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ABSTRACT

Of the nearly 600,000 cancer-related deaths in 2016, 158,080 or 26.5% were attributed to
lung cancer. As such, lung cancer remains one of the deadliest diseases among men and women.
Furthermore, lung cancer continues to be one of the most commonly-diagnosed cancers with 14% new
cases among men and 13% new cases among women in 2016. One of the most common forms of lung
cancer is adenocarcinoma, an epithelial non small-cell lung cancer (NSCLC). Over 85% of all lung
cancers are categorized as NSCLCs, and current treatments modalities are still limited to traditional
surgical resection and radiotherapy. Despite advances in both fields, such as minimally-invasive lobe
resection and stereotactic body radiation therapy, these techniques are limited to early-stage cancers.
Additionally, few treatments rely on signaling inhibition, since few NSCLCs are identified as EGFR or
ALK mutant, which would allow for kinase inhibitor therapy. As such, a significant amount of research
has been devoted to developing targeted therapies for NSCLC to improve therapeutic outcomes and
reduce systemic side effects.
In this study, we develop a novel silver nanoparticle/miR-148b construct for treatment of lung
adenocarcinoma. We use human A549 cells as an in vitro model to test the miRNA and silver
nanoparticle constructs. This system uses miR-148b, a regulatory RNA which has been studied in several
cancer types including melanoma and breast cancer and has been shown to negatively affect cancer
growth. Additionally, we use a furan-maleimide pair diels-alder adduct to tether miR-148b to particle
surfaces. By exploiting the plasmonic properties of nanoscale silver, it is possible to control miR-148b
release spatiotemporally for targeted therapeutic delivery. Additionally, plasmonic generation of hot
electrons is hypothesized to induce localized thermal ablation of cancer cells for dual-modal therapy.
In this study, a novel miRNA silver nanoparticle was synthesized and investigated in lung cancer
cell cultures. Particles were characterized using TEM and DLS to determine the size of the final construct
to be approximately 76 nm. Surface charge was also measured and upon reaction with negatively-charged
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miRNA, zeta potentials decreased from -4 mV in the unmodified state to -31 mV in the fully conjugated
state. After characterization, the release mechanism was tested using LED activation at 420 nm.
Fluorescence of TAMRA-labelled miR-148b after light irradiation indicated successful cleavage of the
diels alder adduct, demonstrating the ability to control release of the miRNA. Furthermore, incubation of
cells with SNPs followed by irradiation showed a significant (p < 0.05) drop in cell viability, showing
promise for light-mediated thermal ablation. However, in testing the in vitro effects of miR-148b via
chemical transfection, no significance (F < Fcrit and p > 0.05) in viability was determined in terms of
viability after miR-148b treatment. Additionally, between groups, chemosensitivity did not change upon
transfection. Taken together, these data indicate a potential spatiotemporally-controllable treatment
modality using RNA interference/ thermal ablation technology with controlled release. However, further
studies must be performed to elucidate and tailor the miRNA therapeutic agent for this specific model,
since this study has not recapitulated some of the therapeutic effects of miR-148b in cancer cells.
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Chapter 1
Introduction

Background

Lung Cancer
In 2016, the American Cancer Society projected that there would be 1,685,210 new cancer cases
and 595,690 cancer-related deaths that year. Of these cancer deaths, 158,080 or 26.5% of all cancer
deaths was attributed to lung cancer, making it one of the deadliest cancers in men and women along with
colorectal cancer, breast cancer in women, and prostate cancer in men. Despite decreasing lung cancer
incidence in men and women at the turn of the 21st century due to decreased smoking rates, lung cancer
remains one of the most commonly diagnosed cancers accounting for 14% of new cases in men and 13%
in women in 2016 [1]. According to Cancer Research UK, 5-year survival for lung cancer is only 35%
when diagnosed at stage I. The 5-year survival rate decreases to 20% at stage II and 6% at stage III [2].
While early detection improves survival, lung cancer remains one of the most challenging and deadliest
cancers.

Lung Cancer Treatment
Currently, treatment of lung cancer follows conventional techniques including cytotoxic drugs,
surgery, and radiotherapy. Surgery offers the highest chance of curative rate at early stages with
chemotherapy/radiotherapy combinations more commonly used in later stages of the disease. Many
NSCLC cases are treated via surgical resection of the lobe(s) containing solid tumors. Tumor resection of
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the lungs can be performed using a thoracoscope and a small incision in the chest. For patients with low
performance status (PS), a measure of patient well-being, common cytotoxic drugs including paclitaxel
and docetaxel—usually in combination—are utilized as part of a chemotherapy regimen [3]. For higher
patients with high PS, fewer drugs and less complex therapeutic cocktails are used. For patients with a PS
of 3, chemotherapy is generally not recommended, as they would significantly worsen quality of life. For
lung cancer patients in which surgical resection is not an option and tumors are localized, radiation
therapy is used either alone or in combination with chemotherapy to treat the lung cancer. Based on
several studies, one radiation technique called stereotactic body radiation therapy (SBRT) has been found
to offer outcomes nearing the efficacy of surgical resection for inoperable lung cancer patients [3].
Targeted molecular therapies have been used in recent years after the identification of common
genetic mutations in lung cancer; these mutations commonly affect the EGFR, MAPK, and PI3K
pathways and define the susceptibility of NSCLCs to kinase inhibitors [4]. Despite these recent
advancements, it is clear that a new therapeutic modality is needed to address lung cancer, due to its
prevalence and virulence. Furthermore, current standards of care: chemotherapy, surgery, and
radiotherapy, have done little to improve patient mortality in lung cancer patients, and lead to severe side
effects associated with treatment.
The poor improvement in mortality rates for lung cancer is due to the cells’ insensitivity to
common treatment modalities such as radiation and chemotherapy. Despite the burgeoning field of
targeted chemotherapy which relies on specific molecular markers, NSCLC is still treated using
conventional cytotoxic compounds. The rate of discovery has improved for these small molecules; there
are 17 cytotoxic drugs to choose from. However, the transition to inhibitor-based treatments for lung
cancer remains a challenge. Sensitizing mutations in NSCLC are either rare or hard to identify with only
10% of patient samples exhibiting EGFR mutations and 1% exhibiting ALK mutations for targeting [5].
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MicroRNA and Their Relevance to Cancer
One emerging treatment modality for cancer is gene therapy using exogenous RNA to modulate
cancer cell behavior. Nascent RNA-based gene therapies have garnered attention due to its focus on pretranslational modification of cancer behavior. One method of RNA-based gene therapy is introducing
microRNA into cancer cells. Mature microRNA (miRNA) are small non-encoding RNA molecules
approximately 22-25 nucleotides in length. They exist in cells to modulate protein expression by
inhibiting select mRNA via various mechanisms in the RNA interference (RNAi) pathway. By attaching
to partially-complimentary mRNA sequences in the 3’ UTR region, miRNA can inhibit protein
expression by recruiting enzymes associated with the RNA-induced silencing complex (RISC) to cleave
the bound mRNA. Alternatively, miRNA hybridization can reduce protein expression by physically
blocking effective translation by ribosomes [6]. Thus, this highly-conserved mechanism is present in
mammals as a way of regulating the expression of various genes post-transcriptionally. Cancers evade
miRNA regulation predominately by lowering miRNA transcription either by epigenetic or genetic
mutations or direct suppression of miRNA transcription by oncogenic factors. This usually leads to an
increase of pro-survival factors which would normally be tightly controlled in healthy tissue (Figure 1).
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Figure 1: Mechanisms of miRNA regulation of target genes.
miRNA regulating cellular proliferation is often deleted through mutation in cancer cells (A). Healthy cells use
miRNA to target and degrade mRNA (B). However, this functionality can be hindered through mutation of the
transcribed gene sequence in either the 3’-UTR or other important binding regions, ribosome binding protein hindrance,
or hybridization by competitive endogenous RNA (C). Mol. Oncol. 6 (2012) 590–610.
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Because miRNA bind to several mRNA targets, they often work to regulate various pathways
within the cell. As such, it can be hard to elucidate their behavior simply by recognizing their sequence
alone. However, miRNA profiles of healthy and diseased or altered cellular lysates may be used to
identify potential patterns of miRNA expression and disease characteristics.
Recently, molecular profiling of many cancer cells has been used to screen potential causal agents
for specific traits such as radioresistance, chemosensitivity, immune evasiveness and metastatic potential
[7–10]. Linking miRNA expression to specific molecular pathways in cancer cells is an attractive method
for next-generation diagnostics and exogenous gene therapy, as this method adds to the fundamental
understanding of gene regulation and provides specific molecular targets for developing theranostics.
Of the many known miRNA, miR-148b (miR-148b) is one that is currently studied in the
literature, as it is downregulated in many cancers and may inhibit cancer motility. Thus, this thesis project
is aimed at delving into the possibility of using miR-148b as a potential therapeutic molecule in impeding
cancer progression. Specifically, miR-148b conjugated to SNPs and delivered into lung cancer cells.
Light-induced localized hyperthermia catalyzes the degradation of diels-alder linkers, releasing miR-148b
as a proliferation inhibitor.

Function and Mechanism of miR-148b Gene Regulation in Cancer
Several studies have been performed to elucidate the mechanism by which miR-148b inhibits
cancer proliferation. The fundamental mechanism of miRNAs is hard to fully comprehend but
understanding the physical effect of a biomolecule helps to reveal pathways relevant to miR-148b.
Zhang et al. studied miR-148b in liver cancer by examining human hepatocellular carcinoma
tissue samples. They found that the miRNA was significantly downregulated in 40 pairs of these tissues.
Further analysis revealed that miR-148b plays an important role in WNT1/β-catenin pathway which
regulates tumor growth and migration [11]. To examine how miR-148b targets WNT1, the researchers
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used bioinformatic programs such as MiRanda, TargetScan, and PicTar to predict the binding affinity of
the miRNA to the WNT1 gene. After identifying WNT1 as a potential target, a luciferase reporter assay
was performed with both wild-type and mutant WNT1 3’-UTR sequences. The resulting luciferase
activity was decreased in the wild-type WNT1 3’-UTR but was not affected in the mutant sequence. Thus,
Zhang et al. showed that WNT1 is a target of miR-148b. The study also showed that miR-148b is
significantly downregulated in human hepatocellular carcinoma. Additionally, WNT1, which is secreted
by cancer cells, has been shown to increase the aggressiveness of several types of cancer including nonsmall cell lung cancer and gastric cancers [12,13]. Taken together, the liver cancer study strongly suggests
that cancer progression in some cancers is partially exacerbated through dysregulation of miR-148b,
which when downregulated, promotes WNT1 expression and allows cancers to increase their proliferative
ability.
In a separate study, Cimino et al. investigated the functional significance of miR-148b in breast
cancer. The study looked at the miRNA expression profiles of 77 breast cancer samples from patients
aged 25-82 [14]. Statistical analysis revealed 16 miRNA which may be linked to increased aggressiveness
of the samples. Specifically, miR-148b was shown to be downregulated in the most aggressive tumors
and was shown to modulate ITGA5 and CSF1, important proteins governing cell adhesion. The authors
propose that miR-148b not only modulates these important genes but may actually coordinate a vast
number of genes that are critical to suppressing oncogenesis.
Importantly, this study corroborates Zhang et al., as miR-148b was shown to be downregulated in
a specific cancer and linked back to overexpression of proteins which promote cell survival. One
important difference is that the former study relates the microRNA to WNT1, which promotes gene
transcription while Cimino’s study suggested a survival mechanism based on cellular interactions with the
stroma. Furthermore, another study by Orso et al. and colleagues corroborate the cell-matrix interaction
inhibitive theory of miR-148b; They found that both ITGA5 and ALCAM were responsible for increased
extravasation of melanoma and breast cancers in the presence of low miR-148b levels [15]. However,
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this discrepancy can be rationalized, since miRNA are known to have vast numbers of putative targets
and thus may mediate cancer growth through complex interactions with a myriad cytosolic mRNA.

Effects of miR-148b downregulation on Cancer Cell Behavior
In order to fully understand the effect of miR-148b as a therapeutic, the diseased state must be
elucidated. Thus, the effect of lowered miR-148b may be used to understand the potential therapeutic
effect of the molecule when it is transfected into cancer cells.
In the Cimino study, 77 primary human breast tumors were analyzed in addition to 17
mammoplastic reductions. Correlation studies indicate that of the 41 cases of cancer relapse compared to
the 36 without relapse, miR-148b was identified to be a differentiating factor between the two subsets of
samples. Primarily, the downregulation of miR-148b correlated with an increased reoccurrence of breast
cancer in patients [14]. Zhang et al. identifies a poorer prognosis in patients samples with low miR-148b
expression as compared to those with high miR-148b expression [11]. These two studies show that
clinical observations about patient prognosis and tumor behavior are linked at least correlatively to the
status of miR-148b within the cancer.
In conjunction with the mechanistic study of the miR-148b, Zhang et al. and Cimino et al. make a
strong argument in identifying miR-148b as playing a significant role in cancer cells, not just at the
molecular level, but more importantly at the patient level. Lower levels of miR-148b are associated with
increased metastasis, relapse, and aggressiveness. This indicated that increasing levels of the miRNA by
exogenous means might help inhibit cancer growth.
In another 2015 study by c., miR-148b was deliberately knocked down in human hepatocellular
cancer cell lines [16]. Depleted miR-148b was shown to affect how the cancer cells grew. Knocking down
of miR-148b in this study caused the liver cancer cells to overexpress CD133, EpCAM, ABCG2, and
TIMP1 which are biomarkers for cancer stem cell characteristics. Furthermore, flow cytometry of miR-
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148b-depleted cells showed an increase in side-population cells which are usually indicative of stem cell
formation. By using a miR-148b inhibitor, the researchers increased the side population proportion
exhibiting cancer stem cell-like properties from 0.00% to 0.04%.

Harnessing miR-148b as a Potential Gene Therapy
Downregulation of miR-148b is shown in many aggressive and metastatic cancer lines, due to its
silencing of importation proliferation-inducing proteins. Notably, many studies show the correlation
between increased miR-148b and susceptibility of cells towards induced apoptosis. Cimino et al., using
MDA-MB-231, a metastatic breast adenocarcinoma line, showed that treatment with pre-miR-148b
increased sensitivity of cells towards several chemotherapeutics. In particular, MDA-MB-231 cells
treated with 148b exhibited enhanced apoptosis when further treated with paclitaxel, doxorubicin, and
cisplatin. Using colony-formation studies, the group showed that cultures treated with miR-148b
compared with pre-miRNA controls showed fewer colonies which were smaller on average.
Orso et al. did extensive work on the dynamic of miR-148b along with a co-regulating
microRNA, miRNA-214. It was found that miR-148b overexpression inhibited melanoma and breast
cancer metastasis in mice. In accordance with the hypothesis that miR-148b targets the migratory-related
proteins ALCAM and ITGA5, transwell migration and transendothelial migration assays were performed
on miRNA-treated and control cells to determine their invasiveness and ascertain their ability to
extravasate across the endothelium in vivo. Cells transfected with miR-148b showed a significant
decrease in the migration ratio compared to empty, control vectors [15].
In another demonstration of miRNA inhibiting cancer proliferation, Song et al. performed studies
on gastric cancer cells 24 hours after transfection with miR-148b [17]. Proliferation measured by MTT
viability assays showed a significant decrease in cell proliferation when treated with a miR-148b mimic.
An anchorage-independent growth assay showed a decrease in the number of colonies with treated cells,
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and growth curves after 6 days revealed the same trend for miR-148b treated cells. Taken together, these
studies suggest that elevating miR-148b in cells with low expression of the miRNA can help decrease
cancer cell proliferation by negatively affecting cellular adhesion and sensitizing cells to chemotherapy.

Nanoparticles for siRNA Delivery
Nanoparticles have already been used to deliver siRNA into cells for gene regulation. The
use of nanoparticles has several key benefits for applications in delivering exogenous genes. Firstly, small
RNA such as siRNA and miRNA are negatively charged, and polyanionic molecules prevent efficient
uptake of the molecules through the cellular membrane. Thus, encapsulation of siRNA has been used to
enhance endocytosis RNA. Furthermore, naked RNA is rapidly degraded in the blood stream by
endogenous nucleases. Nanoparticles can be used to shield these molecules from degradation before
endocytosis improving intracellular dosage [18]. For development of cancer-targeting RNA nanoparticles,
the material properties of the NP can be exploited for additional therapeutic benefits. Gold nanoparticles
can be used for radiosensitization for example, while silver particles exhibit both radiosensitizing and
photosensitizing capabilities [19,20].
Our group has exploited the advantageous of tunable nanoparticles of miRNA delivery.
Previous and current projects are focused on spatiotemporally guiding osteogenesis using
stimulus-responsive microRNA nanoparticles. Our group has previously demonstrated stimulationdependent upregulation of osteogenic biomarkers (e.g., alkaline phosphatase, Alizarin Red) in human
adipose stem cells treated with light-responsive SNPs conjugated with miR148-b mimic. The control
group treated with unmodified particles did not show upregulation of the same biomarkers [21].
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Plasmonic Properties of Silver Nanoparticles
In this study, plasmonic silver nanoparticles (SNPs) are used as the vector for miR-148b
transfection. Plasmonic properties of SNPs allows for several beneficial properties which can be exploited
for site-specific photoactivation of SNPs leading to targeted heat ablation and miR-148b delivery for
cancer therapy.
Plasmons are the collective, quantized oscillation of conducting electrons. In metals, plasmons
can be produced by photoactivation. When surface plasmons are created, they can further initiate the
formation of “hot carriers”, which are either electron or hole charge carriers formed by the nonradioactive decay of the short-lived surface plasmons. Having high energy, these hot electrons can affect
the surrounding metal by dissipating energy as heat energy. Recent interest in plasmon-induced hot
carrier electrons are found in applications of solar-energy collection and photodetection due to particles’
ability to convert incident light into heat energy for production of electricity [22,23].
Furthermore, plasmon-initiated hot electrons can generate localized heating of metallic
nanoparticles near the particle’s surface. This happens when generated electrons are trapped within
metallic nanostructures, causing dissipation of energy in the form of heat. This heating property has been
exploited for the catalysis of chemical reactions by providing increased energy in the surrounding solution
via hot-electron heating [24]. In biomedical applications, metallic nanoparticles and light have been
applied to treat cancer cells via thermal ablative therapy. One study by Hirsch et al. used plasmon heating
to kill human breast epithelial carcinoma using near-infrared irradiation of silica-gold nanoshells [25]. In
this study, photoactivated silver nanoparticles (SNPs) are used to exploit plasmonic properties of metals
for localized heating. Silver nanoparticles are activated with an LED light at a wavelength of 420nm,
producing high surface heating. This heating catalyzes the retro diels-alder reaction of surface ligands
tethering miRNA payloads to the surface of the particles for delivery into cells. This reaction mechanism
is beneficial for several reasons. Firstly, temporal control over exogenous miRNA release is achieved by
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photoactivation of SNP externally. The necessary energy to release the RNA cargo is only applied after
the SNPs have time to enter the cells.
After nanoparticle uptake by cancer cells, the miRNA can be released within via LED activation
preventing miRNA release into the extracellular matrix which would both waste the therapeutic cargo
prevent efficient gene knockdown. Furthermore, RNA delivery is spatially controlled, because therapeutic
cargo is released mostly where light is applied. Thus, only miRNA tethered SNPs in vivo would be
expected to only release RNA at target tissues where LED light is applied, preventing off-target effects.
Finally, due to the heating effects of plasmonic particles, thermal ablation can be simultaneously applied
to target cells in addition to the effect of miRNA induced inhibition. Thus, silver nanoparticles are not
only an effective material for heat-induced delivery, but their intrinsic properties also exhibit a therapeutic
effect in cancer cells through photoactivated heat ablation.

The Diels-Alder Reaction
In this study, a diels-alder reaction is used as the key tethering ligand of miR-148b to SNPs. The
diels-alder reaction occurs as the cycloaddition of a conjugated diene and dienophile; the reaction results
in the formation of a ring structure or bridged ring structure in the case when the diene is a cyclic
compound itself. The diels chemistry reaction mechanism has traditionally been contested as either a onestep or two-step reaction mechanism; the current, dominant theory of the reaction mechanism states the
diels-alder reactions happens as a single-step rearrangement of six π-electrons forming a cyclic transition
state [26,27]. Regardless of mechanistic theory, the reaction tends to proceed smoothly and efficiently in
most cases. The diels-alder reaction is exceptionally useful in chemistry due to its predictable products
and spontaneity. Furthermore, the reaction proceeds with little influence from outside molecule, creates
no byproduct as a result of the cycloaddition, and requires no catalyst or initiator to proceed [26].
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Diels-Alder Products for Drug Delivery
The advantages of the diels-alder click reaction lend itself for use as a potential ligand in drug
delivery. The diels-alder reaction can proceed at room temperature under mild conditions. The reaction
can also be easily modified to equip the final products with reactive moieties such as terminal amine,
carboxyl, and thiol groups for further bioconjugation. Diene/dienophile pairs are readily available from
most chemical companies including the furan/maleimide pair used in this study [28]. Taken together,
these properties of the diels-alder reaction make them suitable for conjugating macromolecules such as
peptides and antibodies due to the prevalence of the amines in biomolecules. Furthermore, modification
of RNA or DNA oligonucleotides with common click moieties such as amine expand the scope of dielsalder for conjugation purposes. The use of thiol-reactive groups in the diene/dienophile pair allows the
chemical linker to tether target compounds to metal surfaces including gold and silver for applications in
nanoparticle-based delivery.

Exploiting Retro-Diels-Alder Chemistry for Cancer Therapy
Another, important property of diels-alder reactions is that they are thermoreversible. When
heated to sufficient temperatures, diels-alder adducts decompose. The temperature at which the reaction
goes in reverse is dependent on the chemical structure of the adduct. This reverse diels-alder reaction is
commonly referred to as a “retro-diels-alder” reaction and has garnered attention in biomedical
applications. In particular, the retro-diels-alder reaction can be exploited for spatiotemporal release of
conjugated molecules from biomaterial surfaces. In this study, the furan/maleimide pair is used to create
the function adduct for conjugation of miRNA to SNP surfaces. The rate of the retro-diels-alder reaction
is dependent upon temperature. Specifically, the furan/maleimide adduct was studied by Froidevaux et al.,
and the kinetics of the reaction were elucidated using heating profiles. By heating furan/maleimide dielsalder derivatives at three temperatures: 60°C, 70°C and 80°C, the researchers found the decay of the
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diels-alder adducts proceeded as a first-order reaction. The rate constant, k, of the decay increased by
approximately five times for every 10° increase in the reaction temperature [29].
Thus, using a diels-alder ligand, biomolecules can be efficiently tethered to the surface of
polymers or metal nanoparticles for delivery of biologics into the patient body. By increasing the
temperature of these materials in-situ, localized hyperthermia allows for control over where and when
conjugated molecules are delivered in the body. In this work, the heating of SNPs using light activation
provides the necessary thermal energy to induce retro-diels-alder and release tethered miR-148b from
particles surfaces. The retro-diels alder reaction would ideally be activated after particle uptake by target
cancer cells, allowing for miRNA release within the cytoplasm increasing therapeutic efficiency.
From the previous studies, the reaction rate of the retro-diels-alder reaction increases significantly
with small increases in temperature; This means diels-adducts are suitable candidates to conjugate and
deliver molecules to cancer cells in particular. Since one common cancer therapy is thermal ablation, the
elevated temperatures caused by photoactivated SNPs can be harnessed to simultaneously release miRNA
from the particle surfaces. Using directed light, thermal damage and miRNA release can be localized to
target tissue. As long as the applied energy is focused and spatially controllable, thermal ablation
combined with exogenous gene delivery produced an enhanced therapeutic response in cancer cells,
allowing for multi-modal treatment of malignant tissues.

A549 Cells
Lung cancer is categorized by the morphology of cell that produces the malignancy. There are
two main subdivisions of lung cancer: small cell lung cancer (SCLC) and non-small cell lung cancer
(NSCLC) with the latter being more common at accounting for 85% of diagnosed lung cancer cancers
[30]. According to the World Health Organization (WHO), NSCLC can be further categorized. Common
histological classifications of NSCLC include adenocarcinoma, squamous cell carcinoma, and large cell
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lung cancer; these histological strains of lung cancer account for approximately 95% of all NSCLC
[31,32].
In this study, human epithelial-like NSCLC cells were used to determine the effectiveness of
miR-148b and nanoparticle therapy. A549 cells are adherent adenocarcinoma cancer cells isolated from a
58-year-old Caucasian male in 1972 [33]. These cells were chosen due to their miRNA profile. In one
study by Yang et al., several miRNAs were identified as potential biomarkers for NSCLC, one of which
was miR-148b. Using qRT-PCR, 152 NSCLC patient samples and 300 healthy control tissue samples
were tested for dysregulation of candidate miRNA biomarkers [34]. Analysis of the samples showed
significantly lower levels of miR-148b in NSCLC compared to control samples (Figure 2).
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Figure 2: miR-148b is downregulated in NSCLC.
Four miRNAs were shown to be significantly downregulated in NSCLC (n = 152) as compared to control samples (n =
300). miR-148b (red) was biomarker found to be significantly lowered in disease tissue (p < 0.001). Tumor Biol. 36 (2015)
3035–3042.

An important pathway which is dysregulated in A549 cells is the WNT/β-catenin
pathway. In one study, β-catenin expression was found to be upregulated in drug-stimulated A549 cells
leading to an upregulation of OCT-4, a cancer stem cell marker. Stem-cell properties in cancer cells
increased chemoresistance in cancer, and when the researchers downregulated β-catenin using RNA
interference, they also decreased drug resistance, colony ratio formation, and proliferation in the A549
cells [35]. Taken together, this research suggests that A549 culture is an appropriate model for NSCLC
therapy targeting the canonical WNT/β-catenin, which in other work, has been demonstrated to be
regulated by miR-148b. Thus, miR-148b potentially targets the β-catenin production in NSCLC and may
regulate cancer stemness and by extension, proliferation, when delivered as exogeneous gene therapy.
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Our Approach
In order to overcome the challenges of current nanoparticle-delivered siRNA therapy in cancer
cells, we introduce a novel RNAi/heat ablation dual-model nanoparticle study in a lung cancer model. In
this study, we synthesize a silver nanoparticle (SNP) platform conjugated with microRNA-148b (miR148b). Linkage of the miR-148b is mediated by a diels- alder adduct composed of a thiol-containing furan
diene and a carboxyl-modified maleimide dienophile. The thiol group reacts with SNPs, creating a
covalent bond at the metal surface. The carboxyl group on the diels-alder product allows for further
conjugation with a custom miR-148b mimic modified with a 3’ amine group. Using standard
bioconjugation techniques, the 3’ amine is tethered to the diels-alder produce via an amide bond. In turn
the entire miRNA/diels-alder molecule is linked to SNPs. Using the SNP as a transfection vector,
exogenous miR-148b is then delivered into our model cancer target, lung adenocarcinoma cells. The
release of the miR-148b mimic is quantified using fluorescence of a 5’ TAMRA fluorophore.
Using a 420 nm LED light source, we activate the particles once they have been incubated in lung
cancer cultures. Due to plasmonic properties of the SNP, photoactivation of the particle stimulates
localized heating in the vicinity of the particle. The photoactivation of the SNPs serves two functions.
Firstly, the heat generated by LED photoactivation can be used as heat ablation therapy, killing
surrounding cancer cells. Furthermore, internalized SNP-miR-148b conjugates can deliver miR-148b into
cancer cells, and heating of the diels-alder ligand initiates a retro-diels-alder reaction, releasing the miR148b intracellularly (Figure 3). Since downregulation of miR-148b is suspected to increase tumor
aggression and proliferation in a variety of cells including lung, breast, and liver cancer, this study is
aimed at investigating the effects of photoactivated SNP-miR-148b in lung cancer. We hypothesize that
miR-148b will decrease viability of A549 cells and SNP-miR-148b kill cells during photoactivation
through hyperthermia.
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Figure 1-3: Schematic of proposed therapeutic mechanism.
A furan/maleimide diels-alder adduct is used to tether miR-148b to SNP surfaces. The conjugate is then photoactivated
using 420 nm light, resulting in surface heating of the SNP and subsequent release of conjugated miR-148b via the retrodiels-alder reaction.
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Chapter 2
Material and Methods

Nanoparticle Synthesis and Characterization

SNP Synthesis
For a typical batch synthesis of hydroxypropyl cellulose (HPC)-stabilized SNPs, 0.5 g sodium
hydroxide (NaOH), 0.31 g HPC (Sigma Aldrich, St. Louis, MO), 330 mL DI-H2O, and 5 µL antifoam-A
were mixed in a 1000mL flask. The mixture was stirred continuously with a stir-bar for 70 minutes. A
mixture containing 35 mL each of 125 mM AgNO3 (Sigma Aldrich, St. Louis, MO) and 61.5 mM
formaldehyde (HCOH) was injected into the flask at a rate of 1 mL/minute. After 70 minutes, the
particles were freeze-dried. SNPs were resuspended in DI-H2O as needed. The concentration of SNPs
used for further functionalization was between 0.2-0.3 mg/mL.

Diels-Alder Synthesis
To make the furan-maleimide diels alder adduct, 4.25 g of 6-maleimidohexanoic acid (Sigma
Aldrich, St. Louis, MO) was dissolved in a mixture of 10 mL dichlorohexane and 10 mL methanol. To
the solution, 1 mL of 2-Furanmethanethiol (Sigma Aldrich, St. Louis, MO) was added. Then, the solution
was sonicated and rocked using an orbital shaker for 1 week. Aluminum foil was used to shield the
solution from light during the reaction period. After 1 week, the DA solution was dried with nitrogen gas
to remove excess solvent until the volume was halved. To the DA product, 100 µL tris(2-
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carboxyethyl)phosphine) (TCEP) (Sigma Aldrich, St. Louis, MO) was added and allowed to reduce the
disulfide bonds for half an hour before incubation with SNPs (Figure 4).

Figure 4: Synthesis of Thiol/Carboxyl bifunctional DA adducts.
Thiol-containing furan (A) and carboxyl-containing maleimide (B) were reacted at room temperature for one
week via the DA reaction. Thiol groups on the furan diene formed disulfide in the resulting product (C). A reducing
agent, TCEP, was added to the DA product in order to activate thiol groups for surface conjugation onto SNP surfaces
(D).
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SNP-miR-148b Synthesis
A ligand exchange was used to exchange HPC on SNPs with DA molecules. First, 1 mL of a 200300 mg/mL SNP suspension was spun down to remove the aqueous supernatant. Next, 500 µL of the
reduced DA product was added to the SNPs, and the pellet was resuspended in the DA solution with
sonication. The SNPs were rocked overnight at room temperature on an orbital shaker. The following day,
the excess DA was removed by centrifugation, and the DA-functionalized SNPs were washed 3 times
with ethanol and resuspended in 300 µL of 100% ethanol. A solution of 100 mM 1-Ethyl-3-(3
dimethylaminopropyl)carbodiimide (EDC) (Sigma) and 100 mM N-Hydroxysuccinimide (NHS) (Sigma
Aldrich, St. Louis, MO) was made. To the suspended SNPs, 100 µL of the EDC/NHS solution was
added, and the SNPs were rocked for an additional 30 minutes. A custom miR-148b mimic modified with
a 5’-methyl group, 5’-TAMRA fluorophores and 3’-primary amine
(sequence: 5'-TAMRA-'OMe-UCAGUGCAUCACAGAACUUUGU-C7-NH2-3') (Sangon, Shanghai,
China) was diluted to 4 µM in RNAase-free H2O. After 30 minutes incubation with EDC/NHS, 50 µL of
miR-148b was added to the SNPs. The mixture was incubated overnight at room temperature on an
orbital shaker (Figure 5). The following day, the SNPs were washed 3 times and resuspended in 300 µL
of RNAase-free H2O. Unused miR-148b-SNPs were stored at -20°C.

21

Figure 5: Conjugating miR-148b to SNPs.
DA-functionalized SNPs were incubated with EDC/NHS to create a semi-stable, amine-reactive ester allowing for
overnight conjugation of amine-terminated miR-148b.

Particle Characterization
To characterize the synthesized nanoparticle structures, several techniques were employed
including transmission electron microscopy (TEM) (Tecnai LaB6, FEI, Hillsboro, OR), dynamic light
scattering (DLS) (Malvern Zetasizer, Malvern Instruments, Worcestershire, United Kingdom), and zeta
potential measurements (Malvern Zetasizer, Malvern Instruments, Worcestershire, United Kingdom). For
TEM, SNPs were imaged after synthesis and before functionalization with DA. After conjugation with
DA and miR-148b, the SNPs were imaged again with TEM. For DLS measurements, SNPs at each stage
of conjugation (SNP, SNP+DA, SNP+DA+miR-148b) were diluted 10x in DI-H2O, sonicated for 5
minutes, and filtered through a 0.4 µm syringe filter before analysis in a Malvern Zetasizer. Using the
same instrument and samples, zeta-potential was also measured. For DLS and zeta potential analysis, 3
measurements were made for each and averaged.
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Photoactivation and miR-148b Release Quantification
To quantify the release of miR-148b from SNPs, two methods of cleaving the miRNA from
SNPS were used. For the positive control, 10 µL of TCEP was added to 300 µL of
SNP-miR-148b and allowed to cleave the thiol groups under sonication for 1 hour. After 1 hour,
particles were spun down, and the supernatant was collected. Fluorescence of the supernatant was read on
a plate reader with the absorbance wavelength being 485 nm and the emission wavelength at 525 nm.
Fluorescence of the TCEP-cleaved miR-148b was used to determine the total concentration in the SNP
suspension. To test light-activated cleavage, 300 µL of the
SNP-miR-148b was put into a well of a 48-well plate. The particles were photoactivated with 420
nm LED from the top of the plate at different powers (Figure 6). The supernatant was collected and
checked for fluorescence at different lengths of photoactivation.
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Figure 6: Setup for photoactivation of SNPs for miR-148b release.
The complete miR-148b conjugated SNPs were photoactivated in a 48-well plate with the light source above.
The power was measured at the bottom of the plate using an optical power meter to be around 150 mW.
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In vitro Work

Cancer Cell Culture
Human epithelial-like lung adenocarcinoma, A549 was obtained from c (Penn State,
Pennsylvania). Cells were cultured in complete medium composed of DMEM (Gibco, Gaithersburg, MD)
supplemented with 4.5 g/L d-glucose and l-glutamine with the added 5% fetal bovine serum (FBS), and
1% penicillin/streptomycin antibiotic. Lung cancer cells were cultured in a humid environment at 37°C
with 5% CO2. The cells were passaged every 3-5 days when they reached approximately 70-90%
confluency.

Cell Seeding
For cell studies following treatment with miR-148b or SNP-miR-148b, A549 cells were seeded
into well plates. First, A549 cells were trypsinized for 5 minutes in culture flasks. The cells were
centrifuged and resuspended in growth media before seeding into 48-well plates at a seeding density of
30,000 cells per well; the total volume of each well was 300 µL of media. After seeding, the cancer cells
were allowed to settle and attach overnight in the incubator. After 24 hours, the cells were used for further
studies.

Dosage Study of miR-148b using Chemical Transfection
In order to test the effects of the miR-148b alone without SNPs or light-generated heating,
chemical transfection was used to perform a dosage study. The cells were transfected with a miR-148b
mimic (sequence: 5'-2'OMe-(UCA GUG CAU CAC AGA ACU UUG U)-3') (Sangon, Shanghai, China).
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The mimic had the same RNA sequence as the one used for SNP conjugation but lacked a 3’- amine as
well as a TAMRA fluorophore.
To chemically transfect the cells, TurboFect reagent (Thermo Fisher, Waltham, MA) was used. In
short, 4 different concentrations of miR-148b were tested: 0.13 nM, 0.26 nM, 1.3 nM, and 2.6 nM. The
volume ratios of miR-148b to TurboFect reagent for each well to be transfected were: 10:1, 10:1.5, 10:3,
and 10:5 µL respectively. The miR-148b and TurboFect reagent were mixed and allowed to react for 15
minutes. The solution was then added to Opti-MEM reduced-serum media (Gibco, Gaithersburg, MD), so
that each well got 300 µL of media/miR-148b transfection mixture and allowed to react for an additional
15 minutes. Finally, the growth media in the 48-well plate was exchanged with 300 µL of the transfection
media. Transfection took place overnight in the incubator. Additionally, two TurboFect controls were
added: one getting 5 µL of TurboFect reagent only per well and another getting 3 µL of TurboFect
reagent per well. Another study was performed using the same four concentrations of miR-148b but all
using 10:1 volume ratio of miRNA to TurboFect to decrease cell toxicity via the transfection reagent.
Similarly, a lipofectamine transfection reagent, RNAiMAX (Thermo Fisher, Waltham, MA) was used to
introduce miR-148b into A549 cells at varying concentrations.
After 24 hours, the transfection media was aspirated and the 300 µL of the complete growth
media was added back into the wells. The effect of miR-148b on the A549 cells was studied at two
different time points following chemical transfection. The viability of the cells was assessed 3, 5, and 6
days post-transfection.

Chemosensitivity Study
This study was performed to test the possible chemosensitizing effect of miR-148b on lung
adenocarcinoma. First, seeded cells were transfected with miR-148b at 4 concentrations of the miRNA:
0.13 nM, 0.26 nM, 1.3 nM, and 2.6 nM according to the same protocol as the miR-148b dosage study.
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One day before the stopping point (days 2, 4, and 5), the miR-148b treated cells were dosed with
doxorubicin hydrochloride (Fisher Scientific, Hampton, NH) at a concentration of 10 µM. The
doxorubicin was added to the cells and incubated for 4 hours. Then, the media was changed and the cells
were incubated until the experimental stopping points (days 3, 5, and 6).

Nanoparticle Transfection of Lung Cancer
Finally, a study was performed to assess the therapeutic effects of miR-148b-SNPs in A549
adenocarcinoma cultures. To seeded cells, miR-148b-SNPs were added at different total miR-148b
concentrations as determined by TCEP-cleavage analysis. The particles were incubated overnight to allow
uptake of the SNPs into the cells. After 24 hours, the cell incubated with the SNPS were either
photoactivated with a 420 nm LED (ThorLabs, Newton, NJ) for 5, 10, or 30 minutes or shielded from
light. Another group was tested with LED exposure only without SNPs to determine the effect of light
radiation on the cancer cells. After photoactivation, growth media was replaced and the cells were placed
back into the incubator, and cell viability was assessed 4 and 7 days post-irradiation.

Cell Viability Assays
For all cell studies, a viability test was performed. For the chemical transfection and
chemosensitivity studies, a viability assay was performed at days 3, 5 and 6. For the nanoparticle
transfection study, a viability assay was performed at days 4 and 7 to assess the cytotoxicity of the various
treatments performed on the cancer cells.
For the viability assays, 80 µL of CellTiter-Blue (Promega, Madison, WI) was added
directly to the wells on the stopping day of each study. The well-plates were shielded from light and
incubated at 37°C for 2 hours. Afterwards, the color change was read in a plate reader at an excitation
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wavelength of 560 nm and an emission wavelength of 590 nm. The relative viability cells were
normalized to a no-treatment control in all studies.

Staining of A549 Cells Post-Treatment
For live/dead staining, media was first aspirated from treated cells. Then, each well was washed 3
times with PBS. A staining solution of both 500x volume-diluted ethidium homodimer-1 (dead stain) and
2000x volume-diluted calcein AM (live stain) was made in PBS, and 300 µL of the stain mixture was
added to the wells. After 45 minutes of staining, the wells were imaged in a fluorescent microscope.
Fluorescent images were taken at excitation wavelengths of 485 nm and 530 nm and emission
wavelengths of 530 nm and 645 nm for live and dead stains respectively. Using Annexin V staining,
apoptosis was also determined qualitatively.

Statistical Analysis
All experiments were run in triplicate. Data values are expressed as a mean ± standard deviation.
Student’s one-tailed T-test was used for comparison between two groups, where p < 0.05 was taken as
significant. For comparison of more than two groups, one-way ANOVA testing was used, with the
confidence interval set to 95%. All statistical analyses were performed on Microsoft Excel’s built-in
ToolPak add-in.
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Chapter 3
Results

SNP Synthesis and Characterization
The results show successful synthesis of the SNP, SNP + DA and SNP + DA + mR-148b. This
was first confirmed using DLS. In Figure 7, the distributions of the three nanoparticles in water are
shown. The blue band represents unmodified SNPs while the green band shows the final conjugate. There
was an obvious shift to smaller particle sizes; this is caused by exchange of bulk, stabilizing HPC ligands
with smaller DA adducts.
Interestingly, there were small peaks in the DLS distribution, suggesting some particles less than
50 nm in size. TEM was used to image the particles to confirm their synthesis. Indeed, polydisperse SNPs
were created (Figure 8). The TEM images also confirm small SNPs which corroborate the DLS data. The
SNP solution is also shown in Figure 8 as a greenish, stable suspension in water. For the TEM imaging,
mesh-patterned graphene grids were used, so images show nanoparticles on top of a lacy carbon
background.
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Figure 7: Particle size distribution before and after conjugation.
Using the Malvern Zetasizer, the hydrodynamic radius of the particle construct was evaluated after every step
of synthesis. The largest particle was the HPC-stabilized SNP. Following ligand exchange with DA, SNP sizes were
decreased (red and green traces).
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Figure 8: TEM images of SNPs and miR-148b SNPs.
TEM images of the particles were taken before and after conjugation with miRNA. Unmodified SNPs are shown
in (A) against a lacy graphene background. Modified SNPs are shown in (B). For both images, scale bar is 200 nm.
Additionally, SNPs suspended in H2O are shown in (A).

Next, the zeta potential of unmodified and miR-148b conjugated particles were measured. The
distributions are shown in Figure 9. The peak shifts from about -4 mV to -31 mV after conjugation of the
furan-maleimide DA adduct and miR-148b and is caused by the negatively-charged backbone of nucleic
acids. All of the DLS and zeta potential measurements are summarized in Table 1.
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Figure 9: Zeta potential distributions of SNPs with and without miRNA modification

Table 1: Summary of DLS and zeta potential measurements

Sample (n = 3)

DLS Size (nm)

PDI

Zeta Potential (mV)

SNP only

142.5 ± 3.81

00.22

-3.94 ± 8.69

SNP+DA

99.02 ± 1.71

0.25

-10.8 ± 7.55

SNP+DA+148b

76.16 ± 3.93

0.40

-31.1 ± 14.4
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In Figure 10, the result of TCEP cleavage of the bond linking the DA ligand to the SNPs
is shown. Compared to an untreated sample, TCEP reduction of the thiol bond causes a 10x increase in
fluorescence of the supernatant. A standard curve was built using the TAMRA-labelled miR-148b to
calculate the miRNA in the SNP solutions. Fluorescence after TCEP-cleavage suggests that TAMRAlabeled miR-148b was successfully attached to SNP surfaces via the DA adduct.
After verifying miRNA attachment, particles were light-activated to verify that plasmonic
heating would cleave thermally-labile adducts. Release studies using light activation show an exponential
release behavior with increasing total energy. Release of miR-148b increases dramatically after 20
minutes of irradiation at a power of 150 mW (Figure 11).

Figure 10: Confirmation of miR-148b attachment via DA adducts
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Figure 11: Release of miR-148b with light activation.

Cell Studies
Next, cell studies were performed to test the effects of miR-148b. In Figure 12 turbo reagent and
miR-148b were used in different amounts to test the toxicity of both compounds. In an attempt to
optimize the delivery, miRNA to the adenocarcinoma, different ratios of Turbo/miRNA were used for the
viability assay and DOX sensitization study in Figure 12. However, at the day 6 endpoint, viability was
highly dependent on the Turbo reagent used, so that amount was controlled for further studies. Based on
the information in the study, however the amount of the transfection agent used was optimized to prevent
excessive cell death.
In the study with fixed turbo and increasing miRNA concentrations, there was also no obvious
DOX sensitization with the chemical transfection. Additionally, there was no lowered viability with
increasing miRNA. The viability due to chemical transfection at day 5 did not differ from the
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no-treatment controls, and DOX sensitivity did not change with any statistical significance
(Figure 13). For both miR-148 dosage and sensitivity studies, one-way ANOVA analysis showed that
F < Fcrit and P > 0.05.

Day 6: Chemical Transfection and DOX
Effects in A549
140%
120%
100%
80%
60%
40%
20%
0%
No miR148b

Turbo 3 µL Turbo 5 µL
No DOX

0.013 nM

0.026 nM

1.3 nM

2.6 nM

With DOX

Figure 12: Cell viability with Turbo transfection reagent at day 6 with varying ratios of TurboFect/miR-148b
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Figure 13: Viability after miR-148b and DOX treatment

However, SNPs showed high toxicity when activated with light. At 5 minutes of activation, 4
days post irradiation, SNPs caused cell viability to drop to less than 60% and 10 minutes of activation
showed similar cell death (Figure 14). Interestingly, both the SNPs and LED on their own showed little
toxicity towards the lung cancer cells. This is further seen in Figure 15, as microscopy and live-staining
indicate similar confluence of cells after particle incubation. Light activation for 10 minutes alone led to
more cell death than silver nanoparticles without activation. This is likely due to heating of the culture
medium due to the LED energy. However, upon light activation, SNPs exhibited cytotoxic effects due to
plasmonic particle induced heating. Cell death was statistically significant as analyzed by one-tailed t-test
for both 5 minutes (P = 0.0017) and 10 minutes (P = 0.018) of light activation compared to light
activation only.
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Figure 14: Effect of SNP conjugates on cell viability
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Figure 15: Brightfield and live staining of A549 with and without silver nanoparticles
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Chapter 4
Conclusions and Discussion

In conclusion, SNPs conjugated with miR-148b were synthesized using a thermosensitive
furan-maleimide diels-alder adduct. The particles were characterized with TEM, DLS, and Zeta Potential
measurements to verify the bonding, orientation, and attachment of ligands and oligonucleotides.
Additionally, fluorescence after thiol reduction provides further evidence for successfulmiR-148b
attachment via the DA chemistry. Once synthesized, the modified SNPs were tested for controlled
release. As shown in the results section, light irradiation causes miRNA detachment, and release increases
with supplied energy in an exponential manner.
However, in the second phase of this study, we were unable to recapitulate current
literature data on miR-148b in cancer cells. In theory, increasing the dose of delivered miR-148b should
lower the viability of the adenocarcinoma cells. However, the results show no statistical significance in
viability between control wells and miRNA-treated wells when the transfection agent is standardized.
Furthermore, miR-148b did not seem to sensitize cells to the cytotoxic chemotherapeutic agent,
doxorubicin. Previous literature had shown some sensitization to other cytotoxic drugs following miR148b transfection [8].
Overall, issues recapitulating in vivo results of miR-148b transfection may have been
caused by a variety of factors. Transfection efficiency into the A549 cell line may be low when using
TurboFect and the optimal ratio of the transfection agent to miRNA may have to be optimized.
Furthermore, switching to traditional cationic liposomes may increase the efficacy of the miRNA
transfection for investigation of its effect on cell viability and apoptosis. Current efforts in the lab are
focused on trying different transfection agents for improved gene delivery and controlled study.
Additionally, the miRNA reagent used for chemical transfection used may not have been optimal, as

39
miRNA is susceptible to degradation during production and manipulation in the lab. Future studies will
use newly-synthesized/purchased miR-148b to avoid the possibility of using degraded oligonucleotide
products. Finally, the tested concentrations may have been too low to induce RNAi effects. Thus, future
studies will look at transfecting cells with higher concentrations of miRNA.
Cell death due to plasmonic silver nanoparticle heating was determined to be statistically
significant for 5 and 10 minutes of light activation compared to LED-only samples. While the miR-148b
did not exhibit any cytotoxic or chemosensitizing potential in this study, the potential of using plasmonic
silver particles for light-activated thermal ablation remains promising. Additionally, this nanoparticle
system provides a platform for delivery of another therapeutic miRNA other than miR-148b. There have
been many studies on potential miRNA targets in oncogenic genes. Since this study has demonstrated
effective conjugation and release of miR-148b as well as thermal ablation by light activation, combination
heat/RNAi therapy is an avenue for further study within our group.
Future efforts in the lab will be focused on optimizing the SNP miR-148b system in lung
adenocarcinoma. As mentioned above, higher concentrations of miR-148b will chemically transfected
using different vectors to potentiate cellular modulation. Furthermore, RT-PCR can be used to elucidate
gene silencing via miR-148b in A549 cells. In particular, migration markers, such as ALCAM and ITGA5
should be tested, since these proteins have been cited as potential causes of increased cancer
aggressiveness and extravasation and are putative targets of miR-148b [15]. Finally, future studies will
pursue migration studies for treated cells, since miR-148b mostly affects surface proteins important for
adhesion. Transendothelial migration assays, migration assays, and invasion assays can be used to assess
changes in cell motility/aggressiveness following miR-148b treatment.
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Appendix A
Cell Images

A.

B.

C.

D.

Figure 16: Additional Live/dead staining of A549 cells without treatment with bright field (A), live stain (B),
dead stain (C), and overlay (D).
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