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ABSTRACT: Biomimetic-cell-membrane-camouflaged polymeric R, % Stereocomplex PTX release kinetics
nanocarriers, possessing advantages related to the functional W, crystallinity

diversity of natural cell membranes and the physicochemical PDLA p a
tailorability of synthetic polymers, serve as promising candidates Paclitaxel )

for a therapeutic platform. Herein, we report a facile approach for . ) PTX) RBC vesicles

the fabrication of erythrocyte (red blood cell, RBC)-membrane- Lol ~o)n %

camouflaged nanocarriers (RBC-MCNs) that exhibit tunable PLL: " s s

paclitaxel (PTX) release kinetics via altering macromolecular

stereostructure. In this approach, biocompatible isotactic and atactic .

polylactides (PLAs) with similar molar masses (M, = 8.2—8.9 kDa, as Lol Aghn 90

measured by NMR spectroscopy) and dispersities (P < 1.1, as PDLLA W39 %
measured by size exclusion chromatography) were synthesized via

organocatalyzed ring-opening polymerizations (ROPs), providing

tunable crystalline structures via polymer tacticity, while RBC membranes provided biomimetic surfaces and improved
colloidal stability of PLA nanoconstructs in phosphate-buffered saline (PBS, pH 7.4). Wide-angle X-ray diffraction (WAXD)
and differential scanning calorimetry (DSC) analyses of the lyophilized nanoconstructs suggested significant retention of PLA
stereocomplexation upon loading the hydrophobic anticancer drug PTX, enabling control over drug release kinetics. The
structure—property relationships were maintained after the RBC coating, with 100% stereocomplexed PLA RBC-MCNs
exhibiting the least PTX release during the first 12 h in PBS at 37 °C, compared to 2-, 3-, and 4-fold higher amounts of release
for the 50% stereocomplexed, isotactic, and amorphous PLA counterparts, respectively. The extended release of PTX from the
100% stereocomplexed PLA RBC-MCNss resulted in an increased ICg, (0.50 uM) against SJSA osteosarcoma cells, relative to
amorphous PLA RBC-MCNs (ICg, = 0.25 #M) or free PTX (IC;, = 0.05 #M). In contrast, non-PTX-loaded RBC-MCNs were
not cytotoxic, and they also displayed lower immunotoxic responses against RAW 264.7 macrophage cells compared to RBC
membrane vesicles. This work represents fundamental advances toward a potential personalized nanocarrier technology that
would be capable of employing an individual’s RBCs for membrane isolation, together with tuning of cargo loading and release
simply via alteration of the biocompatible PLA stereoisomer feed ratio.

(MCNs) combine advantages related to the functional immune response, and prolong blood circulation times,
diversity of natural cell membranes and the phys-

icochemical tailorability of synthetic polymers.'~* Many studies
have focused on utilizing diverse cell-derived membranes to
functionalize nanocarrier surfaces, leading to biomimetic Received:  February 7, 2020 MATERIA
nanocarriers with different surface properties toward various Accepted: April 27, 2020 - -
applications, including drug delivery,’ vaccination,® toxin Published: April 30, 2020 !qa- ‘ o
neutralization,”” anti-inflammatory agents,10 photothermal ﬁgﬁb
therapy,'" and cancer immunotherapy. >~ "* Erythrocyte (red s
blood cell, RBC)-membrane-camouflaged nanoparticles (RBC-

C ell-membrane-camouflaged polymeric nanocarriers MCNs) have been shown to decrease protein adsorption, reduce

compared to uncloaked nanoparticle counterparts.'
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Scheme 1. Design of the RBC-Membrane-Camouflaged Nanocarriers with Tunable Drug Release Kinetics
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Controlling cargo release kinetics is essential for the
optimization of MCNs toward various applications. Tuning
cargo release kinetics is particularly crucial for drug delivery to
maintain optimal drug concentration duration, reduce side-
effects, and improve therapeutic efficacy.'® Altering core
compositions of the nanocarrier can influence drug release
kinetics,'~"? yet many tailor-made materials have unknown
toxicity profiles in humans, increasing the uncertainty for clinical
translation of the resulting MCNs. Expanding control over the
drug release kinetics for MCNs using biocompatible materials is,
therefore, desirable.

Non-covalent polylactide (PLA) stereocomplex interactions
can provide a versatile strategy to tune the drug release kinetics,
while the surface chemistry is also important in the overall
characteristics and performance of MCNs as drug delivery
devices. PLA homopolymer, a biocompatible and biodegradable
aliphatic polyester, has been FDA-approved as a medical implant
material for anchors, screws, plates, pins, rods, and meshes.”"*!
Physical blending of isotactic and enantiomeric poly(p-lactide)
(PDLA) and poly(r-lactide) (PLLA) forms regular stereo-
complexes with increased crystallinity, leading to higher melting
transition temperatures and greater mechanical strength,
compared to the isotactic counterparts.”* >* PLA crystalline
domains are analogous to non-covalent cross-linking within a
polymer matrix. Core cross-linked polymer nanoconstructs
reduce drug release rates by hindering drug diffusion.”*>°
Tuning drug release kinetics with PLA stereocomplexation has
been reported in PEG—PLA platforms for drugs, such as
doxorubicin,”” camptothecin,28 and rifampin.zg’30 However,
with replacement of PEG by a RBC-membrane-based coating
material, MCNs outperformed PEGylated counterparts in
recent literature, with double blood circulation halflife.""
MCN:s also offer diverse biointerfaces by employing different
biological membrane components, beyond those found on
RBCs, to exhibit affinities to various biological targets that range
from toxins,” to damaged vasculature,® to cancer cells,'" and to
microbes.’" In contrast, installing such a variety of biomimetic
moieties onto a PEGylated surface could be a costly and labor-
intensive process. Furthermore, PEGylated nanoparticles (NPs)
can elicit an immune response, leading to accelerated blood
clearance with repeated administrations.”””* The present study
combines these two concepts and provides a facile fabrication
method for MCNs with tunable drug release kinetics via internal
macromolecular stereostructure using biocompatible amor-
phous, crystalline, and stereocomplexed PLA materials and
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external surface chemistry derived from RBC membranes
(Scheme 1).

Isotactic PDLA, PLLA, and atactic PDLLA were synthesized
via organocatalyzed ring-opening polymerizations (ROP) of
cyclic lactide (p-lactide, L-lactide, and pr-lactide, respectively) at
—78 °C in dichloromethane (DCM) with 4-methylbenzyl
alcohol as the initiator and 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD) as the organocatalyst. The structures of PLAs were
confirmed by "H NMR (Figure S1), "*C NMR (Figures S2—54),
and FT-IR (Figure SS) spectroscopies, and the thermal
properties were evaluated by thermogravimetric analysis
(TGA, Figure S6). Size exclusion chromatography (SEC)
indicated a monomodal molar mass distribution with low
dispersity (P < 1.1) of each polymer, demonstrating the well-
defined structures (Figure S7). The number-averaged molar
mass (M, ) of the polymers and degrees of polymerization (DP,,)
were calculated from the "H NMR spectra (Figure S1), acquired
after isolation of the polymer samples by precipitation. For each,
comparison of the integral of the methyl protons originating
from the initiator at 2.35 ppm with that of methyl groups from
the repeating units at 1.58 ppm allowed for calculation of the
DP,, which was then converted to a value of M, by multiplying
the molar mass of the repeat unit (144 Da) by the DP, and
adding the molar mass of the chain ends. The resulting polymers
showed comparable M, (8.4 kDa for PDLA, 8.2 kDa for PLLA,
and 8.9 kDa for PDLLA), thus minimizing the effects of molar
mass variations in the study.

A series of PLA NPs with varying degrees of stereo-
complexation was fabricated through a nanoprecipitation
strategy. Briefly, a PLA solution with a predetermined
enantiomeric ratio of PDLA vs PLLA vs PDLLA in THF (1
mg/mL) was added drop-wise (6 mL/h) into nanopure water
under stirring (300 rpm) via a syringe pump. The 100%
stereocomplexed PLA (scPLA) NPs contained a 1:1 mass ratio
of PDLA and PLLA, whereas 50% stereocomplexed PLA (50%
scPLA) NPs contained a 1:1:2 mass ratio of PDLA:PLLA:PDL-
LA (Table S1). NPs containing neat crystalline PDLA or PLLA
and amorphous PDLLA were also prepared. Similarly, the same
procedure was conducted for each of the five polymer
stereostructure formulations, with PTX (at S and 10 wt %)
added to the THEF solution prior to nanoprecipitation into water.
It is noteworthy that the rather low initial THF-to-water volume
ratio (1:10) and the fast stirring rate ensured the formation of
well-defined nanoscale stereocomplexes.”* The final polymer
concentration was subsequently adjusted to 0.5 mg/mL with
nitrogen-flow-promoted evaporation. The resulting PLA NPs
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were similar in size regardless of the core stereostructures, with
the number-average hydrodynamic diameter (Dy(yumber))
ranging from 70 to 90 nm for the neat polymer samples (Figure
S8), and slightly larger sizes with PTX loading (vide infra).
The nature of the PLA as stereocomplexed, crystalline, and/or
amorphous structures was confirmed by wide-angle powder X-
ray diffraction (WAXD) and Fourier transform infrared (FT-IR)
analyses of the lyophilized PLA NPs as a function of the PLA
stereochemistries employed during the nanoprecipitation
process (Figure 1 and Figure SS). As depicted in Figure 1,

15 20
26 ()

25 30

Figure 1. Wide-angle X-ray diffraction of the lyophilized PTX-
loaded and empty PLA NPs, indicating partial retention of
stereocomplexation upon PTX loading. From top to bottom: 10
wt % PTX-loaded scPLA, 5§ wt % PTX-loaded scPLA, scPLA, PDLA,
PLLA, and PDLLA NPs. The dashed rectangle encloses XRD peaks
that are associated with the PLA stereocomplex crystalline domains.

atactic PDLLA assemblies did not exhibit distinct diffraction
patterns, indicating no significant crystalline domains, as
expected for an amorphous structure. Isotactic PDLA and
PLLA NPs showed identical diffraction patterns (26 = 15, 17,
19, and 22.5°), revealing similar crystal packing within the
polymer matrix. Stereocomplexed PLA co-assemblies showed
differences in X-ray diffraction patterns (26 = 12, 21, and 24°)
compared to those of the isotactic NPs, suggesting changes in
crystal structures and formation of PLA stereocomplex equi-
lateral-triangle-shaped crystals.”>™*” PLA stereocomplex for-
mation was further evidenced by FT-IR, with the appearance of
the characteristic peak at 908 cm™ (Figure S5).*

Colloidal stability upon drug (paclitaxel, PTX) loading was
further investigated in both nanopure water and phosphate-
buffered saline (PBS, pH 7.4), since the additional hydro-
phobicity introduced by PTX could have resulted in secondary
aggregation or precipitation. Upon loading hydrophobic PTX (S
wt %, 67—86% loading efficiency as measured by HPLC, Table
S2), colloidally stable (>1 week) PTX-loaded PLA NPs were
obtained with dry-state average diameters (D,,) ranging from 63
to 69 nm, as measured by transmission electron microscopy
(TEM), and Dy (pumpery Of 110—130 nm, according to DLS,
independent of the PLA stereochemistry (Figure S9). However,
PTX-loaded bare PLA NPs immediately precipitated in PBS
(Figure 3c), and bare PLA NPs were known to be extensively
endocytosed by monocytes in plasma,® suggesting bare PLA
NPs alone cannot serve as drug nanocarriers.

The crystalline properties of the PTX-loaded PLA NPs were
subsequent evaluated by WAXD and DSC, since loading
hydrophobic drug could potentially disrupt non-covalent
intermolecular interactions within the polymer matrix, specifi-
cally crystallinity and stereocomplexation crystallinity. As
depicted in Figure 1, upon loading PTX in scPLA NPs, the X-
ray diffraction analyses revealed the co-existence of the
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stereocomplex-associated diffraction patterns and the non-
stereocomplex-associated diffraction pattern, regardless of
PTX loading amount (S or 10 wt %). This observation indicated
partial stereocomplex disruption, resulting in heterogeneous
stereocomplex and isotactic PLA crystalline domains in the
polymer matrix. DSC analyses of the lyophilized PLA nano-
constructs further supported partial stereocomplex retention
upon PTX loading (Figure 2). Since thermal history can be

\/—

155
Temperature (°C) Pt

135 175

~
) 100

—_:—:/\f—
.-

: N
\

T

60

40

A H (J/g) of melting
transition

20

180 200 220
Temperature (°C)

ScPLA 160
8No PTX

PDLA PLLA
05% PTX

Figure 2. Thermal analysis of the lyophilized PTX-loaded and empty
PLA NPs indicated the retention of stereocomplexation upon PTX
loading. From top to bottom: 10 wt % PTX-loaded scPLA, 5 wt %
PTX-loaded scPLA, scPLA, PDLA, PLLA, and PDLLA NPs. Traces
were taken from the first heating cycle. (a) The PLA stereocomplex
melting transition is highlighted. The dashed rectangle encloses an
enlarged view of the non-stereocomplex isotactic PLA melting
transition. (b) Comparison of the enthalpies (AH) of PLA melting
transitions with or without 5 wt % PTX loading.

introduced during heating—cooling processes (Figure S10),
only the first heating cycle of the DSC traces, which contained
relevant information associated with polymer packings of the as-
prepared nanoconstructs, was analyzed to decipher the effect of
PTX loading on the PLA polymer packing. The atactic PDLLA
NPs exhibited a glass transition temperature (Tg) at 56 °C with
no melting transition (T,), as expected for an amorphous
material. Isotactic PDLA and PLLA NPs displayed T,
transitions at 167 and 164 °C, respectively, whereas 100%
stereocomplex PLA NPs exhibited a single T/, at 232 °C, which
was 65—68 °C higher than the T, of PDLA or PLLA NPs,
suggesting the formation of a stereocomplex interaction.***’
The PLA stereocomplex melting transition was retained upon
PTX loading (S and 10 wt %). Upon further analyses of the
135—175 °C regions of the PTX-loaded scPLA thermograms,
two small melting transitions were observed corresponding to
the isotactic PLLA and PDLA crystalline regions (Figure 2a),
indicating the slight interference of the well-defined equilateral-
triangle-shaped crystal. However, qualitatively, the melting
transition enthalpies of PLA NPs underwent minimal reduction
upon hydrophobic PTX loading, suggesting significant crystal-
linity retention (Figure 2b).

To improve solution stability and provide biomimetic surface
moieties, RBC membrane vesicles were used to coat PTX-
loaded PLA NPs and afford RBC-MCNs with different core
tacticities, using reported protocols (Figure 3 and Figures S9,
S11, and S12).>"*" Briefly, PLA NPs (1 mg) and RBC
membrane vesicles (derived from 150 uL of human blood)
were mixed and sonicated for 10 min in a capped glass vial using
a VWR 75T bath sonicator, followed by stirring at 4 °C for 1
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Figure 3. RBC membrane coating of the scPLA NPs was verified by
(a) DLS, (b) TEM (samples negatively stained by 2% uranyl acetate
with an average diameter (n = 50), and (c) colloidal stability in PBS
(pH 7.4) at 4 °C with * indicating precipitation.

h.'>* The resulting PTX-loaded RBC-MCNs showed D,,
values of 75—78 nm (as measured by TEM) and D, number)
values of 130—140 nm (as measured by DLS, Figure 898. The
increase in diameter (ca. 10 nm) indicated the successful coating
of two layers of RBC membrane with each layer thickness of 5
nm (Figure 3a and b).” The zeta potential was changed from ca.
—40 mV to ca. —10 mV after RBC membrane coating, owing to
the difference in surface charge density between PLA NPs and
RBC membrane vesicles (Figure S11). Colloidal stability
provided additional evidence for successful PTX-loaded RBC-
MCN fabrication. In contrast to the behavior of PTX-loaded
PLA NPs, which readily formed precipitates in PBS (pH 7.4)
within a few minutes, PTX-loaded RBC-MCNs remained
colloidally stable for a prolonged period (>1 week) at 4 °C
(Figure 3¢).

The structure—property relationships of PTX-loaded RBC-
MCN s were evaluated by drug release profiles (Figure 4). An
array of PTX-loaded RBC-MCNs was fabricated, and PTX
release was monitored in PBS (pH 7.4) at 37 °C using HPLC.
Since bare PTX-loaded PLA NPs precipitated immediately in
PBS (Figure 3c), only RBC-MCNs were examined in the release
study. The PTX-loaded RBC-MCNs showed sustained PTX
release, with 100% stereocomplexed PLA RBC-MCNss exhibit-
ing the least PTX release during the first 12 h, compared to 2-, 3-,
and 4-fold higher amounts of release for the 50% stereo-
complexed, isotactic, and amorphous PLA counterparts,
respectively (Figure 4). After 8 days, RBC-MCNs with scPLA,
50%scPLA, PLLA, PDLA, and amorphous PLA cores released
27,40, 54, 57, and 69% of the loaded PTX, respectively. These
data demonstrate that the drug release kinetics of RBC-MCNs
were successfully controlled by altering the core stereostructure
of the MCNs. The densely packed PLA chains within the
stereocomplexed core domains limited PTX diffusion and
release; therefore, RBC-scPLA exhibited 10-fold (ICs, = 0.50
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Figure 4. Release of PTX from PTX-loaded RBC-MCNs (5 wt %)
studied by a dialysis method over 8 days at 37 °C in PBS buffers (pH
7.4), measured in triplicates.

uM) lower cytotoxicity in human osteosarcoma cells (SJSA-1)
compared to free PTX (ICg, = 0.05 uM). The faster release of
PTX from the amorphous cores of PTX-loaded RBC-PDLLA
resulted in only a 5-fold reduction in cytotoxicity (ICg, = 0.25
UM) relative to the free small molecule drug (Figure S13). The
sustained PTX release over prolonged periods could help
maintain a persistent drug concentration in tumor tissues and
improve therapeutic efficacy.'® As a control, empty RBC-MCNs
did not show significant cytotoxicity after incubation with SJSA-
1 osteosarcoma cells for 72 h at a NP concentration range of
0.17—167 pug/mL (Figure S14).

The immunotoxicities of the RBC-MCNs were investigated
by cytokine expression levels, which can demonstrate the ability
of biomaterials to interact with the immune system, either in
vitro or in vivo.*"* No significant overexpression of any of the
tested 23 cytokines was observed for the PDLLA and scPLA
NPs. On the contrary, the human-derived RBC membrane
vesicles induced acute immunotoxic reactions in the RAW 264.7
mouse macrophage cell line, possibly due to foreign antigen
recognition, as indicated by the significant overexpression (p =
0.03) of the G-CSF, IL-10, RANTES, and TNF-«a (out of the 23
measured cytokines). Interestingly, acute immunotoxic re-
sponses against foreign membrane-associated antigens were
reduced after coating the membrane onto the PLA NPs (Figure
S), potentially via altering the interaction of antigens with the
surrounding biomolecules and receptors;*® further study will be
conducted to elucidate this phenomenon.

To conclude, we demonstrated a facile fabrication of RBC-
MCNs with tunable PTX release kinetics via controlling the
macromolecular stereostructure. Isotactic and atactic PLAs of
similar molar masses (M, = 8.2—8.9 kDa) and dispersities
(<1.1) were synthesized via organocatalyzed ROPs. PLA
assemblies, with varying polymer tacticity, had comparable
hydrodynamic diameters. Significant PLA stereocomplex
retention upon loading PTX was evidenced by WAXD and
DSC experiments. The PTX release kinetics from the RBC-
MCNs was successfully tuned by changing PLA stereo-
chemistry, with a higher degree of stereocomplexation
corresponding to slower PTX release. RBC-MCNs were not
cytotoxic and displayed lower immunotoxic responses com-
pared to the RBC membrane vesicles. This strategy can be
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Figure S. Immunotoxicity assay of RBC-MCNs. The expression of the mouse cytokines, granulocyte-colony-stimulating factor (G-CSF),
interleukin (IL)-10, presumably secreted (RANTES), and tumor necrosis factor-a (TNF-«), following the treatment of RAW 264.7 cells with
media (control), RBC membrane vesicles, PLAs, and RBC-MCNss tested at a concentration of 5 tg/mL for 24 h.

adapted to encapsulate other cargos, such as different chemo-
therapeutics, radiosensitizers, and growth factors. Although the
cytotoxicity against cancer cells was diminished by packaging the
drug within the nanoparticle framework, the extended release
profile may be attractive for in vivo efficacy. Therefore, this work
represents fundamental advances toward a potential personal-
ized nanocarrier technology that would be capable of employing
an individual’s RBCs for membrane isolation, together with
tuning of cargo loading and release simply via alteration of the
biocompatible PLA stereoisomer feed ratio.
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