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ABSTRACT

The evolution of drug resistance in tumor malignancies has necessitated advancements in
anticancer drug therapy. Drug combination therapy, which can burden cancer progression at
multiple target sites, has been used to address drug resistance and includes the coencapsulation of
synergistic drugs within nanoparticle carriers. However, the use of organic and inorganic carriers
can lead to additional material-induced safety concerns, including inflammation and antibody

formation. Herein, we report an ultrasound-driven approach to combine synergistic anticancer



drugs into carrier-free particles. Venetoclax (Vtx) (as a model anticancer drug) is combined with
an anticancer anthracycline drug, doxorubicin (Dox) or a myeloid cell leukemia-1 inhibitor drug
(S63845) to form spherical, submicrometer-sized (~200-1000 nm in diameter) particles,
consisting predominantly of the drug molecules stabilized by hydrophobic interactions. The
coassembled particles, i.e., nanodrugs (NDs), display comparable and two-fold higher anticancer
activity than the free drugs and the mono-component NDs, respectively, in Vix-resistant SKOV-3
cells. The coassembled NDs containing Vtx and Dox increased the survival of SKOV-3 xenograft-
bearing mice by at least 6 days (~24%) in comparison with free Vitx or Vtx NDs and at least 10
days (~40%) in comparison with saline-treated mice. Microscopy analysis of tumor tissues
confirmed greater tissue damage and apoptosis induced by the NDs than by the free drugs. The
present findings highlight the potential of sono-driven assembled carrier-free systems in anticancer
combination therapy, combining the advantages of a high surface area, slow-release particulate

system with the synergistic action of multiple drugs to combat drug resistance.
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Chemotherapy that employs small molecule drugs is the most common cancer treatment,'
which affects various cellular pathways to slow down and/or stop the uncontrolled proliferation of
tumor cells.* Venetoclax (Vtx) is an example of a small molecule anticancer drug that mediates
cell death by binding the Bcl-2 receptor in the mitochondria, hindering its ability to inhibit
apoptosis. Vix was approved for patient use in 2016 for the treatment of chronic lymphocytic
leukemia and small lymphocytic lymphoma® and has been applied in combination therapy
strategies to treat diverse hematological malignancies.®® Despite the clinical success of Vitx, its

application in monotherapy is challenged owing to increasing venetoclax resistance in cancer



cells.” Hence, treatment strategies often combine Vtx with other anticancer agents with multiple
modes of action, e.g., doxorubicin (Dox) (a DNA intercalator)®° and inhibitors such as S63845
(myeloid cell leukemia-1 (Mcl1) inhibitor)'*'? and Zanubrutinib (Bruton tyrosine kinase
inhibitor), to combat drug resistance, uncontrolled disease progression, and tumor relapse, which
are observed in monotherapy.*!

Irrespective of the type of drug, the main challenges faced by most small molecules used in
chemotherapy are nonspecificity, poor circulation, and fast systemic clearance.'® To address these
challenges, nanosized carriers (nanocarriers) have been employed to improve the circulation and
pharmacokinetics of small drugs, with the liposomal formulation of Dox (Doxil) being a prime
example.'® Nanocarriers can modulate drug release and interactions with biological interfaces, and
improve the stability and solubility of small drugs, particularly hydrophobic drugs, that constitute
40% of drugs on the market.!”"*® Numerous organic and inorganic nanocarriers are under
investigation for the delivery of small molecules, including liposomes,® micelles,?° silica,?! and
various polymer-based particles?®? (e.g., poly(lactic-co-glycolic acid) nanoparticles®*). However,
some nanocarriers exhibit cellular activity and collateral toxicity (e.g., cardiotoxicity, drug
resistance) similar or in addition to the active small molecule.?>?® Moreover, the encapsulating
carrier may trigger undesired immunological responses to the host system owing to its
physicochemical properties as well as composition.?

Thus, to harness the advantages of nanosized formulations, and potentially suppress the toxicity
and immune responses caused by carriers, nanoparticulate carrier-free platforms composed
entirely of the candidate small molecule are desirable. Diverse techniques are used to prepare
carrier-free nanodrugs (NDs), including solvent precipitation,?>*® homogenization,3* milling,%

template-assisted,® and in vivo3 driven self-assembly. Different studies have demonstrated that



such carrier-free NDs display lower systemic toxicity, higher blood retention, improved drug
loading,® and limited multidrug resistance®® compared with either free drugs or encapsulated
drugs. We previously reported the use of high-frequency ultrasound to promote the self-assembly
of drugs into NDs in aqueous solvents without the use of organic solvents or toxic reagents.?>3"3
The acoustic cavitation bubbles, produced by high-frequency (200-500 kHz) ultrasonic waves,
provide a reactive surface for the transformation and self-assembly of small molecules rich in
aromatic and amphiphilic groups into carrier-free particle drugs (i.e., NDs).®” Small aromatic
molecules, such as n-benzoyl-L-tyrosine ethyl ester, tryptophan,®” phenylalanine, octapeptides
(made of arginine and phenylalanine),* tannic acid,** Dox,? and doxycycline,*? have been
transformed into NDs. However, coassembling more than one small drug molecule to study ND
formation and biological activity in vivo remains unexplored.

Many anticancer drugs, including Vtx, Dox, and Mcll1 inhibitor, are rich in sonoresponsive
aromatic and amphiphilic functional groups that can promote C—C coupling and other noncovalent
interactions including, hydrogen bonding and hydrophobic interactions, under the influence of
high-frequency ultrasound.?® Herein, we report the sono-induced formation of carrier-free NDs
composed of Vix (NDwi), as a mono-component ND, and Vtx and Dox (NDvix+pox) or Mcll
inhibitor (NDvix+mci1), as two-component/coassembled NDs. The stability and activity of these
NDs were evaluated in vitro using immortalized cell lines and in vivo using a xenograft tumor-
bearing mouse model. In vitro, the synthesized NDvix, NDvix+pox, and NDvix+mci retained their
biological activity post sonication. In vivo tumor mice model studies highlighted the propensity of
the coassembled NDvix+pox to accumulate and control the progression of SKOV-3 induced tumors.

Our findings demonstrate the feasibility of preparing NDs, incorporating a hydrophobic drug (i.e.,



Vtx) and a combination of synergistic drugs, via sonochemistry and provides a pathway to
transforming numerous other potential drugs into NDs for use in anticancer combination therapy.

RESULTS AND DISCUSSION

Sonosynthesis and Characterization of NDvix. Studies on the sono-transformation of small
molecules into NDs have revealed that bubble formation, during acoustic cavitation, drives the
formation of particulate NDs. Cavitation bubbles provide a reactive liquid—air interface for the
radical-mediated dimerization (C—-C coupling), hydroxylation and/or fragmentation of aromatic
molecules that deposit on the bubble surface.?>3"* These chemical and physical processes result
in the self-assembly and nano-aggregation of small molecules into uniform nanoparticles or NDs

upon bubble collapse.?>3":38



- Schematic of ultrasound-assisted self-assembly of Vtx to ND,,, N
()

» Modified species @ Free drug

Nano-aggregation

Sonication Dimerisation Bubble collapse

(=} . .‘ . ’
& "o ﬁo.“..! @2
0 oty © }'\.M
(LIS ® ‘t ° e ~ 4 ‘
—x % @ . Y )

o Vitx dissolved in

w8 water with 10% . )
{j DMSO Aggregation at bubble interface

30 304 30
0
g 2 g
3 20 3o 3=
o (s} o
104 104 I l 104
o 11T TTTT M ——— o] e i S P
20 120 220 320 420 20 120 220 320 420 2 12
Average diameter (nm) Average diameter (nm) Average diameter (nm)
(d) guq00 (e)(i) - (i) NDyqy
1.0 — Disassembled NDyy — Free Vtx
— Free Vtx -
4? 3
-1 6x10% S 0.8- e
= 2 3
@ o c
2 © 0.6 8
0 4x10° - £
o 3 £
£ G 04 2
S . [
o 2x108 2
0.2-
0 0.0 T r T y y T
3.2 5.6 8 200 300 400 500 500 4000 3200 2400 800
-2
Power (W cm™) Wavelength (nm) Wavenumber (cm™) )
AN

Figure 1. Ultrasound-assisted self-assembly of Vtx into NDwi. (a) Schematic representation of

the transformation of Vtx into particle nanodrugs (i.e., NDvix) using high-frequency ultrasound.



(b) SEM images of NDvix synthesized at increasing power: (i) 3.2, (ii) 5.6, and (iii) 8 W cm and
(c) their corresponding particle size distributions, obtained from size measurement of 120 particles
from the SEM images. (d) Particle concentration (as particles per mL) measured via NTA. Data
represent mean + standard deviation of three replicates (e) Chemical composition of NDvix, as
determined by (i) UV-vis spectroscopy and (ii) FTIR spectroscopy. Figure 1a was created with

BioRender.com.

We first studied the formation of NDw, as illustrated in Figure 1a. To determine the effect of
acoustic power on the chemical structure of Vtx and particle formation, Vtx was sonicated at a
constant frequency of 490 kHz at increasing power (3.2, 5.6, and 8 W cm2) for 60 min. These
parameters (frequency and time) were chosen based on previous studies that reported stable ND
formation.>#? Scanning electron microscopy (SEM) characterization of NDwvi revealed their
spherical morphology and nonhomogeneous particle size distribution (Figure 1b). The size
distribution of the NDv measured from the SEM images ranged between 50 to 500 nm, with mean
+ standard deviation diameters of 115 + 71, 120 + 80, and 117 + 82 nm at 3.2, 5.6, and 8 W cm?,
respectively (Figure 1c). Additionally, nanoparticle tracking analysis (NTA) revealed that using a
power of 5.6 W cm resulted in the highest particle yield, corresponding to the highest particle
concentration (i.e., 6.8 x 108 particles per mL) among the conditions tested (Figure 1d). Hence,
owing to the higher yield and uniformity of particle morphology, a frequency of 490 kHz and a
power of 5.6 W cm~2 were chosen as the standard ultrasound parameters for the synthesis of NDs

in the subsequent studies.
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Figure 2. Characterization of the chemical composition and interactive forces within NDv. ()
LC pattern of sonicated Vtx showing the decrease in free Vitx (retention time at 21.5 min) with a
corresponding increase in new elution peaks (between 19.5 and 20.5 min). (b) Mass spectrum of
sonicated Vtx indicating the masses (m/z) of possible compounds at (i) 21.5 and (ii) 20 min. (c)
Representation of the possible chemical changes occurring within Vtx during sonication, as
inferred from LC/MS analysis. (d) Schematic illustration of the possible assembly of free drug and
sono-modified species into NDs and their disassembly. (e) Disassembly of NDs in different

reagents as a function of time. Figure 2d was created with BioRender.com.

To investigate the chemical composition of NDvix, the NDs were disassembled in 10% dimethyl
sulfoxide (DMSO) and characterized by UV-visible (UV-vis) spectroscopy. Characteristic
absorption peaks of Vtx at 320 and 420 nm were observed in both the spectra of free Vitx drug and
NDwix (Figure 1e(i)). Fourier transform infrared (FTIR) spectroscopy analysis (Figure 1e(ii)) of
NDwix revealed peaks that were associated with the stretching of N-H bond (3360 and 3300 cm™
1, C—H bond (2910 and 2836 cm™?), C=0 in amide bond (1675 cm™), C=C aromatic rings (1606
and 1580 cm-1), -NO (1517 cm™), and —SO2 bonds (1606, 1580, 1517, 1344, 1235, and 1133 cm~
1), which were also observed for the free Vitx drug.*® The findings suggest that NDvi is largely
composed of the free drug Vix. To assess the various possible chemical and structural species
within NDvi, high- resolution tandem liquid chromatography/mass spectrometry (LC/MS) was
performed. The LC chromatogram of sonicated Vtx identified 2 peaks (Figure 2a) eluted during
analysis. The most predominant (high intensity) peak at 21.5 min, which is characteristic of free
Vix, decreased with increasing sonication time. Conversely, a new small peak appeared in the
range of 19.5-20.5 min, which increased with sonication time. The corresponding electron spray

ionization—mass spectrometry (ESI-MS) analysis of these LC peaks (Figure 2b(i), (ii)) showed



dominant mass-to-charge ratios (m/z) representing Vtx (868 m/z) at 21.5 min, and hydroxylated
fragments (435 m/z) and dimers (1351 and 1750 m/z) at 20 min. Overall, from the LC/MS analysis,
the possible chemical modifications that VVtx undergoes during sonication can be inferred and are
represented in Figure 2c. The hydroxylated and dimerized species were present in low intensities
(0.05% of total peak area at 320 nm) in comparison to the free drug, as noted in their representative
LC peak area. We speculate that VVtx and the modified species can form oligomers on the reactive
bubble surface that can facilitate the self-assembly of NDyix.%®

To determine the main interactive forces holding the NDs together, their disassembly profiles
(Figure 2d,e) were studied under a range of conditions. NDvix were incubated in urea, Tween 20,
sodium chloride (NaCl), DMSO, ethylenediaminetetraacetic acid (EDTA), 2-(N-
morpholino)ethanesulfonic acid (MES), and 3-(N-morpholino)propanesulfonic acid (MOPS)
buffer, and the release of Vtx, which is an indication of NDvix disassembly, was measured as a
function of time (Figure 2e). A rapid release of Vtx was observed in Tween 20 and DMSO within
30 min (76%), as determined from UV-vis spectroscopy measurements of the supernatant (at 320
nm). However, a Vtx release of <25% even after 24 h was observed in urea (which corresponds to
the rupture of H bonds), and in buffers that disrupt ionic interactions [NaCl, MES buffer (pH 3)
and MOPs buffer (pH 7)]. This indicates that the dominant interactions holding the NDs together
are hydrophobic in nature. Thus, the presence of aromatic rings in Vtx plays an important role in
facilitating their sound-driven assembly into NDvi through hydrophobic interactions upon bubble
collapse.

Biological Activity of NDvix. The release of Vix from NDwix was assessed in a range of
biological media. NDvix were suspended in 100% fetal bovine serum (FBS), McCoy complete

media (with 10% FBS and 1% penicillin/streptavidin), and phosphate-buffered saline (PBS, pH 7)
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at room temperature for up to 13 days. Post incubation, the NDs were centrifuged, and the
absorbance of the supernatant was measured at 320 nm by UV-visible spectroscopy. As observed
from Figure 3a(i), ~40% of the free drug was released cumulatively by day 13 in 100% FBS and
McCoy complete media. The differing morphology of NDvix before and after incubation in 100%
FBS on day 13 (Figure 3a(ii)) confirmed the time-dependent disassembly of the NDs, leading to
the release of the drug. A percentage release of only 18% was detected in PBS. In PBS and water,
this release was accompanied with a small (~30%) decrease in average particle diameter over time
(12 days) (from 248 to 178 nm in PBS) (Figure Sla). These results indicate the stability of the
NDs in PBS and in water over time, with no obvious agglomeration observed within the 12-day
incubation period examined, as suggested by the polydispersity index of the size distribution
(Figure S1b). The slow release or disassembly of NDs in PBS or water could benefit storage, at
least in the short term, such that drug release would predominantly occur in biological media where
they are needed.

Vix triggers cell death by binding to Bcl2 receptors in the mitochondria, which results in the
release of the pro-apoptotic BH3 protein and activation of apoptosis. Thus, we examined the
biological functionality of NDwix using an Annexin V apoptotic assay coupled with propidium
iodide (PI). A variety of cell lines, including Jurkat (T cells), HEK 293T, and MDA-MB-231 cells,
were exposed to increasing doses of NDwix and the free drug Vtx (0-50 puM). Fluorescein
isothiocyanate (FITC)-labeled Annexin V identifies apoptotic cells (green), whereas Pl binds to
the DNA of dead cells (red), thus enabling the quantification of live cells (Annexin V7/PI"), early
apoptotic cells (Annexin V */PI"), late apoptotic cells (Annexin V */PI*), and dead cells (Annexin
V/PI") using flow cytometry (Figure 3b and Figure S2). As shown in Figure 3b, treatment with

NDwix or the soluble free drug resulted in similar proportions of apoptotic cells (sum of cells at

11



early and late apoptotic stages), which increased with increasing concentrations of NDvix or Vtx.
This finding was supported by confocal microscopy imaging (Figure 3c), which showed increasing
late apoptotic cell population (as indicated by the yellow signal resulting from the colocalization
of green and red signals in the same cell) with increasing concentration of NDvix. These results

show that the sonosynthesis of Vtx into NDwvix does not impair the biological activity of the drug.
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of three independent experiments (c) Confocal images of Jurkat cells treated with 0, 10, 25, or 50
MM NDvi stained with Annexin V (green) and Pl (red). The yellow signal results from

colocalization of the green and red signals. Scale bars 20 um.

Sonosynthesis and Characterization of Coassembled NDs. Vtx, as a mono therapeutic agent,
is limited by its single therapeutic mechanism that cells can evade by developing resistance.
Combining Vtx with other drugs that have synergistic modes of action can address this challenge.®
Herein, we combined Vtx with Dox (an anthracycline drug) or S63845 (a Mcl1 inhibitor) to form
coassembled NDvix+pox and NDwix+mci1, respectively (Figure 4a). Mono-assembled NDpox and
NDwmciz Were also prepared. The NDs had a nonhomogenous size distribution with average
diameters of 300, 235, 275, and 409 nm for NDmeci1, NDvix+mciz, NDpox, and NDvix+pox respectively
(Figure 4b) and {-potentials of —31, 0, —12, and 0 mV, respectively (Figure 4c). The negative
charge is likely due to the hydroxylation of Dox and Mcl1 during sonication. All NDs, including
the coassembled NDs, displayed a spherical morphology (Figure 4d). The chemical composition
of the NDs post sonication was examined using high-performance liquid chromatography (HPLC).
HPLC analysis of the disassembled NDpox and NDwmci1 (Figure S3a,b) showed several peaks,
indicating the presence of multiple modified species. NDvix+pox and NDvix+mcir respectively
showed characteristic peaks of Dox (10.5 min) and Mcl1 (16.2 min) alongside a Vitx peak (19 min)
(Figure S3c,d). The chromatograms also revealed the elution of compounds other than the free
drugs. However, the intensity of the peaks corresponding to these compounds represented only
3.3% of the total peak area at 320 nm. Further investigation of the chemical composition of
NDuvix+Dox Using LC/MS showed two distinct peaks at 12.8 and 20.9 min (Figure S4a) on the LC
chromatogram that corresponded to free Dox (489 m/z) and Vtx (868 m/z), respectively, on the MS

patterns (Figure S4b,c). The LC pattern also displayed low intensity peaks between 14 and 18 min,
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corresponding to a species with a m/z of 1254 (Figure S4d), which was likely an intermediate
species chemically combining Dox and Vtx.

Overall, LC/MS analysis confirmed the presence of two drugs. The majority of both drugs in the
formulations have retention times and molecular weights consistent with the free drugs, suggesting
that their chemical structures are largely retained upon subject to high-frequency ultrasound

treatment.
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experiments. Data represent averages + standard deviations. (d) SEM images of the morphology

of mono- and coassembled NDs. Figure 4a was created with BioRender.com.

The effects of changing the drug mass ratio on ND diameter, {-potential, and morphology were
also studied by SEM and dynamic light scattering (DLS). Increasing the mass ratio of Vix:Dox
from 1:1 to 1:10 in the formulation resulted in a reduction of 16% in the average diameter of
NDvux+pox (Figure S5a) and a switch in the -potential from neutral to negative of the coassembled
ND (Figure S5b). In contrast, increasing the mass ratio of Vtx in the combination had little effect
on the ND size (ranging between 530 to 1180 nm) and the (-potential remained neutral (Figure
S5¢,d). Note that NDvix also had a neutral {-potential (Figure S5d). The neutral surface charge can
be attributed to the low chemical modification in Vtx free drug during sonication. SEM images
revealed that the coassembled NDs remained spherical upon changing the mass ratio (Figure S5e).
HPLC analysis of the coassembled NDwvix-+pox With varying masses indicated that more than 40%
of the initial drug/s was assembled into the NDs (Figure S5f,g). For the subsequent studies, NDs

coassembled at a mass ratio of Vtx and Dox/Mcl1 of 1:1 was used.
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same mass ratios (Vtx:Dox/Mcll = 1:1) were used for comparison. Data in (a)—(d) represent mean
+ standard deviation of three independent experiments (e) Representative confocal image of
SKOV-3 cells treated with AF633-labeled NDvix+pox. Nuclei and cell membranes are stained with
Hoechst (blue) and wheat germ agglutinin (WGA) (green), respectively. (f) Corresponding AF633-
labeled NDvix+pox and Dox signal distribution plots, for the region highlighted in white in (e). (g)
Representative confocal images of SKOV-3 cells treated with 5 UM NDvix+pox for (i) 4 or (ii) 24
h, stained with Lysotracker Green DND26 (green) and Hoechst (blue). The inherent Dox signal

from the ND is shown in red. Scale bars 2.5 uM.

In Vitro Assessment of Mono- and Coassembled NDs. As combination therapy is used as a
strategy to address drug resistance, we studied the in vitro activity of the coassembled NDs using
the cancer cell line SKOV-3, which is known to be resistant to various chemotherapeutic drugs,
including Dox, Vtx, and paclitaxel.>** The cytotoxicity of NDyix+pox and NDvixsmei1 (containing
Vitx and Dox/Mcl1 at a mass ratio of 1:1) was evaluated and compared. Controls with free drug
mixtures at comparable concentrations were used. The half-maximal inhibitory concentration
(ICs0) of NDwvix+pox (Which is defined as the drug concentration required to kill 50% of the cells)
after 3 days of incubation was observed to be between Vix 3.8 uM + Dox 6.2 uM to Vix 19 uM +
Dox 31 UM. In contrast, the ICso of the free drug was at Vitx 0.38 uM + Dox 0.62 uM (Figure 5a).
For longer exposures, i.e.,7 days treatment, the 1Cso of NDvix+pox decreased to Vix 0.38 uM + Dox
0.62 uM, which was comparable to that of the free drug (Figure 5b). This could be attributed to
the time-dependent dissolution of the coassembled NDs (Figure S6a) in cell culture media. In
addition, the toxicity of NDvix+mci1 Showed an 1Cso between Vix 4.8 uM + Mcl1 5.2 uM to Vix 24
MM + Mcll 26 uM and Vix 2.4 uM + Mcll 2.6 uM after 3 and 7 days of treatment, respectively

(Figure 5c¢,d). Both the NDvix+mci1 and the mixed free drug showed comparable viability profiles.
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In general, the coassembled NDs containing Vitx and Dox showed higher cytotoxicity than either
free Vix or NDvix as mono-therapeutic agents against Vitx-resistant SKOV-3 (Figure S6b,c). This
could be attributed to the synergistic action of Dox and Vix.2° To highlight the improved
therapeutic capacity of the coassembled NDwvi+pox, an additional control experiment using a
combinatorial treatment of mono-assembled NDvix and mono-assembled NDpox Was performed.
The cytotoxicity of free Vix+Dox individually loaded NDvix+NDpox, and coassembled NDvix+pox
was evaluated after 7 days of treatment (Figure S6c¢). The ICsg of the coassembled NDvix+pox and
free Vix+Dox was observed between Vitx 0.19 uM + Dox 0.31 puM and Vtx 0.38 uM + Dox 0.62
uM, and Vitx 0.38 uM + Dox 0.62 pM respectively. However, the individually loaded
NDvu+NDpox only showed ~10 to 20% toxicity between Vix 0.76 uM + Dox 1.24 uM and Vix
0.38 uM + Dox 0.62 uM and did not reach 50% even at Vitx 38 UM + Dox 62 uM. The toxicity of
the coassembled NDvi+pox Can be attributed to the combination of Dox + Vix as a single particle
and their low sono-chemical modification (Figure S3a,c). In particular, the activity of Dox appears
to influence the synergistic behavior and hence the toxicity of the coassembled NDvix+pox. The
chemical modification (i.e., fragmentation and dimerization) of Dox within NDpox (Figure S3a)
likely decreased its efficacy, which is consistent with our previous study on the
sonoresponsiveness of Dox.? In the case of the coassembled system (NDwix+box), the structure of
Dox was more preserved when synthesized in combination with Vtx, as seen in Figure S3c. The
minimal modification in Dox makes NDwv+pox more active than the mono-component NDpox
system, promoting better synergistic activity with Vtx. This is also supported by the similar
toxicity observed for NDvix+pox and the free Vix+Dox mixture at day 7 in vitro (Figure 5b). We
speculate that the sonochemically modified Vtx acts as an excipient that can trap free Dox and free

Vix in their unmodified forms within a nanoparticle formulation, as suggested by our HPLC and
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LC/MS data (Figures S3 and S4). Drug (Vtx) release from NDvix+pox 0r NDvix followed a similar
trend (Figure 3a, Figure S6a), suggesting that ND disassembly from the coassembled or mono-
component NDs is similar and unlikely to influence the synergistic behavior of NDvix+pox.

Confocal microscopy was used to investigate the internalization of Alexa Fluor (AF)633-labeled
NDvix+pox by SKOV-3 cells (Figure 5e). Cytoplasmic localization of AF633-labeled NDvix+pox Was
observed, which colocalized with the Dox signal (Figure 5f). Lysotracker staining was used to
study the intracellular trafficking of the coassembled NDs. The colocalization of ND (red) with
lysosomes (green) after 4 h incubation of SKOV-3 cells with AF633-labeled NDs is shown in
Figure 5g(i) and was estimated by a Pearson correlation curve (Figure S7c(i)). High colocalization
of the NDs with lysosomes was observed at 4 h, whereas at 24 h, the Pearson’s correlation scatter
plot suggests lower colocalization of NDs and lysosomes (Figure S7c(ii)), potentially through
endosomal escape of NDs in the cytosol. In addition, the mean fluorescence intensity of the NDs
per cell in confocal images increased with incubation time (from 4 to 24 h), indicating higher
uptake of the NDs over time (Figure S7d). Overall, these imaging studies suggest that NDvix+pox
are internalized in cells, then localize in the endo-lysosomal compartments in the first 4 h, and
eventually escape by 24 h at 37 °C.

In Vivo Biodistribution and Tumorigenicity of NDvix, NDpox, and NDvix+box. In vivo studies
for assessing the biodistribution and tumor reduction capacity of the NDs were performed on 6-
week-old female BALB/c nu/nu mice (Figure 6a). The animal tumor model was obtained by
injecting luciferase-expressing SKOV-3 cells (SKOV-3 luc) subcutaneously in the flank of mice.
Tumor growth and body weight were monitored from the day of injection (day 0) until the tumors
reached 20-50 mm? in volume (day 39). Post establishment of tumors, the mice were randomized

into 6 treatment groups: NDvix, NDpox, NDvix+pox, free Vtx, free Dox (all at 2 mg kgt), and a PBS

20



control group. All NDs were labeled with rhodamine 800 (Rh800). The treatments were
administered via intravenous (IV) injection (in the tail vein) on day 39. The IV injection for the
treatment was then repeated for a total of 6 injections within 3 weeks (Figure 6a). The mice were
monitored daily for weight and body score, and tumor progression (tumor size) was assessed twice
a week. Animals were sacrificed once the tumor mass reached >5% of their body weight or post 6

drug injections (experimental end point).
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Figure 6. In vivo tumor inhibition studies. (a) Experimental design of tumor localization and
reduction in Balb/c nu/nu (nude) mice after six consecutive 1V ND injections within 3 weeks. (b)
Bioluminescence IVIS imaging of the tumor (SKOV-3 luc)-bearing mice, grouped by treatment
type, and imaged at their endpoint. (c) Tumor growth curves represented as tumor mass (mm?q)
from day 0 to day 59. (d) Schematic overview of the different treatment groups and their survival
profiles. (e) Survival curves of the different treatment groups during the treatment period. Figure

6a and 6d was created with BioRender.com.

Luminescence imaging of the tumors using an In Vivo Imaging System (I1VIS) revealed that the
NDnpox and NDvix+pox treatment groups had relatively smaller tumors at the endpoint in comparison
to the free Dox, free Vitx, NDvix and PBS control groups (Figure 6b). Tumor growth curves (Figure
6¢) support these results, where a slower tumor growth was observed for tumors treated with NDpox
or NDvix+pox in comparison to that observed for the other groups. In terms of survival rate, as
expected, the PBS control group showed the shortest survival among all groups, as the tumor
volumes reached the end point faster (13 days) in the absence of treatment (Figure 6d). The free
Vix- and NDwix-treated groups survived up to 16 days post treatment (Figure 6e). This confirms
the lower efficacy of mono-therapeutic Vtx (as both free and ND formulation) on resistant SKOV-
3 cells. Free Dox slowed tumor progression in comparison to the PBS control and improved the
life span of the mice by 21 days (Figure 6e). Animals treated with NDpox (1 out of 3 mice) and
NDwix+Dox (1 out 3 mice) survived to day 22 and longer (Figure 6e) i.e., the tumor mass measured
at the experimental endpoint was still <5% of mice body weight. However, the animals were
sacrificed due to a defined experimental endpoint (post 6 injections). Overall, NDpox and NDvix+Dox
improved the lifespan of tumor-bearing mice by at least 6 days (~24%) in comparison to free Vitx

or NDvix and at least 10 days (~40%) in comparison to the PBS control. The tumor inhibition
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activity of the NDs on SKOV-3 luc-induced tumor highlights the effectiveness of the NDs against
drug-resistant cancer models.

The in vivo and ex vivo biodistribution of Rh800-labeled NDs, i.e., NDvix, NDpox, and NDvix+Dox,
were also studied by IVIS imaging after the 3" and 6" injections. In vivo imaging of the whole
animal showed no significant fluorescence signals in the dorsal (posterior), ventral (anterior), or
distal (right) regions. However, the proximal (left) regions showed some fluorescence after the 3
injection but diminished after the 6™ injection in the case of NDpox and NDvix+pox (Figure S8).
Major organs, including tumor, heart, kidney, spleen, lung, liver, and brain, were therefore
harvested and imaged ex vivo. After the 3" injection, the Rh800 signal was highly localized in the
kidney, tumor, and lung (Figure 7a). In addition, a weaker signal was seen in the heart and the
spleen. Post 6™ injection, a high signal was observed in the kidneys and a weaker signal in the
tumor, heart, and spleen (Figure 7b). We note that the signal from the lung was cleared by the end
of the treatment period. To confirm that the signal was not due to free dye, we studied the
biodistribution of free Rh800 dye in vivo. Imaging showed the accumulation of the free dye in the
kidney at 0.25, 0.5, 1, and 4 h, which reduced by 50% by 24 h (Figure S9). The presence of free
dye in the kidney could mean that the free dye dissociates from the NDs as the nanoaggregates
disassemble and accumulate in the kidney for clearance. However, a signal in other organs,

including the tumor, is likely from ND accumulation rather than the free dye.
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Figure 7. In vivo biodistribution and tumor accumulation of the NDs. Ex vivo IVIS fluorescence
imaging of mice organs treated with Rh800-labeled NDvtx, NDpox, 0r NDvix+pox at (a) 4 h and (b)
24 h post IV injection. (c) Representative immunohistochemistry images of tumor tissues collected
from NDpox and NDwvix+pox On day 21 showing stained nucleus (blue), cell membrane (green) and
inherent nanoparticle signal (red). IHC, Immunohistochemistry. (d) H&E staining of tumor
sections collected from different treatment groups, at the experimental end point on either day 16
or 21. (e) Representative confocal images of tumor tissues on which a TUNEL apoptotic assay
was performed. The tissues are stained with Hoechst (blue) and TUNEL to label fragmented DNA
(red). The colocalization (pink) of blue and red signals indicates apoptotic cells. The schematics

in Figure 7a and 7b were created with BioRender.com.

To confirm the accumulation of the NDs and their therapeutic effect, histology of the harvested
organs was performed followed by confocal microscopy. The NDpox- and NDvix+pox-treated
tumors showed a distinct red signal emitted by Dox on day 21, confirming tumor deposition
(Figure 7c). No Dox signal was observed in the free Dox-treated tumor sections, which was likely
due to the rapid clearance of the free drug (Figure S10). The colocalization of signals from Dox
and Rh800 (ND labeling) in the NDpox- and NDvix+pox-treated tumors emphasizes the presence of
NDs within the tumor (Figure S11).

Hematoxylin & eosin (H&E) staining was performed to observe the morphology of the tumor
tissue (Figure 7d). Mice treated with free Vtx or NDvix showed tumor morphology similar to the
control PBS group, which confirms their low activity at the tumor site. In contrast, tumors treated
with free Dox, NDpox, or NDvix+pox Showed tissue damage at day 13 (Figure S12a), which became
more pronounced at day 21 (Figure 7d). Tissue damage was further confirmed using terminal

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. The TUNEL assay labels
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3’-OH ends of fragmented DNA, which is a hallmark of apoptosis in cells. The colocalization of
the signal from fragmented DNA (red) and the nucleus stained with Hoechst (blue) into a
pink/violet signal indicates signs of apoptosis in the tumor tissues (Figure 7e). In general, a longer
treatment (21 days vs 13 days) resulted in increased TUNEL signal, suggesting higher apoptosis
caused by multidose injections. Free Vtx-treated tumors showed the lowest apoptosis signals on
day 21 among all treatment groups, providing further evidence of the resistance of SKOV-3 cells
to Vitx. NDvix showed enhanced apoptotic signals in comparison to the free Vix, highlighting their
potential in combating drug resistance in SKOV-3 cell lines. However, future dosage and treatment
duration optimization studies are required to confirm this. Overall, increased apoptosis was
observed in tumors treated with free DoX, NDpox, 0r NDvix+pox than tumors treated with PBS,
which was consistent with the tissue damage observed in the H&E staining analysis. Thus, our
findings suggest that the NDs accumulate in the tumors and control the progression of tumor
growth through cell apoptosis.

To investigate the safety of the NDs and eliminate possible nonspecific tissue toxicity, major
organs, such as lung, heart, liver, kidney, brain and spleen, were harvested and stained with H&E
and evaluated by histology (Figure S13). Overall, mice treated with NDvix, NDpox, 0O NDvix+Dox
showed no significant morphological differences or tissue damage in major organs compared to
the PBS control group. We note that NDpox and NDvix+pox accumulation in the lung post 3"
injection do not cause obvious toxicity in the lung tissues as they were cleared at the experiment
end point (6™ injection). These studies suggest that transforming small anticancer molecules into
NDs using high-frequency ultrasound can pave the way for improved tumor treatments while
potentially reducing nonspecific toxicity. It has been demonstrated that leaky blood vessels and

poor lymphatic drainage in the tumor microenvironment can facilitate the deposition and retention
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of nanoparticles in tumor tissues.®® It is likely that transforming small molecules into NDs can
promote their retention in tumor tissues, resulting in the sustained release of drug over time.

CONCLUSION

The high-frequency ultrasound-driven synthesis of carrier-free particles composed of one (Vtx)
or two anticancer drugs (Vtx and Dox or S63845) was reported. The synthesized NDs combine the
advantages of nanosized drug delivery systems (in aqueous solutions) without the use of additional
carriers or organic solvents. The NDvi were stable in serum and retained their apoptotic activity
post sonosynthesis. The coassembled systems, NDvix+pox and NDvix+mciz, Showed cytotoxic
activity in a partially resistant cell line SKOV-3, which was comparable to the free drug after 7
days of incubation. The in vivo activity of the NDs studied in a xenograft tumor mouse model
showed that NDvix+pox treatment reduced tumor growth most efficiently after 21 days of treatment
and improved the survival rate of the mice by at least 40% (10 days). Ex vivo imaging of the mice
tissues treated with fluorescently labeled NDs showed accumulation of the NDs in the tumor post
3 and 6 injections, which was confirmed by histology and an apoptosis assay. The NDs did not
cause significant tissue damage in other organs, including the lung, kidney, spleen, liver, brain,
and heart. Carrier-free NDs can therefore serve as effective chemotherapeutic platforms for in vivo
delivery of combination therapies. The versatility of the nanodrug assembly technique can be
applied to other aromatic drugs to modulate pharmacokinetics for the potential treatment of diverse
diseases or other small molecules for biosensing applications.

EXPERIMENTAL SECTION

Materials. Vtx and S63845 (Mcll inhibitor) were purchased from Selleck Chemicals.
Doxorubicin hydrochloride, acetonitrile (suitable for HPLC, >99.9%), urea, Tween 20, NaCl,

DMSO, EDTA, MES, MOPS, bovine serum albumin (BSA), and xylenes (histological grade) were
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purchased from Sigma Aldrich. Formic acid (98-100%) was purchased from Thermo Fisher
Scientific. Hoechst 33342 trihydrochloride salt (10 mg mL™), AF488-WGA, Annexin V, AF488
conjugate for apoptosis detection coupled with P1, 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide) (XTT) cell viability assay, Dulbecco’s modified Eagle medium
(DMEM), Roswell Park Memorial Institute (RPMI), McCoy’s 5A (modified) medium, and PBS
were purchased from Life Technologies. Rhodamine 6G and Rh800 dyes were purchased from
Sigma Aldrich. AF633 NHS ester, Lysotracker Green DND26, collagen | recombinant rabbit
monoclonal primary antibody, goat anti rabbit 1gG (H+L) cross-absorbed secondary antibody
(AF488), and SlowFade diamond antifade mountant were purchased from Invitrogen. R&D
Systems Cultrex PathClear basement extract (5 mL) was purchased from In Vitro Technologies.
Triton X 100LR (Teric X10) was purchased from CSA Scientific, ChemSupply Australia.
Peroxidase-Anti-Peroxidase Pen liquid blocker was purchased from Newcomer Supply
Laboratory. H&E staining for histology was purchased from MedChemExpress. Superfrost Plus
adhesion glass slides (RNAse free) were purchased from ProSciTech. Water with a resistivity
greater than 18.2 MQ cm (Milli-Q water) was obtained from a three-stage Millipore Milli-Q plus
185 purification system (Millipore Corporation, USA). All aqueous solutions were filtered through
220 nm diameter membranes before use in cell and animal experiments.

Synthesis of NDs. Vtx (or Dox) was dissolved in water (500 pL) at a concentration of 1 mg mL~
! and sonicated at 3.2, 5.6, or 8 W cm~2 using an ELAC Nautik generator paired to an ultrasound
transducer (T&C Power Conversion, Inc.) vibrating at a frequency of 490 kHz for 60 min. The
nanoaggregates formed post sonication were purified by centrifuging at 9000g for 10 min followed

by three washing cycles in Milli-Q water (1000g, 10 min). Finally, the ND pellets were dispersed
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in Milli-Q water and stored at room temperature. VVortexing was performed prior to each wash
cycle to thoroughly disperse the pellets.

To synthesize coassembled NDs (i.e., NDvix+box and NDvix+mci), drugs were dissolved in water
(500 pL) to reach a final concentration of 1 mg mL™ and sonicated at 490 kHz and 5.6 W cm~ for
60 min. The nanoaggregates formed were purified as described above for single ND preparation.

To study the influence of drug concentration on the ND diameter and morphology, NDvix+Dox
was prepared with different concentrations of Vitx (0.1, 0.2, 0.5, and 1 mg mL~* in Milli-Q water
(500 pL)), while the concentration of Dox remained constant at 1 mg mL™. NDs were also
prepared with varying concentrations of Dox (0.1, 0.2, 0.5, and 1 mg mL* in Milli-Q water (500
L)), while keeping the concentration of Vtx constant at 1 mg mL2. ND synthesis was performed
at 490 kHz and 5.6 W cm~2 for 60 min and washed at 9000g for 10 min.

For all ND preparations, Vtx and Mcll inhibitor were prepared in DMSO, whereas Dox was
prepared in Milli-Q water, at stock concentrations of 50 mg mL™. Further dilutions were
performed in Milli-Q water before sonication.

ND Characterization. Particle size distributions were measured in Milli-Q water using DLS
(Zetasizer Nano ZS, Malvern Instruments) and NTA on a Malvern NanoSight NS300 instrument
(with a 405 nm laser and 65 mW output). Particle morphology was imaged using SEM. For SEM
analysis, a small volume (~7 pL) of the synthesized NDs was placed onto a silicon wafer and dried
in air at room temperature overnight. The dried samples were coated with a 5 nm gold turbo-
pumped sputter coater (Quorum Q150T), followed by imaging on an FEI Teneo VolumeScope
instrument at an operating voltage of 20 kV.

Characterization of ND Composition. UV-Visible absorption measurements were performed

on 1 uM NDwvix disassembled in 10% DMSO and suspended in Milli-Q water, using a Specord 250
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Plus UV-visible spectrophotometer (Analytik Jena, Jena, Germany). FTIR spectroscopy
measurements were performed to identify the occurrence of hydroxylation in the NDs. The
synthesized and disassembled (in 10% DMSQO) NDvix were freeze-dried (using a Heto Drywinner
freezer dryer), and the powdered samples were analyzed using a Bruker TENSOR Il FTIR
instrument.

HPLC was performed to identify chemical changes and mass variations in Vtx post ND
assembly. For HPLC analysis, NDs were disassembled in 10% DMSO and analyzed using a
Shimadzu LC-20 AD Series HPLC instrument equipped with a UV detector connected to a Jupiter
5 um C18 300, LC column 250 (column length) x 4.6 (internal diameter) mm. The samples were
eluted at a constant flow rate of 1 mL mint and a temperature of 37 °C using acetonitrile and
Milli-Q water containing 0.1% formic acid as elution buffers. An aliquot (100 uL) of NDs or
sonication product was injected into the column using linearly increasing gradient of acetonitrile
from 0 to 95% in 40 min, followed by a final 20-min wash in 95% water.

ESI-MS was performed using a single Quadrupole Mass Spectrometer coupled to the above
HPLC instrument. MS was operated in positive ion mode at 40 °C.

ND Stability and Release In Vitro. NDvix (2 ng mL 1) were suspended in Milli-Q water, urea
(100 mM), Tween 20 (100 mM), NaCl (100 mM), DMSO (100%), EDTA (100 mM), MES (pH 3,
100 mM), or MOPS (pH 8, 100 mM). The suspensions were pipetted into Slide-A-Lyzer MINI
dialysis devices (molecular weight cutoff 2k) and placed in a 48-well plate containing Milli-Q
water (500 pL) per well (reservoir). Free Vitx (molecular weight 868.4 g mol?) that released from
the NDs diffused through the dialysis membrane and accumulated in the reservoir. The

concentration of the free drug in the reservoir was determined by measuring the absorbance of the
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supernatant at 320 nm for Vix at different timepoints using a Specord 250 Plus UV-vis
spectrophotometer.

The same procedure was used to measure drug release (from NDvix and NDvix+pox) in complete
DMEM media (with 10% FBS), 100% FBS, and PBS (pH 7) using a starting ND concentration of
3 uM. The released Vitx and Dox were determined via UV absorbance measurements at 320 nm
and 476 nm (broad peak), respectively.

For the size stability studies, NDvix was incubated in PBS and Milli-Q water for up to 12 days
and their average diameter measured on day 0, 1, 5, 7, 8, 10, and 12 using DLS.

Cell Lines. MDA-MB-231, Jurkat, 293T, and SKOV-3 cells were purchased from the American
Type Culture Collection. For the apoptotic studies, adherent MDA-MB-231 and 293 T cells were
cultured in DMEM complete media and suspension Jurkat cells were cultured in RPMI complete
media. For the cell viability studies, SKOV-3 cells were cultured in McCoy’s 5A (modified)
medium. The IVISbrite SKOV-3 Red F-luc bioluminescent tumor cell line (Bioware Brite) was
purchased from Revvity and cultured in complete McCoy’s 5A (modified) medium for in vivo
studies. All complete media were supplemented with 10% FBS and 1% penicillin-streptomycin.
All cells were cultured at 37 °C, 5% CO>, and 95% humidity.

Cell Apoptosis. The apoptotic activity of the NDs was determined using an FITC-conjugated
Annexin V coupled to Pl assay (Invitrogen). MDA-MB-231, 293T, and Jurkat cells were seeded
(60000 cells per well) on a 48-well plate. Cells were incubated with varying concentrations (0-50
M) of free Vtx or NDvix for 48 h. After incubation, the adherent cells (293T cells and MDA-MB-
231) were trypsinized for 2 min and washed by centrifugation at 350g for 5 min. Annexin V-FITC
(5 pL from stock) and PI (1puL of 100 pg mL™) were suspended in 1X annexin-binding buffer and

added to each well (100 pL) and incubated for 15 min as per the manufacturer’s protocol. Treated
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samples were analyzed for Annexin V (green) and Pl (red) fluorescence using a BD Accuri C6
Plus flow cytometer (BD Bioscience, San Jose, CA, USA) and a Nikon AlR+confocal laser
scanning microscope (Nikon Corporation, Tokyo, Japan).

Cell Viability. SKOV-3 cells were seeded on a 96-well plate at a seeding density of 25000 cells
per well overnight. Free Vitx+DoX, NDvix+*NDpox (NDs mixed at a ratio of 1:1), or NDvix+Dox
(Vtx:Dox = 1:1 coassembled during sonication) were added at titrating concentrations of 0, 0.5, 1,
2,5, 10, 50, and 100 puM. The cytotoxicity was tested via the XTT assay. XTT reagent (10.8 mg)
was added to McCoy media (54 mL) then supplemented with N-methyl benzopyrazine sulphate (2
mM). Cells were treated with the NDs for 3 and 7 days, after which cells were washed with PBS
and resuspended with activated XTT/N-methyl benzopyrazine sulphate reagent (300 pL) for 3 h.
Absorbance was measured using an Infinity M200 Pro Tecan microplate reader. Untreated cells
served a negative control.

Internalization and Localization. NDvix and NDvix+pox Were labeled with Rhodamine 6G post
sonication by incubating the NDs in the dye for 1 h at room temperature and subsequent washing
for 3-5 times at 9000g for 10 min to remove excess dye. Labeling was confirmed by measuring
the absorbance at 700 nm. SKOV-3 cells were seeded in an 8-well chamber at 60000 cells per well
overnight. The labeled NDs were added to the cells at a concentration of 5 uM (300UL) and
incubated for 48 h. Post incubation, the cells were washed in PBS, fixed in 4% paraformaldehyde
for 10 min and imaged using a Nikon A1R+ confocal microscope.

To determine cellular localization, SKOV-3 cells were seeded (30000 cells per well) in an 8-
well chamber and treated with NDvix+pox (5 M). After 72 h of incubation at 37 ° C, the cells were
washed with PBS (200 uL) and incubated with LysoTracker Green-DND26 (100 nM) for 1 h at

37 °C as per the manufacturer’s protocol. Following incubation, the nuclei were stained with
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Hoechst 33342 (0.07 uM, 300 pL per well) for 15 min, followed by washing in PBS to remove
excess stain. The samples were imaged using a confocal laser scanning microscope using a 40x
water objective and a 100x oil objective. All staining procedures were performed at room
temperature.

Animal Models and Housing. All procedures were conducted in accordance with the Australian
code for the care and use of animals for scientific purposes, and experiments were approved by the
University of Melbourne Animal Ethics Committee (IDs. 10453 and 10404). Six weeks old
immunocompromised nude mice on a BALB/c background (BALB/c-Foxnlnu/Arc) were
purchased from the Animal Resources Centre (Western Australia) and transported to the Peter
Doherty Bioresources Facility (Melbourne, Australia) using recognized transport courier. On
arrival, the mice were maintained under barrier conditions for at least 7 days prior to commencing
experiments. Mice were housed in groups of 4 mice per cage and on a 12 h light/dark cycle with
ad libitum access to food and water.

In Vivo Antitumor Studies. Firefly luciferase SKOV-3 cells (5 x 10°) were suspended in 100
pL of complete cell culture media with basement membrane extracts (DMEM and cultrex
respectively (1:1)). This mixture was subcutaneously injected (27G needle) into the flank of each
mouse (6-week-old female) to induce a tumor xenograft model. The tumor growth was monitored
thrice a week using calipers and the tumor mass was calculated using the formula: tumor mass
(mm?®) = (W? x L)/2) x 1.056, where L is the longest diameter (mm), W is the shortest diameter
(mm), and the 1.056 g cm™ is the density of connective tissues. Once the tumor mass reached 20—
50 mm? (4 weeks; day 39) in size, the tumor-bearing mice were randomized into 6 groups. Post
randomization, the mice were intravenously injected (30G needle) with 100 uL of PBS, free Dox,

free Vix, NDpox, NDvix, Or NDvix+pox at a dose of 2 mg kg per injection. Following the first
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injection, the treatment groups were sequentially dosed with respective drugs twice a week for 3
weeks (6 total injections). After each 1V injection, the mice were monitored daily, i.e., the weight
(g) and tumor mass (mm?) were recorded twice a week. The mice were removed from the
experiment at experimental end point and/or culled once the tumor size reached >5% of the mice
body weight and/or the mice showed failure to maintain weight within 15% compared to standard
weights for the age/sex/strain.

In Vivo Imaging. Once the mice reached the experimental end point, in vivo whole animal and
ex vivo organ imaging were performed using a Xenogen IVIS Lumina system (PerkinElmer)
equipped with a Living Image software (version 4.5).

Bioluminescence Imaging. Bioluminescence imaging was performed by intraperitonially
injecting 150 mg/kg D-luciferin (~100 pL in 20 g mice) in mice. Post 8-10 min injection, the mice
were anesthetized and imaged for bioluminescence signals on the flank bearing the xenograft
tumor induced by firefly luciferase-expressing SKOV-3 cells. All images were acquired under the
same parameters: exposure time of 20 s, small binning factor, and field of view of 12.5 cm.

Fluorescence Imaging. NDvix, NDpox, o NDvix+pox injected into the mice were labeled with
Rh800 dye (excitation/emission wavelengths = 682 nm/704 nm) post sonication. This fluorescent
dye was chosen to reduce nonspecific tissue fluorescence. Excess unbound dye was removed by
washing the labeled ND five times in Milli-Q water by centrifugation.

The ND-treated animals were anesthetized by isoflurane and whole animal imaging was
performed at an excitation wavelength of 682 nm and an emission wavelength of 704 nm on day
12 (4 h post 4" injection) and day 20 (24 h post 6 injection). Post live imaging, the mice were
euthanized using CO> followed by cervical dislocation. The heart, lung, spleen, kidney, liver,

brain, and tumor were harvested and imaged for Rh800 fluorescence signal using IVIS. The
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fluorescence was represented as radiance efficiency quantified using the Living Image software.
The signal from each organ was normalized to the radiance efficiency of control PBS samples
using the same software.

Tissue Sectioning. The organs collected post IVIS imaging were fixed overnight in 4%
paraformaldehyde, followed by overnight cryoprotection in sucrose (15% wi/v in 1x PBS). Post
fixation and cryoprotection, the samples were frozen and embedded in optimal cutting temperature
compound. The frozen samples were cut into 10 um sections using a Leica CM1950 cryostat (Leica
Biosystems) and lifted onto a positively charged Superfrost Plus adhesion glass slide. A minimum
of 12 sections were collected per organ and stored at —80 °C.

Histological Imaging. Frozen and sectioned tissue samples were thawed for 10 min and washed
thrice with 1x PBS in histochemistry staining boxes. The washed tissues were permeabilized using
triton X (0.2%) for 10 min and washed thrice with 1x PBS. Following permeabilization, samples
were incubated for 30 min in BSA (2.5% wi/v in 1x PBS) to block nonspecific binding. All the
above steps were performed at room temperature. Next, the samples were incubated with 1:100
times diluted anti-collagen type I (rabbit) primary antibodies (prepared in 2.5% BSA) overnight at
4 °C or 2 h at room temperature. After incubation, the samples were washed in 1x PBS and
incubated in AF488-conjugated goat anti-rabbit secondary antibodies (1:500 in PBS) for 1 h at
room temperature. One tissue section in each sample was stained with AF488-WGA to label the
cell membranes. The nuclei in all samples were counter stained with Hoechst (1:10000, 10 min at
room temperature). Samples were rinsed with 1x PBS to remove excess dye.

The sectioned samples were also stained with H&E using a kit purchased from
MedChemExpress. The slides were thoroughly washed with 1x PBS five times for 3 min and

stained with hematoxylin for 3 min, which binds to the negatively charged chromatins in the
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nucleus. Post incubation, slides were washed in running tap water to remove excess stain.
Following the wash step, the slides were dehydrated sequentially using 50-70-96% ethanol and
incubated in eosin for 2 min. Then, the slides were washed in absolute ethanol thrice and the tissues
were eventually cleared by incubating in xylene for 1 min. The stained tissues were mounted using
mounting media onto coverslip and dried overnight.

TUNEL Assay. The presence of tissue damage was evaluated using a TUNEL assay, an
indicator of apoptosis in fixed tissues. The cryosectioned samples were rinsed with 1x PBS and
immersed in 4% paraformaldehyde fixative for 15 min. 1X proteinase K (400-500 pL) was added
to permeabilize the tissues for 15 min and the tissues were rinsed again in 1x PBS. All of the above
steps were performed at room temperature. Fixed and permeabilized samples were treated with
Click-iT TUNEL assay, AF488 for apoptosis detection. TdT reactions and Click-iT reactions were
performed at 37 °C using manufacturer’s protocol. The samples were counter stained with Hoechst
(1:10000, 10 min at room temperature) to label the nucleus.

Statistical Analysis. All data points were presented as average + standard deviation. Correlation
plots were generated using ImagelJ software.

Minimum Information Reporting in Bio—Nano Experimental Literature (MIRIBEL). The
studies conducted herein, including material characterization, biological characterization, and
experimental details, conform to the MIRIBEL reporting standard for bio—nano research,*® and we
include a companion checklist of these components in the Supporting Information.

ASSOCIATED CONTENT

Supporting Information. Flow cytometry gating strategy; HPLC chromatograms of NDpox,
NDweci1, NDvix+box, and NDvix+mci1; LC/MS data of NDvix+pox; DLS, SEM, and HPLC data to

study effect of varying drug mass ratios, stability, cytotoxicity, and ND internalisation; in vivo
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whole mouse imaging of the biodistribution of free Rh800 dye in healthy mice;
immunohistochemistry, H&E staining and TUNEL assays on fixed tumor tissues; and MIRIBEL
checkilist for reporting in bio—nano experimental literature.
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