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Abstract

Lung cancer adenocarcinoma is one of the most aggressive type of cancer with low
survival rate and treatment strategies are often marred by poor prognosis.
Depending on the disease progression, the conventional therapies such as
radiotherapy, chemotherapy and immunotherapy might not be able to completely
cure the disease which necessitates the intervention of gene editing using gene
therapy. However, delivery vectors used in gene therapy have their own limitations
such as oncogenicity and toxicity in case of viral vectors and higher toxicity and
low biocompatibility incase cationic polymers non-viral vectors. Thus,
biodegradable non-viral vectors with low toxicity and high delivery efficiency
could be a pragmatic approach for gene therapy. Silk derived natural polymer
sericin can be used for vector fabricating as nanoparticle, which have many
functional groups like other protein, and also can be used as wound dressing and
supplement for serum-free media indicating its biocompatibility.

In therapeutic research, animal models have more reliable and better performance
compared to in vitro assays on monolayer cells. The promising results obtained
during invitro experiments often do not translate into the in vivo results using
animal models. However, it is not easy to develop models even asides from ethical
issues or high costs, and survival of animals can hinder the experimental process.
3D culture of cancer cells, which is also called spheroids could be solution to this
when combined with microfluidic based biochip. The spheroids inside microfluidic
device can mimic more precise microenvironment around the cells similar to in
vivo tumors. Therefore, it is more relevant to use on-chip spheroids instead of
monolayer culture for chemotherapy during in vitro experiments. But the operation
of microfluidic device can be challenging, which requires special equipment design
such as pumps and operational skilled enough to obtain desired results.

In this research, we developed microfluidic biochips that can culture cancer
spheroid and evaluated the efficiency of sericin based nanoparticles to deliver
therapeutic agents. Nanoparticles were successfully fabricated and showed better
transfection of reporter genes compared to positive control, Polyethylenimine (PEI).

Cancer spheroids cultured inside the biochip showed prominent cell viability and
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transfection using sericin/siRNA-based nanoparticles on the spheroid inside
biochip showed apoptotic events. The experimental finding could be promising in

the field of 3D culture-based cancer gene therapy research.
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Student Number : 2018-32443
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Chapter 1. Introduction
1.1. General introduction

Lung cancer is still one of the cancer types with poor prognosis in 2019, and this is
also an ongoing problem. About 85% of lung cancer patients are diagnosed as non-
small cell lung cancer (NSCLC), which includes lung adenocarcinoma and many
other types. While considered less rapid and progressive than small cell lung cancer
(SCLC), yet NSCLC is still important topic. This is because NSCLC occurs in non-
smokers, keeping the mortality rate of lung cancer high even smoking population
decreased by time [1]. NSCLC is known for developing resistance to radiotherapy,
chemotherapy drugs in advanced stages. This leads to metastasis, recurrence, and
low survival rates in patients. Considering recent outbreak of COVID-19, the
medical resource shortage may affect the survival of these patients even worse
considering circumstances.

Such properties of NSCLC are available to be explained by cancer stem cell (CSC)
theory. CSCs are small rare fraction of cells [148] suspected of having potential to
differentiate into specificized, mature tumor cells, as stem cells differentiate to
predestined cells [149]. Many researchers suspected that CSCs have tumor
inducing ability when injected to animal models, also evading immune system [150,
151]. Nature of CSC makes it difficult to indicate and target due to low population
in tumor mass and rather quiescent behavior. Thus, it is difficult to eradicate the
CSC completely within the tumor by conventional therapeutic methods such as
surgery, chemotherapy. Such therapies can only remove large mass of tumor, or
target rapidly proliferating cells, resulting in resistance development toward
therapeutic drugs or relapse, metastasis due to remaining CSCs [152, 153]. Thus,
various reports are suggesting more precise, specific method should be selected to
inhibit cancer stem cell population in NSCLC, by tracking signaling pathways
associated with maintaining stemness, proliferation, and renewal of the tumor [151,
154, 155]. There are previous reports of targeting the cancer stem cells, presenting
promising results which could be applicated in future studies [18, 156] . Various
signaling pathways are possible as targets to prevent metastasis and relapse of
tumor [2, 158-160] Wnt, Notch, Shh signaling pathway are the examples. The

pathways regulate development and stemness of human cells, provoke phenotype
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switching in cells, eventually leading to cancer formation in common [2]. Disorder
in Wnt signaling pathway is suspected to be related with colorectal cancer, breast
cancer, melanoma, and many other cancer types. It is also considered closely
related with self-renewal mechanism of cancer stem cells [2, 161, 162]. Notch
signaling pathway provoke small-cell lung cancer (SCLC), Basal cell carcinoma,
neuroblastoma, and Shh pathway malfunction which leads to oncogenicity of
leukemia, breast, and colon cancers [3, 163]. Understanding the key function and
mechanism of these pathways can attribute to more effective CSC targeted therapy.
Among the therapy to target cancer stem cells, gene therapy can be prominent
solution. Gene therapy have many advantages, such as more specific targeting of
genetical defects which cause the disease [164], being more flexible in application
and have many alternatives. Most of these benefits can be also applied in targeting
cancer stem cells, where they can knock-out or neutralize the self-renewal
pathways regardless of their quiescent behavior. For application of gene therapy,
the first step should be identification of the appropriate therapeutic target.
Previously mentioned signal pathways like Wnt, Shh, Notch can be targeted. Next,
selection of gene editing method is required. In early times in the field, Zinc finger
editing, Transcription activator-like effector nuclease (TALE), Meganuclease
editing were popular as gene editing methods. Later, the previously scribed gene
editing methods were replaced by CRISPR-Cas9, due to limitations including
complicated steps, consuming excessive labor and expense [5]. Although CRISPR-
Cas9 is robust and precise gene editing method, RNAi1 by siRNA is also available
as an option with high specificity, with simple structure and process for silencing
genetic defects. Finally, the vector to transport gene editing systems or nucleic
acids to the site is needed. Most of living organisms are prepared with defense
systems against post-script gene editing [165, 166]. Therefore, gene delivery vector
is needed for protection and precise delivery of therapeutic genes. The vector binds
and form nano-sized complex with genes or loaded with genes by the variation,
resulting in more stable and appropriate structure for delivery. However, viral
vectors are known to be cytotoxic or oncogenic despite of their advantages in
transfection capability [167, 168]. Non-viral vectors are relatively free from virus
related issues [169, 170], but the transfection capability is poor compared to viral
vectors. Polycations such as polyethyleneimine have relatively high transfection
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capability compared to other non-viral vectors, but also cytotoxic [171, 172].
Therefore, adjusted non-viral gene delivery vector with enhanced gene delivery
capacity and less adverse effects is needed to be fabricated for more safe and
effective gene therapy in future.

In addition to selecting right therapy and delivery vector, the therapies should
undergo experimental and clinical certification before the actual application. The
very first step for such certification is in vitro study. Target cells are cultured in 2D
surface, and therapy is evaluated by molecular biologic assays after treatment. The
growth of cell line is almost infinite and stable when the culture conditions are
adequate, and protocols are well established and verified through decades [173].
However, in vitro studies have clear limitations besides its convenience and
reliability. Even when the application results of in vitro studies seem to be
promising, the results can be different from in vivo studies in animal models or
actual clinical cases [174, 175]. The major difference that is shown between in vitro
and in vivo study is drug sensitivity. This is because actual organs and biologic
systems of living organism, which is ultimate target of therapy, is composed of
various cells and extracellular matrix in 3D structure [176-178]. These structures
closely interact with each other, giving the unique features when compared to in
vitro cultured cells. Even tumors have previously explained features, which is very
distinct from in vitro cultured cell lines. When compared to actual tumors in animal
model or therapeutic targets, in vitro cultured cells have at maximum of three to
two cells co-cultured, absent of 3D structures since the cell lines are usually
cultured in monolayers.

While in vivo evaluation on animal models have less of concern in previously
mentioned issues, it is expensive and labor consuming, have ethical issues, and
even successful models can fail due to death of animals. Thus, novel platform
which is available to assist in vivo animal models while maintaining the advantages

of the in vitro process is required.

1.2. Objectives

The fundamental hypothesis for this study was i) By 3D culture, in vitro cultured

lung cancer cells can be induced properties more similar to in vivo. ii) Nanoparticle
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vectors can be robust delivery vehicle for anticancer gene therapy, and sericin,
which is natural polymer derived from silk, would be suitable for fabricating the
nanoparticle vector. iii) The nanoparticles would show different results on the
biochip platform compared to in vitro experiment.

For this purpose, i) A passive pumping microfluidics-based biochip with concaved
well was fabricated by casting polydimethyloxane (PDMS) on 3D printed mold, for
culture of cancer spheroid. ii) Sericin based nanoparticles were fabricated for gene
delivery vector. iii) Sericin nanoparticles were applied to the spheroid cultured on

microfluidics platform.

The aims of this study are as following:

Aim 1. To fabricate microfluidics-based passive pumping spheroid-on-a-chip and
culture cancer cell spheroid preserving in vivo properties on the platform.

Aim 2. To fabricate nanoparticle for drug and gene delivery with silk originated
natural polymer sericin.

Aim 3. To determine gene delivery effect of sericin nanoparticle (SNP) on cancer

spheroid cultured by the spheroid-on-a-chip platform.
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Figure 1.1. Overall schematic presentation of the study. Images were fabricated on Biorender (Biorender.com).



Chapter 2. Literature Review

2.1 Lung Cancer and Current Anticancer Therapies

Lung cancer or lung carcinoma is disease that can be identified by outbreak of
uncontrolled, malignant tumor tissues in lung and bronchia. The tumor progress
and proliferate in the lung, then gradually transfer to lymph nodes or other organs
in late stages [179, 180]. lung cancer is particularly fatal among the cancer,
responsible for 25% of total cancer deaths as shown in 2019 cancer statistics of the
USA even when total cancer rate steadily decreased by year [1, 181, 182, 183].
This is because lung cancer progress rapidly, and lung is complicated in structure
and function. This presents the reason of high mortality from lung cancer and
importance of appropriate treatment as well. This is still significant problem even
in recent era, which cancer treatment have advanced, and interest toward cancer
diagnosis is high from past. Lung cancer is classified by two large categories, non-
small cell lung cancer (NSCLC) and small cell lung cancer. It is nomenclated after
the morphology and size of the cancer cells. Non-small cell lung cancer consist
over 80% of the lung cancer diagnosis [6].

Lung cancer can be diagnosed by computed tomography (CT) or tissue analysis.
Molecular mutations in EGFR, KRAS, BRAF, HER2, MET can lead to
adenocarcinoma and small cell cancer. Rearrangements in genes such as ALK,
ROSI1, RET can provoke non-small cell lung cancer while some researchers
suggest overexpression of exosome microRNA can also act as diagnostic marker
for lung cancer [2, 5, 7].

Smoking is major cause of lung cancer, especially rapidly growing and
proliferating small cell lung cancer in most cases [8] while influence to non-small
lung cancer still cannot be ignored. The relation between lung cancer and smoking
is clearly present in the case studies, as decrease in smoking population resulted in
decrease of lung cancer diagnosis.

However, there are still other causes for lung cancer. Genetical defect in family
history can be the problem, while asbestos can cause cancer when inhaled or
ingested [9]. Exposure to fine particulate air pollution can also be the cause [10],
including fumes from kitchen or incinerator.

Previous explained causes of lung cancer may provoke malfunction in expression
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of certain component in the cell. Such components can be part of certain signaling
pathway, or receptor for certain ligand. It may be associated with enhancing
cellular activity such as retaining proliferation, stemness, or transformation of cell
morphology, leading to survival and maintenance of cancer stem cells. Such
proteins are called cancer stem cell markers [129, 151, 154, 155]. Cancer stem cell
marker can be classified into four groups: First, there are proteins which promote
growth and proliferation of cancer or pre-tumor cells. Secondly, there are proteins
which inhibit apoptosis, anti-angiogenesis, immune response, and other anti-tumor
activity. Finally, there are proteins that degrade cohesive molecule or matrices of
tissue, leading to tumor invasion or metastasis [11]. The cancer marker can be
categorized by the expression site. some cancer markers are overexpressed on the
surface because they are receptor or membrane proteins, such as CD44 and CD133
[184, 185]. Other markers are associated with Wnt, Shh, Notch signaling pathway,
which leads to maintenance of genetically defected cells, cell phenotype
transformation, and other malfunctions [2, 3, 161-163]. Markers which are
expressed on cell surface would be targets to guide therapeutic vehicles, and
proteins that are associated with function of cancer activity would be actual targets
to be inhibited by therapeutic molecules.

There are several cellular components which are suspected as lung cancer stem cell
specific marker. Epidermal growth factor receptor (EGFR) is known to be mutated
in advanced stages of lung cancer. Chemotherapeutic reagents such as gefitinib,
erlotinib, afatinib are approved and treated to target tumor causing mutation in non-
small cell lung cancer. Ubiquitin-like with PHD and ring finger domains 1
(UHRFI) is also one of the lung cancer stem cell marker candidates as it is
overexpressed in lung cancer, also found in proliferating cells, and associated with
S stage of the cell cycle [12]. Another marker, Ubiquitin-specific peptidase 17
(USP17) regulate formation of TRAF2/TRAF3 complex and overexpress
macrophage-promoted inflammation, promote stemness and transformation.
Therefore, it is also a possible target for therapeutics which have fundamental on
lung cancer stem cell theory [13]. CD44 as described before also function in lung
cancer metastasis of non-small cell lung cancer with KRAS, N-Ras. While markers
introduced above is mainly about non-small cell lung cancer, MYC, MYCN,

MYCLI can cause or make conditions for small cell lung cancer.
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Also, there are functional proteins that maintain homeostasis in normal cells, but
highly expressed in cancer cells, such as Aldehyde dehydrogenase 1 and 2
(ALDH1 and ALDH?2). High levels of ALDHI and ALDH?2 indicate normal or
early stage of cancer [14] while cancer stem cells and resulting cancer cells
develop resistance toward chemotherapy by overexpressing ALDHI1. Repressing
ALDH]1 had effect of increasing tumor chemosensitivity to therapeutic drugs in the
report of Visus et al. [15], yet the outcome of the inhibition should be carefully
studied considering function of the protein in normal cells.

Meanwhile, Treatments for lung cancer used to be surgery, radiation, and chemical
therapies, which are also available as combined therapy. For chemotherapy,
pacilitaxel, cisplatin, doxorubicin, and some other post-treatment drug such as
erlotinib are used. However even after the treatment, tumor may relapse or begin to
develop some resistance, becoming difficult to eradicate which eventually leads to
bad prognosis.

As bimolecular analysis in cancer research advanced by time, the origin of lung
cancer is available to be examined down to single protein level. Also new targeted
anti-cancer strategies are intended for complete eradication of cancer and cancer
stem cells. For example, Shh signaling including Smoothened, SHMT1 and p53
signal pathway are constantly reported as targets for chemical and genomic

therapies as well as other cancers [16-18].

2.2 Gene Therapy for Cancer Treatment

Often considered as fundamental and effective way to treat incurable disease, gene
therapy alters or edit defected sequence of genes to function as in normal state.
Gene therapy can be applicated to disease which are hard to be treated by
traditional methods [186]. Especially in case of inherited diseases, where
conventional treatment was merely management of apparent symptoms.

Before applying gene therapy, it is important to identify defected genes associated
with the disorder. After the analysis, normal gene sequence which would substitute
defected gene, or siRNA programmed to knockdown the malfunctioning genes are
cloned. Afterwards the nucleic acid is loaded on vector, reaches to the target cell
and deliver therapeutic gene into the nucleus, leading to transfection and function

of induced normal genes. The most important part of gene therapy is gene delivery,
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which is involved with developing the right vector within strategy to overcome
internal barriers of the body. Moreover, vectors should be safe, and have no
harmful effects to body, such as strong immune response or oncogenic function.
And finally, targeting ability intended cell and organ without any off-target gene
editing is required for gene delivery vector, in ideal [19].

First approved gene therapy procedure was done on a four-year-old girl born with
severe combined immunodeficiency, in 1990. The practice was done by infusing
autologous T cells inserted with normal functioning genes [187]. As the procedure
suggests, the idea of inserting the nucleic acid directly to patient was already
considered ineffective even on the very first application of the therapy. Also, the
DNA itself is unavailable to target intended cells or organs.

To overcome these limitations, viral vectors were introduced because of their
natural mechanism to transfect other organisms. To prevent cytotoxicity and
pathogenicity of vectors, researchers altered some sequences of the vector to
remove the recombination ability by self-inactivation. While gene transfection by
viral vectors was successful, there were still some technical problems were left,
such as transient expression of transfected genes, or recombination of vectors
which led to vectors with wild type like cloning ability. This led to development of
gut less virus and other viral vectors, such as adenovirus associated vector (AAV),
lentivirus vectors. Also, non-viral vectors were improved with transfection ability
and safety issues, although there are some doubts that non-viral vectors would have
sufficient transfection ability compared to viral vectors. Current main applications
for gene therapy are: hematopoietic stem cell gene therapy, AAV gene therapy for
hemophilia, and chimeric antigen receptor T-cell (CAR-T cell). Some AAV based
gene therapy products are even approved in FDA, in case of liver, retinal, and
spinal muscular atrophy, although there are still many obstacles to overcome [19-
21].

For contents with vectors, various options can be considered, starting from gene
editing systems. Within introduction of CRISPR-Cas9 in 2010s, the field of gene
therapy is predicted to advance even further. CRISPR is abbreviation of clustered
regularly interspaced short palindromic repeats, and Cas9 is RNA guided
endonuclease which indicate the CRISPR and ‘cut’ the sequence including it.

CRISPR has drawn interest of many researchers since its first discovery in 1987,
9



because the sequence has robust potential as gene editing tool in various fields. It
was originally RNA-guided endonuclease, which was defensive sequence in
bacteria or archaea toward viral gene insertion. CRISPR-Cas9 functions by
following mechanisms: First virus or plasmid origin spacer is received in CRISPR
location. And CRISRP RNA which have unique repeat sequence is expressed and
interfere in alien genome [22, 24, 25].

It is available to insert desired gene in desired site with CRISPR-Cas9 by short
RNA guide. Before CRISPR-Cas9, Zinc finger, Transcription activator-like effector
nuclease (TALE), Macronuclease were such techniques to indicate certain
sequence and edit genes [22], but there were limitations such as lack in specificity
[23] or convenience, and high in cost, time consuming [24] to be directly applied in
the research. However, by discovery of CRISPR-Cas9 system, topics that were
theoretically available with previously scribed methods but hard to accomplish due
to limitations became visible targets for researchers.

By CRISPR-Cas9, animal model in on various polygenic disease became available.
Diabetes, heart disease, schizophrenia, autism for example, which needed great
deal of time and money became easier and available target recently. Also, gene-
edited products, gene screening, transcription modifying process which was
produced with tradition gene editing method became more effective in production
[25].

Beside of CRISPR-Cas9, there exists another robust gene editing method, RNAI,
which silence certain sequence of gene by siRNA. RNAIi or post-transcriptional
gene silencing is originally part of cellular immune system which prevents gene
editing by virus or parasites. It works by trigger DNA or double-stranded RNA
(dsRNA) introduced into the cells. By intracellular mechanism, dsRNA is
processed into short interfering RNA (siRNA). Afterwards, siRNA is bind to RNA-
induced silencing complex, and triggers nucleolytic degradation of target mRNA
by the RNase H enzyme Argonaute, or Slicer.

The RNAi was first reported by Napoli and colleagues in 1990, which they
reported RNAI in petunia petals [26]. Fire et al. discovered that RNAi is also
available to be applicated in animal, C. elegans, in 1998 [27]. After the discovery,
Kamath et al knocked out specific gene in C. elegans by feeding E. Coli expressing

double-stranded RNA induced RNAi in 2001, first indicating the potential of RNAI,
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which is capable of artificially induced gene editing [28]. In addition, Sledz et al.
first introduced activation of specific system by siRNA in 2003 that indicating the
RNAI can also induce certain editing of the sequence, in addition to selective gene
sequence silencing [29]. On the same year, Rubinson et al. induced gene silencing
also in mouse [30], and Konnikova et al. first reported the application of RNAi as
anticancer purpose, by inducing knockdown of STAT3 in astrocytoma [31].

As previously described, RNAi can be triggered by introducing dsRNAs or
constructs expressing shRNAs. There are two variations of RNA1, which directly
treat siRNA unit to the cells or treat dSRNA to be processed with innate cell
mechanisms. In most of the study, effect of first is rather transient and latter is more
stable.

The advantage of RNAI is that it is theoretically applicable to any genetical disease,
including cancer. Also, it is more effective than using other antisense oligo or
ribozyme for knockout because it does not require a lot of doses. Finally, RNAi can
be very specific to the target gene itself. However, it may provoke immune
response when long siRNA is treated with Dicer substrates. Also, it is in fact not
very specific since siRNA itself cannot recognize the normal cell and diseased cells.
It is important to consider thermodynamic end stability, target mRNA accessibility,
structural features, and additional position specific determinants when applying
siRNA for RNAI treatment. To deal with the problems mentioned before, use of
modified siRNAs or nanoparticles are expected as solutions [32. 33]. Recently,
using nanoparticles for the delivery of siRNA is proven to be legitimate, as some of

the nanoparticles are approved to be used for the purpose by FDA [34].

2.3 Gene delivery vectors

As explained before, gene delivery vectors are essential in delivering gene editing
toolbox into the cells. This is because foreign nucleic acids are difficult to be
introduced into the cell nuclear, as it is neutralized by various innate immune
system of cells. Gene delivery vectors protect nucleic acid or gene editing reagent
from degradation by forming compact nanoparticles or binding with the nucleic
acid [191-193].

To begin with, there are two types of vectors: viral and non-viral. Viral vectors

refer to using virus originated materials or virus itself with suppressed nature, such
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as self-replication ability. While viral vectors are proven with their effective nature
over time, there always have been concerns about the safety of viral vectors when
applied in vitro. It may induce strong immune response, severely harming the
patient. Also, there is awareness for viral genes incorporated in the target genes
may trigger or act as oncogene [188-190]. Considering such disadvantages, non-
viral vectors have been proposed as alternatives of viral vectors.

Non-viral vectors are usually constructed with materials other than viral particle.
Inorganic particles such as calcium phosphate, silica, gold can be used as gene
carriers. Degradable materials such as cationic lipid, lipid nano emulsions, peptide,
or polymer are adapted as vectors, considering potential dangers of nanoparticles
accumulating in tissue. Physical methods are also applied for relatively simple
procedure. Gene gun (Ballistic DNA), electroporation, sonoporation, photoporation,
magnetofection are also examples of physical methods to deliver gene into the cells
[19, 35].

Advantages of non-viral vector or delivery method is that it is free from side effects
of viral vector such as immunogenicity, oncogene activation. However, there are
still some limitations for non-viral vectors. Although the transfection efficiency has
improved, non-viral vectors still have low transfection efficiency compared to viral
vectors. Also, although non-viral vectors are much safer than viral vectors, they
still can cause negative response such as cytotoxicity or immunogenicity. In case of
physical delivery methods, tissue damage by electricity or inability of penetrating
into deeper layers of body can be limitations. Novel non-viral vector for gene
delivery should be able to overcome previously described limitations, by effective

vector design or combined application of the methods [19].

2.4. 3D cell culture method for cancer research

Considering mortality and bad prognosis, and aggressive progress in some cancers,
it is important to develop research platform which is more accessible and reliable.
Nowadays in vitro cultured cell lines and in vivo animal model are used in cancer
research, but both have problems. In vitro experiments show adverse reactions to
therapeutic assay. Animal models are at least more like actual human body but
requires quite a cost to develop certain model for the case and the results still could

be different from actual clinical study to humans. Also, public attention on ethical
12



aspect of animal test is growing nowadays, making it hard to prepare.
Three-dimensional (3D) culture can be a solution to this. 3D cultured tumors, or
spheroids can be prepared by well-developed in vitro culture methods and have
many common properties with tumors in living organism when compared to
traditional in vitro culture. Though it would not be able to completely replace in
vivo models, 3D culture have huge potential in the cancer research field.

The first device that probably can be called as lab-on-a-chip device was proposed
by S.C Terry and colleagues in 1979 [36], which constructed miniature gas
chromatic air analyzer on silicon wafer. By building sub-millimeter structure in the
chip, the study pioneered new field for ambitious researchers. development of
microvalves [37], micropumps [38], and HPLC [39] on chip, lab-on-a-chip
research slowly turned to its modern form. In 1992, Harrison et al proposed first
concept of ‘laboratories-on-a-chip’, by introducing capillary electrophoresis and
sample injection systems on glass chip [40].

Before adapting PDMS, there was early research that can be so-called ancestors in
biology field. Using soft lithography, Singhvi et al [41] fabricated platform that can
engineer hepatocyte shape and function by varying surface environment in 1994.
The lab-on-a-chip field came to a turning point in 1998. Duffy and colleagues
introduced poly(dimethylsiloxane) (PDMS) into fabrication of LOCs, which is
flexible and biocompatible, inert polymer material. In the study, master mold was
fabricated by rapid prototyping, then PDMS was cast onto the mold to create
microfluidic device. By this method, instead of using fragile silicon wafer for the
LOCs, PDMS and other ‘soft’ materials became available in the field [42], even
cell biology field [43].

Based on previous advances, LOCs reached a milestone of first ‘organ-on-a-chip’
in 2010, by D. Huh et al. The researchers reconstituted lung on a chip, which
showed lung-like behavior such as response to bacteria and inflammatory cytokines,
and uptake of nanoparticles just like actual in vivo experiments [44]. Afterwards
intestine and kidney glomerular structure was fabricated on LOC platform, and
recently the trend moved to construction of body-on-a-chip [45, 46]. Recently
researchers are mainly focusing on vascularized organoids and tissues, blood cell
associated disease screening, and tumor infiltration and migration on LOC. As the

present research suggest, lab-on-a-chip is old but still popular and studied in
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various research fields [48-51].

While previous section focused on reproducing organoids in vitro by LOCs, there
is also an important use of the device. It is, to culture multicellular spheroid.
Multicellular spheroid, or spheroid in short is mostly cultured in microfluidic
biochips. Not like the nomenclature, spheroids are not exactly ‘round’. But they
have relatively dense and compact structure consisted of aggregated cells, which
give them unique properties away from 2D cultured, in vitro cells. First, they have
three layers from the surface: Proliferating layer, inactive layer, and necrotic core
[51]. This is because it is harder for material exchange as they go deep inside,
where cells become more compacted [52-55]. Secondly, spheroids have different
cell to ECM structure or cell to cell adhesion since it has less surface contact to
rigid materials like polystyrene [51, 56-59]. Thirdly, they tend to grow exponential,
which is like the growth behavior of in vivo tumors [60, 61]. These features make
spheroid excellent platform for drug screening in vitro.

Spheroids can be prepared by various methods. First there is hanging drop culture,
which is performed by placing small drop of cell suspension on non-adhesive
surface. It is considered relatively old but still used even in recent studies with
modification [47]. Secondly, it can be prepared by suspension culture. Suspension
culture is rather a concept close to bioreactors, in which Cells are suspended in
media and shaken to induce aggregation with other cells. Multiple spheroids are
cultured in this method. Thirdly, spheroids are also available to be cultured on
microfluidic biochips. It is able to give spheroids in vivo like environment such as
constant shear stress and substrate exchange, which previous two methods does not
have or less effective in cost.

The history of spheroid culture began when Sutherland et al. at 1971 first cultured
cancer stem cell for therapy study by suspension culture. They proposed the term
‘multicellular spheroid’ first in the research [62]. Afterwards, Yuhas et al. cultured
spheroid on agar mixed media in 1977, and Fukuda et al. cultured spheroid on
multiple wells of microarray in 2005 [63, 64].

And in 2008, Wu and colleagues cultured spheroid on microfluidic device. The
research designed U shaped traps that are directed to opposite of the media flow, so
cells in suspension could be trapped and aggregated, finally into spheroids [65].

From the research, culture of multicellular cancer spheroid in various lab-on-a-chip
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platform were customized for their own therapeutic target for even now. Torisawa
et al. fabricated lab-on-a-chip co-culture platform to control the cell composition of
the spheroid in 2009, suggesting that spheroids with various shapes and cell
composition is possible by their platform [66]. In 2010, Liu et al fabricated salivary
gland adenoid cystic carcinoma spheroid on hydrogel embedded biochip, to
examine tumor infiltration behavior [67]. From research of Zidtkowska et al., colon
carcinoma tumor spheroids were cultured on lab-on-a-chip platform to study long
term culture of the spheroids in vitro [68], and in 2017 Zuchowska et al. Fabricated
A549 and MRC-5 spheroids to determine in vitro lung cancer spheroid fabrication
on microchambers of lab-on-a-chip as in Figure [69], and Alexander and colleagues
in 2018 fabricated HepG2 Spheroids on chip [70].

Most recently the biochips are combined with complicated systems or procedures
that can introduce desired features in spheroids, which can be seen in 2021 study of
Petreus et al. in which they fabricated SW620 colorectal cancer spheroid and
induced in vivo like pharmacokinetic profile for drug screening [71]. Or as in
research of Yildiz-Ozturk in same year, culturing the lung cancer spheroid in agar
micro-tissue wells and then transferring it to perfusion system which is like in vivo

[72].

2.5 Nanoparticles as gene delivery vector

Nanoparticles are particles in size of submicron to nano scale, and nano means
‘dwarf” in Greek word. The word nano nowadays designates 10 unit in scientific
fields. The size of nanoparticles has wide variety depending on purpose and
material but are practically under 500 nm in diameter. Due to the small size, it has
large surface to volume area when compared to same mass of material in larger
scales, thus enabling its unique property and behaviors. When dissolved to solvent,
it is in ultra-dispersed, solid supramolecular structure. Nanoparticles can be
fabricated from various materials, such as metals, minerals, and polymers
depending on the purpose [73].

Application of nanoparticles itself or concept have existed from long time ago.
Concept about ‘nanoparticle’ itself was at least from early 1900s, which predicted
very small particles exists, which would behave on their own principles. In 1902,

nanoparticle was first detected, and when 1931 first transmission electron
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microscope was developed, visual confirmation of nano-sized materials became
available [74]. Since then, nanoparticles were widely studied and applied in various
fields, including chemistry, energy, electronics, environmental engineering, and
bioscience and bioengineering [75-78].

One of the first studies that applied nanoparticles in bioengineering field was by
Birrenbach and Speiser in 1975, which proposed concept of ‘polymerised micelle.
In the research authors fabricated nanoparticle by mixing and polymerising bis(2-
ethylhexyl) sodium sulfosuccinate (I) and polyoxyethylene 4 lauryl ether into
nanoparticles for adjuvant to enhance vaccine effeciency [79]. Afterwards,
nanoparticles were applied in biological fields for other purpose than adjuvant,
such as drug delivery vehicle, imaging agent, phototherapy, and as gene delivery
vehicle [79, 80-82].

When nanoparticles are applicated as bioengineering tool such as drug delivery or
gene transfection vehicle, it will be eventually adsorbed to cells by active process
called endocytosis. There are two types of endocytosis mechanism, which are
phagocytosis and pinocytosis. They are endosome meditated endocytosis process,
first takes solid particle that reacted with surface receptor, while latter reacts with
specific ligand and absorb liquid phase into cell.

In uptake process, Various factors are involved. Chithrani and chan suggested in
their study of transferrin-coated gold nanoparticles, that shape can influence
cellular uptake of nanoparticles. According to the study, spheric shaped
nanoparticles had large adsorption rate compared to rod shaped nanoparticle
(Nanorods), while uptake rates were even lower when aspect ratio of nanorods
increased. They explained this phenomenon as wrapping time difference by
clathrin-mediated endocytosis [83].

While morphology of the nanoparticle can affect uptake of nanoparticles, Harush-
Frenkel and colleagues suggested that surface charge can modify uptake behavior
of nanoparticles. In the study, they prepared poly (DL-lactide-co-glycolide) coated
(PEGylated) nanoparticles of various charge and treated it to HELA cells. In the
result, positively charged nanoparticles  were absorbed more rapidly to the
HELA cells, possibly by activating clathrin-mediated endocytosis [84].

Functional groups present on nanoparticles also affect the uptake of nanoparticles.

Hail and colleagues discovered anticancer synthetic retinoid N-(4-
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hydroxyphenyl)retinamide (4HPR) was more effective in promoting conspicuous
cellular ROS production, mitochondrial disruption, or DNA fragmentation of the
transformed cells when compared to both N-(4-methoxyphenyl)retinamide (4MPR)
and N-(4-trifluoromethylphenyl)retinamid(4TPR) due to hydroxyl functional group
enhanced the cellular uptake of 4HPR [146]. Additionally, in study of Wang et al.,
the researchers investigated endocytosis of hydrophilic endocytosis-promoting
peptide (EPP6) rich in hydroxyl groups with no positive charge. EPP6 transported a
wide array of small-molecule cargos into a diverse panel of animal cells, even
without positive charge, suggesting hydroxyl groups can play critical role in

cellular uptake of substrates [147].

2.6 Drug delivery systems (DDS)

Drug delivery systems (DDSs) control the transmission and release of
pharmacologically active substances to cells, tissues, and organs for optimum
effectiveness using various physical and chemical techniques [85]. Examples of
chemical delivery systems can use carriers consisting of a wide variety of materials
and structures, such as lipid micelles and nanoparticles that can transfer target
molecules into cells; physical delivery systems include stimulations by electricity,
ultrasonication, heat, and magnetism to penetrate the cell membrane [86-89].

In particular, many studies related to cancer treatment have been conducted.
Depending on the target cancer and type of medicine, the delivery system is
applied differently. DDS has facilitated the treatment of cancer and pain
management associated with cancer progression and chemotherapy [88, 89]. Thus,
many patients have experienced DDS cancer therapeutics, and many researchers
are working to discover superior methods to the existing systems [86,90]. However,
anticancer drugs can cause many side effects, such as resistance and various
toxicities, including cardiotoxicity, hepatotoxicity, cardiotoxicity, ototoxicity, and
neurotoxicity, and secondary malignancy [91].

Thus if anticancer drugs can be used to treat locally at a tumor site, the side effects
could be minimized, and the treatment effectiveness could be increased [92-98].
Cisplatin, which contains two chlorine atoms and ammonia in platinum atoms, is
the most representative anticancer drug used to treat a number of cancers [99].

Cisplatin, which binds DNA, can inhibit the replication of cancer cells. Generally,
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this drug is ad- ministered via an injection. Thus, there are many side effects, such
as a large impact on the kidneys [100,101]. Many researchers continue to study
cisplatin or other drug delivery systems to improve efficiency and thus reduce these
side effects. For example, by decorating biomarkers and magnetic materials to
nanocarriers, loaded drugs were delivered to only the cancer site [102—106].
Additionally, the drug was injected directly into the tumor mass [107],
hyperthermia was applied in the target area to induce rapid movement of the drug
[108,109], or electroporation was used to accelerate the absorption of the drug into
the cancer tissue [110-112]. Electrospray (ES) techniques provide micro- or nano-
sized and charged droplets. This approach is generally used to manufacture
nanoparticles and to encapsulate drugs or cells in polymers [113-117]. However,
Ikemoto et al. proposed that an electrospray method can be used to introduce genes
into cells [118]. Subsequently, several research teams used this technique to
transfer external materials into cells [119,120]. These studies showed that applying
an electrical field by electrospraying can facilitate the delivery of exogenous
materials, making the ES technique a novel physical drug delivery system without
severe damage, similar to traditional electroporation methods, because the delivery

is mainly done by the impact of droplets on the cell surface [121].

2.7. Passive pump systems on microfluidics

Although spheroid culture by microfluidics device had many successes as
previously described, However, operation of cancer spheroid culture platform can
be frustrating the adaption. Current microfluidics devices require extensive training
on operating and complicated equipment, which are specifically designed for the
purpose, such as micropumps or tubes. Also, the bubble in the device should be
extensively examined because it may detach cells in the channel, cause leakage to
the tubes, or damage the platform itself.

With rapid prototyping technology and passive pump powered by surface tension,
microfluidics platform without any external equipment is available. There are many
methods to drive fluid from the inlet to output. Evaporation [122], permeation
[123], osmosis [124] are such methods, and fluid transport by surface tension
gradient is also one of the methods. Walker and Beebe introduced surface tension

driven micropump to the field. Size of the droplet at reservoir drop (“outlet”) is
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large enough to cause pressure gradient to pump drop (“inlet”), thus resulting flow
in the device [125]. Based on the discovery, Meyvantsson and colleagues
fabricated automated, microfluidic cell culture device that does not require any
tubes or motors, only powered by surface tension of the fluid [126]. This was first
fabricated to do mass screening on the microfluidics platform, and the cells are
intended to be grown inside channel of the device.

However, it would be a different problem if it comes to culturing spheroids. As
previously described, passive pumping culture systems are intended to culture cells
on the walls of the channel. It would be available to culture the spheroid by filling
the channel with hydrogel, but it is not the fundamental solution to culturing
spheroid in the system. Therefore, reference from other culture devices, such as
microwell or U-shaped traps should be considered to fabricate the right system.
Also, structure of the device would be important to induce right flow acquired for

the culture environment.
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Figure 2.1 Spheroid-on-a-chip for culture of A549 and MRC-5 device design.
A. The Scheme of the microfluidic system. B. Microchamber with cross-sections of

two different wells. C. The fabricated microchip system (I: inlet, II: Vent hole, III:
Outlets) [69].
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Reservoir drop
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Figure 2.2 The schematic of the microchannel with passive pump system. A.
Side view of the microchannel. B. Schematic of drop on the device. Drop of
volume V will form a spherical cap of radius R on a port radius r, and the cap will
rise above the surface of the device a distance 4. If the drop volume is less than that

for a hemisphere of radius r, then the drop radius R will be larger than 4 [125].
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t=367 ms

Figure 2.3 Schematic and image of passive pumping system. A-D. Schematic of
empty system filled by first fluid, then second fluid introduced filling the system,
resulting in outflow of first fluid. E-F. Actual image of passive pumping in action,

by time lapse [126].
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Figure 2.4 Schematic of gene therapy method discovery by years. Images were fabricated on Biorender (Biorender.com).
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Table 2.1. Brief history of microfluidic systems and organ-on-a-chip system.

Year Researcher Content Ref.
Miniature gas chromatic air analyzer on silicon
1979 Terry et al. [36]
wafer
1988 Esashi et al. First development of microvalves [37]
Van Lintel et al. First development of micropumps [38]
1992 Manz et al. Proposal of first ‘Lab-on-a-chip’ term [39]
1994  Singhvi et al. Culture of hepatocyte on modified gold surface  [41]
1998 Dufty et al. First concept of microfluidics system on PDMS  [42]
2010 Huh et al. Construction of lung organ-on-a-chip model [44]
2012 Kim et al. Construction of intestine organ-on-a-chip model [45]
Glomerular capillary model construction on
2017 Musah et al. . [46]
organ-on-a-chip
2022 Goreke et al. Diagnosis and analysis on sickle red blood cells  [50]
Kameda et al.  Vascularized tissue model [49]

Lietal.

Aryl hydrocarbon receptor analysis on cancer cell

invasion
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Table 2.2. Brief history of spheroid culture.

Year Researcher Content Method Ref.
1971 Sutherland et First culture of spheroid for ~ Suspension culture[62]
al. cancer therapy study
1977 Yuhasetal. Spheroid on agar media Suspension culture[63]
2005 Fukuda et al. Spheroid on microarray Multiple wells [64]
2008 Wuetal. Spheroid on microfluidic Biochip/ [65]
device U shaped trap
2009 Torisawa et al. Co-cultured spheroid Biochip/ [66]
Microchambers/hy
drogel embedded
2010 Liuetal. Salivary gland adenoid cystic Biochip/ [67]
carcinoma spheroid to examine hydrogel
tumor infiltration embedded
2011 Tungetal. Human epithelial carcinoma [144]
spheroids on multiple hanging Hanging drop
drop array
2012 Zidtkowska et Colon carcinoma tumor Biochip/ [68]
al. spheroids on long term culture Microchambers/hy
drogel embedded
2017 Zuchowska et A549 and MRC-5 spheroids ~ Biochip/ [69]
al. Microwells
2018 Alexander et HepG2 spheroids on Biochip/ [70]
al. lab-on-a-chip Chamber
2021 Petreus et al. SW620 colorectal cancer Biochip/ [71]
spheroids on lab-on-a-chip Chamber
2021 Yildiz-Ozturk Lung carcinoma spheroid on = Micro-molded [72]

et al. agar well to biochip

agar to microchip
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Chapter 3. Induction of apoptosis of cancer cells using

the cisplatin—based electrospray (CDES) system

3.1 Summary

Cisplatin, a representative anticancer drug used to treat cancer, has many adverse
effects. In particular, it causes significant damage to the kidneys. Thus, many
researchers have studied the delivery of drugs, such as cisplatin, to cancer areas
using targeted drug-delivery systems. Here, we propose a new way to treat cancer
by delivering anticancer drugs directly to the tumor site using the electrospray (ES)
technique. We determined the optimal conditions for ES to promote the
introduction of cisplatin into cancer cells. In our results, the group with cisplatin
delivery-based electrospray (CDES) at 6 kV had an apoptosis of cancer cells
approximately two times more than the group treated with cisplatin alone. We also
confirmed that ES alone did not affect the survival of cells up to a voltage of 6 kV,
but increased the permeability of the cell plasma membrane instantaneously,

facilitating the influx of the drug.

3.2 Introduction

We reported previous studies that applied this technique to transfer genes into cells
[120]. By applying an appropriate voltage, this technology can promote the influx
of external substances while minimizing the impact on cells. In this study, we
endeavored to develop a novel cisplatin delivery-based electrospray (CDES)
system for cancer cell lines, proposed a new method for inducing apoptosis of
cancer cells by delivering cisplatin using an electrospray method and indirectly
proved the mechanism. Figure 3.1. shows a schematic of the CDES system. All the
system facilities were installed on a clean bench. The syringe tip and the ground of
the ring shape were connected to a high-voltage generator. Phosphate-buffered
saline (PBS) was used as the electrospray solution, as was done in our previous
study. Initially, to confirm how much damage was caused to cells by ES, cell
viability was measured after treatment with ES at various voltages. Subsequently,
the live and dead assay and WST-1 assay were used to confirm the optimal voltage
to deliver cisplatin to the cancer cells. Additionally, to compare how apoptosis and
necrosis are induced after CDES treatment, an Annexin V analysis was performed.
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Finally, to analyze the drug delivery mechanism of CDES, changes in plasma

membrane permeability were confirmed by propidium iodide (PI) analysis.
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3.3 Materials and Methods

3.3.1 Materials

Roswell Park Memorial Institute (RPMI)-1640 medium and fetal bovine serum
(FBS) were purchased from Welgene (Gyeongsan, Korea). A water-soluble
tetrazolium salt (WST-1), to measure cytotoxicity, was purchased from Daeil Lab
Service Co. (Seoul, Re- public of Korea), and a Live/Dead Viability/Cytotoxicity
assay kit (Invitrogen (Thermo Fisher Scientific), Waltham, MA, USA) to
investigate cytotoxicity, was purchased from Mi- toSciences (Eugene, OR, USA).
For the apoptosis analysis, the FITC Annexin V Apoptosis Detection Kit was
purchased from BD Biosciences (San Jose, CA, USA). A propidium iodide solution
(PI, Sigma-Aldrich, St. Louis, MO, USA) was used to observe membrane
permeability. A syringe pump (KdScientific, Holliston, MA, USA) and a DC high-
voltage generator (TEKKAM, Seoul, Republic of Korea) were also used. Cisplatin
(50 mg lyophilized powder) was purchased from Donga ST (Cisplan, Donga ST,

Seoul, Korea).

3.3.2 Cell Preparation

HeLa (ATCC, Manassas, VA, USA) cells were cultured in a 100 mm dish (NUNC)
for 2 days in 15 mL complete medium containing RPMI-1640 and antibiotics
(Welgene Inc., Gyeongsan, Korea) supplemented with 10% FBS. HeLa cells were
seeded at a density of 2 x 10° cells on the plate. After 2 days, the cells were

harvested and seeded according to the manufacturer’s instructions.

3.3.3 The Cisplatin Delivery-Based Electrospray (CDES)

The ES system was placed on a clean bench. The system consisted of two main
components: the syringe pump and a high-voltage generator (Figure 3.5.). Cisplatin
was dissolved in PBS and loaded into a 10 mL syringe, which was then fixed to the
syringe pump. A 24-well plate was placed on the support. Subsequently, the syringe
tip and the ground of the ring shape with a diameter and thickness of 12 mm and 1
mm, respectively, were connected to the high-voltage generator. The cisplatin
solution was sprayed through the needle of the syringe at a constant flow rate of 1.8
mL h™! and applied to a target in each well filled with media. The distance between

the syringe tip and the grounded ring was 10 mm, the distance of the ground to the
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media surface was 1 mm, and the distance of the grounded ring and plate well
bottom was 3 mm. The solution was treated at the half maximal inhibitory
concentration (IC50, 4 ug/mL) [121] of cisplatin for HeLa cells for one minute.
The IC50 value means the drug concentration that inhibits certain biological
processes by half. When electrospray was applied to the target, the electrospray
voltage was varied (0, 2, 4, 6, and 8 kV).

3.3.4 Live/Dead Assay

To investigate cell cytotoxicity after CDES, a live/dead cell assay kit was used 1
day and 3 days after the treatment. For the live/dead assay, calcein and ethidium
homodimer (EthD-1) were used as in the kit information sheet. Calcein is retained
within live cells and produces green fluorescence at ex/em 495 nm/515 nm, while
EthD-1 enters dead or damaged cells and produces red fluorescence at 495 nm/635
nm as stated in the data sheet of the kit. When ES was run on a 24-well plate, cells
were seeded at a density of 3 x 10* cells per well, and the electrospray voltage was
varied (0, 2, 4, and 6 kV). When dye was used for the assay, the live/dead dye was
diluted by 5X in PBS. The cells were stained according to the kit instructions and
incubated for 20 min at room temperature. The treated cells were observed by
fluorescence microscopy (Nikon N-Storm, Nikon, Tokyo, Japan). The cell density
in this section was 3 x 10* because the live/dead assay was part of the optimization
process of the assays below. Additionally, considering the existence of the control
group and the proliferation rate of HeLa cells, the cell number between day 1 and
day 3 was assumed to not make any difference in the results. 400 uL of 1X binding
buffer was added to the samples and analyzed by FACS within 1 h (FACS Aria II
from BD Biosciences, USA).

3.3.5. Cell Membrane Permeability Analysis

Using PI Staining Simultaneously, after the Annexin V assay, PI staining was
performed to determine the permeability of ES, using their nature of exhibiting red
fluorescence upon binding to DNA inside the cell. HeLa cells were seeded in 24-
well plates at a density of 5 x 10* cells per well. After 1 day, the cells were treated
with 6 kV ES. Afterward, at various time periods (after 0, 30, 60, and 120 min), PI

solution at a concentration of 3 uM was added, and the cells were incubated for 5
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min. After washing the wells with PBS one-time, red fluorescence was observed

using a fluorescence microscope (Ti-E, Nikon, Tokyo, Japan).

3.3.7. Statistical Data Analysis

A statistical analysis was performed using R v3.2.1 software (The R Project for
Statistical Computing. Available Online: http://www.r-project.org (accessed on 02
October 2020). The least significant difference (LSD) method, Duncan’s test, and
one-way ANOVA were used to compare the means of the properties of the samples.
The level of significance was set at p < 0.05. The data are reported as the mean +

standard deviation, withn= 3 or 5.
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3.4. Results

3.4.1 Cell Viability

Analysis after ES at Each Voltage To use the electrospray system as a tool for drug
delivery to cells, it is necessary to check how much cell damage is done by the high
voltage of the process. Thus, we measured cell viability after treating ES at various
voltages. Figure 3.6. shows the results of the WST-1 assay after ES at various
concentrations (2, 4, 6, 8 and 10 kV). In the ES treatment group below 6 kV, no
significant cytotoxicity was measured. However, the ES treatment group with 8 kV
or more showed more red fluorescence in the live/dead assay and significantly
lower viability in the WST-1 assay than the control. These results showed that ES
above a specific high voltage caused significant damage to the cells, and up to 6 kV
allowed the delivery of a drug using ES. Thus, we decided to use a voltage of 6 kV
or less for the ES drug delivery system.

3.4.2 The Induction of Apoptosis by CDES

We hypothesized that treatment with a higher voltage ES would promote the
delivery of cisplatin. However, CDES was performed with a voltage of 6 kV or less
since ES alone at more than 6 kV impacted cells. To determine the optimal voltage,
CDES was performed at various voltages. One day after treatment, cell
proliferation was investigated by live/dead analysis (Figure 3.7. A, B). Living cells
(green fluorescence) were classified according to intracellular esterase activity,
which involved the release of red dye (ethidium homodimer-1). In contrast, the
dead cells (red fluorescence) degraded esterase activity and did not release red dye.
As a result, there was no significant difference between the cisplatin-only, 2 kV
CDES, and 4 kV CDES treatment groups. The fewest live cells were found in the 6
kV CDES treatment group. The analysis showed that the ratio of dead to live cells
was almost twice that of the group treated with cisplatin alone. In the WST-1
analysis, it was found that the cell viability was the lowest in the 6 kV CDES
treatment group, similar to the live and dead results (Figure 3.7. C). Based on these
results, we confirmed that the optimal voltage of CDES for inducing apoptosis in
cancer cells is 6 kV. Figure 3.2. shows the cell viability of the 6 kV CDES and
cisplatin treatment groups 3 days after treatment. Interestingly, in the group treated

with only 6 kV ES, most of the cells were alive, similar to the control group.
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However, it was confirmed that the 6 kV CDES treatment group had significantly
lower proliferation than the group treated with cisplatin alone. After the
fluorescence image analysis for the live and dead assays, it could be seen that the
ratio of dead/live cells in the 6 kV CDES treatment group was approximately 7
times higher than that of the cisplatin-treated group (Figure 3.2. B). Cell viability
using the WST-1 assay also showed similar results to the live and dead assays
(Figure 3.2. C). Based on these results, we expected that cisplatin would be
delivered to the cells with higher efficiency through the CDES method, and
accordingly, apoptosis of cells was better induced. To determine accurately whether
apoptosis was caused by CDES, FACS analysis was performed using the Annexin
V assay (Figure 3.3.). Apoptotic cells were detected by staining with
phosphatidylserine with green fluorescence (FITC), and necrotic cells were
detected by PI through red fluorescence. Early apoptotic cells showed only green
fluorescence, while late apoptotic cells showed both green and red fluorescence.
Surprisingly, it was confirmed that more than 85% of the cells were in the process
of apoptosis in the 6 kV CDES treatment group. In the group treated with cisplatin
alone, approximately 40% of the cells were undergoing apoptosis. Few cells were
apoptotic in the 6 kV ES treatment group. This means that the ES method promoted
the delivery of cisplatin, dramatically increasing the induction of apoptosis, even

though it did not cause much damage to the cells by itself.

3.5. Discussion

PI staining analysis was performed to confirm indirectly the mechanism of how
drugs are forcibly injected into the cells by ES. PI is a substance that exhibits red
fluorescence upon binding to DNA inside the cell. PI is generally used to detect
dying or dead cells because the cell membranes of healthy cells do not allow PI to
pass. On the other hand, it is also used as a tool to detect the opening of the plasma
membrane when a specific stimulus is applied to a cell [127,128]. We hypothesized
that the ES method temporarily increased the permeability of the cell plasma
membrane, thereby increasing the influx of drugs into the cells, so Pl was
administered at increasing time intervals (0, 30, 60, and 120 min) after ES
treatment. In our results, numerous red spots resulting from PI, which indicates

dying or dead cells, appeared in the group treated with 6 kV ES at 0 min. However,
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as time passed, the expression of red fluorescence rapidly decreased, and there
were almost no red spots at 60 min (Figure 3.4. A). Compared with the control, the
amount of red fluorescence in the 6 kV ES treatment group was approximately 20
times higher at 0 min (Figure 3.4. B). After ES treatment, the red fluorescence
derived from DNA-bound PI was different at each time interval, indicating that the
opening of the plasma membrane was changed. Thus, we indirectly indicated that
when a specific substance is delivered to cells using ES, it can facilitate substance
transfer by increasing the permeability of the cell plasma membranes. Figure 3.4. C
shows the proposed CDES mechanism. The charged droplets generated by ES
increase the plasma membrane permeability of the cells and greatly increase the
influx of cisplatin.

In this study, we proposed a new method for inducing apoptosis of cancer cells by
delivering cisplatin using an ES method and indirectly proved its mechanism.
Several studies have reported the transfer of genes and proteins to cells using ES,
but our study is the first to induce apoptosis by delivering anticancer drugs to
cancer cells using ES. Recently, a study on the delivery of genes using a
miniaturized ES device was reported [120]. If an anticancer drug can be delivered
using such a miniaturized ES device, it is expected that a new anticancer treatment
method can effectively deliver the drug to a limited target area. In the future, we

plan to use technology to reduce the size of skin cancers and in vivo tumors.

3.6 Conclusions

In summary, we have confirmed that electrospray technology facilitates the
introduction of cisplatin, an anticancer drug, into cancer cells and discovered that
electrospray at 6 kV is the proper voltage for delivery of the drug to the target.
Compared with the group treated only with cisplatin, the 6 kV CDES-treated group
effectively inhibited cell proliferation and induced apoptosis of cancer cells.
Additionally, after ES treatment, the plasma membrane permeability was measured
at regular intervals. This result indirectly showed that CDES increased the influx of
the drug by increasing the permeability of the cell membrane. If this technology is
further improved with additional in vivo studies, we expect it could be advanced to
local anticancer treatment to apply the drugs selectively to tumor sites only. With

our research, another anticancer delivery system fundamental for local treatment
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has been established.
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Figure 3.1. Schematic diagram of the cisplatin delivery-based electrospray (CDES) system. The CDES system facilitated the delivery of

cisplatin to cancer cells. This method suggested a way to kill cancer cells by treating drugs locally into the tumor tissue [145].
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the CDES-treated group was approximately 7 times larger than that in the cisplatin-treated group 3 days after treatment [145].
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Figure 3.3. (A) The results of fluorescence-activated cell sorting (FACS) for Annexin V staining after 6 kV CDES (Control, 6 kV ES, Cisplatin,

and 6 kV CDES). (B) FACS analysis showed more than 80% cell death in the 6 kV CDES group. Approximately 80% of apoptotic cells were

shown in the 6 kV CDES treatment group (n = 3, p < 0.05. Columns with different letters are significantly different) [145].
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droplets generated by ES increase the permeability of the plasma cell membrane. Then, it increases the influx of cisplatin [145].
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Figure 3.5. Components of CDES system [145].
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Figure 3.6. Cell viability after electrospray (ES) at various voltage. When the
ES was treated with a voltage of 6kV or less, no toxicity to the cells was observed,

but the damage to the cells was found to be large from the ES of 8kV [145].
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Figure 3.7. Comparison of cell viability at various voltage CDES. A. Live and
dead assay of electrospray with cisplatin at various voltages (Control, Cisplatin,
2kV CDES, 4kV CDES, 6kV CDES), B. The bar graph of dead/live ratio C. WST
assay of CDES (scale bar: 1 mm, n=5, p < 0.05. Columns with different letters are
significantly different according to one-way ANOVA and Duncan’s test) CDES at
6kV induced the largest number of cancer cell deaths 1 day after treatments [145].
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Chapter 4. Fabrication of 3D—printing assisted
Spheroid—on—a—chip platform

4.1. Summary

We fabricated a 3D cell culture platform with a channel and well that could culture
a cancer spheroid inside the cells, which had a well size of 1,000 pm and 500 um
in diameter. The platform was built as intended, transporting fluids from the inlet to
outlet without any external forces except for initial fluid feeding, as well as no
leaking.

The culture conditions were optimized by varying the cell density and well size,
which was narrowed down to a cell density of 3 x 10° cells/ml and well size of 500
um, which showed fewer necrotic areas or clustered morphology in the early stages.
Under the optimized conditions, A549 cells successfully formed spheroids and
showed increasing viability to 1 week, when the viability of the spheroids
increased significantly compared to the start of culture.

When doxorubicin was used to determine the cell death ratio and drug resistance
induced by platform culture and cocultured cell variations, most of the cells
showed almost half decreased viability in vitro, while there was no significant cell
death in the platform when compared with untreated groups; however, variation of
cells did not significantly affect the chemotherapy resistance. The effect of
platform culture and cocultured cell variation on stemness gene expression, which
could contribute to drug resistance, was determined by qPCR, and the A549 with
CSC groups showed the largest increase; therefore, it is best to culture A549 and
CSCs in the platform to culture spheroids that express stemness and drug resistance

as natural tumors.

4.2. Introduction

As described in the previous chapter, cancers such as lung cancer progress rapidly
and have a poor prognosis, thus making animal model construction and overall
research difficult. Thus, a more suitable platform that could be studied in vitro,
which has in vivo tumor-resembling features, is needed. Multicellular spheroids, or
spheroids in short, can be a solution to this problem. Spheroids are compact and
dense masses of cells growing without adhesion to the surface. Due to different
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growth behavior compared to 2D culture, it shows more in vivo-like properties.
Previous studies cultured spheroids on various platforms and harvested or moved
them to biochips to fulfill research purposes. These studies reported that spheroids
have in vivo tumor-like drug sensitivity or gene expression levels. Additionally,
there is already research that focuses on culturing spheroids consisting of lung
cancer cells, such as A549 cells, on lab-on-a-chip platforms [69, 72].

Additionally, spheroid cultured cancer cells are abundant with stemness-expressing
cells, which are called cancer stem cells. These cells influence the therapeutic drug
resistance or long-term survival of spheroids [129]. There is some evidence that
spheroids cultured in microfluidic platforms can be enhanced with stemness gene
expression levels [130, 131].

However, previous research still has some room for improvements and new
discoveries. First, current spheroid culture methods have no such midpoints
between spheroid function maintenance and convenience. Spheroids can be grown
in microwell arrays, but spheroids may not be induced with sufficient shear stress
or hypoxia resulting from media flow. Spheroids grown in LOC systems equipped
with micropumps and tubes can be provided with the desired shear stress to the
cells, but training and experience are needed to operate such equipment. This
makes the culture of spheroids in such devices complicated.

Second, the effect of the nonactive pumping system on the behavior of spheroids is
not well defined currently, which includes stemness gene expression. There was
research that enriched stemness-like features to spheroids cultured on a
microfluidic system, but it used an active device to induce flow to the system.
Similar to the nonactive pumping system, the effect of CSC-like cells on the
expression of stemness genes in cultured spheroids is also not yet well defined.
Considering the issues above, surface tension-based passive pumping can be
combined with microwells. It was first used for high-speed drug screening, which
transports droplets from the inlet to the outlet by the surface tension of the fluid.
This method can induce shear stress in spheroids while eliminating the need for
complicated equipment or skills. Within the device, the effects of CSC-like cells on
stemness gene expression of spheroids can also be defined.

In this research, a microfluidic cancer spheroid culture platform with surface

tension-induced passive pumping was fabricated, and A549 lung adenocarcinoma
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cells and cancer stem cells were used together to culture spheroids inside the

platform.
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4.3 Material and Methods

4.3.1. Chip fabrication

The spheroid-on-a-chip platform (SOC) was fabricated by casting PDMS on the
mold. First, the mold was designed by Fusion360 (Fusion360, Autodesk, California,
USA), and the file was converted into an STL file. The mold of the upper part
included an inlet and outlet and an air vent for the spheroid culture well. The mold
of the bottom part included the overall channel, inlet, outlet, and well. The inlet
size was 1.5 mm, and the outlet size was 6 mm in diameter. The channel was 750
um in height, 500 um in width, and 16.25 mm in total length. The spheroid well
was in the midst of the channel. The diameters of the hemispheric bottom were
1,000 pm and 500 pm, and the depths were 1.35 mm (1,000 pm) and 0.95 mm
(500 pm).

To print the design into a mold, rapid prototyping was used. A digital light
projector Printer (Photon Mono X, Anycube, Shenzhen, China) was used to
fabricate small features in the mold. The resulting mold was washed with isopropyl
alcohol (5035-4410, Daejung chemistry, Gyeonggi-do, Korea), cured by UV rays
to remove the remaining resin, and then additionally cured on a 60 °C hot plate
(SMHS-3 Multi-Hotplate Stirrers, Daihan Scientific, Incheon, Korea) to prevent
distortion.

After the mold was ready, polydimethylsiloxane (Sylgard 184 silicone elastomer
kit, Dow Corning, Michigan, USA) was cast onto the mold, prepared as instructed
by the manufacturer, and cured on a 60 °C hot plate. Within 3 hours of heat curing,
the SOC structure was peeled off from the mold and additionally cured at 75 °C.
Cured PDMS was then tailored, and the inlet, outlet, and air vent were punched
into the upper part using 1.5 mm, 2 mm, and 6 mm biopsy punches (Disposable
Biopsy Punch, Miltex, Texas, United States). Contaminants were removed from the
surface using Kimtech wipes (Kimwipes, Kimberly Clark, Wisconsin, USA) and
70% ethanol (4204-4410, Daejung chemistry, Gyeonggi-do, Korea) and masked
with adhesive tape. Finally, masking of the upper part and bottom part was
removed, then assembled by treating O2 plasma by a vacuum plasma system
(ACUTE, Femto Science, Hwaseong, Korea) for 90 seconds and bonding. After

fabrication, the completed SOC was sterilized by autoclaving for further use.
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4.3.2. Cell culture in the spheroid-on-a-chip platform

The A549 adenocarcinoma cell line, human umbilical vein endothelial cell
(HUVEC) passage 4, and sorted cancer stem cell (CSC) passages 8 to 10 were used
for the experiment. Cells were cultured to the desired density and passage until the
seeding day. HUVECs were purchased from ATCC (CRL-1730, ATCC, Virginia,
USA), A549 cells were purchased from Korea Cell Line Bank (10185, Korea Cell
Line Bank, Seoul, Korea), and CSCs were sorted by a magnet-activated cell sorting
(MACS) Tumor Cell Isolation Kit (130-108-339, Miltenyi Biotec, Maryland, USA)
from glioblastoma cells according to the manufacturer’s instructions.

On the seeding day, the internal channel and well of the SOC were washed with
70% ethanol and then with phosphate buftered saline (DPBS, Medicago, Chicago,
USA) 2 times to remove contaminants while removing bubbles carefully. Channels
and wells were coated with 5% polyethylene glycol (PEG) (88276, Sigma—Aldrich,
Massachusetts, USA)-PBS solution for 90 minutes at room temperature to prevent
adhesion of the cells on the channel and promote spheroid formation in the well.
After 90 minutes, the PEG solution was exchanged with RPMI growth media
(LMO11-60, RPMI growth media, Welgene, Korea) supplied with 10% fetal bovine
serum (FBS) (S-101-01, Welgene, Korea) and 5% antibiotics (LS-203-01, Welgene,
Korea). Prepared cells were washed with DPBS, treated with trypsin-EDTA
(Trypsin-EDTA, Welgene, Korea) and then suspended in 1 ml growth media.
Afterward, 10 pl of 200 pg/ml fibronectin solution was added to a 1 ml cell
suspension. This was to help spheroid formation by adding extracellular matrix
component. After the cell suspension filled the channel of the SOC platform, it was
cultured in a 37 °C CO?2 incubator. During the culture, DPBS washing and media

change were performed daily.

4.3.3. Culture Optimization

This section was prepared to determine more suitable cell density and well size and
long-term cell viability of spheroid formation. For the experiment, each chip was
cultured with different well sizes and cell densities. The SOC platform and cell
suspension were prepared as previously described.

To determine optimal well size for the culture, we prepared 500 um and 1,000 um

well. 3x10° cells/ml of A549 cells were seeded in the device, then cultured for day3,
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Day 5, and Day 7. After well size determination, optimal cell density for the culture
was discussed. 3x108, 3x103, 3x10* A549 cells/ml of cell suspension was seeded in
500 um well, then cultured for Day 3, Day 5, and Day 7.

On the day of analysis, LIVE/DEAD kit (L3224 LIVE/DEAD™
Viability/Cytotoxicity Kit, for mammalian cells, Thermofisher, Massachusetts,
USA) was used to visualize the viability of the cells growing in the SOC device.
LIVE & DEAD kit can show results fast, and easy to apply even on microfluidic
devices like the one used in this experiment. Previous on analysis, SOC was
washed with PBS to remove any FBS in the media to prevent any interference.
Afterward, LIVE & DEAD working solution which have 5 pl calcein AM, 20 pl
ethidium homodimer-1 in 10 ml was prepared, then added to the wells and cultured
for 10 minutes. Afterward, SOC were moved to fluorescence microscope (Eclipse
Ni-E, Nikon, Tokyo, Japan) stage and imaged in FITC, Texas Red wavelength for
further analysis.

After optimization of well size and cell density, WST-1 assay was used to observe
growth of spheroids in the platform. 3x10° cells/ml of A549 cell suspension was
seeded in 500 um well, and cultured for Day 3, Day 5, and Day 7 (n=5). After
preset period, spheroids were washed, harvested, and made into cell suspension
with culture media. The cell suspension of each well was then added to 96 well to
total volume of each well is 100 ul. After one hour of stabilization, 10 ul of 10 x
EZ-CYTOX (Ez-3000P, DoGen Bio, Seoul, Korea) solution was added to each
well. After one hour incubation at 37 °C, the plate was read at 450 nm wavelength
at ELISA plate reader system (Sunrise absorbance microplate reader, TECAN,

Minnedorf, Switzerland).

4.3.4. Immunocytochemistry staining (ICC)

To determine and image cancer cell specific marker CD133 on the spheroid surface,
expression on the spheroid surface immunohistochemistry analysis was prepared.
First, Spheroid in the biochip was fixed by 4% Paraformaldehyde, then extracted

on the slide glass. Fixed spheroids were blocked with bovine serum albumin (BSA)
for an hour. Afterward, the samples were treated with anti-CD133 antibody
(ab19818, Abcam, Boston, USA), FITC-conjugated secondary antibody, DAPI and

vinculin. Afterward, the samples were mounted on slide glass, then moved to
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fluorescence microscope (Eclipse Ni-E, Nikon, Tokyo, Japan) stage for further

analysis.

4.3.5. Quantitative real time PCR (qPCR)

To determine effects of HUVEC and CSC on stemness gene expression of A549
cells in spheroid culture, eight experimental groups were set: A549, A549 and
HUVEC, A549 and CSC, A549, HUVEC and CSC, and same variation of cells
cultured in 96 well plate (n=3). Cells were seeded, cultured until Day 3, Day 7 as
previously described.

For RNA extraction and cDNA synthesis, TRIzol (15596026, Thermofisher,
Massachusetts, USA) and Omniscript RT Kit (205113, Qiagen, Venlo, Netherlands)
and oligo DT primer (18418012, Thermofisher, Massachusetts, USA) was used as
manufacturer’s instruction. On the day of harvest, cells were harvested from
biochip and wells, and treated with TRIzol. After RNA extraction and cDNA
synthesis was done, total cDNA concentration of each group was adjusted to 25
ng/ml, then stored in -70 °C for further use.

The expression of the stemness genes Oct4 and Nanog and the housekeeping gene
GAPDH was analyzed using quantitative PCR (qPCR) with a Rotor-Gene Q real-
time PCR system (Qiagen, Venlo, Netherlands), Ampigene® qPCR Green Mix Lo-
ROX (ENZ-NUC103, Enzo, New York, USA), and Bioneer qPCR primer (20-S-
1001, Bioneer, Daejeon, Korea). The forward and backward primer sequences for
the genes are shown in Table 1. Each sample was prepared as follows: 10 ul of
master mix, 0.8 pl each of 10 pmol/ml forward and backward primers, and 10 pul of

25 ng/ul DNA.

4.3.6. Cytotoxicity assay

To determine the effects of cell variation and biochip culture on the chemotherapy
resistance of the cells, doxorubicin was used as a cancer chemotherapeutic drug.
Four groups were set (A549, AS549+HUVEC, A549+CSC, and
A549+HUVEC+CSC, which are abbreviated as A, AH, AC, and AHC,
respectively), which were divided into two groups: doxorubicin-treated and
nontreated groups (control). Additionally, in vitro groups with the same variation of

cells seeded in the biochip were also prepared.
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In vitro groups were seeded at a density of 1x10* cells per well, and biochip groups
were seeded as previously described. Then, doxorubicin solution in growth
medium (10 pg/ml) was added to each experimental group.

After 24 hours of treatment, each sample was washed with PBS and subjected to
the WST-1 assay as previously described. /n vitro samples were added to 110 pl of
1x WST-1 working solution, and each sample was read after 1 hour of incubation
at 37 °C. The LIVE & DEAD assay was also performed as described in 4.3.3. for
both groups.

4.3.7. Doxorubicin ES on In vitro/Biochip

To investigate the effect of doxorubicin treatment by electrospray on in vitro and
biochip, Electrospray settings were set as in Section 3.3.3., and the concentration of
doxorubicin was set as 1.11 pug/ml, considering the electrospray rate. In vitro
samples were treated as described in Section 3.3.3. Biochip samples were treated

by placing ground above the vent, considering the nozzle-to-ground distance.

4.3.8. Statistical analysis

Viability assay results are given as the mean + SD for the indicated number of
wells. Statistical analysis and one-way ANOVA were performed using OriginPro
2018 software (Originlab Corporation, Massachusetts, USA). A minimum of three
samples were analyzed. Differences were considered statistically significant at P <

0.05.
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4.4 Results

4.4.1. Chip fabrication

A spheroid-on-a-chip platform was successfully fabricated. The size and
morphology of the channels were equivalent to the initial design, while passive

pumping successfully functioned as seen in Figure 4.1.

4.4.2. Culture Optimization

Initially, both wells formed spheroids successfully, showing bright green
fluorescence to Day 3, indicating that no apparent cell death occurred in the
spheroids. As shown in Figure 4.2, spheroids were successfully formed at a 1,000
pm diameter without showing any sign of clustering, but regions with red
fluorescence were observed in the center after Day 5. This indicates necrosis in
spheroids cultured in 1,000 um diameter wells, possibly induced by hypoxia
caused by excessive size. While the 1,000 um wells showed red fluorescence after
5 days, the 500 um diameter well also showed a red region. However, there was a
relatively small area of red fluorescence, even considering the overall size
difference.

In the cell density determination, there was a visually apparent difference between
each group from the early stage. While the 3x10° cells/ml group showed complete
spheroid formation from Day 3, the 3x103 and 3x10* cells/ml groups showed rather
clustered, smaller sized spheroids distributed in the well. After several days, both
groups also formed one agglomerate. However, we determined that it would be
more suitable to culture cells at a density of 3x10° cells/ml further in the study.
This was because the density was more uniform in morphology from the early
stage. The even shape and size of spheroids would minimize standard deviations
for therapeutic assays considering the total surface area, thus producing more stable
data.

After confirming that the 500 pm diameter well and density of 3x10° cells/ml were
the optimized culture conditions in the platform, spheroids were cultured to Day 7.
The spheroids on Day 7 showed a significant viability increase when compared to
Day 1 and Day 3 data, indicating that the spheroids in the platform were grown

successfully.
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4.4.3. Immunocytochemistry staining (ICC)

CD133 expression on spheroids was most prominent in the A549 and CSC
cocultured group as green fluorescence. However, the expression of CD133 was
more prominent in the A549, HUVEC and CSC culture groups. From the results,
the expression of CD133 was more prominent when A549 spheroids were cultured

with HUVECs and CD133.

4.4.4. Quantitative real time PCR (qPCR)

On Day 3, Nanog expression in the biochip-cultured groups except for the A549-
only groups showed higher -AACt, indicating that the expression was higher than
that in the other groups. Additionally, Oct-4 expression, except for the A549 only
group, showed a higher -AACt value than the in vitro cultured groups. Although not
statistically significant, the expression of the biochip-cultured AC group was
highest among the others, showing that CSCs cultured with A549 cells promoted
more stemness gene expression than the others.

On Day 5, all the -AACt values for Nanog expression were higher than those in the
in vitro cultured groups, except for the A549 only group. The -AACt value for Oct-
4 expression was lowest on BAC, while all biochip culture groups except for the
A549 only group had higher expression than the in vitro groups. While Biochip-
cultured AC showed the highest -AACt value for both Nanog and Oct-4 expression,
AHC showed the second highest -AACt value for Nanog expression but lower
expression than Biochip-cultured AH. Coculture of HUVECs and CSCs with A549
cells in the biochip platform induced higher expression of both stemness genes,

although the difference was not significant.

4.4.5. Cytotoxicity assay

The cytotoxicity results on the biochip and in vitro samples showed remarkable
changes. After doxorubicin treatment, in vitro cultured cells showed up to a 40%
decrease in viability, as described in 4.3.A. However, biochip samples showed up
to 90% viability even after doxorubicin treatment, as shown in 4.3.B. Live/Dead
images also showed no significant cell death in the biochips, while the cell number
decreased and red fluorescence increased, which indicates dead cells.

Among the doxorubicin-treated in vitro groups, the AHC group showed a
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significant decrease compared to the other treated groups. When there was no
significant difference between biochip cultured groups, the A group showed a

tendency of decreasing viability when treated compared to the other groups.

4.4.6. Doxorubicin ES on In vitro/Biochip

The cytotoxicity results of doxorubicin delivered by electrospray on chip showed
similar results to doxorubicin treatment without electrospray, while the AHC group
showed no significant change in vitro after treatment. Additionally, percentage
comparison showed no significant change between the in vitro and biochip groups,

except for the AHC group.

4.5 Discussion

In regard to the formation of spheroids, the major critical factor for spheroid
formation is cell number. When cell numbers decreased, cell aggregation in early
spheroid development was small and formed in clusters. At very low density, the
spheroids were barely formed or not formed. Although the clustered spheroids
formed one aggregate in the wells, it would be better to inoculate a biochip with a
cell density over 3x10° cells/ml. This is because clustered spheroids show less
uniform surface area when compared to whole spheroids, affecting the
experimental results in devices such as gene therapy and drug screening.
Meanwhile, the factor that influences the long-term survival of cells that are
forming spheroids is suspected to be well size. The diameter of the well directly
changes the size of the spheroid, and both the 500 and 1,000 um diameter wells
showed normal aggregation and growth of the cells. However, after Day 5 from the
start of culture of the 1,000 um diameter well, spheroids began to show necrotic
areas from the center. This is due to the lack of surface area, which causes hypoxia,
inferior nutrients, and waste exchange in the core region. In contrast, the 500 um
well did not show prominent signs of necrosis even on Day 7, which indicated that
spheroids grown in the 500 pm well were more advantageous in material exchange.
Live & Dead and WST assays on long-term culture also showed the spheroids
cultured on optimized condition (500 pm diameter well, 3x10°% cells/ml)
maintained viability, and exponential growth throughout the culture, proving the

condition is preferable in the device.
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A cytotoxicity assay using doxorubicin indicated that spheroids had more
resistance to chemotherapy than spheroids in vitro. When cultured in vitro, the
AHC groups showed poor survival of the cells compared to other groups in vitro.
However, the A group in the biochip showed a tendency of decreasing viability
when compared to the other groups cultured in the biochip. This indicates that the
features given by coculture of HUVECs and CSCs are not very effective in the in
vitro groups, but they may increase the drug resistance features when compared to
A549 only cultured groups. The surface area may explain the survival rate
difference between the in vitro and biochip groups, and stemness expression may
explain the viability difference between the biochip groups.

The qPCR data support the viability data, supporting the hypothesis that resistance
to chemotherapy was promoted by the increase in stemness in spheroids. The
expression of the stemness genes Nanog and Oct-4 was higher in the biochip-
cultured groups than in the in vitro groups on both days except for the A549 only
group. From the results, we can predict that A549 cell only groups cultured in
biochip may have better resistance compared to in vitro groups but would show
less tumor-like behavior when compared to same biochip cultured groups,
especially cultured relatively long term like in qPCR samples. This is remarkable
when compared to doxorubicin treatment results on biochip cultured groups, where
A549 only group showed larger drop of viability compared to other groups.
Although it is not significant in viability, it could be evidence that stemness
induced by coculturing CSCs and HUVECs may also influence the survivability of
cells when exposed to therapeutic drugs. Additionally, when the cell line is cultured
in a well plate for over 3 days, the overgrown cells become detached from the
surface and influence other cells on the plate. However, as shown in the results,
cells cultured on the spheroid culture platform showed increased viability and
maintained morphology even for 7 days, as mentioned in the results, even
presenting live tumor-like characteristics on Day 5. When comparing the coculture
effect of HUVECs and CSCs, CSCs showed more stemness gene expression than
other groups, including the A549/HUVEC/CSC groups, but HUVECs showed
stronger expression of Nanog on Day 5. Although the AS549/HUVEC/CSC
coculture did not show a very promising effect in in vitro culture, it showed the

highest expression on Day 5 when inducing both Nanog and Oct-4 expression,
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suggesting that coculturing both HUVECs and CSCs would be more promising to
induce more live tumor-like properties after Day 3.

As mentioned in other research, the major factor that influenced formation of the
spheroids in this well was constant shear stress by flow and 3D structure. Although
it is possible to make the fluids circulate endlessly by adapting conventional
microfluidic pumps or other passive pump systems, spheroids were formed
successfully even without such equipment. Moreover, drug resistance and stemness
expression increased in biochips in vitro by combining biochip culture and
coculturing HUVECs and CSCs. The results suggest that even without complicated
machinery, the in vitro culture platform can fabricate more in vivo spheroids

expressing drug resistance and improved stemness gene expression.

4.6 Conclusion

Overall research in this study fabricated and operated the cancer spheroid culture
platform with basic cell culture equipment such as micropipettes. Even with a
simple procedure, the spheroids expressed better drug resistance and stemness gene
expression. The resulting platform from this research will provide new insight into
how it is possible to maintain cancer spheroids with a relatively simple structure
and operating method for a long time, even without micropumps or tubes. When
applied to the biochip platform developed in Chapter 4, SHMT1 siRNA applied
with SNP 20 showed a significant decrease in vitro in most groups after treatment
and no significant difference in the percentage of viability compared to the control.
However, there was no significant difference after the same treatment by
electrospray. This may be because the nucleic acid binds with the nanoparticle to
form a complex, and the voltage applied in electrospray may have disrupted these
interactions. SNP alone showed different results than doxorubicin applied to chips
in Chapter 4, showing that the application of siRNA by SNP 20 to biochips had a

rather similar effect in vitro when considering the percentage data.
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Figure 4.1. Schematic of the spheroid-on-a-chip platform and its application. Images were fabricated on Biorender (Biorender.com).
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Figure 4.2. Cell culture conditioning on the biochip. a, c. Live/Dead images of Day 3 to Day 7 cultures of A549 cells in 1,000 and 500 pm
wells at cell densities of 3 x 10° and 3 x 10° cells/ml. b. Culture of A549 cells at a density of 3 x 10° cells/ml in 500 um wells from Day 1 to

Day 7. (* indicates a significantly different value at p<0.05 (n=5))
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Figure 4.3. Day 3 and day 5 ICC results of CD133 expression. A. Day 3 images of spheroids. B. Day 5 images of spheroids. (Abbreviations:
A: A549 only, AH: A549+HUVEC, AC: A549+CSC, AHC: A549+HUVEC+AHC).
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Day 3. B. Oct4 expression by -AACt, Day 3. C. Nanog expression by -AACt, Day 5. D. Nanog expression by -AACt, Day 5. (Abbreviations: A:
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Table 4.1. Primer sequence used in qPCR.

Gene Primer sequence (5°— 3°) Size (bp)
GAPDH F: ATGAGAAGTATGACAACAGCCT 113
(Housekeeping gene) R: AGTCCTTCCACGAACCAAAGT
Oct-4 F: GTGGACAGCAACTCCGATG 121

R: TGCAGAGCTTTGATGTCCTG
Nanog F: AGCTACAAACAGGTCAAGAC 145

R: GGTGGTAGGAAGAGTAAAGG
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Chapter 5. Design and fabrication of sericin
nanoparticle for gene therapy

5.1. Summary

To overcome the limitations of electrospray in a previous experiment, we
fabricated sericin nanoparticles for gene delivery. The nanoparticles were
fabricated by two methods: one was fabricated by emulsifying the sericin solution
in saline with ethanol and then crosslinking with glutaraldehyde, while the other
was fabricated by grafting sericin with polyethyleneimine (PEI), making it easy to
induce polymeric nanomicelle formation in aqueous conditions. The sizes of SNPs
and PEIS were determined by DLS, which indicated that they successfully formed
nanosized particles, while the surface zeta potential was slightly negative.

The viability of the nanoparticles was determined by WST-1 assay, which indicated
that the SNPs were slightly cytotoxic at high concentrations. The RNAi and
apoptosis-inducing effects of the nanoparticles were determined by WST-1,
TUNEL assay, and qPCR. WST-1 assays showed that groups treated with SNPs
showed a significant decrease compared to the PEI and control groups, while the
group treated with PEIS also showed decreasing viability, although there was no
significant difference. TUNEL assays showed induced apoptosis, which agreed
with the result of the WST-1 assays. Finally, qPCR results on SHMT1 and P53
genes showed that expression of SHMT1 decreased significantly, and P53
expression increased indicating that the WST-1 and TUNEL assay results were due
to RNAI delivery of nanoparticles in the cells, proving the feasibility of SNPs and
PEIS for gene delivery drug in the future.

5.2. Introduction

In our former experiment, electrospray was used to deliver cisplatin to cancer cells.
The electrospray method is available to generate nanosized structures by a
relatively simple method. In this study, the viability of cancer cells was largely
decreased by cisplatin. This was mainly caused by the function of the electric field,
which enabled the particles to be more advantaged to invade into the cells by
temporal electroporation.

However, electrospray is less attractive in regard to cancer therapy and applications
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in vivo or in closed systems. This is because it is difficult to apply electrospray to
the target area since most of the tumor is located deep in the body, unlike in vitro
culture. Additionally, naked DNA solution is not very effective in gene transfection
because the natural defense system of the cell easily degrades therapeutic nucleic
acids. Thus, new delivery methods for genes are needed. Cationic liposomes are
one of the most widely used gene transfection reagents, but cationic liposomes are
cytotoxic and cause inflammation when excessive doses are administered [132].
On the other hand, nanoparticles have attractive features as gene delivery vehicles.
Although it has been reported that the ideal particle size to increase uptake rate
varies by the material and target organ or cell, in the case of drug delivery and gene
transfection, studies suggest that polymer nanoparticle sizes over 100 nm are
advantageous for cellular uptake [133, 134]. Therefore, to design and apply novel
nanoparticles, the previously mentioned factors should be carefully considered for
efficient experimental design and optimized outputs.
There are a variety of materials used for fabricating nanoparticles, such as metal,
carbon, and synthetic and natural polymers. This may depend on the purpose, but
in the biological field, natural polymers, particularly proteins, are preferred. This is
because proteins are abundant in functional groups, which means that the
properties of protein products can be easily modified for various purposes.
Additionally, proteins used for biological and tissue engineering fields are
amphiphilic, biocompatible, and biodegradable.
Sericin is a natural protein that is a byproduct of the silk industry. Silk fiber
consists of fibroin fiber in the core and wax-like protein sericin surrounding the
fibroin fiber. Although silk itself has been adopted in the medical biological field
for a long time, its use is almost entirely limited to fibroin. This was mainly
because sericin was considered to provoke immunogenic effects in humans,
resulting in asthma [135-137], making it less popular than fibroin. However, years
after research data on sericin were accumulated, it turned out that in fact sericin
does not provoke immunogenic effects. Moreover, it was shown to be
biocompatible [138-140] and have beneficial effects, such as enhancing wound
healing [141, 142] and growth support of cell lines cultured in serum-free media
[143].
From these aspects, sericin can also be adapted in fabricating nanoparticles. First,
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sericin was adapted in the same way as its counterpart fibroin, mixed with water
and crosslinked. Formaldehyde is often used as a crosslinker, but glutaraldehyde
was used in this study because it is less cytotoxic and allergenic. While these types
of fabrication methods are targeted to make stable nanoparticles, some researchers
have focused on the functionality of the nanoparticle itself, such as targeted
delivery and the capacity to deliver both hydrophobic and hydrophilic drugs. The
functionality of sericin nanoparticles was achieved by grafting individual sericin
units with desired materials to form nanosized polymeric micelles or blending
sericin with other polymers, such as poloxamer, when fabricating the nanoparticles.
Verification of sericin nanoparticles mainly focuses on proving cell uptake
behavior by grafting florescent markers on the particles and on the actual effect of
drug delivery. In most cases, in vitro studies, such as hemolysis assays, are
conducted.

Although the above studies mainly discussed the drug delivery vehicle aspects of
sericin nanoparticles, drug delivery and gene delivery are not much different in
their fundamental principles. First, the drug/gene should be specifically and
effectively delivered to target cells or tissue and then released into the desired cell
organelles. For example, sericin nanoparticles developed for gene delivery and
drug delivery are not very different in terms of their fabrication steps. This allows
for further possibilities for applying drug delivery vehicle techniques to gene
delivery and RNA..

Fabrication of nanoparticles for this purpose can be a solution that
maintains nanosize, binds well to the desired nucleic acid, and does not have any
negative side effects after transfection, such as cytotoxicity.

Sericin can be an alternative. It has low cytotoxicity and excellent biocompatibility
and can be modified easily because of its functional groups. While sericin can be
fabricated into nanoparticles alone, other reagents can be conjugated to the
structure. For example, polyethyleneimine is a good candidate for conjugation.
When used alone, PEI has good transfection ability but is cytotoxic, which limits
its use. If PEI is conjugated to sericin, the transfection rate will be increased, while
the cytotoxicity of PEI will be repressed.

In this study, we fabricated sericin nanoparticles and sericin-PEI nanoparticles for

the transfection of siRNA into cancer cells and examined the effects.
6 4



5.3 Material and Methods

5.3.1. Preparation of sericin nanoparticles (SNPs)

Sericin powder from mulberry silk was kindly provided by the Rural Development
Administration and Sunchon National University. To prepare sericin nanoparticles,
a desolvation method was used. Two hundred milligrams of sericin was completely
dissolved into 2 ml of 10 mM NaCl (0241-1KG, Amresco Inc., Ohio, US) (pH 8.2)
aqueous solution. Afterward, 8 ml of 99.9% ethanol (Daejung Chemical, Goryeong,
Republic of Korea) was added dropwise at a rate of 1 ml/hr while stirring at 500
rpm and room temperature on a magnetic stirrer (SMHS-3 Multi-Hotplate Stirrers,
Daihan Scientific, Incheon, Korea). After the sericin nanoparticles were dissolved
as a turbid solution, 125 ul of 8% glutaraldehyde solution (4133-1405, Daejung
Chemical, Goryeong, Republic of Korea) was added and then stirred at 500 rpm
overnight to induce more stable nanoparticles by crosslinking. The next day, the
solution containing crosslinked sericin nanoparticles was purified by centrifuging
five times at 15,000 xG for 10 minutes, discarding and dispersing the same initial
volume of 10 mM NaCl (pH 8.2) solution. After purification, sericin nanoparticles
were lyophilized in a freeze dryer (FD 8508, Ilshin Biobase, Gyeonggi-do, Korea)
for 48 hours for further analysis and use.

Sericin was also conjugated with PEI to form PEI-conjugated sericin nanoparticles
(PEIS) to improve its gene transfection ability. The conjugation was performed by
the EDC-NHS conjugation method. First, 100 mg of sericin was dissolved into 10
ml of 1 M NaCl in DW solution. Then, 50 mg each of EDC and NHS (E7750 and
56485, Sigma Aldrich, Massachusetts, USA) was added to the solution and reacted
for 30 minutes at room temperature to activate. Afterward, 15 mg of PEI (Branched
PEI 1,200, 06088, mw 1,200 kDa, Polyscience, Philadelphia, USA) was added to
the solution and then conjugated with sericin for 12 hours with stirring at room
temperature. The resulting substrate was dialyzed against 1 M NaCl for 6 hours and
then against DW for 18 hours with a 12 kDa Spectra-POR dialysis membrane
(132645, Repligen, Massachusetts, USA) and lyophilized with a freeze dryer for 48

hours.

5.3.2. Direct Laser Scattering (DLS)
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The size, surface zeta potential, and polydispersity index (PDI) of SNPs and PEIS
were determined by using a direct light scattering system (DLS; Zetasizer Nano-
7560; Malvern Panalytical Ltd., Malvern, Worcestershire, UK) operated in size
measuring mode and zeta potential measuring mode; water was set as the
dispersant and protein was set as the material in the standard operation procedure
(SOP) in the Zetasizer software with a folded capillary zeta potential cell
(DTS1070, Malvern Panalytical Ltd., Malvern, Worcestershire, UK).
Size and PDI were analyzed in automatic mode with the following conditions: 173’
Backscatter (NIBS default) setting, measured three times, 11 runs within a run
duration of 10 seconds. The zeta potential was analyzed at an equilibration time of
120 seconds, Smoluchowski model, three-time measurement, and 10 to 100 runs.
Before the analysis, SNPs and PEIS were complexed/mixed with DNA to
determine the exact size and surface charge before and after DNA complexation.
SNPs was mixed with DW and DNA and complexed for 30 minutes before
measurement. The PEIS were incorporated into a 3 mg/ml solution in DW and then
mixed with the same volume of DNA. After mixing, the PEIS-DNA solution was
vortexed for 20 minutes to induce DNA-polymer micelle formation without

unnecessary aggregation.

5.3.3. Energy-filtered transmission electron microscopy (EF-TEM)

The morphology and particle size of each sample were determined at a high
magnification by EF-TEM (LIBRA 120, Carl Zeiss, Baden-Wiirttemberg,
Germany). For sample preparation, the nanoparticle/DNA complexed DNA-PEIS
solution was prepared as described in Section 5.3.2. Afterward, each sample was
loaded and dried on a formvar-coated EM grid for 1 min for the nanoparticle to
settle and then blotted with filter paper to remove excessive fluid. Afterward,

samples were imaged under the microscope at 20,000x magnification.

5.3.4. Nuclear magnetic resonance (NMR) spectroscopy

To determine the chemical composition of the nanoparticles, NMR spectra of
lyophilized SNPs and PEIS were obtained using an Avance 600 MHz high-
resolution NMR spectrometer (AVANCE III, BRUKER, Massachusetts, USA) with

1H and 1D settings using D20 as the solvent.
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5.3.5. Fourier transform-infra red (FT-IR) spectroscopy

To determine the chemical composition and structure of the nanoparticles, FT-IR
spectra of lyophilized SNPs and PEIS were obtained using a vacuum FT-
IR/microscope  spectrometer  (Vertex-80  V/Hyperion2000, = BRUKER,
Massachusetts, USA) with a resolution of 0.06 cm™, resolving power of 300,000:1,
and spectral range of 8,000-370 cm™ by a DLATGS detector.

5.3.6. Gel shift assay

To determine the optimal nuclear acid to polymer ratio based on NMR results, an
electrophoretic mobility shift assay (EMSA) or gel shift assay was used. SeaKem
LE agarose (50001, Lonza, Switzerland) gel was fabricated by dissolving 1%
agarose in 1x TAE buffer (TR2026, Biosesang, Gyonggi-Do, Korea). After
complete dissolution and cooling, 5 pl of EtBr (E1510, Sigma Aldrich,
Massachusetts, USA) stock solution was added per 100 ml of agarose before the
gel completely hardened. EtBr gel was cast on a mold with combs and then cooled
for at least 1 hour to remove bubbles. For use, the gel was placed in a Mupid-2plus
electrophoresis device (AD110, Takara, Shiga, Japan). Each group of nanoparticles
was complexed with tGFP DNA for 30 minutes or made into nanomicelles by
mixing and vortexing with a Wisemix Vortex mixer (VM-10, Daihan Scientific,
Incheon, Korea) for 20 minutes. Afterward, the DNA-complexed nanoparticles
were loaded in each well. Electrophoresis was performed for 45 minutes, and then
the gels were removed and imaged by Chemidoc XRS+ (1708265, Bio-Rad,
California, USA) in DNA gel mode in Chemidoc software.

5.3.7. Viability assay
To determine the cytotoxicity of the nanoparticles, a WST-1 assay was performed.
A549 cells were prepared at a density of 1x10* cells/well in 96-well plates. The
A549 adenocarcinoma cell line was purchased (10185, Korea Cell Line Bank,
Seoul, Korea) and mainly used for the experiment. This was because A549 cell
lines are the most widely used for cancer studies and gene transfections.

Four experimental groups were set: SNP 10, SNP 20, PEIS 10, and PEIS 20,

with numbers indicating pg of nanoparticle/50 pl, which is the total complexation
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volume for 1 x 10° cells. As a positive control, the commercial gene transfection
reagent Fugene (E2311, Promega, Wisconsin, USA) and 1,200 kDa PEI (Branched
PEI 1200, 06088, mw 1,200 kDa, Polyscience, Philadelphia, USA) was used. Each
group was complexed with tGFP DNA and then treated for a certain period in the
protocol. After treatment, the medium was replaced with fresh medium. After 48
hours, the growth medium was removed, 110 pl of 1:10 WST-1 assay reagent was
added for an hour, and then the plate was read on an ELISA plate reader (Sunrise

absorbance microplate reader, TECAN, Méannedorf, Switzerland).

5.3.8 Reporter gene transfection

To determine the gene transfection ability of the nanoparticles, tGFP transfection
was performed. Four experimental groups were set: SNP 20, PEIS, PEI, and blank,
with numbers in each group indicating pg of nanoparticle/50 pl, which is the total
complexation volume for 1x10° cells. A549 cells were prepared at a density of
1x10° cells/well in 24-well plates. tGFP DNA was complexed for 30 minutes at the
determined concentrations of nanoparticles and deionized water up to a total
volume of 50 pl per well was then added to wells with 500 pl of serum-free media.
After 3 hours, the medium in each well was replaced with fresh medium with FBS.
Beginning 2 days after transfection, the plate was removed, and images were taken

with a fluorescence microscope (Eclipse Ni-E, Nikon, Tokyo, Japan) in FITC mode.

5.3.9. Quantitative real time PCR (qPCR)

To determine whether the viability change in RNAi-treated groups was caused by
knockdown of genes, eight experimental groups were set: SNPs 20, PEIS 20, PEI,
control (nontreated) and the same in vitro cultured A549 cells treated with SNP 20,
PEIS 20, PEI, and control. (n=3). After RNAI transfection as previously described,
each group was harvested for cDNA synthesis.

For RNA extraction and ¢cDNA synthesis, TRIzol (15596026, Thermo Fisher,
Massachusetts, USA), the Omniscript RT Kit (205113, Qiagen, Venlo, Netherlands)
and oligo DT primer (18418012, Thermo Fisher, Massachusetts, USA) were used
according to the manufacturer’s instructions. After RNA extraction and cDNA
synthesis were performed, the total cDNA concentration of each group was

adjusted to 25 ng/ul and then stored at -70 °C for further use.
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The expression of SHMT1, p53 and the housekeeping gene GAPDH was analyzed
using quantitative PCR (qPCR) with a Rotor-Gene Q real-time PCR system
(Qiagen, Venlo, Netherlands), Ampigene® qPCR Green Mix Lo-ROX (ENZ-
NUC103, Enzo, New York, USA), and Bioneer qPCR primer (20-S-1001, Bioneer,
Daejeon, Korea). The forward and backward primer sequences for the genes are
shown in Table 1. Each sample was prepared as follows: 10 ul of master mix, 0.8

ul each of 10 pmol/ml forward and backward primers, and 10 pl of 25 ng/ul DNA.

5.3.10. RNA interference (RNAI) assay

To determine the RNA interference-inducing ability of the nanoparticles, a WST-1
assay was performed. A549 cells were prepared at a density of 1 x 10° cells/well in
24-well plates. The experimental groups were the same as 5.3.6., and then each
group was complexed with anti-SHMT1 siRNA (Thermo Fisher, Massachusetts,
USA). After complexation and transfection, each group was subjected to the WST-
1 assay (n=3, P<0.05).

5.3.11. Terminal deoxynucleotidyl transferase dUTP nick end labeling assay
(TUNEL)

To visualize apoptosis induced by RNAi, a TUNEL assay was performed using a
DeadEnd Colorimetric TUNEL system kit (G7130, Promega, Wisconsin, USA).
A549 cells were prepared at a density of 5 x 10* cells/well in 8-well chamber slides.
On the day of transfection, cells were treated with SNP, PEIS, and PEI to induce
RNAIi. After 36 hours, the cells were fixed with 4% paraformaldehyde for 25
minutes, and then the TUNEL assay was performed according to the
manufacturer’s instructions.

Each well was treated serially with 100 pl of 0.2% Triton-X 100 for 5 minutes,
TUNEL assay equilibration buffer for 5 minutes, TdT reaction mix for 60 minutes,
2x SSC for 15 minutes, 0.3% hydrogen peroxide for 5 minutes, streptavidin HRP
for 30 minutes, and DAB solution until the background was light brownish.

Each treatment was followed by 5 minutes of washing with PBS twice, except for
equilibration buffer and SSC treatment, which had no washing, and steps after
hydrogen peroxide, which had 5 minutes of PBS washing trice. Images were

obtained by fluorescence microscopy (Eclipse Ni-E, Nikon, Tokyo, Japan) in
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optical mode at 40 x magnification.

5.3.12. SHMT1 RNAIi on biochip cultured cells

To investigate the RNA transfection ability of nanoparticles on the biochip
developed in Chapter 4, a WST-1 assay was performed after transfection. The
experimental groups were the same as 4.3.2., and then each group was treated with
anti-SHMT1 siRNA (Thermo Fisher, Massachusetts, USA), which was complexed
with 20 pg SNP for 20 minutes. After complexation and transfection, each group

was subjected to the WST-1 assay two days after transfection (n=3, P<0.05).

5.3.13. SHMT1 RNAI on biochip-cultured cells by electrospray

To investigate the RNA transfection ability of nanoparticles on the biochip
developed in Chapter 4, a WST-1 assay was performed after transfection. The
experimental groups were the same as 4.3.2., and then each group was treated with
anti-SHMT1 siRNA (Thermo Fisher, Massachusetts, USA), which was complexed
with 20 pg SNP for 30 minutes. After complexation, each group was treated by
electrospray as in 4.3.7., while the parameter was adjusted to 0.3 ml/h, 10 minutes
of treatment for in vitro, and 2 minutes of treatment for biochip groups considering
the total volume of complexed nanoparticle solution. Three hours after transfection,
the medium of each group was replaced with fresh medium. Each group was

subjected to the WST-1 assay two days after transfection (n=3, P<0.05).

5.3.14. Statistical analysis

Viability assay results are given as the mean + SD for the indicated number of
wells. Statistical analysis and one-way ANOVA were performed using OriginPro
2018 software (Originlab Corporation, Massachusetts, USA). A minimum of three
to five samples were analyzed. Differences were considered statistically significant

at P <0.05).
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5.4 Results

5.4.1. Fabrication of sericin nanoparticles (SNPs) and PEI-conjugated sericin
nanoparticles (PEIS)

The sericin nanoparticles were prepared as previously described and dispersed in
the same initial volume of 10 mM NaCl aqueous solution (pH 8.2) each time after
purification. Purified nanoparticles showed a dark brown color after lyophilization
and retained dispersity after being dissolved in DW again.

PEI-conjugated sericin nanoparticles (PEIS) were also prepared as previously
described, dialyzed, and lyophilized. The PEIS showed flake-like morphology after
lyophilization. The PEIS completely dissolved in DW after lyophilization.

5.4.2. Direct Laser Scattering (DLS)

The size, PDI, and zeta potential results of the SNPs and PEIS before and after
complexation with DNA are depicted in Table 1. The average size of the SNPs was
156.65+22.48, with a zeta potential of -7.57+£3.69 before complexation and an
average size of 99.52+20.06, with a zeta potential of -12.564+3.34 after
complexation. The PEIS showed an average size of 502.95+13.9 and a zeta
potential of -7.88+3.75 before complexation and an average size of 102.59+20.06
and a zeta potential of -10.92+6.2 after complexation. The size of the nanoparticles

in DW slightly decreased after complexation, and the charge became more negative.

5.4.3. Transmission electron microscopy (TEM)

As shown in Figure 3, the nanoparticles were spherical, indicating that sericin
nanoparticles were successfully fabricated. PEIS without DNA showed large, even-
sized particles, while even-sized particles were observed in GFP-complexed

samples.

5.4.4. Nuclear magnetic resonance (NMR) spectroscopy

NMR results showed that the peaks of the SNPs were not much different from
those of the original sericin. However, the PEIS showed PEl-specific peaks in
addition to sericin peaks in the 2.6 to 3.0 ppm region, indicating that PEI was

successfully conjugated to sericin, as shown in Figure 5.2.
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5.4.5. Fourier transform-infra red (FT-IR) spectroscopy

The FT-IR spectra showed raw sericin, SNPs, and PEIS with similar peaks, such as
overlapping N-H stretching and O-H stretching at 3255 c¢cm™!, C=0 symmetry
stretching at 1650 cm™!, and C=0 stretching at 1650 cm™. While indicating that
hydroxyl and amine groups were preserved after fabrication, the PEIS showed a

PEI-specific peak at 1461 cm™!, indicating successful conjugation.

5.4.6. Gel shift assay

Gel shift results showed that the band of DNA complexed with nanoparticles
became less advanced as the concentration increased. In the SNPs, bands were
completely trapped in the well when the concentration exceeded 20 pg/50 pl. In the
PEIS, the band did not advance after the DNA to particle ratio exceeded 6 pg per 1
pg of DNA. From NMR data and gel shift data, the optimal NP (amine to
phosphate) ratio of the nanoparticles was calculated: the SNP was 1:20 and the
PEIS was 1:10, as shown in Figure 5.2.

5.4.7. Viability assay

Cell viability assay results on the A549 adenocarcinoma cell line indicated that 10
png SNP, PEIS, and Fugene did not decrease viability much, but in the 20 ug SNP
group, the viability was significantly decreased. These results indicate that
nanoparticles could induce cell death at higher concentrations, as shown in Figure
5.3.

siRNA transfection results showed a significant decrease in the SNP 20 ug group
compared to the PEI and positive control groups, while the 10 pg SNP and PEIS

groups induced a greater decrease in cell viability than the PEI and blank groups.

5.4.8. Quantitative real time PCR (qPCR)

Although there was no statistically significant difference, qPCR results of A549
cells treated with SHMT1 siRNA showed that -AACt values of SHMT1 largely
decreased in the 20 pug SNP and PEIS groups, indicating inhibition. The -AACt
values of p53 genes showed that every treated group enhanced the expression of

p53, while the expression of the SNP 10 ug group was largest, followed by the
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SNP 20, PEI and PEIS groups. Together with the TUNEL assay results, the gPCR
results suggest that the viability decrease in the RNAi samples was induced by
RNAIi but not by the cytotoxicity of the nanoparticle itself, indicating that the
siRNA transfection ability of the nanoparticles was functioning correctly. It is
remarkable that SNP 10 showed the highest p53 expression, but the decrease in cell
viability by siRNA complexation was not very significant in Section 5.4.9. SNP 20
was the only group that showed a significant decrease in cell viability and showed
low expression of SHMT1 compared to PEIS. The decrease in viability by siRNA
complexation of nanoparticles is estimated to affect the regulation of SHMT]I,

followed by enhanced expression of p53.

5.4.9. Reporter gene transfection

Images of tGFP DNA transfection by nanoparticles showed bright green
fluorescence distributed throughout the well in SNP 20, as shown in Figure 5.4.
While fewer fluorescent cells were observed, the green fluorescence itself was
visible in the PEIS group. The PEI and control (nontreated) group did not show

green fluorescence.

5.4.10. RNA interference (RNAI) assay

In the RNA transfection, the cells treated with SNPs and PEIS showed decreased
viability compared to the control and PEI groups, while groups treated with SNPs
had a statistically significant decrease in viability compared to the blank. Although
having some toxicity depending on the concentration, SNPs successfully induced
cell death by RNAi. While not significantly different, NP 10 and PEIS 20 also

showed a tendency of decreasing viability when compared to the PEI and control

group.

5.4.11. Terminal deoxynucleotidyl transferase dUTP nick end labeling assay
(TUNEL)

TUNEL assay results of A549 cells showed dark colored morphologies when
viewed under microscope in the NP 20, PEIS 20, and positive control groups. The
dark-colored group was observed mostly in the positive control, followed by NP 20

and PEIS 20. The PEI and control groups (without any treatment) did not show any
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prominent signs of apoptosis in the images.

5.4.12. RNAi of SHMT1 on the biochip platform and in vitro

In vitro groups treated with SNP 20+SHMT1 siRNA all showed a significant
decrease in viability except for the AC (A549 cultured with CSC) group. In
contrast, cells cultured in biochips showed no significant decrease in viability after
treatment, while each group showed a trend of decreasing viability. When siRNA-
treated viability to control was presented as a percentage, the in vitro and biochip
cultured groups did not show significant differences between each other. This result
is remarkable since cells cultured in vifro showed a significant decrease in viability
compared to the biochip group when treated with doxorubicin. Thus, RNAi by
SNPs could be an effective anticancer strategy because it can also decrease the
viability of biochip-cultured cells, showing no significant difference from in vitro

groups.

5.4.13. RNAi of SHMT]1 by electrospray on a biochip platform and in vitro

Both the in vitro and biochip groups did not show significant differences before
and after the treatment except for AHC in vitro, as shown in Figure 5.8.a. and 5.8.b.
The trend was similar in percentage to the control (5.8.c. ), while AHC in vitro had

significantly lower viability than A, AH, AC, and biochip-cultured AC.

5.5. Discussion

Sericin nanoparticles were formed successfully, which was confirmed by TEM
imaging, DLS, and NMR data. The particles were round, and the size was
distributed in the 150-250 nm diameter range, while the charge was slightly
negative.

Even though the nanoparticles were fabricated by desolvation and crosslinking
with possibly cytotoxic materials (such as glutaraldehyde and PEI), they exhibited
no significant toxicity to cells, in the case of the PEIS. This indicates that the
nanoparticles have no significant toxicity to the cells, and the impurities and
residual chemicals used in the process, such as EDC, NHS, and glutaraldehyde,
were completely purified from the nanoparticles.

The PEIS showed similar peaks as the SNPs in the NMR data, but some regions
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were different from the SNPs. This is mainly due to PEI conjugation because the
PEIS showed a slightly higher zeta potential than the SNPs. Thus, conjugation of
PEI to sericin can be considered as causing both change in structure and the electric
charge of the micelle. Gel shift assays showed that DNA is completely complexed
when the SNP concentration is over 20 pg, and the concentration of the PEIS is
over 6 pg in a 50 ul solution, thus showing that the PEIS were more effective in
forming nucleic acid to polymer complexes.

Upon transfection of reporter genes, both the SNP and PEIS groups showed green
fluorescence, while the PEI and blank groups did not show prominent expression
of GFP, but SNP 20 showed stronger expression of GFP than the PEIS. This trend
also led to differences in the WST-1 results of RNAi-treated samples. Although
SNP had some toxicity when compared to the nontreated group, it also showed a
significant decrease in viability in RNAi-treated samples. Together, the DLS data
suggest that the early inhibition of cancer cell viability by RNAI is largely affected
by the vector size rather than the surface charge, as the diameter of nucleic acid-
complexed SNPs is smaller than that of DNA-complexed PEIS. This is notable
since it is believed that the positive surface charge of vectors is better than that of
negatively charged vectors in gene transfection because nucleic acids (DNA, RNA)
are negatively charged.

The TUNEL assay results showed dark stained areas, which are considered signs of
apoptosis in the SNP and PEIS groups, similar to the DNAse-treated positive
control groups. The PEI and control (nontreated) groups did not show or showed
only small dark areas compared to the SNP, PEIS, and positive control groups. In
particular, when comparing PEI to PEIS, 1,200 kDa PEI itself does not have gene
transfection ability or cytotoxicity, and it shows cell death by RNAi while being
not as cytotoxic as SNP 20.

Although qPCR results on RNAi-treated cells did not show a significant difference
between the nontreated and each treatment group in SHMT]I, the SNP 20 group
showed the most prominent regression trends of SHMT1 genes and significant
regression compared to the PEIS group. Enhancement of the p53 gene was largest
in the SNP 10 group, while every treated group showed significant enhancement of
p53 expression compared to the control. This may suggest that the expression of

P53 is largely increased due to knockdown of SHMT1 when SHMT1 siRNA is
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added to the cells, inducing an apoptotic reaction in the cells that can be seen in the
TUNEL assay results. Even though SNP 10 showed more expression of p53, it is
not significant result since it did not show significant viability decrease to control
in 5.4.9.

When applied to the biochip platform developed in Chapter 4, SHMTI1 siRNA
applied with SNP 20 showed a significant decrease in vitro in most groups after
treatment and no significant difference in the percentage of viability compared to
the control. However, there was no significant difference after the same treatment
by electrospray. This may be because the nucleic acid binds with the nanoparticle
to form a complex, and the voltage applied in electrospray may have disrupted
these interactions. SNPs alone showed different results than doxorubicin applied to
chips in Chapter 4, showing that the application of siRNA by SNP 20 to biochips

had a rather similar effect in vitro when considering the percentage data.

5.6. Conclusion

In this chapter, sericin nanoparticle for gene and drug delivery was fabricated. Two
variations of Sericin nanoparticle were fabricated by desolvation method by adding
ethanol to sericin solution and crosslinking and conjugating the sericin with PEI by
EDC-NHS reaction, each called SNP and PEIS.

SNP and PEIS was checked with the morphology, size, zeta potential and
polydispersity index, viability, actual gene transfection ability test by reporter
genes. Both particles were round when complexed to DNA (Nucleic acid). SNP
was slightly negative charged and small when compared to PEIS, due to existence
of conjugated PEI and the micelle form in the solution as suggested by NMR
results.

SNP showed cytotoxicity when dose was 0.4 ug/ul (SNP 20) group, while PEIS did
not show significant cytotoxicity when compared to SNP 20. This seems to be
caused by absolute mass of sericin was high in SNP 20. While reporter gene
expression showed bright green fluorescence in both groups, SNP groups showed
more bright and well distributed fluorescence compared to PEIS and others. This
trend was also same in cytotoxicity results in RNAI treated samples and TUNEL
assay, which showed cell viability decrease and sign of apoptosis possibly by

RNAI. The expression of SHMT1 was regulated largely in SNP 20, to PEIS while
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significance to other groups were not observed. Expression of p53 gene was
significantly high in every treated group to control, SNP 20 following SNP 10.
These results may suggest that apoptosis inducing effect of RNAi is mainly caused
by regulation of SHMT1, followed by the expression of p53. This is clearer when
SNP 10 showed largest p53 expression but did not show significant decrease of
viability in RNAIi assay or signs of apoptosis in TUNEL assay. Therefore, SHMT1
regression ability is more important in inducing apoptosis of cancer cells.

The difference in siRNA transfection capability of SNP and PEIS could be
explained by functional group. As previously scribed, functional groups enhance
clathrin-mediated intake of substrates regardless of surface charge. PEIS was
fabricated by conjugating PEI by EDC-NHS method, which conjugated carboxyl
group in sericin with amine group in PEI. Eventually PEIS would have less
hydroxyl groups to SNP, because hydroxyl groups in sericin (including carboxyl
groups) were involved in conjugation and changed to other structure.

Even though the sericin nanoparticles need more research to applicated in clinical
area, such as enhancing the target specific ability, lowering the cytotoxicity in vitro,
this research first conjugated PEI to sericin for gene therapy purpose, determined
RNAI ability and low toxicity of the particle. Further studies would compensate the
transfection ability and target specific ability of the vectors, thus giving new

perspective to the field about nanoparticle vector fabricated with natural polymer.

77



« Fabrication « Fabrication

(SNP) Centrif (PEIS)
Dissolution  Crosslinking Die:;relr:i?)?l’ 50 mg PEI
(EtOH)  (Glutaraldehyde) . - saline, DW EDC, NHS (1,200 kDa) Dialysis
R 4
\. %/
w/
Sericin Dissolved  Crosslinked SNP, Sericin Reactive  PEIl-Sericin PEIS
solution (in sericin Sericin NP Purified solution (in Sericin conjugate  (purified)
saline, pH 8.2) (SNP) 1M saline) solution (PEIS)
o Complexation « Application

SNP & PEIS

Genes
(DNA, siRNA)

Complexed
SNP/PEIS

Figure 5.1. Schematic of sericin nanoparticle (SNP) and polyethylenimine

Images were fabricated on Biorender (Biorender.com).

78

Gene expression
* Reporter genes
« Therapeutic genes

Gene transfection
via SNP/PEIS

conjugated sericin (PEIS) fabrication and its application.

s - i)



A° Normal GFP
- gy : .
- Tyt

SNP

** ® .

PEIS

Sample Size Zeta potential
SNP 156.65+22.48 -7.57+3.89
SNP GFP 99.52+20.06 -12.86%3.34
PEIS 502.95+13.9 -7.88+3.75
PEIS GFP 102.59+20.06 -10.92+6.2

Figure 5.2. Characteristics of particle properties. A. TEM image of SNPs and PEIS before and after DNA complexation. B. DLS data of

SNP/PEIS before and after DNA complexation.
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Figure 5.4. GFP transfection images of nanoparticles.
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siRNA-treated A549 cells. B. TUNEL image of SNP 20 pg. C. TUNEL image of PEIS. D. TUNEL image of PEIL. E. TUNEL image of control
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the image indicates 400 um (* indicates significantly different value at p<0.05 (n=5)).
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Figure 5.8. Comparison of cell viability in vitro and on a biochip before and after siRNA transfection by nanoparticles with electrospray.
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Table 5.1. Primer sequence used in qPCR.

Gene Primer sequence (5’— 37) Size (bp)
GAPDH F: CATGAGAAGTATGACAACAGCCT 113
(Housekeeping gene) R: AGTCCTTCCACGAACCAAAGT
SHMT1 F: AGGAAAGGAGTGAAAAGTGTGGAT 121

R: ACACCAGTGTCGCTCTGGATCTG
P53 F: TAACAGTTCCTGCAT GGGCGGC 110

R: AGGACAGGCACAAACACGCACC
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6. Conclusion

In this dissertation, gene transfection vector with sericin was developed, starting
from CDES drug delivery system. Sericin nanoparticles were fabricated for gene
transfection, and spheroid-on-a-chip platform for therapy screening was established,
and optimized culture condition was also developed.

In CDES drug delivery section, 6 kV of the voltage was proved suitable for
electrospray induced cisplatin delivery. The 6 kV electrospray alone did not induce
cytotoxicity, but increased permeability of the cell membrane.

In spheroid culture platform section, we introduced passive pumping induced by
surface tension while culturing variation of cells into spheroids. Spheroids were
less affected by anticancer drug when compared to in vitro cultured cells. Even
more, spheroids mostly expressed stemness genes (nanog, Oct-4) stronger than in
vitro cultured cells. In the biochip cultured cells, A549 cultured with HUVEC
showed large fold of stemness gene expression in day 3. However, at day 5, A549
cultured with CSC and HUVEC showed the strongest stemness gene expression
compared to others, presenting existence of co-cultured cells are important in
promoting stemness. If the percentage of cells are modified on further research, it
would be able to be applied in other cancers, and the pump itself can be applied or
modified to give constant shear stress to the spheroids, such as circulating cell
culture media inside the platform.

In sericin nanoparticle section, SNP and PEIS were fabricated successfully with
size mostly distributed under 100 to 250 nm. Although sericin was used in some
research before, our study first conjugated sericin to PEI by EDC-NHS method
first time. DLS, NMR, WST-1 on nanoparticle itself and nanoparticle-RNAI treated
samples, TUNEL, qPCR results showed that vector diameter was small in SNP,
while surface charge was slightly positive in PEIS. This difference led to cytotoxic
but inducing more apoptosis SNP, and PEIS expressing stronger regression of
SHMT1, enhancement of p53 in gene level. This shows that it may seem to be SNP
is more advantageous as vector for RNAi, but PEIS can possibly induce more
apoptosis if long-term study is performed. Although only sericin and PEI was used
to fabricate the nanoparticle in this study, antibody or peptides could be conjugated

to the platform enabling more target specific transfection, reducing off-target
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effects further.

Also, by combination of these two platforms, the gene transfection ability of sericin
nanoparticles were confirmed on cancer spheroid culture platform. It would be able
to apply these platforms together or separately to cancer therapy research and help
current cancer research area as more easy and reliable way compared to

conventional research method.
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