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Exquisite Vesicular Nanomedicine by Paclitaxel Mediated Co-assembly

with Camptothecin Prodrug

Zijian Zhou,* Chao Du, Qianyu Zhang, Guocan Yu, Fuwu Zhang,* and Xiaoyuan Chen*

Abstract: We report that the self-assembly of drug amphi-
philes, Evans blue conjugated camptothecin prodrug (EB-
CPT), can be modulated by another anticancer drug paclitaxel
(PTX), resulting in ultrahigh quality of nanovesicles (NVs)
with uniform shape and diameters of around 80 nm with the
EB-CPT:PTX weight ratio of 1:1, 1:2, and 1:3, denoted as
ECX NVs. Significantly, the co-assembly of EB-CPT and PTX
without adding other excipients has nearly 100 % drug loading
efficiency (DLE) and ultrahigh drug loading content (DLC) of
PTX alone of up to 72.3+1.7wt% which, to our best
knowledge, is among the highest level reported in literature.
Moreover, the ECX NVs with the EB-CPT:PTX weight ratio
of 1:2 showed remarkable combination index of 0.59 at a level
of 50 % efficacy against HCT116 cells in vitro and greatly
improved tumor inhibition effect in vivo compared with two
clinically approved CPT- and PTX-based anticancer nano-
medicines (Onivyde and Abraxane) individually and their
combinations.

Introduction

Self-assembly is one of the most interesting, if not the
most important, processes that drive the evolution of
biological architecture and functions in nature.! Over the
past decades, the tremendous development of nanomedicine
also underlies the essential role of self-assembly in tailoring
a diverse population of nanomaterials for biomedical appli-
cations.”! Owing to the presence of biological barriers, small-
molecule-based therapeutic drugs may suffer from the poor
solubility and suboptimal pharmacodynamics and pharmaco-
kinetics in vivo, leading to poor drug delivery and utilization
efficiency in the target-of-interest.®’! This is where nano-
medicine comes in that nanomaterials loaded with therapeu-

tic drugs are prone to be optimized on different parameters to
meet the criteria for improved therapeutic outcomes.
Among various nanoparticle configurations (e.g., micelles,
fibers), liposomes with vesicular structure have achieved the
most success in clinical translation, including a recently
approved siRNA nanomedicine by the US Food and Drug
Administration (i.e., Onpattro).”’! Although reasons to the
success are not clearly understood, the mimetic architecture
of liposomal nanoparticles to cell membrane structure may
play an important part.!”! To this end, there has been a great
deal of effort to explore liposome-like vesicular structures as
delivery vehicles in nanomedicine.”

Molecular agents can be incorporated with nanoparticles
through different driving forces, such as van der Waals
adsorption and chemical conjugation.”! For lipid nanoparti-
cles, both hydrophilic and hydrophobic molecules could be
loaded in the inner space and on the membrane of vesicles,
respectively.””’ To facilitate the self-assembly, however, most
liposomal vesicles have a typically low drug loading content
(DLC), around or less than 10 % in weight (wt). For polymer-
based drug conjugates, the DLC is often even lower due to the
relatively large contribution of weight from the polymer
scaffolds.[®! As a result, a large portion of these excipients in
nanomedicine may impose extra burden to patients and cause
systemic toxicity when high doses are acquired.” Therefore,
the research interest in pursuing high drug loading nano-
medicine with minimal excipients has gained great momen-
tum, especially for liposomes and liposome-like vesicular
nanomedicine."'! For example, Shen etal. used oligomer
ethylene glycol conjugated anticancer drug camptothecin
(CPT) to mimic phospholipid structure and assembled nano-
capsules, resulting in a high DLC of CPT up to 58 wt %.["%!
Liang et al. prepared a CPT-floxuridine conjugate amphiphile
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that itself could self-assemble into liposomal nanomedicine
with considerably high DLC.®! More recently, paclitaxel
(PTX), one of the most widely used anticancer drugs, was
reported to promote the self-assembly of PTX-based amphi-
philes, Spheropax, from micelles to filament structures.'
Hence, we speculated that PTX may serve as a mediator to
promote the co-assembly with other amphiphiles, which could
therefore attain nanomedicine with enhanced DLC. Consid-
ering the efficient activity of PTX and the potential syner-
gistic effect in combination therapy,™ the success to this
hypothesis may provide important insight into translational
nanomedicine.”'! Clinical trials on the combination therapy
of PTX and CPT have been studied in non-small-cell lung
cancer, showing appreciable activity and favorable survival
data.l' However, the combination study on different cell
lines was reported with controversial results using the
sequential dosing regimen, which aroused great interest to
optimize the model for PTX and CPT combination therapy.

Here, we report an interesting work on PTX mediated co-
assembly with an amphiphilic prodrug, Evans blue conjugated
CPT molecules (EB-CPT). Previously, we have shown that
EB-CPT could spontaneously self-assemble into micelle-like
particles, attaining transformative behavior in vivo and
effective anticancer activity.’! In the current work, we first
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optimized the synthetic route of EB-CPT to facilitate the
scale-up production and further potentiate the clinical trans-
lation. We then studied the effect of PTX in mediating the
self-assembly of EB-CPT by tuning the weight ratios between
them. The obtained nanomedicine by co-assembly of EB-CPT
and PTX with different weight ratios were further evaluated
on the anticancer efficiency both in vitro and in vivo. This
work may provide important insight into the strategy of
orchestrating combination therapy through nanomedi-
cine.>18

Results and Discussion

This work started from optimizing the chemistry for
synthesizing EB-CPT, where an alkyl primary amine, rather
than an aromatic primary amine, was used in the conjugation
step, to attain significantly higher reaction efficiency, less side
reactions, and easier purification with a high yield (Scheme S1
and Figure S1-S5). The new EB-CPT has a carbamate linker
rather than an ester linker compared with our previously
reported EB-CPT structure, while the major chemistry (e.g.,
GSH responsive CPT release) was identical. The amphiphilic
property of EB-CPT led to the self-assembly into particles
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Figure 1. a) Illustration of the self-assembly of EB-CPT alone and the obtained TEM image of the EB-CPT particles. b) Illustration of the co-
assembly of EB-CPT and PTX with weight ratio (w/w) of 1:1, and the obtained TEM image of ECX NVs. The cartoon of respective nanoparticles
and the photo of nanoparticle solution shone with a laser pen are shown on the right. c)—e) TEM images of the ECX NVs with different weight
ratios, 1:2, 1:2.5 and 1:3, respectively. Red arrows indicate the fiber-like structure and yellow arrows indicate the fusion structure of vesicles. The
respective cartoons and the zoomed-in TEM images are shown on the right.
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when directly dissolved in deionized water (Figure 1a). From
the transmission electron microscopy (TEM) image, the EB-
CPT particles have relatively uniform size with diameters of
around 110-130 nm. The images showed that the EB-CPT
particles were not compact architecture but with vacuoles
inside the structure (Figure 1a, inset), indicating the domain
formation during the self-assembly process. Although the
self-assembly mechanism remains to be elucidated, this
observation partially explains the formation of particles with
such large diameters greatly exceeding the size of EB-CPT
molecules. We then performed the co-assembly study of EB-
CPTwith PTX using a typical solvent-evaporation method. In
our optimized procedure, 40 uL. of EB-CPT (5.0 mgmL ")
and 40 pL of PTX (5.0 mgmL ') in methanol were mixed and
added dropwise into 2 mL of deionized water (Figure S6).
After the removal of organic solvent in a ventilating fume
hood, the obtained solution was clear without any observable
precipitation, indicating the successful co-assembly of EB-
CPT and PTX. Unexpectedly, we found that the co-assembly
of EB-CPT and PTX with weight ratio (w/w) of 1:1 (molar
ratio is 1:1.35) led to the formation of nanovesicles, denoted
as ECX NVs hereafter. The ECX (1:1) NVs showed uniform
vesicular shape with well-ordered self-assembly pattern on
the TEM grid (Figure 1b and Figure S7a). The averaged
diameter of ECX (1:1) NVs is 81.4 nm with a narrow size
deviation (0=4.1) from the TEM images, which is also
consistent with the hydrodynamic diameter of 96.4 +17.6 nm
according to the dynamic light scattering (DLS) measure-
ments (Figure S7b). The vesicular architecture of the ECX
NVs was further characterized by voltage-adjusted TEM and
cryoEM measurements (Figure S8). The slightly smaller size
of ECX (1:1) NVs compared with that of EB-CPT particles
was also revealed from the Tyndall light scattering patterns of
both solutions (Figure 1a&b, lower right). Moreover, the
ECX (1:1) NVs solution showed a blue color which was
slightly different from the purple-red color of the EB-CPT
particles solution. This was also observed from the absorption
spectrum for the ECX (1:1) NVs and the EB-CPT particles
which were 568 and 560 nm, respectively (Figure S9). This
phenomenon implies the existence of weak intermolecular
interactions between EB-CPT and PTX, which could mediate
the co-assembly process.!"”!

Encouraged by those results, we further explored the
effect of w/w ratio of EB-CPT and PTX to the co-assembly
behavior. Under the same condition, however, the w/w ratio
of EB-CPT:PTX of 1:0.5 led to the formation of ECX
nanoparticles with diameters close to that of EB-CPT
particles, but with prominent amorphous structure similar to
that observed from EB-CPT alone nanoparticles (Figure S10).
We further found that increasing the w/w ratio of EB-
CPT:PTX to 1:2 also led to the formation of uniform ECX
NVs (Figure 1c¢ and Figure S11). By tracking the self-assem-
bly process of the ECX NVs, we observed the formation of
precursor structures at the early time points which trans-
formed into vesicular structures with the evaporation of
organic solvents (Figure S12). The size of ECX NVs increased
to around 130 nm with the EB-CPT:PTX ratio (w/w) of 1:2.5
(Figure 1d). Moreover, the fiber-like structure (red arrow)
and vesicular fusion (yellow arrow) were observed in the
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TEM of ECX (1:2.5) NVs. Interestingly, further increasing
this ratio to 1:3 under the same conditions obtained tube-like
vesicular structures with width of about 70 nm and length of
about 1 micrometer (Figure 1¢). Therefore, the amount of
added PTX may alter the kinetics of the formation of
hydrogen bond network among hydrophobic units, which
directs the molecular rearrangement and the growth of
precursor structures into different morphologies. Unfortu-
nately, significant precipitation was found when further
increasing the w/w ratio to 1:4 for EB-CPT:PTX.
Noteworthy, the DLC of PTX in the ECX (1:2) NVs is
65.7 + 0.5 wt % which, to the best of our knowledge, is among
the highest values reported in the literature for PTX-based
nanomedicine (Table 1 and Table S1). Moreover, another

Table 1: The drug loading content (DLC) and drug loading efficiency
(DLE) of ECX nanomedicine with different w/w ratios of EB-CPT and
PTX.F

Nanomedicine DLC (CPT) ~ DLC (PTX) DLE (CPT) DLE (PTX)
(EB-CPT:PTX)  [%] (%] (%] (%]

ECX (1:1) 15.2 491407 100 99.640.2

ECX (1:2) 10.1 65.74+0.5 100 99.440.2

ECX (1:2.5) 8.67 701408 100 99.1+0.4

ECX (1:3) 7.58 723+£1.7 100 97.341.1

[a] DLE of 100% for CPT indicated no measurable residual EB-CPT
during the co-assembly. Data are presented as mean =+ s.d.

component of the ECX (1:2) NVs, EB-CPT, is also respon-
sible for glutathione activated release of CPT, which turns
into an additional 10.1 wt % DLC for CPT. The drug loading
efficiency (DLE) of PTX characterized by high-performance
liquid chromatography analysis was 99.6£0.2%, 99.4+
02%, 99.1+04% and 97.3+1.1% for the w/w of EB-
CPT:PTX of 1:1, 1:2, 1:2.5 and 1:3, respectively. It is note-
worthy that the obtained ECX NVs solution could attain an
ultrahigh concentration of PTX up to 0.3 mgmL ' in water,
which is over 600-fold higher than that of PTX alone
(< 0.5 ugmL").”" Considering the merits of free of chemical
conjugation in the ECX NVs which otherwise may greatly
sacrifice the drug potency of PTX, the ECX NVs are
promising platforms for PTX delivery and in cancer therapy.

The critical aggregation concentration (CAC) of amphi-
phile-based nanomedicine is an important factor for drug
delivery systems.”!! To explore the colloidal stability of ECX
NVs in solution, we studied the behavior of particle formation
by diluting the existing ECX NVs. We first practiced the ECX
(1:2 w/w) NVs and found that dilution could mediate the
change of shape from original nanovesicles (at a concentration
of 100 and 200 pgmL " of EB-CPT and PTX, respectively) to
fused vesicular structures with enlarged size (8 and 4 uygmL ™"
for EB-CPT) (Figure 2a,b). Interestingly, at an extremely low
concentration of 0.4 uygmL ™' of EB-CPT, we still observed
nanoparticles from the TEM images albeit of size divergence.
It is remarkable that the nanoparticle solution remained well-
dispersible without any precipitation by dilution, indicating
that PTX molecules were still loaded in the nanoparticles.
Similar experiments were also performed on ECX (1:3 w/w)
tube-like vesicles (Figure 2c,d). The results showed that
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Figure 2. a),b) Illustration and TEM images of ECX 1:2 w/w NVs at
different concentrations of EB-CPT. Dilution from 8 pygmL™" to 4 and
0.4 ugmL~" (for EB-CPT) led to the fusion of vesicles and the
formation of particles. ¢, d) Illustration and TEM images of ECX 1:3
tube-like NVs at different concentrations of EB-CPT. Dilution from

8 ugmL " to 4 and 0.4 ugmL " (for EB-CPT) led to the transformation
from tube-like structures to fibers and particles.

dilution could transform the original tube-like vesicles (at
a concentration of 100 and 300 pgmL™" of EB-CPT and PTX,
respectively) to fibers and particles at low concentrations. The
calculated CAC of EB-CPT alone is 1.5 ygmL™! in aqueous
solution. Although the shape changed from vesicles to
particles, the presence of PTX greatly improved the colloidal
stability of EB-CPT especially for the concentrations below
the CAC value, which further implies the intermolecular
interactions between EB-CPT and PTX molecules. Further-
more, these results indicate that the vesicular shape is most
likely derived from a meticulous cooperation between hydro-
phobic interactions, intermolecular interactions and shearing
force in the solution, etc.[°”)

To explore the anticancer potential of the ECX nano-
medicine, we systematically evaluated the cytotoxicity of
different components in vitro in three cancer cell models,
HCT116, BxPC3, and U87MG. We first used MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) as-
say to study the cell survival profiles of EB-CPT, CPT,
Onivyde, PTX and Abraxane in HCT116 cells after 48 h
incubation (Figure 3a). The obtained ICs, values were 0.3795,
0.087, 49.28, 0.01165 and 0.009455 uM for EB-CPT, CPT,
Onivyde, PTX and Abraxane, respectively. We then studied
the cytotoxicity of both ECX nanomedicine (nano combo)
with different w/w ratios and the corresponding mixture
combinations (mix combo). Due to the 30-fold difference in
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anticancer potency between EB-CPT and PTX, we hereafter
refer to the PTX concentration to compare the ICs, values
between different groups. Form the cytotoxicity profiles of the
mix combo groups on HCT116 cells, the ICy, values of PTX
had a significant drop from high to low w/w ratios for EB-
CPT:PTX, ie., 0.06086, 0.0981, 0.001588, 0.004522 and
0.002922 uM for w/w ratios of 1:0.5, 1:1, 1:2, 1:2.5 and 1:3
samples, respectively (Figure 3b). The ICs, values obtained
from the cytotoxicity profiles of the nano combo groups to
HCT 116 cells were 0.1509, 0.007749, 0.006638, 0.008919 and
0.0056 uM for the w/w ratios of 1:0.5, 1:1, 1:2, 1:2.5 and 1:3
ECX samples, respectively (Figure 3c¢).

We further studied the combination index (CI) of both
mix combos of EB-CPT and PTX and ECX nano combos at
the level of 50 % efficacy against HCT116 cells (Figure 3d and
Figure S13). The CI values of mix combos varied from 6.26,
9.25, 0.14, 0.41, to 0.26 for the w/w ratio of EB-CPT:PTX of
1:0.5, 1:1, 1:2, 1:2.5 and 1:3, respectively. In contrast, the CI
values of the ECX nano combos are 1.55, 0.73,0.59, 0.79, and
0.5 for the w/w ratio of 1:0.5, 1:1, 1:2, 1:2.5 and 1:3,
respectively. The overall favorable CI values for the nano
combo groups compared with those of mix combo groups
could be due to the varied cellular uptake efficiency and the
delivery kinetics of free drug components for EB-CPT and
PTX. Interestingly, the combination of EB-CPT and PTX at
a higher PTX content (w/w ratio of 1:1, 1:2, 1:2.5, and 1:3)
showed mainly synergistic (CI < 1) effect, in sharp contrast to
antagonistic (CI> 1) effect for the low PTX content (w/w
ratio of 1:0.5) for both mix combo and nano combo samples.
The mechanism of action for the synergy between CPT and
PTX was studied with G2/M phase cell cycle arrest and
changes in microtubule dynamics.”” The dramatic different
CI values for the w/w ratio of 1:1 for both mix combo (9.25)
and nano combo (0.73) samples indicate that the formation of
nanomedicine may serve as an efficient way to modulate the
cellular uptake behavior especially for combination therapy.
These results further underscore a vantage point of combi-
nation nanomedicine which endows an efficient platform
integrating multiple components with controllable physiolog-
ical and biological effects for facilitated clinical translation.
Under the same conditions, the cytotoxicity studies were
further evaluated on BxPC3 and U87MG cell lines (Fig-
ure S14 and S15). The ICs, values of free EB-CPT, CPT,
Onivyde, PTX and Abraxane against BxPC3 and USTMG
cells were similar to those on HC116 cells (Table S2).
However, we found it interesting that both BxPC3 and
U87MG cells were less sensitive to the cell killing effect for
both mix combo and nano combo samples than HCT116 cells.
For example, the ICs, value for ECX 1:2 w/w NVs is
0.006638 uM to HCT116 cells which is two-fold and 10-fold
lower than that to BxPC3 and US87MG cells, 0.01029 and
0.1265 uM, respectively (Table S3). As a result, both mix
combo and ECX nano combo samples at different w/w ratios
showed antagonistic effect (CI>1) to both BxPC3 and
US7MG cells (Figure 3e,f and Figure S16).

Encouraged by the cell cytotoxicity results in vitro, we
further conducted the antitumor study on a HCT116 xeno-
graft tumor model. We chose ECX 1:2 w/w NVs to study the
anticancer effect in vivo due to the excellent synergy in vitro
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Figure 3. a) Cytotoxicity profiles of EB-CPT, CPT, Onivyde, PTX, and Abraxane against HCT116 cells in vitro by MTT assay. b),c) Cytotoxicity
profiles of EB-CPT and PTX combinations against HCT116 cells, mix combo (b) and ECX nano combo (c) of EB-CPT and PTX with different weight
ratios. d)—f) Columns show the Cl at the 50% efficacy of ECX nanomedicine with different w/w ratios against HCT116, BxPC3, and U87MG cells,
respectively. Pink and yellow color bars represent for synergistic (Cl <1) and antagonistic (Cl > 1) effect, respectively.

and the biologically favorable size when comparing to that of
ECX 1:3 w/w tube-like structure. Six randomly organized
mouse groups (n=>5/group) with averaged tumor sizes of
around 40-45 mm® were treated with saline, Onivyde (O),
Abraxane (A), O+A (12 w/w), free mix combo (EB-
CPT:PTX =1:2 w/w), and ECX 1:2 w/w NVs, respectively.
Each mouse group was treated with five doses every three
days from day 0 to day 12. Each dose represented 1 mgkg ' of
EB-CPT and 2 mgkg ' PTX or equivalently 3 mgkg ™' drug
compositions to the mouse body weight.

The mouse group treated with free mix combo drugs (EB-
CPT plus PTX at a ratio of 1:2 w/w) had a significant drop in
the mouse body weight due to the unavoidable systemic
toxicity of free drug components (Figure 4 a, star pink). This
mouse group was then sacrificed at the day 12 due to the
euthanasia criteria of over 20% drop of body weight. In
contrast, the mouse groups treated with nanomedicine
components showed relatively small changes in the body
weight, potentiating the generally low side toxicity of nano-
medicine. As a result, the mouse group treated with ECX 1:2
w/w NVs showed a significantly improved survival rate under
an observation period of 46 days (Figure 4b). On the other
hand, even though the mouse groups treated with Onivyde,
Abraxane, and O + A (1:2 w/w) showed much improved late-
time survival rate, the tumor inhibition rate (21.4 %, 42.6 %,
and 48.8 %, respectively) at the day 18 was not satisfactory
(Figure 4c¢). Moreover, the slightly improved tumor inhibition
rate for the O+ A (1:2 w/w) group compared with the
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Figure 4. The antitumor study of the ECX NVs. a),b) Changes of
mouse body weight and survival rate of mouse groups treated with
different components. Data shown as mean =+ s.d. c) The tumor
volume change curves of mouse groups treated with different compo-
nents. The mouse groups were treated with different components for
five doses every three days from day 0 (black arrows). The percentage
numbers after each curve indicates the tumor inhibition rate compared
to the control group. Data shown as mean =+ s.d. d) The individual
tumor growth curves and the respective tumor inhibition rates of
mouse groups treated with ECX 1:2 w/w NVs.
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individual Onivyde and Abraxane groups indicates the
negligible synergistic effect between Onivyde and Abraxane
in vivo in our model. This corroborates with the results
derived from in vitro cell cytotoxicity studies, which could be
due to the spatiotemporally nonsynchronous biodistribution
of the two individual drugs in vivo. Interestingly, the mouse
group treated with ECX 1:2 w/w NVs showed remarkable
tumor inhibition rate of 74.9 %, in which two of the five mice
had 100% tumor eradication at the day 18 and remained
tumor-free for at least 46 days (Figure 4d and Figure S17).
The hematoxylin-eosin (H&E) staining results of mouse
major organs receiving different treatments further con-
firmed the unobvious toxicity of ECX NVs under the
treatment regime (Figure S18). Taken together, the greatly
improved tumor inhibition efficiency and favorably low side
toxicity of the ECX NVs in vivo could be due to the unique
mechanism of integrating CPT and PTX anticancer drugs.

Conclusion

We have shown that anticancer drug molecule PTX could
mediate the self-assembly of another anticancer prodrug EB-
CPT amphiphile with the shape changed from spherical
particles to spherical vesicles and vesicular tube-like struc-
tures by tuning the weight ratios between EB-CPT and PTX.
More importantly, the co-assembly of EB-CPT and PTX
without other excipients has nearly 100 % DLE and ultrahigh
DLC of PTX, in addition to the uniform size and morphology.
The obtained ECX NVs showed excellent synergistic anti-
cancer effect against HCT116 cells in vitro. The antitumor
study further demonstrated that ECX 1:2 w/w NVs are
promising nanomedicine with spatiotemporally facilitated
synergy between two anticancer drugs CPT and PTX and
minimal side toxicity in vivo. This work provides an exquisite
example of combining two anticancer drugs/prodrugs into
vesicular nanomedicine through co-assembly strategy, which
may open up new avenues and provide important insight into
translational nanomedicine.
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