creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

o
)

o

-‘—4
>
ﬂ—l
1
do,
i
r{d

Antiviral Drug Discovery and
Cell Differentiation by Using

Biocompatible Nanomaterials

2021 d 02 €

Aeten g
513} aentol 9 38t AT

gl A A

han | 1



Ph.D DISSERTATION

Antiviral Drug Discovery and
Cell Differentiation by Using

Biocompatible Nanomaterials

By

Se—Jin Park

Advisor: Prof. Dal—Hee Min

February, 2021

Department of Chemistry

Graduate School

Seoul National University



Antiviral Drug Discovery and
Cell Differentiation by Using
Biocompatible Nanomaterials

AL 3F 9 & 3

o] =E< o|FYA F=EoE AW
2020 & 11 €

Aersta o4
3}8t3 Yiculo] 238 AF
g A 2

ARG ol sebAl e EE AFY
2020 9 11 €

4%  F=zq /&2&757//

4% 9 e 3
a4 4 19 5
/

%9019;7@

a4 4 T+ A4 //l@ﬂv




Abstract

Antiviral Drug Discovery and Cell Differentiation by Using
Biocompatible Nanomaterials

Se-Jin Park

Department of Chemistry
(Major: Nanobiochemistry)
The Graduate School

Seoul National University

Since the arousal of the massive development and production of chemical
medicine in 1980s, explosive scientific achievements of the traditional
pharmaceuticals based on chemical products were accomplished. Nevertheless,
numerous infectious diseases and neurological incurable disorders has been yet to
be conquered, due to the integrated issues involving the complexity of the disease
mechanism studies, difficulty in the critical factor control and so on. Therapeutic
research on the RNA virus-associated diseases, for example, had suffered the
drastic challenges such as the high rate of genetic mutation and increase in chance
of drug evasion. As a result, seldom success has been accomplished in the
development of antiviral drugs or vaccines to cope with such. Recent outbreak of
several epidemics has been aggressive and severe, which has evoked the urgent
need for the antiviral drugs and led to the massive competition of research and
development among numerous pharmaceuticals.

In the meantime, it has not been long since the potential of nanotechnology
has risen on debate for its interdisciplinary application. Nanotechnology includes
all research area where various materials in nano (10”) scale are involved. Nano-
sized materials have drawn much attention for their specific features (such as

electrical, optical properties) distinguished from those of the bulk sources. Despite
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its short history compared to other research area, nanotechnology is now drawing
much attention for their unique properties advantageous for diverse biological
applications. Such attempts include the development of biofunctional nanodevices
such as biosensor, intracellular delivery carrier.

Here, we introduce three representative multidisciplinary studies utilizing the
nanotechnology: 1) rapid drug discovery incorporating a fluorescence-based
nanobiosensor, 2) the efficient strategy for neural differentiation of the stem cell
with porous particles, and 3) the non-viral direct reprogramming strategy to
generate neural stem cell with carbon dot nanoreagent. In each chapter, we
introduce the specific characteristics of the involved nanomaterials and describe
how these features contributed to achieve the individual goals.

In the first research, we propose our achievement on the development and
utilization of the fluorescence nanobiosensor to the rapid discovery of the antiviral
drug against the pathogenic RNA virus. We have developed a facile, and efficient
viral enzyme activity analyzing platform incorporating modified RNA and
graphene oxide, named as RANGO. We utilized it to the multi-well based, high-
throughput chemical screening to identify novel direct-acting antiviral agents
against a specific pathogenic RNA virus named as dengue virus from the FDA-
approved small molecule library. Throughout the series of validation process
carried out both in vitro and in vivo, we suggest the very compound as the potent
direct-acting antiviral drug candidate.

In the second research, we suggest the efficient method to mimic the neural
differentiation process of mouse embryonic stem cell in vitro incorporating the
porous silica nanoparticle as a drug delivery -carrier. We selected the
functionalized nanoparticle showing the maximum drug loading capacity and

investigated its high capability of intracellular delivery by penetrating in the cell
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cluster. We confirm that the selected nanoaparticle could effectively support the
stable, sustained delivery of the retinoic acid into the mouse embryonic stem cell,
which led to the efficient induction of the retinoic acid-mediated neural
differentiation.

In the third research, we introduce the non-viral, direct reprogramming
strategy to generate neural stem cell from somatic cell incorporating carbon dot
nanocarrier. We observed that the carbon nanodot carrier with the optimized
surface charge showed the higher biocompatibility and gene delivery efficiency
against the human fibroblast. With sequential evaluation from the non-viral gene
delivery to the induction of the neural differentiation, we suggest that the carbon
nanodot could be utilized as the non-viral gene delivery carrier to facilitate the
direct reprogramming of human fibroblast into neural stem cell-like cell.

We suggest that our research accomplishments could provide the fundamental
ideas to overcome the limitations of classical approaches in the field of drug

discovery and cell engineering.

Keywords: Nanosensor, Nanoparticle, Drug delivery, Gene delivery, Antiviral
drug discovery, High-throughput screening, Stem cell, Cell engineering
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Chapter 1. Introduction

1.1 Nanotechnology for antiviral drug discovery

The emergence of the virus-associated epidemics has become a repetitive
worldwide event and considered as one of the major global threats. It is generally
accepted that the RNA virus is more problematic than DNA virus, due to the high
chance of genetic mutation. The rapidity of genetic mutation in RNA virus acts as
the main hurdle in the antiviral drug discovery and development. Once the virus-
mediated disease emerged, it could be disastrous unless its global spread-out is
blocked as soon as possible; it may lead to the pandemic, and even worse, may
end up to the endemic (with repetitive, periodic global emergence of certain viral
disease)!. It has been proven that there is a strong relationship between the
fatalness of the epidemic disease and the development of therapeutics®. In the case
of Influenza, for example, global efforts on the development of therapeutic agents
(universal vaccines and antiviral drugs) has attributed to decrease the seasonal
emergence of the disease’®.

Unfortunately, however, only little success had been achieved against those of
other fatal viral diseases discovered so far. Representative viral diseases include
the Ebola® '°, Spanish influenza'!, Severe Acute Respiratory Syndrome (SARS)!2,
followed by series of health crisis by Middle East Respiratory Syndrome
(MERS)!3, ZIKA in 2017', and the notorious COVID-19 by the SARS-CoV2
discovered in late 2019'> ', While the wide spread-out of COVID-19 is still in
progress, recent reports even predicted the advent of the swine influenza prone to
infect humans, warning the potential of another pandemic crisis!’. Considering
that little achievement has been made on the development of antivirals or vaccines
to deal with such cases, it is urgent to seek for the innovative tools for the

diagnosis and therapeutics (including vaccine and drugs) to make a breakthrough
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within the golden time.

While tremendous struggles have been made in the biological research area to
deal with such viruses, studies on the nano-sized materials had been originally
emerged in the middle of the 1900s and discussed separately from the antiviral
research'®. Each nanomaterial possesses specific functions, resulting in the
possibility of a wide-range application to various research fields. It has not been
long since several opinions have been discussed depicting the potential of the
nanomaterials to provide the functional tools to assist efficient antiviral research'’.
Started from the utilization of the gold nanoparticle for the single molecular

detection of the virus 2°

, the potential of the nanomaterials as the source
component for the virus detection tools has been extensively evaluated.

Meanwhile, graphene, a two-dimensional, single-layered carbon sheet isolated
from the graphite?!, has drawn much attention for its unique chemical and physical
properties suitable for the development of sensors??. Various applications have
been suggested to demonstrate analytic tools utilizing not only graphene itself but
also its derivatives?323. Among diverse graphene derivatives, graphene oxide (GO)
has been extensively applied to development of biosensors as well, by utilizing its
unique features including the high dispersion in water, amphiphilicity, the
selective adsorption ability of the biomolecules via n-n stacking or non-covalent
interaction and fluorescence quenching ability?® 2’. Along with such functional
evaluations of GO, numerous attempts have been made to extend the application
of GO into the development of the diverse biosensors?® based on colorimetric,
electrochemical, and optical methods.

In terms of virus research, GO-based nanobiosensors have been evaluated for

various purposes, including the virus detection and antiviral drug discovery. Here,

we introduce the one significant way of the application of the specified GO
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biosensor as the antiviral drug screening platform. We demonstrate the whole
series of research ranging from the development of the high-throughput screening
system to the discovery and therapeutic evaluation of the direct-acting antiviral

drug candidate by utilization of the platform?’.

22



1.2 Nanotechnology for cell engineering

The concept of cell therapy has risen followed by the vigorous growth of the stem
cell-mediated medical research (also connected with the regenerative medicine),
as the methodological solution for the cell treatment. The first attempt of cell
therapy was suggested in the late 1950s, incorporating the bone marrow
transplantation®’. As can be seen from this example, cell therapy involves the
cellular delivery into either the bloodstream or the targeted tissue of matter. The
purpose of cell therapy includes the stimulation of various regenerative
performance, such as promotion of the vascularization and production of the
signaling molecules (hormones, cytokine, etc.)*!. It is considered as one of the
most straightforward strategy used in the regenerative medicine.

Several critical limitations of cell therapy include the low survival rate of the
engrafted cells and failure of the precise targeting towards the desired tissue’>3,
In addition, the limited source for the securement of cells in demand has been
considered as another bottleneck of the cell therapy. Typically, cells for the
engraftment are collected from either autologous or allogeneic sources, using
several methods such as tissue biopsy. Such issue has accelerated the high demand
for the strategic breakthrough, leading to the utilization of the new technology
named as cell engineering.

Cell engineering is the multi-disciplinary area of research connecting several
distinguished fields, including medicine, biology and material science®*. In terms
of cell therapy, the ultimate purpose of cell engineering includes the generation of
“rare cells” from the “common cells (in other words, easily obtained cells)”.
Typical cell engineering process requires the incorporation of various
biomolecules (genes, proteins, etc. into the cells. For such purpose, vectors

derived from the virus had been the most widely used delivery vehicle®>. The
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advantage of viral vectors includes the high delivery efficiency and reliability
based on the numerous case studies reported. However, there still have been
several issues constantly depicted, such as the genetic instability (also known as
insertional mutagenesis®®) derived from the intrinsic characteristics of the viral
origin®’.

Meanwhile, it has not been long since the nano-sized intracellular reagents have
drawn attention in the field of cell engineering. In prospect of cell engineering,
nanotechnology is considered as relatively new, yet promising strategic source for
the future research®®. Utilization of nanotechnology may provide various
improved tools for drug delivery, detection, and diagnostics. Several features of
the nanomaterials which derived from their size factor, such as high surface
area/volume ratio and flexibility, were considered attractive to be applied for such
purpose®’.

In this regard, one of the noticeable future achievements expected by the
application of nanomaterials may be the non-viral cell engineering. Typical non-
viral vectors used for such purpose have involved the liposomes or cationic
polymers*’. Although several commercialized reagents have been widely used in
the laboratory, conventional non-viral reagents have shown distinct limitations on
guaranteeing either the stable transfection efficiency or low cytotoxicity. For
liposome-based vectors, for example, the transfection efficiency and cytotoxicity
are highly dependent to various factors including the degree of unsaturation,
configuration of the hydrophobic chain, and the overall morphology of the
complex*!**3. For polymer-based vectors, numerous studies have been carried out
to design a new, functional polymer ensuring both high transfection efficiency and
low cytotoxicity, yet improvements are required for practical use**. Utilization of

the nanomaterials could be one of the promising strategies to overcome such issues.
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Nanomaterials possess highly modular features, by the wide variety of
biochemical functionalization to endow the desired characteristics*. To date,
numerous applications have been suggested to demonstrate the non-viral cell
engineering by the nanomaterial-mediated delivery of various functional
biomolecules?6-*8,

Here, we introduce two representative demonstration of the nanomaterial-based
cell engineering. First, we demonstrate the in vitro imitation of the neuronal
differentiation process of mouse embryonic stem cell with enhanced turnover
efficiency, incorporating the small molecule delivery with silica nanoparticle®’.
Next, we introduce the carbon-sourced nanoparticle as an improved non-viral gene

delivery vehicle and its application to demonstrate the direct reprogramming of

human fibroblast into neural stem cell-like form>°.
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1.3 Description of Research

1.3.1 Discovery of direct-acting antiviral agents with a graphene-based
fluorescent nanosensor

Direct-acting agents against viral components are considered as one of the most
promising candidates for the successful antiviral therapeutics. To date, no direct-
acting drugs exist for the treatment against dengue virus (DV) infection, which
can develop into life-threatening diseases. RNA-dependent RNA polymerase
(RdRp), an RNA virus-specific enzyme highly conserved among various viral
families, has been known as the broad-range antiviral drug target. Here, we
developed an RNA-based graphene biosensor system (RNA-Nano-Graphene
Oxide system, RANGO) to enable the fluorescence-based quantitative analysis of
the RdRp enzyme activity. We employed the RANGO system to a high-throughput
chemical screening to identify novel direct-acting antiviral drug candidates
targeting DV RdRp from the FDA-approved small molecule library. RANGO
accelerated the massive selection of the drug candidates. We found that one of the
selected hit compounds, montelukast, clearly showed anti-viral activity in vitro
and in vivo by directly inhibiting replication of DV and thus relieved related

symptoms.
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Principle of RANGO
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Scheme 1.1 Strategy for the development of the RANGO system for high-

throughput screening of anti-viral drug candidates.
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1.3.2 Highly efficient and rapid neural differentiation of mouse embryonic
stem cells based on retinoic acid encapsulated porous nanoparticle

An improved cell conversion strategy for neural differentiation of mouse
embryonic stem (mES) cells is developed by incorporating functionalized
mesoporous silica nanoparticle (MSN) as an efficient delivery carrier of retinoic
acid (RA), which is pleiotropic factor required for initiation of neural
differentiation. Traditional RA-mediated neural differentiation methods required
either pre-activation of the cells to the differentiating state by embryoid body (EB)
formation or repetitive treatment of the differentiation factor. Our modified cell
conversion system involves only singular treatment of RA/MSN complex, which
simplified the whole process and accelerated neural induction to be finished within
6 days with high quality. With our new method, neural cells were successfully

derived from mES cells with stable expression of neurite marker gene.
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Scheme 1.2 Strategy for the efficient neural differentiation of mouse embryonic

stem cell incorporating the porous silica nanoparticle.
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1.3.3 Non-viral, direct neuronal reprogramming from human fibroblast
using a polymer-functionalized nanodot

Among various strategies to treat neurodegenerative disorders, cell replacement
therapies have drawn much attention recently. Such a trend led to the increase in
demand for the rare and specialized cells, followed by the outburst development
of various cell reprogramming strategies. However, several limitations on these
conventional methods remain to be solved, including the genetic instability of the
viral vectors and the high cytotoxicity or poor performance of the non-viral
carriers. Therefore, non-viral methods need to be developed to ensure safe and
efficient cell reprogramming. Here, we introduce a polymer-modified nano-
reagent (Polymer-functionalized Nanodot, PolyN) for the safe and efficient, non-
viral direct cell reprogramming. PolyN facilitated the highly efficient
contemporary overexpression of the transgene compared to the conventional
reagent. With our nano-reagent, we demonstrated the SOX2-mediated cell
reprogramming and successfully generate the neuron-like cell from the human

fibroblast.
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Chapter 2. Discovery of direct-acting antiviral agents with

a graphene-based fluorescent nanosensor

2.1 Introduction

Acceleration of the global outbreak of viral diseases has been an inevitable event
recently, due to the rapid climate change and frequent intercontinental travel'.
Dengue virus (DV) is one of the most prevalent arthropod-borne viral pathogens
that belongs to the family of Flaviviridae, which consists of Zika and West Nile
viruses. Currently, about 390 million people get infected by DV annually and as
many as 4 billion people are at risk of potential DV infections worldwide?. DV
infection can progress into severe diseases such as hemorrhagic fever and dengue
shock syndrome, which could be life-threatening with symptoms of rapid decline
in platelet counts and severe bleeding. However, there is no specific medicine to
treat dengue infection other than pain-relievers such as acetaminophen and

supportive care in a hospital.

Non-selective, broad-spectrum antivirals such as interferon-y and ribavirin are
infamous for serious adverse effects including seizures and hemolytic anemia®.
Therefore, it is important to develop direct-acting antivirals to treat specific virus
infections to increase therapeutic efficacy with fewer adverse effects. Strategies
to develop direct-acting antiviral drugs have drawn much attention to deal with
such viruses, which focused on targeting the virus-originated components such as
enzymes associated with the viral genomic replication*. The main goal of such
approach is to reduce the viral load circulating the whole body and therefore
shorten the duration of the febrile illness®. While partial progress has been made

against several flaviviruses such as HCV®, yet there has not been successful
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development of the direct-acting antiviral therapeutics available against DV.
Although several antiviral drug candidates had entered the clinical trials against
DV’:8, they failed to show sufficient viremia reduction or NS1 antigen clearance.
Considering the rapid spread-out of the viral outbreak, it is urgent to come up with

strategies to accelerate the antiviral drug discovery.

To date, conventional in vitro assays designed for the antiviral drug discovery
has mainly focused on the identification of the target-independent antiviral
activities which were restricted to the cell-based assays incorporating either live
virus®!!, artificial virus-like components such as viral subgenomic replicons'? or
their mimics'?. Such methods are limited to the evaluation of the antiviral efficacy
or the partial inhibitory effect associated with the viral replication cycle, which is
not well-suited for high throughput screening of direct-acting antiviral drug
candidates against virus-specific biomolecular targets. In addition, such methods

require high cost, intensive labor and complicated procedures.

Among the various RNA-virus specific enzyme, RNA-dependent RNA
polymerase (RdRp) has drawn extraordinary attention as the direct-acting antiviral
drug target, for its critical function associated with the viral genome replication
and high structural conservation across numerous RNA viruses'*. However, only
very limited methods exist which are compatible with high-throughput screening
to discover RdRp inhibitors as direct-acting antiviral agents. Conventional RdRp
assays include gel electrophoresis or radioactive labels, which are not compatible

with high throughput screening due to laborious procedures and high cost.

Recent reports have also depicted fluorescence-based RdRp activity analyzing

strategy, by introducing a nucleic acid intercalating dye to distinguish double-
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strand RNA (dsRNA, product of the enzyme activity) from single-strand RNA
(ssRNA, enzyme substrate). Due to its simple tactics, there have been some efforts
to perform high-throughput screening with this method'>. However, the method
itself has not been inspected for its validity and suitability as the high-throughput
screening. Thus, it is yet questionable that such method guarantees the
reproducibility and reliability of the screened drug candidates. Moreover, there
are several concerns to be clarified when using the intercalating dye, including the
possibility of the signal interference by the various component other than pure
nucleic acid (such as the presence of the enzyme protein, cofactor metal ions, etc.),

which may lead to false signals.

Meanwhile, graphene oxide (GO), a two-dimensional carbon-based
nanomaterial possessing oxygen-containing functional groups, has been proven its
unique features suitable for sensor development. Such properties include the
capability of various surface functionalization chemistry, controllable selectivity
towards single-stranded nucleotides, and fluorescence quenching ability!% 7. Due
to its conspicuous characteristics, GO has been utilized for various fluorescence-

based biosensors!¥2°

with high specificity. However, only very limited examples
of GO-based sensors have been reported for the application to high-throughput

screening for antiviral drug discovery.

Here, we developed a selective quenching fluorescent nanosensor (RNA-Nano-
Graphene Oxide system, abbreviated as RANGO) to enable the quantitative
analysis of the DV RdRp activity and its application to the high-throughput
chemical screening for the rapid discovery of the viral RdRp inhibitor candidates
(Scheme 2.1). With high specificity and robustness of GO, RANGO was

experimentally validated with its reliability as the high-throughput screening
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platform. As a result of the RANGO-based, extensive screening against 2,400
FDA-approved drug library, we selected an RdRp inhibitor candidate which
showed the highest RNA replication inhibitory property. Throughout the series of
cell and animal-based evaluation, we suggest montelukast, primarily known as a
leukotriene antagonist, could function as an antiviral drug candidate against DV

by directly inhibiting the viral replication.

Principle of RANGO
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Scheme 2. 1 Strategy for the development of RANGO system for high-throughput
screening of anti-viral drug candidates.
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2.2 Result

We first developed the RdRp activity analysis technology named as RANGO based
on the detection of the difference in the fluorescence signal which is proportional
to the concentration of the newly synthesized RNA product mediated by active
RdRp. The RANGO system consists of the recombinant DV RdRp, its target RNA
template conjugated with a fluorescent dye, and nano-sized graphene oxide (NGO)
as a selective quencher (Figure 2.1). In the RANGO system, NGO plays its role
as a quencher of the fluorescence from the dye conjugated to the RNA template.
The interaction between NGO and RNA is highly dependent on the structure of
the substrate. In general, it is known that the interaction of NGO with the ssSRNA
is much stronger than that of the dsSRNA?!. The strong interaction between NGO
and ssRNA is based on n-m stacking interaction and hydrogen bonding, resulting
in a sufficiently short distance which induces NGO-mediated quenching of the
fluorescence. When the active RdRp synthesizes a complementary RNA sequence
against the template RNA, the two RNA strands form a double-stranded structure.
Then, nucleobases in the double-stranded RNA are hidden inside the helical
structure, which decreases the chance of the intermolecular hydrogen bonding
between NGO and RNA bases. Such phenomena lead to inhibition of the
fluorescence quenching that could be induced by close interaction of RNA with
NGO.

We synthesized NGO by using a modified Hummers’ method!?, which showed
characteristic height and dimension profile corresponding to the nano-sheet form
of GO in AFM analysis (Figure 2.1A, B). As shown in the IR spectra, the
nanostructure consisted of the oxygen functional groups corresponding to each
characteristic peak (Figure 2.1C). Altogether with Raman spectra analysis

showing the co-existence of D- and G-band (Figure 2.1D), the overall analytical
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data indicate the successful synthesis of NGO.
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Figure 2.2.1 Characterization of GO. (a) AFM image of GO and (b) corresponding
height and dimension profile of GO. (c¢) IR spectra of GO which clearly shows the
peaks corresponding to the oxygen functional groups. (d) Raman spectra of GO
showing the co-existence of D-band and G-band, which indicates the formation of
GO.

For the preparation of RNA template specific to DV RdRp, overall structure,
size, and the specific sequence motifs were considered. Specifically, the template
was designed to include the seed sequence motif derived from 3’UTR or 5’UTR
of DV genome to guide the activation of RdRp'4. The inclusion of the secondary
structure was not favorable, as the presence of the non-linear conformation in the

RNA can lead to the significant decrease of the interaction between the substrate
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RNA itself and NGO. Such phenomena would induce the failure of the quenching
of the fluorescence conjugated to the template, resulting in the false signal. In this
regard, the RNA template was designed to exclude any secondary structure (Figure
2.2A).

Recombinant DV NS5 RdRp enzyme was obtained via the mammalian
expression system. The obtained RdRp showed the expected replication activity
against the designed template RNA under the appropriate buffer condition,
including divalent cations (Mg?* and Mn?") at specific NTP ratio of
ATP:CTP:UTP:GTP=1:5:5:5 with pH 7.5 HEPES buffer (Figure 2.2B). In the
development of RANGO, it was critical to confirm the optimal range of NGO
content to ensure the selective quenching property against ssSRNA (representing
the unreacted substrate) over dsRNA (representing the product by enzyme). The
quenching capability of NGO in various concentrations was investigated in
presence of either fluorescence-conjugated ssRNA or the complementary dsRNA
(Figure 2.2C). The fluorescence intensity was measured individually for each
concentration of NGO. To determine the optimal NGO concentration with the
highest selective quenching capability, the difference of the fluorescence intensity
(AFL) between in presence of ssSRNA and that of dsSRNA was calculated (Figure
2.2D). It was identified that the appropriate concentration of NGO is 1.5 ug/mL
for the optimized RANGO system, which showed the highest selective quenching

ability toward ssRNA over dsRNA.
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Figure 2. 2 Optimization of the RANGO system. (A) Target substrate design
specific for DV serotype 2 RdRp. The color scale represents the probability of
each nucleotide (from blue to red, probability increases from 0 to 1), which is used
to determine the possibility of the linearity or any chance of the internal secondary
structural formation. The substrate was designed to not to generate secondary
structures simultaneously. (B) Enzyme activity of the model RdRp protein,
induced by adding 3 pmole of RNA substrate, 3.5 pmole DV2 RdRp and 0.1 mM
ATP, 0.5 mM C/U/GTP in the RdRp buffer. The lower band (22bp) represents the
ssRNA, and the upper band (~46 bp) is assumed to be the dSRNA, synthesized by
RdRp. (C) NGO concentration-dependent quenching test against the fluorescence
dye conjugated to the substrate, to derive the optimal concentration. The original
single-strand RNA (ssRNA) represents the enzyme substrate, while the
corresponding double strand RNA (dsRNA) represents the mimic of the
polymerization product by enzyme. The red arrow indicates the difference of the
fluorescence intensity (A FL) between the measured value of the fluorescence dye
conjugated to ssSRNA and that of dsRNA in presence of GO at each point. Bars
indicate mean = SEM, from three individual groups for each concentration (n=3).
(D) Determination of the quenching efficiency of GO by analyzing the AFL at
each concentration of GO. Bars indicate mean = SEM, from three individual
groups for each concentration (n=3).

To determine whether the practical operation of the RANGO system is valid,
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we prepared two RdRp buffer groups in the solution phase, which consisted of
either active RdRp and inactivated RdRp. The samples were incubated under same
condition required for the enzyme activity induction, and then the NGO was added
to each sample in the optimized concentration. A simple fluorescence
measurement revealed the distinct difference of the fluorescence intensity between
the group of active RdRp and that of inactive RdRp (Figure 2.3), indicating the

capability of RANGO for the fluorescence based RdRp activity analysis.
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Figure 2. 3 Schematic illustration of the RANGO-based RdRp assay platform (left)
and its corresponding data depicting the difference of the fluorescence intensity
between inactive RdRp and active RdRp (right). Bars indicate mean £ SEM, from
three individual experiments for each group (n=3). To determine the significance
of the data, Student’s ¢-test was performed to derive p-value. *** indicates a
significance in the change compared to the inactive RdRp control; *** for p<0.001.

Followed by the preliminary demonstration of the RANGO system, the platform
was validated with its suitability for the high-throughput enzyme inhibitor
screening assay. As the determinant standard for the reliability of assay, Z’-factor
was derived against the RANGO system. Z'-factor is a generally accepted

parameter used for system evaluation to determine the quality of high-throughput
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assay platform, of which 0.75 or higher value indicates a robust assay suitable for
high-throughput screening®?. Z’-factor of the RANGO system was calculated as
0.79, suggesting that the system is reliable and suitable as a high-throughput assay
(Figure 2.4A). To confirm its validity for the quantitative enzyme inhibition
analysis, an inhibition assay was performed with a previously known RdRp
inhibitor (aurintricarboxylic acid, ATA??) based on RANGO. With RANGO system,
we observed the inhibitor concentration-dependent decrease of the fluorescence
signal intensity, indicating that the system enabled the quantitative analysis of the

model inhibitor in a dose-dependent manner (Figure 2.4B).
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Figure 2. 4 Validation of RANGO for the application to high-throughput RdRp
inhibitor screening. (A) Significance of RANGO as a screening platform,
calculated as Z’-factor against the 20 individual replications (n=20). (B)
Fluorescence-based quantitative analysis of the representative enzyme inhibitor
activity demonstrated with RANGO system. Aurintricarboxylic acid (ATA) was
used as a model enzyme inhibitor. Bars indicate mean + SEM, from three
individual groups for each concentration (n=3).

Prior to the main screening, the performance of RANGO was compared with

the conventional gel-based RdRp activity assay. A random chemical library
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consisted of 80 analytes was examined by their RdRp inhibitory effect by using
either RANGO or the gel-based RNA assay. Under the experimental condition of
using 96-well, black-bottom plate, a single round of RANGO-based analysis was
capable of the evaluation of all the analytes in 5~10 minutes. On the contrary, a
single round of the conventional gel-based RNA assay allowed up to ~20
chemicals and required approximately an hour (which is the summation of the time
demanded for the sample transfer to gels, electrophoresis, staining, and
measurement). As a result, it took roughly ~4 hours to analyze the same numbers
of analytes with the typical gel-based assay. Such comparison indicates that the
utilization of RANGO system could significantly reduce the time and labor

required for the screening process (Figure 2.5).
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Figure 2. 5 Schematic comparison of the performance as the inhibitor drug
screening platform between the conventional gel-based RNA assay and RANGO-

based RdRp assay.

With regard to the previous data, RANGO-based high-throughput RdRp
inhibitor screening was performed against FDA-approved chemical library

consisting of 2,400 compounds (Figure 2.6). Throughout the first selection from
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the screening, we revealed the inhibitor candidate, montelukast, which showed ~

90% of enzyme inhibitory efficiency at 200 uM, as the most potent RdRp inhibitor.
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Figure 2. 6 RANGO system enables the high-throughput RdRp inhibitor screening
against FDA-approved chemical library. To simplify the analysis, the received
data was reversely converted so that the difference in the fluorescence intensity
can be easily visualized by the representative color (from white to red,
corresponding to 0 to maximum 700, respectively). First lane (symbolized by (-),
red) and the last lane (symbolized by (+), white) of each plate represent the
negative control (inactive RdRp) and the positive control (active RdRp),
respectively.

The inhibitory property of montelukast was then quantitatively measured with
various concentrations of montelukast by the RANGO system (Figure 2.7A). The
inhibition of RdRp activity by montelukast was revealed as concentration-
dependent, showing sigmoidal curve with the calculated half-inhibitory
concentration (ICso) of 38.6 uM.

To insist on the practical significance of RANGO to sort out the hit compound
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in desire, it was required to prove whether the selected RdRp inhibitor candidate
also possessed the potential as an anti-viral agent. We first designed a dose-
dependent antiviral efficacy analysis based on focus forming assay (FFA) in a
model cell, VeroE6 (monkey kidney cell), infected with DV serotype 2 (Figure
2.7B). Foci is a general unit for viral quantification, which is created by restricting
the mobility of virus with semi-solid overlay medium on cells. The focus forming
unit (FFU) was calculated individually for each group treated with the serially
diluted inhibitor to derive a dose-dependent sigmoidal plot similar to that of the
aforementioned enzyme inhibition assay. The half-effective concentration (ECso)
for the antiviral function was calculated according to the plot, with value of 5.52
puM. Such data was highly correlative with the relative expression level of the viral
RNA genome normalized by the endogenous control (GAPDH), which resulted as
a drug concentration-dependent decrease of the viral RNA concentration (Figure
2.7C). In addition, the number of foci, which represents the severity of the viral
replication and infection, significantly decreased as the concentration of the
treated montelukast increases (Figure 2.7D). The overall data support that
montelukast not only functions as a DV RdRp inhibitor but also serves as an

antiviral agent by inhibiting DV replication in the virus infection cell model.
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Figure 2. 7 The hit compound, montelukast, shows in vitro antiviral therapeutic
effect against the DV2-infected cells. (A) Chemical structure of the hit compound,
montelukast and investigation of the concentration-dependent enzyme inhibitory
effect against DV RdRp via RANGO assay. Dose-responsive sigmoidal curve with
the calculated half-inhibitory concentration (ICso) value is shown. Bars indicate
mean + SEM, from four individual groups for each concentration (n=4). (B)
Investigation of concentration-dependent antiviral effect on the hit compound via
in vitro viral focus forming assay on VeroE6 cells. Dose-responsive sigmoidal
curve with the calculated half-effective concentration (ECso) value is shown. Bars
indicate mean = SEM, from three individual groups for each concentration (n=3).
(C) Semi-quantitative RNA expression analysis on the concentration-dependent
antiviral effect of the hit compound and the corresponding cytotoxicity. (D) The
corresponding images of the viral focus of those treated with the representative
concentration of the hit compound are shown. Bars indicate mean + SEM, from
three independent groups for each concentration (n=3).

To further validate its inhibitory activity against DV replication, we selected
two human cell lines, Huh7?* and A54923 as hosts for the DV infection. Both cells
were first infected with DV serotype 2 and then, treated with the serially-diluted
montelukast. As these cells were not prone to the formation of the viral foci, the
antiviral efficacy was quantified by the comparison of the viral RNA level (Figure
2.8A). The treatment of the montelukast reduced the viral RNA genome level in
both cell lines, dose-dependently. In addition, immuno-staining of the viral NSI

protein also indicated the decrease in viral replication with increasing
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concentration of the treated montelukast (Figure 2.8B). Taken together,
montelukast effectively reduced DV replication in two human cell lines by
showing the significantly reduced level of DV RNA and viral protein NS1 upon

treatment of montelukast.
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Figure 2. 8 (A) Relative viral RNA expression analysis of the concentration-
dependent antiviral effect of the hit compound on the virus-infected human cells.
Bars indicate mean = SEM, from three individual groups for each concentration
(n=3). To determine the significance of the data, Student’s ¢-test was performed to
derive p-value. * or ** indicates a significance in the change compared to the
vehicle (PBS) control; * for p<0.05 and ** for p<0.01. (B) Investigation of
concentration-dependent  antiviral effect on the hit compound via
immunocytochemistry on human liver (Huh7) and lung carcinoma (A549) cells.

Bars indicate mean = SEM, from three independent groups for each concentration
(n=3).

Encouraged by the promising data obtained in the cell-based inhibition assays,
we next tested the systemic antiviral effect of montelukast in vivo. In general,
IFNo/B/yR-/- (AG129) mice, a transgenic mouse model highly susceptible to virus

infection, widely harnessed for infectious virus research?® 2’. Nevertheless, the
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sensitivity of this model varies among the different DV strains. Since the DV strain
we use (KUMC-29) has not been examined for its lethality against the animal
model in previous studies, it was required to investigate whether the combination
of AG129 and KUMC-29 strain is appropriate for the generation of the ‘lethal
mouse model’ that we desired for the further research. We first examined the
correlation between the quantity of the inoculated viral titer and induction of
lethality. Viral infection was induced by administration of 1x10°, 5x10°, and 1x10’
FFU of DV serotype 2 by intraperitoneal (IP) injection. According to the
evaluation, the virus strain KUMC-29 showed lethality within ~10 days after
administration at a dose of ~1x107 FFU (Figure 2.9). Therefore, we successfully
generated the lethal DV infection mouse model by using KUMC-29 DV strain

using AG129 mice.
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Figure 2. 9 Quantitative lethality analysis of the viral titer-dependent infection on
the mouse model against DV serotype2. AG129 mice was administrated with the
DV serotype 2 strain KUMC-29 in various titers, to determine the optimal
condition for the generation of a lethal infection mouse model. Bars indicate
mean + SEM, from six individual groups for each concentration (n=6). Virus titer
was determined within the range from 10° to 107 FFU. Analysis of the group
treated with each virus titer was described in blue line with the highlight indicating
the 95% confidence interval, while that of the untreated group in red. Life table
provides the individual statistical analysis of the survival rate at each
representative time point. Pearson’s chi-squared test was performed to determine
the significance of the survival model. Degree of freedom (DF) and the p-value
were calculated by the Log-rank test.
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We next tested the antiviral drug efficacy of montelukast in the DV mouse
model we generated as above. Montelukast was administered by IP injection to
the lethal AG129 mouse model generated by injection of DV, in a daily dose of 10
mg/kg/day for 10 experimental days. The positive control group was daily
administered with an equal volume of sterilized PBS by IP injection. We then
investigated whether the injected montelukast could alleviate the symptoms of
viral infection associated with lethality. As one of the well-known symptoms,
severe weight loss was observed in the lethal mouse model infected with DV prior
to death?®. Compared to the infected control group, administration of montelukast

induced the consistent maintenance of mice body weight (Figure 2.10).
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Figure 2. 10 Relative weight change after the DV2 infection followed by the
administration of vehicle or montelukast. The analysis includes data obtained upto
day 7, as the number of mice in the negative control group (vehicle treated) fell
below 2 (which was insufficient to derive standard deviation) at day 8. Bars
indicate mean = SEM.

Next, the montelukast treatment-dependent survival probability was calculated
according to the Kaplan-Meier estimate model (Figure 2.11A, B). As shown in the
graph, the injection of montelukast to the DV infected mice significantly
decreased lethality and improved survival rate (p value = 0.023). Such result was

highly correlative to the decreasing tendency in viremia (virus titer in plasma),
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clearly indicating the inhibition of the viral replication after the systemic

administration of montelukast (Figure 2.8C).
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Figure 2. 11 (A) Statistical significance analysis of the drug treatment-dependent
survival rate. The dose-dependent survival curve was plotted according to the
Kaplan-Meier estimate model. Virus-infected AG129 mice were administered with
either montelukast (Mont) or PBS (n=10 for each group). Analysis of the group
treated with montelukast was described in red line with the highlight indicating
the 95% confidence interval, while that of the untreated group in blue. Life table
shown on the right side provides the individual statistical analysis of the survival
rate at each representative time point. Pearson’s chi-squared test was performed
to determine the significance of the survival model. Degree of freedom (DF) and
the p-value were calculated by the Log-rank test. (B) Survival rate analysis of DV
infected AG129 mice after daily IP administration of montelukast. Statistical
significance was estimated by log-rank test (p=0.023). (C) Relative peak viremia
reduction analysis in plasma, performed at day 3 post infection (p.i.).
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When the viral replication propagates in the host, it is expected to induce
massive production of inflammatory cytokines from the host defense system, of

29 As montelukast showed

which phenomena known as a cytokine storm
therapeutic efficacy as a direct-acting antiviral agent against DV infection by
increasing the survival rate in a mouse model, we further investigated whether the
compound could reduce the immune response related to DV infection. Indeed, the
administration of montelukast decreased the level of representative inflammatory

cytokines including TNF, IL-6 and IFN-y as measured on the day when the virus

titer in plasma was estimated to be at the highest level (Figure 2.12).
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Figure 2. 12 Cytokine analysis against inflammatory cytokines; (TNF, IL-6, IFN-

v). * for p<0.05.

In addition, complete blood count (CBC) analysis was performed in which the
overall change in the blood components induced by the DV infection was
attenuated, such as decrease of hematocrit at severe infection, increase of

neutrophils and lymphocytes, and decrease of platelets®® (Figure 2.13).
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Figure 2. 13 The treatment of montelukast relieved abnormality in complete blood
count analysis. Bars indicate mean + SEM, from four individual groups for each
concentration (n=4). (HCT; hematocrit, NE; neutrophil, Ly; lymphocyte) To
determine the significance of the data, Student’s t-test was performed to derive p-
value. * or ** indicates a significant change compared to the vehicle (PBS) control;
* for p<0.05, ** for p<0.01 and NS (not significant) for p>0.05.

In addition to the investigation of the systemic antiviral effect of montelukast,
the specific, local therapeutic impact on the peripheral organs was also examined.
Five representative organs (spleen, liver, lung, small intestine, and large intestine)
were collected and analyzed to estimate the changes in viral load and tissue
morphology. As shown in Figure 2.14, administration of montelukast significantly
reduced the virus RNA concentration in each organ and in whole blood as well,
although the degree of the viral RNA concentration decrease is different from

organ to organ.
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Figure 2. 14 Relative DV RNA expression level analysis was performed with each
representative tissue sample (spleen, liver, lung, small intestine, large intestine
and whole blood). The overall semi-quantification of RNA expression was
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normalized by endogenous control (GAPDH) and compared against each other.
Bars indicate mean =+ SEM, from six independent mice (n=6). To determine the
significance of the data, student’s z-test was performed to derive p-value. * or **
indicates a significant change compared to the vehicle (PBS) control; * for p<0.05
and ** for p<0.01.

To determine whether the change in viral RNA concentration in each organ is
sufficient to relieve the infectious symptoms, the representative histopathology
study on liver was performed, of which the unique symptoms of viral infection are
well known?" 32 (Figure 2.15). Several pathological features of the infection
specific to liver are cell integrity loss, enlargement of the sinusoidal space and the
escalation of focal necrosis. It is generally known that the overall features of the
cytopathic effect by the viral infection would eventually lead to the generation of
the focal necrosis and apoptosis, resulting in the sinusoidal and lobular collapse
to induce liver malfunctioning. It turned out that the administration of montelukast
supported the significant maintenance of the cell integrity or the sinusoidal space,
which resulted in the sufficient density of hepatocytes similar to that of the
uninfected liver tissue. In addition, focal necrosis (labeled in black arrows) was

also diminished by size and area in the liver tissue.
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Figure 2. 15 Pathology analysis data. H&E stained images of liver section are
shown. Scale bar=100 um.
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Other organ-specific changes occur in spleen, of which size and weight
increases upon virus infection (known as splenomegaly)®*. We found that
administration of montelukast alleviated the development of splenomegaly
compared to that of the untreated group (Figure 2.16). Collectively, the data
indicate that the inhibition of DV replication by montelukast could significantly
relieve various symptoms of DV infection and achieve the comprehensive,

systemic antiviral therapeutic effect in vivo.
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Figure 2. 16 Montelukast attenuated enlargement of spleen caused by DV
infection. Presented images are representative of each group. Bars of the graph on
the right indicate mean + SEM, from three individual groups for each
concentration (n=3). To determine the significance of the data, Student’s t-test was
performed to derive p-value. * or ** indicates a significant change compared to
the vehicle (PBS) control; * for p<0.05, ** for p<0.01.
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2.3 Discussion

Being aware of the tedious and laborious procedure and the complex handling
required for the enzyme-involved parallel screening, our research was initiated
with the aim to develop a facile platform to enhance the convenience and efficacy
in the anti-viral agent discovery. To do so, we first devised the strategy to adopt
the advantage of the GO-based biosensor to convert the enzyme activity into the
quantitatively analyzable fluorescence intensity. Then we utilized the detailed
protocol of RANGO to maintain its analytic validity when applied to the high-
throughput screening. Due to the chemical stability of GO in conventional room
conditions, it provides not only convenience in the storage and management but
also the reduction of the experimental burden when operating RANGO.
Throughout Z’-factor derivation and model inhibitor analysis, our system proved
the reproducibility and reliability as the tool for the high-throughput screening of
RdRp inhibitors. As the demonstration of the practical application of RANGO, we
performed the multi-well based, high-throughput chemical screening to identify a
novel direct-acting antiviral agent against DV from the FDA-approved small
molecule library.

Categorized as an arbovirus, generally known mechanism for DV infection
starts from the mosquito bite and the virus intrudes into the bloodstream of the
host, which chronologically infects the epidermal tissues and tissue-residing
immune cells, lymph node, and then spreads out to induce systemic infection
toward peripheral organs*. It has been reported that DV shows tissue tropism after
the infection to the host, including the bone marrow, lymph node, spleen, liver,
and lung®. To prove that the RdRp inhibitor candidate we sorted out could
eventually become anti-DV drug, it was required to determine whether the drug

candidate is capable of practical viral reduction in at least one of these tissues
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stated above. We used various approaches involving series of cell and animal-
based models to evaluate the antiviral efficacy of the RdRp inhibitor selected from
RANGO-based screening. Along with the most abundant monkey kidney cell
model, we conducted additional cell experiments with the representative human
cell models as well. It was inevitable to examine whether the RdRp inhibitor
candidate we sorted out could show the practical antiviral effect in the human
tissue. After the cell-based validation, we then conducted the animal-based study
to eventually investigate the capability of the drug candidate to block the systemic
spread-out of the viral infection. We managed to consider as many factors as
possible to derive the conclusion, including the external symptoms (weight loss
and survival rate), viral reduction in whole blood and each representative
peripheral tissues, the relief of tissue-specific symptoms, cytokine level and
changes in the blood cells. Throughout the series of verification, we concluded
that the very compound, montelukast, showed a significant potential as a direct-
acting antiviral drug candidate.

Previously, montelukast is known as a leukotriene receptor antagonist®® and is
approved by the FDA for the oral administration to treat chronic asthma. Related
to viral infection, one previous report only showed that montelukast might
possibly induce the partial reduction of the vascular leakage occurred by severe
viral infection due to blocking mast cell-derived factors.>” However, no evidence
was shown to claim that the compound could inhibit virus replication in any way
and the proof-of-concept was limited to the effect of the compound toward
immune system as a leukotriene receptor antagonist. In the present study, we
performed RANGO-based massive screening and identified montelukast as a
highly potent DV RdRp inhibitor. We further performed a series of experiments to

reveal the clear pieces of evidence supporting the role of montelukast as an anti-
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viral agent. Based on the in vitro and in vivo data, we suggest that montelukast
could be adopted as a direct-acting antiviral drug targeting the DV RdRp. As far
as we know, such mechanism of action (MoA) has not been proposed in previous
studies regarding the antiviral effect of the compound. In viewpoint of antiviral
drug, montelukast may enjoy its high efficacy as an anti-DV drug by dual MoAs
as 1) a direct-acting anti-viral agent by inhibiting DV RdRp and therefore,
inhibiting viral replication to directly reduce viral titer in the body, and ii) a
leukotriene receptor antagonist to reduce the vascular leakage related symptoms
as well.

One of the biggest bottlenecks on the antiviral drug development is the rapid
evolution of the target virus. It is generally accepted that RNA viruses are more
problematic due to their contribution to the epidemic diseases and threaten global
health. The genetic instability of RNA virus leads to the continuous generation of
variants alongside the spread-out from one host to another. The speed of such
progression is much faster than other pathogens. The future development of
antiviral drugs, therefore, should be in a swift and strategic manner, with limited
sources (time, labor, and money). Regarding such situation, it is urgent to develop
the drug screening platform which is validated with its performance and efficiency.
In terms of the drug screening system, the overall data indicates that our RANGO
system is capable of rapid and reliable evaluation of the potent direct-acting
antiviral drug candidates in a high-throughput manner, which is the superior
feature compared to those of the conventional gel-based methods. Yet, regarding
that our current system is based on the laboratory-scale, the maximum number of
the analytes in a single analysis is highly dependent to the experimental apparatus
(e.g. in case of utilizing 96 multi-well plates, a single analysis is capable of the

maximum of ~80 analytes, which takes approximately 5~10 minutes for the
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quantitative analysis). Thus, future investigations for the improvement of RANGO
may consider the strategy to be applied for the massive, industrial-scale analysis
to further increase the efficacy of the screening. One of the approaches may
include the adoption of the systemic automation process, which would contribute
to the reduction of the analytical fluctuation. Also, in terms of the validity of the
repurposed drug candidate, our current results from the animal-based studies only
indicate the antiviral effect of montelukast when administered by IP injection
method in a single dose/day. Though montelukast is known to be treatable by both
IP and oral, it had been widely transcribed orally for humans, which is accepted
as more favorable treatment method. Thus, further investigation is required for
this drug to confirm both the antiviral effect via oral delivery and the optimized
dose condition in clinical trials. Hopefully, as it is generally accepted that the
systemic drug absorbance is greater by oral delivery than that of the IP, the
antiviral effect featuring the oral treatment of montelukast is indeed expected to
be positive.

In summary, we developed the RANGO system, which is cost-effective, simple
and robust RdRp activity analysis technology for the discovery of viral RdRp
inhibitor. Its application to the high-throughput screening against the FDA-
approved drug library enabled the rapid selection of the potent RdRp-specific
inhibitors. Throughout the series of studies carried out in vitro and in vivo, we
identified a highly potent compound, montelukast, as a direct-acting antiviral drug
candidate by inhibiting DV RdRp activity and subsequently, DV replication
mediated by the enzyme. Based on the significance of the preliminary data, we
suggest that this small molecule selected by RANGO possesses a great potential
to be further investigated for the practical use to combat against the DV-associated

diseases. Considering the validity of the hit compound, we insist that our system
62



could provide the accelerating option for sorting out the potent direct-acting

antiviral drug candidates at the initial stage of the drug discovery process.
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2.4 Material and Methods

Materials & Reagents

Graphite powder was purchased from Graphit Kropfmiihl AG (Hauzenberg,
Germany). Sulfuric acid (H2SO4) and hydrogen peroxide (30% in water) (H202)
were purchased from Daejung (Gyeonggi do, Korea). RNase A, Potassium
permanganate (KMnOas) and sodium nitrate (NaNOs3), Hoechst 33342, anti-mouse
IgG, and methylcellulose were purchased from Sigma-Aldrich (St. Louis, MO).
Whatman filter paper was purchased from GE healthcare (Illinois, USA). All
reagents were used ad received without further purification. DMEM (Dulbecco’s
Modified Eagle’s Medium), RPMI, 0.25% trypsin-EDTA solution and PBS (pH
7.4) were purchased from WelGENE Inc. (Daegu, Korea). CCK-8 (Cell Counting
Kit-8) was purchased from Dojindo Molecular Technologies, Inc. (Rockville, MD,
USA). MLV-RT™ reverse transcriptase was purchased from Elpis Biotech
(Daejeon, Korea). Protease inhibitor cocktail, GlutaMAX™, 10x MEM, sodium
bicarbonate were purchased from Thermo Fisher Scientific Inc. (Waltham, MA,
USA). Primers for RT-PCR were purchased from Bioneer Inc. (Seoul, Korea).
Montelukast sodium was purchased from TCI Inc (Tokyo, Japan). NTP solutions
were purchased from NEB (Messachusetts, USA). SYBR green master mix was

purchased from Applied Biosystems Inc. (California, USA).

Cloning, expression and purification of the RARp recombinant protein

The coding sequence of the full-length NS5 protein from dengue virus serotype 2
(DENV-2) was synthesized by Integrated DNA Technologies (IDT, USA). The
DENV-2 NS5 sequence was fused to the coding sequence of the N-terminal 10
His-tagged superfolder GFP (sfGFP) and inserted into the pX vector. The

expression plasmid was amplified in the E. coli strain JM109, and the purified
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plasmids were transfected into HEK293E cells. The transfected cells were
harvested four days after transfection and resuspended in the prepared buffer
supplemented with RNase A, Staphylococcal nuclease, CaClz, PMSF and protease
inhibitor cocktail. The resuspended cells were lysed by sonication. The
supernatant was collected and the desired protein was primarily purified by Ni-
NTA column. The eluted proteins were further purified using a HiLoad 16/600
Superdex 200 pg column (GE healthcare, USA). The peak fractions were pooled
and concentrated to approximately 1 mg/mL. The concentrated proteins were
flash-frozen in liquid nitrogen and stored at —80°C prior to use in inhibitor
screening assay.

Synthesis of graphene oxide

Graphene oxide was made according to the modified Hummers’ method. Graphite,
sodium nitrate, and sulfuric acid were mixed in round bottom flask and vigorous
stirring in an ice bath. After stabilization, slowly added KMnOas. The flask was
transferred to an oil bath and heated at 35°C for 1 hr. Distilled water 40 mL was
slowly dropped in the round flask in an ice bath. Then, the flask was placed in an
oil bath at 95°C for 30 min. Reactive substances remaining in the flask were
quenched by adding 5 mL of H202, and the graphene oxide solution was purified
by filtration using Buchner funnel. The purified graphene oxide was lyophilized
and finally dispersed in distilled water to a concentration of 1 mg/mL.
Characterization of graphene oxide

Size and morphology of graphene oxides were characterized by atomic force
microscope NX-10 (Park Systems, Korea). UV-Vis spectrophotometer Lambda
465 (PerkinElmer, USA) was used to obtain UV-Vis spectra. Zeta potential and
DLS analysis were performed by using Zetasizer NanoS (Malvern instruments,

UK). Raman spectra was measured by LabRAM HR UV-vis-NIR (Horiba Jobin
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Yvon, France) using an Ar ion CW laser (514.5 nm) as an excitation source focused
through a BXFM confocal microscope with an objective lens (50x, numerical
aperture = 0.50). The measurement of FT-IR spectra was performed with an
EQUINOXS5S5 (Bruker, Germany).

Development of RNA-nano-graphene oxide based viral RdRp activity assay
(RANGO)

To prepare DV serotype 2 RdRp substrate, a single strand RNA labeled with Cy5
was prepared (5’- UUUUUUUUUUUUUACUAACAACU -3°, Bioneer, Korea) in
buffer solution. Reaction mixture for measuring RdRp activity was prepared by
mixing 3 pmole of RNA substrate, 3.5 pmole DV2 RdRp and 0.1 mM ATP, 0.5
mM C/U/GTP in the RdRp buffer in 60 pL and incubated for 1 hour at 37°C. NGO
solution was prepared at 2.5 pg/mL in distilled water right before use from a 1
mg/mL stock solution. After the incubation, NGO was added to each sample at the
final concentration of 1.5 pg/mL. Reactants were transferred to a 96-well black-
bottom microplate and the eventual RdRp activity was measured by monitoring
fluorescence intensity at Ex/Em = 650 nm/670 nm with SynergyMx fluorometer
(BioTek, UK).

Z’-factor determination

The experiment was conducted in 96 well plate scale. For the positive control,
RdRp activity was induced by addition of 3 pmole of RNA substrate, 3.5 pmole of
DV serotype 2 RdRp and 0.1mM ATP, 0.5mM C/U/GTP in the RdRp buffer (60
uL). For the negative control, same volume of nuclease-free water (NFW) was
added instead of NTP solution. After 1 hour of incubation at 37°C, NGO was added
to each well at final concentration of 1.5 pg/mL. Right after the addition of NGO,
the fluorescence intensity was measured at Ex/Em = 650 nm/670 nm (n=20). Z’-

factor was derived according to the equation as follows:
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o.+ : standard deviation of the positive control

o._ : standard deviation of the negative control

Uc+ - average of the positive control

Uc— : average of the negative control

RANGO-based chemical library screening

High-throughput chemical library screening was performed against 2,400
candidate molecules from the FDA-approved chemical library (Selleckchem, USA)
with incorporation of RANGO system under the optimized condition as described
above. Each chemical was added to the RdRp activity-induced buffer solution at
the final concentration of 200 uM. For negative control, NTP was replaced with
NFW. After 1 hour of incubation at 37°C, NGO was added to each well at final
concentration of 1.5 pg/mL. Right after the addition of NGO, the fluorescence
intensity was measured at Ex/Em = 650 nm/670 nm.

Quantitative enzyme inhibition analysis

The experimental procedures were performed in 96 well plate. For evaluation of
the RdRp inhibition property of montelukast with RANGO system, the compound
solution was added to the RdRp activity-induced buffer solution in serially diluted
concentration from 0 to 1,000 uM. After 1 hour of incubation at 37°C, NGO was
added to each well at final concentration of 1.5 pg/mL. Right after the addition of
NGO, the fluorescence intensity was measured at Ex/Em = 650 nm/67 nm.
Relative RdRp activity correlative to the difference in the fluorescence signal was
plotted versus the treated drug concentration, and the ICso was calculated
according to the logistic curve-fit method applied with OriginPro 8 (OriginLab,

USA).
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Virus and cell culture

DV serotype 2 (strain KUMC-29) was kindly provided from Korea Bank for
Pathogenic Viruses in Korea University, Seoul, Korea. Monkey kidney cell line
(VeroE6) was kindly provided by Professor K. Ahn from Department of Biological
Sciences, Seoul National University. Liver carcinoma cell line (Huh-7) and lung
carcinoma cell line (A549) were purchased from ATCC Inc. (USA). The virus
stock propagation and expansion for the concentration was proceeded in VeroE6
cells. After harvest, the viruses were concentrated by ultracentrifugation at 36,000
rpm, 4°C for 3 hours. The concentrated titer was quantified by focus forming assay.
Virus titer was shown as focus forming units (FFU) per mL. VeroE6, Huh-7 cell
lines were cultured with complete DMEM medium in 5% CO2, 37°C. A549 cell
line was cultured with complete RPMI medium (RPMI with 10% FBS, 1% P/S) in
5% CO2, 37°C.

Cell viability test

CCK-8 assay was performed according to the manufacturer’s instruction. Prior to
the experiment, VeroE6, Huh-7 and A549 cells were seeded in densities of 10.5
x10%, 7.0 x 10* and 7.0 x 10* cells/cm?, respectively. After 24 hours of incubation
in 5% COz2, 37°C, montelukast was treated in serially diluted concentration for 48
hours. CCK-8 reagent was treated at concentrations of 10% v/v to each group and
incubated for 1~4 hours in the conventional cell culture condition. The
quantitative analysis of the change in colorimetric intensity was performed by
measuring the optical density of formazan salt at 450nm with a microplate reader
(Molecular Devices, Inc., USA). The experiment was carried out in triplicate, of
which data were shown as mean + SEM.

In vitro virus infection test

Prior to the experiment, VeroE6, Huh-7, and A549 cells were seeded in densities
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of 10.5 x10% 7.0 x 10* and 7.0 x 10* cells/cm?, respectively. After 24 hours of
incubation under 5% CO2, 37°C, DV serotype 2 was inoculated to each cell culture
by MOI of 0.1, 0.5, and 2.5, respectively under serum-free culture media for 2
hours. The culture plates were gently rocked every 30 minutes for even
distribution of the virus to the cells. Montelukast solutions were prepared with
serially diluted concentration in each complete culture medium containing 0.75%
methylcellulose. After the incubation, virus media was removed and the cells were
washed with sterilized PBS once, followed by the treatment of the chemical
solutions. Cells were incubated under the culture chamber for 48 hours. After the
incubation, each group was prepared for the focus forming assay (FFA) and
relative viral RNA expression analysis. For FFA, chemical solutions were removed
and the cells were washed with sterilized PBS, followed by fixation with 4 %
paraformaldehyde. For viral RNA expression analysis, cells were treated with
TRIZOL after the washing process and stored at -70°C for further analysis.
Focus forming assay (FFA)

FFA was performed against NS1 protein of DV serotype 2. Cells fixed with 4%
paraformaldehyde were rinsed with PBS for 3 times. Blocking solution was treated
for 1 hour at RT. After washing with PBS, primary antibody (mouse anti-Flavivirus
NS1, 1:2000) was treated to each group for 2 hours at RT or overnight at 4°C.
After washing with PBS, secondary antibody (anti-mouse IgG-FITC, 1:500) was
applied to each group for 1 hour at RT. After rinsing, PBS containing 10 pug/ mL
of Hoechst 33342 was treated to each group for nuclear staining. Viral focus
forming units stained in fluorescence were observed and analyzed by microscope
(Olympus, Japan).

Animal experiments

AGI129 mice (129/Sv IFN-a/B, -y receptor deficient) were purchased from
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Marshall BioResources (UK). All experimental procedures were preapproved by
IACUC of Seoul National University (Korea) and Chonbuk National University
(Korea), and were performed according to the guidelines of the recommendations
from Association for Assessment and Accreditation of Laboratory Animal Care.
As the DV is epidemic by mosquitoes, the cages with filter cover was used to
avoid any unexpected contact and contamination.

Experimental groups for in vivo virus infection test

For determination of the appropriate virus titer for infection, AG129 mice (10~12
weeks) were inoculated by intraperitoneal injection with various viral titer: 10°, 5
x 10° and 107 FFU. For evaluation of the antiviral properties of montelukast,
AG129 mice (10~12 weeks) were intraperitonially (IP) injected with DV (10’
FFU), followed by IP administration of either 200 pL of montelukast (10
mg/kg/day) or PBS. Drug treatment was performed once a day. Negative control
(uninfected group) was administered with 300uL PBS instead of virus. For drug
control group, 200uL of montelukast (10 mg/kg/day) was administered solely to
the non-infected AG129 mice.

Mouse weight loss & survival rate analysis

Weight loss and mortality state were monitored daily. In the survival analysis,
euthanized mice exhibiting severe disease-associated symptoms or rapid weight
loss were counted as moribund state at the moment of the exhibition. Each weight
was analyzed in relative percentage against that of day 0.

Complete blood count, viremia analysis, whole blood RNA expression analysis,
and cytokine bead assay

At day 3 post infection (p.i), blood was collected from each mouse and transferred
into EDTA-coated anti-coagulant tubes. After gentle mix by rocking for 10

minutes, 20 pL of each sample was analyzed for complete blood counts with
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HEMAVET 950FS (Drew Scientific, USA). Measured value of each factor was
semi-quantitatively analyzed against that of the uninfected control. For analysis
of viremia and expression change in cytokines, plasma was separated by
centrifugation at 8000 g, 4°C for 15 minutes. Virus titer in the plasma (viremia)
and viral RNA expression in whole blood was analyzed by quantitative real-time
PCR (qRT-PCR). To examine change in the expression of inflammatory cytokines
(TNF, IL-6, IFN-y), cytokine bead assay (CBA) was performed. All samples were
analyzed according to the manufacturer’s instruction (BD Biosciences, USA).
Mouse necropsy

At day 3 p.i., mice were sacrificed from each group (n=6). Organ samples (spleen,
liver, lung, small intestine, and large intestine) were collected and prepared for
the virus RNA expression analysis and histopathology analysis. Spleens were
weighed to determine splenomegaly. For the virus RNA expression analysis, half
of the spleen, liver, and lung were homogenized and treated with TRIZOL reagent
and stored at -70°C for further analysis. The same procedures were applied to the
whole samples of small intestine and large intestine. The other half of the spleen,
liver, and lung were submerged to 4% paraformaldehyde for fixation and stored at
4°C.

Relative viral RNA expression level analysis

For investigation of viral RNA expression change in the collected specimens, RNA
was isolated from each cell-based and animal-based sample treated with TRIZOL
reagent, followed by ¢cDNA synthesis aided by MLVRT™ reverse transcriptase
according to the instruction manual. For target gene amplification, each primer
was designed in consideration of GC content less than 50% and overlapping
between two exons of the target genes with the expected amplicon size of ~100

bps. Quantitative real-time PCR (qRT-PCR) was conducted to quantify viral RNA.
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Each reaction was conducted in a 20 pL volume, with SYBR green master mix.
Quantstudio3™ (Applied Biosystems Inc., USA) was utilized in this study in two-
step amplification process. For analysis of viremia, a linear correlative standard
curve was established between the virus titer (FFU/mL) and the corresponding
threshold cycle (CT) value. Virus in plasma was calculated according to the
equation of the standard curve. Standard curve was derived against serially diluted
viral titer. For cell-based groups and mice organ samples (including whole blood),
semi-quantitative viral RNA was analyzed against that of the endogenous control,
GAPDH.

Primer sequence information

Gene Forward primer Reverse primer Amplicon
(5-...-3) (5-...-3’) size (bp)

Human GAPDH TCACTGCCACCCAGAAGACTG GGATGACCTTGCCCACAGC 123

Mouse GAPDH TGACCTCAACTACATGGTCTACA CTTCCCATTCTCGGCCTTG 85

DV2 NS1 GCTCCTTCAATGACAATGCGCTGTA | CCTGAAACC CCTTCCACGAAGTC |65

Table 2. 1 Primer sequence information of human GAPDH, Mouse GAPDH, and

DV2 NS1

Pathology analysis

Organ samples fixed in 4% paraformaldehyde went through series of procedures
as follows: paraffin embedding, section, and stain with hematoxylin and eosin
(H&E) at the pathology core facility in Center for Medical Innovation, Seoul
National University Hospital (SNUH-CMI), Korea.

Statistical analysis

Data plots with concentration-dependent assays were analyzed by OriginPro 8. In
brief, logarithmic sigmoidal curves were fitted according to each data set. Error
bars indicate = SEM unless stated otherwise. Statistical significance of the in vitro

and in vivo antiviral efficacy analysis was evaluated by two-tailed ¢-test. Statistical
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significance of the survival rate was analyzed by log-rank test with R (R

Foundation for Statistical Computing, Austria).
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Chapter 3. Highly efficient and rapid neural differentiation
of mouse embryonic stem cells based on retinoic acid

encapsulated porous nanoparticle

3.1 Introduction
Neural differentiation method mediated by retinoic acid (RA) is one of the well-
known cell conversion method incorporating small molecules for the mouse
embryonic stem (mES) cell. When administered into the cytoplasm, RA binds to
RA receptor (RAR) heterodimers localized at nuclear membrane, of which
complex then activates the downstream signaling pathways to induce neural
generation and axon outgrowth!->. Several distinct strategies have been introduced
to generate neural differentiation from mES cell. One of the most common
methods is -4/+4 RA method, which involved 4 days of embryoid body (EB)
formation to activate the cells in differentiation state, followed by another 4 days
of RA treatment for neural induction*®. The wide application had been made with
a variety of modifications to the method. Yet, several disadvantages exist in terms
of the hanging drop culture process to induce the formation of EB, such as limited
EB volume, impracticable media change, and complicated procedure’. Another
RA-based method was also introduced with consistent addition of RA to
monolayer culture of mES cells®. Although the system successfully generated
neural differentiation from adherent mES cell colony, yet several limitations exist.
The repetitive addition of RA, for example, indicates a requirement for a constant
supply of enough amount of RA to interact with RAR for neural induction of
inactivated mES cells.

Although RA acts as one of the key factors for neural differentiation, some

drawbacks must be overcome, such as its low solubility in aqueous solution and
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rapid degradation by cellular metabolism®. Moreover, a fine-tuned control of the
RA concentration is required for the desired cell conversion. It is reported that the
induced cell fate mediated by RA, ranging from neuron to cardiomyocyte
differentiation, is highly dependent on its concentration'’. In addition, since RA
is incorporated into cell membrane via diffusion, the stochastic kinetics associated
with RA-RAR interaction would also be concentration-dependent. However, the
amount of RA treated cannot be increased infinitely, since the addition of RA
higher than its pharmacological concentration (>10 pM) during neural
differentiation may result in a dramatic decrease in cell viability'!. For successful
neural differentiation, therefore, it is required to enhance intracellular delivery
with minimal loss of RA and mediate its sustained, sufficient supplement to fulfill
the needs of the induction process.

Recently, considerable investigations have been made to improve the quality
of the cell conversion by incorporating various micro/nano-sized particles as
intracellular delivery carrier'>"!°. Despite several notable demonstrations of their
functional performance, yet limitations are expected with such polymeric particles
regarding on bulk synthesis for routine applications, due to considerable labor and
time required to prepare the particles with the desired characteristics. Also, it has
not been proven whether such particles would even manage higher functions such
as sustained supply of RA-sufficient enough to ensure stable neural differentiation
of the fully undifferentiated embryonic stem cells during the induction period.
Meanwhile, mesoporous silica nanoparticle (MSN) has been developed to become
one of the greatest examples of highly functionalized intracellular delivery
candidates with several unique characteristics from its own porous structure. The
tunable pore with a high loading capacity of MSN is suitable for encapsulating

numerous categories of compounds ranging from small chemical compounds or
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nucleic acids to large, hindered biomacromolecules such as protein ternary
complex without losing their functions!¢-!8, Moreover, the encapsulated molecules
would be released from the nanoparticle in a sustained manner, which makes MSN
much more powerful delivery carrier. Along with high biocompatibility, MSN can
be considered as one of the most promising intracellular delivery candidates
applicable to the various strategies in the field of cell conversion technology.
Here, we suggest an alternative cell conversion system incorporating MSN,
to derive rapid and efficient neural differentiation of mES cells with RA (Scheme
3.1). By introducing chemically modified MSN to mediate intracellular delivery,
the functional RA molecules would be concentrated around and within MSN, to
result in enhancement of their intracellular incorporation without cytotoxic side
effects. The RA molecules were sustainably released from the nanoparticle during
the whole induction period, which ensured stable generation of the RA-RAR
mediated, neural differentiation signal pathway. With the single treatment of
RA/MSN complex during the induction period, we successfully obtained neural
cells from mES cells with enhanced conversion efficiency, showing rapid and

stable expression of neural marker gene within 6 days.
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Scheme 3.1 Schematic strategy for neural differentiation of mouse embryonic
stem (mES) cell, incorporating mesoporous silica nanoparticle (MSN) and retinoic

acid (RA).
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3.2 Result

We first prepared nanoparticle carrier candidates for intracellular delivery of RA.
Though conventional MSN is known for their porous structure, its general pore
size has been limited to ~2 nm in diameter. For maximum loading capacity, we
prepared MSN to possess large pores (~19 nm in diameter) with accord to the
previously reported method!”. Moreover, as RA is known as negatively charged
small molecule!?, the nanoparticles were required to be positively charged for ease
of the complexation via electrostatic interaction. To determine the most suitably
modified nanoparticle, four distinct nanoparticles were prepared, which either
went on pore expansion process (to get ~19 nm from ~2 nm) or ammination
process (to generate a positively charged surface from the negatively charged
surface at neutral pH). In this paper, the synthesized particles are abbreviated as
followed: MSN2 for non-amminated MSN with 2 nm pore; AMSN2 for amminated
MSN with 2 nm pore; MSNi9 for non-amminated MSN with 19 nm pore; and
AMSN19 for ammintated MSN with 19 nm pore (Figure 3.1A).

The synthesized nanoparticles were analyzed by their mean pore size, surface area,
pore volume and surface charge (Figure 3.1B). First, transmission electron
microscopy (TEM) images revealed the overall morphology of the synthesized
nanoparticles. In brief, the spherical structure of the nanoparticles was maintained
with a diameter of ~200 nm after the modification processes. Next, the mean pore
size of each nanoparticle obtained from nitrogen adsorption method indicated that
the nanoparticles with pore expansion consist of pores approximately 9-fold larger
than that of without pore expansion. Then the specific surface area was calculated
by using the Brunauer-Emmett-Teller (BET) equation, which revealed the effect
of either pore expansion or amination to the surface area. Surface area was affected

by both modification process, which decreased after each process. Pore volume,
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which seemed to be only affected by pore expansion process, increased after the
process. Finally, the net charge of the nanoparticles was analyzed by zeta potential,
which revealed the effect of amination to endow positively charged surface to the

particles.

A MSN, AMSN, MSN,, AMSN,,

R

{—

B Mean pore size BET surface area Pore volume Zeta-potential
(nm) (m?/g) (mL/g) (mV)
MSN, 2 1320 0.63 -21.6
AMSN, 3 1253 0.64 20.9
AMSN,, 19 437 0.97 204

Figure 3.1 Characterization of MSN. (A) HR-TEM images of 4 different
nanoparticles. Group identification was as followed: MSN2 for non-amminated
MSN with 2 nm pore; AMSN2 for amminated MSN with 2 nm pore; MSNi9 for
non-amminated MSN with 19 nm pore; and AMSN19 for amminated MSN with 19
nm pore. Scale bars indicate 100 nm. (B) N2 absorption/desorption analysis of
nanoparticles for estimating mean pore size, BET surface area, and pore volume.

We next determined the loading capacity of the nanoparticles for encapsulation
of RA (Figure 3.2A). Prior to the studies, a standard curve for RA solution was
derived by plotting UV absorption peak value at 350nm versus the corresponding
concentration (Figure 3.2B). For loading capacity determination, nanoparticles
were soaked into RA solution in 100% ethanol and incubated up to 24 hours at
room temperature, accompanied by soft rocking. The dark condition was
maintained during the whole incubation process to avoid simultaneous photo-
induced oxidation and isomerization of RA!°. As a control, RA solution was

incubated under the same condition without the addition of nanoparticles. Samples
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were centrifuged briefly and UV absorption of the supernatant RA solution was
measured at 350 nm. The concentration of remaining RA in the solution was
calculated by referring to standard curve equation. Among all the nanoparticles,
RA solution with AMSN19 showed the lowest concentration of remaining RA after
incubation, indicating the highest loading capacity for RA. After four hours of
incubation, maximum loading capacity was calculated to be 0.18 nmole RA per 1

pg AMSNi9, which is approximately four times higher than that of AMSNo.
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Figure 3.2 Loading capacity test of MSNs. (A) A standard curve of RA in terms
of UV absorption peak value and the corresponding RA concentration. (B)
Calculated RA loading capacity to nanoparticle along with incubation time.
Loading capacity was determined by measuring UV absorption at 350 nm. Each
of the error bar indicates standard error (n=3). ** for P< 0.001 calculated by
Student’s t-test.

Followed by RA loading test, the release kinetics of each nanoparticle was
analyzed (Figure 3.3A, B). Each RA/MSN complex generated from 4-hour
incubation in RA solution was suspended in 10% ethanol solution in PBS and
incubated at 37 °C conditions for up to 10 days. The cumulative RA release
kinetics was derived from UV absorption analysis at 350 nm of the supernatant
RA solution of each sample. Compared to nanoparticles having small pores (MSN2,
AMSN>), those possessing large pores (MSN19, AMSN19) showed relatively more

sustained release kinetic profile, resulting in nearly 100% release within 10 days.
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Such data indicate that the combination of large pores and amine functional groups
of the nanoparticle could be the key factors to endow high loading capacity and
sustained release feature, which makes AMSNi9 the most suitable nanoparticle

candidate for intracellular delivery of RA among those we tested.
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Figure 3.3 Release kinetics test of RA/MSNs. (A) Cumulative RA release kinetics
on each nanoparticle along with incubation time. (B) Calculated percentage of RA
release kinetics from each nanoparticle along with incubation time. The time
period required for 50% and 95% release of RA from each RA-particle complex
are indicated on the table (t(RCso) and t(RCos), respectively). Each of the error bar
indicates standard error (n=3). ** for P< 0.001 calculated by Student’s t-test.

Prior to the differentiation study, the viability of the mES cells was measured
after treatment of the nanoparticle or its complex. AMSNi9 or RA/AMSNi9
complex was added to mES cells in various concentrations and incubated for 48
hours. Both AMSNi19 and RA/AMSN 9 hardly reduced the mES cell viability at the
particle concentration much higher than required for the actual neural induction
(20 pg/mL), indicating that AMSN19 is suitable for the sensitive cells such as

embryonic stem cell (Figure 3.4A, B).
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Figure 3.4 Cytotoxicity test of (A) AMSNi9 and (B)RA/AMSNi9 against mES

cells

We next investigated whether AMSNi19 would be efficiently internalized by the
target cells (Figure 3.5). For the convenience of trafficking, 5-
carboxytetramethylrhodamine (5-TAMRA) dye-conjugated AMSNi19 (TAMSN9)
was prepared. Prior to the particle treatment, mES cells were cultured under
feeder-free system aided by gelatin coating of the surface of the culture plate,
which facilitated the maintenance of appropriate undifferentiating growth
condition. The undifferentiated state of the cells was confirmed by the formation
and maintenance of the colony-like features. The cells were treated with 20 ug/mL
of TAMSN19 and cultured with stem cell-verified serum. Under such condition,
cells clearly maintained their colony-like formation and localization of TAMSNI19

was observed within the colonies.
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Nucleus TAMSN,, Merged

Figure 3.5 Intracellular delivery of TAMSNi19 within the mES cell colony was
investigated. Fluorescence images were taken 48 hours after the particle treatment.
Hoechst 33342 was treated to cells for nucleus staining. Images were taken with
fluorescence microscopy. Scale bars indicate 50 um (top) and 25 pum (bottom),
respectively.

The intracellular uptake of the nanoparticle complex was revealed by
fluorescence correlation analysis based on fluorescent cell images, which was
enabled by z-sectioned imaging technique with Deltavision imaging equipment
(Figure 3.6A). Taken the z-sectioned image within the colonies at the same planar,
the nanoparticles (labeled in red) were observed mostly in the cytoplasm (labeled
in blue). The successful internalization of the nanoparticles within the single mES
cell was also determined by TEM image (Figure 3.6B), which revealed that the
particles were successfully localized in the cytoplasmic area, approaching the
perinuclear region (black, hollowed dots labeled with red arrows). Such data
indicate that the nanoparticle bears the high potential to deliver the encapsulated

cargos to the colonized cells.
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Figure 3.6 Intracolonial uptake analysis of TAMSNi9. (A) Internalization of
TAMSN19 within the cell colony revealed by fluorescence correlation analysis.
Scale bar indicates 25 um. (B) Bio-TEM image of mES cell presenting internalized
TAMSN19 inside its cytoplasm. TEM imaging was done 48 hours after the particle

treatment.

To determine the effectiveness of RA/AMSN complex on the cell conversion
process, neural cell conversion was demonstrated by addition of RA/AMSN19 or
RA solution to mES cells. The amount of complex to be treated was calculated
regarding on the loading capacity and release kinetics. For RA/AMSNI9, the
required amount was 20 pg/mL to assure sustained release of approximately 10°¢
M in every 2 days when intracellular uptake occurs. 20 pg/mL of RA/AMSNI9

complex was added to mES cells and media were changed to N2B27 neural growth
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media without RA/AMSN19. As a control, 3 x 10°®* M of RA was added to induction
media and applied to mES cells. After 2 days of incubation, the media containing
either RA or RA/AMSN19 was removed and changed to N2B27 without further
addition of RA. The cellular morphological change was observed every other day
during the whole differentiation process (Figure 3.7). When the culture condition
was changed to N2B27, the majority of the cells treated with RA or RA/AMSNI19
died, while the survived ones showed a distinct, specific morphological change by
an increase in cytoplasmic portion. Specifically, cells treated with RA/AMSNI19
showed more rapid and vigorous increase in cytoplasmic portion with the distinct
morphological change to fibrous structure than that of the cells treated with RA
only. The overall morphology of the cells treated with only RA resembles that of
mES cell colonies, indicating the 2 days of induction with RA alone is not
sufficient to derive significant neural differentiation. In contrast, when the mES
cells were exposed to the neural cell culture condition without RA induction, none

of the cells survived.
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Figure 3. 7 Morphology change observation during neural induction of mES. mES
cells grown under mES cell growth media supplemented with LIF was conducted
as control. Neural induction samples were grown under N2B27 neural growth
media, with or without supplement of RA or RA/AMSNI19. Group identification
was set as followed: -RA, neural induction group without RA; +RA, neural
induction group with RA; +RA/AMSNi9, neural induction group with
RA/AMSNI19 complex. Scale bar indicates 500 um.

To evaluate whether our system successfully generated neuronal cells, total
RNA was isolated from each sample and gene expression of OCT4 (pluripotency
marker) and B-III tubulin (also known as Tujl, neural-specific marker) were
analyzed by the RT-PCR method. Relative gene expression level analysis revealed
that OCT4 was decreased in both RA and RA/AMSN19 samples, while that of Tujl
was increased. To be specific, the sample treated with RA/AMSN19 for 2 days
showed a dramatical increase in Tujl expression than that of the sample treated

with only RA by approximately ~2.5 fold (Figure 3.8A, B).
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Figure 3.8 Genetic characterization of neural differentiation. (A) mRNA
expression analysis along with neural induction time. The gel-based analysis was
repeated 5 times and the representative images were shown. OCT4, pluripotency
marker; Tujl, neural marker; GAPDH, a housekeeping gene. Group identification
was set as follows: Untreated, control mES cells without neural induction; RA,
cells induced to neurological fate by the singular addition of RA; RA/AMSN9,
cells induced to neurological fate by the singular addition of RA/AMSN19 complex.
(B) Relative gene expression of OCT4 and Tujl against that of the housekeeping
gene. Error bars indicate standard error (** for P <0.001 calculated by Student’s

t-test, n=5).

To analyze the expression of such markers in protein level, immune staining
analysis was carried out with antibodies specific to OCT4 or Tujl. The relative
marker protein expression revealed by immunocytochemistry was well correlated
with the results of mRNA expression analysis. Specifically, cells treated with
RA/AMSNI19 showed extremely low expression of OCT4, while that of Tujl was

observed to be high with fibrous network-like structure (Figure 3.9). In contrast,
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the cells induced with only RA maintained its colonial structures, with retained
expression of OCT4. Expression of Tujl was observed in both the colonies and
the independent single cells partially separated from the colony. Unlike that of
RA/AMSNI9 treated group, Tujl expression was restricted to the short fibrous-
structured perinuclear region of cytoplasm, with less elongating form.

RA RA/AMSN,,

DAPI/OCT4

Figure 3.9 Protein-level characterization of neural differentiation.
Immunocytochemistry analysis of the sample treated with only RA or RA/AMSN9
after neural induction. Scale bars indicate 50 um (top) and 25 pum (bottom),

respectively.

Cell conversion efficiency was determined by analyzing the ratio of Tujl-
positive cells out of total cells survived after the neural induction (Figure 3.10A).
Cells induced with RA/AMSNI19 showed cell conversion efficiency to nearly 90%,
while that of the RA-only-treated group showed approximately 30%. Also, axonal
elongation analysis revealed the quality of the converted neural cells, of which
group treated with RA/AMSNi9 showed approximately 4-fold longer length of
axons compared to that of the control (Figure 3.10B). Such data indicate that the
singular addition of RA alone is not sufficient to meet the RA concentration
threshold required to activate neural differentiation process, possibly due to a

rapid clearance of free RA by media change.
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Figure 3.10 Cellular analysis of neural differentiation turnover efficiency. (A)
Percentage of Tujl-positive cells against total cells. 5 representative fluorescence
images were taken for each of the experimental group and Tujl expression was
analyzed with regard to fluorescence intensity by Imagel program. >50 cells were
counted for each image. Error bars indicate standard error (** for P < 0.001
calculated by Student’s t-test, n=5). (B) The axonal growth of induced cells after
neural differentiation. Fluorescence images were taken for each of the
experimental group and axons of 50 representative cells were analyzed. The length
of the axons was measured by ImageJ program with line measurement function.
Error bars indicate standard error. Statistical analysis was perform with Student’s
t-test, ** for P < 0.001.

Conventional RA-mediated neural conversion methods required either labor-
intensive formation of EBs or constant, repetitive addition of RA to compensate
the rapid decrease in chance of interaction between RA and RAR via diffusion
during the whole cell conversion process. With RA/AMSN19, however, only 2 days
of incubation under complete media after a single incorporation of the complex
was enough to induce neural differentiation of mES cells within 6 days. Such
results indicate that with the aid of AMSNi9 amount of intracellular RA
supplement could be easily satisfied with the specific threshold of RA
concentration required for efficient initiation of neural conversion than that of the
conventional method. It is considered that AMSNi9 effectively adsorbed RA on
the surface and intra-pore area to derive high loading capacity, followed by stable
intracellular delivery and sustained, stable release of RA nearby perinuclear region

over time which led to an acceleration of neural induction. Moreover,
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neurologically induced cells by RA/AMSN19 adapted well under neural growth
media and expressed neural-specific gene marker with higher expression level
than that of the cells treated with RA alone by ~2.5 fold. Such data indicate that
RA/AMSN 9 successfully induced initiation of neural differentiation on mES cells
more efficiently than RA alone, presumably by increasing the chance of valid
interaction between RA and its nucleus membrane-bound receptor with sustained

RA release capability of AMSN19 inside cells.
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3.3 Discussion

The nanoparticle was synthesized from biocompatible silica via simple and
cost-effective process, which possesses unique properties such as tunable pore size,
high loading capacity and a broad range of modification on the surface chemistry.
By use of the pore expanded, surface modified MSN, our system successfully
facilitated the neural differentiation process of mES cells with the efficient
intracellular delivery of the neurotrophic ligand to activate the associated neural
signal pathway.
The present study is one of the various applications of our nanoparticle-based cell
conversion system. Considering the wide range of intracellular-deliverable
functional materials with MSN suggested from the previous studies, however, it
is highly convincible that our system can also be combined with other cell
conversion factors after appropriate surface modification and pore-size control of
MSN. The various association may be involved with not only traditional cell
conversion factors such as transgenes but also functional biomolecules, to induce
specific expression of signal cascades directed to desired cell conversion. The
process may require the multiple, simultaneous interactions of the chemicals and
biomolecules ‘at the right place at the right time’. Considering such demand, our
MSN-based system would be further evolved as an intracellular docking system

for the delivery of multiple factors.
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3.4 Materials and Methods

Materials and reagents

Cetyl trimethyl ammonium bromide (CTAB) was purchased from Acros (New
Jersey, USA). 3-Aminopropyltriethoxysilane (APTES), tetramethyl orthosilicate
(TMOS), toluene, dimethylsulfoxide (DMSO), mesitylene (trimethyl benzene,
TMB), HOECHST 33342, retinoic acid (RA), and beta-mercaptoethanol,
mitomycin C, primary rabbit anti-mouse Tujl, secondary anti-rabbit IgG were
purchased from Sigma-Aldrich (St.Louis, MO, USA). Sodium hydroxide was
purchased from Junsei Chemical Co. (Tokyo, Japan). All reagents were used as
received without further purification. DMEM (Dulbecco’s Modified Eagle’s
Medium), 0.25% trypsin-EDTA solution and PBS (pH 7.4) were purchased from
WelGENE Inc. (Daegu, Korea). CCK-8 (Cell Counting Kit-8) was purchased from
Dojindo Molecular Technologies, Inc. (Rockville, MD, USA). ES-qualified FBS
was purchased from Biowest (Riverside, MO, USA). Leukemia inhibitory factor
(LIF) was purchased from Peprotech Inc. (Rocky Hill, NJ, USA). Superscript™
reverse transcriptase, N2 media supplement, B27 media supplement, neurobasal
media, DMEM/F12, GlutaMAX™, and non-essential amino acid (NEAA) were
purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). Primers for
RT-PCR were purchased from Cosmo Genetech. Inc. (Seoul, Korea). Mouse
embryonic stem (mES) cell line and STO cell line were purchased from ATCC Inc.
(Manassas, VA, USA). Primary rabbit anti-human/mouse OCT3/4 was purchased
from R&D Systems (Minneapolis, MN, USA). Vectashield™ mounting solution
containing DAPI was purchased from VWR (Radnor, PA, USA). EmbryoMAX®
0.1% gelatin solution was purchased from Millipore Inc. (Darmstadt, Germany).
Preparation of MSN;, AMSN9 and TAMSN 9

To prepare MSN, 3.94 g of CTAB dissolved in 1M NaOH solution was added to
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methanol/water solution, followed by aging overnight after adding 1.3 mL of
TMOS to a mixed solution with vigorous stirring for 10 min. The synthesized
MSN was filtrated with 200 nm membrane after centrifugation and washing by
using ethanol and water more than three times. The collected product MSN2 was
named after its pore size. To expand the pore size of MSN2, 20 mL of 1:1 mixture
(v/v) TMB and water were added to MSN dissolved in ethanol and then the mixed
solution was placed in an autoclave at 140°C for 2 days. The resulting white
powder was washed with ethanol and water 5 times each. To remove the template,
12 M of HCI was added to MSN suspension dissolved in ethanol and the mixed
solution was placed in an autoclave at 140°C overnight to derive MSNi9. To
prepare amine functionalized MSN (AMSN19), the template extracted product was
suspended in 10 mL of toluene, followed by the addition of 1 mL of APTES. The
suspension was refluxed overnight and then the mixture was filtered and washed
with ethanol and water. The resulting product was dried and collected with white
powder. For the preparation of TAMRA-conjugated AMSNi9 (TAMSNi9),
AMSN19 was suspended in DMSO (30 mg/mL) and 10 pL of N-hydroxysuccinimyl
(NHS) ester-activated carboxytetramethylrhodamine (TAMRA-NHS) solution
(2.5 pg/mL) was added to the suspension. After horizontal shaking at room
temperature for 3 h, the product was centrifuged and washed with ethanol and
water over 5 times. The resulting product was dried and collected as pinkish
powder, which was dissolved in water for TAMSN19 working solution.
Characterization of MSN2 and AMSN9

The pore size, surface area, and pore volume of the MSN particles were analyzed
through nitrogen sorption experiments. Nitrogen adsorption isotherms were
obtained by using a NOVA Surface Area Analyzer (Nova 2200e, Quantachrome

instrument, USA). Prior to the measurements, the samples were degassed for 12 h
97



at 573 K. The specific surface area was calculated by the Brunauer-Emmett-Teller
(BET) equation using the adsorption data obtained in the pressure range P/P0 =
0.05 ~ 0.2, whereas the pore size distribution was analyzed with the adsorption
branch of the nitrogen adsorption isotherm according to the Barrett-Joyner-
Halenda (BJH) algorithm. The morphological study was carried out by using
transmission electron microscopy (TEM, LIBRA 123, Carl Zeiss) and zeta
potential was measured by zeta sizer NS90 (Malvern, UK).

Preparation of RA solution

IM RA stock solution was prepared by dissolving RA powder with DMSO and its
10ul-aliquots were covered with foil to avoid photo-induced isomerization and
oxidation and stored in -20 °C. The working solution was freshly made every 2
weeks with optimized dilution process of the stock solution with 100% ethanol.
For the derivation of a standard curve of UV intensity against RA concentration,
various concentration of RA solution was prepared and each of their UV spectra
was measured with UV spectrometer. Then the standard curve equation was
derived by plotting maximum UV absorption value of each spectrum at 350 nm
against the corresponding RA concentration.

RA loading test on MSNs

For investigation of RA loading capacity, 100 png AMSN19 was soaked into RA
solutions in 100% ethanol in various concentrations and incubated at RT up to
overnight. MSN2 was treated as same as AMSNi9 for a control group. Incubation
was done under the dark condition to ensure RA stability. Loading capacity was
determined by comparison of UV absorption spectrum of each sample. For
stability test, UV absorption analysis before and after vigorous mechanical
stimulation via vortex was done.

RA release test on MSNs
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For investigation of RA release kinetics, each RA/MSN complex generated from
4-hour incubation in RA solution was then suspended in 5% ethanol solution in
PBS and incubated at 37 °C conditions for up to 10 days. The calculated value of
RA released from the complex was derived by analyzing the change in UV
adsorption value at 350 nm of the supernatant RA solution of each sample. The
UV adsorption peak value was measured every other day, and the calculated
amount of RA was summated to each of the previous data.

mES cell culture, maintenance, and preparation of feeder-free culture system
Prior to mES culture, feeder cells were prepared by treating mitomycin C to STO
cell line and plated onto T-25 flask. The cells were cultured with mES culture
basal media, containing ES-qualified FBS, B-mercaptoethanol, and nonessential
amino acid. After 24 hours, mES cells were thawed and plated onto the feeder
cells and cultured with complete mES media with the addition of LIF until the
colonial formation of the cells were stabilized. mES cells were maintained under
feeder-dependent culture system to ensure stable undifferentiated state during
conventional culture state. For the research, mES cell culture system was changed
to the feeder-free system. Cells were treated with 0.25% trypsin and plated onto
0.1% gelatin-coated 60mm culture dish, followed by repetitive subculture for
every 2 days onto a gelatin-coated dish to eliminate feeder cell layer.
Cytotoxicity test

mES cells were seeded on the gelatin-coated 96-well plate and cultured with
conventional mES culture media for 24 hours. AMSNi9 or RA/AMSNi9 was
treated to the culture plate in a various concentration ranging from 0~50 ug/mL
and incubated for 48 hours on 37°C, 5% CO2 condition. After incubation, cells
were washed twice with PBS and added to complete mES media mixed with 10%

CCK-8 reagent, followed by 1~4 hour incubation in the conventional cell culture
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condition. The quantitative analysis on the change in colorimetric intensity was
done by measuring the optical density of formazan salt at 450nm with a microplate
reader (Molecular Devices, Inc., USA). The experiment was carried out in
triplicate, of which data were shown as mean + SEM.

Intracellular uptake test

mES cells were seeded on the gelatin-coated plate and cultured with conventional
mES culture media for 24 hours. For intracellular uptake test, AMSNi9 labeled
with TAMRA dye (TAMSNi9) was used. TAMSNi9 was made by previously
optimized methods and treated on the plated mES cells and incubated for 48 hours
in 37°C, 5% COa. Prior to the sampling, cells were treated with HOECHST 33342
for nuclear staining, and the media was removed after 15 minutes. Then the cells
were washed twice with PBS and fixed with 4% paraformaldehyde. Each colony
was observed with Deltavision (GE healthcare) to verify intracellular uptake of
TAMSN19 within colonies. Images were repeatedly gained at various planar
orthogonal to the z-axis. Fluorescence correlation analysis was done by line
profiling of the z-sectioned image #3, which showed the clearest image of the
nucleus and the nanoparticle within the colonial structure.

Neural differentiation of mES cells

Neural induction of mES cells was performed with either addition of only RA or
RA/AMSNi9 complex. Specifically, 10° M RA or 25 pg RA/AMSNio
(corresponding to 3 x 10® M of RA included) was treated with mES cells with
complete mES media for 2 days. Groups without any induction were cultured as a
negative control. After 2 days, the media was changed to neural cell culture media
N2B27. Media was changed every other day.

RT-PCR

RNA was isolated from each sample with TRIZOL reagent, followed by cDNA
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synthesis aided by Superscript™ reverse transcriptase according to the instruction
manual. For target gene amplification, each primer was designed in consideration
of GC content less than 50% and overlapping between two exons of the target
genes. Primer sequence was confirmed as follows: for OCT4, 5’-
GCTCAGCCTTAAGAACATGTGTAAGC-3 was used as forward and 5°-
GCCTCATACTCTTCTCGTTGGGA-3’ for reverse primer. For Tujl gene, 5°-
TCAGCGATGAGCACGGCATA-3’ for forward and 5’-
CACTCTTTCCGCACGACATC-3’ for reverse primer were used. PCR analysis
was done with optimized annealing temperature condition ranging from 50 to 60.
Immunocytochemistry

For immunocytochemistry, mES cells were plated onto gelatin-coated cover glass
and treated with either RA or RA/MSN, followed by the neural differentiation
process previously stated. After fixation with 4% paraformaldehyde, cells were
blocked by treating 10% (v/v) FBS and 0.01% (v/v) Tween-20 in PBS for 30
minutes, followed by overnight incubation with primary antibodies (Tujl: Rat
anti-Tuj1, 1:200 / OCT4: Rabbit anti-OCT4, 1:100) at 4°C. After washing with
PBS twice, secondary antibody corresponding to each of the primary antibodies
was applied (Anti-Rat IgG, 1:1000 / Anti-rabbit IgG, 1:1000). After 2-hour
incubation at RT, samples were rinsed twice with PBS and each cover glass was
removed from culture plate and mounted to slide glass with Vectashield™

mounting solution containing DAPI.
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3.5 Conclusion

In conclusion, we introduced an improved method for the in vitro demonstration
of the RA-mediated neuronal differentiation from the mouse embryonic stem cell
colony, with the incorporation of AMSNi9 as the intracellular delivery carrier. We
expect that our system would attribute to providing more options to facilitate the
successful cell in the complicated cell conditions, leading to the derivation of

meaningful fundamental studies in the near future.
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Chapter 4. Non-viral, direct neuronal reprogramming
from human fibroblast using a polymer-functionalized

nanodot

4.1 Introduction

Throughout the lifetime, the gradual loss of the neural network has been
considered as an inevitable event. Severe neural loss may lead to numerous brain-
associated dysfunctions, including the loss of memory and language impairments!.
It is expected that more than 50 million people in the United States suffer from
neurological dysfunction, and the expenses required for the treatment would
record as high as approximately $500 billion?. To combat such problems, several
studies have focused on the cell replacement strategy such as the replacement of
the injured neurons to healthy neurons®. As the concept of cell reprogramming has
drawn much attention recently, there have been numerous efforts to generate the
rare functional cells in high demand from the abundant easy-to-obtain somatic
cells®. Among various cell engineering strategies, direct cell reprogramming has
gained much interest due to its unique cellular mechanism. Unlike
transdifferentiation, which bypasses the pluripotent state to induce the desired cell
fate, direct reprogramming involves the generation of the intermediate multipotent
precursor cells. In other words, direct reprogramming is the cellular engineering
process that involves the intermediate ‘breakpoint’ before the final differentiation
stage’.

To accomplish the successful artificial control of the desired cell fate, it is
required to develop the promising intracellular gene delivery reagent which would
ensure the stable transfection. Virus-originated vectors have been used most

frequently due to their high transfection efficiency, hence the intrinsic limitations
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including the tumorigenesis are yet to be overcome®. On the other hand, non-viral
vectors with the application of the cationic polymers and liposome-like materials
have drawn much attention as the alternatives, but several drawbacks have been
constantly depicted including the high toxicity issues and relatively low

transfection efficiency’” 8

. Besides, although liposomal materials have been
practically used, several specific concerns are still on debate considering the
instability in the colloidal solution, low loading capacity, and short circulation
half-life.

Regarding the history of the transfection reagent, it has not been long since the
concept of the nanomaterial-based intracellular delivery carrier has emerged.
When the materials turn into a nano-size, various unexpected properties that differ
from those of the originals in bulk could be revealed” '°. Carbon-sourced nanodot,
for example, has primarily drawn attention for its unique optical properties and
considered as one of the upcoming promising candidates applicable to the energy
conversion !! or optoelectronic devices '2. Recently, various fabrication methods
of the nanoparticle have been proposed to enhance the biocompatibility !> or the
loading capacity® '#"'°. Since then, numerous attempts have been made to apply
the functionalized carbon nanodots to the fields of biotechnology, including
biosensor for imaging and the drug delivery carrier biomolecules !7-23.
Nevertheless, it has not been fully guaranteed whether the carbon dot could be
further utilized as the reliable transfection reagent applicable for cell engineering.
Here, we developed a polymer-modified nano-reagent (Polymer-functionalized
Nanodot, PolyN) for the safe and highly efficient, non-viral direct cell
reprogramming (Scheme 4.1). We demonstrated a direct reprogramming of human

fibroblast to a neuron-like cell, incorporating a single reprogramming factor SOX2

with PolyN. PolyN enabled a highly efficient intracellular delivery and semi-long-
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term expression of the functional transgene in the human fibroblast. In this paper,
we discuss distinct pieces of evidence to claim that a single induction of the
spontaneous, transient gene expression by PolyN is sufficient to support the whole

process of the direct cell reprogramming.

a Non-viral direct reprogramming )
Human hNSC-like neurosphere Neuron-like cell
fibroblast (PolyN-iNSC) (PolyN-iN)

PolyN-madiated Neural differentiation

induction
J
Supercoiled
plasmid DNA Polymer-coated o
(pDNA) carbon dot Cationic outer
\ (PolyN) + layer

sp? carbon
core

PolyN/pDNA complex

Scheme 4. 1 A novel polymer-functionalized nanodot (PolyN) showed successful

performance on the stable, non-viral intracellular transgene delivery.
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4.2 Result

Synthesis of PolyN consisted of a biocompatible carbon source material (citric
acid), and the cationic polymer (PEI, 25 kDa) for the endowment of the surface
functional groups (Scheme 4.2). It has been reported that the cytotoxicity and the
endocytotic ability of a cationic polymer are directly proportional to its size
(including polymer length and dimensional factors) **. We hypothesized that if we
could functionalize the cationic polymer around the nano-sized particle, it may
relieve the membrane stress while the endocytosis is proceeded and increase the
cell viability. In this regard, we intended to generate a particle in size of less than
~20 nm in diameter with polymeric moieties remaining at the surface, as if the
cationic polymers are surrounding the carbon core. An instant and spontaneous
hydrothermal reaction associated with the carboxylic acid group and the imine
group was believed to be the key to ensure the successful synthesis of the
nanomaterial we desired. To realize this, we chose to adopt the microwave-based

method and adjust the reaction time under 10 minutes.

Polymer

layer
o OH Hydrothermal -~

o) o) H
CH, oH reaction

: )
CH OH
OH n \

Citric acid PEI sp? carbon
PolyN core

Scheme 4.2 Overall scheme illustrating the synthesis method of PolyN.

The synthesized PolyN particles were stably dissolved in the aqueous form,
resulting in the transparent yellowish solution without any precipitation under
room temperature. Moreover, exposure to UV light irradiation led to the distinct

blue-luminescence of the particle solution. The specific optical property of PolyN
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could be interpreted by the UV-Vis absorption spectra, which showed a distinct
shoulder at ~230 nm associated with the n—n* transition of the carbonized core
aromatic region 2°, and a sharp peak at 360 nm which indicates the n- n* transition
of the surface functional groups 2¢ (Figure 4.1A). 3D Photoluminescence profile
scanning of PolyN showed distinct fluorescence peaks, which shared the same
maximum emission peak around the wavelength of 450 nm (Figure 4.1B). In detail,
the difference between the major and the minor peaks was shown at the maximum
excitation wavelength, of which the major was recorded at 360 nm while that of

the minor was around 260 nm.

A B 360 nm ex. 1000
230 nm ‘ 450 nm em. 6000
_ 5000
o |
<- -4000]
c 260 nm ex. 3000
.%- 450 nm em. 9000
o N - 1000
2 360 nm
< 0
400
500
200 300 400 500 e 50 Ex
Wavelength (nm) wavelength (nm) wavelength (nm)

800 Hop

Figure 4.1 Characterization of the synthesized PolyN (I). (A) Absorption property
of the PolyN under UV/VIS spectrophotometry. (B) 3D Photoluminescence profile
scanning of PolyN. The wavelength range is shown as follows; 200~700 nm for

the excitation, 300~800 nm for the emission.

Next, the overall spherical morphology of the particle could be observed by
HR-TEM (Figure 4.2A). No signs of any lattice-like parameters were detected,
indicating that the synthesized PolyN has the property of an amorphous carbon
dot. The size distribution of PolyN ranged from 2 nm to approximately 10 nm
(with an average of 6.04+0.23 nm), which was the ideal size range we expected.

Raman spectra analysis clearly showed the D peak and G peak, which refers to the
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sp? hybridization (Figure 4.2B).
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Figure 4.2 Characterization of the synthesized PolyN (II). (A) Morphological
analysis of PolyN by HR-TEM. The representative image is shown. The size bar
indicates 5 nm. The particle size distribution was analyzed by Image J (n=60
particles). (B) Raman spectroscopy showing the D peak and G peak indicating the

formation of the sp? carbon.

Moreover, FT-IR spectra analysis not only revealed several representative peaks
assumed to be derived from the precursor molecules such as 1020~1250, 1375,
and 1705 cm™' representing the C-N stretching, C-H bending, C=O stretching,
respectively, but also several specific peaks including 1558 cm™! indicating C=C
stretching of the aromatic group and a broad absorption band at 2500-3500 cm™!
attributed to —OH stretching as well (Figure 4.3). The overall set of data indicates
that the PolyN was proven to possess the broad features of a typical carbon-

sourced nanodot, including the unique optical properties.
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Figure 4.3 FT-IR comparison of PolyN. Comparison analysis of the FT-IR peaks
of the synthesized PolyN and the precursor candidates (PEI: polyethyleneimine,
CA: citric acid). Representative peaks indicating functional groups as follows: the
range of 1020-1250 cm™! for the C-N bond of the amine groups; 1375 cm™! for the
C-H bending in alkane groups; 1558 cm™' for the N-H bending in the primary and
secondary amine groups and C=C streching in aromatic groups; 1705 cm™! for C=0
in the carboxylic acid groups; and broad absorption at 2500~3000 cm™' for —-OH

stretching in carboxylic groups.

Also, the surface charge of the carbon dot fabricated with citric acid alone (CD
from CA), raw PEI, and PolyN was determined by zeta potential analysis (Figure
4.4). Compared to that of either CD from CA or raw PEI, PolyN showed
moderately positive charge on average of 8.4 = 1.2 mV. Such data indicate that the
administration of PEI in the particle synthesis endowed the positive surface charge

to the product (PolyN), allowing the complex formation with the negatively
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charged pDNA.
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Figure 4.4 Zeta potential analysis of the particles. Comparison of the zeta
potential of carbon dot fabricated from citric acid alone (CD from CA), raw PEI,
and PolyN.

Followed by the characterization of the synthesized PolyN, we then investigated
its potent capability as a gene carrier (Figure 4.5A). Raw PEI was used as a control,
for its conventional utilization as the daily non-viral transfection reagent. A fixed
amount of each reagent was used to make a complex with the reporter gene-
inserted recombinant plasmid DNA (pGFP) in various ratios. It was revealed that
1 ng of PolyN was feasible to carry a maximum of 25 ng of pGFP, which was

approximately 2.5-fold higher than that of the raw PEI (Figure 4.5B).
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Figure 4.5 Non-viral intracellular gene delivery with PolyN. (A) Schematic

illustration of the PolyN-mediated non-viral gene delivery. (B) Comparison of the

loading capacity of PolyN and raw PEI against pGFP.

We made the PolyN/pGFP complex with a fixed ratio of 1:25 (pg PolyN: ng
pGFP) and named it as a ‘1 complex unit (CU)’. The surface charge of each
complex was also examined (Figure 4.6). Unlike that of PEI/pGFP, which showed
a substantially positive surface charge of 35.5 £ 0.4 mV, PolyN/pGFP complex

showed a nearly neutral surface charge of 0.8 = 0.4 mV.
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Figure 4.6 Comparison of the zeta potential between PEI/pGFP complex and
PolyN/pGFP complex.
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To further determine the cell viability and transfection efficiency, model cell-
based tests were performed. Human fibroblast (HF) was adopted for the model
cell in each test. First, for the evaluation of the cell viability, each material (raw
PEI, PolyN, PEI/pGFP, and PolyN/pGFP) was treated in serial concentration to
HF. It was revealed that both PolyN and PolyN/pGFP complex showed
significantly higher cellular viability than those of the PEI and PEI/pGFP complex,

respectively (Figure 4.7).
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Figure 4.7 Cell viability of raw PEI, PolyN, and their complex form with pGFP
(PEI/pGFP, PolyN/pGFP) administered to HF. The comparison was done between
the raw PEI and PolyN, PEI/pGFP, and PolyN/pGFP complex, respectively. Bars
indicate mean = SEM, from three individual replicates in each group (n=3) unless
stated otherwise. To determine the significance of the data, one-way ANOVA was
performed to derive p-value. ** or *** indicates the significance of each cell
viability of the PolyN and PolyN/pGFP complex compared to that of the PEI and
PEI/pGFP complex as control, respectively; ** for p<0.01 and *** for p<0.001.

Next, for the analysis of transfection efficiency involving PolyN, a reporter gene

delivery test was performed. 20 CU of PolyN/pGFP complex was treated to HF,
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which showed almost 100% cell viability according to the plotted data in Figure
4.7. As a positive control, PEI/pGFP was treated in the confined condition which
was preliminarily determined according to the instruction manual. After 72 hours
of incubation, we observed the cells with an optical microscope to investigate the
cellular morphology and qualitative gene expression (Figure 4.8A). The overall
tendency of the cytotoxicity showed a high correlation with the previous cell
viability analysis. In brief, compared to cells treated with raw PEI or PEI/pGFP
complex, those treated with either the PolyN alone or the PolyN/pGFP complex
significantly maintained their viability under each optimized transfection
condition. To our surprise, when the cells were treated with PolyN/pGFP complex,
the reporter gene expression was significantly enhanced compared to that of the
PEI/pGFP group. Moreover, flow cytometry analysis revealed that PolyN
facilitated the efficient reporter gene expression up to 40.8 %, which was over 2-

fold higher than that of the PEI/pGFP group (Figure 4.8B).
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Figure 4.8 Reporter pDNA (pGFP) transfection analysis with PolyN, with

comparison to PEI. (A) Optical observation of the reporter gene (GFP) expression.
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NT, non-transfected control; PolyN mock, treated with only PolyN particle; PEI
mock, treated with only PEI; pGFP mock, treated with only plasmid DNA
encoding GFP (pGFP); PEI/pGFP, transfected with pGFP loaded on PEI;
PolyN/pGFP, transfected with pGFP loaded on PolyN particle. White bars indicate
100 um. (B) Comparison of the transfection efficiency by flow cytometry. Each
value of the transfection efficiency is labeled on the graph. Bars indicate mean +
SEM, from three replicates for each group (n=3). To determine the significance of
the data, one-way ANOVA was performed to derive p-value. ** indicates the
significance of the transfection efficiency of the PolyN compared to the PEI

control; ** for p<0.01.

The duration of the gene expression induced by PolyN lasted up to ~2 weeks,
while that of the conventional PEI completely disappeared within 4 days (Figure
4.9). Such a set of data provided the evidence that PolyN is not only biocompatible
but also suitable for the efficient, semi-long-term intracellular delivery of the

recombinant genes.
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Figure 4.9 Duration of transgene expression by PolyN and conventional PEI. The
duration of the reporter transgene expression induced by PolyN was compared
with that of the conventional PEI. PolyN enabled the semi-long-term gene
expression for up to 2 weeks, whereas PEI only facilitated the short-term gene

expression up to only several days.

To further prove the potency of PolyN as a reliable transfection reagent for cell
engineering, we searched for a representative cell conversion model involving the
overexpression of a single gene. SOX2, known as the member of the Yamanaka
factors 27, has been reported to play a critical role in the differentiation of the
pluripotent cell to the neural progenitor state and its maintenance 2% ?°. Recent
studies claimed that the overexpression of a single SOX2 gene on the human
somatic cell is enough to turn on the switch to activate the cellular plasticity and
generate the neural stem cell-like precursor, which was capable of the further
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differentiation into the neuron-like cell 3% 3!, In this regard, we decided to
investigate whether PolyN would support the SOX2-mediated generation of

neuron-like cells from the human fibroblasts (Scheme 4.3).

PolyN-mediated direct reprogramming (initiation process)
Human fibroblast NSC-like int.ermediate
(PolyN-iNSC)
P;g;:é PolyN-mediated
b g SO0X2 induction
> Phase 1/2 -~

Scheme 4.3 Schematic illustration for the induction of the neural stem cell-like
intermediate cells (phase 1 and 2) from human fibroblasts incorporating

PolyN/SOX2.

First, pPDNA with a gene insert encoding SOX2 (pSOX2) was mixed with PolyN
particle to produce the PolyN/pSOX2 complex. Human fibroblast was treated with
the complex and incubated under the optimized condition suitable for the neural
stem cell growth. It has been reported that several specific morphological changes
would be detected during the SOX2-mediated cell reprogramming process,
including the generation of the spherical colonies similar to that of the
neurosphere 3% 33, When the cells were treated with PolyN/pSOX2 and cultured
under the neural stem cell growth condition, a gradual colony-like formation
appeared during the first 7 days (phase 1) (Figure 4.10). As the colonies went on
to a vigorous detachment from the bottom of the culture plate, they were collected
and transferred to the uncoated plate for further growth. After a couple of days of
incubation, the colonies grown in the sufficient size were picked, separated into
single cells, and seeded on the laminin-coated flask to fully accomplish the

intermediate state (phase 2).
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Figure 4.10 Cell morphology analysis during the overall direct cell
reprogramming process (I). The first stage represents the induction of the
intermediate state. To distinguish the time-point in which representative
morphological change (colony-like formation) occurs, the intermediate state

induction was split by two phases (phase 1 and 2). Scale bar indicates 100 um.

To confirm whether the characteristics of the intermediate state resemble those
of the neural stem cell, each cell group at the end of phase 1 and 2 (day 7 and 14,
respectively) was examined by the overall mRNA expression level of the major
neural stem cell markers (SOX2, NESTIN) (Figure 4.11). In the cells treated with
PolyN/pSOX2, mRNA expression of SOX2 reached its maximum level at day 7,
which was approximately 100-fold higher than that of the human neural stem cell
(hNSC). Though the expression of SOX2 steeply decreased on day 14, it
maintained a distinct level which was still comparable to that of the hNSC. In the
case of NESTIN, the expression level showed a gradual increase, reaching the
maximum peak of ~0.7 fold of that of the hNSC on day 14.
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Figure 4. 11 Analysis of the degree of the overexpression of the transgene, SOX2,
represented in a log scale (left) and comparison of the relative mRNA expression
of NESTIN (right). GAPDH was used as an endogenous control for each analysis.
Each gene expression level of hNSC was included in the graph to show the
standard expression level, and those of untreated HF (NT) was set as the negative

control.

Followed by the mRNA expression analysis, immunostaining revealed that the
protein expression level of each hNSC markers of the PolyN-iNSC also correlated
well with that of the mRNA expression (Figure 4.12). In detail, the expression of
SOX2 was detected at the early stage of phase 1 (day 7) and maintained firmly
until the end of phase 2 (day 14). In the case of NESTIN, its protein level could
not be observed until phase 2, though the mRNA expression level was detected
from phase 1. Referred from the previous studies, we conjectured that such
‘translational delay’ could be attributed to the time required for the maturation and

transportation of the mRNA during the state transition 4.
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PolyN-iNSC

(Scale bar: 100 um)

Figure 4.12 Immunocytochemistry analysis for the visualization of the expression
of the representative neural stem cell markers during the generation of PolyN-
INSC.

To further determine the duration of the intermediate state, we maintained
clones of PolyN-iNSC in the neural stem cell culture condition and tracked down
the expression of hNSC markers up to 4 weeks (Figure 4.13). On day 28, it was
observed that the expression of both SOX2 and NESTIN was completely

diminished. Such data indicate that the previous claims that the upregulation of
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NESTIN is highly correlated with the overexpression of SOX2, and that the
‘cellular plasticity’ endowed by the expression of both markers is not permanent

in the intermediate state.

hNSC media

(Scale bar: 100 pm)

Figure 4.13 Detailed immunohistochemical analysis of the intermediate
multipotent state. Cells treated with various combinations of pSOX2 and PolyN
were analyzed by immune staining against neural stem cell markers (SOX2,
NESTIN). Plus (+) and minus (-) symbols indicate the inclusion or exclusion of
the factor. For cells treated with PolyN/pSOX2, time-dependent trafficking was
performed up to 4 weeks to investigate the whole induction process and the
duration of the neural stem cell-like intermediate. White scale bars indicate 100

pum.

On day 14, each group of cells was collected and stained with the marker-
specific antibodies conjugated with specific dyes, and their population for the
marker-positive cells was analyzed by flow cytometry. As shown in Figure 4.14A,
approximately 80% of PolyN-iNSCs was turned out to be SOX2-positive on day
7. Although a slight decrease in the population was observed at the end of phase
2, still the calculated percentage score reached as high enough as ~60%. Along
with the mRNA expression analysis, these data highly support the claim that the

gene expression facilitated by PolyN could last at least 2 weeks. To confirm the
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efficiency of the generation of intermediate cells, the ratio of the SOX2/NESTIN
double-positive cells out of the whole population was analyzed (Figure 4.14B).
With the correlation with the previous data in mRNA and protein level, the
population of the SOX2/NESTIN double-positive cells was merely detected until
day 7, and a dramatic increase of the population to ~17% was observed on day 14.
Such data indicate that the generation of the intermediate cells may have been
started at the end of phase 1, which explosively increased and reached its peak
level at the end of phase 2. The overall results not only depict that the intermediate
cells show a neural stem cell-like property but also highly support the hypothesis
that only a single administration of the nanoparticle complex is enough to initiate

the direct cell reprogramming.
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Figure 4.14 Flow cytometry analysis of turnover rate between the direct
conversion to the intermediate multipotent state. (A) shows the ratio of the single
SOX2-positive cells in each group, while (B) shows the SOX2/NESTIN double-
positive cells. Bars indicate mean = SEM, from three individual replicates in each
group (n=3) unless stated otherwise. To determine the significance of the data,
one-way ANOVA was performed to derive p-value. * or ** or *** indicates a
significant change induced by PolyN/SOX2 compared to the vehicle (NT) control;
* for p<0.05, ** for p<0.01, and *** for p<0.001.

Encouraged by the previous results, we then investigated whether the generated
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PolyN-iNSC intermediates are capable of neural differentiation. PolyN-iNSCs
were plated and grown under the neuronal growth media and their morphology

was examined (phase 3) (Scheme 4.4).

PolyN-mediated direct reprogramming (whole process)
Human fibroblast NSC-like intermediate Neuron-like cell

PolyN-iNSC PolyN-iN

PolyN/ (Poly ) (PolyN-iN)

pSOX2 PolyN-mediated

\ S0X2 induction ‘ Neural differentiation |
%&3
ST Phase 1/2 Phase 3

Scheme 4.4 Schematic illustration of the overall cell reprogramming process to

generate a neuron-like cell (PolyN-iN), with separated 3 phases.

The end of phase 3 was preliminarily determined to be day 10, which was the
time point when the conventional hNSCs were fully generated to neuron under the
identical culture condition. During phase 3, the cytoplasm elongation was
observed only in PolyN-iNSC. Other groups without pSOX2 or PolyN did not

show such morphological change (Figure 4.15).

- + - + pSOX2
- - + + PolyN

Day 5

Neural growth media
Geltrex™ coated

Day 10

Neural differentiation
(Phase 3)

e e

(Scale bar: 100 pm)

Figure 4.15 Cell morphology analysis during the overall direct cell
reprogramming process (II). The overall process representing the neural

differentiation (phase 3). Scale bar indicates 100 um.

During phase 3, a distinct change in mRNA expression of the representative cell
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markers (SOX2, NESTIN for neural stem cell marker; TUJI for the neuronal
marker) could be detected (Figure 4.16). Time points in phase 3 were set as day 1,
5, and 10 from the starting timeline of the neuronal differentiation. Each gene
expression of the representative period (day 5 and day 10) was analyzed against
that of day 1 (D1). In brief, the relative mRNA expression level of SOX2 and
NESTIN showed a gradually decreasing tendency, which completely diminished
on day 10. In contrast, TUJI, the neuron-specific marker which is not observed in
the NSCs, newly started its expression in mRNA level from the beginning of phase

3. It was observed that the expression level of TUJI vigorously increased on day

10.
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Figure 4.16 Semi-quantitative expression analysis of neural stem cell marker
(SOX2, NESTIN) and neural marker (TUJI). GAPDH was used as an endogenous
control. Each gene expression level of hNSC and that of untreated HF (NT) was
included in the graph to show the standard expression level, and those of day 1
(D1) was set as the negative control. Bars indicate mean + SEM, from four
individual replicates in each group (n=4). To determine the significance of the
data, one-way ANOVA was performed to derive p-value. * or ** or *** indicates
a significant time-dependent change compared to that of day 1 (D1); * for p<0.05,
** for p<0.01, and *** for p<0.001.

Such a tendency in the expression of the cell markers could also be illustrated
in the correlative protein level as well (Figure 4.17). The immunostaining analysis

revealed that the expression of SOX2 and NESTIN showed a time-dependent
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decrease and the eventual extinguishment on day 10, while that of TUJ1 showed
a gradual increase during the whole phase. In day 10, significant elongation of the
cytoplasm assumed as neurite outgrowth could be observed with the expression of
TUJ1 (indicated with white arrows in the enlarged image). The overall difference
in the expression tendency between the neural stem cell markers (SOX2, NESTIN)
and the neuronal marker (TUJ1) indicated the successful transition from the

intermediate to the neuron-like cells.

PolyN-iN

PolyN-iN Day 10:

Figure 4.17 Immunocytochemistry analysis for the visualization of the expression
of the representative markers (SOX2, NESTIN, and TUJ1) during the generation
of PolyN-iN. White arrows in the enlarged image indicate the presumed axonal
growth.
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Then, the cellular population at each representative time point was further
analyzed to determine the neural differentiation efficiency. Compared the that of
day 1, the major outcome of the TUJ1-positive cells was observed after day 5 and
reached the maximum population of ~40% at day 10 (Figure 4.18A). Besides, we
observed a distinct, vigorous cytoplasmic elongation expressing TUJ1 at day 10,
which was assumed to be a neurite outgrowth indicating the neuronal maturation.
To further clear our doubts about whether the neuronal differentiation was in
success, we performed an image-based quantitative analysis of the neurite
outgrowth (Figure 4.18B). The neurite outgrowth analysis was performed against
50 representative cells, by measuring the average neurite length of each cell. As
expected, the elongation of the neurites showed a gradual increase during phase 3,
reaching its maximum length of ~500 pm on day 10. Overall, the comprehensive
data highly suggest that the resulting cells generated from the PolyN/pSOX2-
mediated direct cell reprogramming undoubtedly showed the neuron-like features,

which is significantly distinguishable from that of the parental somatic cells.
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Figure 4.18 Cellular analysis of turnover rate between the neural stem cell-like

state and neuronal cell state. (A) Flow cytometry analysis showing the ratio of the
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TUJ1-positive cells in each group. Bars indicate mean + SEM, from three
individual replicates in each group (n=3). (B) Neurite outgrowth analysis showing
the capability of the representative neural maturation in each group. Bars indicate
mean + SEM, from average neurite length of 50 individual cells (n=50). To
determine the significance of the data, one-way ANOVA was performed to derive
p-value. * or ** or *** indicates a significant time-dependent change compared

to that of day 1 (D1); * for p<0.05, ** for p<0.01, and *** for p<0.001.
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4.3 Discussion
To date, various limitations have been under debate, regarding the conventional
transfection methods involved in the cell conversion process. Viral vector-
mediated methods connote the high risk of the uncontrollable genetic instability,
whereas their alternatives, the non-viral methods, have the cytotoxicity issues to
overcome. Our initial goal of this research was to come up with the strategy to
develop an improved non-viral transfection reagent for cell engineering. We
hypothesized that this could be realized by overcoming the cytotoxicity issues
argued with the conventional cationic polymer-based reagents. We designed a
nanodot in size of <20 nm in diameter surrounded by cationic polymer (PolyN)
and created a polyplex with pDNA, followed by the evaluation of the zeta potential,
cell viability against the model cell, and transfection efficiency. As a result,
PolyN/pDNA complex with net neutral surface charge showed not only a reduction
in the cytotoxicity but also a significant increase in the gene expression efficiency
compared to those of the conventional PEI/pDNA complex. Such phenomena may
be attributed to two factors of PolyN: First, the net neutral charge of the
polyN/pDNA complex would reduce the cytotoxicity when administered to cells®>.
Second, the small size of the particle would increase the chance of diffusion in
culture media, leading to an increase in cellular contact’®. We believe that the
combinatory effect from both characteristics in a single nanoparticle may have
played a role to reduce the cytotoxicity and increase the cellular uptake, leading
to enhanced transfection efficiency. Further investigation is undergoing to
interrogate the thorough mechanism associated with the low cytotoxicity of PolyN.
Direct cell reprogramming is the unique way of cell conversion, distinguished
from transdifferentiation by the presence of the intermediate multipotent state. To

demonstrate the practical usage of PolyN, we employed the particle reagent to the
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direct cell reprogramming of the human fibroblast into the neuron-like cell. Our
data suggest that the single administration of pSOX2-PolyN complex is sufficient
to induce the neural stem cell-like intermediate state. With the appropriate growth
control, we showed that the intermediate cells could be further converted to the
neuron-like cells, indicating that the PolyN could be used as the non-viral cell

reprogramming reagent.
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4.4 Materials and Methods

Materials and reagents

Paraformaldehyde (4% in water) was purchased from Daejung (Seoul, Korea).
Citric acid, sodium azide, HOECHST 33342, fluorescence dye-conjugated anti-
rabbit IgG were purchased from Sigma-Aldrich (MO, USA). Linear PEI (25K, cat.
no. 23966) was purchased from Polysciences, Inc (PA, USA). DMEM (Dulbecco’s
Modified Eagle’s Medium), 0.25% trypsin-EDTA solution, and PBS (pH 7.4),
FBS, and P/S were purchased from WelGENE Inc. (Daegu, Korea). CCK-8 (Cell
Counting Kit-8) was purchased from Dojindo Molecular Technologies, Inc. (MD,
USA). MLV-RT™ reverse transcriptase was purchased from Elpis Biotech
(Daejeon, Korea). Geltrex™, laminin, GlutaMAX™, N2 supplement, B27
supplement, Stempro™ culture media were purchased from Thermo Fisher
Scientific Inc. (MA, USA). Primers for qRT-PCR were purchased from
Cosmogenetech Inc. (Seoul, Korea). SYBR green master mix was purchased from
Applied Biosystems Inc. (CA, USA). Fluorescence conjugated antibodies were
purchased from Santa Cruz (TX, USA). Loading STAR™ was purchased from
Dyne Bio Inc. (Kyunggi, Korea). Recombinant plasmids encoding either GFP or

SOX2 (pGFP, pSOX2) were purchased from Addgene (MA, USA).

Synthesis of nanoparticles

Carbon nanodots were synthesized according to the microwave-mediated
hydrothermal reaction. For the synthesis of PolyN, citric acid and linear PEI were
mixed in distilled water in a round bottom flask with vigorous stirring. After
stabilization, the transparent solution was hydrothermally induced with
microwave (1000W) for 5 minutes. The hydrothermal process was repeated until

the color of the solution turns into yellowish-white. After the cooling process to
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RT, the solution was purified by Amicon™ filter (Millipore, US) and dialysis. The
purified PolyN was dried with a freeze dryer and finally dispersed in distilled
water to a concentration of 40 mg/mL. As a control, carbon dot was made from

citric acid alone (CD from CA) by the same procedure.

Particle characterization

The size and morphology of PolyN were characterized by a high resolution -
transmission electron microscope (HR-TEM; model JEM 3010 (JEOL, Japan)) in
the National Center for Inter-university Research Facilities (Korea). The size
distribution of the nanoparticle was further analyzed with Image J software. UV-
Vis spectrophotometer Lambda 465 (PerkinElmer, USA) was used to obtain UV-
Vis spectra. Raman spectrophotometer (model T64000 (Horiba, France)) in the
National Center for Inter-university Research Facilities (Korea) was used to
confirm the sp? hybridization. Zeta potential analysis was performed by using
Zetasizer NanoS (Malvern Instruments, UK). The measurement of FT-IR spectra
was performed with an FT-IR spectrometer (model Nicolet 6700 (Thermo

Scientific, USA)).

Loading capacity analysis

In each PCR tube, 1 pg of PolyN or PEI was added with a serially diluted
concentration of pGFP (0, 10, 25, 50, 100, 200 ng each) and incubated at RT for
15 minutes. The loading capacity was analyzed by agarose gel electrophoresis, by
determining the existence of the pDNA leftovers shown in spilled out from the
reagent (shown in the gel band). Before gel loading, the samples were added with
LoadingStar™ for the ease of the visualization. The gel was analyzed under UV

light with Chemidoc (Bio-Rad, USA).
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Cell culture

Human fibroblast (HF) was kindly provided by Professor Kwangseog Ahn from
the Department of Biology, Seoul National University. The human neural stem
cell (NSC) was purchased from Takara Bio Inc. (Shiga, Japan). HF was cultured
with a complete DMEM medium (with 10% FBS, 1% P/S) supplemented with 1x
Glutamax in 5% COz, 37°C. Human NSC was cultured on the 10pg/mL laminin-
coated plate, with NSC growth media (high glucose DMEM supplemented with
Stempro™ neural supplement + 20 ng/mL N2 supplement + 20 ng/mL B27

supplement + 1% P/S) in 5% CO2, 37°C.

Cell viability test

Before the experiment, HF was seeded in a density of 1.6 x10* cells / cm?. After
24 hours of incubation in 5% COz, 37°C condition, PolyN was treated in a serially
diluted concentration for the next 24 hours. CCK-8 assay was performed according
to the manufacturer’s instruction. CCK-8 reagent was treated at a concentration
of 10% v/v to each group and incubated for 1~4 hours in the conventional cell
culture condition. The quantitative analysis of the change in colorimetric intensity
was done by measuring the optical density of formazan salt at 450 nm with a
microplate reader (Molecular Devices, Inc., USA). The experiment was carried

out in triplicate, of which data were shown as mean + SEM.

Transfection efficiency analysis
Before the experiment, HF was seeded in a density of 1.5 x 103 cells/cm? with HF
growth media and incubated for 24 hours in 5% CO2, 37°C condition. On the next

day, the cells were treated with PolyN/pGFP dispersed in the culture media.
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Control groups were set by treating raw PolyN, pSOX, PEI, or PEI/pGFP complex
on each cell. After 48 hours of incubation, the expression of the reporter gene was
observed by a microscope connected with a CCD camera (Olympus, Japan). Then
each group of the cells was collected and the GFP-positive cell population was

analyzed by flow cytometry.

PolyN mediated, non-viral direct conversion to NSC-like cell (PolyN-iNSC)

Before the induction, HF was seeded to 10pug/mL laminin-coated culture plate in
the density of 1.5 x 10° cells/cm? with HF growth media and incubated for 24
hours in 5% CO2, 37°C condition. On the next day, the cells were treated with
PolyN/pSOX2 complex with HF growth media. For control groups, cells were
treated with pSOX2 or bare PolyN, or PEI/pSOX2 complex. After 2 days of
incubation, the media was changed to NSC growth media to induce the direct
conversion to NSC-like cells. The media was changed every other day. The
colony-like formation should be observed on day 4~7 after the initial media
change into NSC growth media. The floating colonies were manually collected
and plated on the uncoated 6-well culture plate under the NSC growth media for
further growth. After 2-3 days, the floating colonies were collected, split into
single cells by the addition of trypsin/EDTA solution and pipetting. After washing
with PBS twice, the cells were plated on the laminin-coated culture plate in a
density of 5.0 x 10? cells/cm? under the NSC growth media. For maintenance of

the cell, the media was changed every other day.

Neural differentiation of PolyN-iNSC
Before the induction, PolyN-iNSC cells were collected and seeded to Geltrex™-

coated culture plate in the density of 5.0 x 10? cells/cm? under the NSC growth
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media and incubated for 24 hours in 5% CO2, 37°C condition. The culture media
was changed to the neural induction media (high glucose DMEM supplemented
with Stempro™ neural supplement + 20 ng/mL N2 supplement + 1% P/S). The

media was changed every other day until the neurite growth was observed.

Relative RNA expression analysis

RNA was isolated from each cell-based samples treated with TRIZOL reagent,
followed by ¢cDNA synthesis aided by MLVRT™ reverse transcriptase according
to the instruction manual. For target gene amplification, each primer was designed
in consideration of GC content less than 50% and overlapping between two exons
of the target genes with the expected amplicon size of ~100 bps. The primer
sequence was confirmed as shown in Table S1. Quantitative real-time PCR (qRT-
PCR) was performed to quantify the relative mRNA expression. Each reaction was
conducted in a 20 pL volume, with SYBR green master mix. Quantstudio3™
(Applied Biosystems Inc., USA) was utilized in this study in the two-step
amplification process. Semi-quantitative viral RNA was analyzed against that of

the endogenous control, GAPDH.

Gene Forward primer Reverse primer Amplicon
(5-...-3) (5-...-3) size (bp)
Human GAPDH TCACTGCCACCCAGAAGACTG GGATGACCTTGCCCACAGC 123
Human SOX2 ACCTCTTCCTCCCACTCCAG CTCTGGTAGTGCTGGGACATG 134
Human NESTIN CTCCAGAAACTCAAGCACC TCCTGATTCTCCTCTTCCA 145
Human TUJ1 CAGATGTTCGATGCCAAGAA GGGATCCACTCCACGAAGTA 164

Table 4.1 Primer sequence for the quantitative real-time PCR.

Immunocytochemistry
For immunocytochemistry, PolyN-iNSC cells in each stage were plated onto

laminin-coated cover glass, followed by the neural differentiation process
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previously stated. After fixation with 4% paraformaldehyde, cells were blocked
by treating 10% (v/v) FBS and 0.01% (v/v) Tween-20 in PBS for 30 minutes,
followed by overnight incubation with either the unconjugated primary antibody
(Rabbit anti-TUJ1, 1:500) or the fluorescence-conjugated primary antibodies
(Alexa 488-Mouse anti-SOX2, 1:500 and Alexa 594-Mouse anti-NESTIN, 1:500)
at 4°C, O/N. After washing with PBS twice, the secondary antibody corresponding
to the unconjugated primary antibody was applied (Anti-rabbit IgG, 1:500). After
2-hour incubation at RT, samples were rinsed twice with PBS and each cover glass
was removed from the culture plate and mounted to slide glass with Vectashield™

mounting solution containing DAPI.

Flow cytometry analysis

Before the analysis, each cell group was stained with the biomarker-specific
antibodies conjugated with a distinct fluorescence dye. Fixation was carried out
in option with 4% paraformaldehyde and cells were resuspended in the analysis
solution (10% FBS + 1% sodium azide in PBS). Flow cytometry was carried out
with the FACS CANTO II instrument (BD Sciences, USA), and the data analysis

was performed with Flowjo software (BD Sciences, USA).

Neurite outgrowth analysis

Before the analysis, each group (neural induction (iN) day 1, 3, and 7) was stained
with a TUJ1-specific antibody. Representative images of each group were
obtained and neurites labeled with antibodies were measured by the Image J
program (NIH, USA). The neurite outgrowth analysis was performed against 50

representative cells, by measuring the average neurite length of each cell.

136



Statistical analysis
Error bars indicate = SEM unless stated otherwise. The statistical significance of

the in vitro analysis was evaluated by either a two-tailed t-test or ANOVA.
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4.5 Conclusion

In conclusion, we demonstrated the novel, non-viral direct cell reprogramming
strategy incorporating PolyN to generate neuron-like cells from the non-neural,
somatic cells. Sequential validation revealed that the practical potential of the
PolyN as a nanocarrier capable for the efficient intracellular transgene delivery to
facilitate the whole process of the direct cell reprogramming. During the initial
transfection stage, incorporation of the reprogramming factor with PolyN led to
not only the increase in cell viability but also the enhancement of gene expression
efficiency compared to that of the conventional PEI. In this regard, we
demonstrated the non-viral, direct cell reprogramming of human fibroblasts into
the neuron-like cells with a single gene delivery by PolyN. Considering the simple
synthetic procedure and its efficacy as the transfection reagent, we believe that
the use of PolyN might provide one of the promising options for the convenient

and efficient non-viral cell engineering.
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Conclusion

We showed three representative achievements in the development and
demonstration of the nanoplatforms applied for the advanced biotechnology; (1)
one is the application of a nanobiosensor for the cost-effective discovery of the
antiviral agents; (2) another is the utilization of porous nanoparticle for the rapid
chemical-based neural differentiation of stem cells; (3) and the other is the
application of modified nanodot for the non-viral, direct reprogramming of
somatic cells into functional neurons. In each chapter, we described how we built
up the hypothesis to utilize nanomaterials for the development of the system,
followed by the criteria for the optimal selection of the appropriate nanomaterial
candidates. Based on the unique biochemical properties of the nanomaterials, we
described the basic principles to operate each system. Then we demonstrated how
each system could be utilized to overcome several methodological limitations of
the conventional biomedical and pharmaceutical research. We suggest that the
incorporation of appropriate nanosystems to conventional biotechnology could
enhance the research efficacy by increasing the experimental convenience and
reducing time and labor required. In this way, we believe that our achievements
could contribute to accelerate the fundamental research for future drug discovery

and therapeutics.
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