Len (equimolar mire), ZnPc-G-Len,
ZnPc-G-Len and ZnPc-G-Len against MCF7 cells (A), MCF7/ADR cells (B) a#h@il cells (C)
(20 uM for MCF7 and 4T1 cells and 1QM for MCF7/ADR cells) for 72 h in the present or
absence of irradiation (660-670 nm, 50 mWm0 min). Data are expressed as mean

standard deviation (SD). (n=6, *p < 0.05)
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Figure 3. Comparison of the in vitro cytotoxicity of Lenthithe pretreatment of GSH (2.5 mM)

or BSO (500uM) against MCF7 (A) or MCF7/ADR (B) cells. Data aegpressed as mean *

standard deviation (SD). (n=6).
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Figure 4. Investigation of intracellular GSH level changéhathe incubation of Len (4M),
BSO (500uM), ZnPc (4uM) and ZnPc-@Len (4uM) against MCF7 (A) and MCF7/ADR (B)
cells under irradiation (660-670 nm, 50 mW §n10 min). Data are expressed as mean +

standard deviation (SD). (n=3, ***p < 0.001)
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Figure 5. Mechanism of MDR Reversal.
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(A) Cellular apoptasisay of Len, ZnPc and ZnPg-3=n against MCF7

and MCF7/ADR cells (2@M for MCF7 cells and 10QM for MCF7/ADR cells) in the presence of irradiati(660-

670 nm, 50 mW cm-2, 10 min). (B) Regulation of apss-related Bcl-2 and cleaved-caspase 3 protgiressions

in MCF7 and MCF7/ADR cells after treatment wereedétd with western blot analysitubulin was used as an

internal control. (C) Regulation of MDR-

related p+orotein expression in MCF7/ADR cells after treahtf-actin

was used as an internal control. Quantificatioprotein expression levels based on western blotgsglts of Bcl-2

(D), cleaved-caspase 3 (E) and P-gp (F). Data)@eessed as mean + standard deviation (SD). (n§8<*0.01,

%k < 0.001)
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Figure 6. Cellular drug efflux assay and in vitro cytotakycassay of ZnPc-&ELen under the
irradiation (660-670 nm, 50 mW ¢m 10 min). (A) Cellular drug efflux was determinég
CLSM in MCF7 and MCF7/ADR cells. ZnPc channel reqerged intracellular ZnPcsd.en and
showed in red color. DCF channel represented ieltdar ROS and showed in green color.
(scale bar = 5Qum). The vitro viability of Len, ZnPc and ZnPg-Cen against MCF7 (B),

MCF7/ADR (C) and 4T1 (D) cells in different conceation exposing to irradiation. Data are

expressed as mean = standard deviation (SD). (n=6)
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Figure 7. In vivo biodistribution studies and anti-tumor evaluat@m balb/c mice bearing 4T1
xenografts. (A) Time-lapsed in vivo fluorescencegimg after single intravenous injection at a
dosage of 2umol kg (Tumors were labeled in red dash circles) (B) B fluorescence images
of excised major organs and tumors at 24 h postiign (C) Semi-quantitative analysis of
fluorescence signals of major organs and tumoiat post-injection. (n=3, **p < 0.01) (D)
The relative tumor volume (Vi during the treatment of Saline, ZnPc NPs, Len Biit$ ZnPc-
Cs-Len NPs with or without irradiation (671 nm, 500Afrcm?, 10 min). (Arrows for treatment
times, each injection at a dosage qfrtiol kg*) Photograph (E) and weight (F) of the tumors
after PDT treatment. (G) The relative body weightrmice during the PDT treatment. Data are

expressed as mean = standard deviation (SD). ($ioled for irradiation, dash line for no

irradiation, n=6, **p < 0.01)
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Figure 8. H&E images of the tumor section (A) and majorasrg section (B) after different

treatments showing cytoplasm (red) and cell nuc{blug) (Scale bar = 50 mm).
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