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Abstract: Starvation therapy to slow down the tumor growth by cutting off its energy supply has
been proposed to be an alternative therapeutic strategy for cancer treatment. Herein, glucose
oxidase (GOX) isloaded into stealth liposomes and act as the glucose and oxygen elimination agent
to trigger the conversion of glucose and oxygen into gluconic acid and H,O,. Such liposome-GOx
after intravenous injection with effective tumor retention is able to exhaust glucose and oxygen
within the tumor, producing cytotoxic H,O, and enhancing hypoxia, as vividly visualized by
non-invasive in vivo photoacoustic imaging. By further combination treatment with stealth
liposomes loaded with banoxantrone dihydrochloride (AQ4N), a hypoxia-activated pro-drug, a
synergistically enhanced tumor growth inhibition effect is achieved in the mouse model of 4T1
tumor. Hence, by combining starvation therapy and hypoxia-activated therapy tactfully utilizing
liposomal nanocarriers to co-deliver both enzymes and prodrugs, an innovative strategy is presented

in this study for effective cancer treatment.



1. Introduction

Recently, cancer metabolism, particularly glucosetamolism, has received growing
interests in the design of cancer therapy, suchiepsogramming or hindering energy supply
pathway for cancer cells [1-6]. Based on the Wagbeifect, proliferating cancer cells would
consume much more glucose than normal tissuesadupe energy [4, 7, 8]. Therefore, some
alternative cancer treatment strategies have bexgoped to impede the glucose consumption such
as glucose transporter inhibitors [3, 9]. As theckbhde of glucose supply can only slow down the
tumor growth without complete cancer cell killindpe combination of this strategy with other

therapeutic approaches may be an attractive clibicé?2].

Tumor hypoxia, mainly resulting from rapid tumoogith induced inefficient microvascular
systems, is a common characteristic of most sahabts which has been found to hinder treatment
outcomes for many types of cancer therapeuticslg]3-Therefore, various strategies have been
implemented to overcome these obstacles of tumpodig to improve prognosis. For instance,
relieving tumor hypoxia by increasing tumor oxygempply has been demonstrated to be beneficial
to improve the therapeutic efficacies of differéyypes of therapies [17-24]. On the other hand,
hypoxia-activated prodrugs, which are activateddnjucing enzymes under hypoxic tumor regions
and show minimized systemic side effects to norisalies with normoxia, have gained extensive
interests both in basic research and clinical4r[@b-28]. Moreover, hypoxia-activated prodrugs
may be combined with other types of therapeuticshsas oxygen-consuming photodynamic

therapy to achieve further improved treatment atfic[29-30].



In this work, we ought to combine glucose-consumstgrvation therapy with the
combination of hypoxia-activated prodrugs for sygi&ic cancer treatment. Glucose oxidase (GOx),
a widely used enzyme in food industry, which canvest glucose, oxygen and water into gluconic
acid and HO,[10, 11, 31-35], is encapsulated inside polyethglgihycol (PEG) modified stealth
liposomes as a glucose and oxygen depletion agegire 1a). It is found that the high tumor
accumulation of liposome-GOx with long blood halé&lwould contribute to effective tumor
oxygen depletion to enhance tumor hypoxia and aoesglucose at short time post intravenous
(i.v.) injection. Apart from consumption of glucosend oxygen, GOx also increases the
intratumoral oxidative stress that can induce apbptosis by producing a high level of®4, as
evidenced byin vivo photoacoustic imaging using a®-specific probe [10, 36]. Thereafter, a
hypoxia-activated prodrug, AQ4N, is also encapsdlainside PEGylated liposome for the
subsequent tumor-targeted delivery to induce furthh@cer cell damages [29, 37, 38]. Notably, the
combination of starvation therapy and hypoxia-attéd therapy with co-administration of
liposome-GOx and liposome-AQ4N leads to highly etffee tumor growth inhibition in the mouse
tumor model experiment. Without significant toxides effects, such combination therapy delivered
by liposomes formulated with biocompatible compdeemay be a promising strategy for next

generation cancer therapy.

2. Materialsand experiments

2.1 Materials



Glucose oxidase (GOx, 100 units/mg protein) washased from Sigma-Aldrich. AQ4N was
purchased from Abcam. Dipalmitoylphosphatidylchelin (DPPC), PE& conjugated
distearinphosphatidylethanolamine (DSPE-mBEEGNd cholesterol were purchased from Xi'an
Ruixi Biological Technology Co., Ltd., Laysan Bimcd andJ&K Scientific Ltd, respectively.
1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbaaye perchlorate (DiD) and
1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarpacine iodide (DiR) were purchased from AAT
Bioquest, Inc. 3-(4,5-dimethylthiazol-2-yl)-2,5-thenyl-tetrazolium bromide (MTT) was purchased
from Sigma-Aldrich. Glucose-free Roswell Park Memabmstitute (RPMI)-1640 medium, normal
RPMI-1640 medium, Dulbecco's Modification of Eagl®ledium (DMEM) and fetal bovine serum

(FBS) were purchased from Thermo Fisher Scienitifec

2.2 Liposome preparation

To prepare liposome-GOx and liposome-AQ4N, thedlipiixture of DPPC, cholesterol and
DSPE-mPEG were dissolved into chloroform at a mole ratiaBaf4 : 1. Then the lipid solution
was dried under vacuum. After that, the obtainpdllivas hydrated with AQ4N or GOx solution
(10 mg mL* for AQ4N, 8 mg mL* for GOx) and stirred under £& for 30 min, followed with
being extruded through a 200 nm polycarbonater fithe 20 times. The excess GOx and AQ4N
were removed by using Sephacryl S-300 high reswiutiolumn (GE Healthcare) and Sephadex
G-100 (Sigma), respectively. To prepare liposome«BIR/DiD and liposome-AQ4N-DiR, the
lipid membranes consisting of DPPC, cholesterolPBSnPEG, and DiR/DID at a mole ratio of 8 :

4 :1:1 were firstly prepared, and then hydratdruded and separated via the aforementioned
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procedure. The preparation of liposome-HRP-ABT$oféd the method in a recent work of our

group [39].

2.3 Liposome characterization

The dynamic light scattering (DLS) measurement wasied out with a Malvern Zetasizer
(Nano Z90). The morphology was observed under adieCryo-TEM (FEI, Hillsboro, OP) at an
accelerating voltage of 120 kV. The absorbanceimisbme-GOx and liposome-AQ4N were
detected by a UV-vis-NIR spectrometer (Genesys I0®8rmo). The concentration of AQ4N was
calculated from the absorbance at 610 nm with reasiaction coefficient of 22.5 mL migcm™.
The concentration of GOx was measured by usingtiedard bicinchoninic acid (BCA) protein

assay (Thermo Scientific).

2.4 Catalytic ability measurement

To measure the catalytic ability of liposome-GOikfedent concentrations of glucose solutions
were treated with liposome-GOx or free GOx (@@ mL™") with continuous oxygen supply at a
concentration of ~9 mg tby oxygen bubbling. At different time points, thelutions were
collected to detect ¥, and pH. The pH value was measured by a pH metE2§FMETTLER
TOLEDO). The concentration of 8, was measured by adding TiOS(.03 mol ) that would

react with HO, to form stable primrose yellow complexes. The dbaoce of each sample at 405



nm was measured with a UV-vis spectrometer to tatleuhe concentration of:8, by comparing

with the standard calibration curve obtained B@ksolutions with known concentrations.

2.5 Cell experiments

4T1 murine breast cancer cells, NIH 3T3 mouse eorbcyfibroblast cells and RAW 264.7
murine macrophage cells were brought from the AcaeriType Culture Collection (ATCC).
According to the recommended procedure, 4T1 ceksewcultured in RPMI-1640 medium
supplemented with 10% FBS and 1% penicillin/streptan under humidified normoxic (95% air,
5% CQ) conditions at 37C, while the other two types of cells were cultuie@®MEM cell culture

medium supplemented with 10% FBS and 1% peniagliisptomycin under the same condition.

To evaluate cell cytotoxicity of liposome-GOx, 4Tells pre-seeded in 96 well plates with
glucose-free RPMI-1640 cell culture medium wereubsted with different concentrations of
liposome-GOx, in the absence or presence of adtembse for 24 h, before the standard MTT
assay. NIH 3T3 fibroblast cells and RAW 264.7 mabiage cells were pre-seeded in 96 well plates
for 4 h before being treated with different concations of liposome-GOx (glucose: 1 mg Mlfor
another 24 h. After that, the cell viability was asared using the standard MTT assay as
aforementioned. To measure the hypoxia-activatedtayicity of liposome-AQ4N, 4T1 cells
pre-seeded in 96-well plates were incubated witfemdint concentrations of liposome-AQ4N under
hypoxic (1% Q, 5% CQ balanced with B) or normoxic (95% air, 5% C£p conditions for 48 h,

before the standard MTT assay.



To measure the intracellular & concentration in 4T1 cells after being treatedhwit
liposome-GOx, cells pre-seeded in 12 well plateth wglucose-free RPMI-1640 medium were
incubated with different concentrations of lipose@®©x and fixed glucose concentration (409
mL™) for 6 h. Then, these cells were harvested aniéatet by centrifugation, followed by being
dispersed with acetone (1 mL for each well) in @ bath. After that, the acetone solutions were
centrifuged to collect the supernatant at 14800 fpnb min. Afterwards, 10@L TiOSO, (0.03
mol L) and 200uL NH3-H,0 (~28%) were added into each supernatant to fathow titanium
peroxide complex (Ti(IV)&") precipitation, which was collected by centrifligatat 14800 rpm
for 5 min and re-dissolved in 1 mL,80O;, solutions (1 mol ). The concentrations of 8, were
calculated by recording the absorbance of the welwlution at 405 nm using a UV-Vis

spectrophotometer.

To detect the cellular uptake of liposome-GOx-DiD.1 cells pre-cultured with glucose-free
RPMI-1640 medium was incubated with liposome-GORDIGOxX, 25 ug mLY) containing
medium for 2 h. Then, cells were washed by phospbaffered saline (PBS) for 3 times and
stained by the Lyso-tracker Green (Invitrogen)daiing the vendor’s protocol. Finally, the cells
were stained with 4, 6-diamino-2-phenylindole (DABNhd observed under the confocal laser scan

microscopy (CLSM, Leica TCS-SP5II, Germany).

To study the intracellular distribution of liposorA€4N, 4T1 cells were cultured in 12 well
plates under normoxic condition (95% air, 5% L @r 24 h. Then, the fresh culture medium
containing liposome-AQ4N (AQ4N, gM) was added into cells for another 8 h treatmerden
hypoxic (1% Q, 5% CQ balanced with B) or normoxic condition (95% air, 5% GO Afterwards,

cells were washed with PBS and stained by Lysd«tiaGreen and DPAI for CLSM observation.



To ensure the fluorescences enhancement of lipcgd@dN in 4T1 cells under hypoxic
culture environment, the 4T1 cells were seededliw@ll plates under normoxic condition for 24 h.
Afterwards, liposome-AQ4N (AQ4N, M) and liposome-DiD (DIiD, 1uM) were added into
culture medium under hypoxic or normoxic conditifier 8 h. Then, cells were collected and
washed with PBS containing 1 % FBS for standard fbytometry measurement (Calibur FACS

instrument, BD).

2.6 Tumor mode

6~8 weeks female balb/c nude mice were obtainedn fidanjing Sikerui Biological
Technology Co. Ltd. and used under protocols ammoly the laboratory animal center of
Soochow University. To build the 4T1 tumor modé), & PBS containing ~2 x f4T1 cells was

subcutaneously injected onto the back of each mouse

2.7 Blood circulation measurement

To study the blood circulation profiles of liposoi®®x and liposome-AQ4N, mice were i.v.
injected with DiR-labeled liposome-GOx-DiR or limyee-AQ4N-DIR (GOx: 2 mg k§ AQ4N: 5
mg kg', DiR: 2 mg kg"). Then, ~2QuL of blood was collected at each time interval gogction
(p.i.), followed by being weighted and lysed withniL lysis buffer (0.25 M sucrose, 40 mM
tris-acetate, 10 mM ethylenediaminetetraacetic,d€RITA) by sonication. After being centrifuged

to remove the sediment, 1@Q solution of each sample was added into a 96 tlaltkk plates to



measure fluorescence intensity using a multimodaareader (Varioskan Flash, Thermo Fisher).

The blood levels of DIR were presented as the p¢age of the injected dose per gram tissue (%ID

g).

2.8 In vivo fluorescence imaging

For in vivo fluorescence imaging, 4T1 tumor bearingce were iv. injected with
liposome-AQ4N-DIR, liposome-GOx-DiR, or liposome-AR-DiR plus liposome-GOx (GOx: 2
mg kg', AQ4N: 5 mg kg, DiR: 2 mg kg") for in vivo fluorescence imaging under the \?I$h
vivo optical imaging system (Lumina Ill, PerkinEImengl) at different time intervals. After 24 h,
the major mouse organs were collected éorvivo fluorescence imaging by the same imaging
system. The statistics of fluorescence intensitys walculated based on the readouts of the

auto-analysis software provided by the manufacturer

2.9 In vivo photoacoustic (PA) imaging

For PA imaging of tumoral oxygenation levels, 4Tinbr bearing mice were divided into two
groups with either saline or liposome-GOx inject{@Ox, 1 mg kg). The mice were placed on the
PA imaging equipment (Visualsonic Vevo® 2100 LAZER) tumor blood oxygen detection at

different time intervals p.i., using the Oxy-Hemadae according the standard protocol [40].

To detect the bD, levels in the tumor, the liposome-HRP-ABTS werentbgsized as a

H,O,-specific PA imaging probe following our reportetbtmcol [39]. 4T1 tumor bearing mice



were divided into 3 groups: 1, saline injectionjiggsome-HRP-ABTS injection; 3, liposome-GOx
and liposome-HRP-ABTS co-injection. The doses ofrsamdish peroxidase (HRP), 2,
2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic a¢ABTS) and GOx were 7.4, 34.5, and 1 mg-kg
respectively. The PA signals of tumors in differgrdups at 800 nm were recorded at different time

intervals p.i.

2.10 Ex vivo immunofluorescence staining

4T1 tumor bearing mice with i.v. injection of lipmae-GOx (GOx, 2 mg kb were scarified at
12 h or 24 h post injection for frozen section aminmunofluorescence staining. The hypoxia
staining was carried out using Hypoxyprobe-1 pliilglypoxyprobe Inc.) following the reported
protocol [22]. HIF-1i staining was carried out using anti-HIk-antibody following the vendor’'s
protocol. Blood vessels and cell nuclei were siimg anti-CD31 antibody and DAPI, respectively.
All immunofluorescence staining assays were camigidfollowing standard procedures. All tumor
sections were imaged under CLSM. The statistictd d& hypoxia/ HIF-& signals were obtained

by ImageJ software, with more than 10 slices amalyzer group.

2.11 In vivo combination cancer therapy

A total of 25 4T1-tumor-bearing female Balb/c nuaéce were divided into 5 groups: I)
control group with PBS injection only; 1l) i.v. gtion of liposome-AQA4N; IlI) i.v. injection of
liposome-GOx; IV) i.v. injection of free GOx and AQ; V) i.v. injection of liposome-GOx and
liposome-AQ4N. The doses of AQ4N and GOx were 5amy kg', respectively. When the tumor

volume reached ~100 nrthe mice received three times of injections wditierent agents at day



0, 4 and 8. Since day 0, the tumor width and lemgtre recorded using a digital caliper. The tumor
volume was calculated based on an equation of wlenwidttf x length/2 for drawing tumor

growth curves. A tumor of each group was colledigdsurgical resection after 48 h post the first
treatment for fluorescence terminal deoxynucledtidgnsferase-mediated dUTP-biotin nick end
labeling (TUNEL) staining by following the vendorfgotocol. After treatment at day 14, all the

mice were executed and their organs were colldotedematoxylin and eosin (H&E) staining.

3. Resultsand Discussion

Liposome, as a mature and eminent nanomedicingecawith great biocompatibility,
preeminent pharmacokinetic profiles as well as ipleltdrug loading abilities, has been approved
for clinical use as therapeutics carrieeg( Doxil, DaunoXome) [41, 42]. In this work, the GOx
enzyme and the small molecule hypoxia-activateddnug AQ4N were encapsulated into
PEGylated liposomes separately for combination tafvation and hypoxia-activated therapy
(Figure 1a). After careful optimization, liposome-AQ4N andpdisome-GOx were obtained
following the standard liposome synthesis methothymyrating lipid films consisting the mixture of
DPPC, cholesterol and DSPE-mPJ@t the molar ratio of 8 : 4 : 1, with an aqueookitsons of
GOx or AQ4N, respectively. Although liposomes withtloading of AQ4N and GOx could also be
prepared, our preliminary results indicated thaidlag of GOx into liposomes could significantly

reduce the loading efficiency of AQ4N.

As observed under Cryo-transmission electron moapyg (Cryo-TEM), both liposome-GOx

and liposome-AQ4N exhibited spherical-like struetwith average sizes of ~100 nBupporting



Figure S1). From the dynamic light scattering (DLS), we fduthe hydrodynamic diameter of
liposome-GOx to be ~140 nm, which was slightly &rthan that of liposome-AQ4N at ~100 nm
(Figure 1b). After removal of excess GOx and AQ4N using sxelusion separation columns, the
loading efficiencies of GOx and AQ4N were determine be 5% and 10% as measured by the
standard bicinchoninic acid (BCA) protein assayuM-vis-NIR absorbance spectra, respectively.
By incubating free GOx and liposome-GOx (GOx = {§ mL™") with glucose solution under
enough Q@ supply, quickly decreased pH and increasef;Hconcentration within the mixed
solutions were observed, indicating that GOx witlijiosome-GOx could effectively catalyze the
conversion of glucose, # and Q into gluconic acid and #D,, without obvious catalytic ability

lose compared with free GOKkifure 1c& d, Supporting Figure S2).

Then, thein vitro behaviors of liposome-GOx were studied by a serfe=ell experiments. To
facilitate in vitro tracking, DiD, a lipophilic fluorescent dye, wased to label liposomes. 4T1
murine breast cancer cells were incubated with $ipodsome-GOx-DiD for CLSM observation to
study the cellular internalization of those enzylmeded liposomal nanoparticles. The co-localized
DiD fluorescence with lysosomes stained with Lysa€ker suggested the cellular uptake of those
liposomal nanoparticles likely via endocytodisgur e 2a). Next, the cytotoxicity of liposome-GOx
was measured by the standard MTT cell viabilityagis#t was found that the liposome-GOx had no
obvious toxicity to 4T1 cells within a glucose-freell culture mediumKigure 2b). In contrast, in
the presence of glucose, liposome-GOx showed isetkaoxicity to cells with increasing
concentrations of glucose and G@Bidure 2b). Apart from showing great toxicity to 4T1 breast
cancer cells, such liposome-GOx exhibited significaoncentration dependent toxicity to

non-cancer cellse(g. NIH 3T3 fibroblast cells and RAW 264.7 macrophagss, Supporting



Figure S3). We further measured the,® concentration in cells after being incubated with
liposome-GOx and glucose for 6 hours. The increaswncentrations of intracellular,@, were
observed, indicating that such liposome-GOx woulduce prominent cell toxicity mainly by
catalyzing glucose to produce abundap®¥l which would then impose severe oxidative stress t

both tumor cells and those stroma cefigy(r e 2c).

In the active metabolism of AQ4N, low toxic AQ4N wd be reduced to AQ4, a
DNA-affiliative intercalator/topoisomerase Il toxmict, by a series of specific reductasy.(
cytochrome P450, nitric oxide synthase) only uniaigpoxic microenvironment [37]. Hence, we
carefully studied the intracellular behaviors posome-AQ4N. Firstly, the intracellular distributio
of liposome-AQ4N was imaged by CLSM. Interestingtpmpared to 4T1 cells incubated with
liposome-AQ4N under the normoxia condition, strandleorescence signals of AQ4N were
observed in cells incubated with liposome-AQ4N unithe hypoxia condition, with fluorescence
signals noted even inside cell nucléigure 2d). However, if we used DiD to track the cellular
behaviors of liposomes, it was found that the t¢atluptake of liposomes themselves showed little
difference between hypoxia and normoxia conditiangicating that the hypoxia-enhanced AQ4N
fluorescence might be attributed to the drug relemsd metabolism under hypoxic environment
(Supporting Figure $4). Such phenomena suggest that AQ4N after celipéake under hypoxia
environment would be released from liposome andicged into hydrophobic AQ4, which would
then be able to diffuse across lysosome membrawecytoplasm and then enter cell nuclei to
integrate with nuclear DNA [43]. Following that, ethcytotoxicity of liposome-AQ4N under
normoxia/hypoxia conditions was determined by th&TiVassay. As expected, liposome-AQ4N

exerted obvious hypoxia-selective cell toxiciBrdure 2¢).



Next, we carefully studied the in vivo performaraddiposome-GOx and liposome-AQ4N after
i.v. injection into 4T1 tumor bearing mice. Thedgome-GOx and liposome-AQ4N were both
labeled with DiR, a lipophilic near infrared (NIR)orescent dye, to facilitat@ vivo tracking [29].
By collecting blood samples at different time ineds after i.v. injection of liposome-GOx-DiR or
liposome-AQ4N-DIiR, the blood circulation curvestbé two types of liposomes were determined.
It was found that both liposome-GOx and liposomedAQ had long blood half-lives
(liposome-GOxty2a = 1.65 + 0.06 htyop = 10.93 + 1.43 h; liposome-AQ4NL,, = 2.4 + 0.96 h,
tyos = 10.08 + 3.53 h)HKigure 3a). At the same time, those mice were imaged byirawvo
fluorescence imaging system. The time-dependemneased fluorescence signals at the tumor site
indicated the efficient tumor homing of both lipaseGOx-DIiR and liposome-AQ4N-DIR, by the
enhanced permeability and retention (EPR) effedhgvto the unique abnormal vasculature and
lack of effective lymph drainage in tumorBidure 3b). After 24 h of both injections, the main
organs of mice were collected to observe their ildetabiodistribution profiles. The tumor
fluorescence signals of the two groups were bothaooisly stronger than that in the liver, not to
mention the other organs, further confirming theagrtumor accumulation abilities of both
liposome-GOx-DiR and liposome-AQ4N-DiFigure 3c& d). Moreover, it was interesting to find
that the concomitant injection of liposome-AQ4N-DiRis liposome-GOx showed similar vivo
pharmacokinetic profiles to that of liposome-AQ4NRDinjected alone, under the tested doses

(Supporting Figure S5).

After affirming the tumor accumulation, we studigd intratumoral hypoxia status and(4
production of those mice after starvation therapithwiposome-GOx by employing the

non-invasive PA imaging technique, an efficienttites method for intratumoral blood oxygen



levels and nanomaterials accumulatiéing(rre 4a) [40, 44]. By means of the Oxy-Hemo mode of
the PA imaging system, by recording the PA sigrialesoxygenated hemoglobin at 750 nm and
oxygenated hemoglobin at 850 nm, we observed keatumor blood oxygen level (s@verage)

of mice showed ~80% dropping within 2 h post injection of liposome-GOx, while the control
group showed no significant changEigure 4b&c). However, such liposome-GOx injection
showed minimal influence on the blood oxygen lew#lsealthy organse(g. legs) under the same
treatment protocol as aforementionegdlifporting Figure S6). Those results indicate that i.v.
injection of liposome-GOx would efficiently and spfecally exhaust the intratumoral oxygen,
leading to significantly enhanced tumor hypoxiahwiit obviously impairing those healthy organs /

tissues.

In our recent work, a unique type of,®b-specific PA imaging probe was developed by
encapsulating both HRP and ABTS into PEGylatedslipoes. In the presence ot®4, the
colorless ABTS within liposome-HRP-ABTS could bedzed into bluish product as catalyzed by
HRP (igure 4a), generating strong NIR absorbance and thus hagtirast capacity under PA
imaging (Supporting Figure S7) [39]. Therefore, liposome-HRP-ABTS was appliedd&iect the
H,O, produced within the tumor after i.v. injection @posome-GOx. In our experiments,
liposome-HRP-ABTS was co-injected with liposome-G@no 4T1 tumor bearing mice for
real-time detection of intratumoral,8, generation under PA imaging at 800 nm excitation.
Compared to tumors on control mice, those on nmxied with liposome-HRP-ABTS, regardless
of liposome-GOx injection, showed increasedOrspecific PA signals at 1 h post injection,
suggesting the existence of endogenop®;Hvithin the tumor microenvironmenFigure 4d& e).

Interestingly, at 2 h post injection of liposome4PHRABTS, the HO,-specific PA signals in tumors



for mice treated with liposome-GOx appeared to lwiausly stronger than that without
liposome-GOx treatment, demonstrating that theatatnoral HO, level was further increased by
i.v. injection of liposome-GOx. Therefore, our PAdging results clearly illustrate that GOx
delivered into tumors by liposomes could indeegger the oxidization of glucose to produce extra

H>0O,, which would increase the oxidative stresses miotucells.

Following that, to further ensure the enhanced tuhypoxia induced by liposome-GOx over
longer term, ex vivo immunofluorescence staining of tumor slices witbthb exogenous
pimonidazole probe and hypoxia induced factor (HIF-1la) as a endogenous marker was
implemented. After i.v. injection of liposome-GO8Qx: 2 mg kg") for 12 h or 24 h, the tumors
were collected from mice and freezing sectioned ifemunofluorescent staining following the
standard protocol [22]. It was found that both pmdazole signals and HIFelpositive signals
were obviously increased for tumor slices with injection of liposome-GOx, clearly evidencing
the tumor hypoxia status was dramatically enhamsext a relatively long period of timéiQure
5a& b, Supporting Figure S8). The enhancement of hypoxia by liposome-GOx iagis the
effective consumption of glucose and oxygen witthie tumor by the starvation therapy to cut
down the tumor energy supply, and moreover, simatasly creating suitable tumor

microenvironment for hypoxia-activated therapy.

Finally, thein vivo synergistic therapeutic effect of liposome-GOx &pdsome-AQ4N were
evaluated using the 4T1 mouse tumor model. A @it&5 mice bearing 4T1 tumors were divided
into five groups: ) control group with PBS injemti; Il ) liposome-GOx injection; III)
liposome-AQ4N injection; 1IV) free GOx + free AQA4Nnjection; V) liposome-GOx +

liposome-AQA4N injection. The treatment doses of GIbdl AQ4N for one injection were 2 and 5



mg kg*, respectively, for the correlated groups. All migere treated three times on day 0, 4, and 8
by i.v. injection of various agents. The tumor sizeere recorded for 16 days, by then tumors were
collected and weightedF{gure 5c&d). It was found that the mice received co-injectioh
liposome-GOx and liposome-AQ4N gained the best tumloibition effect, in comparison to all
other groups. Although hypoxia-activated therapylipgsome-AQ4N could also partly delay the
tumor growth, its tumor inhibition efficacy was abusly lower compared to that achieved with
combination therapy. On the other hand, we fourad ith. injection of liposome-GOx itself could
only slightly inhibit the tumor growth, suggestitizat the antitumor efficacy of starvation therapy
alone at our used dose was still limited. Moreovbeg therapeutic efficacy achieved with the
combination use of free AQ4N and free GOx was alstosignificant, likely owing to their limited

tumor retention in the free forms.

To further evaluate the combined treatment efficdlog TUNEL staining was carried out for
tumors of mice two days after the first injectidfigure 5€). The highest TUNEL signals were
observed in the group V with the combination treaiim by both liposome-GOx and
liposome-AQ4N. Moreover, as examined by histoloiggeamination $upporting Figure S9), the
combination treatment with liposome-GOx and liposeAQ4N showed no obvious acute toxicity
to the treated animals. Given that the liposome-G@action showed minimal influence on the
blood oxygen levels of those healthy organs / ésswe thus conclude that the combination of
starvation therapy with hypoxia-activated theragydelivering both GOx and AQ4N into tumors

with liposomal carriers could be an effective agmtofor cancer treatment.



4. Conclusion

In summary, we designed an innovative cancer treattrstrategy by combining GOx-based
starvation therapy and AQ4N-based hypoxia-activéitedapy using liposomal nanocarriers. After
being encapsulated in long-circulating stealth dpoes, GOx and AQ4N could be sequentially
delivered to tumors with high tumor homing effictges. As illustrated byn vivo PA imaging, such
liposome-GOx could specifically block tumorous gise supply, exhaust tumorous oxygen for
hypoxia enhancement, and produce toxigOH inside the tumors. In the meanwhile,
liposome-AQ4N once inside the tumor with enhancggolkia would be further activated to
achieve strong synergistic antitumor effect. Ourkwthus presents a rather simple approach to
combine starvation therapy with hypoxia-activatedrapy using the well-established liposomal
systems to achieve an obvious synergistic therapeutcome. As all agents involved in our system
are biodegradable ones, such a new cancer treastrateégy may bring new thinking for cancer

treatment research, even promising for clinicaigtation.
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Figure 1. Scheme of experimental design and characterization of liposomes. (a) A scheme illustrating
the design of combining starvation and hypoxia-activated therapy by co-delivery of liposome-GOx and
liposome-AQ4N into tumors. (b) DLS size distributions of liposome-AQ4N and liposome-GOx. (c)
The generated H,0, levels in glucose solutions at different concentrations after adding liposome-GOx
or free GOx. (d) Changes of pH values in glucose solutions with different concentrations after adding
liposome-GOx or free GOX.
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Figure 2. In vitro behaviors of liposome-GOx and liposome-AQ4N. (a) Confocal fluorescence images
of 4T1 cells after incubation with liposome-GOx-DiD. (b) Relative viahilities of 4T1 cells after 24 h
incubated with different concentrations of glucose and liposome-GOX. (¢) H2O, generation in 4T1 cells
(10° cells) after incubation with different concentrations of liposome-GOx for 6 h, in the presence of
100 pg/mL glucose. (d) Confocal fluorescence images of 4T1 cells after incubation with
liposome-AQ4N (10 uM) for 12 h, under the normoxia or hypoxia culture condition. (€) Relative
viabilities of 4T1 cells after 48 h incubation with different concentrations of liposome-AQ4N under the
normoxia or hypoxia culture condition.
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Figure 3. In vivo behaviors of liposome-GOx and liposome-AQ4N. (a) Blood circulation curves of
liposome-GOx-DiR and liposome-AQ4N-DiR by measuring the DiR fluorescence in the blood at
different time points post-injection. (b) Time-lapsed in vivo fluorescence images of 4T1 tumor-bearing
mice with i.v. injection of liposome-GOx-DiR or liposome-AQ4N-DiR. The tumors were indicated
with arrows in red. (c) Ex vivo fluorescence imaging of main organs/tissues from mice after i.v.
injection of liposome-GOx-DiR or liposome-AQ4N-DiR for 24 h. Li, Sp, Ki, He, Lu, and Tu stand for
liver, spleen, kidney, heart, lung and tumor, respectively. (d) Semi-quantitative analysis of fluorescence
signals of each organ / tissue based on the images shown in (c).
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Figure 4. Tumor hypoxia and H,O, detection after injection of liposome-GOx by in vivo PA imaging.
(&) A scheme of PA imaging of intratumoral O, and H,O,. (b) PA images of 4T1 tumor blood oxygen
saturation (SO,) levels before or at different time intervals after i.v. injection of liposome-GOx or
saline. The color scale was calculated from the PA signal ratios between de-oxygenated (750 nm) and
oxygenated hemoglobin (850 nm). The grey scale was B-mode ultrasound signals. (c) Quantification of
sO, average total signas in (b). (d) PA images of 4T1 tumors to detect intratumora H,O, by the
liposome-HRP-ABTS nanoprobe, without or with co-injection of liposome-GOx. (e) Quantification of
H,0-induced PA signals for tumorsin (d).
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Figure5. In vivo starvation and hypoxia-activated therapy. (a) Ex vivo immunofluorescence staining of
HIF-1a for tumor dlices collected from mice before (0 h) and after injection of liposome-GOx at 12 h
and 24 h. The cdl nuclei, blood vessels, and HIF-1o were stained with DAPI (blue), anti-CD31
antibody (red) and HIF-1a antibody (green), respectively. (b) Quantification of HIF-1a positive areas
based on the images shown in (@) by the Image J software (n = 10 images per tumor). (¢) Tumor growth
curves of mice after various different treatments indicated. The mice were divided into 5 groups: 1)
control; I1) liposome-GOXx; 111) liposome-AQ4N; V) free GOx and free AQ4N; V) liposome-GOx and
liposome-AQ4N. All mice received 3 repeated injections at day 0, 4 and 8. (d) Average tumor weights
of 5 groups of mice after different trestments collected at day 16. (€) Micrographs of TUNEL stained




