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a b s t r a c t 

Gemcitabine (GEM) is among the most used chemotherapies for advanced malignancies including non- 

small cell lung cancer. The clinical efficacy of GEM is, however, downplayed by its poor bioavailabil- 

ity, short half-life, drug resistance, and dose-limiting toxicities (e.g. myelosuppression). In spite of many 

approaches exploited to improve the efficacy and safety of GEM, limited success was achieved. The 

short A6 peptide (sequence: Ac-KPSSPPEE-NH 2 ) is clinically validated for specific binding to CD44 on 

metastatic tumors. Here, we designed a robust and CD44-specific GEM nanotherapeutics by encapsulat- 

ing hydrophobic phosphorylated gemcitabine prodrug (HPG) into the core of A6 peptide-functionalized 

disulfide-crosslinked micelles (A6-mHPG), which exhibited reduction-triggered HPG release and specific 

targetability to CD44 overexpressing tumor cells. Interestingly, A6 greatly enhanced the internalization 

and inhibitory activity of micellar HPG (mHPG) in CD44 positive A549 cells, and increased its accumula- 

tion in A549 cancerous lung, leading to potent repression of orthotopic tumor growth, depleted toxicity, 

and marked survival benefits compared to free HPG and mHPG (median survival time: 59 days versus 

30 and 45 days, respectively). The targeted delivery of gemcitabine prodrug with disulfide-crosslinked 

biodegradable micelles appears to be a highly appealing strategy to boost gemcitabine therapy for ad- 

vance tumors. 

Statement of significance 

Gemcitabine (GEM) though widely used in clinics for treating advanced tumors is associated with poor 

bioavailability, short half-life and dose-limiting toxicities. Development of clinically translatable GEM for- 

mulations to improve its anti-tumor efficacy and safety is of great interest. Here, we report on CD44- 

targeting GEM nanotherapeutics obtained by encapsulating hydrophobic phosphorylated GEM prodrug 

(HPG), a single isomer of NUC-1031, into A6 peptide-functionalized disulfide-crosslinked micelles (A6- 

mHPG). A6-mHPG demonstrates stability against degradation, enhanced internalization and inhibition to- 

ward CD44 + cells, and increased accumulation in A549 lung tumor xenografts, leading to potent repres- 

sion of orthotopic tumor growth, depleted toxicity and marked survival benefits. The targeted delivery of 

GEM prodrug using A6-mHPG is a highly appealing strategy to GEM cancer therapy. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Gemcitabine (GEM) is among the most used chemotherapies 

or advanced malignancies such as advanced or metastatic non- 
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mall cell lung cancer (NSCLC), pancreatic cancer, breast cancer, 

nd ovarian cancer [1–4] . GEM is a cell cycle-specific nucleotide- 

ike antimetabolite that via incorporating into DNA arrests can- 

er cells in G1/S phase and inhibits DNA synthesis and cell pro- 

iferation. The high water-solubility and rapid deactivation of GEM 

aused by cytidine deaminase results in short half-life and poor 

ioavailability [ 5 , 6 ]. The clinical efficacy of GEM is further down- 

layed by its dose-limiting toxicities including myelosuppression 
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Scheme 1. Schematic illustration on the formation of A6-mHPG from PEG-P(CL-DTC) and A6-PEG-P(CL-DTC), and targeted intracellular delivery of GEM to CD44 + A549 cells. 
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nd cancer drug resistance which is either inherent or acquired 

fter repeated treatments [7–9] . In the past years, different nano- 

trategies were reported to enhance GEM therapy for various can- 

ers [ 10 , 11 ]. GEM prodrugs and prodrug nanoparticles obtained by 

onjugating GEM to polymer chains via responsive bonds were 

hown to increase the tumor accumulation and antitumor effi- 

acies of GEM [12–15] . For example, gemcitabine phosphorami- 

ate prodrug, NUC-1031, exhibited anti-tumor activity in a range 

f tumor cells and entered Phase I/II trials [16] . Nanocarriers like 

iposomes, nanoparticles, capsules and gold nanoshells were de- 

igned to deliver GEM to cancer cells [17–22] . Active-targeting 

EM nanomedicines that target epidermal growth factor receptor 

EGFR), folate receptor, plectin-1 or substance P were constructed 

o enhance treatment of pancreatic and lung cancers [23–25] . The 

omplex preparation, ill-controlled particle size, and/or poor bio- 

ompatibility hinder their further development. 

Here, we report a robust and CD44-specific GEM nanothera- 

eutics by encapsulating hydrophobic phosphorylated gemcitabine 

rodrug (HPG), a single isomer of NUC-1031, into the core of A6 

eptide-functionalized disulfide-crosslinked micelles (A6-mHPG) 

or targeted therapy of CD44-overexpressing NSCLC ( Scheme 1 ). 

SCLC accounting for 85% lung cancer [26] has the highest mortal- 

ty worldwide in 2020 [27] . CD44 is a transmembrane glycoprotein 

verexpressed on many human tumor tissues, and has been corre- 

ated to the progression, stemness and malignancy of the tumors 

 28 , 29 ]. It is reported that 68% NSCLC patient tissue samples had

D44 overexpression [30] . To better treat NSCLC, A6-mHPG was 

esigned considering that (i) HPG with a hydrophobic nature and 

mproved stability compared to GEM has a better antitumor activ- 

ty and reduced toxicity [ 31 , 32 ], and facilitates stable loading in the

icellar core; (2) disulfide-crosslinked micelles consisting of dithi- 

1

201 
lane trimethylene carbonate (DTC) are an appealing platform to 

nhance therapeutic efficacy of poorly water-soluble drugs like so- 

afenib, carfilzomib, docetaxel, and bortezomib [33–37] ; and (3) A6 

eptide (Ac-KPSSPPEE-NH 2 ) is short and shows good safety in the 

uman clinical trials [ 38 , 39 ] and targeting ability to CD44 [ 34 , 40-

2 ], which overexpresses on many cancer cells including breast 

ancer and NSCLC [ 28 , 29 ]. 

. Experimental section 

.1. Fabrication and characterization of A6-mHPG 

To prepare A6-mHPG, A6-PEG-P(CL-DTC) ( M n : 7.5-(3.7–2.8) 

g/mol) and PEG-P(CL-DTC) ( M n : 5.0-(3.7–2.8) kg/mol) [ 33 , 35 ] 

ere separately dissolved in DMF (10 mg/mL), and mixed at a 

ass ratio of 0/10, 1/9, 2/8 or 3/7. 100 μL of such solution was 

ixed with 20 μL of HPG solution in DMF (10 mg/mL, theoret- 

cal drug loading: 20 wt.%) and added into 900 μL PB (pH 7.4, 

0 mM) under stirring. The micelles were dialyzed in PB (MWCO 

4 kDa) for 5 h with medium refreshed every hour, yielding mHPG 

nd A6-mHPG with different A6 contents. The size and morphol- 

gy of A6-mHPG were characterized by ZetaSizer Nano. The drug 

oading efficiency (DLE) and drug loading content (DLC) of mHPG 

ere determined by HPLC measurements (methanol: 0.1% phos- 

horic acid = 60:40, 1 mL/min, UV 274 nm) and calculated based 

n a calibration curve. The stability of A6-mHPG upon dilution and 

ncubation with PB containing 10% serum or 10 mM glutathione 

GSH) were monitored using DLS by tracking its size and size dis- 

ribution. The UV absorption of mHPG dispersion and PEG-P(CL- 

TC) solution was measured at the same polymer concentration of 

 mg/mL. 
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Fig. 1. Characterizations of A6-mHPG. (A) Size distribution of A6-mHPG at 20% A6 density and mHPG. (B) The UV absorbance of A6-mHPG and PEG-P(CL-DTC) solution in 

DMF. (C) The I 372 /I 383 (I 1 /I 3 ) of pyrene in micelles as a function of polymer concentrations. (D) In vitro HPG release in PB (pH 7.4, 10 mM) with or without 10 mM GSH at 37 

°C at polymer concentration of 1 mg/mL ( n = 3). (E) The degradation of free GEM, free HPG, mHPG, and A6-mHPG by CDA at 4 h incubation. THU (a CDA inhibitor, 344 μM) 

was added for control study ( n = 3). (F) The dFdU content produced in free GEM, free HPG, mHPG and A6-mHPG solutions following 4 h treatment with CDA ( n = 3). 

Table 1 

Characterization of mHPG and A6-mHPG (theoretical drug loading content of 

20 wt.%). 

Entry Micellar HPG DLC (wt.%) a DLE (%) a Size (nm) b PDI b 

1 mHPG 7.8 39.7 31.4 ± 0.4 0.10 

2 10%A6-mHPG 8.1 40.3 34.3 ± 0.3 0.13 

3 20%A6-mHPG 7.9 40.1 35.2 ± 0.3 0.09 

4 30%A6-mHPG 8.3 41.7 36.5 ± 0.5 0.11 

a Determined by UV–vis. 
b Determined by DLS in PB (pH 7.4, 10 mM). 
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The in vitro HPG release from the micelles was studied using 

ialysis method as detailed in supporting information. To study the 

nzymatic degradation by cytidine deaminase (CDA), A6-mHPG, 

HPG, free HPG or free GEM (172 μM GEM equiv.) was incu- 

ated in 1 mL PB with or without CDA (0.5 μg/mL) at 37 °C for

 h. Tetrahydrouridine dihydrate (THU, CDA inhibitor, 344 μM) pre- 

reated cells were used as controls. After 4 h incubation, the solu- 

ions were centrifugated at 80 0 0 rpm for 5 min, and the concen- 

ration of HPG, GEM or dFdU was measured using HPLC ( n = 3). 

.2. Expression of CD44 on cells 

A549, MDA-MB-231, L929 and AML-3 cells were separately 

eeded in 6-well plates (2 × 10 6 /well) for 24 h, trypsinized and 

ispersed in 100 μL PBS to obtain single cell suspension. The cells 

ere stained by PE labeled anti-CD44 antibody for 30 min at 

 °C according to the protocol. Following centrifugation (10 0 0 rpm, 

 min), washing (3 ×, PBS), and redispersing in 500 μL PBS, the 

ells were immediately measured by flow cytometry and analyzed 

y FlowJo_10 software. 
202 
.3. MTT assays 

A6-mHPG and mHPG with HPG concentrations ranging from 

.001 to 40 μg/mL (0.0017–68.8 μM) were prepared. HPG and GEM 

issolved in DMSO (10 mg/mL) were diluted with PBS to obtain 

he same final drug concentrations (DMSO content < 1%). Free 

EM �HCl was directly dissolved in PBS. CD44 + A549 and MDA-MB- 

31 cells and CD44 −AML-3 cells were cultured in 96-well plates 

3 × 10 3 /well) for 24 h. 20 μL of free HPG, GEM, GEM �HCl, mHPG,

r A6-mHPG (A6 content: 10%, 20% or 30%) was added. The cells 

fter 4 h incubation with drug were cultured for 68 h with drug- 

ree medium. MTT solution (5 mg/mL, 10 μL) was added. After 4 h, 

50 μL dimethyl sulfoxide was added to dissolve the formazan. 

he absorbance at 570 nm (A 570 ) was measured using a microplate 

eader. The cell viability was calculated as the percentage of A 570 

f the samples relative to that of control PBS-treated cells (as 100% 

iability). Half-maximal inhibitory concentration (IC 50 ) was derived 

rom fitting analysis of the plot of cell viability vs. concentration 

sing Prism 9 software. 

.4. Cell apoptosis and cell cycle studies 

A549 cells were cultured in a six-well plate (2 × 10 5 /well) with 

6-mHPG, mHPG, free HPG, free GEM, or free GEM �HCl (8.6 μM) 

or 4 h, and with drug-free fresh medium for 68 h. Then the cells 

ere digested with EDTA-free trypsin (2.5 mg/mL), centrifuged 

10 0 0 rpm, 3 min), washed (2 ×, PBS) and resuspended in bind- 

ng buffer. The cells were stained with annexin V-APC and 7-AAD 

ccording to manual, and measured using flow cytometry and an- 

lyzed using FlowJo_V10. The cells stained with annexin V-FITC or 

I only were as controls. 
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Fig. 2. Determination of CD44 expression and antitumor activity. (A) Determination of CD44 expresion on various cells using flow cytometry. (B) Viability of A549 cells 

incubated with free HPG, free GEM or free GEM �HCl. Vibility of A549 cells (C) and CD44 −AML-3 cells (D) treated with mHPG or A6-mHPG. For B-D, the cells were incubated 

with drug formulations for 4 h and with fresh medium for 68 h and the experiments were done with six replicates ( n = 6). 
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For cell cycle study, the cells were cultured 4 h with the above- 

entioned GEM formulations and 20 h with drug-free medium. 

he cells were digested, washed, and transferred to ethanol (4 mL) 

n ice. After 24 h storage at 4 °C, cell dispersions were treated 

ith PI and RNase A solutions for 30 min before flow cytometry 

easurement. 

.5. Cellular uptake of A6-mHPG 

A549 cells were cultured on round glass coverslips in a 24-well 

late (5 × 10 5 /well). After 24 h, Cy5 labeled mHPG and A6-mHPG, 

ere added (HPG: 8.6 μM; Cy5: 1.6 μM). After 4 h, the cells were

xed with 4% paraformaldehyde and stained with DAPI (3 × PBS 

ashing between each step) for CLSM observation with a 63 × oil 

ens. 

A549 cells were seeded (5 × 10 5 /well) in a 6-well plate and 

ultured for 24 h. Cy5 labeled mHPG and A6-mHPG (A6 content: 

0%, 20%, or 30%) were added to incubate for 4 h (HPG: 2 μM; 

y5: 4.0 μM) at 37 °C or 4 °C. The cells were digested, centrifuged,

nd resuspended for flow cytometry analysis (FlowJo_V10). 
203 
To compare the endocytosis of A6-mHPG and mHPG in cells 

ith high and low CD44 expression, A549, MDA-MB-231 and AML- 

 cells seeded (5 × 10 5 /well) in 6-well plates were incubated 4 h 

ith Cy5 labeled A6-mHPG and mHPG (HPG: 2 μM; Cy5: 4.0 μM) 

t 37 °C. Human anti-CD44 antibody pretreated (2 h) cells were 

sed as a control. The cells were digested, centrifuged, and resus- 

ended for flow cytometry analysis (FlowJo_V10). 

To further study the endocytosis pathway, A549 cells were 

retreated for 2 h with dynasore (80 μM), chlorpromazine (CPZ, 

00 μM), amiloride (AM, 100 μM), or free A6 (20-fold, 200 μg/mL), 

rior to incubation with Cy5 labeled A6-mHPG at 37 °C or 4 °C. 

he following treatments were the same as above. 

.6. In vivo imaging of A6-mHPG in mice 

All animal experiments were approved by the Animal Care and 

se Committee of Soochow University (P.R. China) and all proto- 

ols conformed to the Guide for the Care and Use of Laboratory 

nimals. 
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Fig. 3. Cell cycle (A) and cell apoptosis (B) of A549 cells incubated with PBS, free GEM, free HPG, mHPG or A6-mHPG. Dose: 8.6 μM GEM equiv. 
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Orthotopic A549-luc tumor model was established in Balb/c 

ude mice (female, 18–22 g) by injecting 50 μL of A549-luc cells 

1 × 10 7 ) containing 50% Matrigel into the left lung [44] . As the bi-

luminescence of A549-luc tumors reached ca. 10 7 p/s/cm 

2 /sr, the 

ice were injected with 200 μL of A6-mHPG or mHPG-Cy5 (30 mg 

PG/kg, 0.01 mg Cy5/kg) via tail veins ( n = 3). At predetermined 

ime, the in vivo imaging of the mice was performed on an IVIS 

IR imaging system and the bioluminescence of the lung area was 

uantified. After 10 h, the mice were euthanized, the main organs 

ere taken for ex vivo imaging and subsequent semi-quantification. 

.7. Antitumor efficacy of A6-mHPG in vivo 

Orthotopic A549-luc tumor bearing mice at lung biolumines- 

ence of ca. 10 7 p/s/cm 

2 /sr were assigned into four groups ( n = 6):

BS, A6-mHPG, mHPG, or free HPG (51.7 μmol GEM equiv./kg) and 

he day was denoted as day 0. The drug formulations were in- 

ravenously administered twice a week for 5 times. The biolumi- 

escence intensity of the lung area was monitored on day −1, 7, 

1 and 19, the body weight of the mice was measured every four 

ays, and both were normalized to their initial values. Eight days 

fter last injection, one animal from each group was euthanized to 

solate and prepare slices of main organs for H&E and TUNEL stain- 

ng. The remaining five mice per group were used for monitoring 

he survival rates. The mouse was also considered dead when body 

eight lost exceeding 15% during the observation period. 

.8. Statistical analysis 

Significant difference among groups was evaluated using 

raphpad Prism 7 software via one-way ANOVA with Tukey mul- 

iple comparison tests, and the survival rate by Kaplan-Meier tech- 

ique with a log-rank test for comparison. ∗p < 0.05 (significant), 

nd 

∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0 0 01 (highly significant). 

. Results and discussion 

.1. Fabrication and characterization of A6-mHPG 

The hydrophobic phosphorylated gemcitabine prodrug (HPG, 

ig. S1 ) loaded micelles, A6-mHPG, were readily acquired via 

elf-assembly of PEG-P(CL-DTC) ( M n = 5.0-(3.7–2.8) kg/mol), A6- 
204 
EG-P(CL-DTC) and HPG ( Scheme 1 ). PEG-P(CL-DTC) was synthe- 

ized through ROP of DTC and CL as reported earlier [ 33 , 35 ],

nd A6-PEG-P(CL-DTC) with quantitative A6 peptide function- 

lity was obtained from Michael addition of A6 peptide (Ac- 

PSSPPEEC 

–NH 2 ) to Mal-PEG-P(CL-DTC) (Fig. S2–5) . A6-mHPG 

ith varying A6 contents had mean diameters of 31.4–36.5 nm 

nd narrow size distributions (PDI = 0.09–0.13) ( Fig. 1 A, Table 1 ).

ig. 1 B shows decreased UV absorbance of dithiolane in A6- 

HPG, pointing to the opening of dithiolane rings and crosslink- 

ng of the micellar core. All micellar formulations had an HPG 

oading content of around 8 wt.% ( Table 1 ). In contrast, load- 

ng of GEM �HCl and GEM was very low, typically less than 

.6 wt.%. The stronger interaction between hydrophobically mod- 

fied GEM and nanoparticles could further reduce drug leakage, 

s also observed by Zhang et al. in the GEM monophosphate 

oaded lipid-coated calcium phosphate nanoparticles [ 43 , 44 ]. Both 

HPG and A6-mHPG exhibited high stability over dilution or in- 

ubation with 10% FBS for 24 h ( Fig. S6 ). Under 10 mM GSH,

6-mHPG quickly swelled and released over 90% drug in 12 h 

versus ca. 25% drug release without GSH) ( Fig. 1 D ), supporting 

eduction-triggered cleavage of disulfide crosslinks in micellar core 

 45 , 46 ]. 

Cytidine deaminase (CDA) is a major enzyme that can metabo- 

ize GEM in vivo leading to GEM deactivation [47] . To study if HPG, 

he hydrophobic phosphorylated gemcitabine prodrug, and micel- 

ar HPG can increase the stability against CDA, we studied the en- 

ymatic stability of free GEM, free HPG, mHPG and A6-mPHG in 

erms of maintaining their original drug structure and preventing 

roduction of inactive compound dFdU after 4 h treatment with 

DA. The determination of active compound dFdCTP in cells and 

n vivo was technically difficult due to lack of commercially avail- 

ble dFdCTP standards. The results revealed that mHPG had a high 

etabolic stability and could resist CDA degradation, yielding 70% 

f HPG in mHPG remained intact in contrast to little intact GEM 

eft for free GEM and free HPG following 4 h incubation with CDA 

 Fig. 1 E ). With the presence of tetrahydrouridine dihydrate (THU), 

 typical CDA inhibitor, the amount of intact GEM of mHPG was 

urther increased. In accordance, free GEM following 4 h treatment 

ith CDA was almost completely converted to dFdU, while HPG, 

HPG and A6-mPHG gave 63%, 29% and 27% dFdU, respectively 

 Fig. 1 F ). These results corroborate the protective effect of micelles 

or HPG from CDA enzymatic degradation. 
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Fig. 4. Cellular uptake studies of Cy5-labeled A6-mHPG. (A) Relative endocytosis of A6-mHPG at 4 h incubation with CD44 + cells (A549 and MDA-MB-231), CD44 −cells 

(AML-3), or anti-CD44 antibody pretreated cells compared to that treated by PBS only (HPG: 2 μM; Cy5: 4.0 μM; anti-CD44 antibody: 57.4 μg/mL; n = 3). (B) CLSM images 

of A549 cells incubated with mHPG and A6-mHPG for 4 h. Scale bars: 15 μm. (C) Flow cytometric analysis of uptake of A6-mHPG by A549 cells pretreated for 2 h with PBS, 

free A6 peptide, dynasore (DS), chlorpromazine (CPZ), or amiloride (AM), and further cultured for 4 h at 37 °C or 4 °C ( n = 3). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 

0.0 0 01. 
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.2. Effect of A6-mHPG on cell viability, apoptosis and cell cycle 

CD44 is overexpressed on many human tumor tissues and has 

een identified as a marker for cancer cells [ 28 , 29 ], and highly ex-

ressed on NSCLC patient tissue samples [30] . To investigate the 

D44 expression on human NSCLC A549 cell line, PE-labeled anti- 

D44 antibody was applied, taking MDA-MB-231, AML-3 and L929 

ell lines as controls ( Fig. 2 A ). Flow cytometric results displayed 

hat CD44 was highly expressed on A549 and MDA-MB-231 cells, 

ut not on AML-3 and L929 cells (CD44 −). We determined the 

ntitumor efficacy of free HPG to A549 cells using MTT assays. 

ig. 2 B shows that HPG was less cytotoxic than gemcitabine hy- 

rochloride (GEM �HCl) and gemcitabine (GEM), which is likely a 

esult of reduced cell entry and requirement of intracellular activa- 
205 
ion ( Fig. S1 ), as also reported for SN-38 prodrug, CPT-11 [ 4 8 , 4 9 ].

esearchers have developed a variety of modification methods for 

reparing gemcitabine prodrugs and showed that the modification 

f GEM at the 5 ′ -OH position or N4-position of the cytosine nucle- 

base led to significantly decreased cytotoxicity compared to that 

f GEM [50] , in accordance with our results. 

We then investigated the cytotoxcity of mHPG and 20%A6- 

HPG to two CD44 + cells, A549 and MDA-MB-231 ( Fig. 2 C, Fig. 

7A ). The results showed that mHPG showed IC 50 values of 8.6 

nd 9.4 μM to A549 and MDA-MB-231 cells, respectively, and A6 

eptide significantly improved the cytotoxicity of mHPG to both 

ells (IC 50 = 3.3 and 4.9 μM, respectively). Besides, the empty mi- 

elles A6-Ms had high cell viabilities at tested concentrations up 

o 800 μg/mL ( Fig. S7B ). The toxicity of A6-mHPG was A6 content- 
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Fig. 5. Biodistribution studies of Cy5-labeled A6-mHPG and mHPG in orthotopic A549-Luc tumor-bearing mice ( n = 3). In vivo imaging (A) and semi-quantitative analysis 

(B). Representative ex vivo images (C) and semi-quantitative analysis (D) of major organs at 10 h post-injection. ∗p < 0.05, ∗∗p < 0.01. 
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ependent and 20% A6 led to the best inhibitory effect ( Fig. S7C ). 

n contrast, A6-mHPG and mHPG showed no difference in toxicity 

oward CD44 − AML-3 cells ( Fig. 2 D ). The above results confirmed 

he CD44 targeting ability of A6-mHPG and 20%A6-mHPG was used 

or following studies. 

It is known that GEM as a cell cycle-specific nucleotide-like an- 

imetabolite can arrest cancer cells in G1/S phase and inhibit DNA 

ynthesis and cell proliferation. To study whether HPG and mi- 

ellar HPG also have effect on cell cycle and apoptosis, flow cy- 

ometry measurements were conducted. The cell cycle studies us- 

ng flow cytometry demonstrated that A6-mHPG caused a great 

ncrease in cell population in G1 phase and a decrease in G2/M 

hase compared with free GEM, HPG, and mHPG ( Fig. 3 A ), indicat-

ng enhanced tumor cell cycle arrest at G1/S phase. The apoptotic 

ssays demonstrated that A6-mHPG induced greatly higher degree 

f apoptosis (57.9%) than mHPG (42.6%), but lower than free GEM 

66.5%) and similar to free HPG (59.8%) ( Fig. 3 B, Fig. S8 ). 

.3. The cellular internalization studies of A6-mHPG 

To study whether A6 peptide of micelles can mediate the in- 

ernalization by CD44 + cancer cells and whether the drug can be 

eleased into the target cells, the endocytosis and intracellular drug 

elease behavior were investigated using Cy5 labeled A6-mHPG 

nd mHPG in CD44 + A549 and MDA-MB-231 cells and CD44 −AML- 

 cells. The flow cytometric results showed that the endocytosis of 
206 
6-mHPG in both A549 and MDA-MB-231 cells was significantly 

igher than that of mHPG, while no significant difference could 

e seen in AML-3 cells ( Fig. 4 A ). Moreover, pretreating MDA-MB- 

31 and A549 cells with human anti-CD44 antibody resulted in de- 

lined internalization of A6-mHPG to similar level of mHPG, while 

nti-CD44 antibody pretreatment had little effect on internaliza- 

ion of A6-mHPG in AML-3 cells. CLSM images of A6-mHPG treated 

549 cells displayed far stronger Cy5 fluorescence and more apop- 

otic cells with nucleus aggregation (white arrows) than mHPG 

roup ( Fig. 4 B ), confirming a role of A6-mediated uptake. The flow 

ytometry analyses corroborated that A6-mHPG caused a higher 

ptake by A549 cells than mHPG ( Fig. 4 C ). In free A6 peptide

retreated A549 cells, the uptake of A6-mHPG was decreased to 

 similar level as mHPG. These results confirm that A6-mHPG is 

aken up through receptor-mediated pathway [ 51 , 52 ]. 

We further investigated the endocytosis mechanism of A6- 

HPG by pretreating A549 cells with endocytic pathway inhibitors 

uch as dynamin inhibitor (dynasore, DS), clathrin inhibitor (chlor- 

romazine, CPZ), and macropinocytosis inhibitor (amiloride, AM) 

 53 , 54 ]. The results displayed that the uptake of A6-mHPG was de-

lined slightly following treatment with AM and CPZ, pointing to 

he limited influence of macropinocytosis and clathrin-mediated 

ndocytosis. While the endocytosis of A6-mHPG was reduced sig- 

ificantly (81%) at 4 °C or by dynasore pretreatment ( Fig. 4 C ). The

ollective results indicate an energy- and dynamin-dependent and 

eceptor-mediated endocytosis of A6-mHPG [55] . 
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Fig. 6. The treatment of orthotopic A549-Luc xenografts using free HPG, mHPG or A6-mHPG. (A) Treatment scheme. The drugs were injected on day 0, 4, 7, 11 and 14 at 

51.7 μmol GEM equiv./kg via tail vein. (B) Bioluminescence images of mice ( n = 6). (C) Relative luminescence photo flux to the original values ( n = 5). (D) Body weight 

change ( n = 5) ( # represents the number of dead mice). (E) Survival rate of mice ( n = 5). (F) H&E and TUNEL of lung slices obtained on day 22. Scale bars in H&E: 50 μm 

and in TUNEL: 100 μm. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 
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.4. Biodistribution and antitumor activity of A6-mHPG in orthotopic 

549 tumor-bearing mice 

In the following to study the in vivo targeting ability and an- 

itumor efficacy of A6-mHPG in mice, an orthotopic A549-Luc 

ouse model was established. We firstly explored the distribu- 

ion of Cy5-labeled A6-mHPG and mHPG in orthotopic A549-Luc 

umor-bearing mice. The in vivo imaging disclosed increased accu- 

ulation of A6-mHPG in the cancerous lung from 2 to 12 h and 

6-mHPG led to significantly higher lung accumulation (ca. 7-fold) 

han mHPG ( Fig. 5 A, B ). The ex vivo images of major organs iso-

ated on 10 h post-injection corroborated significantly higher accu- 

ulation of A6-mHPG than mHPG in the cancerous lung ( Fig. 5 C, 

 ), supporting active targeting effect of A6-mHPG. 

The treatment of A549-Luc orthotopic tumor-bearing mice was 

nitiated on day 7 post-tumor inoculation when A549-Luc bio- 

uminescence reached ca. 10 7 p/ sec /cm 

2 /sr. This day was desig- 

ated as day 0. The mice were intravenously injected with A6- 

HPG, mHPG, free HPG (51.7 μmol GEM equiv./kg) or PBS on day 

, 4, 7, 11 and 14 ( Fig. 6 A ). The tumor bioluminescence imag-

ng illustrated that A6-mHPG effectively repressed tumor growth 

 Fig. 6 B & Fig. 6 C ). In contrast, free HPG revealed little inhibition

f A549-Luc tumor. Notably, mHPG mediated also more effective 

umor suppression than free HPG. The semi-quantification of tu- 

or bioluminescence showed that A6-mHPG led to tumor shrink- 

ge throughout the treatment period. A6-mHPG group had signif- 

cantly lower tumor bioluminescence than free HPG and mHPG 

roups ( ∗∗∗p ). The whole lung tissue images revealed no discern- 

ble tumors for mice treated with A6-mHPG ( Fig. S9 ), confirming 

ts strong antitumor effect. Notably, free HPG caused body weight 

oss ( Fig. 6 D ), while body weights of A6-mHPG and mHPG groups 

emained unchanged, indicating a low toxicity of A6-mHPG and 

HPG. GEM �HCl has been reported to induce limited antitumor 

fficacy in vivo due to its fast clearance, poor cell entry, and rapid 

nzymatic degradation [ 43 , 56 , 57 ]. HPG is a single isomer of NUC-

031 [16] that has shown improved stability, prolonged elimina- 

ion half-life, and enhanced therapeutic effects toward pancreas, 

varian, lung and biliary tract cancers in Phase I/II human clinical 

tudies [ 58 , 59 ]. Accordingly, PBS groups displayed a short median 

urvival time (MST) of 20 days ( Fig. 6 E ). HPG group showed a pro-

onged MST of 30 days. The MST of mice was further extended by 

HPG and A6-mHPG to 45 and 59 days ( ∗∗∗p ), respectively. The 

ignificantly better survival benefits of A6-mHPG than mHPG ( ∗p ) 

nd free HPG ( ∗∗∗p ) support its superiority in treating CD44 + lung 

umors, which may be ascribed to the increased target cell entry 

nd the resistance to CDA-mediated degradation thus improving 

ntracellular availability. 

H&E staining showed that A6-mHPG did not damage major or- 

ans ( Fig. S10 ), confirming a good safety in vivo . Importantly, mice 

f A6-mHPG group displayed a healthy lung structure ( Fig. 6 F ), val-

dating effective suppression of tumor growth. In contrast, PBS and 

PG treated mice showed incomplete lung alveolar structure and 

amaged lung tissue as a result of aggressive invasion of lung can- 

er. TUNEL staining of the tumor sections revealed that A6-mHPG 

roup had clearly more tumor cell apoptosis than mHPG group 

 Fig. 6 F ). In comparison, little tumor cell apoptosis was discerned 

n HPG groups. These results conclude that A6-mHPG can target to 

D44 + lung tumors and induce enhanced therapeutic effect with 

ittle toxicity to major organs. 

. Conclusion 

We have demonstrated that hydrophobically phosphorated 

emcitabine (HPG) prodrug encapsulated in A6-functionalized mi- 

elles (A6-mHPG) mediate targeted therapy of CD44 + lung tu- 

or xenografts in mice. Of note, A6-mHPG shows protection from 
208 
nzymatic degradation, enhanced uptake by CD44 + lung tumor, 

itigated adverse effects, and effective repression of lung tumor 

rowth, collectively leading to a marked improvement of survival 

ates compared with free HPG and mHPG controls. A6-mHPG has 

mall and uniform size and is easy to fabricate. The targeted deliv- 

ry of gemcitabine prodrug with biodegradable micelles appears to 

e an appealing strategy to boost gemcitabine therapy for advance 

umors. 
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