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a b s t r a c t 

L-377,202 prodrug consists of doxorubicin (Dox) conjugated to a prostate-specific antigen (PSA) peptide 

substrate that can be cleaved by enzymatically active PSA at the tumor site. Despite the initial promise 

in phase I trial, further testing of L-377,202 (herein called Dox-PSA) was ceased due to some degree 

of non-specific activation and toxicity concerns. To improve safety of Dox-PSA, we encapsulated it into 

low temperature-sensitive liposomes (LTSL) to bypass systemic activation, while maintaining its biological 

activity upon controlled release in response to mild hyperthermia (HT). A time-dependent accumulation 

of activated prodrug in the nuclei of PSA-expressing cells exposed to mild HT was observed, showing 

that Dox-PSA was efficiently released from the LTSL, cleaved by PSA and entering the cell nucleus as free 

Dox. Furthermore, we have shown that Dox-PSA loading in LTSL can block its biological activity at 37 °C, 

while the combination with mild HT resulted in augmented cytotoxicity in both 2D and 3D PC models 

compared to the free Dox-PSA. More importantly, Dox-PSA encapsulation in LTSL prolonged its blood 

circulation and reduced Dox accumulation in the heart of C4-2B tumor-bearing mice over the free Dox- 

PSA, thus significantly improving Dox-PSA therapeutic window. Finally, Dox-PSA-loaded LTSL combined 

with HT significantly delayed tumor growth at a similar rate as mice treated with free Dox-PSA in both 

solid and metastatic PC tumor models. This indicates this strategy could block the systemic cleavage of 

Dox-PSA without reducing its efficacy in vivo , which could represent a safer option to treat patients with 

locally advanced PC. 

Statement of significance 

This study investigates a new tactic to tackle non-specific cleavage of doxorubicin PSA-activatable pro- 

drug (L-377,202) to treat advanced prostate cancer. In the present study, we report a nanoparticle-based 

approach to overcome the non-specific activation of L-377,202 in the systemic circulation. This includes 

encapsulating Dox-PSA in low temperature-sensitive liposomes to prevent its premature hydrolysis and 

non-specific cleavage. This class of liposomes offers payload protection against degradation in plasma, 

improved pharmacokinetics and tumor targeting, and an efficient and controlled drug release triggered 

by mild hyperthermia (HT) ( ∼42 °C). We believe that this strategy holds great promise in bypassing any 

systemic toxicity concerns that could arise from the premature activation of the prodrug whilst simulta- 

neously being able to control the spatiotemporal context of Dox-PSA cleavage and metabolism. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

At present, prostate cancer (PC) is second-leading cancer in men 

nd the fifth cause of mortality in the male population worldwide 

1] . Depending on the risk level, treatment options for men diag- 

osed with localized PC include active surveillance, prostatectomy, 
c. This is an open access article under the CC BY license 
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adiation therapy, and/or androgen deprivation therapy (ADT) [2] . 

owever, despite the initial favorable clinical responses to ADT in 

atients with hormone-sensitive PC, androgen ablation is rarely 

urative and consequently, virtually all cancers will become un- 

esponsive to ADT and progress to castration-resistant PC (CRPC) 

ithin 2 to 3 years [ 3 , 4 ]. Currently, there are several treatment

ptions for men with metastatic CRPC (mCRPC) which have al- 

eady been approved by FDA or are under revision process, in- 

luding chemotherapeutics, second-generation hormonal therapy, 

adiopharmaceutical agents, targeted therapies (poly(ADP-Ribose), 

olymerase Inhibitors (PARP inhibitors), and immunotherapy [ 5 , 6 ]. 

espite the plethora of newly approved drugs, patients diagnosed 

ith mCRPC continue to develop resistance to treatment, lead- 

ng to poor prognosis and low overall survival [6–9] . Therefore, 

he emergence of more effective therapies at all disease stages, 

hich can be tailored to prevent drug resistance and ultimately 

elay progression to genomically complex stages, is still an unmet 

linical need. Bypassing chemoresistance and dose-limiting sys- 

emic toxicity has urged the development of alternative therapeu- 

ic modalities such as prodrugs [10] . 

Enzyme-cleavable prodrugs have been widely explored in tar- 

eted prodrug design [11] . Prostate-specific antigen (PSA) is an at- 

ractive target for PC therapy due to its prostate selective expres- 

ion and involvement in tumor development, metastasis, and an- 

iogenesis [12] . There are a few prodrugs that have been developed 

or site-directed activation by PSA in the tumor microenvironment. 

RX302 (Sophiris Bio Inc.,) is the most clinically advanced PSA- 

ctivatable prodrug [13] . This prodrug has been evaluated in Phase 

I trials and shown to be well-tolerated in patients with clinically 

ignificant localized PC [ 14 , 15 ]. 

Similarly, Merck Research Laboratories have developed the first 

eported PSA-cleavable prodrug (L-377,202), which resulted from 

he conjugation of the PSA substrate Glutaryl-Hyp-Ala-Ser-Chg-Gln 

o the aminoglycoside portion of doxorubicin (Dox) via a Ser-Leu 

inker [16] , which is activated in the tumour into cytotoxic Dox 

16] . Despite having reached the clinical setting, this prodrug did 

ot advance beyond Phase I trials due to toxicity concerns [ 17 , 18 ].

n line with this, in preclinical studies with mice, rats, dogs, and 

onkeys, the intravenous fraction of L-377,202 metabolized to Dox 

anged between 28-41% [17] . In efforts to improve the specificity 

nd plasma stability of L-377,202 prodrug, Aloysius and Hu re- 

ently coupled a modified peptide sequence (GABA ← mGly-Ala- 

er-Chg-Gln) to Dox using a self-immolative 3-aminooxypropionate 

inker to reduce non-PSA-mediated hydrolysis by human neprilysin 

 19 , 20 ]. 

In the present study, we propose a nanomedicine-based ap- 

roach to overcome the non-specific activation of L-377,202 (here- 

fter named Dox-PSA). This includes encapsulating Dox-PSA in low 

emperature-sensitive liposomes (LTSL) which work as a shield to 

revent its premature hydrolysis and non-specific cleavage. The 

TSL used in the present manuscript have a similar composition to 

he LTSL in ThermoDox® formulation, where the ratio of each lipid 

omponent is optimized to prevent drug leakage at body temper- 

ture (37 °C), while allowing an ultrafast drug release at mild hy- 

erthermic temperature ( ∼42 °C). These LTSL contain 10 mol% of a 

ysolipid lipid (MSPC) responsible for stabilizing pores in the lipid 

ilayer which greatly enhances its permeability as it undergoes 

el-to-liquid phase transition, resulting in burst drug release at 

emperatures 39-42 °C [ 21 , 22 ]. We believe that this strategy holds

reat promise in terms of bypassing any systemic toxicity con- 

erns that could arise from the premature activation of the pro- 

rug, whilst simultaneously being able to control the spatiotem- 

oral context of Dox-PSA cleavage and metabolism. Additionally, 

ild HT has shown to synergize with chemotherapy through sev- 

ral mechanisms [23–25] and to increase vascular perfusion and 
fi

531 
xygen levels within the tumor [ 26 , 27 ], which could contribute to 

ncreasing Dox-PSA therapeutic efficacy. 

Herein, we studied the effect of mild HT on the PSA levels 

nd viability of PC cells. Moreover, Dox-PSA selectivity and PSA- 

ediated hydrolysis were investigated. In efforts to uncover the 

echanisms behind Dox-PSA selectivity, trafficking experiments 

ere carried out in PC cells using confocal microscopy and sup- 

orted by drug-DNA binding studies. Furthermore, Dox-PSA-loaded 

TSL were prepared and characterized in terms of size, encapsula- 

ion efficiency, and Dox-PSA release. Toxicity studies of Dox-PSA- 

oaded LTSL in combination with mild HT were performed in C4- 

B monolayers and spheroids. Moreover, in vivo studies were car- 

ied out to evaluate Dox-PSA-loaded LTSL pharmacokinetics and 

afety profile. Finally, the therapeutic efficacy of this sequentially- 

ctivated nanomedicine was evaluated in both solid and metastatic 

4-2B tumor-bearing mice. 

. Experimental section 

.1. Materials 

PSA-cleavable peptide (MeO 2 C-C-(CH 2 ) 3 -CO-4-Hyp-Ala- 

er-Chg-Gln-Ser-Leu-OH) was purchased from Cellmano 

China). Mu-His-Ser-Ser-Lys-Leu-Gln-AMC, ≥ 99.5% (AMC- 

SA), (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5- 

]-pyridinium 3-oxid hexafluorophosphate (HATU), N,N- 

iisopropylethylamine (DIPEA), doxorubicin hydrochloride (Dox), 

cetonitrile and N,N-Dimethylformamide, anhydrous 99.8% (DMF), 

holesterol (Chol), chloroform ≥ 99.8%, acetonitrile ≥ 99.9%, 

ethanol ≥ 99.9%, sodium chloride ≥ 99.0%, ammonium sulphate 

(NH 4 ) 2 SO 4 ), poly-D-lysine (PDL) and resazurin reagent were all 

urchased from Sigma-Aldrich (UK). Prostate Specific Antigen, 

nzymatically active from human seminal fluid (PSA) was obtained 

y Merck (UK). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (16:0 

C, DPPC) and 1,2-distearoyl-sn-glycero-3- phosphoethanolamine- 

-[amino(polyethylene glycol)-20 0 0] (DSPE-PEG 20 0 0 ) were a kind 

ift from Lipoid GmbH (Ludwigshafen, Germany). 1-stearoyl-2- 

ydroxy-sn-glycero-3-phosphocholine (18:0 Lyso PC, MSPC) was 

urchased from Avanti Polar Lipids (USA). Advanced Roswell Park 

emorial Institute (RPMI) 1640 containing 2 g/L D-glucose, 110 

g/L sodium pyruvate and non-essential amino acids, GlutaMAX 

TM 

upplement 200 mM, penicillin-streptomycin solution (10 0 0 0 

nits/mL), 0.05% Trypsin/EDTA, Trypan Blue Stain (0.4%, 1:1 v/v) 

nd Dulbecco’s PBS (1X) were all obtained from Invitrogen Gibco1 

ife Technologies (UK). Heat inactivated newborn fetal bovine 

erum (FBS) was purchased from First Link (UK). 

.2. Synthesis of MeO 2 C(CH 2 ) 3 CO-Hyp-Ala-Ser-Chg-Gln-Ser-Leu-Dox 

Dox-PSA) 

Dox-PSA was synthesized as previously described [28] . Briefly, 

ATU (0.0368 mmol, 13.99 mg) was added to 5mL DMF so- 

ution of the PSA-cleavable peptide MeO 2 C(CH 2 ) 3 CO-Hyp-Ala- 

er-Chg-Gln-Ser-Leu-OH (Hyp, trans -4-hydroxy-L-proline; Chg, L- 

yclohexylglycine) (Cellmano, China) (0.0368 mmol, 48.00 mg; 

W = 884.55 g/mol). After stirring the solution for 30 min at 

oom temperature (RT), doxorubicin hydrochloride (0.0735 mmol, 

2.60 mg; MW = 579.98 g/mol) was added and the pH of the re- 

ction was neutralized with anhydrous DIPEA (80 μL, 0.459 mmol). 

he reaction proceeded at RT under nitrogen for 18 h whilst cov- 

red in foil. After completion, the reaction was concentrated un- 

er vacuum to a dark red oil. A sample of the crude product was 

aken for mass spectrometry (MALDI-TOF) which was performed in 

n AXIMA Performance mass spectrometer (Shimadzu, UK) to con- 

rm the identity of the compound. The crude product was then 
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issolved in 50 mL of a mixture containing 80% of 0.1% w/v ammo- 

ium acetate in deionized water) and 20% acetonitrile and stored 

t -20 °C. 

.3. Purification of Dox-PSA 

The solution of the crude Dox-PSA was filtered through a 0.22 

m PES membrane followed by purification by preparative RP- 

PLC (Gilson) on a C18 4.6 × 150 mm column (Agilent, UK). A mo- 

ile phase consisting of eluent A (0.1% w/v ammonium acetate in 

eionized water) and eluent B (acetonitrile) was applied in a step 

radient as follows: 35% B over 2 min, 35-80% B over 4 min, 80% B

ver 1 min, and 80-35% B over 2 min. 4 mL injection volume and

t a flow rate of 20 mL/min was used to elute the product, which

as detected by UV detector at 214 nm. Pure fractions from each 

un were pooled together, acetonitrile was evaporated under vac- 

um and the purified product was freeze dried. The dried product 

as then re-dissolved in 0.1% ammonium acetate, aliquoted, and 

reeze dried again for storage at -80 °C. Mass spectrometry (MALDI- 

OF) was performed in an AXIMA Performance (Shimadzu, UK) to 

onfirm the identity of the chromatographic peaks. Purity of the 

roduct (31 mg, 23% reaction yield) was checked by analytical RP- 

PLC (Agilent 1200 series) on an Eclipse XDB C18 4.6 × 150 mm 

olumn (Agilent, UK) and determined to be > 98%. 

.4. PSA hydrolysis of Dox-PSA 

The procedure used to investigate the hydrolysis of Dox-PSA 

as like the one used in the case of AMC-PSA (see Supporting 

nformation), with minor modifications. Briefly, Dox-PS A cleavage 

y PSA was carried out with the optimized kinetic buffer, which 

as composed of 25 mM Tris pH 7.6/ 100 mM NaCl/ 10 mM CaCl 2 /

.05% Brij TM 35. An enzyme to substrate molar ratio of 1:100 was 

sed to be consistent with previous hydrolysis studies using Dox- 

SA prodrug [16] . A solution of Dox-PSA in kinetic buffer was 

dded to the enzymatically active PSA also in kinetic buffer to a fi- 

al volume of 1 mL. Final concentrations of Dox-PSA and PSA were 

0 μM and 0.4 μM, respectively. Incubations were carried out at 

T, 37 °C, and 42 °C to study the effect of temperature in Dox-PSA 

ydrolysis. To prevent sample evaporation and light exposure of 

he Dox-PSA conjugate, incubations were performed in amber vials 

ealed with parafilm®. At predefined time points up to 24 h, 50 μL 

liquots of reaction mixture were transferred to 600 μL of acetoni- 

rile and stored at -20 °C until quantification to stop enzymatic ac- 

ivity. RP-HPLC analysis was carried out using a Perkin Elmer Series 

00 pump with a LC240 fluorescence detector operating at 30 °C. 

0 μL of sample in acetonitrile were injected in an Eclipse XDB 

18 4.6 × 150 mm column (Agilent, UK) and a gradient elution 

as performed. The mobile phase consisted of eluent A (0.1% v/v 

FA in deionized water) and eluent B (0.1% v/v TFA in acetonitrile) 

ith a gradient of 5-65% B over 20 min, 65-5% B over 0.1 min,

nd 5% B over 10 min. The flow rate was set at 1 mL/min and the

hange in Dox-PSA peak area was detected at an excitation and 

mission wavelengths of 490 nm and 550 nm, respectively. In this 

ase, PSA substrate hydrolysis was determined by following the de- 

rease in Dox-PSA peak area over time rather than following the 

ppearance of free Dox, because Dox-PSA metabolism generates an 

ntermediate product, Dox-Leu, which complicates the analysis. All 

easurements were performed in duplicates. 

.5. Drug-DNA binding studies 

The ability of Dox and Dox-PSA to bind to DNA was measured 

y spectrophotometry and spectrofluorometry. Binding of Dox to 

alf thymus DNA (ctDNA) was determined by the quenching of Dox 

uorescence when bound to DNA, as described elsewhere [29] . 10 
532 
M of Dox or Dox-PSA were titrated with increasing amounts of 

tDNA in the range of 0-200 μM. All samples were prepared in 5 

M Tris-HCl buffer pH 7.2, 50 mM NaCl and incubated at 37 °C for 

4 h before spectral analysis. Solutions of ctDNA without Dox or 

ox-PSA were used as blanks. The UV-visible absorbance spectra 

f Dox/Dox-PSA were recorded at RT in the range of 380-600 nm 

sing a Cary 60 UV-Vis spectrophotometer (Agilent, UK). The flu- 

rescence spectra of Dox/Dox-PSA in the presence of ctDNA were 

ecorded at RT in the range of 20 0-70 0 nm upon excitation at 480

m by means of a F-2710 spectrofluorometer (Hitachi, UK). Quartz 

uvettes of 1 cm path length (Hellma Analytics) were used. 

.6. Formulation of Dox-PSA-loaded LTSL 

Phospholipids DPPC:MSPC:DSPE-PEG 20 0 0 at a molar ratio of 

6:10:4 were dissolved in chloroform:methanol (4:1 v/v). Lipo- 

omes were prepared by the lipid film hydration method. Briefly, 

he organic solvents were evaporated under reduced pressure at 

0 °C for 1 h using a rotary evaporator (BÜCHI, Labortechnik AG), 

hen flushed with N 2 stream to remove traces of organic solvent. 

he dried lipid film was then hydrated with ammonium sulphate 

H 5.4 (240 mM (NH 4 ) 2 SO 4 ) for 30 min at 60 °C. The final total

ipid concentration was 5 mM. Liposomes were reduced in size by 

xtrusion through 0.8 μm (7 cycles), 0.2 μm (17 cycles) and 0.1 μm 

13 cycles) polycarbonate filters using a mini-extruder (Avanti Po- 

ar Lipids). Following extrusion, liposomes were flushed with N 2 

nd left to anneal overnight at RT. Dox-PSA was loaded into LTSL 

sing the pH gradient method by (NH 4 ) 2 SO 4 , as described else- 

here for anthracyclines [30]. Briefly, the extraliposomal buffer 

as exchanged with HBS buffer pH 7.4 by passing the liposome 

olution through a Sephadex TM G-25 PD-10 column (GE Healthcare 

ife Sciences). Next, liposomes were incubated with Dox-PSA (20:1 

ipid:prodrug molar ratio) at 37 °C and 100 rpm for 24 h. 

.7. Purification of Dox-PSA-loaded liposomes 

Non-entrapped Dox-PSA was removed using a qEV size exclu- 

ion column (IZON Science Europe Ltd). Briefly, 500 μL of Dox-PSA- 

oaded liposomes were loaded in the qEV column and 500 μL frac- 

ions were collected. Fractions 6-9 were pooled together as they 

ontained the prodrug-loaded liposomes. Liposome suspension was 

oncentrated to the starting concentration using an Amicon Ultra- 

 Centrifugal Filter Unit 100 KDa MWCO (Merck, UK) before being 

sed. 

Dox-PSA encapsulation efficiency (EE, %) was obtained by com- 

aring its fluorescence before and after purification, according to 

q. (1 ): 

E ( % ) = 

I ( t ) a f ter puri f ication 

I ( t ) be f ore puri f ication 

× 100 (1) 

here I(t) is the fluorescence intensity of liposome suspension af- 

er liposome disruption. 10 μL of liposome suspensions were di- 

uted 10-fold in HBS pH 7.4 to a final volume of 100 μL and lysed

ith 10 μL of 1% (w/v) Triton 

TM X-100. The liposomal lysates (100 

L) were then transferred to 96-well black plates and fluorescence 

ntensity was determined at λex = 485 nm and λem = 590 nm 

sing a FLUOstar TM Omega Multimode Plate Reader (BMG Labtech, 

ermany). 

.8. Characterization of Dox-PSA-loaded LTSL 

.8.1. Dynamic light scattering (DLS) 

The mean hydrodynamic diameter (Z-ave) and size distribution 

polydispersity index, PdI) of the liposomal suspensions were es- 

imated using DLS, and the zeta potential ( ζ -potential) was de- 

ermined by Laser Doppler electrophoresis using a Malvern Zeta- 

izer Nano ZS90 (Malvern). Fisherbrand 

TM disposable polystyrene 
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uvettes and disposable plain folded capillary Zeta cells (Malvern) 

ere used. Liposomes were diluted 100-fold and 10-fold in 0.2 

m filtered deionized water for size and ZP measurements, respec- 

ively. Measurements were carried out at a constant temperature 

f 25 °C. The hydrodynamic size was reported as the average value 

f three measurements, while the ζ -potential measurements were 

erformed in quintuplicate. 

.8.2. Cryogenic transmission electron microscopy (cryo-TEM) 

Samples for cryo-TEM were prepared as previously described 

 30 , 31 ] by pipetting 3 μL of Dox-PSA-loaded or empty LTSL onto

 holey carbon coated grid (Quantifoil 3.5/1). The grid was blotted 

nd vitrified in ethane in a Vitrobot (FEI, The Netherlands). Grids 

ere observed in a FEI T20 electron microscope operating at 200 

eV with a Gatan model 626 cryo-stage. Images were recorded un- 

er low-dose conditions with a slow scan CCD camera. 

.8.3. Freeze-fracture electron microscopy (FF-EM) 

Dox-PSA-loaded and empty LTSL were initially cryoprotected by 

ncubation in 30% glycerol in 0.1 M cacodylate buffer for 60 min 

t 4 °C, previously reported [32] . Subsequently, 1.5 μL of the sam- 

le was placed on the copper holder and fast-frozen by immer- 

ion into Freon, cooled by liquid nitrogen (-196 °C). Frozen samples 

ere immediately transferred to freeze-fracture device (BALZERS, 

AF200), fractured (knife temperature was -150 °C), shadowed with 

latinum (nominal angle 45 °) and further strengthened by carbon 

nominal angle 90 °). Replicas were transferred to room tempera- 

ure and cleaned in sodium hypochlorite solution. Cleaned replicas 

ere picked on copper microscopic grids and were examined with 

ransmission electron microscope (Philips, CM100) running at 80 

V. 

.8.4. Differential scanning calorimetry (DSC) 

The gel-to-liquid crystalline phase transition temperature (Tm) 

f empty and Dox-PSA-loaded LTSL was determined by DSC using 

 Q200 DSC instrument (TA Instruments, USA). 20 μL of a 10 mM 

uspension of empty or Dox-PSA-loaded LTSL were placed in Tzero 

ermetic aluminum pans (TA Instruments, USA) and sealed with 

zero hermetic lids (TA Instruments, USA). DSC reference and sam- 

le cells were loaded with 20 μL of HBS pH 7.4 (reference buffer) 

nd liposome suspension, respectively. Thermal analysis was per- 

ormed by equilibrating the samples at 30 °C for 2 min and then 

eating them from 30 to 60 °C at a heating rate of 1 °C/min. DSC

hermograms were analyzed using a TA Universal Analysis (TA In- 

truments, USA). The Tm was defined as the onset of the melting 

eak in the DSC thermogram. Although some studies have used 

he maximum heat capacity (peak maximum) to describe the T m 

 21 , 33 ] as this is indeed true for lipids with a symmetrical en-

otherm, many phospholipids (as it is the case of the liposomes 

sed in this study) have asymmetrical DSC endotherms [34] and 

herefore we considered more accurate to define the T m 

as the ex- 

rapolated onset temperature of the DSC curve. 

.8.5. Release studies 

The release of Dox and Dox-PSA from LTSL was determined at 

7 °C and 42 °C in HBS pH 7.4 over 60 min. At each time point, sam-

les were collected. Dox release experiments were carried out as 

reviously described by our group [30] . For Dox-PSA release ex- 

eriments, a different approach was used to quantify the relative 

mount of prodrug release. As Dox-PSA is not quenched inside the 

TSL, we were not able to determine the fluorescence of the re- 

eased prodrug in the presence of liposomes, as it was the case 

or Dox-loaded LTSL. Therefore, Dox-PSA release was investigated 

sing an indirect approach in which 500 μL samples were taken 

t each time point and passed through a qEV size exclusion col- 

mn (IZON Science Europe Ltd). Fractions containing the liposomes 
533 
F6- F9) were pooled together and fluorescence intensity was de- 

ermined at λex = 485 nm and λem = 590 nm using a FLUOstar TM 

mega Multimode Plate Reader (BMG Labtech, Germany). It was 

ssumed that the fluorescence intensity of these liposomes was an 

ndication of the amount of Dox-PSA that remained encapsulated 

t each time point. Thus, the relative Dox-PSA release at each time 

oint was determined as the difference between the encapsulated 

rodrug at time t = 0 h and the encapsulated prodrug at each time 

oint, as given by Eq. (2 ): 

ox − P SA release ( % ) = 

I ( s ) 

I ( 0 ) 
× 100 (2) 

here I(s) is the fluorescence intensity of the Dox-PSA-loaded LTSL 

t different time points and I(0) is the fluorescence intensity of the 

ox-PSA-loaded LTSL at time t = 0 h. 

.8.6. Mammalian cell culture and maintenance 

LNCaP and PC3 cell lines were purchased from American Type 

ulture Collection. The LNCaP-derived C4-2B cell line was obtained 

rom (MD Anderson Cancer Center, USA). All PC cell line were 

ultured and maintained in Advanced RPMI 1640 medium sup- 

lemented with 2 mM L-glutamine, 2 g/L D-glucose, 110 μg/mL 

odium pyruvate, 100 U/mL penicillin, 100 μg/mL streptomycin and 

0% (v/v) heat-inactivated fetal bovine serum (FBS) and maintained 

n a humidified chamber at 37 °C and 5% CO 2 . 

.8.7. Effect of mild HT on PSA expression 

C4-2B cells were seeded in 35 mm CellBIND® culture dishes 

1 × 10 6 cells) in complete cell culture medium. The next day, the 

ishes were sealed with parafilm® and incubated in a water bath 

t 42 °C for 1 h. After HT exposure, the dishes were placed back in

he humidified incubator at 37 °C and 5% CO 2 until endpoint anal- 

sis. Non-heated cells (37 °C) were used as a control of PSA basal 

xpression. Immediately after HT or 6, 24 or 48 h after incubation, 

ells were washed twice with 1 mL of ice-cold PBS before being 

ysed for RT-qPCR or Western blotting. 

.8.8. Effect of mild HT on the viability of PC cells 

LNCaP (1.5 × 10 4 cells/well), C4-2B (1 × 10 4 cells/well), and PC3 

1 × 10 4 cells/well) cells were seeded in 96-well culture plates 

n complete medium. The next day, the plates were sealed with 

arafilm® and incubated in a water bath at 42 °C for 1 h. After HT 

xposure, the plates were placed back in the humidified incuba- 

or at 37 °C and 5% CO 2 until end point analysis. Non-heated cells 

37 °C) were used as a positive control of cell viability. After 6, 24 

r 48 h of incubation, cell viability was determined using resazurin 

ssay. 

.9. PSA mRNA levels by real-time polymerase chain reaction 

RT-qPCR) 

.9.1. RNA extraction from PC cells 

For the quantification of PSA mRNA by RT-qPCR, C4-2B and 

NCaP (1 × 10 6 cells) cells were seeded in 35 mm CellBIND® cul- 

ure dishes in complete culture medium. PC3 (1 × 10 6 cells) cells 

ere seeded in standard 35 mm culture dishes in complete cul- 

ure medium. In the experiment to assess the effect of mild HT on 

SA expression, mild HT treatment applied for 1 h before RNA ex- 

raction. In the experiment to assess the basal PSA levels, RNA was 

xtracted 24 h after cell seeding. Total RNA was isolated from PC 

ells using PureLink TM RNA Mini Kit (Thermo Scientific TM , UK), fol- 

owing manufacturer’s instructions. The concentration and purity 

f the total RNA were determined at 260 nm and 260/280 nm, re- 

pectively using a CLARIOstar Multimode microplate reader (BMG 

abtech, Germany). The integrity of the RNA was confirmed by vi- 

ualization on 1% (w/v) agarose gel, which was run at 120 V for 
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 h in 1x TAE buffer. DNA-free total RNA was prepared by incubat- 

ng 1μg (50 μL) of total RNA with 1 U of DNase I for 30 min at

7 °C. Following incubation, DNase was inactivated by heating for 

0 min at 75 °C in the presence of 5 mM of EDTA to prevent RNA

ydrolysis. 

.9.2. cDNA synthesis 

DNase-free total RNA (1 μg) was reverse transcribed using 

uperScript® IV First-Strand cDNA Synthesis Reaction (Thermo 

cientific TM , UK), according to manufacturer’s instructions. An ad- 

itional step was performed to remove the RNA by incubating the 

esulting cDNA with 1 μL of E. coli RNase H at 37 °C for 20 min.

he concentration and purity of the cDNA were determined at 260 

m and 260/280 nm, respectively using a CLARIOstar Multimode 

icroplate reader (BMG Labtech, Germany). All samples displayed 

atios 260/280 nm between 1.76 and 1.82, indicative of highly pure 

DNA. 

.9.3. TaqMan qPCR 

Amplification and detection were performed in a Rotor Gene-Q 

Qiagen) thermocycler with the following cycling conditions: one 

tep at 50 °C for 2 min for Uracil-N-Glycosylase (UNG) incubation, 

ne step at 95 °C for 5 min for polymerase activation, and 40 cy- 

les at 95 °C for 25 s (denaturation), and 60 °C for 1 minute (an-

ealing/extension). For each 20 μL real-time PCR (RT-qPCR) reac- 

ion, 1 μL of reverse transcription sample was combined with 8 

L of RNase-free water, 10 μL of TaqMan 

TM Universal Master Mix 

I with UNG 2x (Thermo Scientific TM , UK) and with 1 μL of Taq-

an® Assay 20x. Each PCR run included independent duplicates of 

ach sample and of negative control without template. The TaqMan 

uorescent spectra collected during PCR were analysed using the 

otor-Gene 1.7.94 Software (Qiagen, UK). Relative values were ob- 

ained from the threshold PCR cycle number (CT, cycle threshold), 

hich is the cycle number at which the sample’s fluorescence in- 

ersected with the detection threshold and is directly proportional 

o the amount of DNA in the sample. Relative mRNA levels in each 

ample were obtained by normalization to its GAPDH content and 

he comparative CT method was used, as described elsewhere [35] . 

riefly, the difference ( �CT) between the PSA CT values and the 

APDH CT values was determined: 

C T = C T ( P SA ) − C T ( GAP DH ) (3) 

After calculating the value resulting from Eq. (1 ) for each of the 

amples, the reference sample was assigned (PC3 cells for basal 

SA levels or non-heated cells for effect of mild HT on PSA ex- 

ression). Next, the difference between each sample’s �CT and the 

eference sample �CT was determined: 

�C T = �C T ( sample ) − �ct ( r e fer ence sample ) (4) 

Finally, the results were presented as fold-change, given by 

 

−��CT . 

.9.4. PSA protein expression by Western Blotting (WB) 

For the quantification of PSA protein by Western blot (WB), C4- 

B and LNCaP (1 × 10 6 cells) cells were seeded in 35 mm Cell- 

IND® culture dishes in complete culture medium. PC3 (1 × 10 6 

ells) cells were seeded in standard 35 mm culture dishes in com- 

lete culture medium. In the experiment to assess the effect of 

ild HT on PSA expression, mild HT was applied for 1 h before 

ell lysis. In the experiment to assess the basal PSA levels, cells 

ere lysed 24 h after cell seeding. To prepare the cell lysates for 

B, cells were washed twice with 1 mL of ice-cold PBS and lysed 

ith 50 μL/well of RIPA lysis buffer containing protease inhibitors. 

ell lysates were incubated on ice for 30 min while vortexing every 

0 min. Samples were centrifuged at 16,089 x g for 30 min at 4 °C
nd the supernatants containing proteins were collected. The total 
534 
rotein concentration was determined using Pierce TM BCA Protein 

ssay Kit (Thermo Scientific TM , UK), according to manufacturer’s 

nstructions. To prepare samples for SDS-PAGE, 1x loading dye was 

dded to 30 μg of total protein and samples were denatured by 

eating for 7 min at 95 °C. SDS-PAGE was carried out using a Mini- 

ROTEAN® Tetra Electrophoresis cell (Bio-Rad, UK) in 1x running 

uffer. Proteins were resolved in 16% (w/v) polyacrylamide separat- 

ng gel, with a 4% (w/v) stacking gel and run at 100 V for approx-

mately 1.5 h. After SDS-PAGE, proteins were transferred to a Hy- 

ond 0.2 μm pore size PVDF membrane using a Mini Trans-Blot®

lectrophoretic Transfer Cell (Bio-Rad, UK) in 1x transfer buffer. 

he electrophoretic transfer was carried out at 70 V for 1.5 h at 

 °C. The membrane containing the proteins was blocked with 5% 

w/v) non-fat dry milk in TBS-T for 1 h at RT on a shaker. The blot

as then incubated with a rabbit anti-PSA monoclonal antibody 

Cell Signaling Technology) at a dilution of 1:1,0 0 0 in PBS/ 0.025% 

v/v) sodium azide overnight at 4 °C on a shaker. The blot was then 

ashed three times with 10 mL of TBS-T on a shaker. The blots 

ere then incubated with goat anti-rabbit IgG HRP-conjugate (Cell 

ignaling Technology) in 1% non-fat dry milk at 1:2,0 0 0 dilution 

or 1 h at RT. Following three washes with TBS-T, the blots were 

ncubated with ECL Western Blotting substrate (GE Healthcare), ac- 

ording to manufacturer’s instructions. Protein bands were visual- 

zed using a ChemiDoc TM MP Imaging System (Bio-Rad, UK). The 

ntensity of the specific protein bands was quantified using Im- 

ge Lab TM software (Bio-Rad, UK). β-actin was used as an internal 

oading control. Thus, after imaging the protein of interest, the blot 

as washed three times with 10 mL of TBS-T (10 min/wash) on a 

haker, followed by incubation with a rabbit β-actin antibody (Cell 

ignaling Technology) at a dilution of 1:1,0 0 0 in PBS/ 0.025% (v/v) 

odium azide for 1 h at RT on a shaker. Following three washes 

ith TBS-T, blots were incubated with the same goat anti-rabbit 

gG HRP conjugate secondary antibody as mentioned previously in 

% non-fat dry milk at 1:2,0 0 0 dilution for 1 h at RT. The same

teps of washing after secondary antibody, incubation with chemi- 

uminescent substrate, and protein band visualization were per- 

ormed as described above. Each immunoblot included indepen- 

ent duplicates of each sample. In the experiments performed to 

ssess the basal PSA levels, the relative PSA expression was deter- 

ined by normalizing each PSA band to the corresponding β-actin 

oading control ( Eq. (5 )). In the experiments performed to assess 

he effect of mild HT on PSA expression levels, a second normal- 

zation was done in respect to the control, non-heated cells ( Eq. 

6 )). 

ormalized P SA = 

P SA band peak area 

β actin band peak area 
(5) 

ormalization to control = 

Normalized P SA of sample 

Normalized P SA of control 
(6) 

.9.5. Internalization studies by confocal laser scanning microscopy 

C4-2B cells (6 × 10 4 cells/well) were seeded onto poly-D-lysine 

oated 12 mm glass coverslips in 24-well plates, while PC3 cells 

6 × 10 4 cells/well) were seeded onto standard (uncoated) glass 

overslips. After 48 h, cells were incubated in complete cell cul- 

ure media containing 5 μM of free Dox, free Dox-PSA or Dox- 

SA-loaded LTSL, according to experiment requirements. In exper- 

ments to assess intracellular Dox-PSA release from LTSL, mild HT 

reatment (42 °C for 1 h) was applied immediately after compound 

ddition. Non-heated cells (37 °C) were used as a control of cel- 

ular uptake. At predefined time points, cells were washed with 

ce-cold PBS and fixed with 4% (v/v) paraformaldehyde/PBS solu- 

ion for 15 min at RT. After two additional washing steps with PBS 

o remove fixative, cells were incubated with 1 μg/mL of Hoechst 

3342 for 10 min at RT (in the dark). Following counterstaining, 

he coverslips were washed once with PBS and mounted onto 
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lass slides using ProLong TM Gold Antifade mounting media. Im- 

ges were taken on a Leica SP8 confocal microscope using a 63x 

il immersion objective and 405 nm and 488 nm laser detectors in 

he hybrid (HyD) mode. Images were analyzed usin ImageJ 1.51u 

NIH) software. 

.9.6. Endo/lysosomal co-localization studies 

C4-2B cells (1.5 × 10 4 cells/well) were seeded onto poly- 

-lysine coated 96-well clear glass bottom plates in complete 

edium. A higher cell density was used in this experiment com- 

ared to that used in cell viability assays performed in the same 

late format, because we have observed that C4-2B cells prolifer- 

te slower in glass-bottom plates compared to plastic plates. After 

8 h, cells were incubated with 1 μM of Dox or 5 μM of Dox-PSA.

 lower concentration of Dox was used as in previous cellular up- 

ake experiments, Dox fluorescence intensity was extremely high. 

oreover, our aim was not to directly compare Dox with Dox- 

SA, but rather to investigate if any of the compounds was inter- 

alized by endocytosis and, more importantly, if it can escape the 

ndo/lysosomal compartments. Incubation with drugs was carried 

ut for 3 h in the case of Dox and for 6, 24 or 48 h in the case

f Dox- PSA. Again, a lower incubation time was used with Dox 

ue to its faster cellular uptake and the fact that longer incuba- 

ions would result in high cytotoxicity. At the predetermined time 

oints, cells were washed three times with sterile PBS, followed by 

he addition of 100 μL LysoTracker® Green DND-26 solution (50 

M) in phenol red-free culture medium. Following incubation with 

his endo/lysosomal stain for 40 min at 37 °C/ 5% CO 2 , cells were

mmediately imaged without fixation. Images were taken by a Le- 

ca SP8 confocal microscope using a 40x water objective and 488 

m and 552 nm laser detectors in the hybrid (HyD) mode. Images 

ere analyzed using ImageJ 1.51u (NIH) software. 

.9.7. Viability of PC monolayers measured by resazurin assay 

C4-2B cells (1 × 10 4 cells/well) were seeded onto poly-D-lysine 

oated 96-well plates in complete medium. PC3 cells (1 × 10 4 

ells/well) were seeded in standard 96-well TC plates in complete 

edium. After 48 h, a range of concentrations of free Dox, free 

ox-PSA, Dox-PSA-loaded LTSL or empty LTSL were prepared in 30 

L of complete medium and added to the cells. Spent medium was 

ot replenished during the time course of the experiment to en- 

ure sufficiently high PSA concentrations. For the experiments with 

T, mild HT treatment (42 °C) was applied immediately after com- 

ound addition. Non-heated cells (37 °C) were used as a control. 

ehicle-treated cells were used as a 100% viability control. At 24- 

6 h post-incubation, cell viabilities were determined by resazurin 

ssay [36] . Hence, cells were incubated for 4 h with 0.01 mg/mL 

esazurin solution in a humidified incubator at 37 °C and 5% CO 2 . 

ollowing incubation, 150 μL of media-containing resazurin were 

ransferred to black 96-well plates and fluorescence intensity was 

uantified at λex = 544 nm, λem = 590 nm using a FLUOstar TM 

mega Multimode Plate Reader (BMG Labtech, Germany). The re- 

ults were presented as the percentage of cell viability (mean ±
EM) and normalized to the vehicle-treated cells or the non-heated 

ells, depending on the experiment. 

.9.8. Viability of PC spheroids 

Spheroids were cultured using the liquid overlay technique, as 

reviously reported [28] . On day 3 post-seeding, 30 μL of medium 

ere removed from each well and a range of concentrations of 

ree Dox-PSA or Dox-PSA-loaded LTSL were prepared in 30 μL of 

edium and added to the cells. At 48-96 h post-treatment, 100 

L of media were removed and replaced by an equal volume of 

 10 mM EDTA disodium salt solution to yield 5 mM final EDTA 

oncentration, as previously reported [28] . Cells were incubated for 

0 min at 37 °C/ 5% CO , followed by addition of resazurin to a final
2 

535 
oncentration of 0.01 mg/mL. Spheroids were incubated overnight 

t 37 °C/ 5% CO 2 and the next day, 100 μL of media-containing re- 

azurin were transferred to black 96-well plates quantification of 

uorescence intensity. EDTA treatment was used as previously de- 

cribed to disrupt the tight junctions on the highly dense C4-2B 

pheroids, and allow resazurin to penetrate trough the different 

ells layers of the spheroids. The results were presented as the 

ercentage of cell viability (mean ± SEM) and normalized to the 

ehicle-treated cells. 

.9.9. Animals and tumor models 

NSG mice used in this experiment were bred at Queen’s Uni- 

ersity Belfast (Belfast, UK). All animal procedures were performed 

ccording to UK Home Office Code of Practice for the Housing 

nd Care of Animals used in Scientific Procedures. Male NSG mice 

ged 8 weeks old were placed on Teklad Global 2019X for 5 days 

rior to both solid and metastatic tumor inoculation. Solid and 

etastatic C4-2B tumor models were established as previously de- 

cribed by our group [ 37 , 38 ]. 

Solid tumor model: legs of mice were subcutaneously injected 

ith 25 μL of C4-2B (2.5 × 10 6 cells) in a serum-free medium 

ith 25 μL high concentration Corning® Matrigel® Matrix, using 

7 G needles. Mice had bifocal tumors for imaging, and unifocal 

umors for therapy. Tumor growth was monitored three times per 

eek using an electronic caliper, and tumor volumes were calcu- 

ated using the following equation: 

V = L ∗W 

2 /2 (V stands for tumor volume, L stands for the longest

iameter, W stands for the diameter perpendicular to the length). 

Metastatic tumor model was established using C4-2B-4 Luc cells 

hich are luciferase-expressing C4-2B-4 cells. These cells are a 

ind gift from Dr Ning Wang (University of Sheffield, UK). Mice 

ere injected with C4-2B-4-luc cells in PBS (1 × 10 6 cells) via the 

ail caudal artery [37] . Sterile luciferin in PBS (15 mg/ mL) were 

njected subcutaneously in the back of the mice at 10 μL/g of body 

eight, and the bioluminescence signals were imaged 10-15 min 

ost-injection using In-Vivo Xtreme Imaging System (Bruker Scien- 

ific LLC, MA, USA). 

.9.10. Pharmacokinetics of Dox-PSA-loaded LTSL in C4-2B 

umor-bearing mice 

C4-2B tumor-bearing mice with a tumor size of 600 mm 

3 were 

andomized and grouped into 2 groups (6 mice per group). One 

roup was injected via the tail vein with Dox-PSA (10 mg/kg), and 

he other group was injected with Dox-PSA-loaded LTSL (equiva- 

ent to 10 mg/kg of Dox-PSA). At selected time points, around 100 

L blood was collected, and kept at 4 °C overnight, and then cen- 

rifuged at 30 0 0 rpm for 5 min to collect serum. To determine the

oncentration of Dox-PSA (or its metabolites), high performance 

iquid chromatography (HPLC) was used. Briefly, 30 μL of serum 

as mixed with 90 μL of cold acetonitrile to precipitate the pro- 

ein, then the mixture was sonicated for 5 min before centrifu- 

ation at 220 0 0 rpm for 10 min. The supernatant was collected 

or HPLC analysis. HPLC was performed on 1260 Infinity II Fluores- 

ence Detectors (Agilent, US), with a 4.6 × 250 mm, 5 μm Eclipse 

lus Phenyl-Hexyl column (Agilent, US) using a water containing 

.1% TFA (A)/acetonitrile (B) mobile phase system and fluorescence 

etection (ex: 480 nm, em: 585 nm). The gradient was performed 

t a total flow rate of 1 mL/min, 5-65% B from 0 to 20 min, 65-

% B from 20 to 25 min, 95% B from 25 to 30 min. 24 h post-

njection, heart was collected and homogenized using tissuelyser 

TissueLyser LT, QIAGEN, Germany) with 400 μL of water contain- 

ng 0.1% TFA/acetonitrile (1/3, v/v). Then the homogenized tissues 

ere centrifuged at 220 0 0 rpm for 10 min. The supernatant was 

ollected for HPLC analysis as described above. Standard curves for 

oth Dox-PSA and Dox were prepared using HPLC with the same 
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ethod described above. For Dox standard curve, Dox HCl was dis- 

olved in water first (5 mg/mL), further diluted to 0.05 mg/mL with 

BS. Then it was diluted with acetonitrile to a range of 50 0 0-10 0

g/mL. For Dox-PSA standard curve, Dox-PSA was dissolved in 0.1% 

mmonium acetate/acetonitrile (4/1) first (5 mM), then further di- 

uted with acetonitrile to a range of 10-0.1 μM. 

.9.11. In vivo release in solid C4-2B tumor model 

C4-2B tumor-bearing mice were shaved to reduce the animal 

uorescence background. Mice were injected via the tail vein with 

00 μL LTSL-Dox-PSA (10 mg/kg of Dox-PSA). Mice were imme- 

iately anaesthetized using inhalational isoflurane, and one tumor 

earing leg was immersed in a 42 °C water bath for 1 h to trigger

rug release. The second tumor-bearing leg was used as a control. 

nimal body temperature was controlled using a heated pad with 

 rectal thermocouple. At the end of the treatment, the mice were 

maged for Dox-PSA release (excitation filter = 480 nm, emission 

lter = 600 nm) using In-Vivo Xtreme. 24 h post-injection, mice 

ere sacrificed, and tumors were isolated and imaged. The high 

ackground of mice hairy heads was covered in during imaging us- 

ng a black paper. 

.9.12. Therapy in C4-2B solid tumor model 

C4-2B tumor-bearing mice with a tumor size of 50-100 mm 

3 

ere randomized and grouped into 5 groups (5 mice per group). 

ach group was injected via the tail vein with one of the fol- 

owing treatment; namely PBS (200 μL, + HT), Dox-PSA (10 mg/kg, 

 HT), Dox-PSA (10 mg/kg, -HT), LTSL-Dox-PSA (10 mg/kg of Dox- 

SA, + HT), and LTSL-Dox-PSA (10 mg/kg of Dox-PSA, -HT). Mice 

ere immediately anaesthetized using inhalational isoflurane, and 

he tumor-bearing leg one was immersed in a 42 °C water bath for 

 h. Some groups were not treated with HT. Animal body tem- 

erature was controlled using a heated pad with a rectal thermo- 

ouple. At the end of the treatment, mice were returned to their 

ages and observed. The treatment was repeated three times, as 

ndicated in the results section. The body weight and tumor size 

ere monitored three times a week. The tumor growth data were 

xpressed as mean ± SEM (standard error of the mean), with n 

enoting the number of animals. At the end of the experiment, or- 

ans were immediately fixed in 10% neutral buffer formalin. Tis- 

ues were then paraffin-embedded and sectioned for haematoxylin 

nd eosin stains (H&E) according to standard histological protocols 

t the Royal Veterinary College (London, UK). 

.9.13. Therapy in C4-2B-4 bone metastasis model 

Two weeks post C4-2B-4-luc cells injection, mice were random- 

zed and grouped into 3 groups (5 mice per group). Each group 

as injected via the tail vein with one of the following treat- 

ents; namely PBS (200 μL, + HT), Dox-PSA (10 mg/kg, + HT), and 

TSL-Dox-PSA (10 mg/kg of Dox-PSA, + HT). Mice were immedi- 

tely anaesthetized using inhalational isoflurane, and both tumor- 

earing legs were immersed in a heated water bath for 1 h. Animal 

ody temperature was controlled using a heated pad with a rectal 

hermocouple. At the end of the treatment, mice were returned to 

heir cages and observed. The treatment was repeated three times, 

s indicated in the results section. The body weight monitored 

aily, while tumor growth every 2-3 days. Metastasis growth was 

onitored using in vivo bioluminescence imaging. Mice were in- 

ected subcutaneously with sterile luciferin in PBS (15 mg/ mL) at 

0 μL/g of body weight. 10-15 min post-injection bioluminescence 

ignals were imaged using In-Vivo Xtreme Imaging System (Bruker 

cientific LLC, MA, USA). The tumor growth data were expressed 

s mean ± SEM (standard error of the mean), with n denoting the 

umber of animals. 
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.9.14. Statistical analysis 

Data were analyzed by one-way (1 factor, > 2 levels) or two-way 

2 factors, > 2 levels) analysis of variance (ANOVA) with Bonfer- 

oni post-hoc tests. Dose-response curves were fitted using a four- 

arameter logistic nonlinear regression model. Statistical tests and 

raphs were computed on GraphPad Prism 7.0. Microscopy images 

ere assembled using ImageJ 1.51u (NIH). 

. Results 

.1. Mild HT treatment does not have a detrimental effect on PSA 

rotein levels and PC cell viability 

To develop a successful Dox-PSA-loaded LTSL it is crucial to en- 

ure that: 1) PC cell lines expressing high levels of enzymatically 

ctive PSA are selected as an in vitro model for our mechanistic 

nd cytotoxicity studies; and 2) PSA expression is not downreg- 

lated by mild HT temperatures of ∼ 42 °C, which could other- 

ise compromise prodrug activation. With this in mind, we started 

y measuring PSA levels in a range of PC cell lines by Western 

lot and RT-qPCR. High expression of this serine protease was ob- 

erved in C4-2B and LNCaP cells, whereas PC3 cells did not show 

etectable PSA ( Fig. 1 A & B). In addition, PSA expression was in-

reased in androgen-independent (C4-2B) cells compared to the 

arental androgen-sensitive (LNCaP) cells, as determined by West- 

rn Blot and in agreement with previous studies [ 28 , 39 ]. Interest-

ngly, mRNA levels were similar in both cell lines, which could sug- 

est post-transcriptional modifications occurring in LNCaP mRNA 

hat result in a lower amount of protein, or due to the intrinsically 

ifferent nature of the techniques. In fact, by Western blot, we an- 

lyzed the free form of PSA (34 kDa), whereas RT-qPCR quantified 

he PSA mRNA pool that will subsequently be translated into a na- 

ive protein and thus, it is conceivable that despite initially having 

omparable amounts of PSA mRNA, LNCaP cells have more com- 

lexed mRNA compared to C4-2B cells. In good agreement with 

ur results, a former study showed only a moderate increase in 

SA mRNA from C4-2B cells compared to LNCaP cells, while a 

uch more pronounced PSA band was obtained by Western blot 

or C4-2B cell line [40] . Consequently, the higher levels of PSA in 

4-2B cells compared to LNCaP cells suggest that C4-2B cell line 

ould potentially constitute a more predictive model to study PSA- 

leavable prodrugs for CRPC and the results hereafter will, there- 

ore, focus on this cell line. 

As stated earlier, a major constraint to the development of Dox- 

SA-loaded LTSL combined with mild HT is that PSA expression 

ust not be downregulated by mild HT ( ∼ 42 °C), which could 

therwise compromise prodrug activation. With this in mind, we 

hen investigated whether PSA levels were altered by exposing C4- 

B cells to mild HT (42 °C). A mild HT treatment regimen of 1 h

as selected based on our studies (Supporting Fig. S1) and to be 

linically feasible (NCT00826085 & NCT02567383). Higher temper- 

ture than 43 °C was not studied as cell death and thermotoler- 

nce was previously reported at higher temperatures [ 41 , 42 ]. Thus, 

ells were incubated for 1 h at 42 °C, and then lysed either im- 

ediately (0 h) or at 6, 24, and 48 h post-HT, during which time 

ells were allowed to recover at 37 °C. RT-qPCR results revealed that 

SA mRNA levels in C4-2B cells were reduced up to 6 h post-HT 

reatment; however, not accompanied by a concomitant decrease 

n protein levels ( Fig. 1 C ). Additionally, to evaluate the impact of 

ever-range HT in PC cell viability, LNCaP, C4-2B, and PC3 cells were 

xposed to the same heat treatment as the one used in RT-qPCR 

nd WB. LNCaP and C4-2B cell viabilities remained unchanged rel- 

tive to the untreated controls for all post-HT time points. PC3 

ells, however, showed approximately 10-20% reduction in cell via- 

ility at 6-24 h post-treatment, but they recovered after incubation 

t physiological temperature for 48 h ( Fig. 1 D ). These results are in
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Fig. 1. PSA basal levels in PC cells and effect of mild HT on the PSA expression and viability of C4-2B cells. (A) PSA mRNA (blue bars) and protein levels (red bars) 

determined by RT-qPCR and Western blot, respectively. Expression levels are shown as fold-change in comparison to PC3 cells that lack PSA. (B) Representative blot showing 

PSA constitutive expression in PC cells. β-actin was used as an internal loading control. The results are representative of two independent experiments. (C) PSA mRNA (blue 

bars) and protein levels (red bars) in C4-2B cells exposed to 1 h of mild HT (42 °C) as measured by RT-qPCR and Western blot, respectively . Relative mRNA levels were 

normalized to the respective GAPDH (internal control) of each sample. Results were expressed as fold-change, which is given by 2 −��CT , where ��CT = �CT target gene - 

�CT GAPDH . Data shown as mean ± SD (n = 2). PSA expression levels were quantified by Western blot band densitometry. Each PSA band intensity was normalized by its 

respective β-actin and the value obtained was subsequently normalized to the untreated (non-heated) cells. Data shown as mean ± SD (n = 2). (D) Cell viability of C4-2B 

(blue bars), LNCaP (red bars) and PC3 (grey bars) cells exposed to 1 h of mild HT (42 °C). Cell viability was assessed by resazurin assay after 6, 24 or 48 h post-treatment. 

Results are expressed as a percentage of untreated (non-heated) cells. Data shown as mean ± SEM (n = 6). Statistical analysis was performed using one-way ANOVA followed 

by Bonferroni post-hoc test. Statistical significance ( ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001). 
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ood agreement with previous findings that describe 42.5 °C as the 

nflection point of HT, where cancer cells exposed to higher tem- 

eratures ( > 42.5 °C) undergo cell death [43] . 

.2. Dox-PSA selectivity for PSA-expressing PC cells 

A specific and efficient PSA-mediated hydrolysis is a pre- 

equisite to establish Dox-PSA as a nanomedicine drug. Herein, 

ox-PSA was synthesized as previously described [28] and in- 

ubated with enzymatically active PSA in the optimized kinetic 

uffer, as described in Supporting Fig. S2. Interestingly, over 94% 

f the prodrug was hydrolyzed over 24 h, with no effect of tem- 

erature on its hydrolysis ( Fig. 2 A ). This finding indicates that mild

T treatment can be used to trigger prodrug release from the LTSL, 

ithout compromising Dox-PSA activation by PSA. 

Understanding how Dox-PSA is taken up by PC cells and where 

rodrug activation occurs is essential for the successful develop- 

ent of a Dox-PSA nanomedicine. The literature on PSA-cleavable 

rodrugs has consistently relied on the extracellular activation of 

he prodrug. However, our group has previously shown that PSA- 

ediated hydrolysis of Dox-PSA can also take place inside PSA- 

xpressing cells [28] . This finding is important in the context of 

ur proposed therapeutic approach of combining LTSL-Dox-PSA 

ith mild HT, as the prodrug (or at least fraction of it) would be

eleased and activated intracellularly. Here, C4-2B and PC3 cells 

ere incubated with 5 μM of either free Dox or Dox-PSA, after 
537 
hich confocal laser scanning microscopy (CLSM) was performed. 

ox/Dox-PSA intrinsic fluorescence was used to easily track the 

rug/prodrug inside the cells. No differences in Dox uptake were 

bserved between the two cell lines, where intense fluorescence 

ignals were seen in the nuclei of these cells across all time points 

ested ( Fig. 2 B ). Besides, the high Dox intracellular uptake resulted 

n weak nuclear staining, as Dox and Hoechst compete for their 

inding with the nuclei of the cells, as reported elsewhere [44] . 

onversely, Dox-PSA fluorescence was localized in the cytosol and 

erinuclear region of PC3 cells, with no nuclear uptake observed 

or at least 48 h ( Fig. 2 B ). Furthermore, lower fluorescence sig- 

als were detected in the cytoplasm at 48 h, suggesting prodrug 

etabolism or excretion without activation, which requires fur- 

her investigation. On the other hand, C4-2B cells that were incu- 

ated with Dox-PSA for 6 h exhibited punctuated fluorescent sig- 

als that were restricted to the cytosol. Interestingly, longer incu- 

ation time resulted in Dox-PSA activation in C4-2B cells, as shown 

y the presence of nuclear fluorescence at 24 h ( Fig. 2 B & Support-

ng Fig. S3). These results support Dox selective nuclear uptake in 

SA-expressing cells and indicate that Dox-PSA does not enter the 

ucleus until it is cleaved into free Dox [45] , since nuclear uptake 

as absent in PSA-non-expressing PC3 cells. 

Another notable feature of Dox-PSA uptake was the fact that 

ts internalization was much slower compared to Dox. While the 

arental drug was observed in the nuclei of the cells after 30 min 
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Fig. 2. Dox-PSA cleavage and selectivity. (A) Time-course of Dox-PSA cleavage as a function of the reaction temperature. The change in the area under the curve of Dox-PSA 

peak was monitored by a RP-HPLC equipped with a fluorescence detector ( λex = 490 nm, λem = 550 nm). Data shown as mean ± SD (n = 2). Statistical significance was 

determined using two-way analysis of variance (ANOVA) followed by Bonferroni post-hoc test showing significant effects between room temperature (RT) and 37 °C ( ∗∗∗∗p < 

0.0 0 01), RT and 42 °C (##p < 0.01), and 37 °C and 42 °C (£ p < 0.05), where RT, blue line; 37 °C, green line and 42 °C, red line. (B) Cellular uptake of Dox/Dox-PSA (red) in PSA- 

expressing (C4-2B) and non-PSA-expressing (PC3) cells as visualized by CLSM. At 24 h incubation, nuclear uptake was evident in C4-2B cells, which was not present in PC3 

cells for at least 48 h of incubation. Scale bar: 20 μm. (C) Confocal live cell imaging of Dox and Dox-PSA (red) subcellular localization in C4-2B cells. Endosomes/lysosomes 

(green) were labelled with the selective Lysotracker green dye. Dox/Dox-PSA (red) co-localization with the acidic endolysosomal compartments (green) is shown in yellow. 

After 3 h of incubation with Dox, most of the drug was localized in the nucleus of C4-2B cells, whereas Dox-PSA signals co-localized with the endolysosomal compartments 

after 6 h of incubation. At 24 h, some cells showed nuclear uptake, which was accentuated at 48 h post-incubation (white arrows). Scale bar: 20 μm. Drug:DNA binding 

studies showing the absorbance and emission spectra of (D) 10 μM Dox and (E) Dox-PSA, as function of increasing drug:DNA molar ratio. 
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ost-incubation (data not shown), Dox-PSA did not display any 

etectable nuclear uptake even after 2 h of incubation (Support- 

ng Fig. S3). Dox is known to enter cells by passive diffusion 

own its concentration gradient [ 46 , 47 ], while most peptides can- 

ot cross the plasma membrane through this route [48] . There- 

ore, we hypothesized that Dox-PSA might be internalized by 

he endocytic pathway. To test our hypothesis, we labeled the 

cidic endo/lysosomal compartments with the cell- permeable dye 

ysoTracker TM Green and followed the intracellular localization of 

ox/Dox-PSA in C4-2B cells by CLSM. As expected, after 3 h of in- 

ubation with Dox, most of its red fluorescence was present in the 

uclei, with only minor co-localization with endo/lysosomal vesi- 

les, confirming that endocytosis plays a minor part in Dox up- 

ake ( Fig. 2 C ). Conversely, a very significant overlap between the 

ed fluorescence from Dox-PSA and the green fluorescence from 

he endo/lysosomal vesicles was observed after 6 h of incubation, 

howing that indeed the prodrug was taken up by endocytosis. Im- 

ortantly, at 24 h of incubation with Dox-PSA, some cells displayed 

ed cytosolic fluorescent signals which did not co-localize with the 

reen fluorescence ( Fig. 2 C ), indicating that the prodrug could es- 

ape the endosomes, which is a key event for Dox-PSA to exert its 

ownstream cytotoxic effects. In addition, nuclear uptake was ob- 

erved in some cells as early as 24 h, being much more prominent 

ith further incubation for 48 h, indicating that Dox released from 

ox-PSA was present in the nuclei. To confirm that the observed 

uclear fluorescence was attributed to Dox that was released from 
s

538 
ox-PSA, and not to Dox-PSA itself, we performed drug-DNA bind- 

ng studies, which are based on the fact that Dox fluorescence is 

uenched when bound to DNA [29] . Thus, we titrated 10 μM of 

ox (or Dox-PSA molar equivalent) with varying concentrations of 

alf thymus DNA (ctDNA) from 0 to 200 μM, and monitored any 

lterations in the absorbance and emission spectra of Dox/Dox- 

SA. As anticipated, by increasing the molar ratio of Dox:ctDNA, 

ox absorbance decreased, and Dox fluorescence (emission) was 

uenched, indicating that Dox intercalated with DNA ( Fig. 2 D ). The 

ame was not observed in the case of Dox-PSA, where the pres- 

nce of ctDNA had no effect on the spectral properties of the pro- 

rug ( Fig. 2 E ). These data show that Dox-PSA does not bind to DNA

nd constitutes another compiling evidence for Dox-PSA prodrug 

electivity. This is a fundamental aspect because, since the target 

f Dox cytotoxicity is the nucleus, potential Dox-PSA intercalation 

ith DNA would setback the selectivity requirements of a prodrug 

pproach. 

.3. Dox-PSA could be loaded and released from LTSL upon mild HT 

In an attempt to improve Dox-PSA safety profile and avoid its 

on-specific metabolism [17] , Dox-PSA was loaded into LTSL us- 

ng a remote-loading method ( Scheme 1 ), and purified using size 

xclusion chromatography (Supporting Fig. S4). Formulated Dox- 

SA-loaded LTSL exhibited small size ( ∼139 nm), low polydisper- 

ity index (PdI, 0.09), and slightly negative surface charge (-12 mV), 
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Fig. 3. Dox-PSA encapsulation and release from LTSL. (A) Representative micrographs of empty (prodrug-free) LTSL and Dox-PSA-loaded LTSL as imaged by cryo-TEM (top 

panel) and freeze-fracture EM (FF-EM) (bottom panel). Scale bar cryo-TEM: 50 nm, scale bar FF-EM: 100 nm (B) Differential scanning calorimetry (DSC) curves of empty and 

Dox-PSA-loaded LTSL. Calorimetric data (endothermic heat flow shown in mWatts) is shown as a function of temperature. Release profiles of (C) LTSL-Dox and (D) Dox-PSA- 

loaded LTSL under normothermic (37 °C, blue squares) and hyperthermic (42 °C, red squares) conditions. LTSL-Dox was used as a positive control for release experiments. Data 

shown as mean ± SD (n = 3). Statistical significance was determined using two-way analysis of variance (ANOVA) followed by Bonferroni post-hoc test showing significant 

results over release at 37 °C ( ∗∗∗∗p < 0.0 0 01). 
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hich were comparable to the empty LTSL (Supporting Table 1). 

ox-PSA encapsulation efficacy ( ∼15%) was lower than Dox ( ∼95%, 

ata not shown); however, it was sufficient for our in vitro and 

n vivo testing. Given the fact that Dox-PSA was loaded into the 

queous core of LTSL by remote loading, i.e., after liposomes were 

ormed, we did not anticipate any alterations in the self-assembly 

roperties of Dox-PSA-loaded-LTSL. Therefore, the morphology of 

ox-PSA-loaded LTSL was studied using cryo-TEM and FF-EM. Both 

echniques revealed unilamellar vesicles with a spherical shape, 

here both the morphology and size of the prodrug-loaded LTSL 

ere similar to those of the empty LTSL ( Fig. 3 A ), in good agree-

ent with the DLS data. 

Next, differential scanning calorimetry (DSC) was used to in- 

estigate whether the encapsulation of Dox-PSA in LTSL altered 

he T m 

. Importantly, the T m 

of Dox-PSA-loaded LTSL (41.02 °C) was 

ot significantly different from that of the empty LTSL (40.74 °C) 

 Fig. 3 B ). Furthermore, our Dox-PSA-loaded LTSL were stable at 

emperatures below their gel-to-liquid crystalline phase transition 

emperature (T m 

), as shown in Supporting Fig. S5. Therefore, mini- 

al drug release is expected below the Tm, while an efficient Dox- 

SA release under mild HT (42 °C) is anticipated due to lysolipid- 

tabilised pores formation [ 21 , 22 ]. LTSL-Dox which exhibit ultra- 

ast release profile were used as a positive control in our study 

 21 , 33 ]. Our results showed that whilst the control LTSL-Dox re-

eased 100% of Dox within the first minute of exposure to 42 °C 

 Fig. 3 C ), a burst release was also seen for Dox-PSA-loaded LTSL, 

ith approximately 50% of Dox-PSA released within 5 min, how- 

ver, the amount of prodrug released remained steady over the ex- 

erimental time course of 60 min ( Fig. 3 D ). 

o

539 
.4. Mild HT triggers efficient Dox-PSA release from LTSL in C4-2B 

ells 

In order to investigate the intracellular localization of the 

rodrug-loaded LTSL and to test our hypothesis that mild HT could 

rigger Dox-PSA release, we performed CLSM. Treated cells were 

ither exposed to 42 °C for 1 h and then returned to 37 °C (42 °C
ondition) or maintained at 37 °C for the entire course of the ex- 

eriment (37 °C condition). Interestingly, the intrinsic fluorescence 

f Dox-PSA and the fact that, unlike Dox, its fluorescence was not 

uenched inside liposomes, allowed us to easily track the intra- 

ellular localization of free Dox-PSA or Dox-PSA-loaded LTSL in 

he presence or absence of mild HT. At physiological temperature 

37 °C), the free Dox-PSA could be detected in the nuclei of C4-2B 

ells at both 24 and 48 h, whilst fluorescence was confined to the 

ytosol when cells were treated with Dox-PSA-loaded LTSL for the 

ame time periods ( Fig. 4 A ). Remarkably, when cells were treated 

ith Dox-PSA-loaded LTSL in combination with mild HT (42 °C), 

ox nuclear uptake was evident at 48 h ( Fig. 4 A ). This confirms

hat HT triggered Dox-PSA prodrug release from these liposomes, 

here the released Dox-PSA was efficiently cleaved into free Dox. 

.5. Dox-PSA-loaded LTSL in combination with mild HT improvs 

ox-PSA toxicity in C4-2B monolayers and spheroids 

To explore whether LTSL could indeed serve as a potential de- 

ivery system for Dox-PSA, we used a resazurin assay to determine 

he viability of C4-2B cells treated with different concentrations 

f either free Dox-PSA or Dox-PSA-loaded LTSL. Strikingly, Dox- 
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Fig. 4. Dox-PSA-loaded LTSL in combination with mild hyperthermia triggered Dox-PSA release and improved toxicity in C4-2B monolayers and spheroids. (A) Rep- 

resentative images showing the subcellular localization of Dox-PSA and Dox-PSA-loaded LTSL in C4-2B cells incubated at 37 °C or 42 °C for 1 h. The prodrug fluorescence 

(red) and the Hoechst 33342-stained nuclei of the cells (blue) were visualized by confocal microscopy over 24 and 48 h. Scale bar: 20 μm. (B) C4-2B monolayers and (C) 

spheroids were treated with increasing concentrations of Dox-PSA-loaded LTSL for 48 h (left panel), 72 h (middle panel), and 96 h (right panel). 10% (v/v) DMSO was used 

as a positive control for toxicity. Cells/spheroids were either incubated at 37 °C for the whole course of the experiment (blue bars) or incubated at 42 °C for 1 h and then 

returned to 37 °C for the remaining time (red bars). Cell viability was quantified by resazurin assay and normalized to the vehicle-treated cells/spheroids. Data are expressed 

as mean ± SEM (4 ≤ n ≤ 8) for monolayers and as mean ± SEM (n = 4) for spheroids. Statistical significance was determined using two-way analysis of variance (ANOVA) 

followed by Bonferroni post-hoc test showing significant effects over cells/spheroids treated with the same prodrug concentration and not exposed to HT ( ∗p < 0.05, ∗∗p < 

0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0 0 01). 
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SA encapsulation in LTSL substantially reduced prodrug toxicity 

t 37 °C, whereas exposing the cells to 42 °C significantly boosted 

iposomal Dox-PSA toxicity in a dose-dependent fashion ( Fig. 4 B ). 

hese results show that HT efficiently triggered Dox-PSA release, 

n agreement with the CLSM data. The same was not observed in 

he case of free Dox-PSA as cell viability was comparable at 37 °C 

nd 42 °C (Supporting Fig. S6A). Furthermore, to ensure that any 

bserved toxicities were a result of prodrug release from the lipo- 

omes and not due to lipid-associated toxicities, cells were treated 

ith empty LTSL; however no reduction in cell viability was ob- 

erved (Supporting Fig. S7). To challenge the importance of Dox- 

SA being released from liposomes in response to HT to induce 

oxicity in cells, Dox-PSA was loaded into the aqueous core of con- 

entional liposomes [DPPC:Chol:PEG (95:50:5 molar ratio)] or into 
540 
he lipid bilayer of LTSL. The lack of major toxicity (Supporting Fig. 

8A) demonstrates that the conventional liposomes were too sta- 

le and that there was minimal Dox-PSA diffusion across the lipid 

ilayer. Similarly, when Dox-PSA was encapsulated in the bilayer 

f LTSL, it induced only minor toxicities at 42 °C (Supporting Fig. 

8B), suggesting that, when Dox-PSA was interacting with the bi- 

ayer, it was not released at the temperatures that would normally 

e if encapsulated into the aqueous core. These data highlight the 

mportance of HT to trigger Dox-PSA release from LTSL to induce 

ytotoxicity. 

The penetration of liposomes into solid tumors is a critical step 

or an efficient drug delivery [49] . Thus, in an attempt to evaluate 

he relevance of Dox-PSA-loaded LTSL to the therapy of advanced 

C, we assessed the toxicity of free Dox-PSA and Dox-PSA-loaded 
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Fig. 5. Dox-PSA in vivo cleavage and safety. (A) HPLC chromatograms of Dox (light blue) and Dox-PSA (purple). (B) Serum profile of C4-2B tumor-bearing mice treated with 

free Dox-PSA (blue) and Dox-PSA-loaded LTSL (red). (C) Dox-PSA concentration in serum of C4-2B tumor-bearing mice treated with free Dox-PSA (blue) and Dox-PSA-loaded 

LTSL (red). Two-way ANOVA was used for statistical analysis, ∗∗∗∗p < 0.0 0 01. (D) quantification of Dox level (24 h) in hearts of C4-2B tumor-bearing mice treated with free 

Dox-PSA (blue) and Dox-PSA-loaded LTSL (red). T-test (two-tailed) was used for statistical analysis, ∗p < 0.05. 
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TSL in C4-2B spheroids, which are a better model of the patho- 

ogical environment [ 50 , 51 ]. As expected, the toxicity of free Dox- 

SA was lower in spheroids compared to monolayers (Supporting 

igs. S6A & S6B). In addition, mild HT did not significantly alter 

he toxicity profile of the free Dox-PSA (Supporting Fig. S6B). On 

he contrary, Dox-PSA-loaded LTSL in combination with 42 °C sig- 

ificantly decreased spheroids viability across all the time points 

ested ( Fig. 4 C ) to levels comparable to those achieved in 2D cul-

ures ( Fig. 4 B ). These results support our previous data where we 

howed that mild HT can trigger a controlled release of Dox-PSA 

rom LTSL. Most importantly, treatment of C4-2B spheroids with 

ox-PSA-loaded LTSL combined with mild HT induced a very sig- 

ificant reduction in the viability in contrast to the observed for 

he free Dox-PSA, particularly at 72 and 96 h. These encourag- 

ng results of Dox-PSA HT-triggered release can potentially be aug- 

ented in vivo through the increased blood flow, permeability, and 

xtravasation of these liposomes. 

.6. Dox-PSA-loaded LTSL prolongs prodrug blood circulation and 

educe heart accumulation 

As the main aim of the present study was to develop a safer 

herapeutic approach for Dox-PSA delivery, we sought to assess 

he pharmacokinetics of Dox-PSA-loaded LTSL in vivo . Blood was 

ollected from C4-2B tumor-bearing mice intravenously adminis- 

ered with either free Dox-PSA or Dox-PSA-loaded LTSL to deter- 

ine their serum profile. Standard curves of Dox and Dox-PSA 

ith a retention time of 13.8 and 16.8 min, respectively ( Fig. 5 A ),

ere established for our quantitative analysis. For mice injected 

ith free Dox-PSA, the fast disappearance of peak at 16.8 min hap- 

ened within 10 min which indicated fast clearance/metabolism of 

ree Dox-PSA. Furthermore, in addition to the prodrug peak, an- 

ther three peaks were detected, at 14.8 min, 15.9 min, and a 

mall peak at 13.8 min ( Fig. 5 B ). The first two peaks could be

ttributed to the intermediate metabolites of Dox-PSA, and the 

ast peak at 13.8 min corresponds to the final product of Dox-PSA 
541 
etabolism, Dox. Moreover, at 4 h post-injection, all these peaks 

ere reduced to undetectable levels, due to their rapid clearance. 

nterestingly, for mice injected with Dox-PSA-loaded LTSL, the high 

ntensity Dox-PSA peak at 16.8 min remained for at least 4 h post- 

njection ( Fig. 5 B ). The intermediate metabolites’ peaks (14.8 and 

5.9 min) and the Dox peak (13.8 min) could also be detected. 

ext, to determine Dox-PSA circulation time, we plotted Dox-PSA 

oncentration in serum against the time post-injection ( Fig. 5 C ). 

s expected, mice treated with Dox-PSA-loaded LTSL showed sig- 

ificantly increased Dox-PSA blood circulation compared to mice 

reated with free Dox-PSA, confirming that the liposomes effi- 

iently shielded Dox-PSA from premature cleavage and activation 

n the bloodstream, besides reducing its systemic clearance. As Dox 

hemotherapy can cause dose-limiting cardiotoxicity [16] , we com- 

ared Dox concentrations in the heart of mice injected with either 

ree Dox-PSA or Dox-PSA-loaded LTSL ( Fig. 5 D ). Promisingly, when 

he prodrug was encapsulated into LTSL, Dox accumulation in the 

eart was reduced by fivefold. It is worth mentioning that level of 

leaved Dox in serum could not be quantified, probably due to its 

apid clearance and/or tissue distribution. 

.7. Mild HT improves Dox-PSA-loaded LTSL accumulation in the 

umor 

To investigate Dox-PSA local accumulation in the tumor upon 

ild HT, C4-2B tumor-bearing mice were intravenously adminis- 

ered with Dox-PSA-loaded LTSL (10 mg/kg of Dox-PSA), and one 

f the tumor-bearing legs was immediately immersed in a 42 °C 

ater bath for 1 h ( + HT). The other tumor-bearing leg was used 

s a control (- HT). In vivo optical imaging was carried out to com- 

are the accumulation of Dox-PSA in the solid tumor immediately 

fter treatment termination (1 h) and 24 h post-injection. At 1 h 

ost-injection, there was barely any Dox-PSA detected at the tumor 

ite. However, a longer time allowed more prodrug to accumulate 

n both the control and heat-treated tumors ( Fig. 6 A ). In vivo imag-

ng of the tumors showed a slight, but not significant increase in 
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Fig. 6. In vivo release and therapeutic efficacy of Dox-PSA-loaded LTSL in combination with mild HT. (A) Dox-PSA-loaded LTSL release in C4-2B solid tumor in combina- 

tion with mild HT. C4-2B-bearing mice were injected via the tail vein with Dox-PSA-loaded LTSL followed by 1 h HT at 42 °C. In vivo fluorescence images taken 1 h and 24 h 

post-injection of Dox-PSA-loaded LTSL in the presence and absence of HT (white dotted circles indicate the position of tumors on the legs). At 24 h, tumors were isolated, 

and imaged ex vivo ( λex = 480 nm, λem = 600 nm). Dox-PSA fluorescence quantification of tumors (B) in vivo and (C) ex vivo . Blue bar: treated without HT, red bar: 

treated with HT. Data are shown as mean ± SEM (n = 5). (D) Tumor growth delay graph of C4-2B solid tumor-bearing mice. Mice were treated with PBS + HT (grey dots), 

Dox-PSA + HT (blue up-triangles), Dox-PSA (sky blue squares), Dox-PSA-loaded LTSL + HT (red down triangles), and Dox-PSA-loaded LTSL (pink diamonds). Red arrows indicate 

the days of injection. Data shown as mean ± SEM (n = 5). (E) Percent survival curve of solid C4-2B tumor-bearing mice following treatment described in (D). PBS + HT (grey 

line), Dox-PSA + HT (blue line), Dox-PSA (sky blue line), Dox-PSA-loaded LTSL + HT (red line), and Dox-PSA-loaded LTSL (pink line). Data are shown as mean ± SEM (n = 5). (F) 

Bioluminescence images of the metastatic C4-2B-4 model treated with PBS, Dox-PSA or Dox-PSA-loaded LTSL in combination with 1 h HT. (G) Body luminescence intensity 

of mice treated with PBS + HT (grey bar), Dox-PSA + HT (blue bar) or Dox-PSA-loaded LTSL + HT (red bar) on day 14, 19 and 22. Data are shown as mean ± SEM (n = 5). In 

C4-2B-4 bone metastasis therapy experiments, mice were treated on day 14, 17, and 20 post tumor injection. In statistical analysis: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p 

< 0.0 0 01. 
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Scheme 1. Scheme illustrating the preparation of LTSL-Dox-PSA by remote loading using ammonium sulphate ((NH 4 ) 2 SO 4 ) gradient. 
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ox-PSA accumulation at 1 h in the tumor that had been exposed 

o 42 °C compared to the control one ( Fig. 6 B ), which could be

ustified by the combined effects of lower Dox-PSA fluorescence 

uantum yield (Supporting Fig. S9) and high background fluores- 

ence from the animal. Nevertheless, ex vivo analysis at 24 h post- 

njection revealed a ∼ 2-fold improvement in prodrug tumor fluo- 

escence intensity upon mild HT treatment ( Fig. 6 C ), which could 

e due to the following reasons: 1) more Dox-PSA-loaded LTSL ac- 

umulated in the tumor as a consequence of HT-induced increase 

n blood flow and liposome extravasation [52] and/or 2) Dox-PSA 

elease and activation into Dox, with a subsequent increase in the 

uorescence signal. 

.8. Dox-PSA-loaded LTSL combined with HT inhibits C4-2B xenograft 

rowth in vivo 

To assess the therapeutic efficacy of Dox-PSA-loaded LTSL in 

ombination with HT, we carried out tumor growth retardation 

nd survival studies. Briefly, when C4-2B tumors reached a volume 

f 50-100 mm 

3 , mice were randomized into 5 groups: PBS (con- 

rol), Dox-PSA, Dox-PSA + HT, Dox-PSA-loaded LTSL and Dox-PSA- 

oaded LTSL + HT. Each treatment was administered via tail vein and 

mmediately after injection, local HT treatment was applied for 1 h 

n the tumor-bearing leg of the mice belonging to the HT groups. 

reatment schedule was administered three times with 3-4 days 

nterval and tumor volumes were measured over 14 days from first 

njection. All treatments delayed tumor growth compared to con- 

rol mice, except for Dox-PSA-loaded LTSL administered in the ab- 

ence of HT, as tumor volumes in this group were not statistically 

ifferent from tumor volumes of PBS control group. This finding in- 

icates that Dox-PSA was not released from LTSL in the absence of 

T. Excitingly, Dox-PSA-loaded LTSL combined with mild HT signif- 

cantly delayed tumor growth (64% tumor volume reduction over 

ontrol group at day 31), with tumors reaching comparable vol- 

mes to those in the free Dox-PSA group ( Fig. 6 D ), which indi-

ates that HT efficiently triggered Dox-PSA release from LTSL. Con- 

ersely, mild HT treatment did not improve efficacy of free Dox- 

SA, as shown by similar growth retardation rates obtained with 
543 
ox-PSA with and without HT ( Fig. 6 D ). Importantly, combining 

ox-PSA-loaded LTSL with HT resulted in almost 3-fold reduction 

n tumor volume compared to the situation where Dox-PSA-loaded 

TSL were administered without HT treatment ( Fig. 6 D ), reinsuring 

hat heat triggered Dox-PSA release at the tumor site . The tumor 

rowth delay observed for the mice treated with LTSL-Dox-PSA + HT 

ffectively extended median survival to 47 days compared to 34 

ays for the control mice and 43 days for the Dox-PSA + HT mice 

 Fig. 6 E ). Furthermore, consistent with the tumor volume data, the 

ombined treatment of free Dox-PSA with HT did not significantly 

rolong survival over mice treated with free Dox-PSA (no HT). In- 

erestingly, median survival was significantly improved from 37 

ays for the mice administered with Dox-PSA-loaded LTSL (no HT) 

o 47 days for the mice treated with a combination of Dox-PSA- 

oaded LTSL and mild HT ( Fig. 6 E ). Furthermore, no apparent tox- 

city was observed in the major organs of the treated mice, com- 

ared to the control mice, as confirmed by H&E staining (Support- 

ng Fig. S10). Finally, encouraged by the promising performance 

f our therapeutic strategy in a PC solid tumor model, we have 

lso evaluated the therapeutic efficacy of Dox-PSA-loaded LTSL + HT 

n a C4-2B metastatic bone model. Promisingly, Dox-PSA-loaded 

TSL + HT significantly delayed metastatic growth in vivo ( Fig. 6 F & 

 ), which encourages further investigations of this combined ther- 

py as a potential treatment for advanced oligometastatic PC. 

. Discussion 

Glutaryl-Hyp-Ala-Ser-Chg-Gln-Ser-Leu-Dox (L-377,202 or Dox- 

SA) is a PSA-activated prodrug that completed phase I clinical 

rials for metastatic PC [ 16 , 53 ]. However, it did not advance be-

ond phase I trials due to concerns with non-PSA-specific ac- 

ivation [ 17 , 20 ]. Whereas in preclinical studies with nude mice 

earing LNCaP xenografts 8- to 9-fold higher doses of L-377,202 

ere administered in comparison to free Dox [53] , the clinical 

cenario was largely dissimilar, where only 1.5-fold more molar 

quivalent of Dox could be administered. Furthermore, 1 of 6 pa- 

ients treated with L-377,202 at the efficacious dose of 225 mg/m 

2 

xhibited dose-limiting neutropenia [54] . This undesirable cleav- 
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ge was attributed to uncharacterized proteases. Considering re- 

ent evidence showing that PSA-alpha-2-macroglobulin (PSA-A2M) 

omplexes present in the serum of advanced PC patients retain 

nzymatic activity against small peptide substrates [55] , we be- 

ieve that not all the serum PSA is enzymatically inactive, con- 

rarily to what has long been a safe assumption [ 56 , 57 ]. Thus, the

SA-A2M complexes may also contribute to the metabolism of L- 

77,202 and its systemic toxicity. In effort s to improve the speci- 

city and plasma stability of L-377,202 prodrug, Aloysius and Hu 

ecently coupled a modified peptide sequence (GABA ← mGly-Ala- 

er-Chg-Gln) to Dox using a self-immolative 3-aminooxypropionate 

inker to reduce non-PSA-mediated hydrolysis by human neprilysin 

 19 , 20 ]. The authors claimed that by optimizing the PSA-cleavable 

eptide promoiety and replacing the Ser-Leu linker with a 3- 

minooxypropionate linker, non-PSA-mediated hydrolysis by hu- 

an neprilysin, which they hypothesize could contribute to L- 

77,202 instability in vivo , could be mitigated [19] . Furthermore, 

t was determined that whilst substitutions between P1 and P4 

ould adversely impact PSA specificity, the given modifications at 

5 enhanced PSA-mediated cleavage rate and decreased non-PSA- 

pecific hydrolysis [ 19 , 20 ]. 

In light of these results, new and versatile strategies are 

eeded to accelerate the clinical translational of Dox-PSA and 

ther promising PSA-activatable prodrugs of 5-fluorodeoxyuridine, 

inblastine, thapsigargin, paclitaxel, LY294002, and glycophos- 

hatidylinositol [ 53 , 58-60 ]. In the current research, we focused 

n developing a therapeutic approach that could 1) overcome the 

aveat of non-specific Dox-PSA cleavage, 2) finely tune prodrug 

ctivation and 3) provide a safer option for Dox-PSA administra- 

ion, particularly for the treatment of patients with high-risk local- 

zed PC, which currently have a poor prognosis. To fulfil these ob- 

ectives, we encapsulated Dox-PSA into clinically relevant LTSL to 

nely tune the physicochemical properties of the prodrug without 

ny chemical modifications. 

To date, a range of prodrugs has been loaded into nanocarri- 

rs to boost their efficacy and/or safety [ 61 , 62 ]. For instance, sev-

ral articles have been published reporting acid-responsive poly- 

eric Dox prodrug nanoparticles for chemotherapy or combined 

hotothermal-chemotherapy to treat cancer [63–65] . These Dox 

rodrug-loaded nanoparticles were synthesized by introducing an 

cid-labile bond, enabling its activation in the acidic tumour en- 

ironment. However, this approach cannot exclude the possibility 

f prodrug activation in the endosomes of healthy cells. To en- 

ance selectivity to cancer cells, cathepsin B-cleavable Dox pro- 

rugs have been synthesized. More interestingly, several cathep- 

in B-cleavable Dox- HPMA copolymers have been developed to 

rolong the prodrug blood circulation [66] . Recently, Yang et. al. 

ngineered cathepsin B-cleavable Dox prodrug nanoparticle [67] . 

he prodrug was chemically conjugated to a cathepsin B-cleavable 

eptide that successfully self-assembled into nanoparticles stabi- 

ized with pluronic F68. Interestingly, these engineered nanoparti- 

les induced immunogenic cell death against the targeted cancer 

ells and potentiated PD-L1 checkpoint inhibitor immunotherapy. 

hese findings collectively highlight the potential benefits of pro- 

rugs loading into nanoparticles. 

To the best of our knowledge, there are no published reports 

f remote loading of Dox-PSA prodrugs into nanocarriers. So far, 

ur group has loaded Dox-PSA into liposomes [21] and biomimetic 

anovesicles [37] . In our first study, pH-sensitive liposomes were 

sed as a model membrane to block Dox-PSA activation extracel- 

ularly, thus proving the possibility of intracellular Dox-PSA activa- 

ion using in 2D and 3D in vitro models [21] . More recently, we

ncapsulated Dox-PSA into PSMA-targeted biomimetic nanovesi- 

les as dually targeted nanoparticles to treat advanced PC [37] . 

owever, we observed that loading Dox-PSA into non-targeted 

anovesicles, unlike the PSMA-targeted ones, reduced the prodrug 
544 
herapeutic efficacy in vivo , emphasizing the importance of effi- 

ient prodrug release. The novelty of the current research relies on 

oading Dox-PSA prodrug, into thermosensitive liposomes to con- 

rol its release without jeopardizing its efficacy in vivo ( Fig. 6 ). 

nterestingly, our unprecedented HT results revealed that a mild 

T (42 °C) treatment regimen of 1 h did not have a negative im- 

act on either the PSA levels ( Fig. 1 C ), PC cell viability ( Fig. 1 D ) or

SA-mediated prodrug activation ( Fig. 2 A ), which is a crucial find- 

ng to explore treatment protocols that combine Dox-PSA (or other 

SA-activated prodrugs) cytotoxicity with HT treatment. Moreover, 

ombining LTSL with mild HT provides spatial and temporal con- 

rol over Dox-PSA release, which only occurs upon exposure to 

emperatures higher than the liposomes T m 

and therefore offers a 

ight control over prodrug activation [68] ( Fig. 4 ). The formulated 

ox-PSA-loaded LTSL displayed a favorable size and maintained a 

hase transition temperature compatible with heat-triggered pro- 

rug release. Unexpectedly, mild HT treatment for 60 min released 

nly 50% of Dox-PSA from LTSL, unlike Dox, where burst and com- 

lete release was obtained under similar conditions ( Fig. 3 ) [22] . 

n support of our findings, few studies have shown an incomplete 

elease of macromolecules from LTSL, in which ∼ 46% of a 4 kDa 

extran, ∼ 40% of FITC-albumin, and ∼ 70% of FITC-lysozyme were 

eleased after 30 min of incubation at 42 °C [ 69 , 70 ]. The reason be-

ind the incomplete Dox-PSA release from LTSL remains elusive, 

ut it could be due to the fact that Dox-PSA is a considerably 

arger molecule compared to Dox and due to the presence of the 

eptide, which confers some degree of hydrophobicity. These fac- 

ors could result in some prodrug molecules obstructing some of 

he nanopores at the grain boundary regions in the melting bi- 

ayer and blocking/delaying further release [21] . Moreover, as these 

tudies were carried out in a simple physiological buffer, we an- 

icipate that higher Dox-PSA release will be achieved in vitro and 

n vivo where liposomes interact with different cellular compo- 

ents. Promisingly, despite the lower release profile in PBS, Dox- 

SA-loaded LTSL in combination with mild HT were more cyto- 

oxic than the free Dox-PSA in both PC monolayers and spheroids 

 Fig. 4 ). This is likely due to the orchestrated actions that result 

rom the increased cellular uptake at 42 °C, enhanced Dox-PSA pro- 

rug solubility when encapsulated into LTSL and synergistic effects 

ith HT treatment [25] . 

To date, this is the first published report that thoroughly in- 

estigated Dox-PSA selectivity towards PSA-expressing cells. Pre- 

iously, we reported the higher selectivity of Dox-PSA to C4-2B 

ells (PSA + ) versus PC3 cells (PSA-) by comparing the IC 50 val- 

es of the prodrug in both cell lines [ 21 , 53 ]. Dox-PSA in vitro

electivity was further confirmed using confocal microscopy and 

rug-DNA binding studies ( Fig. 2 ). Despite the high Dox-PSA se- 

ectivity in vitro , it still suffers from non-specific cleavage in vivo 

 Fig. 5 ). Dox-PSA cleavage has been reported in a few studies using 

C cell/tumor lysates, human plasma or enzymatically active PSA 

rom human seminal fluid [ 17 , 19 , 53 ]. However, no one has stud-

ed Dox-PSA in vivo cleavage in C4-2B solid tumor-bearing mice, 

s a model of CRPC, following intravenous administration. Herein, 

ur results ( Fig. 5 ) showed quick elimination of Dox-PSA from the 

lood of C4-2B tumor-bearing mice, which could be attributed to 

he prodrug cleavage and conversion into Dox and other intermedi- 

te metabolites that were cleared from blood circulation by various 

rgans. However, mice injected with Dox-PSA-loaded LTSL showed 

ignificantly higher Dox-PSA concentrations in the blood, where a 

igh fraction of Dox-PSA remained unmetabolized after 4 h com- 

ared to mice injected with free Dox-PSA (undetectable 10 min 

ost-injection). These exciting results showed that Dox-PSA was 

fficiently protected from premature cleavage and clearance from 

lood following loading into LTSL. This extended blood circulation 

oes not only grant more time for the prodrug to accumulate at 

he tumor site (where it should be activated), but also reduces its 
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ardiotoxicity by preventing Dox-PSA systemic activation. In sup- 

ort of this, Dox accumulation in the heart tissue (main site of Dox 

oxicity) was reduced by ∼80% when Dox-PSA was encapsulated 

nto LTSL, showing that this therapeutic strategy greatly improved 

he safety profile of Dox-PSA. More importantly, using the current 

herapy regimen, Dox-PSA-loaded LTSL combined with HT signifi- 

antly delayed tumor growth at a similar rate as mice treated with 

ree Dox-PSA in both solid and metastatic PC tumor models ( Fig. 6 ).

his indicates that our thermosensitive LTSL could block the sys- 

emic cleavage of Dox-PSA without reducing its efficacy in vivo . 

owever, future studies could be conducted using higher and/or 

ore frequent dosing regimens to boost Dox-PSA-loaded LTSL ther- 

peutic efficacy in vivo. 

. Conclusion 

Encapsulating Dox-PSA into clinically-relevant LTSL might rep- 

esent a safer approach over administration of free Dox-PSA as it 

rovides tight control over Dox-PSA release and activation, thus 

itigating non-specific prodrug cleavage and reducing the accu- 

ulation of Dox in the heart. More importantly, Dox-PSA-loaded 

TSL combined with mild HT are expected to increase the thera- 

eutic window of Dox-PSA, where higher doses can potentially be 

dministered without unwanted side effects. 
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Viability of C4-2B cells after treatment with Dox or Dox-PSA 

nd different mild HT regimens (Supporting Fig. S1), AMC-PSA 

ydrolysis by enzymatically active PSA (Supporting Fig. S2), Sub- 

ellular localization of Dox-PSA in PC cells (Supporting Fig. S3), 

urification of Dox-PSA-loaded LTSL by size exclusion chromatog- 

aphy (SEC) (Supporting Fig. S4), Physicochemical characteriza- 

ion of Dox-PSA-loaded LTSL (Table S1), Effect of temperature on 

TSL stability (Supporting Fig. S5), Viability of C4-2B models af- 

er treatment with free Dox-PSA ± HT (Supporting Fig. 6S), Viabil- 

ty of C4-2B cells after treatment with empty (prodrug-free) LTSL 

Supporting Fig. S7), Viability of C4-2B cells after treatment with 

PPC:Chol:DSPE-PEG 20 0 0 and bilayer-loaded LTSL (Fig. S9), Fluores- 

ence properties of Dox-PSA (Fig. S9), H&E staining (Supporting Fig. 

10), and changes in mice body weight (Supporting Fig. S11). 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.actbio.2021.12.019 . 
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