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In the pursuit of a new generation of protein pharmaceuticals, the efficient delivery of these therapeutics
into cells stands out as a crucial challenge. In this study, we have developed a novel approach utilizing
protein capsules modified with VHH antibodies as cytosolic carriers for protein pharmaceuticals. For the
protein capsule component, we opted for the OLE-ZIP protein capsules, which can be prepared from the
amphiphilic two-helix bundled protein OLE-ZIP using the water-in-oil (w/o) emulsion method. The spa-
cious interior of the OLE-ZIP capsules allows for the stable encapsulation of over 200 molecules of
protein pharmaceuticals, such as RNase A and Cre recombinase, in one capsule. By presenting the VHH
antibody with an affinity for cell-type-specific receptors such as the epidermal growth factor receptor
(EGFR) on the capsule surface, we achieved cell-type selective endocytic uptake in A431 cell lines (high
expression level of EGFR) over NHDF and MCF-7 cells (normal expression level of EGFR). This selective
uptake was followed by the subsequent release of the encapsulated protein pharmaceuticals into the
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cytosol of the target cells. Unlike our previous version of the OLE-ZIP protein capsules modified with IgG
antibodies, cytosolic delivery of pharmaceutical proteins was little impacted by the presence of other
IgGs, which are abundant in the bloodstream. This improved characteristic suggests potential advantages
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Introduction

The success of second-generation biopharmaceuticals based
on antibodies has marked a significant shift from the tra-
ditional dominance of small organic molecule-based pharma-
ceuticals," fuelling high expectations for the further advance-
ment of biopharmaceuticals, including nucleic acid-based
ones.”> However, there are still concerns in the field of biophar-
maceuticals arising from their inherent inability to spon-
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for practical applications, including intravenous administration.

taneously permeate cell membranes, attributed to the hydro-
phobic nature of these membranes.® This limitation results in
low penetration efficiency, even at the single-cell level.
Furthermore, in tissues where multiple cells are closely packed
due to cell-cell adhesion (such as epithelial and muscle
tissues) or cell-matrix adhesion (such as bone, nerve, and
dermal tissues), the challenge of reduced permeability into the
interior becomes more pronounced.” Another hurdle is the
recognition of externally administered therapeutic proteins as
‘foreign molecules’ by the immune system, leading to their
clearance through immune surveillance mechanisms.>® A
technology capable of enhancing membrane permeability not
only at the single-cell level but also at the tissue level, while
evading elimination mechanisms in the body, could not only
enhance the therapeutic efficacy of conventional protein phar-
maceuticals targeting cell membrane surfaces but also pave
the way for a new generation of protein pharmaceuticals with
the ability to target various biomolecules inside cells.
Traditionally, strategies to address these challenges have
primarily focused on the development of techniques for mem-
brane penetration at the single-cell level. This often involves
conjugating proteins with amphiphilic and/or hydrophobic
materials”’® that mimic the amphiphilicity of lipids constitut-
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ing cell membranes, thereby facilitating endocytic uptake. Cell
Penetrating Peptides (CPPs)° are symbolic tools capable of con-
ferring cell membrane permeability to exogenous proteins and
peptides. Notable examples include TAT peptides,'®'
Penetratin,'> and Arginine-rich peptides.’®> It has been
reported that by complexing these peptides with the exogenous
proteins or peptides intended for delivery, in addition to endo-
cytosis-mediated cell membrane permeability, energy-indepen-
dent cell membrane permeability (translocation) may also be
observed.

However, these approaches still face limitations in achiev-
ing efficient cytosolic delivery at the single-cell level. A more
recent strategy involves manipulating the dynamics of mem-
brane proteins between the inside and outside of cell
membranes'®"® or harnessing the channelling properties of
channel membrane proteins.'® To leverage these uptake
routes, binding to target membrane proteins is essential. To
confer targeting abilities, one reasonable strategy involves the
conjugation of antibodies with high molecular discrimination
capabilities. In this regard, VHH antibodies derived from
camel antibody heavy chains'’ offer advantages. They have
relatively low molecular weights (~15 kDa) compared to tra-
ditional IgG antibodies (150 kDa), making them easily conju-
gatable to pharmaceutical proteins through simple genetic
modification. Moreover, it has been reported that surface
modification of VHH via GPIl-anchored membrane proteins
can impart targeting capabilities to extracellular vesicles for
drug delivery applications."®

Meanwhile, recently we reported a novel development in
the form of protein capsules derived from the amphiphilic
two-helix bundled protein OLE-ZIP, designed as a cell-per-
meable carrier for protein pharmaceuticals.'®?° While the
inherent OLE-ZIP protein capsule lacks cell membrane per-
meability, surface modification with IgG antibodies becomes a
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key strategy. These antibodies exhibit affinity for cell-type-
specific receptors present on the target cell surface, thereby
facilitating cell-type selective cytosolic uptake of protein cap-
sules via the receptor-mediated endocytic pathway.”’ The
encapsulated protein pharmaceuticals are released into the
cytosol, leveraging the pH-responsive property of OLE-ZIP to
impart medicinal effects.>® However, the practical application
of OLE-ZIP protein capsules for intravenous administration?
raised concerns due to the non-covalent immobilization of IgG
antibodies on the capsule surface. To modify IgG on the
capsule surfaces, we employed ProG-OLE-ZIP, a protein conju-
gate comprising the truncated Protein G (ProG) and OLE-ZIP
components. The ProG domain allows for the reversible cap-
turing of IgG onto the protein capsule surface at the constant
region. Nevertheless, the high concentration of 1gGs for other
antigens (~11 g L™, ~80 uM) in the bloodstream> poses a
potential risk of replacing and decreasing uptake efficiency
and its cell-type selectivity.

In this study, we newly developed the intracellular delivery
of protein pharmaceuticals using OLE-ZIP protein capsules,
wherein VHH antibodies'” were covalently linked to the
OLE-ZIP protein capsule surfaces (Fig. 1). While cytosolic deliv-
ery can sometimes be defined as the transport of cargo such
as proteins into the cytosol only through energy-independent
mechanisms,** our previous study indicates that the protein
transport using the OLE-ZIP protein capsules involves endocy-
tosis-mediated cytosolic delivery,> as previously investigated.*®
Specifically, a VHH antibody with high affinity for the epider-
mal growth factor receptor (EGFR) was employed.>® We evalu-
ated the cytosolic delivery of encapsulated protein pharmaceu-
ticals, such as RNase A*”*® and Cre recombinase,***° and its
cell-type selectivity, focusing on EGFR-positive A431 cell
lines.*' Additionally, we investigated the potential impacts of
contaminant IgGs on the cytosolic delivery of protein pharma-
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Fig. 1 Schematic illustration of cytosolic delivery of pharmaceutical proteins using the VHH-presented OLE-ZIP protein capsules. (a) Preparation of
the VHH-presented OLE-ZIP protein capsules from Trx-OLE-ZIP and VHH-OLE-ZIP, encapsulating protein pharmaceuticals. (b) Proposed mecha-
nism of cytosolic delivery of protein pharmaceuticals by the VHH-presented OLE-ZIP protein capsules via receptor-mediated endocytosis.
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ceuticals using the VHH-presented OLE-ZIP protein capsules
to A431 cell lines. Because of irreversible modification of anti-
bodies to impart cell type selectivity, we anticipated cell-type
selective delivery of protein pharmaceuticals, independent of
the presence of IgG antibodies for other antigens abundantly
present in the blood. This exploration aimed to pave the way
for achieving cytosolic delivery of therapeutic proteins through
intravenous administration.

Results and discussion

Preparation of capsule-forming amphiphilic proteins with
VHH antibody moiety (VHH-OLE-ZIP-EV0, VHH-OLE-ZIP-EV1,
and VHH-OLE-ZIP-EV2)

In the preparation of anti-EGFR VHH antibodies/OLE-ZIP con-
jugates, specifically denoted as VHH-OLE-ZIP, we constructed
the E. coli expression vectors containing the requisite synthetic
genes. For anti-EGFR VHH, we employed the mutant Iai,
reported by Roovers et al.>*> The OLE-ZIP component consists
of the hydrophobic segment derived from the core hydro-
phobic region of sunflower oleosin (OLE(56-106)),%7°
coupled with the hydrophilic segment derived from the hetero-
dimeric coiled-coil peptides NZ and CZ.*° The strategic linkage
involved connecting NZ and CZ to the N- and C-terminal sides
of OLE(56-108), respectively, facilitated by short linker pep-
tides (GGSGGS). As demonstrated in our previous study,
OLE-ZIP adopts an overall two-helix-bundled structure. Its dis-
tinct amphiphilicity enables the formation of a protein-based
bilayer structure resembling a phospholipid bilayer.
Consequently, the utilization of a (w/o) emulsion method
facilitates the generation of OLE-ZIP protein capsules, charac-
terized by a capacious internal cavity.'>*° The (w/0) emulsion
method in this study includes these steps: first, in the pres-
ence of amphiphilic two helix-bundled proteins like OLE-ZIP, a
small amount of buffer solution is ultrasonically dispersed
into liquid paraffin, forming aqueous nano-droplets. The
hydrophobic parts of OLE-ZIP cover the nano-droplets’ sur-
faces facing the paraffin, while the hydrophilic parts face
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inward, creating reverse micelles. This milky emulsion is
placed on top of a fresh buffer solution, with remaining
OLE-ZIP aligning at the emulsion-buffer interface.
Centrifugation moves the OLE-ZIP-covered nano-droplets into
the buffer, forming protein capsules with a bilayer membrane
from the additional OLE-ZIP layer at the interface. While in
this study, VHH-OLE-ZIP, wherein the anti-EGFR VHH is
linked to the N-terminal side of OLE-ZIP through a linker
peptide, newly served as the amphiphilic protein for capsule
preparation. Through this molecular design, the surface of the
resulting OLE-ZIP protein capsules was enveloped with VHH,
thereby enabling cell-line selective uptake of the protein cap-
sules. Nevertheless, concerns about the potential impact of the
distance and flexibility of the VHH component from the
capsule surface on cellular uptake efficiency prompted us to
study additional conjugates. Consequently, we prepared
expression vectors specific to the conjugates, incorporating
one or two EV linkers®” between the VHH and OLE-ZIP com-
ponents (designated as VHH-OLE-ZIP-EVn, where n = 1 and 2,
respectively). This strategic modification aimed to address and
optimize the spatial dynamics, ensuring enhanced control
over the efficiency of cellular uptake (Fig. 2(a)). EV linker is a
non-natural linker peptide, including 26 SAGG repeats,’”
which has low propensity for specific secondary structure for-
mation and is estimated to have a length of approximately
30 nm when fully extended. So, it should be suitable for a
linker of VHH. In correspondence with this, the conjugate of
OLE-ZIP and VHH lacking the EV linker were -called,
VHH-OLE-ZIP-EVO as following.

The VHH-OLE-ZIP-EVn constructs (n = 0, 1, and 2) were
initially produced in E. coli BL21(DE3) strains as fusion pro-
teins with thioredoxin A. After cell lysis, purification of the
fusion proteins from the supernatant fractions was achieved
using Ni-affinity chromatography. Thrombin digestion was
then employed to remove the thioredoxin A moiety, resulting
in the final products VHH-OLE-ZIP-EVz (n = 0, 1, and 2) could
be obtained. The amino acid sequences of VHH-OLE-ZIP-EVn
(n =0, 1, and 2) were summarized in Fig. S1.} Purity confir-
mation for each conjugate was performed through SDS-PAGE
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(a) Schematic illustration of the OLE-ZIP mutants used in this study. (b) SDS-PAGE analyses of the OLE-ZIP mutants; MW marker (lane 1), Trx-

OLE-ZIP (28.7 kDa, lane 2), VHH-OLE-ZIP-EVO (29.2 kDa, lane 3), VHH-OLE-ZIP-EV1 (37.7 kDa, lane 4), and VHH-OLE-ZIP (46.0 kDa, lane 5).
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analysis (Fig. 2(b)), and these proteins were subsequently
employed in the ensuing experiments.

Protein capsule preparation and characterization

Similar to the challenges encountered in preparing protein
capsules using ProG-OLE-ZIP,'>*° the formation of capsules
exclusively by VHH-OLE-ZIP-EVn (n = 0, 1, and 2) proved
difficult, likely due to steric hindrance between the VHH com-
ponents. Consequently, protein capsules were prepared utiliz-
ing a 9:1 mixture of Trx-OLE-ZIP and VHH-OLE-ZIP-EVO,
VHH-OLE-ZIP-EV1, or VHH-OLE-ZIP-EV2 through a (w/0) emul-
sion method,*® mirroring the approach used for ProG-OLE-ZIP.
In subsequent experiments, protein capsules prepared from
Trx-OLE-ZIP and VHH-OLE-ZIP-EV0O, VHH-OLE-ZIP-EV1, or
VHH-OLE-ZIP-EV2 were denoted as EVO0, EV1, and EV2,
respectively. Following capsule preparation, it was anticipated
that EV0, EV1, and EV2 would present VHHs outward on the
capsule surfaces via linker peptides (Fig. 3(a)).

The assessment of particle size and morphology of the pre-
pared protein capsules, conducted through dynamic light scat-
tering (DLS) and transmission electron microscopy,* is illus-
trated in Fig. 3(b) and (c). The results revealed the formation
of a spherical morphology with an average diameter of
approximately 70-200 nm. Notably, in terms of capsule for-
mation, no significant impact of the difference in linker pep-
tides of VHH-OLE-ZIP-EVn (n = 0, 1, and 2) was observed. Our
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previous findings indicated that the loose molecular packing
between the OLE-ZIP parts in the bilayer shells of Trx-OLE-ZIP
protein capsules led to the lack of retention of staining dye
within the inner aqueous phase during negative staining.'®*’
Consequently, the interior of EV0, EV1, and EV2 also exhibited
whitening when stained with phosphotungstate salts in TEM
measurements. While, TEM images at the outer edges of spheri-
cal capsules suggested the formation of bilayer shells compris-
ing Trx-OLE-ZIP and VHH-OLE-ZIP-EVz (n = 0, 1, and 2).

To further confirm the bilayer structures, we conducted
small-angle X-ray scattering (SAXS) measurements of EV0, EV1,
and EV2 using the SPring-8 BL40B2 beamline. The flexibility of
the VHH part in EV1 and EV2 possibly contributed to the
inability to obtain clear X-ray scattering corresponding to shell
parts. In contrast, EVO exhibited sufficient X-ray scattering
(Fig. 3(d)), aligning with a bilayer thickness of 5.5 nm,
suggesting the formation of bilayer structures with two mole-
cules of the OLE-ZIP parts in an apposed configuration.
Similar X-ray diffractions and estimated shell thickness were
observed for the protein capsules solely comprising Trx-
OLE-ZIP or a 9: 1 mixture of Trx-OLE-ZIP and ProG-OLE-ZIP.*°
These results further supported the successful preparation of a
bilayer shell comprising Trx-OLE-ZIP and VHH-OLE-ZIP-EVO0 in
EVO0.

To assess the thermal stability of the capsules, we con-
ducted measurements of the temperature-dependent alteration
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(a) Preparation of the protein capsules of Trx-OLE-ZIP and VHH-OLE-ZIP-EVn (n = 0, 1, and 2) in the molar ratio of 9: 1. (b) DLS profiles of

the protein capsules prepared from Trx-OLE-ZIP and VHH-OLE-ZIP-EVn (n = 0, 1, and 2). (c) TEM measurements of the protein capsules prepared
from Trx-OLE-ZIP and VHH-OLE-ZIP-EVn (n = 0, 1, and 2). (d) SAXS analysis of the protein capsules EVO with or without encapsulating the cargo
protein, GFP, in 50 mM Tris HCL buffer (pH 7). (e) Impact of short heat treatment (20—-100 °C) for 15 min on average diameters of the protein cap-
sules, prepared from Trx-OLE-ZIP and VHH-OLE-ZIP-EVO, VHH-OLE-ZIP-EV1, or VHH-OLE-ZIP-EV2.
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of the dynamic light scattering (DLS) peak. The results, pre-
sented in Fig. 3(e), demonstrated that, similar to protein cap-
sules consisting solely of Trx-OLE-ZIP,'° all the capsules main-
tained a homogeneous dispersion as single particles in an
aqueous buffer up to 50 °C. However, beyond this temperature
range, a gradual increase in particle size with the rise in temp-
erature was observed. This increase suggested the formation of
aggregates, potentially induced by destabilization in the
protein folding of the OLE-ZIP components.

Next, to assess the encapsulation abilities of EV0, EV1, and
EV2 for guest proteins, we introduced FITC-labelled RNaseA
and conducted gel permeation chromatography (GPC) ana-
lysis. The GPC chromatograms obtained (Fig. S2}) revealed
that the GPC peak corresponding to RNaseA-encapsulated
protein capsules shifted relative to that of free RNaseA. This
shift indicated that EVO, EV1, and EV2 could effectively retain
guest proteins within the inner aqueous phase while maintain-
ing the capsule morphologies even under infinite dilution con-
ditions. Subsequent SDS-PAGE analyses of the isolated peak of
the RNaseA-encapsulated protein capsules demonstrated the
simultaneous presence of RNaseA, Trx-OLE-ZIP, and
VHH-OLE-ZIP-EVn (n = 0, 1, and 2) (Fig. S31). This observation
suggested the stable encapsulation of guest proteins within
the inner aqueous phase of EV0, EV1, and EV2. Considering
the average capsule diameters, molecular size of the OLE-ZIP
part, and the number of encapsulated RNaseA molecules, we
estimated that each capsule can hold approximately
~400 molecules of RNaseA. In TEM measurements (Fig. S4t),
unlike the empty protein capsules, a distinct dark contrast was
evident within the capsule interior, supporting the idea that
the interior of the capsules was filled with guest proteins.
Furthermore, SAXS measurements revealed X-ray diffractions
originating from the encapsulated guest proteins, a phenom-
enon distinct from the empty protein capsules (Fig. 3(d)).
These findings collectively support the notion that the capsule
interior is densely filled with the cargo protein.

Evaluation of cellular uptake behaviours and its cell-type
selectivity of the OLE-ZIP protein capsules

To assess the ability of protein capsules EV0, EV1, and EV2 for
the cytosolic delivery of cargo proteins, we initially investigated
the uptake efficiency and cell-line selectivity of the empty
protein capsules using confocal laser scanning microscopy
(CLSM) and fluorescence-activated cell sorting (FACS) measure-
ments. To track their uptake processes through fluorescence,
the FITC-labelled Trx-OLE-ZIP was used for capsule prepa-
ration. Fig. 4(a) presents CLSM images of A431 cells after incu-
bating the FITC-labelled EVO, EV1, and EV2 (total concen-
tration of capsule-forming proteins set at 1 uM) in DMEM with
10% FBS for 12, 24, 48, and 72 h at 37 °C. A431 cells were
chosen as a representative mammalian cell line expressing a
high level of EGFR.*" So, uptake via receptor (in this case,
EGFR)-mediated endocytosis was anticipated. Since the VHH
antibody used here is not the natural ligand for EGFR, we
think that protein capsules are internalized into the cells
through receptor-binding-mediated endocytosis, which is
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different from the typical receptor-dependent endocytosis acti-
vated by ligand binding.*® Therefore, like our previous evalu-
ation of the cellular uptake of OLE-ZIP protein capsules modi-
fied with IgG antibodies,* we predict that a culture time of
more than 12 hours is required for sufficient cellular uptake.
Despite the protein capsules adsorbing onto cell surfaces
without internalization, which persisted even after PBS
washes, a discernible preference for uptake by A431 cells was
observed from CLSM observations (Fig. 4(a)). To quantify
uptake efficiencies precisely, remaining capsules on cell sur-
faces were removed by trypsin digestion, and FACS analyses
were conducted. Fig. 4(b) indicated the gradual increase in
FITC fluorescence from cells with an extended incubation
time, indicating a time-dependent uptake. Notably, when nor-
malized to 1 for EVO after 24 hours of incubation, the order of
uptake efficiencies was EV2 > EV1 > EV0. When the uptake
efficiency was normalized to 1 for EVO after 24 h of incubation,
it increased to 1.1 for EV1 and 1.3 for EV2. Even after 72 h of
incubation, these ratios were almost sustained (1.1 for EV1
and 1.7 for EV2). It suggested that longer linker peptides were
associated with higher uptake efficiency.

While, NHDF cells were chosen as a negative control for the
uptake experiments, as they express a normal level of EGFR,
thus anticipating lower uptake efficiency compared to A431
cells. Fig. 4(c) indeed shows less uptake to NHDF cells after 24
and 48 h of incubation. FACS analyses in Fig. 4(d) provide a
quantitative evaluation of the selectivity for A431 over NHDF
after 24 h of EVO incubation, estimating a 7.1-fold selectivity.
This result implies that the VHH-presenting protein capsule
demonstrates cell-type selective uptake guided by the inter-
actions between VHH and EGFR. The observed selectivity sup-
ports the potential of these protein capsules for targeted cyto-
solic delivery to specific cell types expressing the target
receptor.

Next, to evaluate delivery efficiency of cargo proteins, we
first did experiments using RNase A as a cargo protein.
Pancreas RNase A is known to induce cytotoxicity, which if
observed would indicate successful uptake into the cytoplasm
of cancerous cell line such as A431.>”?% So, from ICs, (UM)
ability of cytosolic delivery could be estimated. Preparations of
the RNase A-loaded protein capsules, EVO, EV1, and EV2 were
performed as similarly to that without encapsulating cargo
proteins. From DLS and TEM measurements, spherical mor-
phologies with similar average diameters were retained as
similar to the originals. The average loading amount of RNase
A versus total concentration of capsule forming OLE-ZIP pro-
teins in protein capsule was 0.95 uM of RNaseA: 10 pM of
capsule forming OLE-ZIP proteins.

To clarify the target-selective cytotoxicity, we first examined
cell viability in A431 cells upon adding RNase A-loaded EVO.
The obtained data is summarized in Fig. 4(e), showing a clear
decrease in cell viability. When adding free RNase A (10 pM),
empty EVO, or Trx-OLE-ZIP protein capsules encapsulating
RNase A (0.95 pM), no decrease in cell viability was observed.
This indicates that VHH-guided delivery of encapsulated
RNase A can be effectively performed using EVO. Additionally,

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4pm00069b

Open Access Article. Published on 01 August 2024. Downloaded on 12/5/2025 2:17:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Pharmaceutics Paper
(@) _— © (e)
Incubation Time Incubation Time 100
48 h 24 hr 48 hr 2 8o
<y OB S 2
FITC i N Z 60
-labeled A431 g
EVo 's 40
FITC 8 20
-labeled NHDF
EVi o 3 N S
) SN & )
FITC ﬁ‘ & & Q”i ¥
-labeled i 2 § Qé) qf?'bwb V"\o
EVa2 & A §_ &
( ) 400 < B ‘O&V?e O 5"’
Fg o8
W A431 &5
£ 300 NHDF &8
(b) B FITC-labeled EVo K ®
B FITC-labeled EV1 « 200 ® EVo (RNaseA loaded)
= B FITC-labeled EV2 2 a 100¢ey ® EVi(RNaseA loaded)
« 2000 = 100 B».\z 8o .
3 ) = \ ® EV2 (RNaseA loaded)
- =
E 1500 ol — E 60 .
b » | T
8 1000 &‘s ; ‘ge Z 40 ‘e
- § S S o}
R 500 © ,?Qé’ & & 20 : .
Y& N H
‘ N o4 H
o 0&’;’,@ 50 o
12h 24h 48h 72h 4@ *,0 & o 0.5 1 1.5 2
Incubation Time & RNaseA Con. [uM]
Fig. 4 (a) CLSM observation of the A431 cells after incubation of the FITC-labelled EVO, EV1, and EV2 (the total concentrations of capsule forming

proteins were set by 1 uM) for 12, 24, 48 and 72 h at 37 °C. (b) FACS analyses of the A431 cells after incubation of the FITC-labelled EVO, EV1, and
EV2 (the total concentrations of capsule forming OLE-ZIP proteins were set by 1 pM) 12, 24, 48 and 72 h at 37 °C. To harvest A431 cells from culture
dish for FACS observation, trypsin digestion was applied. (c) CLSM observation of the A431 cells or NHDF cells after incubation of the FITC-labelled
EVO (the total concentration of capsule forming OLE-ZIP proteins was set by 1 uM) for 24 and 48 h in DMEM with 10% FBS at 37 °C. (d) FACS analyses
of the A431 cells or NHDF cells after incubation of the FITC-labelled Trx-OLE-ZIP capsules or the FITC-labelled EVO (the total concentration of
capsule forming OLE-ZIP proteins was set by 1 uM) for 24 h in DMEM with 10% FBS at 37 °C. For the control samples, A431 and NHDF cells cultured
for 24 hours without any additions were used. To harvest both cells from culture dish for FACS observation, trypsin digestion was applied. (e)
Comparison of A431 cells’ viabilities (%) after 72 h incubation of free RNase A (10 uM), EVO (Empty) (No RNaseA was loaded and the total concen-
tration of capsule forming proteins was set by 10 uM), Trx-OLE-ZIP protein capsules (RNaseA loaded) (0.95 uM of RNaseA was loaded and the con-
centration of Trx-OLE-ZIP was set by 10 pM), and EVO (RNaseA loaded) (0.95 pM of RNaseA was loaded and the total concentration of capsule
forming protein was set by 10 uM) at 37 °C. (f) Concentration dependence of the RNaseA-loaded EVO, EV1, and EV2 (the concentration of RNaseA

was varied from 0—-1.9 uM) on A431 cells’ viability (%) after 72 h incubation at 37 °C.

to assess the impact of linker length on cytotoxicity, we
measured cell viability after incubating with different concen-
trations of RNase A-loaded protein capsules (EVO, EV1, and
EV2) for 72 hours (Fig. 4(f)). The estimated ICs, values (uM)
were 0.45, 0.53, and 0.72, respectively, indicating that increas-
ing linker length slightly improved the IC50 as anticipated.

Using EV2 as the most effective carrier for cytosolic delivery
from the above experiments, we extended our investigations to
use Cre recombinase as a cargo protein. Cre recombinase is an
enzyme that catalyses homologous recombination of DNA
flanked by LoxP sequences.” In the case of successful uptake
of Cre recombinase to the target cells harbouring the Cre spot-
light DNA sequence®’ in their chromosomal DNA, the DsRed
expression can be switched to the GFP by eliminating the
DsRed gene part, flanked between the LoxP sequences, in their
chromosomal DNAs (Fig. 5(a)). To elucidate the efficiency in
cell-type selective delivery, we constructed the gene-modified
A431 (EGFR-positive) and MCF-7 (EGFR-normal) cell lines,
both of which have chromosomal DNAs containing the Cre
Spotlight DNA sequence.

As shown in the CLSM observations of A431 and MCF-7
cells (Fig. 5(b)), after incubation of the Cre recombinase-

© 2024 The Author(s). Published by the Royal Society of Chemistry

loaded EV2 (total concentration of capsule forming proteins
were set by 1 pM. Cre recombinase concentration was
0.095 uM) for 72 h colour change of A431 cells from red to
orange was successfully observed only the case when A431
cells were incubated with the VHH-presented Cre-recombi-
nase-encapsulated EV2. Because more than 24 h incubation is
necessary for efficient delivery of RNase A to cytosol, total fluo-
rescence colour of the resulting cells became a mixture of
DsRed (previously expressed) and GFP (newly expressed after
Cre recombinase delivery). For MCF-7 cells, a slight increase in
GFP-derived fluorescence intensity was observed even when
only Cre recombinase was added, suggesting that Cre recombi-
nase itself is slightly taken up by MCF-7 cells. However, when
Cre recombinase was encapsulated in EV2 and added, no
greater increase in GFP-derived fluorescence intensity was
observed compared to when Cre recombinase was added
alone, suggesting that encapsulation in EV2 did not enhance
the uptake of Cre recombinase. These data indicated that cell
line-selective cytosolic delivery could be achieved as antici-
pated. The FACS analysis of the same samples also supported
that the above fluorescence colour change was performed only
of A431 cells (Fig. 5(c)).
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Fig. 5 Cytosolic delivery of Cre recombinase using the VHH-presented EV2 (the total concentration of capsule forming OLE-ZIP proteins was set
by 1 uM, Cre recombinase 0.095 pM) for A431 and MCF-7 cells. Both cells constantly express DsRed from the Cre spotlight gene. (a) Set-up of Cre
spotlight gene, consisting of the DsRed gene, flanked between loxP. (b) CLSM observation of A431 and MCF-7 cells after incubation of the Cre-
recombinase-encapsulated EV2 for 72 h at 37 °C. (c) FACS analyses of GFP fluorescence from A431 and MCF-7 cells after incubation of the Cre-

recombinase-encapsulated EV2 for 72 h at 37 °C.

Comparison of the impacts of the contaminant of other IgG
on cytosolic delivery by OLE-ZIP protein capsules

Unlike the case of presenting IgG, the VHH-presented protein
capsules were anticipated to exhibit cell-type selective uptake
irrespective of contaminant IgGs, which were expected when
the protein capsules were administered into the blood-
stream, containing abundant other IgGs for different anti-
gens. To verify this advantage, we used RNase A as a cargo
protein (0.47 pM) in this experiment and compared cell viabi-
lity in the presence of other IgG between using IgG-presented
protein capsules and using VHH-presented EV2 (total concen-
trations of capsule-forming proteins were set by 5 uM). Anti-
CD20 IgG, orizumab, was chosen as a representative contami-
nant, as it has no impact on the cell viability of A431 cell
lines.*?

As shown in Fig. 6, when the RNase A-containing protein
capsules presenting Cetuximab were added to A431 cells, a sig-
nificant reduction in cytotoxicity was observed upon co-
addition of the competing IgG antibody, Omalizumab (cell via-
bility (%) increased from 67% to 80%) with comparison to no
addition of Omalizumab. On the other hand, when the RNase
A-containing EV2 presenting VHH antibodies were added,
there was little reduction in cytotoxicity upon co-addition of
Omalizumab (cell viability (%) increased only slightly from
41% to 44%). These results suggest that, as initially feared, in
the presence of competing IgG antibodies, the initially-pre-
sented IgG antibodies to induce receptor-mediated endocytosis
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Fig. 6 Comparison of the impacts on cell viability of A431 cells upon
delivering RNase A by the IgG(cetuximab)-presented protein capsules or
the VHH-presented protein capsules (EV2) (in both cases, the total con-
centrations of capsule-forming proteins were set by 5 pM, the concen-
trations of RNase A was 0.47 uM, the concentration of cetuximab was
0.5 pM), in the presence (80 puM) or absence of competitive IgG anti-
body, Omalizumab, after 72 h incubation at 37 °C.

(in this case, cetuximab) are replaced by the co-existing I1gG
antibodies, leading to a significant decrease in cellular uptake.
This also implies that the additional role of the presented IgG
antibodies in providing cell-type selectivity is also compro-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mised when replaced by other IgG antibodies. Particularly in
the bloodstream, where concentrations of IgG antibodies reach
around 80 pM,>® practical use through intravenous adminis-
tration of the IgG-presented protein capsules is suggested to
be challenging. On the other hand, the RNase A-containing
EV2 presenting VHH antibodies did not show a significant
reduction in cytotoxicity in the presence of competing IgG
antibodies. Therefore, these data suggests that for the practical
usability of OLE-ZIP protein capsules through intravenous
administration, the VHH-presented OLE-ZIP protein capsule is
a promising candidate for new cytosolic carrier of various
pharmaceutical proteins.

Conclusions

In this study, we explored the development of a novel protein
delivery technology based on protein capsules formed by an
amphiphilic two-helix-bundled protein OLE-ZIP, allowing cell-
type selectivity through the presentation of VHH antibodies.
We designed VHH-OLE-ZIP by introducing the C-terminal side
of VHH antibodies with affinity to EGFR to the N-terminal of
OLE-ZIP via a flexible linker peptide. The OLE-ZIP part was
previously proven to have capsule-forming ability. Successfully
constructing OLE-ZIP protein capsules with an average dia-
meter of around 100 nm, where VHH is tethered to the capsule
surface, was achieved by mixing it with Trx-OLE-ZIP in a 1:9
ratio. For capsule formation, we employed an (w/0) emulsion
method, dissolving the protein of interest in the aqueous
buffer for precursor solution of inner aqueous phase, enabling
the encapsulation of various water-soluble proteins such as
GFP, RNase A, and Cre Recombinase. The capsules, with
sufficient internal space, allowed the encapsulation of around
400 molecules of each protein per capsule. Furthermore, these
protein capsules maintained stably dispersed in a buffer up to
approximately 50 °C, with their individual particle integrity.

Additionally, VHH antibody presentation facilitated prefer-
ential uptake to A431 cell lines expressing high levels of EGFR,
exhibiting a selectivity approximately 7.1-times greater than
that to the fibroblast cell line, NHDF. Regarding the binding
affinity of VHH antibodies presented on the capsule surface to
EGFR on the target cell membrane, we anticipated a depen-
dency on the orientational freedom of the VHH segment. To
clarify this impact, we constructed the VHH-OLE-ZIP variants,
VHH-OLE-ZIP-EVn (n = 0, 1, and 2), with varied linker length
between the VHH and OLE-ZIP segments. By using these var-
iants to prepare the protein capsules (EV0, EV1, and EV2), we
compared cellular uptake efficiency and cell-type selectivity.
Notably, EV2, with the longest linker length, demonstrated a
certain superiority in these aspects.

Finally, we simulated an environment with concomitance
of other IgGs like the bloodstream upon concomitance of anti-
CD20 IgG (10 pM) in DMEM and evaluated the impact on the
uptake efficiency of RNase A to A431 cells using the IgG-pre-
sented OLE-ZIP capsules and VHH-presented OLE-ZIP cap-
sules. The results showed a significant reduction in uptake

© 2024 The Author(s). Published by the Royal Society of Chemistry
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efficiency for OLE-ZIP protein capsules when presenting IgG
antibodies cetuximab, on the surface. On the other hand, with
the OLE-ZIP protein capsules presenting VHH antibodies, the
influence of adding anti-CD20 IgG antibodies (10 pM) was
minimal, demonstrating the effectiveness of these capsules as
promising carriers for intracellular delivery of therapeutic pro-
teins via intravenous administration.

To achieve more efficient cytosolic delivery of pharma-
ceutical proteins in a shorter time by OLE-ZIP protein cap-
sules, optimization of the VHH antibodies for suitable target
membrane proteins onto target cell membranes is deemed
necessary. Additionally, optimizing the capsule-forming
protein segment to enable efficient release from endosomes
would also be crucial. These considerations continue to be the
focus of ongoing research in our laboratory.

Experimental
Materials

Restriction enzymes, alkaline phosphatase, and Normal
Human Dermal Fibroblasts (NHDF) cell were purchased from
Takara-bio. Inc. (Japan). Taq DNA polymerase (AmpliTaq Gold
DNA polymerase) was purchased from Thermo Fisher
Scientific K.K. (Japan). Rapid DNA Ligation Kit, pET-32a (+)
DNA, and fluorescein isothiocyanate (FITC) was purchased
from Merck KGaA (Germany). Tris(hydroxymethyl)amino-
methane (Tris), isopropyl-p-p-thiogalactopyranoside (IPTG),
agar, Agarose ME, Ampicillin Sodium, lysogeny broth medium
(Lennox), DMEM, penicillin-streptomycin (100 U mL™"), and
CCK-8 were purchased from Wako Chemicals (Japan).
Sephadex G-50 was purchased from Cytiva (Japan). Oligo DNAs
for genetic mutations by PCR was purchased from Eurofins
Genomics Co Ltd (Japan). Ribonuclease A from Bovine
Pancreas was purchased from Nacalai Tesque Inc. (Japan).
A431 cell (JCRB0004) was supplied from JCRB cell bank
(Japan). Trx-OLE-ZIP was prepared as following the previous
study.>® Cre recombinase was produced by E. coli BL21(DE3)
expression system using the expression vector, supplied from
Addgene (Plasmid# 62730). To construct the A431 and MCF-7
cell lines, stably expressing Cre spotlight gene, were prepared
by transfection of the nicked plasmid of Cre spotlight
(Addgene, Plasmid# 45150). Other chemicals were used
without further purification.

Expression of VHH-OLE-ZIP-EVn (n = 0, 1, and 2)

A DNA fragment with Ncol and HindIII restriction enzyme
sites at each end, encoded for VHH-OLE-ZIP-EVn (n = 0, 1, or
2) was inserted into a modified pET-32a(+) plasmid vector,
which lacked the genes for S-tag and the enterokinase diges-
tion site from the original. The expressed protein became a
fusion protein, composed of thioredoxin A (Trx) and
VHH-OLE-ZIP-EVn (n = 0, 1, or 2). Escherichia coli BL21(DE3)
cells were transformed with the plasmid, and were cultured in
LB medium (Lennox) supplemented with ampicillin (100 pg
mL™") at 37 °C for 3 h, and for an additional 3 h at 37 °C in
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the presence of 1 mM IPTG. The cells were harvested, resus-
pended in 50 mM Tris HCI buffer (pH 7) with 100 mM NaCl
and 10 (v/v)% glycerol, and sonicated. The supernatant frac-
tion was subjected to Ni-NTA affinity chromatography to
isolate the target fusion protein. Then the purified fusion
protein (~10 mg) was further digested by thrombin (0.1 mg) in
20 mL of thrombin buffer (20 mM Tris HCI (pH 8.4), 150 mM
NaCl, 20 mM CaCl,) at 4 °C overnight and VHH-OLE-ZIP-EVn
(n =0, 1, or 2) was isolated by Ni-NTA affinity chromatography
again. The purity of target protein was analysed by SDS-PAGE
analysis.

FITC-labelling of Trx-OLE-ZIP

Referring the previous study,*® we prepared the FITC-labelled
OLE-ZIP. Briefly, 20 mg (0.73 pumol) of Trx-OLE-ZIP was sus-
pended in 10 mL of 50 mM carbonate buffer (pH 10) and kept
at 4 °C for 30 min. FITC (0.57 mg, 1.46 umol) was then added
to the suspension, which was shaken overnight at 150 rpm
using an orbital shaker (CD-100e, EYELATEC, Japan). The
FITC-labelled Trx-OLE-ZIP was obtained as an insoluble frac-
tion after solvent exchange to deionized water. The FITC-
labelled Trx-OLE-ZIP was purified by washing it thrice in de-
ionized water. Any unreacted FITC was removed and checked
by SDS-PAGE before use.

Preparation of the protein capsules of Trx-OLE-ZIP and
VHH-OLE-ZIP-EVn (n = 0, 1, and 2), EV0, EV1, and EV2

For preparation of protein capsules of the 9:1 mixture of Trx-
OLE-ZIP and VHH-OLE-ZIP-EVO, VHH-OLE-ZIP-EV1, or
VHH-OLE-ZIP-EV2, 25 pL of inner aqueous phase solution
(50 mM phosphate buffer (pH 7), 150 mM sucrose) and 25 pL
of TFE solution of the 9:1 mixture of Trx-OLE-ZIP and
VHH-OLE-ZIP-EVn (n = 0, 1, or 2) (total concentration of pro-
teins was 200 uM) were added to 500 pL of liquid paraffin and
it was sonicated to be a homogeneous emulsion by using an
ultrasonic disruptor (UD-211, TOMY SEIKO Co. Ltd, Japan).
The obtained emulsion was piled onto 500 pL of 50 mM phos-
phate buffer (pH 7) in 1.5 mL tube and this two-phase solution
was applied centrifugation (12 000g) for 15 min at ambient
temperature.

DLS analyses of the protein capsules EV0, EV1, and EV2

The mean hydrodynamic diameter of protein capsules of Trx-
OLE-ZIP and ProG-OLE-ZIP was estimated using a Zetasizer
Nano ZS (Malvern Instruments Ltd).

TEM measurements of spherical morphologies of protein
capsules EV0, EV1, and EV2

TEM images were obtained with JEM-z2500 (JEOL). All
samples were supported by dry-cast of protein solutions on a
poval-coated Cu grid. The protein capsule solution was
dropped Cu grid, after stand for approximately 5 min at room
temperature. Droplets were removed with filter paper and stain
by sodium phosphotungstate.
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SAXS analysis of the protein capsules EVO

X-ray scattering measurements were performed at the SPring-8
BL40B2 beamline. A 25.4 x 28.9 cm” photon-counting detector
(PILATUS3 S 2M, Dectris, Switzerland) was placed 1.0 or 4.0 m
from the sample. The wavelength (1) of the incident X-rays was
1.0 A. The OLE-ZIP protein capsule solution in Tris HCI (pH 7)
was packed into a quartz capillary cell with a light path length
of 2 mm. The incident X-ray wavelength, 1, was fixed at 0.71
¢5. The correct path length was determined using silver behe-
nate and the magnitude of the scattering vector [g = (47/4)
sin 6/2] with the scattering angle of 6. The scattering intensi-
ties as 2D spectra were transformed into 1D profiles by circular
averaging to obtain the data set of the scattering intensity [1(q)
and q|.

Evaluation of uptake behaviours of the FITC-labelled protein
capsules EV0, EV1, and EV2 to A431 or NHDF cell lines using
confocal laser scanning microscope (CLSM)

A431 or NHDF cells (1 x 10° cells per well) were seeded onto a
glass-base dish (AGC Techno Glass Co. Ltd, Japan) and incu-
bated in DMEM supplemented with 100 U mL™" penicillin—
streptomycin solution and 10% FBS overnight under 5% CO,
at 37 °C. After removing the medium, 1 pM solution of the
protein capsule (EV0, EV1, or EV2) was added to cells for 12,
24, 48 or 72 h at 37 °C. The FITC-labelled Trx-OLE-ZIP was
used for this experiment. After removal of the protein capsules
solution, the cells were washed in PBS thrice, re-suspended in
DMEM without phenol red, and then subjected to CLSM
observation.

Evaluation of uptake behaviours of the FITC-labelled protein
capsules (EV0, EV1, and EV2) to A431 or NHDF cell lines using
fluorescence activated cell sorting (FACS) analysis

A431 or NHDF cells (5 x 10° cells per well) were seeded
onto a 6-well plate and incubated in DMEM supplemented
with 100 U mL™" penicillin-streptomycin solution and 10%
FBS overnight under 5% CO, at 37 °C. After removing the
medium, 1 pM solution of the protein capsule (EV0, EV1, or
EV2) was added to cells for 12, 24, 48 or 72 h at 37 °C. The
FITC-labelled Trx-OLE-ZIP was used for this experiment.
After removal of the protein capsule solution, the cells were
washed in PBS thrice. After detachment of cells using 0.25
w/v% trypsin-1 mmol L™' EDTA-4Na solution, the cells were
collected by centrifuge and washed in PBS thrice. The col-
lected cells were resuspended in PBS with 3% FBS and it
was subjected to FACS analyses using FACSVerse (BD
Biosciences, USA).

Preparation of the protein capsules (EV0, EV1, and EV2),
encapsulating GFP, RNaseA, or Cre recombinase

For preparation of the protein capsules EV0O, EV1 and EV2,
encapsulating GFP, RNaseA, or Cre recombinase, 25 pL of the
inner aqueous phase solution (50 mM phosphate buffer (pH
7), 150 mM sucrose) with 40 uM of GFP, RNaseA, or Cre recom-
binase was used instead of that without RNase A. Preparation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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process was similar to that without RNase A. For isolation of
the protein capsules with GFP, RNaseA, or Cre recombinase,
gel permeation chromatography (1 ecm (i.d.) x 50 cm (h),
Sephadex G-50) was applied using 50 mM phosphate buffer
(pH 7) as an elution buffer.

Evaluation of cytosolic delivery of RNase A, by encapsulating
in the protein capsules (EV0, EV1, and EV2) from induction of

cytotoxicity, ICso (LM)

A431 cells (1 x 10* cells per well) were seeded onto a
96-well plate and incubated in DMEM supplemented with
100 U mL™" penicillin-streptomycin solution and 10% FBS
overnight under 5% CO, at 37 °C. After removing the
medium, the RNase A-encapsulated protein capsules (EVO,
EV1, or EV2) (1 uM), were added to the cells for 72 h at
37 ©°C. After removal of the protein cage solution, the cells
were washed in PBS thrice and subjected to CCK-8 assay to
estimate the number of live cells. Using a non-linear-curve-
fitting analysis, the IC50s (uM) were estimated as an index
of uptake efficiency.

Evaluation of cytosolic delivery of Cre recombinase by
encapsulating in the protein capsules, EV2, by CLSM

A431 or MCF-7 cells (1 x 10° cells per well), which constantly
express the translational product from the Cre spotlight
gene,”! were seeded onto a glass-base dish (AGC Techno Glass
Co. Ltd, Japan) and incubated in DMEM supplemented with
100 U mL™" penicillin-streptomycin solution and 10% FBS
overnight under 5% CO, at 37 ©°C. After removing the
medium, 1 pM solution of the protein capsule (EVO, EV1, or
EV2), encapsulating Cre recombinase (0.095 uM) was added to
cells for 72 h at 37 °C. After removal of the protein capsules
solution, the cells were washed in PBS thrice, re-suspended in
DMEM without phenol red, and then subjected to CLSM
observation.

Evaluation of cytosolic delivery of Cre recombinase by
encapsulating in the protein capsules, EV2, by FACS

A431 or MCF-7 cells (5 x 10° cells per well), which constantly
express the translational product from the Cre spotlight gene,
were seeded onto a 6-well plate and incubated in DMEM sup-
plemented with 100 U mL ™" penicillin-streptomycin solution
and 10% FBS overnight under 5% CO, at 37 °C. After removing
the medium, 1 uM solution of the protein capsule (EVO, EV1,
or EV2), encapsulating Cre recombinase (0.095 pM) was added
to cells for 72 h at 37 °C. After removal of the protein capsule
solution, the cells were washed in PBS thrice. After detachment
of cells using 0.25 w/v% trypsin-1 mmol L™" EDTA-4Na solu-
tion, the cells were collected by centrifuge and washed in PBS
thrice. The collected cells were resuspended in PBS with 3%
FBS and it was subjected to FACS analyses using GALLIOS
(Beckman Coulter, Inc., USA).
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Comparison of cytotoxicities when incubating RNaseA-loaded
EV2 versus RNaseA-loaded Trx-OLE-ZIP/ProG-OLE-ZIP protein
capsules with the supplementation of cetuximab, in the presence
or absence of the competitive IgG antibody, Omalizumab

A431 cells (1 x 10* cells per well) were seeded onto a 96-well
plate and incubated in DMEM supplemented with 100 U mL™"
penicillin-streptomycin solution and 10% FBS overnight
under 5% CO, at 37 °C. After removing the medium, the
RNase A-encapsulated EV2 (5 pM) or the RNaseA-loaded Trx-
OLE-ZIP/ProG-OLE-ZIP protein capsules (5 uM) with sup-
plement of cetuximab (0.5 pM), were added to the cells for
72 h at 37 °C. To clarify the impacts of existence of competitive
IgG, Omalizumab, we did the same experiments in the pres-
ence of 80 uM of Omalizumab. After removal of the protein
capsule solution, the cells were washed in PBS thrice and sub-
jected to CCK-8 assay to estimate the number of live cells.
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