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1. Introduction

Rational design of engineered H-ferritin
nanoparticles with improved siRNA delivery
efficacy across an in vitro model of the mouse
BBB+

Ziwei Yuan,? Bin Wang,? Yilong Teng,? William Ho,® Bin Hu,?
Kofi Oti Boakye-Yiadom,? Xiaoyang Xu 2 ** and Xue-Qing Zhang

Gene therapy holds tremendous potential for the treatment of incurable brain diseases including
Alzheimer's disease (AD), stroke, glioma, and Parkinson's disease. The main challenge is the lack of
effective gene delivery systems traversing the blood—brain barrier (BBB), due to the complex microvessels
present in the brain which restrict substances from the circulating blood passing through. Recently,
increasing efforts have been made to develop promising gene carriers for brain-related disease therapies.
One such development is the self-assembled heavy chain ferritin (HFn) nanoparticles (NPs). HFn NPs have
a unique hollow spherical structure that can encapsulate nucleic acid drugs (NADs) and specifically bind
to cancer cells and BBB endothelial cells (BBB ECs) via interactions with the transferrin receptor 1 (TfR1)
overexpressed on their surfaces, which increases uptake through the BBB. However, the gene-loading
capacity of HFn is restricted by its limited interior volume and negatively charged inner surface; therefore,
these drawbacks have prompted the demand for strategies to remould the structure of HFn. In this work,
we analyzed the three-dimensional (3D) structure of HFn using Chimera software (v 1.14) and developed a
class of internally cationic HFn variants (HFn+ NPs) through arginine mutation on the lumenal surface of
HFn. These HFn+ NPs presented powerful electrostatic forces in their cavities, and exhibited higher gene
encapsulation efficacy than naive HFn. The top-performing candidate, HFn2, effectively delivered siRNA
to glioma cells after traversing the BBB and achieved the highest silencing efficacy among HFn+ NPs.
Overall, our findings demonstrate that HFn+ NPs obtained by this genetic engineering method provide
critical insights into the future development of nucleic acid delivery carriers with BBB-crossing ability.

researchers, and efficient therapeutics need to be urgently
developed, as brain diseases are critical and often fatal

The blood-brain barrier (BBB) is a highly structured network
of microvessels composed of microvascular endothelial cells
with the support of pericytes and astrocytes, maintaining
brain homeostasis through selective permeability.” In serving
this purpose, the dense endothelial structure, significant
transendothelial electrical resistance (TEER) and efflux pumps
restrict the transport of a majority of exogenous small thera-
peutic molecules and macromolecules.>* Therefore, drug
delivery to the brain has long posed severe challenges to
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events.” Gene therapy, including small RNAs (e.g., SiRNA,
mRNA, and miRNA), has long been a research focus due to its
remarkable therapeutic effect in virtually any disease.®
Recently, it has shed new light on the treatment of incurable
brain disorders, such as glioblastoma multiforme (GBM).”
However, since nucleic acid drugs (NADs) are unstable and
negatively charged, they tend to be degraded under physiologi-
cal conditions and have weak cellular internalization, which
leads to low transfection efficiency in vivo.® Hence, there exists
a tremendous demand for the development of appropriate
delivery vehicles to protect nucleic acids and improve their
delivery efficiency across the BBB.”°

Various developments in generic gene delivery have been
reported involving carriers such as adeno-associated viruses
(AAVs), lipid nanoparticles (LNPs), cationic polymers, and in-
organic nanoparticles (NPs), but there have been few advances
in gene delivery across the specialized BBB. Recently,
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Deverman et al. explored AAV variants for efficient gene deliv-
ery to the mouse brain. However, these capsids seemed to be
species specific and their potency for gene therapy needs to be
further studied.'™'* Protein NPs are emerging as a potential
solution due to their high biocompatibility and unique fea-
tures which depend on the particular protein.”*** In particu-
lar, heavy chain ferritin (HFn), can bind specifically to trans-
ferrin receptor 1 (TfR1), one of the major receptors expressed
on human or rodent BBB endothelial cells (BBB ECs) and
cancer cells,'® making it a promising biological platform for
which to build a carrier to traverse the BBB.*'” Due to its
inner cavity being 8 nm in diameter,"® HFn is capable of
loading nucleic acids and protecting them from degradation.’
In addition, HFn possesses a unique pH-mediated biophysical
property of self-assembly-disassembly, which contributes to
structural stability under neutral physiological conditions and
the release of nucleic acids in an acidic intracellular endosome
environment.>**!

Naive HFn has a potent capacity for storing metal ions but
not nucleic acids due to its negatively charged interior
surface.”*>® Although nucleic acids can be encapsulated in
the cavity of unmodified ferritin,'”” the encapsulation
efficiency (EE) remains a hurdle. The entrapment of negatively
charged nucleic acids depends mainly on the electrostatic
interaction between genes and carriers,*® and nucleic acids
hardly bind to the negatively charged internal surface of HFn
NPs.”” The poor gene-loading capacity has become a signifi-
cant limitation in the applications of HFn.*®*° Despite exten-
sive efforts to encapsulate cargo molecules in HFn, such as
pH-mediated disassembly and reassembly,*® denaturing buffer
loading strategy’’ and Ca”>*-participating self-assembly,*>
effective enhancement of the EE is still elusive. Additionally,
multiple functional motifs have been modified on the external
surface of HFn via various chemical or genetic methods, but
few attempts have been made to remould the cavity itself."®*?

In this work, we rationally designed a class of de novo
internally cationic HFn variants (HFn+ NPs) and predicted
their three-dimensional (3D) structures and physicochemical
properties using Chimera software. Previous studies demon-
strated that electrostatic binding interactions provided a
strong driving force for the formation of host-guest
complexes,***> and genetic engineering methods could readily
introduce additional functionalities to proteins.*® By introdu-
cing arginine mutations on the lumenal surface of HFn
through genetic manipulation, we altered the internal surface
conformation and the amount of positive charge within HFn
NPs. We modulated the negative charges on the inner surface
of HFn into positive charges, thereby assisting siRNA encapsu-
lation during NP formation to enhance the EE of HFn NPs.?”*®
Considering the limited cavity size of HFn, siRNAs, relatively
small-sized RNA molecules, were chosen as the cargo mole-
cule. This natural protein that innately traffics through the
BBB was successfully transformed into a vehicle for efficient
nucleic acid delivery to the brain while preserving its stability,
assembly capacity, and bioactivity. Under acidic conditions
(pH < 3), HFn+ was broken down into subunits and incubated
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with siRNA to achieve adsorption. After incubation, the pH was
adjusted to 7.4 to facilitate the reformation of nanostructures
and siRNA was loaded into the cavity of the reconstituted HFn+
NPs (Scheme 1A). Moreover, HFn+ could traverse the BBB ECs
through TfR1-mediated transcytosis and efficiently knock down
the expression of target mRNA in GBM cells through TfR1-
mediated endocytosis (Scheme 1B), thus showing promise in
silencing genes related to brain tumor progression by RNAi
(Scheme 1C). Overall, these redesigned HFn+ variants will
provide an insight into the rational de novo design of versatile
protein cages for BBB traversal and effective gene delivery.

2. Materials and methods
2.1. Materials

Plasmid pET-30a (+) was purchased from Hunan Fenghui
Biotechnology Co. Ltd (China). The hFTH gene (HG13217-G)
was obtained as a ¢DNA clone from Sino Biological Inc.
(China). FITC and isopropyl-p-p-thiogalactopyranoside (IPTG)
were purchased from Sigma-Aldrich Co. Ltd (USA). Kanamycin,
ammonium sulfate and gelatin were purchased from Shanghai
Aladdin Bio-Chem Technology Co. Ltd (China). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
trypsin-EDTA, and penicillin-streptomycin solution were pur-
chased from Gibco (USA). Akata start (GE, USA) was used to
purify the target proteins. siLuc was synthesized by Suzhou
Beixin Biotechnology Co. Ltd (China). Cy5-labeled siRNA was
purchased from Shanghai Jima Pharmaceutical Technology
Co. Ltd (China). Rabbit anti-claudin 5 antibody (bs-1241R) and
mouse anti-CD31 antibody (BH0190) were purchased from
Beijing Biosynthesis Biotechnology Co. Ltd (China).
LysoTracker Green (C1047S), DAPI (C1002), and the
Mycoplasma PCR Detection Kit (C0301S) were purchased from
Beyotime (Shanghai, China). Other reagents were purchased
from Sigma-Aldrich (USA) unless otherwise indicated.

2.2. General cell culture

A HeLa cell line stably expressing both reporter proteins -
firefly Photinus pyralis and Renilla reniformis luciferase (Dual-
Luc HeLa)** - was obtained from Alnylam Pharmaceuticals,
Inc. and was cultured in DMEM containing 10% FBS and
600 pg mL ™" puromycin. Bioluminescent mouse glial cell lines
correlated to glioblastoma (Luc-GL261 cells) and immortalized
mouse cerebrovascular ECs line (bEnd.3 cells) were obtained
from the American Type Culture Collection (ATCC). Luc-GL261
cells were engineered to stably express firefly luciferase alone
and were cultured in DMEM containing 10% FBS and 1200 pg
ml™' G418 disulfate salt, while bEnd.3 cells were cultured in
DMEM containing 10% FBS. All cells used in the study were
between passage numbers 3 and 6. The doubling time of cell
cultures was estimated from the population size and generally
was about 48 h for cell lines and 72 h for primary cells. All cell
cultures used in this work were free of mycoplasma contami-
nation as determined using the Mycoplasma PCR Detection
Kit (Fig. S17).

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Schematic illustration of HFn+ NPs-mediated siRNA delivery for regulating brain tumor progression. (A) 3D model of the HFn+ subunit
and self-assembled HFn+ NPs, generated using Chimera simulation software. These HFn+ NPs encapsulated siRNA using an assembly/disassembly
method. (B) The siRNA@HFn+ NPs traverse the BBB through TfR1-mediated transcytosis and target glioma cells via TfR1-mediated endocytosis. (C)
Following the cellular uptake of siRNA@HFn+ NPs, siRNA released from the endosomes interferes with protein expression levels via RNAi and has

the potential to block brain cancer-related pathways for disease therapy.

2.3. Construction of HFn+ expression plasmids

A series of primers containing arginine mutation sites were
biosynthesized, and the sequence information is detailed in
Table SI.f We obtained cationic mutation fragments using
primers through an arginine site-directed mutagenesis
method. The HFn+ cDNAs were cloned using an overlap and
extension PCR method. Each gene clone was ligated into a
pET-30a (+) plasmid to yield the expression vectors, pET-HFn/
HFn+. The constructed vectors were subsequently transformed
into E. coli BL21(DE3), and transformants were obtained by
kanamycin-resistance selection.

2.4. Biosynthesis of HFn and HFn+ NPs

Briefly, the expression vectors pET-HFn and pET-HFn+ were
transformed into E. coli BL21(DE3) according to the manufac-
turer’s instructions. A 1 L LB-kanamycin (50 mg L") culture of
both E. coli BL21(DE3)/HFn and E. coli BL21(DE3)/HFn+ was
grown at 37 °C until the ODg, reached 0.6-1.0, then induced
with 1 mM IPTG and further incubated at 37 °C for 12 h. After
incubation, E. coli cells were harvested by centrifugation at
5000g for 45 min and the pellets were resuspended in phos-
phate-buffered saline (PBS) buffer (50 mM PO,*>", 0.15 M Nacl,

This journal is © The Royal Society of Chemistry 2022

pH 7.4). Both HFn and HFn+ proteins were lysed by high-
pressure homogenization and sonication until the cell lysates
were clear, following the centrifugation of lysates at 10 000g for
30 min. After removing cell debris, their supernatants were
heated at 65 °C for 20 min and the resulting supernatants of
HFn and HFn+ were stored at —20 °C until purification.

2.5. Western blotting (WB) analysis

The supernatants of HFn+ lysates after heating were isolated to
measure the protein concentration via a bicinchoninic acid
(BCA) protein assay kit. The supernatants containing 20 pg of
protein were loaded onto a 12% SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) at 120 V to perform immunoblotting
and then transferred to polyvinylidene fluoride (PVDF) mem-
branes using a standard method. The membranes were
blocked using a solution of 5% bovine serum albumin (BSA) in
Tris buffer with tween-20 (TBST) for 2 h and incubated with
the corresponding primary antibodies overnight at 4 °C. After
that, the membranes were incubated with HRP-linked second
antibodies (1:500) (Proteintech, USA) at room temperature
(RT) for 1 h. Pierce ECL WB substrate was used to observe the
signals.

Nanoscale, 2022, 14, 6449-6464 | 6451
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2.6. Purification of HFn and HFn+ NPs

For HFn, the resulting supernatant was precipitated using
ammonium sulfate (520 g L™') and the precipitate was col-
lected via centrifugation at 22 000g for 45 min. Then it was dis-
solved in PBS buffer. After dialyzing out the ammonium
sulfate, DNase I and RNase A (Sigma Aldrich) were added to
final concentrations of 60 pg mL™" and 100 ug mL™", respect-
ively, and incubated for 30 min at 37 °C. The resulting super-
natant was purified via size exclusion chromatography (SEC)
on a Superdex 200 PG XK 16/100 column (GE Healthcare,
USA). The typical yield of HFn was 300 mg per 1 L patch.

As HFn+ with His-tag were capable of loading endogenous
RNA molecules during their expression in E. coli, optimized pro-
tocols were developed to isolate the empty cage with good
purity. These involved using a high ionic strength buffer to
weaken the interaction with nucleic acids and extended incu-
bation with DNase I and RNase A. Each cell pellet from 1 L of
culture was resuspended in 50 mL of lysis buffer (50 mM PO,>~,
0.15 M NaCl, pH 7.4) supplemented with lysozyme (1 mg mL™"),
DNase I (10 U mL™"), RNase A (5 U mL™"), and protease inhibi-
tor cocktail (Sigma). Then the lysates were incubated at 37 °C
for 1 h. After lysis comprising high-pressure homogenization,
sonication, thermal treatment, and centrifugation (10 000g) for
30 min, the supernatant was loaded onto the HisTrap™ HP
column (GE Healthcare, USA). The column was washed with a
stepwise imidazole gradient to remove the contaminants and
then the target protein was eluted with elution buffer (50 mM
PBS, 0.15 M NaCl, 500 mM imidazole, pH 7.4). Purified HFn2
and HFn4 in the different imidazole concentrations of elution
buffers were determined qualitatively via WB analysis. After the
primary purification, they were incubated for 0.5 h at 37 °C to
digest any contaminant E. coli RNA, which was not removed
during the HisTrap™ column purification. The proteins were
then ready for SEC and the final purified product was collected
and washed several times with the PBS storage buffer using an
Amicon filter (MWCO = 100 kDa, Millipore). Like before, the
final productivity of HFn+ was measured using the BCA protein
assay Kkit. It should be noted that all storage of the proteins and
experiments were carried out at RT unless specified otherwise.

2.7. Preparation and characterization of HFn and HFn+

The yielded HFn and HFn+ NPs were characterized using a
transmission electron microscope (TEM, Thermo Scientific
Talos, USA) for morphology analysis and dynamic light scatter-
ing (DLS, Malvern, USA) for mean particle size and zeta poten-
tial characterization. The purity of protein products was ana-
lyzed using 12% SDS-PAGE. The final protein concentrations
were determined via UV-vis absorbance at 562 nm using the
BCA protein assay kit (Beyotime). The stability of HFn and
HFn+ was evaluated using native polyacrylamide gel electro-
phoresis (native PAGE).

2.8. Cy5-siRNA encapsulation in HFn+ NPs

Ferritin can break down into subunits under a certain acid or
alkaline conditions and reassemble when the pH is adjusted
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to physiological conditions.?®™” In this study, the encapsula-
tion of Cy5-siRNA into HFn+ was achieved via a pH-mediated
disassembly/assembly method.*> The dissociation of HFn+
into discrete subunits was achieved by lowering the pH to 2.0
with HCl. Meanwhile, Cy5-siRNA was added into the dis-
assembled HFn+ solution, and the molar ratio of Cy5-siRNA/
protein was chosen as 1:8 because it was reported to be the
optimal molar ratio for HFn to deliver siRNA.'”*® After co-
incubation for 20 min, the mixture was adjusted to about pH
7.4 with NaOH and then stirred for another 2 h at room temp-
erature. The reassembled NPs were treated with 3 mg mL ™"
RNase A at 37 °C for 30 min, followed by treatment with 5 mg
mL ™" proteinase K at 37 °C for 30 min. The unwrapped free
siRNA outside of the HFn/HFn+ was digested using RNase A
and proteinase K degraded the RNase A. To demonstrate the
successful loading of Cy5-siRNA, 2% agarose gel electrophor-
esis (AGE) was carried out. The bands of Cy5-siRNA and
siRNA@HFn+ NPs were visualized using an ultraviolet imager.

2.9. EE evaluation of the Cy5-siRNA@HFn/HFn+ NPs

To calculate the EE of siRNA@HFn/HFn+, Cy5-siRNA was used
as a locator for quantitative evaluation. Cy5-siRNA@HFn/HFn+
NPs were prepared using the previous method at molar ratios
of 1:1,1:3,1:5,1:8,1:10, and 1:15. The free unencapsu-
lated siRNA was removed with an Amicon filter (MWCO =
100 kDa, Millipore). Then the pH of the NPs was adjusted to
2.0 using HCI, and the fluorescence intensity of Cy5 was
detected after 15 min. The EE was calculated using the follow-
ing formula: EE (%) = C{/Cioa1 X 100 (Where C; is the concen-
tration of Cy5-siRNA released from NPs and Cio represents
the concentration of the total added Cy5-siRNA in the NPs).
Moreover, the disassembled NPs at pH 2.0 were immediately
analyzed using 2% AGE and subsequently imaged.

2.10. RNase resistance and NP stability

The main factor hindering effective siRNA delivery in vivo is enzy-
matic degradation.*® To evaluate the protective effect of HFn+ on
SiRNA, Cy5-siRNA@HFn/HFn+ NPs were treated with RNase A
(5 pL, 3 mg mL™") for different time intervals (0, 4, 8, 16, and
24 h) and the digestion of RNase A was aborted as before. The
2% AGE was run to verify its protection. The rest of the NPs after
24 h of RNase digestion were stored at 4 °C for 4 weeks. Then the
same amount of naked siRNA (500 ng) was used as the control.
To check the serum stability of NPs, samples were incubated
with serum-containing medium (10% FBS, pH = 7.4) for different
durations. In these experiments, the gel was run at 110 V for
20 min and subsequently imaged via an ultraviolet imager.

2.11. In vitro release of siRNA from the NPs

For the assessment of the release kinetics, Cy5-siRNA was
encapsulated into the HFn, HFn2 and HFn4 NPs. A suspen-
sion of Cy5-siRNA@NPs in PBS at either pH 5.0 or pH 7.4 was
aliquoted (500 pL) into several semipermeable minidialysis
tubes (molecular mass cutoff of 100 kDa; Pierce) and incu-
bated with gentle stirring in frequently renewed PBS (pH 5.0
or pH 7.4) at 37 °C in the dark. Cumulative release of siRNA

This journal is © The Royal Society of Chemistry 2022
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was measured at predetermined time points. For siRNA
quantification, a standard curve correlating fluorescence with
Cy5-siRNA concentration was used to determine the amount of
Cy5-siRNA encapsulated within the NPs. The fluorescence
intensity was measured using a multimodal plate reader (exci-
tation/emission 633/670 nm; Tecan, Switzerland).

2.12. Assessment of endosomal escape of Cy5-siRNA@NPs

GL261 cells were seeded into 35 mm Petri dishes at a density
of 2 x 10> cells per dish and incubated for 24 h in 1 ml of 10%
FBS-containing DMEM until approximately 40-50% conflu-
ence. Cy5-siRNA@HFn, Cy5-siRNA@HFn2, and Cy5-
siRNA@HFn4 NPs were then added and incubated with the
cells for 2, 4, and 8 h, respectively. The medium was then
removed, and the cells were rinsed three times with PBS. DAPI
(Beyotime, C€1002) was used to stain the nuclei, and
LysoTracker Green (Beyotime, C1047S) was used to stain late
endosomes. The cells were observed and imaged using a laser
scanning confocal microscopy (LSCM, Leica, USA).

2.13. Cell viability assay

The cytotoxicity of HFn and HFn+ to HeLa, GL261, and
primary microglial cells was determined using the Cell
Counting Kit-8 (CCK-8) assay. Briefly, cells were seeded into a
96-well plate (1 x 10* cells per well) and incubated for 24 h to
allow complete attachment. Then they were treated with HFn
and HFn+ NPs at different concentrations. An equal volume of
PBS was used for the control group. After different periods of
incubation at 37 °C, the mixture was replaced with CCK-8
reagent-containing complete medium. After 4 h, absorbance at
490 nm of samples (ODgampie) Was measured using a multi-
modal plate reader (Tecan, Switzerland). The untreated cells
were taken as a negative control (ODconro1)- The medium not
containing cells and samples was taken as a blank group
(ODpjank)- The relative cell viability was calculated using the
following formula: cell viability (%) = (ODsampie — ODpiank)/
(ODcontrol - ODblank) x100.

2.14. Invitro cell uptake studies

Flow cytometry was used for quantitatively investigating the
cellular uptake of the Cy5-siRNA@HFn/HFn2/HFn4 NPs.
Briefly, HeLa and GL261 cells were seeded into 24-well plates
(Corning) at a density of 5 x 10* cells per well for 24 h to reach
80% confluence, and the culture medium was next replaced
with the medium containing 1.5 pM and 3 pM Cy5-
siRNA@HFn/HFn+ NPs at a ratio of 8:1. Untreated cells were
used as a negative control. After another 12 h, single-cell sus-
pensions were prepared by digestion with 0.25% trypsin fol-
lowed by filtration through a 300-mesh sieve. From each well,
50 000 events were recorded and analyzed immediately using a
FACS Calibur flow cytometry system (BD Biosciences, USA).

2.15. In vitro siRNA transfection

We used siLuc for encapsulation at a molar ratio of siLuc/
protein of 1:8. The samples were washed with PBS to remove
the free siRNA. Dual-Luc HeLa cells were seeded into 96-well

This journal is © The Royal Society of Chemistry 2022
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plates (1 x 10" cells per well) for 24 h to reach 70-80% con-
fluency. Cells were then transfected with 1.5 pM siLuc@HFn/
HFn+ NPs overnight and replaced with the fresh medium fol-
lowed by further incubation in the medium for one day. The
expression of firefly and Renilla luciferase in HeLa cells was
determined by Dual-Glo™ Luciferase assay kits. All the trans-
fection experiments were performed in triplicate. Once we
screened the optimal HFn+ variants, we used the higher dose
(3.0 uM) as the transfection concentration for further research.
Differently, the expression of firefly luciferase in Luc-GL261
cells was detected using the Luciferase Assay System protocol.
The silencing of siLuc@HFn+ was determined by comparing
the detected protein expression levels in treated groups against
the untreated control and termed the relative firefly luciferase
expression.

2.16. Immunofluorescence of bEnd.3 cells

bEnd.3 cells were seeded at a density of 5 x 10* cells per cm?
onto the upper chamber of the transwell pre-coated with
gelatin (2% w:v) and allowed to grow until 70-80% con-
fluency. Cells were fixed with 4% paraformaldehyde for
20 min, washed three times with PBS, permeabilized with
0.5% Triton X-100 in PBS for 5 min and then blocked with 3%
BSA for 30 min at RT after three washes with PBS. Primary
antibodies were incubated overnight at 4 °C under permeabi-
lized conditions: mouse anti-CD31 antibody (Bioss, BH0190,
1:200) and rabbit anti-claudin 5 antibody (Bioss, bs-1241R,
1:100). The following secondary antibodies were incubated for
60 min at RT in the dark: goat anti-mouse Cy5 (Servicebio,
GB27301, 1:400) and goat anti-rabbit AlexaFluor 488
(Servicebio, GB25303, 1:200). The nuclei were counterstained
by incubating with DAPI (Beyotime, C1002, 5 pg pL™") for
10 min. For imaging, laser scanning confocal microscopy
(LSCM, Leica, USA) was used.

2.17. Invitro BBB model construction and transcytosis assay

Immortalized mouse brain capillary ECs, bEnd.3 cells, were
used to generate an in vitro BBB model as previously
reported.”® Briefly, bEnd.3 cells were grown on the transwell
pre-coated with gelatin (2% w:v) and cultured with DMEM
containing 10% FBS as described before. The integrity of the
cell monolayer was evaluated by measuring the TEER values
using a Millicell-ERS Volt-Ohm Meter (Millipore, USA). When
the TEER reached higher than 200 Q cm?, FITC-labeled HFn/
HFn+ (3 pM) in fresh culture medium was added to the apical
chamber, and samples from the basal chamber were collected
after 2-4 h. The FITC fluorescence intensities (490 nm exci-
tation and 525 nm emission) of each aliquot were measured
using a multimodal plate reader (Tecan, Switzerland). The rela-
tive transcytosis ratio to HFn (%) was defined as the accumu-
lated FITC fluorescence of FITC-HFn+ compared with that of
FITC-HFn when crossing the BBB monolayer.

2.18. Native PAGE characterization

The integrity of the FITC-HFn+ NPs collected from the basal
chamber was also analyzed using native PAGE (PAGE, 5% poly-
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acrylamide gels) using freshly prepared FITC-HFn NPs as the
control.

2.19. Transport across the BBB and knockdown luciferase
mRNA of glioma cells

The BBB co-culture model in vitro was established to evaluate
the penetrating and traversing effects of HFn/HFn+. As before,
bEnd.3 cells were seeded on a 24-well cell culture at a density
of 5 x 10" cells per inserted transwell, and then the TEER was
measured until it reached 200 Q cm? Luc-GL261 cells were
seeded onto another 24-well plate at a density of 5 x 10 cells
per well and the bEnd.3 monolayers covered with cell culture
were transferred to the plates containing Luc-GL261 cells. After
further co-culture for 12 h, siLuc@HFn, siLuc@HFn2, and
siLuc@HFn4 (3.0 pM) were added on the apical side, and their
luciferase knockdown efficiency was measured after 24 h via a
luciferase assay system protocol as shown before. The knock-
out rate relative to HFn (%) was determined after transcytosis.

2.20. Statistical analysis

All data from at least three independent experiments were pre-
sented as means + standard deviations (SD). The differences
between groups were analyzed using Student’s test or one-way
analysis of variance (ANOVA). In all cases, p-values less than
0.05 were considered statistically significance (*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001).

3. Results and discussion
3.1. Arginine mutation strategy for HFn+ NPs

A previous study demonstrated that introducing six arginine
mutation sites into the inner strands of the 03-33 protein
cage could provide a highly positive charge in the lumen.*
The idea of an attempt to alter inner surface charges of HFn
prompted us to select more than six evenly dispersed nega-
tively charged amino acids for the structural mutation to
achieve a similar positively charged interior. Rapid advances
in computational biology enabled us to readily gain access to
the Protein Data Bank (PDB) identification number (ID) of
HFn.*® Using Chimera software, we found all the negatively
charged amino acids on the inner surface of the HFn protein
structure. Eight residues on the inner surface of the HFn
monomer (Asp42, Glu61l, Glu64, Glu67, Asp131l, Glul34,
Asn139, and Asp171) were selectively replaced with arginine
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through site-directed mutagenesis to create a class of HFn+
NPs (Table 1), which were expected to have high affinity for
anionic siRNAs via electrostatic binding. As Chimera showed,
a complete 3D morphology of HFn consisted of 24 subunits
that can self-assemble into a hollow globular structure with
4-3-2 symmetry (Fig. 1A).*>° The positive and negative charge
distributions and the structure of the HFn monomer are illus-
trated in Fig. 1B and C, respectively. Obviously, all positive
charges didn’t offset the negative charges and there were more
negative charges on the inner surface of subunits.”” The HFn
subunit consists of five helices, a, b, c, d, and e: four long
a-helices (a, b, ¢, and d) and one tilted short helix (e) con-
nected by a short loop. The 3D model revealed that helices c,
d, and e were present at the inner strands of HFn while helices
a and b were present at the outer strands. Chimera images pre-
sented the subunits of six different types of HFn+, termed
HFn1, HFn2, HFn3, HFn4, HFn5, and HFn6 (Fig. 1D). We used
a computational protein engineering method to simulate the
3D steric structure model of each HFn+. Simulation results for
each protein cage along the fourfold symmetry axis, triple sym-
metry axis, and superficial three-dimensional structure are
shown in Fig. 1E-K. We managed to introduce arginine into
the cavity of naive HFn by mutation-induced alteration of the
inner surface charge density, which was likely to adjust the
binding affinity for siRNA.

In addition, the SIB Bioinformatics Resource Portal tool
was used to predict the isoelectric point (pI) of proteins, and
the prediction results demonstrated that the theoretical pI
values of HFn+ variants (pI = 7.42-8.92) were higher than that
of HFn (pI = 5.30). This significant difference facilitated the
encapsulation of siRNA as the interior surface of HFn+
remained positively charged during the process of disassembly
and reassembly, thus providing an electrostatic force to
promote gene encapsulation (Table 1).

3.2. Preparation and characterization of HFn+ NPs

Building on the computer structural simulation, we identified
eight mutation residues and chose six HFn+ variants with
different mutation levels for further study. They were all
expressed in Escherichia coli (BL21(DE3)) as previously
described.”®*® With slight modification and optimization
during plasmid construction, we fused a 6x His-tag to the
N-terminus of HFn for HisTrap™ purification, followed by SEC
methods, which ensured the high purity of these HFn+ NPs.

Table 1 The specific arginine mutation sites on the inner surface of HFn and the prediction of the theoretical pl of HFn+

Identity ~Number of mutations  Arginine mutation sites Theoretical value of pI
HFnl 8 D(Asp42), E(Glu61), E(Glu64), E(Glu67), D(Asp131), E(Glu134), N(Asn139), D(Asp171)  8.92
HFn2 7 D(Asp42), E(Glu61), E(Glu64), E(Glu67), D(Asp131), N(Asn139), D(Asp171) 8.71
HFn3 7 D(Asp42), E(Glu61), E(Glu64), E(Glu67), E(Glu134), N(Asn139), D(Asp171) 8.41
HFn4 6 D(Asp42), E(Glu61), E(Glu64), E(Glu67), N(Asn139), D(Asp171) 7.95
HFn5 6 D(Asp42), E(Glu61), E(Glu64), E(Glu67), E(Glu134), D(Asp171) 7.42
HFn6 6 D(Asp42), E(Glu61), E(Glu64), E(Glu67), D(Asp131), N(Asn139) 7.42

The theoretical pI values of HFn+ proteins were calculated using the SIB Bioinformatics Resource Portal tool (https://web.expasy.org/protparam/).
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Fig. 1 Design of the supercharged HFn NPs. (A) Wild-type HFn (PDB ID: 3AJO) with 24 monomers displayed in different colors. (B) The charge dis-
tribution of the HFn subunit and (C) the structure of the HFn subunit (five helixes from the NH,- and COOH-termini are labelled a, b, ¢, d, and e,
respectively) were generated using Chimera simulation software. (D) The arginine mutation sites on the inner surface of HFn subunits (gray) are high-
lighted in red using Chimera, demonstrating the different types of mutations of the HFn subunit. (E-K) 3D structural models of HFn+ protein NPs
surrounding a fourfold and threefold axis are shown in columns 1 and 2. The surface crystal structures of HFn+ NPs are shown in column 3 by com-
puter simulation. Six HFn+ NPs are displayed in total, including HFn1, HFn2, HFn3, HFn4, HFN5, and HFn6. All of the arginine mutation sites are intro-

duced in red.

Their expression and purity were well verified through WB and
SDS-PAGE analysis (Fig. 2A). Herein, with normalization of the
total protein amount, the WB results demonstrated that the
expression of HFnl was almost absent; thus, HFn1 was
excluded from further screening. In contrast, the other five
HFn+ variants were clearly observed to have different levels of
expression (Fig. 2B). Image] was used to compare the pro-
duction level of each HFn+ protein semiquantitatively. It is
obvious that HFn2 and HFn4 exhibited higher yields among
the HFn+ variants (Fig. 2C). Once we had validated the mor-
phology, encapsulation, and biological activity of HFn2 and
HFn4, we assessed the remaining three proteins.

A clear single HFn+ protein subunit band was shown at
approximately 21 kDa, which was slightly heavier than the
molecular weight of HFn, indicative of successful purification
(Fig. 2D and Fig. S2-S5%). Up to 90% purity of HFn+ was
achieved according to the Image] analysis. Moreover, the BCA
assay results showed that purified HFn2 and HFn4 had high
yields of approximately 80 mg and 55 mg per litre, respectively.
TEM morphology showed the homogenous hollow spherical
cage-like structures of purified HFn+ NPs, suggesting that the
mutant proteins retained their unique assembly properties
(Fig. 2E and Fig. S61). As evidenced by DLS, HFn+ NPs exhibi-
ted a negligible change in average size after mutation (Fig. 2F
and 3A). The particle size distribution of 12-18 nm indicated

This journal is © The Royal Society of Chemistry 2022

that HFn+ was correctly folded and retained many properties
similar to those of HFn, such as self-assembly, stability, non-
toxicity, and transcytosis.

3.3. Preparation and characterization of siRNA@HFn or
HFn+ NPs

In addition to the verified structural integrity and high purity,
HFn+ NPs were required to have enough space and flexibility
to encapsulate macromolecular NADs. Zhang et al.*® demon-
strated that ferritin is rigid under physiological conditions, but
turns into a flexible structure when the pH is adjusted to 2-3.
siRNA was predicted to be loaded into the cavity of HFn+ NPs
through a pH-mediated disassembly-reassembly procedure to
obtain siRNA@HFn+ NPs. The zeta potentials of the HFn,
HFn2, HFn3, HFn4, HFn5, and HFn6 NPs were measured with
almost no difference at physiological pH (—9.15 mV to
—10.39 mV). At pH 5, which is similar to the pH of the weakly
acidic tumor microenvironment (TME),*° their zeta potential
showed negative charge. This result revealed that HFn+ NPs
retained their intact nanostructures when entering the cyto-
plasm. After the pH was adjusted to 2, the nanostructure was
broken down into discrete subunits and the overall charge was
positive (Fig. 3B). Additionally, the zeta potentials of all HFn+
NPs (15.13-22.17 mV) were significantly higher than that of
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Fig. 2 Preparation, characterization, and encapsulation verification of HFn+ NPs. (A) Scheme for the expression and purification of HFn+ in E. coli,
and subsequent research on HFn+. (B) The expression of HFn+ and His-tag from HFn+ proteins was evaluated qualitatively by WB detection. (C)
Semi-quantitative analysis of the ferritin or His expression levels of HFn+ measured using ImageJ. (D) SDS—PAGE for HFn+ purity analysis. (E)
Representative TEM images of HFn, HFn2, and HFn4 NPs. Scale bars: 100 nm (F) DLS analysis of HFn, HFn2, and HFn4 NPs (n = 3).

HFn (4.84 mV), probably due to the introduction of positively
charged arginine inside the inner surface of HFn+ NPs.

To further investigate the formation of their nano-formu-
lations and EE, Cy5-siRNA was chosen as a locator in the
process. After removing the unencapsulated RNA using a filter
with a molecular cutoff of 100 kDa, we adjusted the pH to 2.0 to
disassemble Cy5-siRNA@HFn and Cy5-siRNA@HFn+ into dis-
crete subunits, and Cy5-siRNA was released from the NPs in the
same position as the naked Cy5-siRNA (Fig. 3C). AGE was used
to monitor the siRNA of NP-siRNA at a series of siRNA/protein
ratios, from 1:1 to 1:15. The shift of the siRNA location in the
gel after being loaded onto NPs showed that maximum encap-
sulation of siRNAs was achieved when NPs and siRNAs were at
the siRNA/protein ratio of 1:15. Moreover, the EE (%) of HFn

6456 | Nanoscale, 2022, 14, 6449-6464

and HFn+ NPs loaded with Cy5-siRNA at pH 2 was detected
according to the fluorescence intensity of Cy5. Cy5-
SiRNA@HFn+ (10.10-52.83%) possessed a significantly higher
EE than HFn (6.28-23.96%). A further increase in the siRNA/
protein ratio to 1:8 enhanced siRNA encapsulation by at least
2.3 times, significantly outperforming naive HFn (Table 2).
With increasing molar ratios of HFn/HFn+ to siRNA, EE was
observed to increase gradually in a dose-dependent manner.
Since no significant EE increase was detected when the siRNA/
protein ratio was between 1:8 and 1:15, the final NP-siRNA
was constructed at a siRNA/protein ratio of 1: 8.

To evaluate the protective effect of HFn+ NPs on siRNA, the
enzymatic degradation assay of the siRNA@HFn+ NPs was con-
ducted at a Cy5-siRNA/protein molar ratio of 1:8, and naked

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (A) DLS diameters of HFn and HFn+ NPs (n = 3). (B) Zeta potential of HFn+ NPs in buffers with pH 7.4, 5.0, and 2.0 (PBS, 0.05 M PO,>~, 0.15
M NaCl), respectively (n = 3; ****p < 0.0001 vs. HFn). (C) The 2% AGE results of Cy5-siRNA@HFn2, Cy5-siRNA@HFn4 and Cy5-siRNA@HFn dis-
assembled in pH 2.0 buffers with encapsulation ratios of 1:1,1:3,1:5,1:8, 1:10, and 1: 15, respectively. (D) RNase stability of naked siRNA, Cy5-
siRNA@HFn+ and Cy5-siRNA@HFn (1: 8) NPs and (E) the co-incubation of HFn2, HFn4 and HFn NPs with RNase A (3 mg mL™Y) at 37 °C for 0, 4, 8,
12, 16, and 24 h were detected by AGE. (F) Stability of all Cy5-siRNA@HFn+ and Cy5-siRNA@HFn (1: 8) NPs after being stored at 4 °C for four weeks,
as detected by AGE. (G) Stability of sSiRNA@HFn, siRNA@HFn2, and siRNA@HFn4 (1: 8) NPs in serum-supplemented medium (10% FBS, pH = 7.4) at
37 °C for 0, 4, 8, 16, and 24 h, as detected by AGE. Significant differences were assessed using a one-way ANOVA with the Tukey test (A and B). Data

in (A and B) are presented as means + SD from the second repeat.

siRNA or NP-siRNA was incubated with RNase for different
time intervals, followed by 2% AGE. It was confirmed that
HFn+ NPs could prevent the enzymatic degradation of nucleic
acids and successfully encapsulate siRNA (Fig. 3D). After incu-
bation with RNase A for 0-24 h, the in vitro stability of siRNA
in the NPs was examined to investigate their resistance to enzy-
matic degradation. Even after 24 h of incubation with RNase,
most siRNAs were still preserved in NP-siRNA as before
(Fig. 3E). Then we stored samples in solution at 4 °C for 4
weeks before degrading the RNase with proteinase K. There
was no significant decrease in the brightness of the Cy5-
SsiRNA@HFn/HFn+ NP bands after 2% AGE detection (Fig. 3F).

This journal is © The Royal Society of Chemistry 2022

The in vitro serum stability of NPs was tested at 37 °C after
24 h of co-incubation. There was no leakage or degradation of
siRNA in the NP-siRNA (Fig. 3G). Hence, the siRNA@HFn and
siRNA@HFn+ NPs were found to successfully encapsulate
siRNA while also protecting it from RNase A degradation.

We monitored the release profiles of Cy5-siRNA from
different NPs under acidic and neutral conditions. Over a 92 h
period of incubation under physiological conditions (PBS, pH
= 7.4), less than 20% Cy5-siRNA was released from HFn, HFn2
or HFn4 NPs, indicating that NPs are sufficiently stable while
being transported through the systemic circulation. Under
acidic conditions, HFn has been reported to disassemble into
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Table 2 EE (%) evaluation of the Cy5-siRNA@HFn+ NPs with different molar ratios of siRNA/proteinat1:1,1:3,1:5,1:8,1:10 and 1:15

Molar ratio of siRNA to protein ~ siRNA@HFn siRNA@HFn2 siRNA@HFn3 siRNA@HFn4 siRNA@HFn5 siRNA@HFn6
1:1 6.28 + 0.65 11.10 £ 2.30 12.01 £ 1.05 13.01 £ 0.86 12.05 +£1.40 10.10 £ 1.06
1:3 11.33 £ 0.49% 24.94 + 4.25% 21.46 + 3.73** 23.57 £ 2.59%* 20.44 + 2.56* 19.75 + 2.95*
1:5 13.63 +1.04* 34.91 + 2.93*** 33.55 + 1.23** 32.45 + 0.32%** 30.19 + 1.36** 30.56 + 0.82**
1:8 15.72 + 0.36** 43.77 + 4.05%** 41.64 + 3.42%** 38.74 + 2.14*** 34.97 + 3.52%** 35.74 + 2.46%**
1:10 17.20 £ 1.11** 45.28 + 2.47*** 43.04 + 2.33%*** 40.04 + 2.33%*** 37.28 £ 2.47*** 38.41 + 1.63***
1:15 23.96 + 2.40** 52.83 + 4.02%** 50.17 + 3.60**** 46.70 + 3.75%*** 42.83 + 3.26%** 43.06 + 3.54%***

EE (%) = Ci/Cotal X 100%, where C, is the concentration of the Cy5-siRNA detected by the fluorescence spectrophotometer and Cioa represents
the concentration of the total added Cy5-siRNA in the NPs. *p < 0.05, **p < 0. 01, ***p < 0.001, and ****p < 0.0001 indicate differences at a molar
ratio of 1:1 (siRNA: protein). Significant differences were assessed using a one-way ANOVA with Tukey test. Data are presented as means + SD

from the second repeat.

protein subunits and release the encapsulated molecules.’® As
shown in Fig. 4A, the tested NPs showed an initial rapid
release of Cy5-siRNA and reached a maximum release of 86 +
3% Cy5-siRNA at 92 h. Compared with HFn NPs, HFn2 and
HFn4 NPs showed a slightly slower release at early time points,
which is probably due to the internal positive charges in the
engineered HFn+ NPs. All NPs reached a plateau and pre-
sented a similar release profile after 20 h of incubation.
Overall, these findings confirmed the pH-dependent kinetics
of siRNA release of the developed HFn+ NPs.

3.4. Invitro cytotoxicity evaluation

The safety of delivery systems is of paramount importance to
minimize dose-limiting toxicity before clinical studies.’” We
performed safety tests of HFn+ on HeLa, GL261 cell lines and
primary microglial cells. To determine the safe dose range of
HFn+ NPs for the following transfection assays, HeLa and
GL261 cancer cells were treated with HFn2 and HFn4 NPs
under different concentrations, and the cell survival rate was
analyzed using the CCK-8 assay. The cytotoxicity of HFn2 and
HFn4 at concentrations ranging from 0.015 uM to 6.6 pM was
detected after co-incubation with the HeLa cells for 6 h, 12 h,
and 24 h (Fig. S7A, S7B and S87). The 3.0 uM cage showed no
significant toxicity after 12 h of incubation. However, given
that it showed toxicity to HeLa cells under certain conditions
(3.0 pM or 6.6 uM, 24 h), we preliminarily identified 3.0 pM as
the tolerance dose when co-incubated with HeLa or GL261
cells for 12 h, which can cause minimal toxicity without com-
promising the transfection efficiency. The cytotoxicity assay
results for HFn2 and HFn4 in GL261 cells after 12 h in the
same concentration range (0.015-3.0 pM) confirmed our
hypothesis, revealing that this transfection condition (3.0 pM,
12 h) was suitable for GL261 cells (Fig. S7C¥). After 12 h of co-
incubation, the cytotoxicity of the other three HFn+ NPs
(HFn3, HFn5, HFn6) in both HeLa and GL261 cells was
measured at a concentration of 3.0 pM, confirming that the
functionalization of arginine in the interior cavity of HFn had
no significant toxicity up to 3.0 pM cage in either cell
(Fig. S7D¥). To further conclusively demonstrate the toxicity,
we also tested the toxicity of NPs using primary microglial
cells in the concentration range 0-4 pM, NPs didn’t show sig-
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Fig. 4 Cy5-siRNA release kinetics and cellular uptake of Cy5-
siRNA@HFn+ NPs in Dual-Luc-Hela cells and Luc-GL261 cells. (A) In
vitro release profile of the Cy5-siRNA from HFn, HFn2, and HFn4 NPs at
pH 5.0 and pH 7.4 at 37 °C (n = 3, bars represent means + SD). Flow
cytometry analysis of the uptake of Cy5-siRNA@HFn and Cy5-
siRNA@HFn+ (Cy5-siRNA@HFn2, Cy5-siRNA@HFn4) in (B) Hela cells
and (C) GL261 cells (n = 3; **p < 0.01 vs. Cy5-siRNA@HFn). Significant
differences were assessed using a one-way ANOVA with the Tukey test
(B and C). Data in (B and C) are presented as means + SD from the
second repeat.
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nificant toxicity below 3.0 pM after co-incubation for 12 h was used to evaluate the cellular internalization of Cy5-
(Fig. S97). siRNA@HFn+ NPs in HeLa and GL261 cells. Herein, the cellu-
lar uptake of Cy5-siRNA@HFn+ in either cell at a concen-
tration of 1.5 pM was detected in the first round of screening
We next examined whether arginine mutation could contribute  (Fig. S10%). Flow cytometry analysis revealed that the cellular
to more efficient cellular uptake of HFn NPs. Flow cytometry mean fluorescence intensity (MFI) of Cy5-siRNA@HFn+ was

3.5. Quantitative cellular uptake of siRNA@HFn+ NPs
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Fig. 5 Endosomal escape capacity of NPs in GL261 cells and gene silencing efficiency in Dual-Luc-Hela cells and Luc-GL261 cells. (A) Endosome
escape of Cy5-siRNA (red)-loaded HFn, HFn2, and HFn4 NPs after incubation with GL261 cells for 2, 4, and 8 h. Nuclei were stained with DAPI (blue),
and late endosomes were stained with Lyso-Tracker Green (green). Scale bars: 25 pm. (B) Firefly luminescence ratio in Dual-Luc Hela cells after
transfection with 1.5 pM siLuc@HFn+ NPs at a 1: 8 ratio (n = 3; **p < 0.01 vs. Cy5-siRNA@HFn). (C) Relative firefly luciferase expression in Dual-Luc
Hela cells transfected with siLuc@HFn/HFn2/HFn4 NPs at an elevated dose of NPs (3.0 uM) at a 1: 8 ratio (n = 3). (D) The same dose was used in
Luc-GL261 cells (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001 vs. siLuc@HFn). Significant differences were assessed using a one-way ANOVA with the
Tukey test (B—D). Data in (B—D) are presented as means + SD from the second repeat.
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significantly stronger than the MFI of the control, indicating
that more HFn+ NPs were internalized. In addition, we found
that GL261 cells took up more Cy5-siRNA@HFn+ than HeLa
cells, presumably due to the differences in the expression of
TfR1 on these two cells. The cellular internalization of all five
HFn+ NPs significantly exceeded that of HFn. Among NPs,
HFn2, HFn4, and HFn3 were clearly superior to the other var-
iants. Due to the low productivity of HFn3 and its unremark-
able cell binding ability, we further investigated the cellular
uptake of HFn2 and HFn4 instead of HFn3 in both HeLa and
GL261 cells at a higher concentration of 3.0 pM (Fig. 4B and
C). There were significant fluorescence signal differences in
the MFI between HFn+ (HFn2, HFn4) and HFn treated groups
while there was no statistical difference between HFn2 and
HFn4. Together, these internalization results demonstrated
that the different positions of HFn where arginine residue
mutations occurred may affect the binding affinity to different
epitopes on TfR1.>> HFn2, HFn3, and HFn4 possessed the pre-
ferred encapsulation capability and enhanced cellular uptake,
and are promising for development to facilitate siRNA delivery
in the brain. However, considering the drawbacks of HFn3, we
excluded it from the following assays.

3.6. Endosomal escape property

To enable siRNA-mediated gene silencing, NPs need to facili-
tate siRNA escape from endosomes followed by release into
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the cytoplasm.'® As shown in Fig. 5A, we observed that Cy5-
siRNA@NPs entered GL261 cells rapidly and were partially
located in endosomes after 2 h of incubation. The internalized
Cy5-siRNA NPs (red) were mainly colocalized with late endo-
somes (green) at 4 h of incubation, and most of the NPs were
located outside of the endosomes after another 4 h of incu-
bation, indicating the release of the siRNA into the cytoplasm
(Fig. 5A). The confocal images demonstrated that HFn2 and
HFn4 NPs were able to escape from endosomes after 8 h of
incubation with GL261 cells.

3.7. Invitro gene silencing efficacy of siRNA@HFn+ NPs

It is worthwhile to further investigate the gene silencing
efficacy of sSiRNA@HFn+ NPs at the cellular level due to their
outstanding EE and binding affinity. We evaluated the in vitro
gene silencing efficacy of siLuc@HFn+ NPs in Dual-Luc HeLa
cells and Luc-GL261 cells. Dual-Luc HeLa cells were genetically
engineered to stably express both firefly and Renilla luciferase,
whereas Luc-GL261 cells expressed only firefly luciferase. At
the initial screening, 1.5 pM siLuc@HFn+ NPs were incubated
with Dual-Luc HeLa cells, and the expression of both reporter
proteins was measured after 24 h post-transfection. Significant
luciferase knockdown of approximately 50% and 45% was
achieved after treatment with siLuc@HFn2 and siLuc@HFn4
NPs, respectively. In contrast, the siLuc@HFn NPs (~20%)
exhibited a significant decrease in the luciferase knockdown

Nuclei (DAPI) CD31 Merge
50.0 um
Nuclei (DAPI) Claudin-5 Merge

Fig. 6 (A) Immunostaining of a bEnd.3 monolayer for endothelial cell marker CD31 (red). (B) Immunostaining of a bEnd.3 monolayer for tight junc-
tion marker claudin-5 (green). Cells were couterstained with cell nucleus dye DAPI (blue). Scale bars: 50 um.
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efficacy (Fig. 5B). The NP-mediated luciferase knockdown was
dose-dependent when the loading concentration of luciferase
siRNA increased to 3 pM, especially for siLuc@HFn2 and
siLuc@HFn4 NPs (Fig. 5C and D). No significant fluctuation of
Renilla luciferase intensity (internal control) was observed
during the down-regulation of luciferase, indicating that HFn2
and HFn4 NPs were not cytotoxic. The difference in the gene
silencing efficiencies of HFn and HFn2 or HFn4 NPs may be
partly attributed to the cellular uptake efficiency. These results
demonstrate that siRNA@HFn+ NPs have the potential to
silence target genes with high efficiency.

3.8. Integrity of in vitro BBB model

The in vitro BBB model recapitulates a number of character-
istics, including the expression of specific endothelial markers
and BBB transporter proteins, and the formation of mono-
layers with high TEER, indicating the presence of tight junc-
tions.>® The in vitro models derived from primary cerebral
microvessels from various species carried an inherent problem
of contamination, slow growth, and de-differentiation.
Immortalized mouse brain microvessel endothelial cell lines,

Luminal

Transwell efficiency
relative to HFn(%)

I ] I
S & &
MR

&

C Native PAGE

—— | 504KDa

>
Qg@ Qg&‘ Qg&
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bEnd.3 cells, were used to establish an in vitro BBB monocul-
ture model since they can express several proteins responsible
for the BBB penetration of xenobiotics.”® 1In fact,
bEnd.3 monocultures have been extensively used to construct
in vitro BBB models in many published journals.'>*™®
Astrocytes and pericytes only provide ~20% of the resistance to
various-sized solutes while the endothelium provides
~75-80% of the in vitro BBB resistance.”® Additionally, there is
no significant difference between bEnd.3 monoculture model
and cocultures comprising mouse brain endothelial cells and
astrocytes in terms of many barrier properties (hydraulic con-
ductivity, diffusive solute permeability, etc.). On day 4, when
the TEER reached 200 Q cm?, we examined the expression of
endothelial cell markers and tight junction proteins in the
endothelial monolayer. As shown in Fig. 6A, immunostaining
of bEnd.3 monolayer showed expression of endothelial cell
marker CD31 and provided evidence of cell adhesion, which is
consistent with previous reports.’>®® Tight junction trans-
membrane protein claudin-5 expressed on bEnd.3 monolayer
indicated the well-formed confluent monolayer on the luminal
side of the transwell (Fig. 6B).°" The immunofluorescence
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Fig. 7 siLuc@HFn+ NPs successfully traversed the BBB and knocked down luciferase expression while maintaining their structure intact after
passing through BBB ECs. (A) Schematic illustration of the in vitro BBB model. (B) Transcytosis efficiency of HFn, HFn2, and HFn4 in an in vitro BBB
model (n = 3). (C) Native PAGE analysis of the traversed HFn, HFn2, and HFn4 samples from the basal chamber. (D) Schematic illustration of a co-
culture model involving bEnd.3 and Luc-GL261 cells to mimic the BBB and TME. (E) The relative luciferase knockdown efficiency of HFn2 and HFn4
to HFn in cancer cells after traversing the BBB (n = 3; p > 0.05 (ns), ***p < 0.001 vs. siLuc@HFn). Significant differences were assessed using a one-
way ANOVA with the Tukey test (B and E). Data in (B and E) are presented as means + SD from the second repeat.
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images suggested successful construction of the in vitro BBB
model that will be used in the following experiments.

3.9. Invitro gene silencing effects of HFn+ NPs after
traversing the BBB

Due to their higher knockdown efficiency in Luc-GL261 cells,
HFn2 and HFn4 emerged as promising vectors for gene deliv-
ery to the brain and merited further investigation of their
transcytosis ability. We constructed an in vitro BBB model
using bEnd.3 cells as previously described (Fig. 7A). It was
observed that the transcytosis efficiency of HFn2 and HFn4
NPs slightly decreased compared with naive HFn NPs, but they
showed no statistical difference (Fig. 7B). Aliquots from the
basolateral side of the inserts were collected and tested using
native PAGE. The bands with a theoretical molecular weight of
504 kDa confirmed that the NPs retained their structural integ-
rity after crossing the BBB monolayer, which is essential to
avoid the undesirable leakage of siRNA that may occur when
crossing the BBB (Fig. 7C).

To further study the luciferase knockdown efficiency of
HFn2 and HFn4 in Luc-GL261 cells after traversing the BBB,
we designed a co-culture model consisting of bEnd.3 and Luc-
GL261 cells to mimic the TME and BBB (Fig. 7D). As shown in
Fig. 7E, despite the lower transcytosis efficiency of HFn2 in
comparison with HFn4, its knockdown efficiency increased by
57% compared with HFn and slightly outperformed HFn4.
Overall, HFn2 was identified as a promising nanocarrier candi-
date for siRNA delivery into the brain.

4. Conclusion

In summary, a simple yet elegant electrostatic encapsulation
strategy based on an arginine mutation on the inner surface of
HFn was adopted which provided a solution to the issue of low
siRNA encapsulation and a new modality in which to modify
protein cages for therapeutic cargo delivery. HFn2, the optimal
HFn+ variant screened among HFn+ NPs, increased luciferase
knockdown efficiency compared with naive HFn after traver-
sing the BBB. Moreover, compared with other HFn+ NPs,
HFn2 was readily produced in E. coli at a high yield (approxi-
mately 80 mg L™" with purity up to 90% in this work) and
exhibited almost no toxicity. While this nanocarrier still needs
to be further explored, optimized, and engineered, our find-
ings reveal that the genetic manipulation of HFn can effec-
tively improve the EE of siRNA, promoting the development of
functionalized protein NPs toward BBB-traversing gene
delivery.
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