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Targeted therapy using small molecular inhibitors has been developed
to rewire key signaling pathways in tumor cells, but these inhibitors
have had mixed success in the clinic due to their poor pharmaceutical
properties and suboptimal intratumoral concentrations. Here, we
developed a “self-assembling natural molecular inhibitor” strategy
to test the efficacy and feasibility of the water-insoluble agent
dasatinib (DAS), a tyrosine kinase inhibitor, for cancer therapy. By
exploiting a facile reprecipitation protocol, the DAS inhibitor self-
assembled into soluble supramolecular nanoparticles (termed sDNPs)
in aqueous solution, without an exogenous excipient. This strategy is
applicable for generating systemically injectable and colloid-stable
therapeutic nanoparticles of hydrophobic small-molecule inhibitors.
Concurrently, during this process, we observed aggregation-induced
emission (AIE) of fluorescence for this self-assembled DAS, which
makes sDNPs suitable for bioimaging and tracing of cellular traffick-
ing. Notably, in an orthotopic model of breast cancer, administration
of sDNPs induced a durable inhibition of primary tumors and reduced
the metastatic tumor burden, significantly surpassing the effects of
the free DAS inhibitor after oral delivery. In addition, low toxicity was
observed for this platform, with effective avoidance of immunotoxi-
city. To the best of our knowledge, our studies provide the first
successful demonstration of self-assembling natural molecular inhi-
bitors with AIE and highlight the feasibility of this approach for the
preparation of therapeutic nanoparticles for highly lethal human
cancers and many other diseases.

Introduction

Precision medicines that enable the selective regulation of
specific pathways involved in tumor cells have led to the rapid
emergence of next-generation therapies to treat cancer."’
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New concepts

Molecular targeting agents are widely used to rewire signaling pathways
in tumor cells, but these inhibitors have had mixed success in the clinic.
The efficacy of molecular therapies in patients has been greatly compro-
mised by several limitations, such as poor aqueous solubility, low oral
bioavailability, rapid metabolism in the body, and dose-limiting toxicity.
By choosing a water-insoluble tyrosine kinase inhibitor, dasatinib (DAS),
we here tested the validity of our “self-assembling natural molecular
inhibitor” strategy for the generation of an injectable anticancer
nanotherapy. Upon leveraging the self-assembly protocol, aggregation-
induced emission (AIE) of fluorescence by the assembled DAS
nanoparticles was unexpectedly observed. This represents the first
example of a self-assembling natural molecular inhibitor that exhibits
AIE characteristics, enabling its cellular imaging and trafficking tracing.
The engineered nanoparticles composed of pure DAS inhibitor can
inhibit local breast tumor growth and reduce the metastatic burden in
mice more efficiently than the orally administered free DAS, while
mitigating the immunotoxicity that is normally elicited by nanocarriers.
Our self-assembling approach is radically novel in achieving a 100% drug
loaded nanotherapy without requiring either tedious chemical
modifications or exogenous excipients. This approach is also broadly
applicable and can be applied to rescue other compounds that have
limited efficacy due to pharmaceutical challenges.

Significant efforts have been invested in exploring molecular
targeting agents as anticancer therapeutics via clinical testing
of efficacy, and numerous molecular inhibitors have been
clinically approved.®”> However, these inhibitors have had only
mixed success in improving survival outcomes in cancer
patients.*” Most existing molecular inhibitors are water-
insoluble and show poor pharmaceutical properties, which
severely impair their bioavailability after oral administration.®
Therefore, the overall clinical efficacy of such inhibitors has
been greatly compromised due to their insufficient intra-
tumoral concentrations and dose-limiting toxicity. Harnessing
the advantages of prodrug reconstitution and supramolecular
nanoassembly, Sengupta et al. rationally formulated a PI3K
inhibitor in liposomes, which enabled systemic injectability
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and improved drug bioavailability, as well as in vivo efficacy.’
Accumulating evidence suggests that new effective approaches
are preferable to improve the therapeutic index for these
pharmacologically potent inhibitors.**™**

Supramolecular chemistry involves chemical systems that
are constructed by the self-assembly of individual molecular
subunits via noncovalent interactions, thus providing facile
and cost-effective approaches for the creation of novel and
inspiring nanostructures for biomedical applications.'*"
Couvreur et al. developed the ‘‘squalenoylation” technology
that combines drug derivatization using squalene with amphi-
philic self-assembly to construct injectable therapeutic
nanoparticles."®” Taking advantage of a similar concept, we
previously proposed a ‘“PUFAylation” prodrug strategy for
converting anticancer drugs (e.g., cabazitaxel, cisplatin, and
gemcitabine) into self-assembling nanotherapeutics via conju-
gation with natural polyunsaturated fatty acids (PUFAs)."®*">* By
rendering the drug temporarily inactive through a cleavable
linkage and assembling prodrug entities, toxicity is substan-
tially alleviated, and drugs can be administered at higher
doses.>"* Despite these demonstrations of success, the strategies
for pharmaceutical delivery of active payloads often entail complex
synthetic schemes and/or exogenous matrices. Self-deliverable
systems comprising pure drugs do not require exogenous
materials and are thus able to completely avoid excipient-
associated toxicity concerns.>®?” Such a delivery system should
have great potential for translation to the clinic.

Here, we chose a water-insoluble small-molecule inhibitor,
dasatinib (DAS), to test the validity of our “self-assembling
natural molecular inhibitor” strategy. This strategy relies on
neither tedious drug chemical modifications nor exogenous
excipients for the fabrication of intravenously injectable
nanotherapies. We found that the DAS agent was capable of
self-organizing into colloid-stable nanosuspensions without
any exogenous excipients, enabling intravenous injection.
Moreover, for the first time, we unexpectedly observed
aggregation-induced emission (AIE) by the self-assembled
DAS nanoparticles, which enables imaging of cellular uptake.
Mechanistic studies suggested that restriction of intra-
molecular motion (RIM) dominates the AIE characteristics of
the self-assembled DAS molecules. In a preclinical 4T1 xeno-
graft model of metastatic breast cancer, the administration of
DAS nanoparticles produced a durable inhibition of primary
tumors as well as a reduced metastatic tumor burden, which
significantly surpassed the effects of orally delivered DAS. Thus,
our results show that self-assembling molecular inhibitors
could be a practical and expedient approach for the construc-
tion of effective and safe targeted therapeutic nanoparticles.

Results and discussion
Self-assembly of dasatinib and other molecular inhibitors

To assess whether DAS could self-assemble in aqueous media
without additional matrices, we quickly injected a solution of
DAS in dimethyl sulfoxide (DMSO) into deionized (DI) water
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Fig. 1 Characterization of supramolecular dasatinib nanoparticles
(sDNPs). (A) Scanning electron microscopy (SEM) image of sDNPs. Inset,
enlarged nanoparticle. (B) Size distribution of the hydrodynamic diameter
(D) of sDNPs measured using dynamic light scattering (DLS) in water.
Inset, photographs of the sDNP solution with the Tyndall effect. The
polydispersity index, PDI. (C) Snapshots of the formation of DAS aggre-
gates upon molecular dynamics simulation. (D) Noncovalent interactions
observed: (i and iii) m—-=n interactions; (ii) intermolecular N-H-..-O=C
hydrogen bonds.

under ultrasonication, and the solution was further dialyzed to
remove DMSO. In this protocol, DMSO is simply used as a good
organic solvent to solubilize the inhibitors. Upon addition to a
poor solvent (i.e., water), the inhibitor amphiphiles underwent
self-organization to form water-soluble nanostructures. This
standard nanoprecipitation protocol allowed the formation of
transparent solutions rather than precipitates. Fig. 1A shows
the scanning electron microscopy (SEM) images of uniformly
spherical nanostructures with an average diameter of ~100 nm.
We designated these self-assembled supramolecular DAS nano-
particles as SDNPs. Dynamic light scattering (DLS) measurements
further confirmed that the average hydrodynamic diameter (Dy) of
SDNPs was ~160 nm, with a narrow monomodal distribution
(Fig. 1B) and positive zeta potentials (Z.e., 29.7 + 0.3 mV and 12.9 +
0.2 mV in DI water and phosphate-buffered saline (PBS), respec-
tively). When DAS was assembled into sDNPs, most of the DAS
molecules (>96%) formed nanoaggregates, as evidenced by ana-
lyses using ultrafiltration and ultracentrifugation (Table S1, ESIt).

The interaction of nanoparticles with physiological systems
is an important factor that affects the adsorption of
blood proteins and the fate of intravenously administered
nanoparticles. We thus examined whether sDNPs hold the
ability to block nonspecific protein adsorption. In this experi-
ment, three kinds of widely used formulations with different
charges and surface chemistry were included for comparison
(Table S2, ESI}).*® Upon exposure to bovine serum albumin
(BSA) or bovine serum, the nanoparticles were precipitated by
ultracentrifugation, and the adsorbed proteins were quantified
(Fig. S1, ESIt). Interestingly, SDNPs adsorbed significantly less
proteins than the positively charged EndoTAG-1 liposomes
and exhibited comparable adsorption behaviors with those
of PEGylated liposomes or polymeric micelles composed of
poly(ethylene glycol)-block-poly(p,i-lactic acid) (e.g., PEGsi—PLAg)).
While grafting particles with PEG is well known to suppress
protein adsorption, a similar ‘stealth’ effect observed for the
SDNPs could be attributed to the hydrophilic surface formed by
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the abundant external hydroxyl moieties.>® The stability test
further suggested that sSDNPs remained colloid-stable for one-
week upon incubation in different media, including DI water,
PBS (10 mM, pH7.4) and serum (5 and 10%, v/v) (Fig. S2, ESIY).
Notably, using the molecular self-assembly protocol, the solu-
bility of the DAS agent substantially increased from ~8 x 103
to 7.9 g L' in DI water, which renders the sDNP platform
injectable at therapeutically relevant doses. Due to the self-
assembly of the pure drug, quantitative formulation efficiency
and an exceptionally high drug loading of 100% were achieved.

Intrigued by this finding, we assessed whether this protocol
could be extended to create soluble nanoassemblies of other
inhibitors. We then chose a set of thirteen hydrophobic inhi-
bitors with poor water solubility. Interestingly, this procedure
identified seven compounds with the tendency to self-organize
in water and form colloid-stable nanoparticles despite signifi-
cant hydrophobicity (Fig. S3-S6 and Table S3, ESIt). These
results suggest that our self-assembly approach is broadly
applicable for a generation of self-deliverable injectable nano-
systems for preclinical studies.

Molecular dynamics (MD) simulation was carried out to gain
insight into the mechanism underlying the self-assembly of the
DAS agent.?® Sixteen DAS molecules were included in a cuboid
box with explicit water and subjected to 50 ns of MD simula-
tions. In the initial state, the DAS molecules were randomly
separated from each other (Fig. 1C). From the initial random
configuration, a compact nanoaggregate was formed sponta-
neously after the simulations. We then explored the possible
noncovalent interactions that dominate the self-assembly
process. Typically, intermolecular N-H: - -O—C hydrogen bonds
were detected and were responsible for the alignment of internal
stability (Fig. 1D, ii). In addition, n—n interactions and van der
Waals interactions were observed between the aromatic rings
(Fig. 1D, i and iii). Hydroxyl groups were exposed outside the
cluster, stabilizing the entire nanosystem. Overall, these multi-
ple interactions provided significant driving forces for the self-
assembly of the DAS agent, contributing to the formation
of stable nanoassemblies. These theoretical results were in
agreement with the experimentally observed result that DAS
was capable of exhibiting self-assembly behavior in water, as
evidenced by SEM and DLS observations.

AIE and mechanistic studies

When we investigated the optical properties of SDNP solutions,
we unexpectedly observed AIE behavior for this natural mole-
cular inhibitor (Fig. 2A-D).*"**> When DAS was dissolved in
DMSO, it was nonemissive, but it showed increasingly stronger
fluorescence emission after the gradual addition of a poor
solvent (water) (Fig. 2B). Moreover, the AIE feature of sDNPs
in water/DMSO mixtures upon varying the water fraction was
examined (Fig. 2C and D).*> DAS in DMSO solvent exhibited
very weak emission, with the maximum intensity at 422 nm.
Increasing the proportion of water intensified the emission
(Fig. 2C), resulting from the formation of nanoaggregates.***
Finally, when the fraction of water reached 99%, the emission
intensity was boosted further, with a 50-fold enhancement
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Fig. 2 Characterization and mechanistic study of aggregation-induced
emission (AIE) for self-assembled DAS agents. (A) Excitation and emission
spectra of sDNPs. (B) Photographs of the DAS agent in water/DMSO
mixtures with different water fractions (f,,) taken under a UV lamp at
365 nm irradiation or ambient light. (C) Emission spectra of DAS solutions
(showing f,,). Excitation wavelength: 398 nm. (D) Plot of the relative
emission intensity (//lo) of DAS versus f,,. Concentration: 0.5 mg mL™%
lp = intensity at f,, = 0%. (E) Digital images of the original solid powder of
DAS and the lyophilized sDNPs taken under a UV lamp at 365 nm irradia-
tion or bright light. (F) Schematic illustration of the complexation of HP-f-
CD (host) and the DAS molecule (guest). (G) Photographs of DAS in DMSO
with/without 100 mM HP-B-CD taken under UV irradiation. (H) Emission
spectra of DAS in DMSO with different molar ratios of HP-B-CD. Observed
dihedral angles between ring A (red) and ring B (blue) (I) and between ring B
and ring C (green) (J) from one molecule in the free DAS state (red) or in
the aggregated state (green), as acquired from the MD simulation.

relative to that of DAS in the solution state (Fig. 2D). The UV
absorption was also investigated, and a gradual decrease in the
absorbance spectra was observed with increasing the water
fraction (Fig. S7, ESIt). The fluorescence quantum yield (¢y)
was estimated using quinine sulfate as a standard.*® The
calculated ¢ of DAS in the aggregated state increased to 0.15
from 0.03 in the solution state (Table S4, ESIT).*” Strikingly,
compared with DAS powder, lyophilized sDNPs exhibited
brighter emission under UV (365 nm) illumination due to the
preservation of intensely compact structures (Fig. 2E). Further-
more, SEM observation revealed the spherical morphology of
the self-assembled lyophilized sDNPs, whereas the DAS power
exhibited amorphous structures (Fig. S8, ESIt).

We attempted to elucidate the mechanism underlying the
AIE effect of the DAS agents.*® The RIM mechanism is the
primary contributor to the AIE effect for most AIE luminogens
(AlEgens).**™** Cyclodextrins (CDs) are a class of macrocyclic
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hosts with variable cavity sizes and the capacity to form host-
guest complexes with many hydrophobic compounds. Owing to
the potential interactions between B-CD and DAS drugs, we
utilized B-CD (i.e., HP-B-CD) to restrict DAS molecular motion.**
Complexation of B-CD and DAS could confine all of the aro-
matic rings, thus making DAS emissive (Fig. 2F). As expected,
upon the addition of HP-B-CD to the DMSO solution of DAS, we
observed progressively increased fluorescence intensities
(Fig. 2G and H). In addition, the temperature-dependent
changes in the emission spectra of free DAS in DMSO were
investigated, and the results showed that increasing the
temperature from 20 to 80 °C gradually diminished the fluores-
cence intensity (Fig. S9, ESIY).

Furthermore, MD simulations enabled us to monitor the
microscopic dynamics of DAS in each aggregated state at
atomic resolution.*” Thus, key dihedral angles between the
phenyl ring (ring A) and the thiophene ring (ring B) and
between ring B and the pyrimidine ring (ring C) obtained from
one representative molecule were recorded as a function of the
MD simulation time (Fig. 2F). In the solution state, the dihedral
angles of A/B and B/C in DAS are widely distributed between
—180° and 180°, which results in energy consumption in the
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excited state because of the active molecular rotations (Fig. 2I
and J). In contrast, the dihedral angles were restricted at
approximately —90° (A/B) and —135° (B/C) in the aggregated
state, suggesting a substantially constrained rotational motion
of DAS molecules in sSDNPs. Taken together, these data provide
compelling evidence that DAS can indeed serve as an AIEgen
induced by the RIM mechanism, and to the best of our knowl-
edge, the DAS drug represents the first example of an AIE-active
natural molecular inhibitor.

Mechanism of sDNP cellular uptake via endocytosis

We speculated that the cellular uptake and trafficking of SDNPs
could be directly observed without additional labeling with
fluorescent dyes because of their AIE characteristics. DU145
human prostate cells were exposed to sDNPs and visualized
using confocal laser scanning microscopy (CLSM). A strong
fluorescence signal ascribed to the self-assembled DAS molecules
was observed, and the fluorescence intensity in the cells increased
rapidly (Fig. 3A and B). Moreover, we found that SDNPs coloca-
lized with LysoTracker Green in endo/lysosomes, as evidenced by
significant merging in the CLSM images, suggesting the accu-
mulation of SDNPs in endo/lysosomal compartments (Fig. 3A).
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Fig. 3 Intracellular uptake of sDNPs and their endocytic pathway in DU145 cells. (A) Representative images showing the colocalization of internalized
sDNPs with an endo/lysosomal marker (LysoTracker Green DND-26; green) using confocal microscopy. Scale bar, 10 pm. For sDNPs, excitation
wavelength: 405 nm; emission filter: 420-440 nm. (B) The mean fluorescence intensity of sDNPs and (C) Pearson’s correlation coefficient (upon
colocalization between sDNPs and LysoTracker) were analyzed using ImageJ. The data are presented as the mean + S.D., quantified from eight
independent fields of view. (D and E) The internalization efficiency of sDNPs in cells cultured at 37 °C or 4 °C using flow cytometry. (F and G)
Fluorescence-activated cell sorting (FACS) analysis of DU145 cells incubated with sDNPs for 4 h in the absence or presence of endocytic inhibitors
(CPZ, filipin and Cyto (D). The data are presented as the mean + S.D. of three independent experiments. ***p < 0.001.
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Pearson’s correlation coefficient (PCC) analysis was performed
to evaluate the extent of colocalization (Fig. 3C). High PCC
values (~0.8) at 1 and 2 h were observed, which indicated
positive colocalization and implied that the primary uptake
pathway of sDNPs occurred via endocytosis. Furthermore, PCC
values declined after 4 h, which should be attributable to
nanoparticle escape from endo/lysosomes. Escape of therapeutic
payloads from these compartments is essential for drug activity.
During the self-assembly process, the hydrophilic piperazine
moiety of DAS agents is exposed on the outside of the SDNP
surface. This could endow the nanoparticles with proton-
absorbing capability inside endosomes (pH 5-6) and lysosomes
(pH 4-5), yielding a proton sponge effect to induce swelling
and/or rupture of the organelle membrane.*®

The uptake process of the self-assembled nanoparticles was
further investigated. Lowering the temperature of the cell
cultures to 4 °C significantly impaired the uptake of sDNPs,
supporting the energy-dependent endocytosis mechanism
(Fig. 3D, E and Fig. S10, ESIt). To examine the detailed routes
by which sDNPs are taken up, specific inhibitors that mediate
the blockade of endocytic pathways were exploited.”” Filipin
(an inhibitor of caveolae-dependent endocytosis), cytochalasin
D (Cyto D; a macropinocytosis inhibitor), or chlorpromazine
(CPZ; an inhibitor of clathrin-dependent endocytosis) was used
to pretreat the cells for 30 min, and then the cells were
incubated with sDNPs.*® Compared to that of the cells without
inhibitor pretreatment, the uptake of sDNPs was dramatically
reduced to 54.0%, 32.8% and 20.6% in the presence of filipin,
Cyto D, and CPZ, respectively (Fig. 3F, G and Fig. S11A, ESIf). In
addition, nanoparticle uptake was also attenuated by increased
concentrations of CPZ (Fig. S11B and C, ESIt). Together, these
results suggested that multiple endocytosis routes contributed
to sDNP internalization but it was primarily dominated by
the clathrin-mediated endocytic pathway. This is consistent
with previous studies using nanomedicines to promote entry
into cancer cells, in which multiple pathways were typically
exploited for cellular uptake.’®>® Therefore, unlike free DAS
drug, the sDNP platform is capable of relying on endocytic
pathways to overcome barriers and facilitate cellular entry and
subsequent effective endosomal escape to regain its activity.

Augmented in vitro activity endowed by the self-assembled DAS
agent

Intrigued by whether the assembly of DAS could increase
cytotoxic activity, we examined the viability of tumor cells using
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) tetrazolium assay after exposure to the drugs. The
half-maximal inhibitory concentration (ICs,) was extrapolated
from the dose-response curves (Fig. 4A, B and Table S5, ESIT).
Compared to the free DAS agent, sSDNPs exhibited slightly
superior cytotoxicity towards DU145 human prostate cells and
4T1 murine breast cancer cells. We further reduced the drug
incubation time to 24 h, and the cell apoptosis rate was
examined using fluorescence-activated cell sorting (FACS) after
dual staining with annexin V-fluorescein isothiocyanate (FITC)/
propidium iodide (PI). The results showed that sSDNPs induced

This journal is © The Royal Society of Chemistry 2021
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a 38.32% apoptosis rate in DU145 cells, compared to the rate of
only 24.81% induced by free DAS at identical concentrations
(Fig. 4C). This marked drug toxicity that triggered cell apoptosis
was also confirmed in sDNP-treated 4T1 cells (Fig. 4D).

We then focused on the activity of DAS as a multitargeted
inhibitor of the Src family and BCR/ABL kinases, which are
involved in multiple cellular processes, including mobility,
metastasis and angiogenesis.”’>* To evaluate the inhibitory
effect of sSDNPs on cell motility, we performed a scratch
wound-healing assay using human umbilical vein endothelial
cells (HUVECs). In free DAS-treated HUVECs, the wound-
healing rate was approximately 14.8%, showing less aggressive
motility than that observed in untreated cells. Notably,
treatment with sDNPs for 24 h was effective in substantially
reducing healing, with a wound-healing rate of 5.50%
(Fig. S12A and B, ESIt).

Subsequently, inhibition of cell migration and invasion was
investigated using a Transwell assay to verify the effectiveness of
the DAS agent delivered in nanoparticle form (Fig. 4E). The highly
aggressive 4T1 breast cancer cell line was included in this experi-
ment. As expected, the addition of the DAS agent reduced cell
migration to the lower chamber relative to that of untreated cells.
Cells treated with sDNPs showed significantly reduced migration
compared to that of cells treated with DAS in its free form. The
differences between the two treatment groups were statistically
significant (Fig. 4F). The trend observed in the migration assay
was similar to the results observed in the invasion assay; that is,
sDNPs preserved the anti-invasive capacity and markedly
impaired the ability of metastatic 4T1 cells to invade through
the extracellular matrix (Fig. 4G).

DAS, a potent antiangiogenic inhibitor, suppresses VEGF-
induced angiogenesis by blocking the Src signaling pathway.>*
To further examine whether this activity was preserved in the
sDNP platform, we conducted a tube formation assay in
HUVECs. Upon the addition of free DAS or sDNPs, the capillary
tubes were clearly destroyed compared to those in untreated
cells; however, free DAS was less effective than sDNPs in the
inhibition of tube-forming capacity (Fig. 4H). Consistently,
sDNPs enhanced the antiangiogenic activity of DAS, as sup-
ported by the quantification of branch length and the number
of tubules and nodes (Fig. 4I-K). Hence, nanoparticle delivery
potentiates these in vitro activities more than delivery of DAS in
its free drug form. This could presumably be due to the
formation of positively charged nanoparticles, which facilitates
cellular internalization.

Enhanced local tumor control and antimetastatic activity of
injectable sDNPs in vivo

The clinical efficacy of molecular inhibitors has been greatly
compromised due to several limitations, such as poor aqueous
solubility, low oral bioavailability, and rapid metabolism in the
body. Specifically, DAS is orally administered in a tablet form in
the clinic due to its insolubility, and it generally shows poor
absorption in the gastrointestinal tract and prominent first-
pass metabolism.”> We hypothesized that injectable sDNPs
could mitigate these obstacles.
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Fig. 4 sDNPs outperformed free DAS, with enhanced antitumor activity and excellent inhibition of mobility and antiangiogenesis in vitro. The inhibitory
effects of free DAS and sDNPs on cell viability in (A) DU145 cells and (B) 4T1 cells were evaluated using an MTT assay. Apoptosis assay of (C) DU145 cells and (D)
4T1 cells, as determined using FACS analysis (annexin V-FITC)/PI dual staining). (E) Schematic illustration of cell migration/invasion assays in 4T1 cells.
Representative images of the (F) migration and (G) invasion assay results, with quantitative analysis corresponding to the images. Scale bars = 100 um. 4T1 cells
were incubated with PRMI 1640 medium containing SDNPs or free DAS for 24 h, and cells without drug treatment were used as the control group (n = 4). Tube
formation of HUVECs treated with SDNPs or free DAS for 3 h. (H) Typical images of the tubular network were captured later. Quantitative results were evaluated
by quantifying the (I) total branch length, (J) number of tubules and (K) number of branch nodes using ImageJ. The experiments were performed in
quadruplicate, and the data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

To test this hypothesis, the efficacy of sDNPs and orally
delivered DAS was comparatively evaluated in a metastatic
tumor xenograft mouse model. For this purpose, an orthotopic
xenograft model was established by implanting murine 4T1
cells into the mammary fat pads of Balb/c mice. When the
tumors reached ~200 mm? in volume, the mice were adminis-
tered with free DAS via gavage or sDNPs via intravenous
injection five times every 2 days (q2dx5) at the same dosages.
We compared antitumor activity by measuring the volume of

38 | Nanoscale Horiz., 2021, 6, 33-42

the orthotopic tumors (Fig. 5A). Compared with saline treat-
ment, SDNP treatment produced superior tumor growth inhibi-
tion of 54.8% and 72.7% at doses of 15 and 30 mg kg,
respectively, in mouse tumors. Disappointingly, orally delivered
DAS at these doses had very limited effects. We did not observe
statistically significant differences between the saline and free
DAS treatment groups. The weights of tumors excised at the
end of the observation period further verified the improved
efficacy of the nanodelivery of DAS (Fig. 5B and C).

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Parenteral treatment with sDNPs sufficiently inhibited the growth of primary tumors in 4T1 murine breast tumor-bearing Balb/c mice. (A) Tumor
volume changes of the mice treated with different formulations (n = 7 per group). The tumors harvested from the mice at the end of the study were
photographed (B) and weighed (C). (D) Body weight changes of the mice. (E-H) Representative images of H&E staining, cleaved caspase-3 (CC3)
immunostaining, Ki67 immunohistochemistry, and CD31 labeling in 4T1 tumor sections. Scale bars: 50 um. (I) The percentage of Ki67-positive cells was
determined to evaluate cell proliferation. (J) Inhibition of angiogenesis in tumors was determined by immunostaining for the blood vessel marker CD31.

Five random fields were evaluated from slices of primary tumor sections.

Histological analyses were further conducted to assess anti-
tumor efficacy. The superiority of SDNPs could be attributed to
extensive intratumoral apoptosis, as evidenced by hematoxylin
& eosin (H&E) staining (Fig. 5E) and immunohistochemical
staining of cleaved caspase-3 (CC3) (Fig. 5F), along with strong
blockage of proliferation, as indicated by Ki67 analysis (Fig. 5G
and I). Furthermore, sDNP treatment remarkably reduced the
density of vessels in tumors, as revealed by immunostaining for
CD31, a biomarker of the microvasculature (Fig. 5H and J).
Notably, the body weight of mice that received SDNP treatment
remained stable, but weight loss was observed in the mice
orally treated with DAS.

Of note, in an independent mouse model of human prostate
DU145 cancet, intravenously injected sDNPs at 15 mg kg
outperformed orally administered free DAS (ie., 15 or
30 mg kg™') in terms of tumor growth suppression (Fig. $13,
ESIt). The volume and weight of tumors excised at the end of
the study as well as histological examination of the tumors
supported the therapeutic efficacy of sDNPs (Fig. S14, ESIT).
Furthermore, no loss of body weight was observed in mice
treated with sDNPs, indicating that this treatment does not
cause severe systemic toxicity.

This journal is © The Royal Society of Chemistry 2021

Metastasis accounts for the majority of cancer-associated
human mortality.>®*” Traditional chemotherapy is not capable
of inhibiting metastasis but occasionally it promotes the dis-
semination of cancer cells to distant organs, leading to clinical
failure. In vivo, orthotopic inoculation of murine 4T1 cells
induces metastasis and rapid colonization of the lungs and
liver. We thus tested the ability of SDNPs to reduce metastatic
potential in this model. The mice were implanted with murine
4T1 cells, and after 1 week, they were administered with SDNPs
via the tail vein. To assess antimetastatic efficiency, the lungs
and livers in each group were excised on day 28 after treatment.
Many visible nodules were clearly observed in the lungs of the
saline- or free DAS-treated mice (Fig. 6A). Strikingly, sDNPs
greatly inhibited pulmonary and hepatic metastases at a low
dose (15 mg kg~ "). More impressively, the mice treated with a
high dose of sDNPs presented the absence of signs of metas-
tasis in both organs, supporting their potent inhibitory effect
on cancer cell migration and invasion. Furthermore, histologi-
cal analyses of lungs and livers using H&E staining revealed a
consistent tendency (Fig. 6B, C and Fig. S15, ESIt). Of note,
the metastatic area in the lungs was substantially reduced
to 0.13% after treatment with sDNPs at a high dose (Fig. 6D).
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Fig. 6 Inhibitory effects on lung and liver metastasis upon sDNP treat-
ment of 4T1 breast tumor bearing mice. (A) Representative images of the
lungs excised from each group. The green circles indicate visible meta-
static nodules in the lung tissues. Histological analyses of metastatic
lesions in (B) lungs (indicated by black solid circles) and (C) livers (indicated
by green arrows) from each group. The lower images show an enlarge-
ment of the region in the white rectangle. Scale bars: 500 pm (upper row)
and 100 pm (lower row). (D) Tumor area percentages in the lungs and (E)
numbers of micrometastases in the livers quantified by H&E staining (n = 5
mice per group). The data are presented as the mean + SD. *p < 0.05,
**p < 0.01, ***p < 0.001, "p > 0.05.

Moreover, the number of metastatic lesions in the livers of
sDNP-treated mice was also remarkably inhibited compared to
that of saline- or free drug-treated mice (Fig. 6E). Thus, these
data support the desirable antimetastatic efficacy of the inject-
able sDNP platform.

Alleviation of drug toxicity as a potential new generation of
nanotherapeutics

The introduction of large quantities of carrier materials for
the pharmaceutical delivery of potent therapeutics causes
excipient-associated side effects, which impose an extra burden
on patients. In addition, the undefined metabolism, clearance,
and long-term toxicity of these materials greatly deter further
clinical translation. To address these issues, minimizing the
matrices used for drug delivery represents a promising solution.
Hence, the self-assembling pure drug systems with 100% drug
loading presented here could meet these requirements and
increase translational capacity. Therefore, we investigated
whether DAS delivered by nanoparticles can potentially reduce
drug toxicity in vivo. When therapeutic nanoparticles are sys-
temically injected, they encounter red blood cells (RBCs) and
may potentially induce hemolysis. Thus, we evaluated the
hemocompatibility of the sDNP scaffold using the hemolysis
assay. RBCs were exposed to different concentrations of SDNPs,
and the hemoglobin released from hemolyzed RBCs was mea-
sured. We detected only negligible hemolysis, with less than
1% hemolysis after treatment with SDNPs at concentrations as
high as 0.6 mg mL ™" (ie., equal to a 90 mg kg ' treatment
dose), demonstrating excellent hemocompatibility suitable for
intravenous administration (Fig. S16, ESIT).

The hydrophobicity of administered nanomaterials frequently
causes immunotoxicity, which further deters the clinical translation
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of nanoparticle therapeutics.’®*®® We therefore performed
immunological studies by quantifying the levels of cytokine
induced by sDNP administration. Synthetic aliphatic polyesters
such as PEGs—PLAg,, which are conventionally used in the
delivery of hydrophobic drugs, were compared in this experi-
mental setting. After administration of high doses of sDNPs
(30 mg kg™', q2dx5), serum samples from mice were subjected
to a multiplex cytokine assay for measurement of a panel of
inflammatory and proinflammatory cytokines/chemokines. As
expected, blank PEG;—PLAg, (not DAS fed) and DAS-loaded
PEGs-PLAg nanoparticles triggered a substantial immune
response by increasing the levels of cytokines/chemokines (e.g,
the chemokines CCL11 and GM-CSF, the Th cytokines IFN-y and
IL-10 and the proinflammatory cytokines IL6 and TNF-o) on days
9 and 18 (Fig. S17, ESIt). This could be due to the hydrophobic
PLA segments, which are expected to activate the immune
response. Even on day 30 post-administration, we observed
upregulated levels of IFN-y, CCL-11, and GM-CSF, indicating long-
term immunotoxicity. Very interestingly, when sDNPs were intra-
venously injected, the levels of these cytokines/chemokines
remained within the normal range during the whole observation
period. Overall, in contrast to traditional polymers, the non-
covalent nanoassemblies prepared from therapeutic drugs
degraded into small molecules only after performing the role
of delivery reservoirs, which could be excreted from the body
and benefit the alleviation of long-term immunotoxicity.

Conclusions

By exploiting the supramolecular self-assembly process, we have
successfully transformed an insoluble molecular inhibitor into a
more effective and less toxic therapeutic nanoparticle. The major
advantages of the current SDNP platform include a uniform size
distribution, colloid-stable nanoparticles, 100% drug loading, and
simple nanoparticle preparation without either chemical modifi-
cation or the use of carrier materials. In addition, upon forming
nanoassemblies, the DAS inhibitor became fluorescently emissive.
To the best of our knowledge, this represents the first example of a
self-assembling natural molecular inhibitor that shows AIE char-
acteristics, enabling cellular imaging and trafficking tracing of
sDNPs without additional labeling with fluorescent dyes. The
engineered sDNPs can inhibit local breast tumor growth and
reduce the metastatic burden in mice more efficiently than the
orally administered DAS inhibitor while mitigating the immuno-
toxicity that is normally elicited by nanocarriers. Although the
administration of SDNPs was restricted to the parenteral route in
this study, alternate methods for the delivery of these nanoassem-
blies, including oral gavage, deserve to be investigated. Finally,
this approach is clinically feasible and can be applied to rescue
other compounds that have limited efficacy due to pharmaceu-
tical challenges.
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