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Drug delivery systems (DDSs) that can overcome tumor heterogeneity and achieve deep
tumor penetration are challenging to develop yet in high demand for cancer treatment.
We report here a DDS based on self-assembling dendrimer nanomicelles for effective
and deep tumor penetration via in situ tumor-secreted extracellular vesicles (EVs), an
endogenous transport system that evolves with tumor microenvironment. Upon arrival
at a tumor, these dendrimer nanomicelles had their payload repackaged by the cells into
EVs, which were further transported and internalized by other cells for delivery “in
relay.” Using pancreatic and colorectal cancer-derived 2D, 3D, and xenograft models, we
demonstrated that the in situ-generated EVs mediated intercellular delivery, propagating
cargo from cell to cell and deep within the tumor. Our study provides a new perspec-
tive on exploiting the intrinsic features of tumors alongside dendrimer supramolecular
chemistry to develop smart and effective DDSs to overcome tumor heterogeneity and
their evolutive nature thereby improving cancer therapy.

dendrimer | adaptive drug delivery | Extracellular vesicles | supramolecular dendrimer nanomicelle |
tumor-assisted drug delivery

Opver the last few decades, nanotechnology-based drug delivery systems (DDSs) have been
applied to improve drug eflicacy in cancer treatment. However, the success rate of the
clinical translation of nanomedicine remains extremely low (1). One key reason for this
poor conversion is the inefficient intratumoral penetration of the DDSs, primarily due
to the insufficient blood supply, abundant stroma, and high interstitial fluid pressure
found within the tumor microenvironment (TME) (2, 3). Another critical concern is the
heterogeneity and evolutive nature of tumors, which further compromise the treatment
outcome (1, 4). Consequently, innovative and out-of-the-box strategies using smart deliv-
ery tools for effective and deep tumor penetration while overcoming tumor heterogeneity
and dynamic evolution are urgently required.

Tumors can be considered as complex “organs” comprising multiple dynamic cellular
and acellular barriers (5). The tumor “organs” can evolve and refresh these barriers during
their progression and in response to cancer treatment (6). Importantly, however, while
the heterogeneous intratumoral barriers constantly evolve to hinder exogenous DDSs, the
tumor always maintains open “gateways” for endogenous delivery systems allowing entry
to necessary nutrients, growth factors, and signaling molecules for growth and prolifera-
tion. Without these “gateways,” the tumor would experience self-limitation and
self-eradication.

Among the various endogenous delivery systems, extracellular vesicles (EVs) are of
particular importance for tumors. EVs are nano- and micro-sized vesicles that are secreted
by almost all cell types (7) and that can load various cargos including endogenous proteins
and nucleic acids, as well as exogenous materials. They serve as intercellular delivery systems
for the transport of materials and signaling molecules (8, 9). Crucially, EVs are evolution-
arily conserved, while being over-produced in tumors (10). EVs generated in situ within
tumors bear and maintain the heterogeneous and evolutive features of their parental
cells (8, 11, 12). In particular, the transport and penetration of tumor-secreted EVs can
be facilitated by the tumor extracellular matrix, which otherwise obstructs exogenous
materials (13, 14). Therefore, such EVs generated in situ within tumors constitute ideal
DDSs able to adapt to the heterogeneous and evolving TME and simultaneously allow
deep tumor penetration for effective cancer treatment.

We have been actively engaged in advancing dendrimer-based nanosystems for drug
delivery in cancer therapy. Dendrimers, a special class of polymers with radially symmetric
and well-defined structures, have emerged as high-precision vectors in drug delivery by
virtue of their precisely controllable structure and cooperative multivalence (15-18). With
the aim of harnessing the unique structural properties of dendrimers and the self-assembling
feature of lipids (19-22) to develop a nanotechnology-based DDS, various amphiphilic
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dendrimers (ADs), which can self-assemble into nanovesicles and/
or nanomicelles, have been established (23-30). We have recently
developed amphiphilic poly(amidoamine) (PAMAM) dendrimer
nanomicelles (ADNMs) for drug delivery (31, 32). Here, we
demonstrate that these uniquely smart ADNM-based DDSs
exploit EVs generated in situ within tumors for drug delivery.
Hijacking these EVs enables an enhanced intratumoral transport
of the ADNM payload allowing its deep tumor penetration while
overcoming tumor heterogeneity and dynamic evolution (Fig. 1).
Specifically, ADNMs first home in onto the tumors via the
enhanced permeability and retention (EPR) effect. Upon uptake
by both tumor and stromal cells, the payload of the ADNMs is
repackaged into EVs, and EV-mediated intercellular delivery is
promoted. The secreted EVs are then further transported deeper
inside the tumor and internalized by other cells for drug delivery
“in relay,” which is facilitated by the passage offered by the TME
(Fig. 1). This sequential process of in situ payload repackaging
into EVs, combined with subsequent EV transport and cellular
uptake, enabled the continuous propagation of drug from cell to
cell and achieved deep penetration inside tumors. Importantly,
the exploitation of the tumor-produced EVs overcame the prob-
lems commonly facing drug delivery associated with tumor het-
erogeneity and dynamic evolution of the TME. This study
highlights the great potential of exploiting the intrinsic features
of tumors alongside dendrimer supramolecular chemistry to
develop smart and effective DDSs for cancer therapy. Below, we
present our results using pancreatic and colorectal cancer-derived
2D, 3D, and xenograft models to demonstrate ADNM-mediated

intratumoral drug delivery deep inside tumor tissue, leading to
the effective inhibition of tumor growth while obviating the side
effects.

Results and Discussion

Anticancer Efficacy and Deep Tumor Penetration. We previously
developed the AD (Fig. 24) which self-assembled into nanosized
micelles and successfully encapsulated the anticancer drug
doxorubicin (DOX).(32) In the present study, we revealed that AD
can also encapsulate other anticancer drugs, including paclitaxel
(PTX)(17) and rapamycin (R) (also an immunosuppressant
[33)] (Fig. 2A4). While these anticancer drugs display potent
anticancer activity, they also exhibit distinct toxicities and side
effects which compromises their therapeutic efficacy in patients.
DDSs are therefore required to overcome these limitations and
enable the wide use of these drugs in cancer treatment. It should
be mentioned that although DOX, PTX, and R have markedly
different chemical structures, their ADNMs—denoted DOX/
AD, PTX/AD, and R/AD, respectively—all exhibited high drug
loading (29 to 39%) and encapsulation efficiency (85 to 99%), and
measured 12 to 20 nm in size (Fig. 2B and SI Appendix, Table S1).
These results highlight the wide scope and general interest in
ADNM-based DDSs for encapsulating various structurally diverse
drugs.

Notably, all of the prepared ADNMs (DOX/AD, PTX/AD,
and R/AD) displayed excellent anticancer activity with a signifi-
cant inhibition of tumor growth in the PDACO087T and
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Fig. 1.

ADNMs Encapsulate the Anticancer Drug and Induce Tumor-Assisted Drug Delivery via EV-Mediated Intercellular Transport. The amphiphilic dendrimer

(AD) encapsulates the anticancer drug and forms nanomicelles (ADNMs) which reach the tumor lesion via the EPR effect. There they induce in situ tumor-assisted
drug delivery for deep tumor penetration via EV-mediated intercellular transport. This EV-mediated delivery process involves: 1) internalization of ADNMs inside
cells within the tumor tissue; 2) repackaging of ADNM payload into EVs; 3) intercellular transport of the generated EVs; 4) internalization of the generated EVs

by the recipient cell.
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Fig. 2. ADNMs Were Effective for Drug Delivery and Inhibiting Tumor Growth via Specific Accumulation and Deep Penetration in Tumor. (A) Chemical structure
of the AD, and the anticancer drugs DOX, PTX and R used in this study. (B) Small and spherical nanoparticles of the ADNM-based DDSs observed under
transmission electron microscope (TEM). DOX/AD, PTX/AD and R/AD refer to DOX-, PTX- and R-loaded ADNMs, respectively. (C) Tumor growth curves of the
patient-derived pancreatic cancer xenografts PDAC087T and PDAC074T, and the colorectal cancer HCT-8 xenografts in mice upon treatment with DOX/AD
and R/AD, respectively. Mice treated with PBS buffer, drug alone or dendrimer alone were used as the controls. Data are presented as the mean + SEM. The
statistical significance was calculated by two-way ANOVA with a Tukey's multiple comparisons test. n = 6 mice for all groups. *P < 0.05, **P < 0.01, ***P < 0.001,
**%*p < 0.0001. (D) Accumulation of R/AD in tumors in the PDACO74T and HCT-8 xenograft mice was analyzed using fluorescent imaging with ADNM carrying
both rapamycin and the near-infrared fluorescent dye DiR (DiR/R/AD). The in vivo fluorescence images were acquired 48 h after intravenous administration of
DiR/R/AD in PDACO74T (Upper) and HCT-8 (Lower) xenografts. Mice treated with PBS, free DiR, and a simple mixture of DiR, rapamycin and AD (DiR + R + AD),
were used as controls. Arrows point to the tumor locations. (E) Confocal images of tumor tissues show a deep intratumoral penetration of R/AD, using ADNM
loaded with both rapamycin and the fluorescent dye Dil (Dil/R/AD). Mice treated with PBS, Dil alone, or a simple mixture of Dil, rapamycin and AD (Dil + R + AD),
were used as controls. Tumors were harvested from PDACO74T (Left) and HCT-8 (Right) xenografts 24 h post-intravenous administration, then cryosectioned and
imaged by tracing Dil fluorescence (red). Blood vessels were labelled with DyLight488-labeled Lycopersicon esculentum lectin (green), and nuclei with DAPI (blue).
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PDACO74T patient-derived pancreatic cancer xenograft models,
as well as in the HCT-8 colorectal cancer model (Fig. 2C and S/
Appendix, Fig. S1 A and B). Co-encapsulation of the near-infrared
fluorescent dye DiR in ADNMs allowed us to confirm their effec-
tive accumulation within the tumor lesions (Fig. 2D and S7
Appendix, Fig. S2A). This can be attributed to the EPR effect in
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the TME, where the leaky vasculature and dysfunctional lym-
phatic drainage enables passive tumor targeting (34-36).
Further fluorescence imaging of the tumor tissue from mice
treated with Dil/R/AD (Rapamycin co-formulated with the flu-
orescent dye Dil in ADNMy) illustrated that the Dil fluorescence
signal (red) was uniformly distributed throughout the entire tumor
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section, and the fluorescence intensity was much higher in the
Dil/R/AD-treated mice group than in the control groups treated
with Dil or Dil + R + AD (a simple mixture of Dil, R, and AD)
in both PDACO074T and HCT-8 tumors (Fig. 2 and SI Appendix,
Fig. S2B). These data demonstrate the capacity of ADNMs to
penetrate deep within the tumor, using a mechanism which is
independent of tumor permeability, as shown by their ability to
penetrate both the poorly permeable PDAC074T model and the
highly permeable HCT-8 tumor model (Fig. 2 and SI Appendix,
Fig. S3) (37). This particularly advantageous feature offered by
ADNMs thus helped overcome the heterogeneous features of
tumors, allowing effective and deep intratumoral delivery.

EV Cargo Loading and Cellular Uptake. The promising anticancer
activity and deep tumor penetration shown by ADNMs motivated
us to evaluate the mechanism underlying their delivery. We
therefore studied whether the intratumoral delivery and
penetration of ADNMs were mediated by EVs generated in situ in
tumors. We first investigated the influence of ADNMs on the key
steps that would be associated with EV-mediated intercellular drug
delivery (38—-42)—payload repackaging into EVs and subsequent
cellular uptake of EVs—using cell-based experiments.

To facilitate the study on EV cargo loading and cellular uptake
using fluorescence imaging, we used rapamycin as the model drug
and co-encapsulated it with the fluorescent dye Cy3 in ADNMs.
The Cy3/R-coloaded ADNMs (C/R/AD) as well as ADNMs
co-loaded with other fluorescent dyes Dil and DiR (Dil/R/AD
and DiR/R/AD, respectively), exhibited similar size and morphol-
ogy to R-loaded ADNMs (R/AD) (SI Appendix, Fig. S4).

EVs generated from cells pretreated with ADNMs were col-
lected using previously reported protocols (43, 44) and grouped
as small (SEVs) and large EVs (LEVs) according to their size. They
exhibited the characteristic size and morphology of EVs (Fig. 3
A-C) and retained the EV markers TSG101, CD81, and CD9
(Fig. 3D). Using flow cytometry, we assessed cargo loading in the
EVs generated by cancer cells PDAC074T and HCT-8 as well as
stromal cells CAFi (a cancer-associated fibroblast cell line) and
1929 (a normal fibroblast cell line) upon treatment with C/R/AD
or a control, either Cy3 alone or Cy3 simply mixed with R (C+R),
AD (C+AD), or both (C + R + AD, Fig. 3 F~H and SI Appendix,
Fig. S5). Our results revealed significantly higher Cy3 fluorescence
intensity in both LEVs and SEV's generated in the C/R/AD group
compared to those in any of the control groups. Indeed, although
C + Renhanced the Cy3 content in EVs, it was much less efficient
than C/R/AD. The Cy3-loaded EVs generated with the simple
mixture (C + R + AD) showed a significantly lower fluorescence
intensity than those prepared with C/R/AD, highlighting the
importance of the nanoformulation with AD in the observed
enhanced payload packaging into EVs.

The capacity of ADNM:s to enhance EV loading with exoge-
nous cargo was also confirmed using DOX-loaded ADNMs
(DOX/AD). The DOX fluorescence signal of EVs generated with
DOX/AD was much more intense than that resulting from treat-
ment with DOX alone or a mixture of DOX and AD (DOX +
AD, SI Appendix, Fig. S6). Collectively, these results indicate that
EV cargo loading was significantly promoted by ADNMs and that
the observed enhancement was highly nanoformulation depend-
ent and not payload dependent.

We further demonstrated that the cargo-loaded EVs were read-
ily internalized by recipient cells. Incubating recipient cells
(PDACO074T) with both LEVs and SEVs generated by donor
PDACO074T cells treated with C/R/AD led to the detection of
Cy3 signals in the recipient cells (Fig. 3 7 and /). Moreover, the
cellular uptake of EVs was enhanced upon treatment of
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PDACO074T and HCT-8 cells with R/AD (Fig. 3 Kand L), high-
lighting the active role played by ADNM:s. Together, these results
demonstrate that ADNM not only promotes cargo repackaging
into EVs but also the uptake of these EVs by recipient cells, and
thereby provide evidence of their potential for use as intercellular
transport systems in drug delivery.

EV-Mediated Intercellular Delivery and Deep Tumor Penetration.
To assess the intercellular delivery of in situ-generated and loaded
EVs between cells, we first studied the transport of the loaded
EVs in vitro using confocal microscopy (Fig. 4 and SI Appendix,
Fig. S7). In order to allow easy distinction in confocal imaging,
cells were prestained with either CFSE (green) or CellTrace™
Violet (blue). EVs (Fig. 4B, Upper) secreted by PDACO074T cells
(CFSE-prestained, green) treated with C/R/AD were found to
be intercellularly transported into the CellTrace™ Violet (blue)
prestained PDACO74T cells (Fig. 4B, Middle and Lower) and vice
versa by tracing EVs exhibiting both green (CFSE) and red (Cy3)
fluorescence. Similar results were also observed with cocultured
HCT-8 cells prestained with CFSE and CellTrace™ Violet
(Fig. 4C). Remarkably, this EV-mediated intercellular delivery
was also observed between cocultured tumor and stromal cells,
as revealed by cocultured PDAC074T/CAFi (Fig. 4D), HCT-8/
CAFi (Fig. 4E), and PDAC074T/L929 cells (Fig. 4F). Similar
results were obtained in prestained cells treated with C/PTX/
AD (co-formulation of paclitaxel and the fluorescent dye Cy3
within ADNM, S7 Appendix, Fig. S7). These data indicate that
the ADNM payload was repackaged into EVs by both tumor
and stromal cells and delivered via EV-mediated transport from
cell to cell. These observations agree with those obtained by flow
cytometry (Fig. 3 £ and [ and SI Appendix, Fig. S8).

To investigate whether cargo-loaded EVs can serve as an inter-
cellular delivery system for deep tumor penetration, we used 3D
spheroid models to mimic the TME, which often has abundant
stroma and over-crowded cancer cells confined within a 3D space.
We first examined the penetration of C/R/AD into spheroids using
two-photon microscopy. Fluorescence imaging revealed much
stronger and deeper penetration of C/R/AD into spheroids of
PDACO074T (Fig. 54) and co-cultured PDACO074T/L929 cells
(Fig. 5B) than those observed for all of the controls. Similar results
were obtained with DOX/AD and C/PTX/AD (SI Appendix, Fig.
S9 A and B). Collectively, these results demonstrate that ADNMs
effectively assisted delivery and enhanced its efficiency by enabling
deep tumor penetration.

To investigate the role of EV-mediated delivery in the observed
deep penetration in spheroids, we then tested the effect of
GW4869 (an EV genesis inhibitor), cytochalasin D (CytoD, an
inhibitor of EV genesis and uptake), (45, 46) blebbistatin [Bleb,
an EV formation inhibitor (47)], and methyl-p-cyclodextrin
[mPCD, an EV uptake inhibitor (48)] on the spheroid penetration
observed with C/R/AD. We also used EXO1, an inhibitor of exo-
cytosis, (49) a nanoparticle transport-associated pathway, as the
control. Fluorescence imaging revealed that the penetration of
C/R/AD and C/PTX/AD into the spheroids was greatly hindered
by GW4869, CytoD, Bleb, and mpCD, but not by EXO1 (Fig. 5
C and D and SI Appendix, Fig. S9 C-E), confirming the role of
EV-mediated intratumoral delivery and penetration. Altogether,
these results confirm that the observed penetration of ADNMs
into tumor spheroids was associated with EV-mediated intercel-
lular transport.

To further support these findings, we inspected tumor tissues
obtained from xenograft mice. Specifically, tumors were col-
lected from HCT-8GFP xenograft mice after intravenous
administration of the fluorescently labeled nanomicelle system
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Fig.3. ADNM Induced EV Payload-Packaging and Cellular Uptake. (A-D) EVs, generated by cells upon treatment with ADNM, were characterized using TEM, cryogenic
electron microscopy (Cryo-EM), fluorescent microscopy and biomarkers. TEM (A) and Cryo-EM (B) images of EVs generated by PDACO74T pretreated with R/AD;
Fluorescent images of LEVs generated by CellTrace™CFSE-prestained PDACO74T pretreated with C/R/AD (C); EVs derived from PDACO74T cells upon treatment with
R/AD retained the same EV markers: TSG101, CD81, and CD9, as those generated in the control group in PBS. EV markers were revealed using western blotting (D).
(E-H) Payload-packaging in EVs generated by the cancer cells PDACO74T upon treatment with C/R/AD (co-formulation of the fluorescent Cy3 and rapamycin within
ADNM) was studied using flow cytometry. The Cy3-positive LEVs (£ and G) and SEVs (F and H) generated by PDACO74T and HCT-8 cells, respectively, were quantified
using flow cytometry and presented in a histogram (Left) and normalized mean fluorescence (Right), with the free Cy3, the mixture of Cy3 and R (C + R), the mixture of
Cy3 and AD (C + AD), and the mixture of Cy3, Rand AD (C + R + AD) as the controls. (/ and /) The uptake of the cargo-packaged EVs in recipient cells. Flow cytometrical
analysis revealed that the recipient PDACO74T cells were Cy3-positive after incubation with, respectively, LEVs (/) and SEVs (/) generated from the donor PDAC074T cells
pretreated with C/R/AD. Results are presented in a histogram (Left) and in normalized mean fluorescence (Right). (K and L) Uptake of the CellTrace™Yellow-labelled EVs
in the recipient cells PDAC074T (K) and HCT-8 (L) was further enhanced upon treatment with AD, R + AD, and R/AD but not R. Data are presented as the mean + SD.
The statistical significance was calculated by two-tailed Student's t test for comparison between two groups or one-way ANOVA with a Tukey's multiple comparison
test for three or more independent groups. n = 3 for all groups; ns not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****p < 0.0001.
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Fig. 4. Intercellular Delivery of Cargo-Loaded EVs. (A) Cartoon illustration of the intercellular delivery of cargo-loaded EVs studied using confocal imaging. Cells
were prestained with either CFSE (green) or CellTrace™ Violet (blue) to allow easy distinction in confocal imaging. (B-F) Confocal imaging revealed that Cy3-loaded
EVs were transported between cells in the co-culture of PDACO74T (CFSE, green) / PDACO74T (CellTrace™ Violet, blue) (B), HCT-8 (CFSE, green) / HCT-8 (CellTrace™
Violet, blue) (C), PDACO74T (CFSE, green) / CAFi (CellTrace™ Violet, blue) (D), HCT-8 (CFSE, green) / CAFi (CellTrace™Violet, blue) (F) and PDACO74T (CFSE, green)
/1929 (CellTrace™ Violet, blue) (F), after incubation with C/R/AD. CAFi and L929 denote cancer-associated fibroblast and normal fibroblast, respectively. Arrows
point to the Cy3-loaded EVs and show for example in B and F, arrows 1, the EVs (green) released by the green PDACO74T cells (CFSE) with Cy3-fluorescence
(red) localized in their interior; arrows 2, the release of EVs (green) bearing Cy3 fluorescence from the green PDAC074T cells (CFSE) into the intercellular space;
arrows 3, the Cy3-loaded EVs (green) released by the green PDAC074T cells (CFSE) and taken up by the blue PDAC074T cells (CellTrace™ Violet); arrows 4, the
Cy3-loaded EVs (blue) released by the blue PDACO74T cells (CellTrace™ Violet) and taken up by the green PDAC074T cells (CFSE).

Dil/R/AD. HCT-8GFP cells allow visualization of the secreted
EVs containing the hydrophilic GFP, (50) while Dil is a hydro-
phobic fluorescent dye (51) that only exhibits intense red flu-
orescence in hydrophobic environments such as the lipid bilayer
of biomembranes and the central core of the ADNMs. Confocal
imaging of tumors obtained from HCT-8GFP xenograft mice
after treatment with Dil/R/AD revealed particles bearing a
green (GFP) core and red (Dil) shell (Fig. 5E, arrows). These
particles represented EVs derived from HCT-8GFP cells and
loaded with Dil, and they were detected in the extracellular
space (Box 1, Fig. 5E) and on the cell surface (Box 2, Fig. 5E)

https://doi.org/10.1073/pnas.2215308120

and edge (Box 3, Fig. 5E), as well as in the cytoplasm (Box 4,
Fig. 5E). Notably, the EVs detected in Boxes 1 to 4 in Fig. 5E
illustrate the entire process of EV-mediated intercellular delivery
within the tumor: the Dil-loaded EVs were released into the
intercellular space (Box 1, Fig. 5E) before adhering to the cell
surface (Box 2, Fig. 5E) for internalization (Box 3, Fig. 5F) and
entry into the cell (Box 4, Fig. 5E). These results are in line with
those obtained using cell-based 2D and 3D models, confirming
that ADNM s induced in situ-generation of EVs, in turn allow-
ing the transport and propagation of the delivery cargo deep
within the tumor.
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Fig.5. Deep Penetration of ADNM Was Allowed via EV-Mediated Delivery in Spheroids and Tumors. (A and B) Deep penetration of C/R/AD in 3D spheroids constructed
with PDACO74T cells (A) and co-cultured PDAC074T/L929 cells (B), was revealed by tracing the Cy3 fluorescence (red) using two-photon fluorescent microscopy, in
comparison with the controls of Cy3 (C) alone, the mixture of Cy3 and R (C+R), the mixture of Cy3 and dendrimer AD (C + AD), and the mixture of Cy3, R and dendrimer
(C+R+AD). (Cand D), Penetration of C/R/AD in PDACO74T (C) and PDAC074T/L929 (D) spheroid was inhibited by the EV-genesis inhibitor GW4869 (20 uM), the EV-genesis
and engulfment inhibitor cytochalasin D (CytoD, 1.0 pM), the EV-formation inhibitor blebbistatin (Bleb, 50 pM) and the EV-uptake inhibitor methyl-p-cyclodextrin
(mpCD, 1 mM), but not by the inhibitor of exocytosis EXO1 (50 pM). In (A-D), the Z-dimension of each spheroid was scanned with an optical section thickness of 110 um
at an interval between sections of 10 pm. (Scale bar: 200 pm.) Images in the Left panels were quantified and the normalized mean fluorescence presented in the
Right panels. (F) Confocal images of cryo-sectioned tumor tissues from HCT-8GFP xenograft mice treated with Dil/R/AD show the process of EV-mediated delivery in
the tumor. The Dil fluorescence appeared in EVs derived from HCT-8GFP tumor (arrows). The hollow-donut shape of red Dil signal with green GFP filling highlights
the HCT-8GFP-derived EVs with the Dil-labelled phospholipid bilayer and the HCT-8GFP-derived contents inside. Box 1, a Dil-loaded EV (arrow) located within the
intercellular space; Box 2 to 4, the Dil-loaded EVs mediated intercellular transport within the tumor. Box 2, Dil-loaded EVs adhered onto the cell surface; Box 3, a Dil-
loaded EV entering into a cell; Box 4, a Dil-loaded EV inside a cell. The tumor tissues were collected 24 h after intravenous injection of Dil/R/AD in HCT-8GFP xenografts.

PNAS 2023 Vol.120 No.7 2215308120 https://doi.org/10.1073/pnas.2215308120 7 of 10



Downloaded from https://www.pnas.org by 88.126.48.17 on February 7, 2023 from |P address 88.126.48.17.

Overcoming Side Effects of Drugs. It is important to note that
ADNMs facilitated deep intratumoral delivery and achieved
effective anticancer activity (Fig. 2) with no notable toxicity or side
effects such as those normally associated with anticancer drugs.
Indeed, the mice treated with ADNMs exhibited no abnormal
behavior throughout the treatment period, and no significant weight
loss was detected (S Appendix, Fig. S1 E-G). In fact, slight weight
gain was observed for the treated mice (87 Appendix, Fig. S1G).
Considering that many anticancer drugs are limited by severe
toxicity and side effects, this additional evidence of the excellent
safety profile of ADNM:s is extremely promising.

Specifically, the anticancer drug DOX is associated with cardi-
otoxicity, (52) while the immunosuppressive effect of R can pro-
mote tumor metastasis. (53) Remarkably, no visible heart tissue

A HE stain of heart tissues

&

B HPS stain of lung tissues N N

Mouse 1

Mouse 2 V

Mouse 3

Mouse 4

Mouse 5 '

Mouse 6

damage was observed in the DOX/AD treatment group, whereas
mice treated with free DOX displayed hyperemia and myocardial
fiber breakage (Fig. 6A). In addition, no metastasis was observed
in HCT-8 xenograft mice treated with R/AD, whereas mice
treated with free rapamycin exhibited significant lung metastasis
(Fig. 6B). The markedly reduced toxicity and lack of side effects
can be attributed to the preferential accumulation of ADNMs
within the tumor via the EPR effect, and to the in situ tumor-
secreted EV-mediated delivery. Notably, ADNMs enhanced the
cellular uptake of EVs (Fig. 3 K and L), resulting in fewer
tumor-derived EVs escaping and a consequentially reduced tox-
icity and pro-metastatic tendency of the tumor. Altogether, our
results demonstrate that the ADNM-based DDS both effectively
improved the therapeutic effects of anticancer drugs and greatly

Fig. 6. ADNMs Reduced Drug Toxicity and Prevented Tumor Metastasis. (A) HE stain of heart tissue issued from PDACO87T xenografts treated with PBS,
AD, DOX and DOX/AD (n = 6). Treatment with DOX/AD prevented DOX-induced hyperemia and myocardial fiber breakage (arrows) in heart. (B) HPS stain of
lung tissues issued from HCT-8 xenografts treated with PBS, AD, R and R/AD (n = 6). Treatment with R/AD prevented the rapamycin-induced lung metastasis
(T represents the tumor). Lung metastases were observed in mice treated with R, but not in those treated with PBS, dendrimer alone (AD) or the R/AD. Lung

tissue was collected from mice at the end of treatment.
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reduced their toxicity and related side effects via in situ-generated
EV-mediated delivery.

Conclusion

In our search for DDSs that can overcome tumor heterogeneity and
achieve deep tumor penetration, we have established ADNMs that
promote and exploit in situ tumor-secreted EVs for effective delivery
of their cargos. These ADNMs were able to encapsulate different
anticancer drugs with high loading and encapsulating efficiency, and
effectively accumulate within tumor lesions via the EPR effect. Upon
tumor uptake, the payload of the ADNMs was repackaged into EVs
by the parental cells. The secreted cargo-loaded EVs were further
transported and internalized within the tumor that in turn relayed
the drug to other cells. The cargo-loaded EVs and their cell-to-cell
relay evolved according to the parental cells present within the TME,
leading to adaptive drug delivery with deep intratumoral penetra-
tion. Consequently, ADNMs exhibited excellent anticancer activity
in different models of both poorly and highly permeable tumors
while simultaneously reducing the side effects and overcoming the
limitations normally experienced with the anticancer drugs tested.

These promising results indicate the remarkable potential of
ADNM-based DDSs for cancer treatment. Our study not only pro-
vides a new perspective on exploiting the intrinsic features of tumors
in the design of adaptive DDSs capable of overcoming tumor heter-
ogeneity and dynamic evolution, but also opens up a new avenue to
explore in the engineering of novel functional materials in biomedical
applications. We are actively working in this direction.

Materials and Methods

Preparation of dendrimer AD.The amphiphilic dendrimer AD was synthesized
according to the method reported previously (24). "H NMR (400 MHz, CDCI3/
CD30D = 3/1):87.54(s, 1H),4.17 (t,J = 4.0 Hz, 2H), 3.62 (s, 2H), 3.13-2.97 (m,
28H),2.67-2.47 (m, 44H), 2.45-2.30 (m, 12H), 2.29-2.06 (m, 28H), 1.76-1.66
(m, 2H), 1.20-1.00 (m, 30H), 0.69 (t, J = 6.8 Hz, 3H). *C NMR (100 MHz, CD,0D):
8174.0,173.6,173.5,143.6,124.0, 53.4,52.3,50.2, 49.9, 49.3, 41.7, 41.5,
40.8,37.4,33.6,31.9,30.2,29.6,29.4,29.3,28.9,26.4,22.5,13.3.

Preparation and Characterization of ADNMs. The drug- and/or dye-loaded
ADNMs were prepared using the thin-film dispersion method (31). Typically, the
payloads and AD were dissolved in the corresponding solvents separately, then
mixed at the desired ratio. Specifically, the doxorubicin hydrochloride (DOXHCI,
Selleckchem) was dissolved in 1.0 mLof mixed solventand neutralized with triethyl-
amine[chloroform/methanol = 3/2 (v/v), DOX HCl/triethylamine = 1/3 (mol/mol)],
whereas, the rapamycin (R, Selleckchem) and paclitaxel (PTX, Selleckchem) were
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dissolved in 2.0 mL of methanol with or without dye such as Cy3 (Lumiprobe), Dil
(ThermoFisher) and DiR (ThermoFisher), and then mixed with 3.0 mg of ADin 1.0to
2.0 mLof methanol in a round bottom flask. Then the solvents were removed under
reduced pressure to allow the formation of a thin film. Water (for DOX/AD) or 20
mM phosphate buffer[NaH,PO, for R/AD and NaH,PO,/Na,HPO, = 1/1 (mol/mol)
for PTX/AD] was added into the flask and then gently shaken for hydration of the
thin film (2.0 mLfor 3.0 mg of AD). The so-formed micelle solutions were filtrated
with 0.45-pm PTFE filter, followed by freezing and lyophilization. The lyophilized
products were stored at —20 °C before use. The drugs encapsulated within the
micelles were analyzed using high-performance liquid chromatography (HPLC,
Wiaters) and the dyes were assessed using fluorescence spectrophotometer (Varian).
The encapsulated drugs and dyes were quantified using standard curves, using the
free drugs and dyes as reference standards.

Primary Pancreatic Cancer Cells. Primary cells were obtained from tumors
from patients or patient-derived xenografts (PDX). Consent forms were collected
from informed patients and recorded in a central database. The experimental
procedure relating to the use of patient-derived pancreatic tumors was performed
after approval from the South Mediterranean Personal Protection Committee,
under the reference 2011-A01439-32. Expert clinical centers collaborated on
this project after approval from their respective ethics review board (approval
number 11-61).

Afull description of the Materials and Methods is provided in SI Appendix,

SI Materials and Methods.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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