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A B S T R A C T   

Antibody-drug conjugates (ADCs) are among the most significant advances in clinical cancer treatments, how-
ever, they are haunted with fundamental issues like low drug/antibody ratio (DAR), need of large amount of 
antibody, and complex chemistry. Targeted nanomedicines while offering a promising alternative to ADCs are 
afflicted with drug leakage and inferior cancer-specificity. Herein, we developed an intelligent cell-selective 
nanotoxin based on anti-CD44 antibody-polymersome-DM1 conjugates (aCD44-AP-DM1) for potent treatment 
of solid tumors. DM1 was simultaneously coupled to vesicular membrane via disulfide bonds during self- 
assembly and anti-CD44 antibody was facilely clicked onto polymersome surface, tailor-making an optimal 
aCD44-AP-DM1 with a controlled antibody density of 5.0, extraordinary DAR of 275, zero drug leakage and rapid 
reduction-responsive DM1 release. aCD44-AP-DM1 displayed a high specificity and exceptional cytotoxicity 
toward MDA-MB-231 triple negative breast cancer, SMMC-7721 hepatocellular carcinoma and A549 non-small 
cell lung cancer cells with half-maximal inhibitory concentrations (IC50) of 21.4, 3.7 and 64.6 ng/mL, respec-
tively, 3.6–47.2-fold exceeding non-targeted P-DM1. Intriguingly, the systemic administration of aCD44-AP-DM1 
significantly suppressed subcutaneous MDA-MB-231 tumor xenografts in nude mice while intratumoral injection 
achieved complete tumor eradication in four out of five mice, without causing toxicity. This intelligent cell- 
selective nanotoxin has emerged as a better platform over ADCs for targeted cancer therapy.   

1. Introduction 

Antibody-drug conjugates (ADCs), as a living example of the “magic 
bullet” concept, are among the frontiers in targeted cancer therapy and 
have achieved considerable progress in the last decade [1–5]. Of the 
over 90 ADCs either marketed or under clinical evaluations, maytansine 
derivatives in particular DM1 and DM4 represent one of the most pop-
ular warheads, displaying potent antitumor effect against both hema-
tological and solid malignancies [6–10]. However, most ADCs including 
FDA approved Kadcyla™ (T-DM1) generally have a low drug/antibody 
ratio (DAR: 3–4), inevitably leading to large antibody consumption and 
high cost [11–14]. Immuno-nanosystems that furnished antibodies or 
their fragments onto the surface of liposomal or polymeric nano-
medicines have recently been shown to greatly improve DAR and realize 
tumor-targeted delivery of traditional antitumor drugs like doxorubicin 
and docetaxel, etc. [15–19]. For the time being, however, these 

nanosystems afflicted with inferior stability and premature drug leakage 
cannot meet the stringent demands for toxin delivery, causing limited 
research of DM1 based nanomedicines beyond ADCs. The construction 
of robust nanosystems enabling stable DM1 loading and convenient 
antibody installation is therefore of critical importance to boost the 
development and clinical translation of antibody-directed DM1 
nanoformulations. 

In light of CD44 overexpression in a variety of tumor types including 
breast cancer, hepatocellular carcinoma and lung cancer [20–24], 
CD44-targeted therapies have gained increasing attention in recent 
decade, as evidenced by the clinical investigation of several hyaluronic 
acid-drug conjugates (e.g., CA102N, HA-irinotecan) as well as antibodies 
targeting CD44 and its isoforms (e.g., RG7356, bivatuzumab) [25–27]. 
In spite of their decent tumor targeting ability, combination with other 
chemotherapeutics is generally in demand to obtain good therapeutic 
benefits. 
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Herein, we developed an intelligent cell-selective nanotoxin based 
on anti-CD44 antibody-polymersome-DM1 conjugates (aCD44-AP-DM1) 
in a facile way to deplete CD44-positive tumors in vivo, using triple 
negative breast cancer (TNBC) model as a case study. aCD44-AP-DM1 is 
engineered with stable DM1 conjugation, zero drug leakage, reduction- 
triggered DM1 release, controllable antibody density and tens to hun-
dreds fold higher DAR than ADCs via post strain-promoted click reaction 
(Scheme 1). Interestingly, aCD44-AP-DM1 displayed 3.6–47.2-fold 
stronger in vitro anti-tumor activity in different cell lines than non- 
targeted P-DM1, and significantly better tumor inhibition in subcu-
taneous MDA-MB-231 TNBC bearing nude mice. In particular, aCD44- 
AP-DM1 completely eradicated tumor in four out of five mice upon 
local administration at a low DM1 dosage of 0.2 mg/kg. 

2. Materials and methods 

2.1. Fabrication of azide-functionalized polymersome-mertansine 
conjugates (N3-P-DM1) 

N3-P-DM1 was constructed by co-assembly of poly(ethylene glycol)- 
poly(trimethylene carbonate-dithiolane trimethylene carbonate) (PEG-P 
(TMC-DTC)) and N3-PEG-P(TMC-DTC) (w/w = 98/2) with simultaneous 
disulfide-crosslinking and DM1 conjugation via a thiol-disulfide ex-
change strategy. Wherein, PEG-P(TMC-DTC) (Mn(1H NMR): 5.0-(15.0- 
2.0) kg/mol, PDI: 1.1) and N3-PEG-P(TMC-DTC) (Mn(1H NMR): 7.9- 
(15.0-2.0) kg/mol, PDI: 1.1) were synthesized by ring-opening copoly-
merization of TMC and DTC using MeO-PEG-OH and N3-PEG-OH as the 
macroinitiator, respectively. The detailed synthetic protocol was similar 
to that described in our previous reports [28,29]. To prepare N3-P-DM1, 
DM1 solution in DMF (0.4 mL, 10 mg/mL) was mixed with 15.8 mL of 
phosphate buffer (PB, 10 mM, pH 7.4) under vigorous stirring at 37 ◦C, 

followed by uniformly injecting 1.8 mL of polymer solution in DMF (20 
mg/mL). The resultant dispersion was incubated overnight in a shaker 
(100 rpm, 37 ◦C), then subjected to sequential dialysis (Spectra/Pore, 
MWCO: 7 kDa) against PB for 6 h, PB containing 20% ethanol for 48 h 
and then PB for three times. Size, size distribution and colloidal stability 
of N3-P-DM1 were determined by dynamic light scattering (DLS). DM1 
content was quantified by HPLC at the wavelength of 252 nm with a 
mobile phase consisting of acetonitrile and water (v/v = 60/40) and 
therefore calculate the DM1 conjugation efficiency (DCE) and content 
(DCC) according to the following equations: 

DCE (%) =
weight of conjugated DM1

weight of DM1 in feed
× 100  

DCC (wt.%) =
weight of conjugated DM1

total weight of conjugated DM1 and polymers
× 100 

P-DM1 was constructed from PEG-P(TMC-DTC) only under other-
wise the same procedure as that for N3-P-DM1. Azide-functionalized 
blank polymersomes (N3-Ps) were prepared via injecting 1 mL of DMF 
solution of PEG-P(TMC-DTC) and N3-PEG-P(TMC-DTC) (w/w = 98/2, 
20 mg/mL) into 9 mL of PB with subsequent dialysis and concentration. 
The weight-average molecular weight and aggregation number of N3-Ps 
were determined by static light scattering (SLS) with Ps concentrations 
of 0.9992, 0.5772, 0.3996, 0.1992, 0.0996 and 0.0498 mg/mL, 
respectively. The scattering angle was increased from 65◦ to 145◦ with 
an interval of 15◦. 

2.2. Post-modification of N3-P-DM1 with aCD44 and trastuzumab 

aCD44, after functionalization with DBCO, was introduced to the 
surface of N3-P-DM1 via copper-free strain-promoted click reaction. 
Firstly, 5.2 μL of DBCO-PEG4-NHS in DMSO (5 mg/mL) was added to 

Scheme 1. Illustration of robust anti-CD44 antibody-polymersome-DM1 conjugates (aCD44-AP-DM1) as a cell-selective nanotoxin for potent inhibition and erad-
ication of subcutaneous MDA-MB-231 TNBC in nude mice via systemic and intratumoral administration, respectively. 
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174.2 μL of aCD44 (5.74 mg/mL in PBS, pH 7.0) and jiggled overnight at 
25 ◦C. The resulting aCD44-DBCO was purified by three times ultrafil-
tration (vivaspin, MWCO: 10 kDa) against 1× PBS to remove redundant 
DBCO-PEG4-NHS and quantified by HPLC equipped with a SEC column 
at 214 nm. The average functionality of DBCO in each aCD44 was 
determined by MALDI-TOF-MS at an antibody concentration of 1 mg/ 
mL and native aCD44 was used as a control. 

To obtain aCD44-modified P-DM1 (aCD44-AP-DM1) with different 
aCD44 surface density, freshly prepared aCD44-DBCO with 1.6 DBCO 
molecules per antibody (aCD44-DBCO1.6, 5 mg aCD44 equiv./mL) was 
added to N3-P-DM1 dispersion (18 mg/mL in PBS) at aCD44 to N3 molar 
ratios of 0.25:1, 0.5:1, 1:1, and 2:1, respectively. After overnight reac-
tion at 25 ◦C, aCD44-AP-DM1 was collected via three times wash with 
PBS by ultrafiltration (vivaspin, MWCO: 300 kDa), wherein, the super-
natants were measured by HPLC to quantify free aCD44-DBCO1.6. 
Hence, the amount of aCD44 conjugated on the surface of P-DM1 could 
be calculated. The size and size distribution of thus obtained aCD44-AP- 
DM1 as well as its colloidal stability against adding 10% fetal bovine 
serum (FBS) were studied by DLS. The secondary structure of aCD44 

conjugated on the surface of polymersomes was determined by circular 
dichroism (CD) spectrum. Her2-targeting trastuzumab modified P-DM1 
(aHer2-AP-DM1) was prepared similarly at a trastuzumab to N3 molar 
ratio of 1:1. 

In vitro DM1 release of aCD44-AP-DM1 (0.5 mg/mL) was studied in 
triplicates via dialyzing against 20 mL of PB (10 mM, pH 7.4) or PB with 
10 mM glutathione (GSH) at 37 ◦C and 200 rpm. 0.5 mL of aCD44-AP- 
DM1 was used for each dialysis tube (MWCO: 14000 Da). At pre-
determined time points, 5 mL of release medium was sampled, lyophi-
lized, and dissolved in 0.5 mL of acetonitrile and water (v/v = 60/40) for 
HPLC measurement. The volume of release medium was constantly kept 
at 20 mL by supplementing 5 mL of fresh medium. 

2.3. Cell cytotoxicity and cell cycle arrest 

In vitro antitumor effect of aCD44-AP-DM1 nanotoxin against CD44- 
positive MDA-MB-231 TNBC, SMMC-7721 hepatocellular carcinoma 
(HCC) and A549 non-small cell lung cancer (NSCLC) cells was evaluated 
by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazolium bromide 
(MTT) assays. CD44-negative U-87 MG glioblastoma cells and L929 
mouse fibroblast cells were used as controls. Non-targeted P-DM1 and 
aHer2-AP-DM1 nanotoxins also served as controls. Cells were pre- 
seeded onto 96-well plates (3 × 103 cells/well) using RPMI-1640 me-
dium supplemented with 10% FBS, antibiotics penicillin (100 IU/mL) 
and streptomycin (100 μg/mL) for 24 h. 20 μL of different formulations 
were then added for 4 h incubation in a 37 ◦C incubator, followed by 
medium replacement with additional 68 h incubation. Afterwards, 10 μL 
of MTT solution (5 mg/mL in PBS) was added into each well and incu-
bated for 4 h. Thus generated formazan was dissolved in 150 μL of DMSO 
and measured by a microplate reader (Thermo, ELx808IU). Cell viability 
(%) was calculated by comparing the absorption value of cells treated 
with different formulations to that incubated with PBS only. To inves-
tigate the influence of aCD44 density of polymersomes on their target-
ability, aCD44-AP-DM1 with different aCD44 densities were incubated 
with MDA-MB-231 cells at a DM1 concentration of 0.1 μg/mL. To 
determine the IC50 of aCD44-AP-DM1, it was cultured with cells at series 
DM1 concentrations of 0.001–10 μg/mL, P-DM1 and free DM1 were 

Fig. 1. (a) SLS measurement of N3-Ps with Ps concentrations of 0.1–1.0 mg/mL. (b) MALDI-TOF-MS spectra of aCD44-DBCO and aCD44. (c) Size distribution of 
aCD44-AP-DM1 in PB (10 mM, pH 7.4). (d) Stability of aCD44-AP-DM1 in serum. (e) In vitro release of DM1 from aCD44-AP-DM1 with or without 10 mM GSH 
treatment. (f) CD spectra of native aCD44 and aCD44-AP. 

Table 1 
Characterization of aCD44/aHer2-AP-DM1 with different antibody surface 
densities.  

Nanoconjugates N3 to aCD44-DBCO 
(feeding molar ratio) 

Antibody/ 
Psa 

Sizeb 

(nm) 
PDI 
b 

P-DM1 – – 50.6 0.17 
aCD441.1-AP- 

DM1 
1: 0.25 1.1 51.2 0.20 

aCD442.5-AP- 
DM1 

1: 0.5 2.5 52.9 0.19 

aCD445.0-AP- 
DM1 

1: 1 5.0 52.7 0.20 

aCD449.8-AP- 
DM1 

1: 2 9.8 53.2 0.17 

aHer24.3-AP- 
DM1 

1: 1 4.3 53.5 0.24  

a Determined via HPLC. 
b Determined via DLS at 25 ◦C. 
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used as controls. The cytotoxicity of blank aCD44-AP and Ps at poly-
mersome concentrations of 1–100 μg/mL as well as native aCD44 at 
concentrations of 0.02–16 μg/mL in MDA-MB-231 cells were evaluated 
similarly. 

aCD44-AP-DM1 nanotoxin induced cell cycle arrest in MDA-MB-231 
and SMMC-7721 cells was assessed via incubating 2 × 105 cells seeded in 
a 6-well plate with aCD44-AP-DM1 (0.1 μg DM1 equiv./mL) for 4 h, 
followed by additional 20 h incubation in fresh culture medium. Cells 
treated with P-DM1 or free DM1 were used as controls. Afterwards, cells 
were detached by 0.25% trypsin and collected together with superna-
tants, followed by thrice washing and resuspension in 1 mL of cold PBS. 
Cells were then fixed by dropwise adding 4 mL of precooled 95% ethanol 
under vibration and incubation at 4 ◦C for 12 h. The fixed cells were 
centrifuged, resuspended in RNase A containing propidium iodide (PI) 
staining solution under dark for 30 min and analyzed by flow cytometry 
(BD FACS Calibur, Beckton Dickinson, USA, ex. 488 nm, em. 617 nm). 

2.4. In vitro targetability and cellular uptake studies 

In vitro targetability and cellular uptake of aCD44-AP-DM1 were 
investigated using Cy5-labeled aCD44-AP (aCD44-AP-Cy5) by flow 

cytometry and confocal laser scanning microscopy (CLSM, Leica TCS 
SP5). Non-targeted Ps-Cy5 and aHer2-AP-Cy5 were set as controls. For 
flow cytometry studies, MDA-MB-231, SMMC-7721, A549 or U-87 MG 
cells seeded in a 6-well plate (5 × 105 cells/well) were incubated with 
aCD44-AP-Cy5, Ps-Cy5 (Cy5 concentration: 70 nM) and PBS, respec-
tively, at 37 ◦C for 4 h. Cells were then washed thrice with PBS, har-
vested by trypsinization and centrifugation at 1000 rpm for 3 min. The 
collected cells were gently redispersed in 0.5 mL of PBS and immediately 
measured by BD FACS Calibur flow cytometer (ex. 633 nm, em. 680 nm). 
At least 2 × 104 events were collected for each sample. To demonstrate 
the CD44-targetability of aCD44-AP-Cy5, competitive inhibition studies 
were further performed in MDA-MB-231 cells via 4 h pre-incubation 
with free aCD44 (57 μg/mL) prior to incubating with aCD44-AP-Cy5. 
In addition, CD44-positive MDA-MB-231 cells with low Her2 expres-
sion were also incubated with aHer2-AP-Cy5 for 4 h at 37 ◦C to make 
comparison. 

The endocytic pathway of aCD44-AP-Cy5 was further investigated in 
MDA-MB-231 cells by adding inhibitors including dynasore (80 μM), 
chlorpromazine (CPZ, 10 μg/mL), amiloride hydrochloride (1 mg/mL) 
and methyl-β-cyclodextrins (MβCD, 1 mg/mL) to incubate for 1 h at 
37 ◦C prior to addition of aCD44-AP-Cy5. After 1 h incubation, cells 

Fig. 2. (a) Cell viability of MDA-MB-231 cells following treatment with aCD44-AP-DM1 nanotoxin (0.1 μg DM1 equiv./mL) bearing different aCD44 surface den-
sities. In vitro antitumor activity of aCD44-AP-DM1, P-DM1 or free DM1 against (b) MDA-MB-231 cells, (c) SMMC-7721 cells, (d) A549 cells and (e) U-87 MG cells. (f) 
Cytotoxicity of aHer2-AP-DM1 and P-DM1 in MDA-MB-231 cells. (g) Cytotoxicity of aCD44-AP-DM1 and P-DM1 in L929 cells. Cytotoxicity of (h) blank polymer-
somes and (i) native aCD44 against MDA-MB-231 cells. 
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were similarly treated for flow cytometry analysis. 
To visibly see the intracellular distribution of aCD44-AP-Cy5, MDA- 

MB-231, SMMC-7721 or A549 cells plated in coverslips containing 24- 
well plates (1 × 105 cells/well) were incubated with aCD44-AP-Cy5 
and Ps-Cy5 at a Cy5 concentration of 1.6 μM for 4 h at 37 ◦C. Cells 
were then washed using PBS and fixed with 4% paraformaldehyde for 
15 min at 25 ◦C. Cell nuclei were stained with 4′,6-diamidino-2-phe-
nylindole (DAPI) for 3 min and washed using cold PBS. Finally, cover-
slips with adherent cells were mounted on glass slides to take CLSM 
images. To study the intracellular trafficking of aCD44-AP-Cy5, endo/ 
lysosomes of MDA-MB-231 cells after 1 h incubation with aCD44-AP- 
Cy5 were stained with Lysotracker Red (200 nM) for 50 min at r.t., 
followed by cell fixing and nuclei staining. 

2.5. Animal model establishment, ex vivo imaging and biodistribution 

All animal procedures were handled under protocols approved by 
Soochow University Laboratory Animal Center, and the Animal Care and 
Use Committee of Soochow University. MDA-MB-231 human TNBC 
model was established by subcutaneously inoculating a small tumor 
lump (ca. 4 mm3) of MDA-MB-231 carcinoma in the hind flank of each 
female Balb/c nude mouse (18–22 g). Mice with tumor volumes of ca. 
200–300 mm3 (V = 0.5 × length × width2) were randomized for ex vivo 
imaging and biodistribution studies to evaluate the in vivo targeting 

ability of aCD44-AP-Cy5. Briefly, tumor bearing mice were intrave-
nously (i.v.) administrated with 150 μL of aCD44-AP-DM1/Cy5 or P- 
DM1/Cy5 at a Cy5 dosage of 0.01 μg/mouse and DM1 dosage of 0.4 mg/ 
kg (n = 3). At 4 h post injection, major organs and tumors were isolated 
from mice to take fluorescence images using a near-infrared fluores-
cence imaging system (Caliper IVIS Lumina II, ex. 643 nm, em. 668 nm). 

The distribution of DM1 in tumors and different organs were further 
quantified using a LC-MS/MS system (QTRAP 6500+, AB Sciex) 
equipped with an AQ C18 column (2.1 × 50 mm, 5 μm). In brief, tumors 
and major organs were weighed and homogenized in 0.95 mL methanol 
(IKA T25, 18,000 rpm). 50 μL of DTT solution in methanol was then 
added to each homogenate under a nitrogen atmosphere to yield a final 
DTT concentration of 20 mM. After overnight incubation at 37 ◦C, the 
supernatants were collected via centrifugation (6000 rpm, 4 ◦C, 10 min) 
and filtered through 0.22 μm membrane for LC-MS/MS analysis. During 
analysis, C18 column was eluted with a mixture of Phase A (0.1%FA in 
H2O) and Phase B (0.02%FA in MeOH) (vA/vB = 60/40) at 0.4 mL/min. 
The transition of m/z 738.3 → m/z 541.7 for DM1 were monitored and 
quantified. To confirm the reduction triggered release of DM1 from 
aCD44-AP-DM1 and P-DM1 in the tumor tissue, half of the tumor ho-
mogenate was separated to incubate with methanol only, followed by 
the same procedure as other samples. 

Fig. 3. Cell cycle analysis of (a) MDA-MB-231 and (b) SMMC-7721 cells incubated with PBS, free DM1, P-DM1 or aCD44-AP-DM1 (DM1: 0.1 μg/mL). Fraction of (c) 
MDA-MB-231 and (d) SMMC-7721 cells at sub G1, G1/G0, S or G2/M phases based on results from (a) and (b). 
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2.6. In vivo antitumor therapy 

In vivo antitumor activity of aCD44-AP-DM1 nanotoxin via either 
systemic (i.v.) or local administration (i.t.) was investigated in subcu-
taneous MDA-MB-231 TNBC bearing mice. On day 0 when tumors had a 
median size of 120 mm3, tumor bearing mice were randomly divided 
into eight groups (n = 5). For i.v. administrated groups, 200 μL of 
aCD44-AP-DM1, P-DM1 or PBS was injected through tail veins every 4 
days for 4 injections in total at a DM1 dosage of 0.4 mg/kg. Tumor 
volumes and body weights of mice were monitored every 4 days. On day 
28, 3 mice of each group were randomly sacrificed to separately collect 
the major organs (heart, liver, spleen, lung, kidney) and tumors for 
histological analysis. The collected major organs and tumors were 
immediately fixed by formalin, embedded in paraffin, cut into 5 μm- 
thick slices and stained by Hematoxylin and eosin (H&E) or terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), 

respectively. H&E and TUNEL images were acquired using a digital 
microscope (Olympus BX41). 

For i.t. administration, 50 μL of aCD44-AP-DM1 nanotoxin was 
injected into tumor tissues by inches at various DM1 dosages (0.1, 0.2, 
0.4 mg/kg) on day 0 and 4, respectively. Tumor volumes, body weights 
of mice and toxicology were monitored and analyzed in the same way as 
mentioned above. Blood was collected from each group on day 15 post 
treatment for blood routine and biochemical analysis, wherein, healthy 
mice were used as a control. 

2.7. Statistical analysis 

All data were presented as average ± standard deviation (SD). Dif-
ferences between groups were determined via one-way ANOVA with 
Tukey’s post hoc test using Prism 7. Kaplan-Meier survival curves were 
constructed and compared by log-rank test using Prism 7. *p < 0.05, **p 

Fig. 4. Flow cytometry studies of aCD44-AP-Cy5 and Ps-Cy5 treated (a) MDA-MB-231 cells, (b) SMMC-7721 cells, (c) A549 cells and (d) U-87 MG cells. (e) 
Quantitative Cy5 fluorescence analysis of MDA-MB-231 cells following incubation with Ps-Cy5, aCD44-AP-Cy5 or aHer2-AP-Cy5 (n = 3). Cells pretreated with free 
aCD44 prior to incubation with aCD44-AP-Cy5 were used as a control (denoted as + Free aCD44). Cellular uptake of aCD44-AP-Cy5 in (f) MDA-MB-231 cells and (g) 
A549 cells pretreated with various endocytic inhibitors (n = 3). ***p < 0.001, ****p ˂ 0.0001. CLSM images of (d) MDA-MB-231 cells, (e) SMMC-7721 cells and (f) 
A549 cells after 4 h incubation with aCD44-AP-Cy5 or Ps-Cy5. Scale bars: 25 μm. 
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< 0.01, ***p < 0.001 and ****p < 0.0001. 

3. Results and discussion 

3.1. Preparation and characterization of aCD44-AP-DM1 

aCD44-AP-DM1 was readily prepared via clicking aCD44 antibody 
onto the surface of azide-functionalized polymersome-DM1 conjugates 
(N3-P-DM1), which were assembled from PEG-P(TMC-DTC) and N3- 
PEG-P(TMC-DTC) at a weight ratio of 98:2 with simultaneous disulfide 
crosslinking and DM1 conjugation. N3-PEG-P(TMC-DTC) (7.9-(15.0-2.0) 
kg/mol) with a longer PEG chain than PEG-P(TMC-DTC) (5.0-(15.0-2.0) 
kg/mol) was designed to facilitate the exposure of N3 at the outer surface 
of polymersomes (N3-Ps) for convenient post antibody modification. N3- 
Ps showed a weight-average molecular weight of 1.54 × 107 g/mol, 
equal to ca. 637 polymer chains and 12 N3 groups on average for each 
polymersome (Fig. 1a). By simply adding DM1 during the co-assembly of 
polymers, N3-P-DM1 containing 6.6 wt% covalently coupled DM1 via 
disulfide bonds was engineered with a mean diameter of 50.6 nm and 
stable DM1 loading, showing high colloidal stability in FBS and no drug 
leakage during storage (Fig. S1a,b). However, after treatment with 10 
mM DTT, DM1 was released in its native form as shown by the 
appearance of exactly same peak as free DM1 in the HPLC curves 
(Fig. S1c). This stable DM1 conjugation to vesicular membrane during 
fabrication has the virtue of simplicity compared with polymeric pro-
drug nanosystems involving multi-step synthesis [30–34], providing a 
simple and robust nanoplatform for post ligand modification and tumor 
cell specific DM1 delivery. 

To prepare aCD44-AP-DM1, aCD44 antibody was firstly reacted with 
DBCO-PEG4-NHS at 6 molar equivalents, yielding dibenzocyclooctyne- 
functionalized aCD44 antibody (aCD44-DBCO1.6) bearing an average 
of 1.6 DBCO groups on each antibody as quantified by MALDI-TOF-MS 
(Fig. 1b). Subsequently, through overnight reaction of N3-P-DM1 with 
aCD44-DBCO1.6 at 0.25, 0.5, 1.0 and 2.0 molar equivalents to N3 groups, 
aCD44-AP-DM1 with 1.1, 2.5, 5.0 and 9.8 of aCD44 per P-DM1 (termed 
as aCD44x-AP-DM1, x is aCD44 density) were obtained, respectively. 
With the increase of aCD44 densities, aCD44-AP-DM1 displayed slightly 
increasing sizes from 50.6 to 53.2 nm and narrow size distribution (PDI: 
0.17–0.20) (Fig. 1c and Table 1). Importantly, there is no DM1 leakage 
during the antibody modification procedure and the resulting aCD44- 

AP-DM1 also showed high colloidal stability in FBS as well as zero 
DM1 release under physiological condition (Fig. 1d and e). Whereas, 
82% of DM1 was released in 24 h in the presence of 10 mM GSH. 
Moreover, aCD44 conjugated on the polymersome surface exhibited a 
comparable secondary structure to that of native aCD44, as illustrated 
by their CD spectra (Fig. 1f). Of note, the resulting aCD44-AP-DM1 
possessed a DAR of 138–1307, which was in a sharp contrast to clini-
cally approved T-DM1 with a DAR of ~3.5 [14], indicating the superi-
ority of aCD44-AP-DM1 over ADCs for efficient DM1 delivery using 
39–373-fold lower antibodies. 

3.2. In vitro antitumor activity and cellular uptake of aCD44-AP-DM1 

CD44 is reportedly overexpressed in diverse tumors and closely 
related to tumorigenesis, invasion, and metastasis [35–38], making it a 
valued target for tumor treatment. Here, CD44-positive MDA-MB-231 
TNBC, SMMC-7721 HCC and A549 NSCLC cells were used to evaluate 
the targetability and antitumor efficacy of cell-selective nanotoxin 
aCD44-AP-DM1. It is widely reported that the surface ligand density of 
nanosystems plays an important role on their targetability toward tumor 
cells [39–41]. Therefore, the influence of aCD44 density on the in vitro 
antitumor activity of aCD44-AP-DM1 was firstly investigated in MDA- 
MB-231 cells via MTT assays. The cytotoxicity of aCD44-AP-DM1 
increased with increasing aCD44 density from 0 to 5.0 aCD44 per Ps, 
and then showed a declining trend (Fig. 2a). aCD445.0-AP-DM1 with the 
best targetability was henceforth used for further studies and denoted as 
aCD44-AP-DM1. Interestingly, aCD44-AP-DM1 nanotoxin displayed an 
exceptional cytotoxicity toward MDA-MB-231 cells with an IC50 of 21.4 
ng/mL, which was 3.6- and 14.1-fold lower than that of non-targeted P- 
DM1 (77.6 ng/mL) and free DM1 (301.3 ng/mL), respectively (Fig. 2b), 
outperforming hyaluronic acid and cRGD peptide directed DM1 nano- 
formulations with comparable IC50 to free DM1 [42,43]. To further 
corroborate the CD44-targeting and potency of aCD44-AP-DM1 against 
CD44-positive tumors, cytotoxicity studies were also performed using 
CD44-positive SMMC-7721 cells with higher DM1 sensitivity (IC50: 74.1 
ng/mL) and A549 cells with lower sensitivity (IC50: 1370.9 ng/mL) 
compared to MDA-MB-231 cells. As shown in Fig. 2c and d, aCD44-AP- 
DM1 induced 5.3-fold (IC50: 3.7 ng/mL) and 47.2-fold (IC50: 64.6 ng/ 
mL) higher toxicity than P-DM1 (19.5 and 3048 ng/mL) in SMMC-7721 
and A549 cells, respectively, supporting the CD44-mediated endocytosis 

Fig. 5. Ex vivo imaging and biodistribution of subcutaneous MDA-MB-231 tumor bearing mice at 4 h after i.v. injection of aCD44-AP-DM1/Cy5 or P-DM1/Cy5 for 4 h 
(n = 3). (a) Ex vivo fluorescence images and (b) semiquantitative analysis of Cy5 fluorescence in main organs and tumors. (c) Biodistribution of free DM1 quantified 
by LC-MS/MS. 
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of aCD44-AP-DM1 in CD44-positive tumor cells. However, in CD44- 
negative U-87 MG glioblastoma cells, aCD44-AP-DM1 and P-DM1 dis-
played similar cytotoxicity with an IC50 of 256 ng/mL, which was 12- 
fold higher than aCD44-AP-DM1 in MDA-MB-231 cells (Fig. 2e). In 
addition, the cytotoxicity of aHer2-AP-DM1 nanotoxin in CD44-positive 
while Her2-negative MDA-MB-231 cells was similar to non-targeted P- 
DM1, showing a 3.8-fold higher IC50 (81.3 ng/mL) than aCD44-AP-DM1 
(Fig. 2f). More importantly, aCD44-AP-DM1 and P-DM1 were non-toxic 
toward L929 normal cells at DM1 concentrations of 0.01–10 μg/mL 
(Fig. 2g). Blank aCD44-AP and Ps, as well as native aCD44 were nearly 
non-toxic to MDA-MB-231 cells at Ps concentrations of 1–100 μg/mL 
and aCD44 concentrations of 0.2–16 μg/mL (Fig. 2h and i). 

DM1 is known to arrest cells at the G2/M phase by inhibiting 
microtubule formation, a critical step during cell mitosis, and thereby 
inducing apoptosis [44–46]. We therefore analyzed the cell cycle arrest 
using flow cytometry via PI cell staining. As anticipated, exposure of 
MDA-MB-231 cells to aCD44-AP-DM1 nanotoxin with a DM1 concen-
tration of 0.1 μg/mL dramatically induced cell enrichment in the G2/M 
phase from 12.0% (PBS treated cells) to 65.8%. However, much lower 
level of G2/M arrest was detected in free DM1 and P-DM1 treated cells 

(34.9% and 51.3%) (Fig. 3a and c). Consistently, in CD44-positive 
SMMC-7721 cells, aCD44-AP-DM1 nanotoxin also induced 85.3% of 
G2/M arrest, which was markedly higher than that of PBS (15.9%), free 
DM1 (24.3%) and P-DM1 (65.2%) (Fig. 3b and d). 

To visualize the cellular uptake, aCD44-AP and Ps were labeled with 
Cy5, yielding aCD44-AP-Cy5 and Ps-Cy5, respectively, for flow cytom-
etry and CLSM studies. Remarkably, aCD44-AP-Cy5 was rapidly and 
efficiently internalized into CD44-positive tumor cells including MDA- 
MB-231, SMMC-7721 and A549 cells, displaying ca. 24, 12 and 37- 
fold higher cellular internalization, respectively, than non-targeted Ps- 
Cy5 after 4 h incubation (Fig. 4a–c). However, for CD44-negative U-87 
MG glioblastoma cells, the cellular internalization of aCD44-AP-Cy5 was 
similar to Ps-Cy5 and was 81-fold lower than that in CD44-positive 
MDA-MB-231 cells (Fig. 4d). Furthermore, the internalization of 
aCD44-AP-Cy5 in MDA-MB-231 cells was effectively inhibited by pre-
treating with free anti-CD44 antibody (Fig. 4e). In the meantime, aHer2- 
AP-Cy5 revealed negligible enhancement of uptake in MDA-MB-231 
cells compared to Ps-Cy5 (Fig. 4e). The uptake pathways of aCD44- 
AP-Cy5 was investigated in MDA-MB-231 and A549 cells using diverse 
endocytic inhibitors. It was shown that the internalization of aCD44-AP- 

Fig. 6. In vivo anti-tumor efficacy of aCD44-AP-DM1 and P-DM1 nanotoxin (DM1 dosage: 0.4 mg/kg) in MDA-MB-231 TNBC bearing Balb/c nude mice (n = 5). (a) 
Schematic outline of the therapeutic regimen. (b) Tumor growth in different treatment groups. ***p < 0.001. (c) H&E and TUNEL images of MDA-MB-231 tumor 
tissues in different groups. Scale bars: 50 μm. (d) Body weight changes of each group. 
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Cy5 was dramatically inhibited by dynasore and also partially inhibited 
by CPZ, amiloride hydrochloride or MβCD (Fig. 4f and g), indicating 
receptor-mediated endocytosis, macropinocytosis and caveolae- 
dependent pathway all play a role. CLSM images also showed much 
stronger Cy5 fluorescence inside MDA-MB-231, SMMC-7721 or A549 
cells treated with aCD44-AP-Cy5 than those with Ps-Cy5 (Fig. 4h–j). At a 
shorther incubation time (1 h), aCD44-AP-Cy5 was mainly distrbuted in 
the endo/lysosomes of MDA-MB-231 cells (Fig. S2), supporting its 
effective uptake. It is obvious that aCD44 decoration boosted the cellular 
uptake and DM1 delivery to CD44-positive cells, inducing potent anti-
tumor efficacy. 

3.3. Biodistribution and therapeutic efficacy of aCD44-AP-DM1 

To further study the targetability and anti-tumor performance of cell- 
selective nanotoxin aCD44-AP-DM1 in vivo, subcutaneous MDA-MB-231 
TNBC model, as a case study, was established using Balb/c nude mice. Ex 
vivo fluorescence images showed that intravenously injected aCD44-AP- 
DM1/Cy5 more efficiently accumulated to the tumor site than P-DM1/ 

Cy5, showing a 2.8-fold higher Cy5 signal, but no enhancement in the 
major organs (Fig. 5a and b). LC-MS/MS was then utilized to quantify 
the DM1 accumulation in the tumor and different organs. It was shown 
that the amounts of DM1 in the tumors of mice receiving aCD44-AP- 
DM1/Cy5 was 2-fold higher than that of non-targeted P-DM1/Cy5 
(Fig. 5c). However, exposure of aCD44-AP-DM1 in the major organs was 
reduced or comparable to P-DM1. As DM1 was active only in its native 
form, the amounts of free DM1 in the tumors were further determined 
via incubating tumor homogenate with methanol only. As shown in 
Fig. 5c, both aCD44-AP-DM1 and P-DM1 could efficiently release native 
DM1 in the tumor tissue. 

Systemic anti-TNBC treatment was initiated when tumors grow to 
120 mm3 on average, denoted as day 0, via tail vein injection of aCD44- 
AP-DM1 or P-DM1 nanotoxins with a DM1 dosage of 0.4 mg/kg every 4 
days (Fig. 6a). After four cycles of treatment, the cell-selective nanotoxin 
aCD44-AP-DM1 effectively suppressed tumor progression with signifi-
cantly lower tumor volumes (***p < 0.001) than P-DM1 and PBS treated 
groups on day 28 (Fig. 6b). Of note, aCD44-AP-DM1 at a relatively low 
DM1 dosage of 0.4 mg/kg achieved comparable tumor inhibition to 

Fig. 7. In vivo anti-TNBC efficacy of intratumorally administered aCD44-AP-DM1 nanotoxin at various DM1 dosages (n = 5). PBS and blank aCD44-AP were injected 
as controls. Tumor volume changes of (a) each individual and (b) different groups. (c) Ex vivo photos of tumors. (d) Relative tumor weight of different groups. (e) 
Relative body weight changes. (f) Blood routine and biochemical analysis. *p < 0.05, ***p < 0.001. 
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previously reported cRGD decorated micellar DM1 and hyaluronic acid 
shelled polymersomal DM1 at a DM1 dosage of 1.6 and 1.0 mg/kg, 
respectively [42,43]. H&E and TUNEL images of tumor slices exhibited 
that tumors in the PBS group had clear and integral cell morphology 
with negligible TUNEL-positive cells (Fig. 6c). In contrast, pronounced 
necrosis with cell shrinkage and TUNEL-positive apoptosis were 
observed in tumors isolated from aCD44-AP-DM1 group, which were 
significantly more than that of P-DM1 group, suggesting aCD44- 
decoration enhanced the tumor selectivity and antitumor efficacy of P- 
DM1 nanotoxin. Meanwhile, aCD44-AP-DM1 and P-DM1 treatment 
caused no obvious neurotoxicity and negligible body weight change 
from day 0 to day 28 and little damage to main organs as shown by 
histological analysis (Fig. S3), indicating their good safety and 
toleration. 

In-situ drug delivery strategy is capable of delivering chemothera-
peutics directly to the target site and efficiently kill tumor cells with 
limit off-target toxicity [47–49]. To further evaluate the antitumor ef-
ficacy of cell-selective nanotoxin aCD44-AP-DM1 via local administra-
tion, subcutaneous MDA-MB-231 TNBC bearing mice with an average 
tumor volume of 120 mm3 were randomized and intratumorally injected 
with aCD44-AP-DM1 at three different dosages (0.1, 0.2 and 0.4 mg 
DM1 equiv./kg). Interestingly, aCD44-AP-DM1 significantly inhibited 
the tumor growth at all dosages, showing an increased tumor inhibition 
rate up to 99.8% with increasing dosage (Fig. 7a–d). In particular, 
complete tumor eradication without recurrence was observed in 80% of 
mice following treatment with aCD44-AP-DM1 at DM1 dosages of 0.2 
and 0.4 mg/kg (Fig. 7c), supporting its competency in eliminating 
TNBC. However, intratumorally injected aCD44-AP blank polymer-
somes was unable to suppress tumor growth, showing a fast-growing 
profile similar to that of PBS group. Importantly, neither obvious body 
weight loss nor signs of toxicity were detected in all treatment groups 
(Fig. 7e). Hematological analysis (Fig. 7f) showed that aCD44-AP-DM1 
treated mice had comparable levels of white blood cell (WBC), red 
blood cell (RBC), platelet (PLT) and hemoglobin (HGB) to healthy and 
PBS controls. Moreover, cell-selective nanotoxin aCD44-AP-DM1 treat-
ment had little influence on liver and kidney functions, wherein, blood 
biochemical parameters including aspartate transaminase (AST), 
alanine transaminase (ALT), alkaline phosphatase (ALP) and urea all 
maintained in the normal range with similar levels to healthy mice. 
Histological analysis of normal tissues further corroborated that the 
localized therapy caused little damage to the main organs (Fig. S4). 

4. Conclusions 

In summary, we have facilely prepared an intelligent cell-selective 
nanotoxin based on anti-CD44 antibody-polymersome-DM1 conjugates 
(aCD44-AP-DM1) with covalent DM1 loading, tailored antibody surface 
density, high DM1 to antibody ratio, superb stability, and reduction- 
responsive DM1 release. Of note, aCD44-AP-DM1 augments the effi-
cacy of DM1, leading to exceptional cytotoxicity toward different tumor 
cells and potent eradication of subcutaneous TNBC in mice. To our 
knowledge, this work represents the first report on robust immuno- 
nanosystems for specific DM1 delivery to treat cancer, which is ex-
pected to serve as a robust platform for decorating various antibodies to 
change the treatment landscape of different malignancies. 
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