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ABSTRACT: Targeted nanomedicines particularly armed with monoclonal antibodies are considered to be the most promising
advanced chemotherapy for malignant cancers; however, their development is hindered by their instability and drug leakage
problems. Herein, we constructed a robust cetuximab−polymersome−mertansine nanodrug (C-P-DM1) for highly potent and
targeted therapy of epidermal growth factor receptor (EGFR)-positive solid tumors. C-P-DM1 with a tailored cetuximab surface
density of 2 per P-DM1 exhibited a size of ca. 60 nm, high stability with minimum DM1 leakage, glutathione-triggered release of
native DM1, and 6.0−11.3-fold stronger cytotoxicity in EGFR-positive human breast (MDA-MB-231), lung (A549), and liver
(SMMC-7721) cancer cells (IC50 = 27.1−135.5 nM) than P-DM1 control. Notably, intravenous injection of C-P-DM1 effectively
repressed subcutaneous MDA-MB-231 breast cancer and orthotopic A549-Luc lung carcinoma in mice without inducing toxic
effects. Strikingly, intratumoral injection of C-P-DM1 completely cured 60% of mice bearing breast tumor without recurrence. This
robust cetuximab−polymersome−mertansine nanodrug provides a promising new strategy for targeted treatment of EGFR-positive
solid malignancies.

1. INTRODUCTION

Therapeutic monoclonal antibodies with high specificity have
recently experienced an unprecedented development for cancer
therapy, wherein over 30 products entered the market with large
sales.1−4 Among them, the epidermal growth factor receptor
(EGFR), which is amplified 20- to 50-fold in multiple tumors
and which stimulated the tumor growth and progression,
represents one important oncological target.5−8 To date, four
anti-EGFR antibodies have been marketed in combination with
chemotherapy or as a monotherapy to treat EGFR-positive
cancers.9,10 To mitigate chemotherapeutics-related systemic
toxicity and drug resistance, antibody-drug conjugates (ADCs)
that can surmount the disadvantages of both nonspecific
chemotherapeutics and specific but often inefficient antibodies
have gained increasing interest for tumor-specific drug
delivery.11−14 For instance, several anti-EGFR ADCs using
potent cytotoxic drugs (e.g., mertansine, DM1) or photo-
sensitizer IRDye 700DX as payloads are under clinical
evaluations in patients with EGFR-positive solid tumors
including triple negative breast cancer (TNBC) and nonsmall
cell lung cancer (NSCLC).15−18 Although significant antitumor
efficacy is observed, low drug content remain a primary

challenge for ADCs, causing large antibody consumption and
high cost.19−21

Ligand-installed nanomedicines are reported as an effective
tactic to improve drug loading and realize effective tumor-
targeted drug delivery.22−26 In the past decades, a range of
EGFR-targeted nanotherapies were engineered via tethering the
GE11 peptide, anti-EGFR antibody, and fragment,27−30 among
which anti-EGFR antibody and fragment-decorated immuno-
nanosystems have attracted much attention due to their high
specificity and affinity. For example, cetuximab (FDA
approved)-modified poly(lactic-co-glycolic acid) (PLGA) nano-
particles and liposomes have been developed for EGFR-targeted
delivery of conventional chemotherapeutics including taxanes,
doxorubicin (DOX), camptothecin, and so forth.31−34 There-
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into, cetuximab fragment-coupled immunoliposomes encapsu-
lating DOX with good antitumor performance have been
promoted to phase II clinical trials for solid tumors.35

Nevertheless, these immuno-nanosystems were hindered by
the instability and drug leakage problems, leading to
compromised therapeutic effects. The post-antibody modifica-
tion needed for most immuno-nanosystems brings forward high
requests for nanocarriers, which should not only to be robust by
itself but also stably load drugs to prevent drug leakage during
preparation.
Herein, we developed a robust cetuximab−polymersome−

DM1 nanodrug (C-P-DM1) with high drug to antibody ratio
(DAR), minimum DM1 leakage, and glutathione (GSH)-
triggered DM1 release for highly potent and targeted therapy of
EGFR-positive solid tumors in vivo (Scheme 1). The polymer-
somes based on poly(ethylene glycol)-b-poly(trimethylene
carbonate-co-dithiolane trimethylene carbonate) [PEG-P-
(TMC-DTC)] have shown a high stability owing to disulfide
crosslinking of the membrane.36,37 DM1 can be facilely and
covalently conjugated to the polymersomal membrane via
disulfide linkage.38,39 Notably, by incorporating azide-function-
alized PEG-P(TMC-DTC) into the polymersomes, cetuximab
can be engineered at their surface via click chemistry. C-P-DM1
represents an innovative EGFR-specific nanotoxin that elegantly
combines the advantages of ADCs and nanomedicines for
treating TNBC and NSCLC tumors.

2. EXPERIMENTAL SECTION
2.1. Materials and Characterizations. The details on materials

and characterizations utilized in this paper are listed in the Supporting
Information.
2.2. Preparation of Azide-functionalized Polymersomes (N3-

P) and Polymersome−Mertansine Nanodrug (N3-P-DM1). N3-P
was fabricated via the co-assembly of N3-PEG-P(TMC-DTC) and
PEG-P(TMC-DTC) with a molar ratio of 1.8:98.2 (2:98 w/w)
accompanied by simultaneous self-crosslinking of the polymersomal
membrane. Here, PEG-P(TMC-DTC) (Mn = 5.0−(14.8−2.0) kDa,

Mw/Mn = 1.1) and N3-PEG-P(TMC-DTC) with a longer PEG chain
(Mn = 7.9−(15.0−2.0) kDa, Mw/Mn = 1.1) were synthesized similarly
to our previous reports.40−42 The resulting N3-P had an Mw of 1.54 ×
107 Da, equivalent to ca. 637 polymer chains in each polymersome.38 By
facilely adding DM1 in the course of assembly, N3-P-DM1 with
covalently conjugated DM1 via disulfide linkages can be conveniently
prepared in a relatively large scale. In brief, 2.23 mL of DM1 solution
(10 mg/mL) in N,N-dimethylformamide (DMF) was added into 93
mL of phosphate buffer (PB, 10 mM, pH 7.4) and stirred at 37 °C,
followed by continuous injection of 200 mg of polymers dissolved in 5
mL of DMF. After overnight incubation at 37 °C, the dispersion was
dialyzed (Spectra/Pore,MWCO: 3.5 kDa) against PB for 8 h to remove
DMF, followed by extensive purification using a tangential flow
filtration system (MWCO: 10 kDa) with PB containing 20% ethanol
(v/v) and PB as the medium sequentially. Thus, the obtained N3-P-
DM1 was concentrated to 18 mg/mL, filtrated under the sterile
condition, and stored in a 4 °C refrigerator. Size distribution of N3-P-
DM1 and its stability during long-term storage were monitored via
dynamic light scattering (DLS). The content of DM1 was determined
via high-performance liquid chromatography (HPLC) equipped with a
C18 column (ChromCore 120, 5 μm, 4.6× 250mm) at a wavelength of
252 nm using the mixture of water and acetonitrile (v/v = 40/60) as the
mobile phase. Drug conjugation content (DCC) and efficiency (DCE)
were therefore calculated based on the following formula

wtDCC( %)
weight of conjugated DM1

total weight of conjugated DM1 and polymers

100

=

×

DCE(%)
weight of conjugated DM1

weight of DM1 in feed
100= ×

To confirm the covalent conjugation of DM1 rather than physical
loading in polymersomes, N3-P-DM1 was incubated with acetonitrile
and measured by HPLC. DM1 leakage from N3-P-DM1 during long-
term storage was monitored similarly.

Cy5-labeled polymersomes (N3-P-Cy5) were prepared similarly via
co-assembly of PEG-P(TMC-DTC)-Cy5, N3-PEG-P(TMC-DTC),
and PEG-P(TMC-DTC) at a molar ratio of 20.4:2.2:77.4.

Scheme 1. Schematic Showing the Fabrication of Cetuximab−Polymersome−DM1 Nanodrug (C-P-DM1) for EGFR-Targeted
Delivery of DM1 to Potently Treat EGFR-Positive Solid Malignancies via Intravenous (i.v.) or Intratumoral (i.t.) Injection
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2.3. Preparation of Cetuximab−Polymersome−Mertansine
Nanodrug (C-P-DM1). C-P-DM1 was fabricated via post-decoration
of N3-P-DM1 with cetuximab through strain-promoted click reaction.
First, cetuximab was functionalized with dibenzocyclooctyne (DBCO)
by adding 13.5 μL of NHS-PEG4-DBCO (5 mg/mL) in DMSO into
500 μL of cetuximab (10 mg/mL) in PBS with subsequent overnight
reaction at room temperature (r.t.). Cetuximab−DBCO was then
collected via carrying out ultrafiltration thrice (MWCO: 10 kDa) using
PBS. Its concentration was measured via HPLC installed with a
BioCore SEC-300 column (5 μm, 7.8 × 300 mm). To determine the
DBCO functionality, cetuximab−DBCO and native cetuximab were
measured by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) at a cetuximab concentration
of ∼1.0 mg/mL.
Freshly prepared cetuximab−DBCO (6 mg/mL in PBS) was mixed

with N3-P-DM1 or N3-P-Cy5 (18 mg/mL) at N3 to cetuximab−DBCO
molar ratios of 1:0.25, 1:0.5, 1:1, and 1:2, respectively, for overnight
reaction in a shaker (100 rpm, 25 °C). Afterward, unreacted
cetuximab−DBCO was removed and collected by thrice ultrafiltration
(MWCO: 300 kDa) using PBS, yielding C-P-DM1 or C-P-Cy5 with
different cetuximab surface densities. By quantifying the unreacted
cetuximab−DBCO via HPLC, the weight of conjugated cetuximab
could be calculated. The number of cetuximab per P-DM1 nanodrug
could be further calculated based on the following equation.

M P
P

Number of cetuximab per nanodrug
weight of conjugated cetuximab
molecular weight of cetuximab

of N
weight of N

w 3

3
= ×

−
−

Size distribution of C-P-DM1 and its stability against 10−100-fold
dilution with PBS or in the presence of 10% fetal bovine serum (FBS)
were measured by DLS. Blank cetuximab−polymersomes (C-P) were
prepared similarly via clicking cetuximab−DBCO onto N3-P. The
secondary structure of cetuximab prior to and after conjugation onto
the polymersome surface was detected using the circular dichroism
(CD) spectrum.
Reduction-triggered DM1 release from C-P-DM1 was evaluated via

dialysis against 10 mMGSH in PB (10mM, pH 7.4) or PB only (n = 3).
Briefly, 0.5 mL of C-P-DM1 in each dialysis tube (MWCO: 14 kDa)
was dialyzed against 20 mL of different media at 37 °C and 200 rpm. 5
mL of release medium was sampled at different time points (0.5, 1, 2, 4,
6, 8, 10, 12, and 24 h), followed by lyophilization and redissolution in
0.3 mL of acetonitrile for HPLC measurements. Fresh release medium
(5 mL) was supplemented after each sampling.
2.4. EGFR Expression Levels on the Surface of Cancer Cells.

MDA-MB-231 TNBC cells, A549 NSCLC cells, SMMC-7721
hepatocellular carcinoma cells, and L929 fibroblast cells (5 × 105

cells) were suspended in 100 μL of PBS containing 1% bovine serum
albumin (BSA) and incubated with 5 μL of PE anti-human EGFR
antibody (Biolegend) for 40 min. Cells were then collected by
centrifugation, washed three times using PBS, resuspended in PBS (500
μL), and immediately analyzed by a FACS Calibur flow cytometer
(Beckton Dickinson, U.S.A.). For each sample, 104 cells were analyzed
at least, and FlowJo_10 software was used to process the data. The
details on cell culture are shown in the Supporting Information.
2.5. Cellular Uptake Studies. Cellular uptake and targetability of

C-P-DM1 in EGFR-positive cancer cells were studied using C-P-Cy5
with different cetuximab surface densities via flow cytometry. EGFR-
negative L929 fibroblast cells were used as a control. MDA-MB-231 (5
× 105 cells/well), A549, SMMC-7721, or L929 cells (3 × 105 cells/
well) seeded in six-well plates were incubated with C-P-Cy5 or P-Cy5
(40 ng Cy5 equiv/mL) at 37 °C for 4 h. Cells were then detached using
trypsin, centrifuged at 1000 rpm for 3 min, washed twice with PBS, and
resuspended in 500 μL of PBS. Fluorescence histograms of over 1× 104

cells were immediately recorded using PBS-treated cells as a control.
To study the uptake mechanism of C-P-Cy5 and P-Cy5, MDA-MB-

231 cells were precultured 1 h with different endocytic inhibitors,
including methyl-β-cyclodextrins (MβCD, 1 mg/mL), amiloride
hydrochloride (1 mg/mL), chlorpromazine (CPZ, 10 μg/mL), and
dynasore (80 μM) under 37 °C. Then, C2-P-Cy5 or P-Cy5 (40 ng Cy5

equiv/mL) was added for 1 h incubation, followed by a treatment
similar to that mentioned above for flow cytometry analysis. Cells
directly treated with C2-P-Cy5 or P-Cy5 were used as controls.

Confocal laser scanning microscopy (CLSM) was then utilized to
visualize the cellular uptake of C-P-Cy5. MDA-MB-231 (8 × 104 cells/
well), A549, or SMMC-7721 cells (3 × 104 cells/well) cultured in 24-
well plates with preplaced glass slides were incubated with C2-P-Cy5 or
P-Cy5 (1.7 μg Cy5 equiv/mL) at 37 °C for 4 h. Cells were then washed
thrice with PBS and fixed by 4% paraformaldehyde (PFA) in PBS for 15
min. Cytoskeleton and cell nuclei were stained with tetramethylrhod-
amine (TRITC)-labeled phalloidin for 50 min and 4′,6-diamidino-2-
phenylindole (DAPI) for 3 min, respectively, using PBS washing after
each staining. Finally, stained cells adhered on glass slides were put onto
microslides to take fluorescence images using CLSM (Leica TCS SP5).

To investigate the intracellular trafficking of C-P-Cy5, MDA-MB-
231 cells (8 × 104 cells/well) were incubated with C2-P-Cy5 (6 μg Cy5
equiv/mL) at 37 °C for 2 and 4 h, respectively. Endo/lysosomes were
then stained using Lysotracker Green (200 nM) at 37 °C for 1 h, with
subsequent PFA fixing and DAPI staining to take CLSM images.

2.6. In Vitro Cytotoxicity and Tubulin Polymerization
Inhibition of C-P-DM1. The cytotoxicity of C-P-DM1 with different
cetuximab densities, P-DM1, and free DM1 against EGFR-positive
MDA-MB-231, A549, and SMMC-7721 cells was evaluated by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays.
EGFR-negative L929 cells were used as a control. Cells seeded in 96-
well plates (MDA-MB-231 and L929: 3000 cells/well, A549 and
SMMC-7721: 2000 cells/well) were incubated with 20 μL of different
DM1 formulations in PBS for 4 h at 37 °C. Here, final DM1
concentrations were set at 0.001−13.5 μM. Afterward, medium was
replaced into fresh ones for another 68 h incubation, followed by the
addition of 10 μL of MTT solution (5 mg/mL in PBS) into each well.
After 4 h incubation at 37 °C, medium was carefully removed and 150
μL of DMSO was added into each well to dissolve the generated
formazan, thus measuring its absorbance at 570 nm via a microplate
reader. The absorbance of cells following treatment with different DM1
formulations was compared to that of PBS-treated cells to calculate the
cell viability (%). The cytotoxicity of native cetuximab (0.67−66.7 nM)
and blank polymersomes (C-P and N3-P, 4−120 μg/mL) was
investigated under a similar procedure using MDA-MB-231 cells.

The capability of C-P-DM1 in tubulin polymerization inhibition was
studied by immunocytochemistry. Typically, MDA-MB-231 cells (8 ×
104 cells/well) seeded in 24-well plates with preplaced glass slides were
incubated with C-P-DM1, P-DM1, or free DM1 for 4 h at a DM1
concentration of 541.7 nM, followed by thrice wash with PBS and fixing
with 4% PFA in PBS for 15 min. After permeabilizing cells with 0.1%
Triton X-100 for 5 min and blocking with 5% BSA, tubulin was
immunostained with rat anti-human β3 tubulin monoclonal antibody
(Santa Cruz) for 1.5 h and further incubated with Alexa Flour 647-
labeled anti-rat IgG (Molecular Probes) for 1 h at r.t. Cell nuclei were
counterstained with DAPI for 3 min, followed by through wash with
PBS. Cells adhered on glass slides were mounted on microscope slides
for CLSM measurements.

DM1-induced tubulin polymerization inhibition is known to cause
cell cycle arrest in the G2/M phase of cancer cells. We hence evaluated
cell cycle arrest of MDA-MB-231 cells after incubation with free DM1,
P-DM1, or C-P-DM1. In brief, cells seeded in 6-well plates (3 × 105

cells/well) were incubated with different formulations at a DM1
concentration of 541.7 nM for 4 h, followed by additional 20 h
incubation in fresh medium. After trypsinization, cells were washed and
redispersed in cold PBS (1mL)with the subsequent addition of 4mL of
ethanol (95%, v/v) on ice for 24 h incubation at 4 °C. Cells were then
collected by centrifugation (1000 rpm, 3 min), stained with propidium
iodide solution containing RNase A for 30 min in the dark prior to flow
cytometry measurements (488 nm). The percentage of cells in different
cycles was analyzed using FlowJo_10 software.

2.7. Mouse Model Establishment, Fluorescence Imaging,
and Biodistribution. Mice were handled under protocols approved
by the Soochow University Laboratory Animal Center and the Animal
Care and Use Committee of Soochow University. To evaluate the in
vivo targetability and antitumor efficacy of C-P-DM1, a small piece of
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MDA-MB-231 carcinoma was inoculated into the right flank of 6-week
old BALB/c nude mice to establish the subcutaneous MDA-MB-231
TNBC model. The orthotopic A549-Luc human NSCLC model was
established by injecting 1 × 107 A549-Luc cells in 50 μL of PBS
containing 30% matrigel gel into the lung of each nude mice (BALB/c,
6 weeks). WhenMDA-MB-231 tumors reached ca. 300−400 mm3, 200
μL of C-P-Cy5 or P-Cy5 in PBS (0.02 μg Cy5/mouse) was
administrated via tail vein injection (n = 3). Fluorescence images of
tumor-bearing mice were acquired at 1, 2, 4, 6, 8, 12, and 24 h post i.v.
injection using a near-infrared fluorescence imaging system (Caliper
IVIS Lumina II).
Ex vivo imaging and DM1 distribution studies were further

performed to evaluate the targetability of C-P-Cy5/DM1. MDA-MB-
231 tumor bearingmice were randomly grouped to receive 200 μL of C-
P-Cy5/DM1 or P-Cy5/DM1 via tail vein injection (n = 3). DM1 and
Cy5 dosages were set at 0.4 mg/kg and 0.02 μg/mouse, respectively. At
6 h after injection, tumors and normal organs were collected to take
fluorescence images and determine the DM1 content via LC−MS/MS
installed with an AQ C18 column (5 μm, 2.1 × 50 mm). For LC−MS/
MS measurements, each tissue was homogenized in methanol (0.95
mL) using a homogenizer (IKAT25), followed by overnight incubation
with 20 mM DTT at 37 °C. Afterward, the supernatant of each
homogenate was collected by centrifugation at 6000 rpm for 10min and
then filtered with a 0.22 μm membrane for analysis. Here, the m/z
transition of DM1 from 738.3 to 541.7 was monitored to determine its
content. The mobile phase was the mixture of 0.1% formic acid (FA) in
H2O and 0.02% FA inMeOH (v/v = 60/40) with a flow rate of 0.4 mL/
min.
2.8. In Vivo anti-TNBC Effect of C-P-DM1 by Systemic and

Local Administration. Anti-tumor experiments of C-P-DM1 in
subcutaneous MDA-MB-231 TNBC-bearing mice were initiated when
average tumor volumes reached about 150 mm3 (defined as day 0) via
both i.v. and i.t. administration (n = 5). For systemically administrated
groups, mice were injected with PBS, P-DM1, or C-P-DM1 via tail vein
at 0.4 mg DM1 equiv/kg every 4 days for a total of four times. Here,
PBS-treated mice were shared with our another work.38 Tumor length
(L) and width (W) were measured every 2 days using calipers to
calculate the tumor volumes (V = 0.5 × L ×W2). Body weights of mice
were recorded every 2 days and compared to their initial data on day 0.
On day 16, blood was collected randomly from threemice in each group
for blood routine analysis. On day 28 after treatment, one mouse was

randomly sacrificed from each group to isolate major organs and tumor
for histological analysis via hematoxylin and eosin (H&E) and TUNEL
staining.

For locally administrated groups, C-P-DM1 in 50 μL of PBS was
intratumorally injected on day 0 and 4 with 0.2 and 0.4 mg DM1 equiv/
kg, respectively. The mice were monitored in a manner similar to that
mentioned above to observe the changes of tumor volumes and body
weight, as well as the histology of major organs and tumors.

2.9. In Vivo anti-NSCLC Effect of C-P-DM1. In vivo anti-NSCLC
efficacy of C-P-DM1 was evaluated in orthotopic A549-Luc human
NSCLC-bearing mice. Tumor growth was followed using an IVIS
Lumina imaging system, and bioluminescence images were taken at 10
min after intraperitoneal injection of D-luciferin (75 μL, 15 mg/mL in
PBS) under isoflurane anesthesia. When the bioluminescence intensity
of tumor-bearing mice reached 1−4 × 107 p/s (defined as day 0), the
mice were divided into three groups (n = 6) and injected with C-P-
DM1, P-DM1, or PBS via tail vein at 0.4 mgDM1 equiv/kg every 4 days
for a total of four times. For each group, three mice were used to
visualize the tumor growth by bioluminescence imaging. Bio-
luminescence imaging and weight of mice in different groups were
monitored every 4 days. On day 24 post treatment, one mouse from
each group was randomly sacrificed to isolate organs for histological
analysis.

2.10. Statistical Analysis. All data were presented as mean ±
standard deviation. Statistical differences of three or more groups were
evaluated via one-way ANOVA. When the result was significant,
Tukey’s post hoc test was employed for further pairwise comparisons.
*p < 0.05, **p < 0.01, ***p < 0.001.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of Cetuximab−
Polymersome−Mertansine Nanodrug (C-P-DM1). C-P-
DM1 was conveniently fabricated via post-coupling reaction of
cetuximab with azide groups on the surface of N3-P-DM1. Here,
N3-P-DM1 incorporating 6 wt % conjugated DM1 (DCE: 60%)
was prepared from the assembly of PEG-P(TMC-DTC) with 2
wt % of N3-PEG-P(TMC-DTC) having a longer PEG chain (7.9
vs 5.0 kg/mol), accompanied by simultaneous self-crosslinking
of the polymersomal membrane via ring-opening polymer-

Figure 1.Characterization of N3-P-DM1 and C-P-DM1 nanodrugs. (A) Size distribution of freshly preparedN3-P-DM1 and that after 1 year storage at
4 °C. The inset shows the transmission electron microscopy image of N3-P-DM1. (B) HPLC curves of N3-P-DM1 and that after 1 year storage at 4 °C,
using free DM1 as a control. (C)MALDI-TOF-MS analysis of cetuximab and cetuximab−DBCO. (D) Stability of C-P-DM1 against 100-fold dilution
to a final polymersome concentration of 10 μg/mL or adding 10% FBS. (E) In vitroDM1 release curves of C-P-DM1 in the presence or absence of 10
mM GSH. (F) Secondary structure of cetuximab prior to and after conjugation on the polymersome surface, as detected via CD.
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ization of dithiolane and DM1 conjugation through thiol-
disulfide exchange reaction. N3-P-DM1 with an average size of
53.2 nm and polydispersity index (PDI) of 0.15 displayed a
typical vesicular structure and was robust during 1 year storage
in the fridge, not merely maintaining a similar size and also no
DM1 leakage (Figure 1A,B). This robust polymersome−DM1
nanodrug with the simple fabrication procedure and stable drug
conjugation offers a great possibility to enable cell-specific drug
delivery by post-antibody modification, outperforming polymer
prodrug nanoparticles with complex design and multistep
synthesis.43,44

In order to click cetuximab onto N3-P-DM1, cetuximab was
first functionalized with DBCO by reaction with NHS-PEG4-
DBCO at molar ratios of 1:3 and 1:6, forming cetuximab−
DBCO1.8/3.4 with 1.8 and 3.4 DBCO groups per cetuximab on
average, respectively, as determined by MALDI-TOF-MS
(Figure 1C). Cetuximab−DBCO1.8 was hereafter employed to
prepare C-P-DM1 via overnight reaction with N3-P-DM1. By
varying the molar ratios of cetuximab−DBCO1.8 to N3 from
0.25:1, 0.5:1, and 1:1 to 2:1, Cx-P-DM1 was obtained with
adjustable cetuximab densities (x) of 1, 2, 5, and 8 cetuximab per
P-DM1, respectively. C-P-DM1 exhibited a gradual increase in
sizes from 58.5 to 66.4 nm with an increase of cetuximab density
from 1 to 8 yet all with similar size distribution (PDI: 0.21−
0.25) (Table 1). Notably, no DM1 leakage was observed during

the post-conjugation of cetuximab−DBCO1.8 and the obtained
C-P-DM1 had high stability against either 10−100-fold dilution
or incubation in 10% FBS, showing negligible DM1 release in PB
(10 mM, pH 7.4) (Figures S1, 1D,E). Nevertheless, 80% of
DM1 was released from C-P-DM1 in 24 h once treating with 10
mM GSH (Figure 1E). Importantly, CD spectra exhibited that
cetuximab decorated on the surface of polymersomes
maintained a similar secondary structure to native cetuximab
(Figure 1F). It is worth noting that C-P-DM1 had a high DAR of
152−1220, which was 1−2 orders of magnitude higher than that
of ADCs (DAR: 3−8).45,46 For instance, T-DM1, an ADC used
clinically for treating HER2-positive breast cancers, has a DAR
of 3.5.47 The high DAR of C-P-DM1 significantly reduces the
use of antibodies, which may not only lowers the costs but also
lessens complications related to high dose of antibodies.
3.2. In Vitro Cellular Uptake and Antitumor Efficacy of

C-P-DM1. EGFR, as one important oncological target, has been
employed for targeted treatment of diverse solid tumors.48−50

EGFR levels on the surface of MDA-MB-231, A549, SMMC-
7721, and L929 cells were examined using PE anti-human EGFR
antibody and measured via flow cytometry. It is shown that
EGFR is overexpressed on the membrane of MDA-MB-231,
A549, and SMMC-7721 cancer cells, in line with previous
studies,51−55 while expressed at a low level on normal L929

fibroblast cells (Figure 2A). These cells were subsequently
utilized for cellular uptake and cytotoxicity studies to validate the
EGFR targetability of C-P-DM1.
First, Cy5-labeled polymersomes (C-P-Cy5 and P-Cy5) were

utilized for visualizing their cellular uptake by flow cytometry.
Regardless of cetuximab densities, C-P-Cy5 all exhibited
significantly augmented cellular uptake in EGFR-positive
MDA-MB-231, SMMC-7721, and A549 cancer cells compared
to nontargeted P-Cy5. C2-P-Cy5 with the best targetability in
MDA-MB-231 and SMMC-7721 cells displayed 10.5- and 35.8-
fold higher internalization, respectively, and 18.2-fold higher
cellular uptake in A549 cells as well (Figure 2B), largely
surpassing GE11 peptide-modified nanosystems.56,57 However,
in EGFR-negative L929 fibroblast cells, negligible cellular
uptake was observed for both C2-P-Cy5 and P-Cy5 (Figure
2B). Figure 2C shows that the internalization of C2-P-Cy5 in
MDA-MB-231 cells was significantly repressed by CPZ,
dynasore, amiloride hydrochloride, as well as MβCD, signifying
that receptor-mediated endocytosis, macropinocytosis, and
caveolae-dependent endocytosis all contributed to its uptake.
However, the internalization of P-Cy5 was mainly mediated by
dynamin, macropinocytosis, and caveolae-dependent pathways
(Figure 2D).
Furthermore, much stronger Cy5 fluorescence in C2-P-Cy5-

treated MDA-MB-231, SMMC-7721, and A549 cells than P-
Cy5-treated ones was detected by CLSM (Figure 2E),
confirming the EGFR-targetability and boosted cellular internal-
ization of C-P-Cy5 in EGFR-positive cancer cells. Endo/
lysosome trafficking images showed that C-P-Cy5 was located
primarily in the cell membrane and endo/lysosomes of MDA-
MB-231 cells after 2 h incubation and then gradually distributed
to the cytosol, supporting its effective cellular uptake via the
endo/lysosome trafficking pathway (Figure S2).
Consistent with the flow cytometry analysis, C-P-DM1with 1,

2, 5, and 8 cetuximab on each nanodrug all showed extraordinary
potency over P-DM1 in inhibiting the growth of EGFR-positive
cancer cells (Figure 3A−C). Thereinto, C2-P-DM1 was most
potent in MDA-MB-231 and SMMC-7721 cells, displaying half-
maximal inhibitory concentration (IC50) values of ca. 33.8 and
27.1 nM, respectively, 6.0- and 11.3-fold lower than that of P-
DM1 (Figure 3A,B). In EGFR-positive A549 cells, C2-P-DM1,
C5-P-DM1, and C8-P-DM1 induced comparable toxicity with an
IC50 of 135.5 nM, decreasing by 6.6-fold in comparison to P-
DM1 (Figure 3C). In sharp contrast, for EGFR-negative L929
cells, C-P-DM1 with different cetuximab densities caused
cytotoxicity similar to P-DM1 with an IC50 of about 333.3 nM
(Figure 3D), which was over 10-fold greater than C2-P-DM1 in
EGFR-positive MDA-MB-231 and SMMC-7721 cells. It is
evident that C-P-DM1 can selectively target EGFR-positive
cancer cells with high affinity and strong cytotoxicity. Hereafter,
C2-P-DM1 was utilized for further studies and called C-P-DM1.
Importantly, blank polymersomes (C-P and Ps) and native
cetuximab were practically nontoxic toward MDA-MB-231 cells
at a polymersome and cetuximab concentration as high as 120
and 66.7 nM, respectively (Figure 3E,F), which is in line with
previous reports.58,59 It is known that cetuximab reduces
receptor activation and the associated downstream signaling
by preventing the binding of endogenous ligands as well as
stimulating EGFR internalization and degradation, thus exerting
its antitumor effects.60 A high amount of cetuximab is generally
required to inhibit the proliferation of cancer cells (e.g., over 667
nM for MDA-MB-231 cells).61 Herein, C-P-DM1 using
cetuximab as a targeting ligand can achieve specific EGFR-

Table 1. Characterization of C-P-DM1 Prepared from N3-P-
DM1 with a DCC of 6 wt % and DCE of 60%

P-DM1
nanodrugs cetuximab/N3 (mol/mol)

number of
cetuximab per
nanodruga

size
(nm)b PDIb

N3-P-DM1 53.2 0.15
C1-P-DM1 0.25:1 1.0 ± 0.5 58.5 0.23
C2-P-DM1 0.5:1 2.0 ± 0.5 60.1 0.22
C5-P-DM1 1:1 5.0 ± 1.0 62.5 0.25
C8-P-DM1 2:1 8.0 ± 2.0 63.2 0.21

aMeasured by HPLC. bDetermined by DLS.
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targeted delivery of DM1 to EGFR-positive cancer cells,
inducing potent toxicity with a cetuximab concentration as
low as 73 pM.
It is reported that DM1 can interfere with microtubule

formation, thereby causing cell cycle arrest and apoptosis.62−64

As expected, C-P-DM1 more effectively destabilized the
microtubules in MDA-MB-231 cells than P-DM1, as shown by
immunofluorescent staining (Figure 3G). Consequently, C-P-
DM1 treatment at a DM1 concentration of 541.7 nM
dramatically increased G2/M phase arrest of MDA-MB-231
cells from 20.5% (PBS control) to 94.3%, which was higher than
P-DM1 (73.7%) and free DM1 (82.8%) (Figure 3H). It is
obvious from these results that C-P-DM1 can selectively target
EGFR-positive cancer cells with high affinity, efficient cellular
uptake, and fast DM1 release inside cells, inducing effective
microtubule destabilization, cell cycle arrest, and potent
antitumor activity.
3.3. Biodistribution and Antitumor Effect of C-P-DM1.

To investigate the in vivo targetability and antitumor perform-
ance of C-P-DM1 in EGFR-positive tumors, subcutaneous

MDA-MB-231 TNBC and orthotopic A549-Luc NSCLC
xenograft in nude mice were established. In vivo fluorescence
images revealed that C-P-Cy5 quickly accumulated in the tumor
site after intravenous administration into subcutaneous MDA-
MB-231 TNBC-bearing mice, showing constantly stronger
tumoral Cy5 fluorescence than P-Cy5 over the whole imaging
period from 1 to 24 h (Figure 4A). Maximum tumor enrichment
of C-P-Cy5 was observed at 6 h post injection, which was 5.2-
fold higher compared to nontargeted P-Cy5 (Figure 4B). Ex vivo
fluorescence images at 6 h post injection further revealed that C-
P-Cy5/DM1 had significantly more tumor accumulation than P-
Cy5/DM1, while no obvious enhancement in major organs
(Figure 4C). Consistently, DM1 content in tumors of mice-
receiving C-P-Cy5/DM1 was 4.7-fold higher than that of P-
Cy5/DM1, but comparable in major organs as determined by
LC−MS/MS (Figure 4D). The markedly improved tumor
accumulation of C-P-DM1 over P-DM1 is likely due to its high
stability with minimum drug leakage and optimal antibody
density. Of note, cetuximab-decorated vitamin E D-α-tocopheryl
polyethylene glycol succinate (TPGS) micelles and anti-EGFR-

Figure 2. Cellular uptake and targetability of C-P-Cy5 in EGFR-positive cancer cells. (A) Flow cytometry analysis of EGFR expression levels of
different cells using PE anti-human EGFR antibody. (B) Flow cytometry analysis of MDA-MB-231, SMMC-7721, A549, and L929 cells following 4 h
incubation with C2-P-Cy5 or P-Cy5. Cellular uptake of (C) C2-P-Cy5 and (D) P-Cy5 in MDA-MB-231 cells precultured with diverse endocytic
inhibitors (n = 3). *p < 0.05, ***p < 0.001. (E) CLSM images of EGFR-positive cancer cells following 4 h treatment with C2-P-Cy5 or P-Cy5; scale
bars are 25 μm. Cy5 (red) for polymersomes, DAPI (blue) for cell nuclei, and TRITC-stained cytoskeleton was pseudo-colored in green.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c01065
Biomacromolecules 2022, 23, 100−111

105

https://pubs.acs.org/doi/10.1021/acs.biomac.1c01065?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01065?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01065?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01065?fig=fig2&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


modified PEG−PLGA micellar DOX were reported with only
2−3-fold enhancement in tumor accumulation than their

nontargeted control in subcutaneous MDA-MB-231 or MDA-
MB-468 TNBC-bearing mice.34,65

Figure 3.Cytotoxicity, tubulin inhibition, and cell cycle arrest analysis. Cytotoxicity of C-P-DM1 and P-DM1 in (A)MDA-MB-231, (B) SMMC-7721,
(C) A549, and (D) L929 cells. Cytotoxicity of (E) C-P and Ps as well as (F) free cetuximab in MDA-MB-231 cells (n = 4). (G) Immunofluorescence
images of the microtubule structure inMDA-MB-231 cells following incubation with C-P-DM1, P-DM1, or PBS (DM1: 541.7 nM). Scale bars: 50 μm.
(H) Cell cycle analysis of MDA-MB-231 cells after incubation with C-P-DM1, P-DM1, free DM1, or PBS for 4 h and fresh medium for additional 20 h.

Figure 4. Fluorescence images and biodistribution of subcutaneous MDA-MB-231 tumor-bearing mice following tail vein injection of C-P-Cy5/DM1
or C-P-Cy5/DM1 (n = 3). (A) Time-lapsed in vivo fluorescence images and (B) semiquantitative fluorescence analysis in the tumor site. Ex vivo
fluorescence images and (D) DM1 distribution in tumors and major organs at 6 h post injection. **p < 0.01, ***p < 0.001.
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Anti-TNBC studies of C-P-DM1 in the subcutaneous MDA-
MB-231 TNBCmodel were performed by i.v. or i.t. injection and
started on day 0, when tumor volume reached an average of 150
mm3 (Figure 5A). Four times i.v. administration of C-P-DM1 at
an interval of 4 days significantly inhibited tumor growth,
showing much smaller tumor size compared to P-DM1- (*p <
0.05) and PBS (***p < 0.001)-treated groups (Figure 5B). We
have previously studied the antitumor efficacy of free DM1 in
diverse tumor models including subcutaneous MDA-MB-231
TNBC, wherein only a slight tumor inhibition effect was
observed at 0.4 mg/kg or even higher dosages.39,66−68

Intriguingly, i.t. injection of C-P-DM1 at the same dosage or a
lower one (0.2 mg DM1 equiv/kg) on day 0 and 4 both cured
60% of mice without recurrence, exhibiting a tumor inhibition
rate of 94.5%. Moreover, C-P-DM1 treatment whether by i.v. or
i.t. administration induced apparent cell shrinkage, incomplete
cell membrane, and TUNEL-positive apoptosis of tumor cells,
which were noticeably more compared to the P-DM1 group
(Figure 5C). Importantly, negligible damage to major organs
and no obvious change in body weight were observed for mice
with different treatments (Supporting Information Figures S3
and 5D), and supporting C-P-DM1 and P-DM1 nanodrugs were
well tolerated. In the meantime, mice following treatment with
C-P-DM1 (i.v. or i.t.) maintained blood routine parameters
including platelet (PLT), white blood cell (WBC), and red
blood cell (RBC) in the normal range and comparable to PBS
and healthy controls (Figure 5E). However, PLT and RBC levels
of P-DM1-treated mice were slightly decreased.
To further validate the EGFR-targeted antitumor efficacy of

C-P-DM1, anti-NSCLC studies in orthotopic human A549-Luc
NSCLC-bearing mice were further performed via i.v. injection
and initiated when tumor luminescence intensity increased to

1−4 × 107 p/s (denoted as day 0) (Figure 6A). After four dose
administration of C-P-DM1 at 0.4 mg DM1 equiv/kg, mice with
orthotopic A549-Luc NSCLC exhibited obvious tumor growth
suppression, maintaining a relatively low bioluminescence level
throughout the imaging period from day 0 to day 24 (Figure
6B,C). The proliferation of A549-Luc cells in P-DM1-treated
mice was inhibited to a certain degree during the administration,
but quickly recovered from day 8, inducing 4.2-fold higher
tumor burden than C-P-DM1. However, mice in the PBS group
showed a continuous and sharp luminescence increase by 47-
fold to day 24 and suffered body weight loss, consequently
leading to rapid death (Figure 6B−E). Compared to PBS,
median survival was prolonged by 20 days in the group of C-P-
DM1 (Figure 6E). The photographs of lungs isolated on day 24
displayed aggressive tumor growth and invasion to the lung
lobes of PBS- or P-DM1-treated mice, and C-P-DM1 was clearly
most potent in tumor inhibition (Figure 6F). H&E images of
lung slices further showed that C-P-DM1-treated mice had
negligible tumor invasion and normal alveolar. In sharp contrast,
significant tumor infiltration was observed in mice treated with
PBS or P-DM1, causing alveolar damage and deformation
(Figure 6G). Importantly, mice in different groups all
maintained their weight during administration and no obvious
damage was observed in major organs (Supporting Information
Figure S4). It is evident from these results that C-P-DM1 can
mediate safe and targeted delivery of DM1 to EGFR-positive
solid tumors, potently inhibiting tumor growth.

4. CONCLUSIONS

In conclusion, we have developed a robust polymersome−
mertansine nanodrug (P-DM1) with zero drug leakage, making
it convenient for post-modification of cetuximab to obtain an

Figure 5. Therapeutic effect of C-P-DM1 and P-DM1 in subcutaneous MDA-MB-231 TNBC-bearing mice. (A) Schematic diagram of the TNBC
model establishment, therapy, and monitoring schedule. (B) Tumor volume changes after different treatments (n = 5). *p < 0.05, **p < 0.01 and ***p
< 0.001. (C)H&E- and TUNEL-stained images of tumor tissues isolated on day 28. Scale bars are 50 μm. (D) Body weight changes of mice in different
groups. (E) Blood routine analysis of mice after 4 days of the last administration (n = 3, H: healthy mice).
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EGFR-selective C-P-DM1 nanodrug for advanced therapy of

EGFR-positive tumors. The resulting C-P-DM1 with stable

DM1 conjugation can elegantly overcome the instability and

drug leakage problems encountered in most immuno-nano-

systems, realizing specific and effective delivery of highly potent

toxins. Systemic injection of C-P-DM1 effectively repress

subcutaneous breast tumor and orthotopic lung carcinoma in

mice, without inducing toxic effects. Of note, intratumoral

injection of C-P-DM1 completely cures 60% of mice with breast

tumor. This robust C-P-DM1 nanodrug provides a new and

promising strategy for targeted treatment of EGFR-positive solid

malignancies.
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