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A B S T R A C T

Metastasis poses a long-standing treatment challenge for many cancers including breast cancer. Once spreading out,
cell-selective delivery of drug appears especially critical. Here, we report on epidermal growth factor receptor and
CD44 dual-targeted hyaluronic acid nanogels (EGFR/CD44-NGs) that afford enhanced targetability and protein
therapy for metastatic 4T1 breast cancer in vivo. Flow cytometry in CD44 and EGFR-positive 4T1 metastatic breast
cancer cells showed over 6-fold higher cellular uptake of EGFR/CD44-NGs than mono-targeting CD44-NGs. MTT and
scratch assays displayed that saporin-loaded EGFR/CD44-NGs (Sap-EGFR/CD44-NGs) was highly potent in inhibiting
growth as well as migration of 4T1 cells in vitro, with an IC50 of 5.36 nM, which was 1.7-fold lower than that for Sap-
CD44-NGs. In 4T1-luc metastatic breast cancer model in mice, Sap-EGFR/CD44-NGs exhibited significant inhibition
of tumor metastasis to lung at a small dose of 3.33 nmol Sap equiv./kg. Increasing the dosage to 13.3 nmol Sap
equiv./kg resulted in further reduced lung metastasis without causing notable adverse effects. These dual-targeted
nanogels with improved cancer cell selectivity provide a novel platform for combating breast cancer metastasis.

1. Introduction

Cancer metastasis presents a main challenge for cancer therapy
(Chaffer and Weinberg, 2011; Mehlen and Puisieux, 2006), and over 90%
of breast cancer patients died from distant metastasis to different organs
(Obenauf and Massague, 2015; Su et al., 2016). The small sized metastatic
nodules often have poor vasculature and broad dissemination in invaded
organs, thus may not be accessible by many current therapeutic agents
(Schroeder et al., 2012). Nano-drugs that are able to target and release
therapeutic agents to metastatic sites have emerged as a potent strategy to
treat metastatic breast cancers (Landesman-Milo et al., 2015; Schroeder
et al., 2012). For example, an albumin-bound paclitaxel (Abraxane®) has
been approved to treat metastatic breast cancer (Lluch et al., 2014; Wicki
et al., 2015). Nevertheless, the nanomedicines in the clinic are often re-
stricted by relatively low tumor targetability and slow drug release at
targeted metastatic sites (Yu et al., 2016b). To boost drug release in cancer
cells, pH-sensitive nanoparticles as well as redox-sensitive nanogels were
developed to achieve fast release of anticancer agents including paclitaxel,
cabazitaxel, doxorubicin, and siRNA upon internalization into cancer cells,
resulting in an obvious reduction of primary tumor growth and lung
metastasis incidence in 4T1 breast tumor model (Chen et al., 2018; Tang
et al., 2017; Xu et al., 2016; Yu et al., 2016a). Meanwhile, some targeting

peptides like LHRH, iRGD, and tLyP-1 have been selected and decorated
on nanoparticles to promote the cellular uptake of anticancer agents
(cisplatin, doxorubicin, docetaxel, etc.) in metastatic breast cancer cells
(Hamilton et al., 2015; Han et al., 2017; Li et al., 2015; Liang et al., 2017;
Morshed et al., 2016). These active tumor-targeted nano-drugs demon-
strated elevated suppression on tumor metastasis in mice bearing 4T1 and
MDA-MB-231 tumors in comparison with the counterparts without tar-
geting ligands. Although dual-targeted nano-drugs often provide better
tumor selectivity and more efficient target cell uptake (Nan et al., 2017;
Qiao et al., 2018; Zhao et al., 2017; Zhu et al., 2018), few of them have
been employed to treat tumor metastasis. In addition, chemotherapeutic
agents that used for cancer treatment often cause notorious side effects to
healthy tissue and organs, and thus largely reduce their therapeutic win-
dows and efficacy. Conversely, protein drugs possess potent anticancer
effect, high specificity, and low toxicity, and have recently received
growing interests for treatment of various cancers (Dutta et al., 2017; Qiu
et al., 2018; Walsh, 2014; Wang et al., 2014). We previously showed that a
therapeutic protein (granzyme B) could be efficiently deliver by EGFR and
CD44 dual-targeting hyaluronic acid nanogels (EGFR/CD44-NGs), and
resulted in nearly complete growth suppression of primary SKOV-3 and
MDA-MB-231 tumors in mice, without causing obvious side effects (Chen
et al., 2017b).
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Here, we report on inhibiting metastatic breast cancer in mice using
saporin (Sap)-loaded EGFR/CD44-NGs (Fig. 1). Saporin can irreversibly
block protein synthesis in eukaryotic cells and has been advanced into
clinical trials to treat different cancers including leukemia that are re-
fractory to traditional chemotherapy (Chang et al., 2017; Kreitman

et al., 2001). Nanogels possess watery atmosphere that provides high
loading and excellent compatibility with proteins, are thus extremely
appealing for protein delivery (Jiang et al., 2014; Li et al., 2017;
Vermonden et al., 2012; Zhang et al., 2015). Hyaluronic acid (HA) and
GE11 peptide (YHWYGYTPQNVI) are known to target CD44 and EGFR
receptors of cancer cells, respectively (Chen et al., 2017a; Hosseinzadeh
et al., 2017; Liang et al., 2016; Lim et al., 2018; Rao et al., 2016; Wang
et al., 2015). Many metastatic cancer cells like 4T1 and MDA-MB-231
cells have been reported to overexpress CD44 and EGFR receptors (Liu
et al., 2012; Morishige et al., 2008; Ravar et al., 2016; Yae et al., 2012;

Fig. 1. Schematic illustration of inhibiting breast tumor metastasis to lung in
vivo via tumor-targeted delivery of saporin using EGFR and CD44 dual-tar-
geting hyaluronic acid nanogels (EGFR/CD44-NGs).

Fig. 2. Preparation of Saporin-loaded CD44 and EGFR dual-targeted hyaluronic
acid nanogels (EGFR/CD44-NGs) by combing inverse nanoprecipitation and
catalyst-free photoclick reaction.

Fig. 3. Characterization of Sap-EGFR/CD44-NGs. (A) Size distribution mea-
sured by DLS and TEM. (B) Colloidal stability at a nanogel concentration of
1 mg/mL against 10% FBS. (C) Size changes with time in PB containing 10 mM
GSH.
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Yang et al., 2009, 2013). The cystamine moieties affords nanogels with
reduction-sensitivity, facilitating the swift release of encapsulated Sap
in cancer cells. We hypothesized that EGFR/CD44-NGs following the
encapsulation of therapeutic proteins could effectively inhibit the me-
tastasis of breast cancers in vivo.

2. Experimental section

2.1. Preparation of saporin-loaded dual-targeting hyaluronic acid nanogels
(Sap-EGFR/CD44-NGs)

Sap-EGFR/CD44-NGs were developed by forming nanodroplets via
inverse nanoprecipitation technique, followed by covalent crosslinking
using catalyst-free “tetrazole-alkene” click chemistry. Briefly, HA grafted
with tetrazole (HA-g-Tet), cystamine-methacrylmide (HA-g-Cys-MA),
tetrazole plus GE11 (HA-g-GE11/Tet), and saporin (theoretical loading
content: 2 wt%) were completely dissolved in PB (pH 7.4, 10 mM) to
obtain an aqueous solution (polymer concentration = 1.25 mg/mL). The
molar ratios of Tet/MA and GE11/HA were fixed at 1/1 and 0.96/1,
respectively. Then, the above aqueous solution (1 mL) following injection
to acetone (100 mL) was irradiated with UV (320–390 nm, 50 mW/cm2)
for 3 min. After the removal of the acetone solvent by rotatory eva-
porator, the protein-loaded nanogels (Sap-EGFR/CD44-NGs) were col-
lected by exhaustive dialysis (MWCO 3500) against D.I. water and freeze-
drying. Mono-targeting Sap-CD44-NGs was prepared in a similar way
from HA-g-Tet and HA-g-Cys-MA. Similarly, blank nanogels including
CD44-NGs and EGFR/CD44-NGs were fabricated without mixing Sap
protein into the aqueous solution of HA derivatives.

2.2. Cell scratch wound healing assays

4T1-luc cells (5 × 105 cells/well) were cultured in six-well plates for
around 24 h to attain 90% confluence. After abandoning the medium,
horizontal mechanical scratch wound was generated using a 10-μL
pipet tip. The cells following washing with PBS were incubated with
Sap-EGFR/CD44-NGs, Sap-CD44-NGs, blank NGs and PBS. The re-
covery of cell wound regions was captured at 36 h using an inverted
microscope (4× magnification, Olympus). The distance of wound clo-
sure was used to evaluate the inhibitory capacity of protein-loaded
nanogels on cell movement.

2.3. Transwell migration assay

Cell migration behaviors were investigated using transwell cham-
bers (8 μm pore, 6.5 mm diameter). Briefly, 0.75 mL of RPMI 1640
containing 10% FBS and 0.5 mL of 4T1-luc cells (1 × 105 cells/well) in
serum-free RPMI 1640 were added into the lower and upper chambers,
respectively. Then, the cells in the upper chamber were treated with
Sap-EGFR/CD44-NGs or Sap-CD44-NGs (Sap concentration: 300 nM)
for 4 h. After removing the culture medium, the cells were further in-
cubated in fresh medium for 44 h. The cells migrated into lower
chamber were stained with crystal violet (0.5 wt%) solution in PB. The
intensity of violet in cells was measured at 570 nm by microplate reader
following dissolving in 50% acetic acid. Blank EGFR/CD44-NGs and
PBS were used as negative controls.

2.4. Blood analysis

The mice were handled under protocols approved by the Animal
Care and Use Committee of Soochow University. For routine blood test,
healthy BALB/c mice (n = 3) were intravenously injected with 0.15 mL
of Sap-loaded NGs solution (200 µg Sap equiv./kg) through the tail
vein. The blood harvested from the orbital sinus following 24 h ad-
ministration was used to analyze red blood cell (RBC), white blood cell
(WBC), platelet (PLT), hemoglobin (HGB), hematocrit (HCT), mean
corpuscular volume (MCV), mean corpuscular hemoglobin

Fig. 4. (A) Flow cytometry assay of 4T1-luc cells treated with CD44-NGs and
EGFR/CD44-NGs for 4 h (nanogel concentration: 200 μg/mL). (B) Flow cyto-
metry assay of 4T1-luc cells pre-treated with free HA, GE11 or HA + GE11 for
4 h prior to incubation with EGFR/CD44-NGs. (C) Antitumor activity of Sap-
loaded nanogels in 4T1-luc cells. The cells were incubated with Sap-loaded NGs
for 4 h, followed by a 92 h culture in fresh medium.
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concentration (MCHC), and mean corpuscular hemoglobin (MCH). PBS
and blank NGs were used as control groups.

2.5. In vivo antitumor efficacy

4T1-luc metastatic cancer model was established by tail vein in-
jection of luciferase-engineered 4T1 cells (1 × 105 cells in 200 μL PBS)
into 6-week old BALB/c mice on day 0. Then, tumor-bearing mice were
treated with Sap-EGFR/CD44-NGs (3.33 and 13.3 nmol Sap equiv./kg)
and Sap-CD44-NGs (3.33 nmol Sap equiv./kg) in 150 μL of PBS via tail
vein on day 5, 9, and 13. The body weight of mice was assessed on day
0, 3, 6, 9, and 13. Lung metastasis was monitored via bioluminescence
imaging of BALB/c mice using In Vivo Xtreme imaging instrument
(Bruker) on day 5, 9, and 13. D-luciferin potassium salt (150 mg/kg)
was intraperitoneally injected 5 min before imaging. Bioluminescence
imaging data were processed using the Bruker imaging software. After
the last imaging on day 13, all mice were sacrificed under anesthesia.
The lung and heart of each animal were resected as a whole, weighed,
and injected with 10% formalin into trachea until the lungs inflated.
Tumor nodules on lungs (n = 6 per group) were counted under a dis-
secting microscope. The lung, heart, kidney and liver tissues were
embedded in paraffin, sectioned with a thickness of 4 μm, stained with
hematoxylin and eosin (H&E), and examined using a digital microscope
(Leica Q Win).

3. Results and discussion

3.1. Preparation of Sap-EGFR/CD44-NGs

Sap-EGFR/CD44-NGs were easily prepared from HA-g-(Cys-MA),
HA-g-tetrazole, and HA-g-GE11/tetrazole by combining nanopreci-
pitation and photo-click-crosslinking (Fig. 2), as previously reported
for granzyme B-loaded NGs (Chen et al., 2017b). Sap is much less
expensive than granzyme B and currently tested for treating re-
fractory leukemia patients (Chang et al., 2017; Kreitman et al.,
2001). The loading levels were assessed by microBCA assays, and the
results exhibited that almost quantitative loading of Sap (> 99%)
was achieved by EGFR/CD44-NGs at a theoretical loading content of
2 wt%. Of note, Sap-EGFR/CD44-NGs exhibited a hydrodynamic
diameter of ca. 162 nm, a low polydispersity (PDI) of 0.13 (Fig. 3A),
and a negative surface charge of around −15 mV. Sap-EGFR/CD44-
NGs in a TEM photograph exposed a spherical structure and an
average size of around 100 nm (Fig. 3A), which was smaller than that
determined by DLS, owing to dehydration. Remarkably, Sap-EGFR/
CD44-NGs demonstrated little changes of size and size distribution
against 10% fetal calf serum (FBS) for 24 h at 37 °C (Fig. 3B), sig-
nifying their decent stability. Fast and obvious swelling was, how-
ever, displayed for Sap-EGFR/CD44-NGs within 8 h under 10 mM
GSH (Fig. 3C), suggesting that Sap-EGFR/CD44-NGs possess high
reduction-sensitivity.

Fig. 5. Cell migration assays. (A) Microscopy photographs of 4T1-luc cells wound scratch treated with (a) Sap-EGFR/CD44-NGs, (b) Sap-CD44-NGs, (c) blank NGs,
and (d) PBS. Scale bars = 1 mm. (B) Statistics of scratch distance (n = 3). (C) Transwell migration assay of 4T1-luc tumor cells treated with different formulations.
Scale bars = 200 μm. (D) The migrated cells were quantified by microplate reader (n = 3). The intensity of violet staining was measured as absorbance at 570 nm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Cellular uptake and cytotoxicity of Sap-EGFR/CD44-NGs

“Tetrazole–alkene” photo-click hydrogels and nanogels are in-
trinsically fluorescent (Chen et al., 2016; Fan et al., 2013; Ramil and
Lin, 2014). Taking advantage of the intrinsic fluorescence, we studied
their cellular uptake using flow cytometry without adding any fluor-
escent dye. Flow cytometry revealed that EGFR and CD44 over-
expressing 4T1 cancer cells following the treatment with dual-targeting
EGFR/CD44-NGs exhibited over 6-fold higher nanogel fluorescence
intensity than those treated with mono-targeting CD44-NGs (Fig. 4A),
corroborating that cellular uptake of CD44-NGs is promoted by in-
troducing GE11 as a second targeting ligand. The dual targeting effect
of EGFR/CD44-NGs was further confirmed by inhibition experiments.
Pretreating 4T1 metastatic breast cancer cells with HA, GE11, or
HA + GE11 resulted in remarkably decreased cellular uptake, in which
HA + GE11 group presented significantly lower nanogel fluorescence
than both HA and GE11 groups (Fig. 4B).

The antitumor activity of Sap-loaded NGs was evaluated by MTT
assays in 4T1-luc cells. The results showed that Sap-EGFR/CD44-NGs
were highly potent toward 4T1-luc cells with a low IC50 of 5.36 nM, 1.7-
fold lower than mono-targeting Sap-CD44-NGs (Fig. 4C). The largely

enhanced cytotoxicity of Sap-EGFR/CD44-NGs against 4T1-luc tumor
cells signifies the synergistic targeting effect of GE11 and HA. As ex-
pected, free saporin revealed minimal toxicity to 4T1-luc cancer cells
even at a high protein dose of 300 nM, due to poor protein inter-
nalization and intracellular trafficking (Akishiba et al., 2017; Chang
et al., 2017; Raghupathi et al., 2017). Similar to previous report for
SKOV-3 cells (Chen et al., 2017b), blank nanogels including CD44-NGs
and EGFR/CD44-NGs induced little toxicity towards 4T1-luc cells at
concentrations 0.5–1 mg/mL (Fig. S1).

3.3. Inhibition of cell migration in vitro

Cancer metastasis is a very complex dynamic biological process
consisting of cell adhesion, invasion and migration (Jiang et al., 2017).
Cell wound healing technique is a straightforward method for evalu-
ating cell migration and repairing ability (Gao et al., 2017). As shown in
Fig. 5A, the cell wound was completely healed following culture with
PBS or blank nanogels for 36 h, supporting that 4T1 has excellent mi-
gration ability. However, cell wound treated with Sap-loaded nanogels
exhibited much slower wound recovery, in which Sap-EGFR/CD44-NGs
led to negligible wound healing in 36 h (Fig. 5B). We further evaluated

Fig. 6. In vivo inhibition of 4T1-luc breast cancer metastasis by Sap-EGFR/CD44-NGs. (A) Bioluminescence imaging of 4T1-luc tumor metastasis in lung. The bottom
row was ex vivo imaging of lung blocks harvested on day 13. (B) Quantified average luminescence levels of mice treated with different formulations on day 5, 9 and
13 (n = 6). (C) Average tumor nodules on the lung tissue of mice treated with different formulations (n = 6). (D) Total weight of lung and heart of mice following
different treatments (n = 6).
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Fig. 7. (A) Relative body weight change of metastatic 4T1-luc breast tumor-bearing mice treated with different formulations in 13 days. (B) Blood analysis of healthy
Balb/c mice treated with Sap-EGFR/CD44-NGs and Sap-CD44-NGs at a dose of 13.3 nmol Sap equiv./kg at 24 h post-injection (n = 3). (C) H&E staining of lung,
heart, kidney and liver of metastatic 4T1 lung tumor-bearing nude mice treated with different formulations for 13 days. Arrow indicates tumor cells.
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the effect of Sap-loaded NGs on inhibiting invasive ability of 4T1 tumor
cells using transwell assay. The results displayed that in contrast to PBS
and blank NGs controls, Sap-EGFR/CD44-NGs greatly inhibited cell
migration from the upper chamber of transwell to the lower side
(Fig. 5C), which was significantly more effective than the mono-tar-
geting Sap-CD44-NGs (Fig. 5D). Thus, Sap-EGFR/CD44-NGs can effec-
tively inhibit 4T1 tumor cell migration.

3.4. In vivo therapeutic efficacy

The therapeutic efficacy of Sap-EGFR/CD44-NGs was examined
using metastatic 4T1-luc breast tumor-bearing mice. Lung metastasis is
the most frequently observed for 4T1 breast cancer (Su et al., 2016).
Our results demonstrated that tumor metastasis in the lung was sig-
nificantly suppressed by Sap-EGFR/CD44-NGs at a small dose of
3.33 nmol Sap equiv./kg (Fig. 6A), which was more effective than
mono-targeting Sap-CD44-NGs (Fig. 6B). Increasing dosage of Sap-
EGFR/CD44-NGs to 13.3 nmol Sap equiv./kg led to further reduced
tumor photon flux in the lung. In contrast, mice treated with free sa-
porin exhibited similar tumor metastasis to PBS and blank NGs groups,
pointing out that carriers play a decisive role for application of saporin
in vivo. The ex vivo bioluminescence imaging of lung harvested on day
13 further verified that Sap-EGFR/CD44-NGs offered the best inhibition
of tumor metastasis (Fig. 6A). The counting of metastatic nodules in the
lung showed that Sap-EGFR/CD44-NGs at a dosage of 3.33 nmol Sap
equiv./kg caused significantly less metastasis than Sap-CD44-NGs
(Fig. 6C). Further reduction of metastasis was induced by Sap-EGFR/
CD44-NGs at 13.3 nmol Sap equiv./kg. On the contrary, free saporin,
blank nanogels, and PBS groups displayed a high mean tumor nodule
number of ca. 110. Fig. 6D shows that in contrast to free saporin, blank
nanogels, and PBS groups that exhibited significantly increased total
weight of lung and heart due to widespread metastasis and invasion
(Wang et al., 2017), mice following the treatment with Sap-EGFR/
CD44-NGs exhibited a lung and heart total weight of ca. 0.4–0.6 g, close
to that of healthy mice.

Tumor metastasis and invasion in lung will cause weight loss in
mice as a result of lung malfunction (Li et al., 2015; Wang et al., 2017).
Fig. 7A shows that mice treated with free Sap displayed similar body
weight loss (over 10%) to negative control groups (PBS and blank NGs)
during the whole treatment period. In comparison, Sap-EGFR/CD44-
NGs and Sap-CD44-NGs groups showed obviously less body weight loss.
Notably, mice following the treatment with Sap-EGFR/CD44-NGs at
13.3 nmol Sap equiv./kg showed basically no body weight loss, in-
dicating that they can effectively inhibit tumor metastasis without in-
ducing systemic side effects. Blood analysis showed that mice treated
with Sap-loaded NGs for 24 h had similar levels of red blood cells, white
blood cells, hemoglobin, platelets, and hematocrit to PBS group
(Fig. 7B), indicating that Sap-EGFR/CD44-NGs has excellent hemo-
compatability. The histological analysis demonstrated that unlike con-
trol groups (PBS and blank NGs) displaying significant damage of lung
alveolar structure due to metastasis, lung tissue in mice treated with
Sap-EGFR/CD44-NGs at 13.3 nmol Sap equiv./kg maintained defined
alveolar structure (Fig. 7C). It should further be noted that serious
metastasis was also detected in the liver for PBS and free Sap groups
(Figs. 7C and S2), while little liver metastasis was detected in Sap-
EGFR/CD44-NGs groups. Moreover, Sap-EGFR/CD44-NGs caused no
damage of kidney and heart. These results point out that EGFR/CD44
dual-targeted NGs are an interesting platform to achieve efficient pro-
tein therapy for metastatic breast cancers.

4. Conclusions

We have demonstrated that CD44 and EGFR dual-targeted nanogels
(EGFR/CD44-NGs) afford enhanced targetability and protein therapy
for metastatic breast cancer in vivo. Notably, EGFR/CD44-NGs display
more than 6-fold higher cellular uptake than CD44 mono-targeting

nanogels (CD44-NGs) in CD44 and EGFR-positive metastatic 4T1 breast
cancer cells. Saporin-loaded EGFR/CD44-NGs show obviously better
antitumor effect and inhibition of cell migration as compared with sa-
porin-loaded CD44-NGs. The therapeutic studies in metastatic 4T1-luc
breast tumor-bearing mice have proved the concept that saporin-loaded
EGFR/CD44-NGs can remarkably inhibit tumor metastasis to lung and
liver tissues. EGFR and CD44 dual-targeted nanogels with superior
specificity and enhanced protein delivery have appeared to be an in-
teresting approach for treating metastatic breast cancers.
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