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approach to develop new cancer thera-
pies. However, controlling or reversing the 
tumor ECM and its stiffness in an activat-
able manner to enhance tumor responses 
to the therapy remains challenging and 
requires better understanding of cell–
matrix interactions, particularly, how 
cancer cells initiate or signal the tumori-
genic changes in ECM and eventually the 
protective TME.

While most existing studies focus on 
the mechanisms involving biological and 
mechanical changes in ECM that signal 
cancer cells to respond,[14,15] little is known 
on how cancer cells cause changes in 
ECM properties. In contrast to studies that 
investigated the effects of ECM on cellular 
behaviors in vitro using various model 
systems,[6,10,16,17] replicating the biological 
and mechanical changes of ECM in vivo 

is much more difficult due to limited information about which 
cell signaling molecules are associated with the initiation of 
changes in ECM composition and stiffness. A further challenge 
is the dynamic and transient nature of changes in ECM proper-
ties in response to cell signals, which cannot be recapitulated in 
vitro using models.

Here, we propose and demonstrate a strategy of using 
multireceptor mediated active modulation of tumor extracel-
lular matrix (mRMM–ECM) to block cancer cell signaling to 
softened tumor ECM and disrupted TME. These antitumoral 
changes in ECM composition and stiffness can be achieved by 
simultaneously blocking two key receptors–epidermal growth 
factor receptor (EGFR) and integrin, which are overexpressed 
in cancer cells.

Integrins, cell surface adhesion receptors known to be over-
expressed in most cancer cells,[18] play key roles in cancer cells 
migration and invasion and tumor stiffness.[19,20] Moreover, 
the overexpression of integrins facilitates interactions between 
tumor cells and collagens in ECM,[21] leading to the activation 
of the fibroblast in ECM, which further stimulates the collagen 
generation.[22] This dense collagen network and the activated 
fibroblasts production make the tumor more fibrotic and stiff.[9]

Integrins also connect ECMs with cell cytoskeleton by 
linking their extracellular domains with ECM and intracellular 
domains with actin cytoskeleton to regulate cell tension.[23] 
On the other hand, overexpression of EGFR, one of the hall-
mark events in cancers,[24] upregulates the integrin tension 
coupled with reorganization of focal adhesions.[25] The inter-
play of EGFR and integrin and its subsequent alterations in 
ECM promote tumors to develop a stiff TME that hinders the 

The extracellular matrix (ECM) is involved in fundamental cellular processes 
and pathological progression of many diseases. While most research and 
current knowledge focuses on the processes of biological and mechanical 
changes in ECM signaling residing cancer cells to respond, little is known 
of the converse–of how cancer cells initiate the changes of ECM properties. 
Here, it is reported that blocking the cancer cell signaling leads to disruption 
of tumor ECM. Using recombinant proteins (RPs) and recombinant protein-
drug conjugates (RPDCs) that simultaneously target both epidermal growth 
factor receptor and integrin, it is demonstrated that multireceptor-mediated 
active modulation of tumor ECM can inhibit and even reverse tumor remode
ling of the physiological and structural microenvironment. These results not 
only provide insights into the regulatory roles of cancer cells in developing a 
protumoral microenvironment, but also introduce a new therapeutic platform 
or strategy to treat cancers.

1. Introduction

Extracellular matrix (ECM) plays key roles in fundamental cel-
lular processes and pathological progression of many diseases, 
including cancer, fibrosis, and cardiovascular disease.[1–3] For 
example, ECM is a main component of the tumor microen-
vironment (TME) in cancer development and progression.[4] 
The stiffness of ECM strongly affects both physiological and 
mechanical properties of the tumor tissue, therefore profoundly 
influencing tumor invasion, metastasis, drug resistance, and 
angiogenesis.[5–7] A stiff ECM promotes cancer cell growth and 
metastasis, while also perpetuating resistance to therapies.[8–12] 
In contrast, a soft ECM suppresses angiogenesis and DNA 
repair, and increases tumor sensitivity to chemotherapy and 
radiotherapy.[13] Thus, targeting ECM to disrupt TME is a logical  
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delivery of exogeneous therapeutic agents, such as small drugs, 
antibodies, and immune cells, to the tumor.[26,27] Thus, simul-
taneously inhibiting EGFR and integrin expression in ECM-
residing cancer cells could generate a synergistic disruption 
of the cancer cell signaling that stiffens ECM. To do this, we 
used EGFR and integrin dual-targeted recombinant proteins 
(RP-ER) and recombinant protein-drug conjugates (RPDC-ER) 
and demonstrated that the RPDCs can stop, or even reverse, 
tumor remodeling of the physiological and structural microen-
vironment. Consequently, the RPDCs capable of mRMM–ECM 
can improve the delivery and intratumor distribution of poten-
tial therapeutics in a softened tumor mass, leading to a signifi-
cantly improved antitumor efficacy.

2. Results

2.1. Design of RP-ER and RPDC-ER

Using a combination of EGFR-specific inhibitors and tumor 
integrin inhibitors is a common approach in improving the 
specificity and efficacy of cancer treatment.[28–30] However, the 
conventional coadministration of both inhibitors lacks precise  

control of their stoichiometry and distribution to achieve the 
desired synergistic effect. To achieve highly localized, stoi-
chiometric, and simultaneous inhibitions of both targets, we 
designed a dual-targeting RPDC consisting of four key func-
tional components: the EGFR-specific anti-EGFR nanobody,[31] 
integrin αvβ3-bound cyclic peptide,[32] C-RGD-KGPDC (RGD), 
the elastin-like polypeptide with multifunctional groups,[33] 
and an acid-labile hydrazone moiety to link the selected drug 
molecules. In contrast with a conventional antibody, the nano-
body used in this study has several advantages including small 
size, great penetration ability, and easily constructable bispe-
cific RPs.[34,35] Four types of recombinant proteins (RPs)–prime 
elastin-like polypeptide (RP), RGD-chimeric RP (RP-R), anti-
EGFR nanobody-chimeric RP (RP-E), chimeric RP with both 
RGD, and anti-EGFR nanobody (RP-ER)–were expressed from 
Escherichia coil (E. coil) (Figure 1A; and Figure S1A, Supporting 
Information). Only RP-ER consists of two targeting moieties, 
i.e., anti-EGFR nanobody and integrin ligand. RP without target 
ligand, integrin-targeted RP-R, and EGFR-targeted RP-E were 
used as control samples. The purities and molecular weights 
of the four RPs were first measured by sodium dodecyl sul-
fate polyacrylamide gel electrophoresi (Figure S1B, Supporting 
Information). Matrix-assisted laser desorption/ionization  

Adv. Mater. 2022, 34, 2109376

Figure 1.  RP-ER reduces the expression of specific biomarkers in HeLa cells. A) RP-ER consisting of a nanobody against EGFR and a RGD peptide that 
binds integrin was expressed from E. coil, followed by chemical conjugation with DOX through the pH-sensitive hydrazone bond and a polyethylene 
glycol oligomer spacer to form RPDC-ER. B) RP-ER downregulates the expressions of EGFR, integrin αvβ3, and FAK in HeLa cells. Intensities in western 
blots were normalized by ImageJ (n = 3). C) RP-ER reduces F-actin content in HeLa cells. The MFIs were normalized (n = 7–11). Data are presented in 
mean ± sd. P values were calculated using multiple t-tests. *P < 0.05, **P < 0.01, ****P < 0.0001.
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time-of-flight mass spectrometry was then used to determine 
the molecule weights of RP, RP-R, RP-E, and RP-ER, which 
were 21  kDa (Figure S1C, Supporting Information), 23  kDa 
(Figure S1D, Supporting Information), 38  kDa (Figure S1E, 
Supporting Information) and 40  kDa (Figure S1F, Supporting 
Information), respectively. The molecular structures of the four 
RPs were confirmed by circular dichroism spectra (Figure S1G, 
Supporting Information). A strong positive band at ≈198  nm 
and a strong negative band at ≈218  nm were observed, sug-
gesting that RP-ER is composed of both β-sheet secondary con-
formation from anti-EGFR nanobody and disordered structure 
from elastin-like polypeptide.[36,37]

An antitumor agent, doxorubicin (DOX), was covalently 
linked to RPs through the pH-sensitive hydrazone bond and a 
polyethylene glycol oligomer spacer to form the four different 
RPDCs, i.e., RPDC, RPDC-R, RPDC-E, and RPDC-ER, respec-
tively (Figure  1A). The UV–vis absorption spectra of RPDCs 
exhibited the same profiles as free DOX (Figure S2A, Sup-
porting Information). The zeta potentials of the RPDCs were 
reduced after drug conjugation due to the neutralization of 
the amine groups in the lysine residues of RPs (Figure S2B, 
Supporting Information), suggesting that DOX was success-
fully conjugated with the RPs and the designed RPDCs were 
obtained. The hydrodynamic radius of the four RPDCs were 
3.8, 3.9, 5.0, and 5.1 nm (Figure S2C, Supporting Information), 
respectively. Each RPDC carried an average of two DOX mole-
cules (Figure S2D, Supporting Information) with a pH-respon-
sive drug release behavior (Figure S2E, Supporting Informa-
tion) suitable for the controlled release of drugs in the weak 
acidic tumor tissues (Figure S2F, Supporting Information).[38,39] 
All RPDCs showed a concentration-dependent cytotoxicity in 
HeLa cells (Figure S2G, Supporting Information), with RPDC-
ER exhibiting the lowest IC50 value among the four RPDCs 
(Figure S2D, Supporting Information). Cytocompatibility of the 
four RPs was also evaluated using NIH3T3 cells (Figure S2H, 
Supporting Information). No cytotoxicity for normal NIH3T3 
cells was found for all the RPs even at the highest concentra-
tion (400 µg mL−1). Because RP-ER can target both EGFR and 
integrin, RP-ER exhibited a higher level of cellular internaliza-
tion than single-receptor targeting RPDCs in a receptor-medi-
ated pathway (Figure S3A,B, Supporting Information). The cell 
internalization-of RP-ER by EGFR-positive HeLa cells were 5.9, 
3.9, and 1.3 folds higher than RP, RP-R, and RP-E, respectively. 
When the cells were pretreated with EGFR-specific monoclonal 
antibody cetuximab, the cell uptake of RP-ER was significantly 
decreased (Figure S3B, Supporting Information).

2.2. RP-ER Reduces the Expressions of Specific Biomarkers and 
Enhance Cellular Uptake

To determine the effect of different RP on the expressions of 
EGFR, integrin, and focal adhesion kinase (FAK), western 
blotting analysis were performed in EGFR-positive HeLa cells 
using phosphate buffer saline (PBS) and cetuximab as controls 
(Figure  1B). Only the RP-ER with simultaneous dual-targeting 
of EGFR and integrin had significant effects on the intracel-
lular downregulations of both EGFR and αvβ3 compared to 
the agents that singularly target either EGFR or integrin. A 

40% reduction of both EGFR and αvβ3 levels in the cells was 
observed for RP-ER.

We also observed the decreased level of FAK, which senses 
mechanical and biological cues from the environment to the 
cells.[40] Stimulation of the cells with the epidermal growth 
factor (EGF) yielded similar results (Figure S3C, Supporting 
Information)—that is, only the EGFR and integrin dual-tar-
geting RP-ER was capable of significantly lowering the expres-
sion levels of EGFR, integrin, and FAK in cancer cells simul-
taneously with EGF stimulation. Simultaneous downregulation 
of the expressions of EGFR, αvβ3, and FAK by RP-ER was also 
found in different cancer cell lines, including breast cancer 
MCF-7 (Figure S4A, Supporting Information) and MDA-MB 231 
cells (Figure S4B, Supporting Information), lung cancer A549 
cells (Figure S4C, Supporting Information), and pancreatic 
cancer MIA PaCa-2 cells (Figure S4D, Supporting Information), 
suggesting that the inhibiting effect on cancer cell signaling 
by dual-targeting is not cell type specific. The downregulating 
effect of RP-ER on these biomarkers of the cancer cells was also 
evaluated at the mRNA level. Lower mRNA levels of EGFR, 
ITGAV, ITGB3, and PTK2 (codes for FAK) with RP-ER treat-
ment was also found in the tested cancer cells (Figure S4E–I,  
Supporting Information).

When evaluating the level of intracellular F-actin (a cytoskel-
etal protein that controls cell tension and various cell uptake and 
efflux processes[41]) using FITC-labeled phalloidine, we found 
that RP-ER decreased the F-actin content by 16% (Figure 1C). As 
a result of RP-ER treatment, the free rhodamine B (RB) uptake 
by HeLa cells was significantly enhanced. A 1.6-fold increase in 
cell internalization of RB was observed when the cells were coin-
cubated with RP-ER and free RB (Figure 2A,B). This was similar 
to increasing or decreasing the cellular uptake of RB by a 10 min 
pretreatment of 300 × 10−9 m cytochalasin D (CyD) or 50 × 10−6 m  
arachidonic acid (AA) (Figure 2C–E) to modulate microfilament 
contents of F-actin.[42,43] Pretreatment with CyD led to trunca-
tion of F-actin, resulting in higher RB uptake in HeLa cells. 
In contrast, AA treatment accelerated actin polymerization 
and reduced the cell internalization ability. Decreased F-actin 
content with RP-ER treatment was also found in MCF-7 cells 
(Figure S5A, Supporting Information), A549 cells (Figure S5B,  
Supporting Information), MDA-MB 231 cells (Figure S5C,  
Supporting Information), and MIA PaCa-2 cells (Figure S5D, 
Supporting Information), consistent with the downregulation of 
the selected biomarkers in these cancer cells. As measured by 
the mean fluorescence intensity (MFI) of cancer cells, the F-actin 
level was reduced 18%, 24%, 39%, and 29% in MCF-7 cells 
(Figure S5A, Supporting Information), A549 cells (Figure S5B,  
Supporting Information), MDA-MB 231 cells (Figure S5C,  
Supporting Information), and MIA PaCa-2 cells (Figure S5D, 
Supporting Information), respectively, after RP-ER treatment.

2.3. RP-ER Regulates the ECM Expression

To determine whether reduction of these biomarker expres-
sions also occurred at the tissue level, the mice bearing HeLa 
tumors were treated with RP-ER. Significant reductions of 
mRNA levels of EGFR, ITGAV, and ITGB3 were observed after 
treatment with RP-ER. In contrast, treatment with agents that 

Adv. Mater. 2022, 34, 2109376
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singularly targeted EGFR caused upregulation of the mRNA 
levels of ITGAV and ITGB3 genes in HeLa tumors (Figure 3A), 
consistent with the finding that the activation of the integrin 
pathway is the compensation mechanism of anti-EGFR resist-
ance.[20] Furthermore, the expression levels of EGFR and αvβ3 
in the tumor were lowered 49% and 67%, respectively, after 
RP-ER treatment, and displayed no significant differences when 
the mice were treated by RP, RP-R, and RP-E (Figure S6A,B,  
Supporting Information). Additionally, 60% reduction of F-actin 
and 90% reduction of collagen I synthesis were observed in 
the tumor that received RP-ER treatment compared to con-
trols (Figure  3B,C). Moreover, the level of α-smooth muscle 
actin (αSMA), a biomarker of activated fibroblast cells, was 
significantly decreased by 86%, coupled with a 18% reduction 
of the expression of transforming growth factor β 1 (TGFβ 
1) (Figure  3B,C). Compared to the treatment with RP-E and 
RP-R that singularly targeted either EGFR or integrin, RP-ER  

treatment reduced collagen I and activated fibroblast cells 
in tumors, suggesting a clear synergistic effect of the EGFR 
nanobody and RGD ligand on the RP-ER in downregulating 
EGFR, integrin, F-actin, collagen I, αSMA, and TGFβ 1. The 
reductions of the expressions of F-actin, collagen I, and αSMA 
in tumor tissues were also observed in other types of xenograft 
tumors including MCF-7 tumors, A549 tumors, and MDA-MB 
231 tumors (Figure S7, Supporting Information).

To further understand the mechanisms of RP-ER regulating 
the ECM in tumors, HeLa tumors treated with RP-ER were col-
lected for proteomics analysis. Gene ontology (GO) and KEGG 
pathway analyses of the down-regulated-protein-related genes 
in RP-ER treated tumors revealed that the enriched annota-
tion genes were associated with ECM and actin filament, sug-
gesting that RP-ER treatment disrupts the ECM in TME and 
F-actin in cancer cells (Figure 3D). Histological staining of the  
harvested tumor tissues confirmed that the levels of collagen 

Adv. Mater. 2022, 34, 2109376

Figure 2.  RP-ER enhances the cellular uptake of free RB in HeLa cells. A,B) The cellular uptake of free RB in HeLa cells in the presence of various RPs 
A) and their normalized MFI in cells (B) (n = 10). C–E) The free RB internalization by HeLa cells was improved with regulation of the F-actin content. 
HeLa cells with pretreatment of CyD or AA for 10 min were further incubated with same amount of free RB for another 4 h. The F-actin contents were 
visualized with FITC-labeled phalloidine C). The filaments of actin were truncated or generated by CyD or AA D). The cellular internalization of free RB 
E) was improved and reduced by CyD and AA, respectively (n = 18). Data are presented in mean ± sd. P values were calculated using multiple t-tests. 
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3.  RP-ER regulates the ECM expression in the TME. A) The relative mRNA levels of EGFR, ITGAV, and ITGB3 in HeLa tumors after treatment with 
various RPs (n = 5–6). Data are presented in mean ± sd. P values were calculated using multiple t-tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
B,C) The expressions of F-actin, TGFβ1, αSMA, and collagen I in TME were measured by immunofluorescence B) and semiquantitatively analyzed based on 
the normalized MFI C) (n = 5–9). Data are presented in mean ± sd. P values were calculated using multiple t-tests. *P < 0.05, ***P < 0.001, ****P < 0.0001. 
D) Enriched annotation genes of the downregulated genes for RP-ER versus control based on GO and KEGG pathway analysis of mass spectrometry data.

 15214095, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202109376 by N
anjing U

niversity, W
iley O

nline L
ibrary on [18/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



© 2022 Wiley-VCH GmbH2109376  (6 of 13)

www.advmat.dewww.advancedsciencenews.com

were reduced after treatment with the dual-targeting RP-ER 
(Figure S6C,D, Supporting Information).

2.4. RP-ER Regulates Physical Properties of Tumors

Next, we examined the effect of different RPs on the interstitial 
fluid pressures (IFPs) and solid stresses of tumors, two charac-
teristic mechanical properties of TME.[44] In the HeLa tumors of 
the mice that received RP-ER treatment, IFP, and solid stress 
were found significantly decreased by 38% and 34%, respec-
tively (Figure 4A,B). In sharp contrast, no changes in IFP and 
solid stress were observed in the tumors treated with RP and 
the single-targeting RP-E and RP-R. Notably, cetuximab used 
in the current cancer therapy can also lower the tumor IFP 
but has no significant effect on the tumor solid stress. More 
importantly, RP-ER treatment led to 53% reduction of the 
tumor stiffness measured by Young's modulus, while only 40% 
and 13% reductions of Young's modulus were observed in the 
tumors treated with RP-E and RP-R, respectively (Figure  4C). 
Similar changes in the physical properties of IFP, solid stress 
and Young's modulus were also found in MCF-7 (Figure S8A,  
Supporting Information), A549 (Figure S8B, Supporting 
Information), MDA-MB 231 (Figure S8C, Supporting Infor-
mation), and MIA PaCa-2 (Figure S8D, Supporting Informa-
tion) tumors after RP-ER treatment. Worth noting, the IFPs 
of MCF-7, A549, MDA-MB 231, and MIA PaCa-2 tumors were 
significantly reduced by 30%, 64%, 23%, and 41%, respectively 
(Figure S8, Supporting Information). In addition, solid stresses 
were decreased by 15%, 14%, 42%, and 26% for MCF-7, A549, 
MDA-MB 231, and MIA PaCa-2 tumors, respectively (Figure S8,  
Supporting Information). The RP-ER treatment reduced the 
Young's modulus of MCF-7, A549, MDA-MB 231, and MIA 
PaCa-2 tumors by 39%, 49%, 66%, and 63%, suggesting that 
RP-ER reduces the tumor stiffness (Figure S8, Supporting 
Information). Compared to RP-ER, RPDC-ER showed a similar 
effect on the reduction of the IFP and solid stress in MCF-7 
tumors, suggesting that drug conjugation did not influence 
the tumor physical properties regulation capacity of RP-ER  
(Figure S8A, Supporting Information).

Taken together, these results indicate that the dual-targeting 
RP-ER simultaneously inhibited the expressions of both EGFR 
and αvβ3, leading to a synergistic disruption of tumor ECM by 

altering FAK and F-actin signaling and reducing the contents 
of collagen I and activated fibroblast cells. Consequently, RP-ER 
remodels the physiological and physical properties of TME by 
relaxing the cytoskeleton tension of tumor cells and softening 
tumor ECM, as evidenced by the observed reduction of IFP, 
solid stress and Young's modulus of tumors.

2.5. RPDC-ER Enhances Transcellular Delivery and Intratumor 
Distribution of the Therapeutic Agents

In addition to disrupting the TME, dual-targeting RPDC 
can carry a therapeutic agent DOX, i.e., RPDC-ER, achieving 
increased intracellular and extracellular delivery compared to 
those integrin-targeting RPDC-R and EGFR-targeting RPDC-E 
or RPDC without any targeting moiety (Figure 5). RPDCs were 
detected and localized by the fluorescence of DOX and quan-
titatively analyzed by the MFIs. To evaluate the transcellular 
delivery capacity of RPDC-ER, we designed a sequential incu-
bation experiment (Figure 5A). In the first round, cancer cells 
cultured on coverslip were incubated with different RPDCs. 
For the second round, the RPDCs treated cancer cells were 
transferred into a new chamber and incubated with cancer 
cells cultured on another coverslip. Then, the second coverslip 
was taken out, transferred into other chambers, and incubated 
with a third coverslip. After three rounds of coincubation with 
fresh medium and cancer cells, only the cells coincubated with 
RPDC-ER-treated cells still showed a strong fluorescent signal, 
suggesting dual-targeting RPDC-ER had the strongest trans-
cellular transportation ability compared to the other RPDCs 
(Figure 5B,C).

To further evaluate the transcellular transportation efficacy, 
the DOX contents in each round were quantified by a fluores-
cence spectrophotometer. About 77.5% RPDC-ER in the cells 
in the first coverslip in round 1 was transported into round 2 
including 48.3% transported into the cells and 29.2% trans-
ported into the medium in round 2 (Figure  5D). Only 22.5% 
RPDC-ER was left in the cells in the first coverslip, indicating 
the high transcellular transportation ability of RPDC-ER. In 
addition, 74.6% RPDC-ER in the cells in round 2 was trans-
ported into round 3, among which 28% RPDC-ER had been 
delivered into the cells in round 3 (Figure  5D). Further, an 
endocytosis pathways analysis indicated that all the RPDCs 
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Figure 4.  RP-ER changes the physical properties of HeLa tumors. A–C) The IFP A), solid stress B), and Young's modulus C) of HeLa tumors after 
treatment with various RPs (n = 3–6 tumors). Data are presented in mean ± sd. P values were calculated using multiple t-tests. *P < 0.05, **P < 0.01.
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Figure 5.  RPDC-ER enhances transcellular delivery and intratumor distribution of the therapeutic agents in 3D multicellular spheroids (MCs). A) The 
schematic diagram of experiments measuring transcellular transportation of different RPDCs in HeLa cells. B,C) The transcellular transportation of 
various RPDCs in HeLa cells shown in CLSM images B) and their MFIs analysis C) (n = 10). D) The transcellular transportation efficacy of RPDC-ER 
in HeLa cells evaluated by measuring the DOX contents in each round through a fluorescence spectrometer at an excitation/emission wavelength of 
480 and 590 nm (n = 4). E) The CLSM images of HeLa MCs incubated with free DOX, RPDC, RPDC-R, RPDC-E, RPDC-ER, or RP-ER+free DOX after  
8 and 16 h at 37 °C. F,G) The radial distribution of RPDC-ER and free DOX based on fluorescence intensity in HeLa MCs for 8 h F) and 16 h G) (n = 3–7). 
H) Schematically showing the regions for calculating RI, MI, and DI. The maximum focal plane of MCs in CLSM images was segmented into number 
of concentric circles with 50 µm radius interval. The minimum radius of circle was 50 µm. I–N) The DIs I,L), RIs J,M), and MIs K,N) of different agent 
after 8 h I–K) (n = 3–8) and 16 h L–N) (n = 4–7) incubation with HeLa MCs. Data are presented in mean ± sd. P values were calculated using multiple 
t-tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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can enter HeLa cells through caveolae-mediated endocytosis, 
clathrin-mediated endocytosis, and micropinocytosis (Figure S9,  
Supporting Information).

Multicellular spheroid (MC) is a vessel-free tumor model in 
vitro that can be used to mimic the cell–cell and cell–extracel-
lular matrix interaction in the TME.[45] When using HeLa MCs 
(diameter of 500 µm) to investigate the migration and distribu-
tion of RPDCs after 8 and 16 h incubations, EGFR and integrin 
dual-targeting RPDC-ER was found to migrate over a distance 
of 250 µm from the periphery of MCs after 16 h, much farther 
than 50 and 150 µm observed in the single-targeting RPDC-R 
and RPDC-E, respectively (Figure  5E–G; and Figure S10,  
Supporting Information). A time-dependent increase in fluo-
rescence intensity and diffusion of RPDCs was observed in 
MCs. To quantitatively analyze the transport performance of 
RPDC-ER in MCs, we used three measurement parameters—
migration index (MI), retention index (RI), and distribution 
index (DI)—to describe the spatial distribution, spheroid reten-
tion and a composition of migration and retention within 
tumor spheroids (Figure 5H–N). At both 8 and 16 h, RPDC-ER 
had the highest RI and DI among all the RPDCs. Coincuba-
tion with RP-ER and free DOX did not change the MI of free 
DOX, but improved the RI and DI of free DOX, indicating that 
RP-ER coincubation enhanced the distribution of DOX through 
enhanced retention over migration. All RPDCs showed an 
equivalent MI at 8 h (Figure  5K), however, the MI of RPDC-
ER increased at 16 h, even though it was the largest molecular 
size (Figure  5N). Compared to free DOX, RPDC-ER exhibited 
the highest DI and RI as well as an equivalent MI, suggesting 
that the migration and retention of RPDCs were facilitated by 
the simultaneous blocking of EGFR and integrin by RPDC-ER 
(Figure  5H–N). No “binding site barrier” effect was observed 
for RPDC-ER.[46]

The real-time confocal laser scanning microscopy (CLSM) 
imaging of the HeLa xenograft tumors were collected from the 
tumor-bearing mice intravenously (i.v.) injected with different 
RPDCs. This revealed that the EGFR and integrin dual-tar-
geting RPDC-ER showed the highest intratumor distribution, 
followed by EGFR-targeted RPDC-E (Figure  6A,B). RPDC-ER 
could reach regions 100 µm away from the tumor blood vessels 
5 min after injection. Based on measurements of the fluores-
cence intensities of each RPDC within the blood vessels and 
tumor tissue 100  µm away from the vessel at different time 
points after injection, only RPDC-ER and RPDC-E exhibited 
continuous increase of extravascular fluorescence intensities in 
the tumor tissue over time with RPDC-ER exhibiting a more 
pronounced change (Figure 6C,D). The MFI inside vessels for 
RPDC-ER was higher than free DOX from 1 to 120  min after 
treatment (Figure  6E), indicating higher accumulation and 
retention of RPDC-ER. A 3-fold increase in extravascular MFI 
from RPDC-ER 120 min postinjection (Figure  6F) indicates 
that large RPDC-ER is more effectively diffused and retained 
in the tissues than small molecules after extravasating from 
the blood vessels, likely due to the disruption of ECM and 
softened tumor stiffness. In contrast, the integrin-targeting 
RPDC-R mostly accumulated in the vicinity of tumor vessels 
without diffusing farther away, likely due to the significant 
affinity of the integrin targeted RPDC-R to the integrin rich 
vasculature. When blocking EGFR targets with i.v. injection 

of cetuximab in advance, RPDC-ER was largely found to accu-
mulate in the regions close to the tumor blood vessels, similar 
to that observed in RPDC-R that only targets tumor integrin 
(Figure 6A–F).

To quantitatively analyze the transport performance of  
RPDC-ER in tumor, we also used MI, RI, and DI parameters 
mentioned in MCs model above to describe the spatial distri
bution, tissue retention, and a composition of migration and 
retention around the tumor blood vessels (Figure 6G–J). Different 
to MCs, we segmented the extravascular area into five of 200 × 
20 µm rectangular elements with the long side parallel to vessel 
and wide side located at different radial distances from the edge 
of the blood vessels (Figure 6G). The maximum distance away 
from the tumor blood vessel was 100 µm (5 × 20 µm). The RI 
values changed with time for various RPDCs. The RI of RPDC-
ER was at the same level as that of free DOX at 1 min postin-
jection, but this value became 2.6-fold over that of free DOX at 
20 min and reached about three folds at 140 min (Figure 6H). 
Meanwhile, RPDC-ER showed the highest MI among all the 
RPDCs and free DOX (Figure  6I), suggesting that RPDC-ER 
has the best migration ability after vascular extravasation. Even-
tually, RPDC-ER exhibited the highest DIs at each time point 
postinjection except 1 min (Figure 6J), at 140 min postinjection, 
the DI value was threefold high than that of free DOX. This 
result indicates that RPDC-ER had the largest distribution in 
the extravascular areas in tumors. RPDC, RPDC-R, and RPDC-
ER with EGFR blocking showed lower MIs and RIs than that 
of free DOX (Figure  6H,I). EGFR-targeted RPDC-E exhibited 
MIs at the same level as that of RPDC-ER but lower RIs than 
RPDC-ER, suggesting that RPDC-E has a similar migration 
ability to RPDC-ER but a less retention ability. RPDC, RPDC-R, 
and RPDC-ER with EGFR blocking displayed lower DIs than 
that of free DOX and only RPDC-ER and RPDC-E showed DIs 
larger than 1 (Figure 6J). Immunofluorescence staining of the 
sections from the whole tumors showed that RPDC-ER not 
only had the highest accumulation in the tumor but also the 
most homogeneous intratumor distribution compared to other 
RPDCs and free DOX (Figure 6K,L), also in agreement with the 
CLSM observation.

2.6. RPDC-ER Improves the Biodistribution of Therapeutic 
Agents and Antitumor Efficacy

The intratumor distributions of DOX in HeLa tumors delivered 
by RPDC, RPDC-E, RPDC-R, RPDC-ER at 1 h after i.v. injection 
of an equivalent dose of DOX at 5 mg kg−1 were 2.0, 4.0, 3.5, and 
14.5% ID g−1, respectively, in comparison to 1.35% ID g−1 for free 
DOX (Figure  7A; and Figure S11A, Supporting Information). 
Dual-targeting RPDC-ER showed the highest tumor accumulation 
with 11-fold over free DOX, sevenfold over RPDC, and fourfold 
over RPDC-R and RPDC-E, indicating the substantial improve-
ment in tumor-specific delivery by dual-targeted RPDC-ER. In 
addition, RPDCs also significantly reduced the drug accumula-
tion in normal tissues (Figure 7B; and Figure S11B–F, Supporting 
Information). At 1 h post-treatment, RPDC-ER reduced the drug 
contents in the heart, liver, lung about 3-fold, 1.8-fold, and 4.2-fold 
of free DOX, respectively (Figure  7B). Longitudinally, RPDC-ER 
reduced drug retention in the heart, liver, spleen, and lung from  
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1 to 24 h after drug injection (Figure S11B–E, Supporting Infor-
mation) and metabolized out of body through the kidneys similar 
to free DOX (Figure S11F, Supporting Information).

The pharmacokinetic behaviors of free DOX and RPDCs 
were evaluated in healthy ICR mice (Figure  7C; and  
Figure S11G—I, Supporting Information). For free DOX, the 

Figure 7.  RPDC-ER improves the biodistribution of the therapeutic agents and antitumor efficacy. A) The DOX accumulation in HeLa tumors for dif-
ferent agents (n = 3). B) DOX accumulation in normal organs in the mice bearing HeLa tumors at 1 h postinjection of different treatments (n = 3). 
C) The pharmacokinetics of RPDC-ER and free DOX (n = 3). D) The growth curves of HeLa tumors after treatment with free DOX (5 mg kg-1), RPDC 
(20 mg kg-1, DOX eq.), RPDC-E (20 mg kg-1, DOX eq.), RPDC-R (20 mg kg-1, DOX eq.), RPDC-ER (20 mg kg-1, DOX eq.) (n = 5). E) The body weights 
of mice bearing HeLa tumors treated with different agents (n = 5). F) Images of the tumors collected from mice with different treatments at day 21.  
G) Representative images of the tumor sections examined by H&E or Ki67 staining at day 21 postinjection of different treatments. Data are presented 
in mean ± sd. P values were calculated using multiple t-tests. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 6.  RPDC-ER enhances intratumor distribution of the therapeutic agents in xenograft tumors. A) Vascular extravasation and diffusion of RPDC-ER,  
RPDC-E, RPDC-R, cetuximab-pretreated RPDC-ER (Blocking), RPDC, and free DOX at different time points after i.v. injection into HeLa tumor-bearing 
mice. B) Distribution of RPDCs and free DOX away from the blood vessels at different time points and distances. A region marked with the rectangular 
frame in A) was selected for the analysis. C,D) The MFIs of three regions of interest inside tumor vessels C) and 100 µm away from vessels D) for 
RPDC, RPDC-E, RPDC-R, RPDC-ER, cetuximab-pretreated RPDC-ER (Blocking) and free DOX at 1 and 120 min postinjection (n = 3). E,F) The normal-
ized MFIs measured inside vessels and at 100 µm away from the tumor vessel for RPDC-ER and free DOX at 1 E) and 120 F) min postinjection (n = 3).  
G) Schematically showing the regions for calculating RI, MI, and DI. The extravascular area was segmented into five of 200 × 20 µm rectangle elements 
located at different radial distance from the edge of the blood vessels. The maximum distance was designed as 100 µm (5 × 20 µm). H–J) The calcu-
lated RIs H), MIs I), and DIs J) of different agents at different time points after i.v. injection into HeLa tumor-bearing mice. K) Intratumor distribution 
of RPDCs in the whole HeLa tumors after treatment for 16 h. L) The MFIs measured in the areas (200 × 200 µm2) outside vessels (100 µm away from 
vessels) (n = 3). Data are presented in mean ± s.d. P values were calculated using multiple t-tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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DOX concentration in blood decreased rapidly. However, the 
DOX concentration in blood could still be detected at 24 h 
postinjection for RPDC-ER. RPDC-ER prolonged the circulation 
time of free DOX from 0.5 to 22 h (noncompartmental model) 
(Figure  7C).[47] Given that the conjugates sufficiently lowered 
the drug accumulation in healthy organs, we first investigated 
the maximum tolerated dose (MTD) of RPDCs on healthy ICR 
mice before evaluating the anticancer effect. Compared to free 
DOX, the MTD of conjugates increased 4 fold (Figure S12A–E, 
Supporting Information). No statistically significant change in 
serum biochemical indexes and injury to major organs was 
observed at the MTD (Figure S12F,G, Supporting Information).

Overall, the improved tumor-targeted delivery and intra-
tumor distribution by the dually targeting EGFR and integrin 
αvβ3 with RPDC-ER led to the higher antitumor efficiency in 
treating HeLa tumors than the singular-targeting RPDCs of 
similar structure (i.e., RPDC-E and RPDC-R) (Figure  7D; and 
Figure S13, Supporting Information) with negligible side effects 
(Figure 7E). Tumors in the control group and free DOX group 
grew rapidly. Compared to the control group and free DOX 
group, the inhibition of tumors in RPDC group and RPDC-R 
group was limited. In contrast, RPDC-E showed a better anti-
tumor effect. Interestingly, dual-targeting RPDC-ER exhibited 
the best antitumor effect among the RPDCs and one tumor was 
even eradicated at Day 7 with only one injection. The average 
tumor volumes measured at 21 days after the treatment with 
RPDC-ER, RPDC-E, RPDC-R, RPDC, free DOX and PBS, were 
1.6, 2.8, 3.9, 6.6, 8.2, and 16 times, respectively, compared to 
those on day 1. The tumors treated with RPDC-ER were the 
smallest (Figure  7F) with the largest necrosis area and lowest 
proliferation (Figure  7G). These data suggest that RPDC-ER 
has significantly better efficacy in impeding tumor growth and 
reducing side effects, a result of softened tumor ECM and dis-
rupted TME based on mRMM–ECM strategy.

3. Discussion and Conclusion

ECM is a key regulator of tissue organization and homeostasis, 
playing important roles in the regulation of cell behaviors and 
cell transport in tissues.[2,48] The molecules of ECM interact 
with each other to create a dense meshwork that dynamically 
interacts with cell surface receptors on residing cells. Pre-
vious studies have revealed some mechanistic insights into the 
effects of ECM on cancer cell actions and functions in TME, 
providing potential strategies to target ECM in treating cancers. 
However, these investigations were mostly focused on how 
ECM stiffness regulates tumor cell proliferation, invasion, and 
metastatic dissemination as well as stem cell activation and dif-
ferentiation.[11,14,16] Different from these studies, we showed that 
tumor cells also can affect and modulate ECM, and eventually 
TME. By simultaneously blocking cell surface receptors on resi-
dent cancer cells, cell–matrix interactions could be disrupted. 
Our results suggest an intriguing mechanism that simultane-
ously inhibit tumor cell receptor EGFR and integrin αvβ3 and 
leads to a network change of cancer cell signaling molecules 
including FAK and F-actin, and subsequent reduction of tumor 
ECM components, such as collagen I, TGFβ1, and αSMA. As a 
result, TME was profoundly disrupted. The decreased IFP, solid 

stress and stiffness of tumors due to disruption of TME allows 
for extended intratumor distribution, increased cellular uptake 
processes and transcellular transportation of RPDCs in tumors.

As the key coupling points between ECM and cancer cells, inte-
grins largely influence intracellular and extracellular biochemical 
and mechanical signals.[19,49,50] Inhibiting tumor integrin and 
EGFR by dual-targeting RPDCs down-regulates the levels of FAK 
and F-actin, lessening the cytoskeletal tension and allowing for 
increased internalization and transcellular transportation of drug 
molecules in cancer cells. Blocking integrin and EGFR not only 
lowered the contents of collagen I, TGFβ1, and αSMA in ECM, 
but also decreased adhesions between collagens and tumor cells. 
As a result of reducing the tension of the collagens and collagen 
network, drug molecules, or other therapeutic agents can readily 
diffuse within the tumor tissue matrix. Thus, the therapeutic 
response toward cancers can be significantly improved.

ECM is a physical and biological obstacle for drug penetra-
tion into deep tumor tissue. Abundant ECM, including 80% col-
lagens leads to a compact TME with an elevated IFP and solid 
stresses, impeding drug delivery into the tumor mass.[51] Dis-
rupting the ECM to remove the stromal barriers in TME is a 
feasible way to improve the drug reaching the tumor. However, 
extensive studies were focused on the ECM degradation directly, 
including enzymatic degradation of hyaluronan,[52] decreasing 
fibroblast activation,[53] inhibiting ECM cross-linking,[7] and 
degradation of collagen with collagenase.[54] How the receptors 
of cancer cells affect the ECM, especially how blocking recep-
tors disrupt the ECM, is poorly understood. Here, we show that 
two cancer cell receptors, EGFR and integrin, play a key role on 
the ECM expressions in the TME. By simultaneously blocking 
EGFR and integrin, RPDC-ER was able to disrupt ECM in the 
TME, regulate physical properties including reduction of IFP 
and solid stress, and soften tumors, enhancing drug migration, 
retention and distribution in tumor tissues. With this mRMM–
ECM approach, we showed that RPDC-ER could rapidly extrava-
sate from blood vessels into tumor mass and deliver drugs far 
away from blood vessels and enhance transcellular delivery. The 
mRMM–ECM approach proposed in this study would be helpful 
for furthering understanding of the synergistic effects between 
these two receptors and for furthering applications in regulating 
cancer cells through receptors to enhance drug delivery.

In summary, this new approach of mRMM–ECM highlighted 
by simultaneous targeting of EGFR and tumor integrin can regu-
late TME through the disruption of ECM to improve the delivery 
of therapeutic agents and even directly increase the efficacy of 
existing cancer treatments that are limited by TME. The simulta-
neous targeting is achieved by installing an EGFR nanobody and 
integrin ligand together on a rationally designed RP and RPDC 
platform. The mRMM–ECM approach and the RPDC platform 
presented in this study may be applied in the future design of 
therapeutic antibodies and antibody-drug conjugates for tar-
geting TME to increase intratumor delivery and distribution and 
overcome the “binding site barrier” that limits the delivery of 
antibodies and antibody-drug conjugates in to tumors.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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