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Cowpea chlorotic mottle virus (CCMV) is a positive-sense RNA virus that can be repurposed for gene
delivery applications. Understanding the self-assembly process of the virus enabled to remove its
genome and replace it with desired nucleic acids, and we and others have previously reported using
CCMV virus-like particle (VLP) to encapsulate siRNA, mRNA, as well as CpG oligodeoxynucleotides. In
this study, the CCMV VLP was applied to encapsulate two different formats of anti-miR-181a
oligonucleotides: naked RNA and chemically stabilized RNA to knockdown highly regulated miR-181a in
ovarian cancer cells. miR-181a expression in ovarian tumors is associated with high aggressiveness,
invasiveness, resistance to chemotherapy, and overall poor prognosis. Therefore, miR-18la is an

Received 13th October 2022, important target for ovarian cancer therapy. gPCR data and cancer cell migration assays demonstrated

Accepted 17th December 2022 higher knockdown efficacy when anti-miR-181a oligonucleotides were encapsulated and delivered using
the VLPs resulting in reduced cancer cell invasiveness. Importantly, delivery of anti-miR-181a

oligonucleotide into cells could be achieved without the aid of a transfection agent or surface
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Introduction

Ovarian cancer is the most common cause of death among
gynecological malignancies, with more than 100000 fatalities
worldwide every year. More than 90% of all patients with
ovarian carcinoma will succumb to the disease." This high
mortality rate mainly reflects the fact that the majority
(>75%) of patients present at an advanced stage, with widely
disseminated disease within the peritoneal cavity." Treatment
options include surgical cytoreduction and adjuvant chemotherapy;
nevertheless, most patients relapse and overall prognosis is poor.>
There is an urgent need for targeted therapies. Toward this
goal, we focused on a nucleic acid delivery strategy targeting
microRNA miR-181a.
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modification. These results highlight the opportunity of plant-derived VLPs as nucleic acid carriers.

microRNAs (miRNAs) are small, non-coding RNA molecules
that negatively regulate gene expression at the post-transcri-
ptional level in a sequence-specific manner, primarily via base
pairing to the 3’-UTR of the target messenger RNA transcripts.
Targeting miRNAs to regulate protein expression has shown
great promise in oncology. Here we target miR181a which plays
a critical role in ovarian cancer.” The miR181a gene resides
in the 1q ‘hotspot’ region which is overexpressed in ovarian
carcinomas.” miR181a promotes epithelial-to-mesenchymal
transition (EMT) and correlates with increased cellular survival,
migration, invasion, and metastasis. Importantly, miR-181a
expression is associated with shorter time to recurrence and
poor prognosis in women with epithelial/serous ovarian
cancer.” Data further indicate that miR-181a high cells from
primary ovarian tumors exhibit cancer stem cell properties.’
Lastly, a growing body of data has linked miR-181a expression
to chemo-resistance in ovarian cancer,’® and other tumor
types including T cell malignancies, colorectal cancer, as well
as prostate cancer,” ' thus highlighting the clinical impor-
tance of the proposed therapeutic target.

To enable knockdown of miR-181a, we turned toward a
nanotechnology-based approach to deliver corresponding
anti-miRs. Recombinant viruses such as lentivirus, adenovirus,
adeno-associated virus (AAV), etc. have been widely utilized as
vectors for gene delivery.'*™* Viral-based vectors evolved
mechanisms for efficient cell entry and trafficking, therefore
affording efficient gene or nucleic acid delivery."” On the other
hand, because of their efficient integration machinery,
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mammalian vectors bear risks of insertional mutagenesis lead-
ing to oncogene activation and onset of malignancies.® Non-
viral gene delivery systems offer safety and are generally less
immunogenic.'”"?* The COVID-19 pandemic has highlighted the
power of nanotechnology platform technologies with lipid nano-
particles being amongst the first entering clinical trials and
gaining approvals with vaccinations occurring worldwide.>**”
For this study, we turned toward plant viruses, namely virus-like
particles (VLPs) from cowpea chlorotic mottle virus (CCMV) as
an alternative nanotechnology platform compared to synthetic
nanoparticles or mammalian viral vectors. The plant virus-based
approach offers advantages over contemporary viral and non-
viral systems: compared to mammalian viral vector systems,
plant viruses are not virulent in animal cells and therefore offer
a better safety profile.”® Plant viruses do not replicate in or infect
mammals;*® the system is non-integrating and therefore does
not bear the risk insertional mutagenesis.'® Manufacture in
plants produces yields of up 1-2 grams plant virus-based particles
per kg of leaf tissue, and production in bacteria or yeast gives rise
to similar yields.*® This is in stark contrast to production of
mammalian viral vectors, which are produced in tissue culture.
While mammalian viruses grow to high titers in tissue culture,
typical yields obtained are only a few milligrams per 1 L cell
culture.®* Therefore, expression of plant viruses gives raise to
yields that are 10-100 times higher. The approach is scalable; for
example, Medicago Inc. already produces a product line of virus-
like particles in plants.’*”> The plant virus-based approach also
provides advantages compared to synthetic systems: a barrier to
the widespread use of these novel pharmaceutical agents is their
high instability in aqueous suspensions and/or need to store
nanoparticles in ultralow freezers.>**>° While several advances
have been made to counter the storage instability of non-viral
systems,”® the synthetic platforms do not reach the level of
stability that can be achieved using the viral counterparts, which
are stable in biological media and can be stored as purified
solutions or in infected leaf tissue.

In this work, we focused on CCMV as a platform for anti-miR
delivery. CCMV is a plant virus from the family Bromoviridae
and it infects legumes including cowpeas and soybeans. The
structure of CCMV is known to near-atomic resolution and
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CCMV forms a T = 3 capsid measuring 30 nm in diameter
composed of 180 identical copies of a single coat protein; the
capsid carries a tri-partite positive-sense, single-stranded RNA
genome.”! The self-assembly process of CCMV is well under-
stood; in fact CCMV particles are highly dynamic platforms that
undergo reversible pH- and metal ion-dependent structural
transitions,*"** which can be exploited for cargo loading and
shape-shifting.”* For biomedical research, CCMV has been
developed by us and others as a nucleic acid carrier for delivery
of siRNA,***® mRNA,"”*® as well as CpG oligodeoxynucleotides*®
for applications in vaccines and cancer therapy. Here we
exploited CCMV VLPs to encapsulate two different formats of
anti-miR-181a oligonucleotides: naked RNA and chemically sta-
bilized RNA to knockdown highly regulated miR-181a in ovarian
cancer cells (the overall workflow is outlined in Scheme 1).

Results and discussion

Purified CCMV was characterized by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), ultraviolet-visible
(UV-Vis) spectrophotometry, dynamic light scattering (DLS), size
exclusion chromatography (SEC), and transmission electron
microscopy (TEM), as shown in Fig. 1. SDS-PAGE of CCMV
revealed a single 21 kDa coat protein band (Fig. 1(A)); protein
contaminants were not detectable. The ratio of 260/280 of ~1.7
determined by UV-Vis spectrophotometry is also indicative of
intact and pure CCMV (Fig. 1(B)). The intactness and purity of
CCMV were further validated by native agarose gel electrophoresis
(Fig. 1(C)) showing colocalization of a single band after GelRed
(nucleic acids stain) and Coomassie blue (protein stain) staining -
indicating the RNA and protein co-migrate. No free nucleic acids
or proteins were observed. DLS (Fig. 1(D)) confirmed the mono-
dispersity of CCMV with polydispersity index (PDI) around 0.1 and
diameter around 32 nm. SEC profiles (Fig. 1(E)) were in agreement
and confirmed the purity of CCMV by showing single peak eluting
at 10-12 mL using a Superose6 Increase column; no free RNA
(260 nm) or protein (280 nm) were observed. TEM micrograph
(Fig. 1(F)) confirmed the intactness and monodispersity of the
CCMV particles.
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Scheme 1 Overall workflow: CCMV VLPs were assembled with anti-miRNA-181a. Successful delivery to ovarian cancer cells leads to reduced miR-181a

levels, which is expected to reduce invasiveness of ovarian cancer cells.
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Fig. 1 Characterization of CCMYV isolated from plant tissue. (A) Denaturing sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Lane 1 = SeeBlue™ Plus2 Pre-stained Protein Standard; Lane 2 = CCMV. Arrow showing CCMV coat protein around 21 kDa. (B) UV-Vis spectrum showing
absorbance of particle at 260 nm and 280 nm. The 260/280 ratio of intact CCMV lies at ~1.7. (C) Native agarose gel showed colocalization of RNA
(GelRed stain) and protein (Coomassie blue). (D) Triplicate samples of CCMV were analyzed by dynamic light scattering (DLS), and the representative data
sets are shown. D refers to average diameter of particles; PDI refers to polydispersity index. (E) CCMV analyzed by size exclusion chromatography (SEC)
using a Superose 6 column. Nucleic acids were detected at 260 nm, and protein was detected at 280 nm. (F) Negatively stained CCMV was analyzed by

transmission electron microscope (TEM).

Encapsulation of anti-miR-181a-oligonucleotides within CCMV
VLPs

CCMV CPs were used to encapsulate two different formats of
anti-miR-181a-oligonucleotides: naked RNA (denoted as RNA:
5’-ACUCACCGACAGCGUUGAAUGUU-3’) and chemically modified
antagomiR (denoted as modiRNA, from Horizon, PerkinElmer
with sequence and chemical information not disclosed, see
Table 1 for more information). RNAs are labile molecules that
rapidly degrade through enzymes and hydrolysis. For these
reasons, chemically modified RNA structures have been developed
less prone to degradation, therefore prolonging longevity in the
target cell.>® Here we used a modified anti-miR181a from Horizon
that combines proprietary chemical modifications and completely
novel secondary structure motif to enhance stability and longevity

Table 1 Sequence information for the anti-miRs

of the molecule. An alternative to chemical alteration of the
RNA is to stabilize the RNA by delivery through nanoparticles.>®
Therefore, we hypothesized that CCMV delivery would stabilize
the RNA and thus allow to deliver native vs. chemically stabilized
modiRNA with matched efficacy. An advantage for delivery of
native RNA is that in vivo assembly during co-expression of the
target RNA and coat protein (CP) would be feasible (which is a
future goal of this work).

CCMV disassembly and assembly was performed as
previously reported with reassembly of CP and RNA cargo at a
mass ratio of 6:1.°> The encapsulation of target RNA and
modiRNA into CCMV VLPs was validated via UV-Vis, TEM,
SEC and DLS, and native agarose gel electrophoresis (Fig. 2).
CCMV encapsulated with RNA (CCMV + RNA) and modiRNA

anti-miR sequence

Naked anti-miR-181a (denoted as RNA)

5’-ACUCACCGACAGCGUUGAAUGUU-3’

Manufacturer: Integrated DNA Technologies (IDT)
Molecular weight: 7307.4 g mol '
Extinction coefficient: 226 800 L (mol " cm ™)

Chemically modified anti-miR-181a

(denoted as modiRNA) Manufacturer: Horizon

Sequence and chemical modifications are proprietary and not provided by the manufacturer

Molecular weight: 18384.1 g mol "

Extinction coefficient: 550900 L (mol " cm™")

Link: https://horizondiscovery.com/en/gene-modulation/knockdown/mirna/products/miridian-
microrna-hairpin-inhibitor?nodeid=mirnamature-mimat0000256&catalognumber=IH-300552-07-0050
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Fig. 2 Characterization of CCMV reassemblies without (CCMV CP only) and with nucleic acid (CCMV + RNA; CCMV + modiRNA). (a) UV-Vis (b)
Transmission electron microscopy (TEM) (c) size exclusion chromatography (SEC) (d) Dynamic light scattering (DLS). Three independent runs were
performed using each sample. (e) Native agarose gel electrophoresis. Lane 1: wild type CCMV; Lane 2: CCMV CP only without reassembly; Lane 3: CCMV
CP only reassembled without nucleic acid; Lane 4: CCMV + RNA; Lane 5: CCMV + modiRNA.

(CCMV + modiRNA) gave 260/280 ratio around 1.5 similarly to
wild type CCMV (~1.7) indicating successful encapsulation of
nucleic acids (Fig. 2(a), CCMV CP panel). In contrary, CCMV CP
only assemblies without nucleic acid exhibited a lower 260/280
ratio of 0.79 reflecting the lack of nucleic acids content. CCMV
consists of two components: the protein capsid (detected at
280 nm) and the RNA cargo - native or designer RNA (detected
at 260 nm). The UV-Vis ratio of 260 nm over 280 nm therefore is
characteristic for each VLP assembly and provides information

This journal is © The Royal Society of Chemistry 2023

about the purity of the system. Wild type CCMV has a UV-Vis
ratio of ~1.7 at 260/280. The comparison of the UV-Vis 260/280
ratio of wild type and reassembled CCMV VLPs thus provides
insights into the intactness of the formulation and whether
RNA cargo is present or not.

TEM imaging confirmed the assembly of VLPs when assem-
bly was initiated in the presence of RNA/modiRNA. In contrast,
few VLPs of less regular structure, darker center, and protein
stacking was observed when CP only was assembled (Fig. 2(b)).

J. Mater. Chem. B, 2023, 11, 816-825 | 819
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The darker center is explained by uranyl acetate (UAc) stain
accumulating in the empty capsid structure; and protein stacking
occurs due to the electrostatic interaction between the negatively
charge of the CP outer surface and positively charger CP inner
surface. This data also aligns with separation by SEC (Fig. 2(c))
and size analysis by DLS (Fig. 2(d)). In SEC, free CP elute from
the Superose6 Increase column at 20 mL, while intact VLPs
elute at ~12 mL with co-elution of RNA and protein (measured
at 260 nm and 280 nm, respectively); the latter was observed for
VLPs containing the target RNA and modiRNA (Fig. 2(c)). DLS
confirmed the presence of monodisperse VLPs measuring
~35 nm in hydrodynamic diameter with narrow size distribu-
tion (PDI < 0.25). In stark contrast, the CP only assembly
resulted in inconsistent sizing data reflecting a broad range of
assemblies and free CPs (Fig. 2(d)). Lastly, native agarose gel
electrophoresis was performed. CCMV + RNA (Fig. 2(e) Lane 4)
and CCMV + modiRNA (Fig. 2(e) Lane 5) showed a band which
migrated similarly to the native CCMV particles (Fig. 2(e) Lane 1).
Co-migration of nucleic acid (GelRed Stain) and proteins
(stained by Coomassie blue) indicate intact VLPs were formed;
free RNA/CP or aggregation was not detected. Reassembly of
CCMV CP only (Fig. 2(e) Lane 3) showed no band when stained
with GelRed - no RNA was present. The CP only assemblies did
not migrate, neither did free CP (Fig. 2(e) Lane 2 + 3). Together,
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this data confirms that VLPs containing RNA and modiRNA
were successfully assembled.

Quantification of miR-181a expression in ovarian cancer cells
and knockdown of miR-181a

We selected three different ovarian cancer cell lines to assess
the levels of miR-181a expression: A2780, OVCAR3, and SKOV3.
The more aggressive cell lines OVCAR3 and SKOV3 showed
high levels of miR-181a expression, while A2780 had negligible
levels of miR-181a (Fig. 3(A)), and this data is consistent with a
previous report.’

Next, we assessed the efficacy of miR-181a knockdown by
delivery of anti-miR-181a-oligonucleotides (RNA vs modiRNA)
using CCMV VLPs; in this first experiments we used lipofectamine
as transfection agent (Fig. 3(B)). MicroRNA-16 or miR-16 was used
as endogenous reference gene to normalize miR-181a expression
in the cells, and cells only served as the control to compare the
relative expression of miR-181a in the three cancer cells (A2780,
OVCAR3, and SKOV3).

Addition of lipofectamine alone did not impact the relative
expression of miR-181a across all cancer cells. Similarly, the
CCMV CP only controls (= reassembly of CCMV CP devoid of
nucleic acids) had no impact on miR-181a expression in SKOV3
and OVCAR3 cells. However, the CCMV CP reduced miR-181a
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Fig. 3 (a) Comparison of miR-181a in A2780, OVCAR3, and SKOV3. (b) Knockdown of miR-181a levels upon anti-miR-181a delivery using RNA and
modiRNA delivered by CCMV — here liofectamine was used as transfection agent. CCMV CP (RNA) and CCMV CP (modiRNA) are CP only controls for the

RNA and modiRNA delivery experiments, respectively.
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expression in A2780 cells (Fig. 3(B)). It should be noted that
miR-181a expression in this cell line were low to start with; it is
possible that the CCMV CP assemblies/aggregates, which are of
less defined nature (see Fig. 2), have a lower degree of biocom-
patibility and hence impact cell expression levels. Since we do
not propose the application of the CP only assembly controls,
and because A2780 cells are not necessarily a target for this
approach (because miR-181a levels are now), we did not inves-
tigate this further.

When the RNAs (RNA and modiRNA) were encapsulated into
and delivered by CCMV (plus lipofectamine), significantly lower
relative miR-181a expression levels were achieved when com-
pared to free RNAs delivered via lipofectamine transfection only.
miR-181a expression levels were lowered by 36.5%, 16.5%, and
76.5% in SKOV3, A2780, and OVCAR3, respectively, when mod-
iRNAs were encapsulated in CCMV vs. free modiRNA transfected
using lipofectamine. Similar observations were made for the
non-modified RNA (Fig. 3(B)). This data suggests that CCMV may
stabilize the RNA and/or enhance its trafficking, release, and
processing within the cell, resulting in enhanced delivery and
efficacy. Data also suggest that VLP delivery can also enhance the
efficacy of chemically enhanced RNA (modiRNA).

Lipofectamine-free delivery of anti-miR-181a using CCMV and
its efficacy on cancer cell invasiveness

Others have shown that CCMV enables gene delivery to mam-
malian cells without the use of a transfection agent.>® Therefore,
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we extended our studies to assess whether CCMV delivery of
anti-miR-181a to ovarian cancer cells would be effective in the
absence of lipofectamine and whether knockdown led to
reduced invasiveness of ovarian cancer cells (determined by cell
migration assay). For these studies we chose the SKOV3 cell line,
which has the highest miR-181a levels (Fig. 3(A)). We also chose
the modiRNA only to exclude rapid RNA degradation as a factor
from these experiments.

Fig. 4(A) demonstrates that indeed miR-181a levels were
significantly lowered when the therapeutic anti-miRs (modiRNA)
were delivered using CCMV; free modiRNA afforded negligible
knockdown reflecting poor cell uptake of RNA molecules into
cells. The addition of lipofectamine to the CCMV delivery agent
enhanced efficacy further when compared to CCMV + modiRNA,
however this is not relevant for cancer therapy, because the
application of lipofectamine is limited to ex vivo applications
due to the toxicity of the agent.>*

Finally, the efficacy and therapeutic effect of CCMV in
delivering anti-miR-181a oligonucleotides to knockdown miR-
181a was validated using a cancer cell migration assay (Fig. 4(B)
and (C)). Untreated SKOV3 ovarian cancer cells are character-
ized as highly invasive, which is reflected by the high degree of
migration with 93.4% of the area covered with cancer cells after
24 h incubation (Fig. 4(B) and (C)). Similar observations were
made for any control samples: treatment with CCMV CP
assemblies devoid of anti-miR-181a oligonucleotides or anti-
miR-181a oligonucleotides alone (~97% and ~91% coverage
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Fig. 4 (A) Comparison of relative miR-181a expression upon anti-miR-181 delivery using CCMV with and without lipofectamine. miR-181a levels were
determined by qPCR. Error bars show standard deviations for three replicates. (B) and (C) Cell migration assay with images taking at 0 and 24 h,
respectively. Percentage of cell migration was tabulated by tracing cells within the yellow highlighted center.
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for CCMV CP only and modiRNA only, respectively). In stark
contrast, cell migration was inhibited when the anti-miRs
were delivered by CCMV resulting in significantly reduced
cell migration; ~75% for CCMV + modiRNA and ~59% for
CCMV + modiRNA + lipofectamine. Together this data is
consistent with results from prior research®® and highlight
the potential of CCMV as a gene delivery platform.

Conclusions

Anti-miR-181a oligonucleotides were successfully encapsulated
into VLPs from CCMV. Delivery of anti-miR-181a packaged into
CCMYV afforded efficient knockdown of miR-181a levels in ovarian
cancer cells and reduced invasiveness of these cancer cells.
Therefore, CCMV is positioned as a platform nanotechnology
for gene delivery applications. The plant derived VLPs may offer
advantages compared to mammalian viral vectors and synthetic
systems in that they can be produced through plant molecular
farming or heterologous expression at high yields; being a
biologic, the platform has good stability in biological media
and plant viruses may not require a cold chain for storge or
distribution; lastly, plant viruses are non-infectious toward
mammals, therefore adding a layer of safety. While detailed
toxicology studies of CCMV as a gene delivery agent must be
conducted, preclinical research indicates good biocompatibility
and safety of CCMV nanoparticles in mice after intravenous
administration.>® In conclusion, plant VLPs such as CCMV are
promising platforms for gene delivery and future in vivo work as
well as side-by-side comparisons to contemporary viral and
non-viral delivery systems are needed to further validate this
system.

Materials and methods

Production and characterization of CCMV

CCMV was produced under an USDA-approved PPQ526 permit
and was purified as previously described.*® Characterizations of
CCMV was performed using sodium dodecyl-sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE), UV-Vis spectrophotometry,
native agarose gel electrophoresis, dynamic light scattering
(DLS), size exclusion chromatography (SEC), and transmission
electron microscope (TEM) as previously reported.”®

Disassembly and assembly of CCMV coat proteins with RNA cargos

CCMV disassembly and re-assembly of VLPs was performed as
previously reported.>> CCMV swell when incubated in pH near
neutrality and in buffer absence of Mg>" ion. Disassembled

Table 2 Primers and probes used for RT-qgPCR
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CCMYV coat proteins (CPs) were reassembled with RNA cargos
(naked RNA, modiRNA, Table 1) using a 6:1 mass ratio as
described. The reconstituted CCMV was stored in 0.1 M NaOAc,
1 mM EDTA, pH 4.8 at —80 °C.

Cell culture

Three different human ovarian cancer cell lines were used in
this study including A2780, OVCAR3, and SKOV3. SKOV3 cells
were cultured in McCoy’s 5A medium, A2780 and OVCAR3 were
cultured in DMEM and RPMI-1640, respectively. Cell culture
medium was supplemented with 10% (v/v) FBS and 1% (v/v)
PenStrep. The cells were incubated at 37 °C in humidified
incubator with 5% CO,.

In vitro miR-181a knockdown

A total of 2 x 10> cells were seeded in a 24-well treated plate.
20 pmol of anti-miR-181a-oligonucleotides (with or without the
CCMV) was added to the cells with or without the lipofectamine.
The cells were washed with 1 x PBS and fresh media was
introduced one day after the transfection/treatment. Cells were
harvested two days after the transfection/treatment. Briefly, the
cells were washed twice with 1 x PBS and then 500 pL of trypsin
was introduced to the cells for trypsinization. Harvested cells
were kept at —80 °C until further processing or used immediately
for total RNA extraction.

RNA extraction and quantitative real-time PCR (qPCR)

Total RNA extraction was performed using Zymo Quick-RNA
Miniprep Plus Kit according to the manufacturer’s protocol.
The quality and concentration of the total RNA was determined
by UV-Vis spectrophotometry using a Nanodrop 2000c/2000
spectrophotometer; the ratio of 260/280 and 260/230 was
determined and pure RNA should yield a value of ~2 for either
ratio. Five microliters of the total RNAs were then used for two-
step reverse-transcription qPCR to detect and amplify the target
miR-181a. The first step reverse transcription was performed
using TagMan™ MicroRNA Reverse Transcription Kit. Then, the
transcribed cDNA was amplified using TagMan Universal Master
Mix II (Table 2). All samples were assayed in triplicate using a
BioRad CFX96 Touch real-time PCR detection system. Quantifi-
cation cycle (Cq) values were tabulated by CFX Maestro software.
All quantification data were normalized to miR-16 (Applied
Biosystem, Table 2).

Cell migration and invasion assay

For the wound-healing assay, 4 x 10° cells were seeded at
full confluency into 6-well plates and serum-starved for 24 h.

Primers Sequence (5-3) Remarks

miR-181a RT-PCR
primers/probe

Sequence not
provided

Assay ID: 000480

miR-16 RT-PCR
primers/probe

Sequence not
provided

Assay ID: 000391
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A sterile 200 pL pipette tip was used to scratch the cells to form
a wound. The cells were washed with PBS and cultured in
medium. Wound closure was visualized with an inverted Nikon
Eclipse TS100 phase-contrast microscope and measured using
Nikon NIS-Element Basic Research v3.2 software; imaging was
performed at 0 and 24 hours. The migration percentage was
calculated as follows:

Migration percentage =

Area of circularat 0 h — area of circularareaat24h % 100%

Area of circularareaatOh
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