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Macrocycle based supramolecular structures have been an
intense area of research.” In contrast to the vast number of fully
organic synthetic macrocycles such as cyclodextrins,” cucurbit
[n]urils,® pillar[n]arenes,* calixarenes,” and their derivatives,®
however, designing protein-based macrocycles and their corre-
sponding guest carrier systems has largely lagged behind.
Recently, protein-based macrocycles have attracted great
attention owing not only to their biocompatible and biode-
gradable properties, but also to their precise macromolecular
composition, conformational heterogeneity and abundant
chemical/biological modification opportunities.” Pioneering
work from Aida,? Liu,® and others have utilized specific types
of proteins (e.g. GroEL, SP1, GST) as building blocks to fabricate
novel protein assemblies and functional entities. However, the
construction of functional protein-based guest carrier systems
by self-assembly is still a challenge for researchers. But, the
design and preparation of a highly ordered protein assembly
can not only help to understand the mechanism of protein
nanostructures, but also provide a new way to construct func-
tional biomaterials.**

Nanodiscs (NDs) are biogenic macrocycles which are
composed of phospholipids and encircling amphipathic helical
belt proteins, termed membrane scaffold proteins (MSPs;
Scheme 1)."* The self-assembly of NDs is originated from the
robust tendency of phospholipids to form bilayers and on the
enhanced stability of amphipathic helix structure of MSP due to
the strong interaction with lipid acyl chains. Therefore, the
internal space of NDs is filled by double-layered lipids (Scheme
1), which is dramatically different from current most water-
soluble macrocycles (either organic synthetic or biogenic
ones) by using water as internal medium.’**> Moreover, in
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A protein-based macrocyclic bioactive guest loading system has been developed, which not only provides
a stable 10 nm scale lipophilic environment, but also increases the solubility of potent anticancer agent
SN38 in its active lactone form in aqueous medium.

contrast to liposome systems," the size of NDs is constantly
monodisperse and stable at 10 nm scale, attributing to the
constrained effect from coated MSPs. Consequently, NDs are
found particularly useful in structural studies of membrane
proteins previously, since different insoluble membrane
proteins can be simultaneously monomerized, solubilized and
incorporated into the well-defined membrane environment
provided by NDs." More recently, by specific modifications of
functional lipids on surface, NDs emerge as new protein-based
building blocks in supramolecular polymerization,'* magnetic
resonance imaging® and light harvest device."”” Owing to the
biogenicity of MSPs derives from human ApoA-I protein
component of high-density lipoproteins (HDLs) particles, NDs
were further found to effectively avoid systemic toxicity and
autoimmunity.™® With all these abundant studies that have
solidly proven that NDs represent a class of unique biological
macrocycles and have immeasurable and valuable potential in
biotechnological areas. Herein, we wonder whether the NDs
macrocycles can be used as drug guest carrier systems to trap
high-energy forms of bioactive ingredients to enhance their
water-solubility and bioactivity.

SN38 (7-ethyl-10-hydroxy camptothecin, Scheme 1) is
a potent antineoplastic drug belonging to the camptothecin
family. Isolated from the Chinese tree Camptotheca acuminata,
SN38 is up to 1000-fold more cytotoxic than the prodrug drug
irinotecan. However, inherent poor water solubility and stability
pose a great challenge to develop an optimal formulation of
SN38."® The lactone form of SN38 is active for its antineoplastic
behavior, while its carboxylate form is inactive and favored at
physiological pH, thus resulting in a loss of antineoplastic
efficacy. By far, much effort has been made including using
macrocycles to overcome the delivery issues of SN38 mostly
through chemical modification, which transferred SN38 into
water phase with multiple tedious steps for the preparation of
the SN38 chemical conjugate at very low yield." In this study,
SN38 was formulated in NDs macrocycle and characterized with
respect to structural properties and biological activity without
any chemical modification of SN38 or the nanodisc itself
(Scheme 1).
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Scheme 1 Construction of SN38 containing nanodisc.
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Fig. 1 Dynamic and transmission electron

light scattering (a)
microscopy (TEM) image (b) of SN38-ND.

Basically, the MSP, recombinant apolipoprotein A-I (apoA-I),
was expressed in Escherichia coli and purified according to Sli-
gar's and our own method."*** SDS-PAGE showed the presence
of only one protein band at ~26 kDa, indicating that MSP was
successfully purified (Fig. S1, ESIT). In the assembly of nano-
disc, the SN38 DMSO solution was directly added into the lipid
DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) in NaOAc
buffer (pH = 5.0), and exposed to short ultrasonication bath
with 5 mg mL ™" MSP (3 : 2, v/v). The solution quickly became
clear within minutes. After the dialysis of protein, DMPC and
SN38 mixture overnight, the supernatant containing pure SN38-
ND complex was ready for use. The transmission electron
microscopy (TEM), dynamic light scattering (DLS) and size
exclusion chromatography (SEC) characterizations consistently
showed that the SN38-ND was successfully constructed with
a diameter of 11 nm (Fig. 1).

A UV-vis absorbance spectrum of SN38 gave rise to a single
major peak centered at 370 nm. In comparison, the spectrum of
SN38-NDs was of similar intensity to that of free SN38 in DMSO,
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and the SN38-ND sample became crystal clear after the
assembly process, indicating the solubilization of SN38 in
aqueous solution (Fig. 2a). In addition, excitation of free SN38
in DMSO gave rise to two emission peaks centered at 450 nm
and 570 nm, respectively (excitation at 370 nm). SN38-NDs gave
rise to an emission spectrum whose intensity was significantly
attenuated and blue shifted at 450 nm compared with SN38 in
DMSO, but the emission peak at 570 nm was enhanced (Fig. 2b).
Moreover, the size exclusion chromatography (SEC) character-
ization of SN38-ND at 280 and 370 nm received the same
retention time, showing that SN38 had been integrated into the
NDs (Fig. 2c and d).

Upon formation of SN38-ND, the solubility of SN38 increased
t0 69.6 pg mL ™" or 177.4 uM, which was 14-fold higher than that
of the native SN38 (<5 pg mL ").>* The reason was that the
phospholipid in the center of NDs offered a lipophilic envi-
ronment for SN38. At the same time, the concentration of ND
was 76.6 uM, indicating that there were ca. 2.3 molecules of
SN38 in a single ND. Compared with liposomes, the smaller size
and monodisperse characteristic of SN38-ND are beneficial for
cell internalization. More importantly, SN38-ND was proven to
be very stable and to maintain its structural integrity for as long
as 3 weeks at 4 °C (Fig. 3a and S27). Given the remarkable
stability upon storage in the refrigerator of the HB-containing
NDs, further evaluation of their thermal stability was achieved
by differential scanning calorimetry (DSC). Heating curves of
the empty ND (blank ND) and the HB-ND complex were recor-
ded at a scan rate of 10 °C min ' (Fig. 3b). The phase-transition
temperature (7T;,) of SN38-ND appeared at a similar position
(53.5 °C) as that of the empty ND (T,,, = 53 °C), demonstrating
that the SN38 loading did not interface the stability of the ND to
a large extent (Fig. 3b).

Apart from the enhancement in solubility of SN38, NDs also
significantly improved the stability of SN38 from hydrolysis in
physiological environment. For free SN38, most of SN38 in the
lactone form was transformed into the carboxylate form within
2 h in 20 mM PBS buffer at pH = 7.4. However, the hydrolysis
rate greatly slowed upon formation of SN38-ND (less than 5%
SN38 was hydrolyzed into carboxylate form, Fig. 3c—e), because
SN38 deeply penetrated into the hydrophobic cavity of NDs,
inhibiting the lactone ring opening. Because of the noncovalent
complexation, the lactone form of SN38 was greatly maintained.
Negligible carboxylate forms of SN38 were detected in the same
period of time. This observation confirmed that the antineo-
plastic efficacy could be effectively preserved by the formation of
SN38-ND. The *'P NMR spectra further indicated that the
encapsulation of SN38 did not affect the polar region of bilayer
lipids in NDs, since no significant chemical shifts were
observed (Fig. S3, ESIY).

Cell viability assay (CCK-8) was used to assess the antineo-
plastic efficacy of the SN38-NDs (Fig. 4a). MCF-7 cells were
treated with the solutions of free SN38 and SN38-ND at
concentrations from 20 to 100.0 uM and the incubation time
was 24 hours. As minimal changes of cell viability and cell
proliferation occurred in the empty ND group, NDs showed
great biocompatibility to the cell lines. On the other hand, the
viability of cells incubated with free SN38/SN38-ND decreased

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) UV-vis absorbance spectra of SN38-ND. 1 mg mL™*! free
SN38 in DMSO (black), SN38-ND in NaOAc pH = 5.0 buffer (red) and
empty NDs (blue) in same condition were scanned from 350 to
750 nm; (b) fluorescence spectra of free SN38 in DMSO (black), SN38-
ND in NaOAc pH = 5.0 buffer (red) and empty NDs (blue); (c) size
exclusion chromatography (SEC) characterization of SN38-ND at A =
280 nm; (d) SEC characterization of SN38-ND at A = 370 nm.
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Fig. 3 (a) Differential scanning calorimeter (DSC) characterization of

blank ND (black), SN38-ND (red) and free SN38 (blue). (b) Stability
characterization of SN38-ND at 4 °C by size exclusion chromatog-
raphy (SEC). HPLC C18 characterization of (c) free SN38 in 20 mM
NaOAc-HAc buffer (pH = 5.0), (d) free SN38 in 20 mM PBS buffer (pH
= 7.4) and (e) SN38 extracted from SN38-ND after incubation in
20 mM PBS buffer (pH = 7.4).

with the increasing concentration. However, free SN38 showed
limited antineoplastic efficacy because the cultivation pH was
7.4 when SN38 would transform into carboxylate form. By
contrast, SN38-ND exhibited obvious antineoplastic efficacy
with an ICs, value of 48 uM, this could be attributed to that
SN38 remained lactone form inside NDs. These results
demonstrated SN38-ND not only maintained the bioactivity of
the antineoplastic drug but also enhanced the pH-stability of
SN38.
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Fig. 4 (a) MCF-7 cell viability in vitro measured by CCK-8 assay (n = 3)
with dependence on SN38 concentration. (b) Images of MCF-7 cells’
cellular uptake of SN38-ND after 6 h co-culture. The scale bar is 10
um. Statistically significant differences were determined (*p < 0.05,
**(0,001 < p < 0.005).

Furthermore, confocal laser scanning microscopy (CLSM)
was used to assess the internalization ability of the SN38-NDs.
Free particles outside the plasma membrane were removed
and the live cells were imaged by one-photon fluorescence at
multitrack mode. Green fluorescence signal arising from FITC
labelled SN38-NDs was observed in cytoplasm after culturing
the MCF-7 cells with SN38-NDs for 6 h. The fluorescence and
luminescence signals in Fig. 4b appear to be strongly localized
at the area of treated cells, thus suggesting a substantial degree
of interactions between cells and these particles. The green dots
scattered in the cytoplasm and on the membrane indicated that
the SN38-NDs were effectively internalized. Also, three-
dimensional image (Fig. S4 ESIt) provides additional evidence
for endocytosis of SN38-NDs according to the distribution of the
green and red channels.

In summary, we fabricated a 10 nm scale biological macro-
cycle (nanodisc) equipped with antineoplastic agent through
a supramolecular strategy. Differing from previous reported
organic macrocycles systems, nanodisc macrocycle is absolutely
based on protein and natural lipids. Taking advantage of the
unique bilayer lipid environment in nanodisc macrocycle, the
solubility enhancement ability of nanodisc for hydrophobic
anticancer agent SN38 does not require any chemical modifi-
cation, thus effectively avoiding multiple tedious steps and
antineoplastic activity loss of SN38. Considering the increasing
interest in functional biological macrocyclic self-assemblies,
our results would be inspirational for designing intelligent
biological nanocarrier system.
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