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Abstract

The self-assembly of short designed peptides into functional nanostructures is
becoming a growing interest in a wide range of fields from optoelectronic devices to
nanobiotechnology. In the medical field, self-assembled peptides have especially
attracted attention with several of its attractive features for applications in drug delivery,
tissue regeneration, biological engineering as well as cosmetic industry and also the
antibiotics field.

We here describe the self-assembly of peptide conjugated with organic
chromophore to successfully deliver sequence independent micro RNAs into human non-
small cell lung cancer cell lines. The nanofiber used as the delivery vehicle is completely
non-toxic and biodegradable, and exhibit enhanced permeability effect for targeting
malignant tumors. The transfection efficiency with nanofiber as the delivery vehicle is
comparable to that of the commercially available RNAIMAX lipofectamine while the
toxicity is significantly lower.

We also conjugated the peptide sequence with camptothecin (CPT) and observed
the self-assembly of nanotubes for chemotherapeutic applications. The peptide scaffold is
non-toxic and biodegradable, and drug loading of CPT is high, which minimizes the issue
of systemic toxicity caused by extensive burden from the elimination of drug carriers. In
addition, the peptide assembly drastically increases the solubility and stability of CPT

under physiological conditions in vitro, while active CPT is gradually released from the



peptide chain under the slight acidic tumor cell environment. Cytotoxicity results on
human colorectal cancer cells and non-small cell lung cancer cell lines display promising
anti-cancer properties compared to the parental CPT drug, which cannot be used
clinically due to its poor solubility and lack of stability in physiological conditions.
Moreover, the peptide sequence conjugated with 5-fluorouracil formed a hydrogel with
promising topical chemotherapeutic applications that also display increased stability and

controlled release of the active drug in vitro.
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Chapter 1: Assisted miRNA Delivery in Lung Cancer

Background

The Central Dogma was a term enunciated by Francis Crick in 1958, and for
decades the transfer of genetic information from DNA to RNA and from RNA to protein
has been the central keystone of molecular biology (Figure 1).! RNA in the Central
Dogma is more accurately referred to as messenger RNA (mRNA), or coding RNA, with

the information necessary for the translation of protein.

RNA Protein

translation

replication % reverse
transcription

Figure 1. The Central Dogma of Molecular Biology.



In 1997, the discovery of introns, which are segment of the RNA that are
transcribed from DNA but do not serve the function of coding protein, was a big surprise
in the history of molecular biology, as it was not expected at the time that the genes of
higher organisms would be consist of both coding and non-coding sequences.?™
However, introns, or non-coding RNA, were dismissed at the time of discovery as
genomic debris, and assumed to simply be degraded once transcribed.® A few years later,
roles of RNA other than translating protein began to emerge and very quickly there was
increasing evidence that catalytic RNA existed in both animals and plants, in introns and
elsewhere, and play a variety of roles crucial in the survival of organisms, including post-

transcriptional regulation of mMRNA.%8
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Figure 2. Schematic overview of miRNA and mRNA target interaction with miRNA
‘seed’ region. miRNA position shown in blue and seed sequence is 2-8 nucleotides from
5’ end. Flank refers to the mRNA sequence on either side of the region corresponding to

the miRNA seed sequence.®



In 1993, Ambros and colleagues reported the first evidence of small regulatory
RNAs of ~22 nucleotides, lin-4 and let-7, that were responsible for regulating the timing
of Caenorhabditis elegans development.t® ! These microRNAs (miRNAs) were thought
of at that time to be exclusive to nematodes, but let-7 was soon discovered to be
conserved in humans too.'? Conservation across species imply that a sequence has been
maintained by evolution despite mutation and speciation; in molecular biology,
conservation of sequence is a good indication for function.®® It also became evident that
miRNAs are involved in nearly all developmental and pathological regulations, and that
many, if not most, protein-coding mRNAs are targets for miRNA regulation.** 1° In
addition, a single miRNA can regulate large numbers of mMRNAs, and mRNAs often
contain multiple target sites for miRNAs in their 3 untranslated region (3’UTR).1® 17 A
major reason a miRNA is capable of large numbers of mRNA targets is because miRNA
only needs to be partially complementary to its target. The target recognition site between
miRNA and mRNA typically occurs at the 3’ untranslated region (3°’UTR) of the mRNA
and the seed region (nucleotides 2-8 from the 5’ end) of the miRNA (Figure 2).

miRNA biogenesis is extremely diverse and has previously been extensively
studied and reviewed'® °; however, due to the exact reason of its diversity the complete
mechanism and its function in vivo is yet to be fully delineated. The rest of this chapter is
devoted to discussing the assisted delivery of miRNA in humans, therefore, the rest of the
background would be dedicated to briefly discussing the known biogenesis of miRNA

pertaining to the subject of interest.



The biogenesis of mMiIRNA (Figure 3) is under tight temporal and spatial regulation,
and abnormalities in regulation often lead to many human diseases. Following
transcription in the nucleus, miRNA precursor, pri-miRNA (primary miRNA), consisting
of an imperfectly paired stem with a terminal loop is excised by enzyme Drosha. Drosha
is a member of the RNase Il enzyme family and it excises the stem-loop of pri-miRNA
to form pre-miRNA (precursor miRNA).2° The pre-miRNA in animals is exported from
the nucleus by Exportin5 (EXP5) to the cytosol before the terminal loop is excised by
Dicer enzyme to create a mature miRNA duplex of approximately 19-22 base pairs in
length.2’ Mature miRNA duplex then combines with Argonaute (Ago) protein to form the
RNA-induced silencing complex (RSIC). Within the complex, the mature miRNA duplex
is rapidly unwound, and one of the strands is retained while the other one is lost. The
mechanism for selecting the retained strand is not yet fully understood, but it has been
suggested that the selection is based on the relative thermodynamic stability of the
duplex’s ends. The less stable the 5° terminus of the strand the more likely it is to be
retained.?! This rule, however, is not absolute and exceptions are frequently observed?,
Nomenclature-wise, the more commonly associated strand is called the guide strand, or
simply the miRNA strand, while the other strand is designated the passenger strand, or
the miRNA* strand. Either strand can form stable complexes with Ago proteins. The
RISC complex is led by the miRNA as an adaptor to specifically recognize and regulate
particular mRNAs. The recognition between miRISC to mRNA usually occurs in the
3°UTR region, although exceptions exist?. The silencing mechanism of miRNA occurs

through multiple mechanisms, including mMRNA degradation, translational repression,



inhibition of translation, co-translational protein degradation, and premature termination
of translation®?". The degree of miRNA to mMRNA complementarity in the seed region
has been considered a key element in determining the regulatory mechanism. In general,
high levels of complementarity between miRISC and mRNA often leads to the
endonucleolytic cleavage and subsequent degradation of mMRNA by the DICER in the
RISC complex, while lesser complementarity leads to regulatory inhibition.?

The term RNA interference (RNAI) refers to the process in which RNA interferes
with the expression of genes and regulates the corresponding proteins through gene
silencing mechanism, and the study of RNAI has been widely applied to the study of
cancer therapy. In fact, since its discovery in 1998, RNAI has revolutionized basic and
clinical research.?® In 2004, just six years after the discovery of RNAI, the first clinical
trial of small-interfering RNA (siRNA) was initiated, and in 2013, the first miRNA
clinical trial was initiated.®® Now in 2016, more than 20 RNAi-based therapeutics are

currently in clinical trials, and several of these are Phase 111 trials.3!



Nucleus Cytoplasm

/ S —— AGO1-4
RNA @

\ ) ﬁ?mgp (r:intlplex

‘ Rlllb Rilla \

_~—DICER1
Pri-miRNA H / @
| |
XPOS mlRISC
RanGTP

\ Pre-miRNAE GW182
Micro-
processor ,—DGCR8
/—DROSHA \ i /,//
Q,}O P-body L4

9;{ Translatlonal repressnon
and mRNA decay

Figure 3. Overview of miRNA biogenesis pathway. miRNA genes are transcribed as

primary miRNAs (pri-miRNAs) by RNA polymerase Il (Pol 1) in the nucleus. The long
pri-miRNAs are cleaved by processors including DROSHA and others to produce
precursor miRNAS (pre-miRNAS) that are about 60-70 nucleotides long. The pre-
miRNAs are then exported out of the nucleus and into the cytoplasm by exportin 5
(XPO5). In the cytoplasm, DICERL1, a ribonuclease 111 enzyme, excises off the end loop
of the pre-miRNA and produces the mature miRNA duplex, which then complements
with Argonaute (AGO) protein to form the miRISC complex. The complex is led by the
guide strand of the miRNA to target mMRNA by sequence complementary binding and
mediates gene suppression by targeted mRNA degradation and translational repression in

processing bodies (P-bodies).*?



Chapter 1.1: Nanofiber Assisted miRNA Delivery into Lung Cancer Cells

Introduction

In 2012 there were 14 million new cancer cases and 8.2 million cancer-related
deaths worldwide. In the United States, that number translates to about 1,685,210 new
cancer cases and about 569,490 cancer deaths in 2016 according to an estimation made
by National Cancer Institute®3. The major treatment for localized and metastasized cancer
is chemotherapy, either with or without combination with other forms of therapy.
However, despite recent advances in the diagnostics and treatment of cancer, it is still a
leading cause of death around the world. Conventional therapy suffers limitations such as
lack of tumor selectivity, poor aqueous solubility, and acquired drug resistance*.
Nanotherapeutics is the application of nanotechnology in medicine that is rapidly
progressing to address several limitations of conventional drug delivery system, and
although the field is relatively new, it has found many applications in cancer biology and
made a broad impact on healthcare.> 3¢

Nanotherapeutics is a multidisciplinary field that takes advantage of the
nanomaterial’s unique properties to ultimately increase patient outcome and quality of
life, many examples such as liposomal aggregates, protein nanoparticles, polymer-drug
conjugates and inorganic nanoparticles have been extensively studied for clinical
translation.3” More recently, nucleic acid therapeutics such as gene therapy agents and
RNA interference has also been gaining popularity.3’-® RNA interference (RNAI) is a

mechanism for gene silencing by promoting the degradation of messenger RNA



(mRNA), and such mechanism possess the ability in targeting cancer-related genes via
small interfering RNAs (siRNAs) and microRNAs (miRNAs).40 41

Compared with conventional small molecule therapeutics, SiRNAs and miRNAs
offer versatility as they can be designed to affect any gene of interest; they also have the
ability to target “non-druggable” targets. For example, some disease-related proteins lack
an enzymatic function or have a conformation not accessible to conventional drugs or
small molecule compounds, have been successfully targeted by RNAI approach in vivo.**
44

Clinical trials of sSiRNA and miRNA-based therapy have already been initiated, and
although siRNA and miRNA share many similarities in terms of length (19-22
nucleotides) and physiochemical properties, the most unwavering distinction between
miRNA and siRNA has been whether or not they silence their own expression.2* Almost
all siRNA silence the same locus from which they were derived, and their capacity to
strike at their encoding DNA and RNA makes their production a constant struggle against
themselves. siRNA requires complete complementarity between the target and itself,
making it highly specific to just one target. SiRNA is often considered as a defender of
genome integrity in response to foreign or invasive nucleic acid such as viruses,
transposons, and transgenes.*® In contrast, most miRNA do not silence their own loci but
silence other genes, and a single miRNA can regulate large numbers of mMRNAs, and
mRNAs often contain multiple target sites for miRNAs in their 3’ untranslated region.'®
1 miRNA also requires partial complementarity to its target, just a few nucleotides in the

2-8 nucleotide “seed region” in the 5° end of the miRNA is required for its target



recognition. Since miRNA can regulate multiple cancer-related genes simultaneously,
using miRNA as a therapeutic approach plays an important role in discovering novel
cancer treatment and will be the focus for the rest of the report.

It is now clear that non-coding RNASs provide important opportunities for
development of future genetic based therapeutics through the phenomenon of RNA
interference, which is the ability to target disease-related genes and silence gene
expression after the introduction of sense-antisense RNA pairs. >4 miRNAs have been
shown to regulate many physiological development and disease processes, and because of
their crucial role in regulation, abnormalities with the expression of miRNA often
contribute to pathogenesis of most, perhaps all, human malignancies such as cancer® and
many other diseases,*’ including pluripotency,*® epithelial-mesenchymal transition and
metastasis,*® diabetes,*® and neural plasticity and memory.>!

miRNA-based cancer-therapy possess several difficulties. Naked miRNA is unable
to pass through cell membranes and are also rapidly degraded by ubiquitous nucleases
present in nature, in fact, small RNA molecules such as siRNA and miRNA have a half-
life of less than one hour in serum.>>>4 The rise of targeted miRNA delivery through
nano-carriers to achieve specific, efficient and safe systemic delivery is crucial in
miRNA-based therapy. Ideally, the carrier should be non-toxic, targets tumor and protects
RNA before it reaches target.*

Delivery systems is currently and will continue to be the key to bring miRNA

therapy into the clinic. Systemic delivery is an attractive option, because it provides

access to all tissues irrigated by blood vessels through simple administration (oral or



intravenous).®® However, systemic delivery is set back from poor biodistribution and
other challenges in vivo, such as passing through the cell membrane and reaching the
cytoplasm of target cells. Both viral and non-viral carriers are implemented to overcome
the hurdles in targeting tumor cells and cellular penetration. With viral vectors such as
lentiviruses, adenoviruses, and adeno-associated viruses, miRNA can be delivered to cell
nuclei for function.>”*® However, compared with viral carriers, synthetic nanoparticle
vehicles possess considerable advantage due to their less toxic nature, simple
manufacturing, modification and analysis, lower immunogenicity and tolerance for size
of cargo.®%-%2 Non-viral delivery methods that have been extensively studied include
cationic®® and neutral liposomes,®* polyethyleneimines,% and atelocollagens.®®
Cationic liposomal carriers can interact and counterbalance the negatively charged
nucleic acids, resulting in slight net positive charge complexes that facilitates cellular
uptake, protect miRNA from degradation by serum nucleases and increase circulation
half-life when systemically delivered.®” However, positively charged carriers have been
reported to have several negative consequences upon administration in vivo, including
interferon responses and dose-dependent toxicity, etc.6” ® Neutral liposomes were
developed to overcome these side-effects, and have been reported to show enhanced
accumulation of miRNA in tumors without the adverse effects associated with cationic
lipid carriers.®* ©°

Drug targeting strategies have frequently been divided into two categories, “active”
and “passive”.’® Active targeting is used to describe specific interactions between an

attachment on the drug/drug carrier, usually an antibody or carrier protein or a ligand, and

10



the target cell membrane with the receptor for the attachment.”® Active targeting is also
called ligand based targeting since it is usually employed through specific ligand receptor
interactions. In order to achieve high specificity, the receptors should be highly expressed
on target/tumor cells, but not on normal healthy cells.” ™* One of the two qualities
important for the active targeting system is the specificity with which the ligand
recognizes the receptors and the other is the capacity to deliver the required dose of drug
for the required period of time.”® ™* With active targeting the drug is concentrated in the
tissue of interest while the amount of drug taken up by the remaining tissues should be
minimized, which would improve efficacy and reduce side effects. However, this strategy
has two associated problems, one is that tumors tend to shed antigens which would
circulate and the delivery system would attach to these widely dispersed antigen
molecules, the other problem is that the antigens may not be expressed homogenously,
which would decrease antibody-antigen specificity.” It is also important to note that due
to the antibody-antigen specificity, the drug/drug carrier is designed specifically to
recognize one target, therefore, due to the mutable nature of cancer cells, it is relatively
easy for the target cells to mutate and gain resistance to the treatment.’? In accordance
with these drawbacks, studies have also shown that the presence of the tumor-targeting
ligand do not always result in increased accumulation of the drug/drug carrier in target
tumors, suggesting that “active targeting” does not automatically translate into effective
and efficient delivery into target tumor cells.”*"

Passive targeting, on the other hand, takes advantage of the intrinsic

physiochemical properties of the drug carrier complex, such as the size and charge of the

11



complex, so that it escapes the body defense system and accumulates in the target tumor
areas with leaky vasculature; commonly referred to as enhanced permeation and retention
(EPR) effect.”® EPR effect is attributed to the unique vascular characteristics of tumor
tissue and the lack of an effective lymphatic drainage system in the solid tumors.’® Since
passive targeting is the result of the physical properties of the tumor and the drug carrier
complex, drug resistance is not as easily induced as compared with active targeting. In
addition, clinically speaking, tumors are classified as a conglomerate of cells with
multiple histological and genetic profiling, which means cell membrane expression levels
of ligands and other proteins would be different throughout the tumor; in which case
passive targeting would be a more viable practice than active targeting.”” In light of these
considerations, we employ passive targeting strategies in our drug-carrier molecule

design.
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Results and Discussion

In this study, we report non-toxic, biodegradable peptide vehicles for sequence
independent miRNA targeted delivery into lung cancer cells. The tetra-peptides
conjugated with coumarin, Fmoc-KFKK(DAC)-NH: (K) and Fmoc-EFEK(DAC)-NH:
(E) (Figure 4) , self-assembles into nanofibers with diameters in the 30-60nm range in
PBS (pH7.4) (Figure 5). The mechanism of self-assembly has previously been
reviewed,8 in short, the coumarin and Fmoc group in these peptides drive self-assembly
via hydrophobic effects and n-x stacking interactions, while lysine and glutamic acid
provide enough electrostatic repulsion to prevent non-specific aggregate of the

compounds.
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Figure 4. Structural design of compounds K (left, side chains positively charged at

physiological pH) and E (right, side chains negatively charged at physiological pH).
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Binding Efficiency of miRNA with K and E

The binding efficiency between peptide carrier and miRNA were studied using
ethidium bromide agarose gel and the locality of miRNA on the nanofiber was visualized
with transmission electron microscopy (TEM). It should be noted that the interaction
between miRNA and the carrier is mainly based on electrostatic interaction; given that
miRNA is negatively charged, positively charged K has a much better binding efficiency
as compared with negatively charged E (Figure 6). In addition, the amount of miRNA
bound to nanofibers is also miRNA concentration dependent during the process where

miRNA and nanofibers are mixed together for binding to occur (data not shown).

Figure 5. TEM images of K (left) and E (right) in PBS at pH 7.4. Samples prepared by

aging the compounds at 10mM for 16 h at pH 7.4 and 24 <C, then diluting to 0.5mM prior
to imaging with Technai G2 Spirit instrument at 80 kV. Sample was applied to copper

grid for 2 mins and negative stained with 2% wt uranyl acetate for 1 min.
14



K and E were previously aged at 10mM in sterile PBS (pH7.4) for 16 h atr.t. to
allow nanofibers to form, the solution was then diluted and miRNA was added to the
solution for binding between the two to occur (0.5mM K or E with 0.5nmol miRNA
either hsa-let-7a or hsa-miR-16). After 4 h of incubation ambient temperature, the
solution was ultracentrifuged at 80,000 rpm, and unbound miRNA along with K and E
that did not form nanofibers were expected to remain in solution while nanofibers would
pellet at the bottom. The pellet would also include miRNA that was bound to the
nanofiber. The pellet was resuspended and the concentration of miRNA bound to
nanofibers was determined with Nanodrop (UV at 260 nm), and further experiments were
carried out following this separation procedure unless otherwise noted.

Ethidium bromide agarose gel confirms the presence of intact miRNA in the
resuspended nanofiber pellet. Negative controls were also carried out with only the
nanofibers and only miRNA ultracentrifuged at 80,000 rpm and ‘pellets’ resuspended. In
the case where only miRNA was ultracentrifuged, no pellet was observed but the
ultracentrifuge tube was still rinsed with water and run on ethidium bromide agarose gel
to confirm the miRNA band observed in other columns were not pseudo positive bands

from residual miRNA on the walls of the tube (Figure 6).
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Figure 6. Binding efficiency between K and
E and miRNA were visualized with ethidium
bromide gel. K has a higher binding
efficiency than E with let-7a as shown on the
gel from left to right 1) 1kb marker; 2) E; 3) E
with let-7a; 4) K; 5) K with let-7a; 6) negative

control with let-7a to show the bands for 2

and 4 were not from residual let-7a on the

walls of centrifuge tube.

TEM images of miRNA’s interaction with K was visualized with hsa-miR-16-
biotin (Sigma Aldrich) and streptavidin conjugated colloidal gold (5nm, from
Cytodiagnostics).” From the images we are able to visualize miRNA binding along the

surface of the nanofibers (Figure 7).
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Figure 7. TEM images of hsa-miR-16-biotin binding with K, visualized on carbon-

coated grid with streptavidin conjugated colloidal gold (5nm). The images show that the
miRNA binds along the surface of the fiber, suggesting electrostatic interaction between

the two.

Intracellular Uptake and Cytotoxicity of K and E

A major limitation to most conventional anticancer chemotherapeutic agents is
their lack of selectivity.®’ Nanoscale drug carriers have been exploited to facilitate
passive accumulation in tumor via the enhanced permeability and retention (EPR)
effect.8! EPR is the property by which nanomaterials of up to 400nm are able to
accumulate effectively and selectively in tumor or inflamed tissue much more than they
do in normal tissues.® 8 This is a phenomenon caused by the leaky vasculature and the

poorly formed lymphatic drainage system accompanied with the rapid growth of
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malignant tumors.* Although leaky vasculatures as large as 2000nm has been report
between adjacent endothelial cells®, molecules that are too large may also have trouble
passing through blood capillaries. EPR was a phenomenon noticed as early as 1986 and
documented in humans during a clinical trial carried out in Israel from 1991 to 1994 for
DOXIL, a liposomal doxorubicin conjugate.®” We hypothesize our nanofibers would be
selective towards tumors through EPR effect due to the size of K and E, which exceeds
the lower size limit on delivery vehicle to escape the 10nm diameter threshold for first-

pass elimination by the kidney.®
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Figure 8. Flow cytometric analysis of K and E in A549 (NSCLC) showing intracellular
accumulation of K significantly greater than that of E, by roughly 30 fold after 4 h
incubation at 30 uM. Cells were resuspended in HBSS and kept on ice before subjected
to flow cytometer (BD FACS Aria 1), excitation wavelength = 355 nm and emission
wavelength detected at 425-475 nm. Bifurcated gate was used on the control untreated
cells population to calculate statistics above threshold values as fluorescence intensity

(uptake).

Passive targeting is in essence the result of physiochemical properties of the
carrier-drug conjugate, in addition to EPR effect, the charge of the conjugate is also
essential in determining the uptake efficiency into cancer cells.®® It has been shown that

positively charged molecules exhibit greater uptake by cells than that of a neutral or
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negatively charged molecule.® We performed flow cytometry and confirmed our
positively charged compound K has an uptake greater than negatively charged E by
roughly 30 fold (Figure 8). In addition, although neither compounds displayed toxicity in
normal experimental conditions used in this report (~2-15 nM, 48-36 h), when we greatly
exaggerated the concentrations and incubation time (30 uM, 96 h), E showed a 70%

survival rate while K had a >90% survival rate (Figure 9).
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Figure 9. Cytotoxicity analysis with MTT assays of K and E in A549 (NSCLC) showing
that both scaffolds are non-toxic carriers even at unrealistically high concentrations at 30
uM and 96 h incubation time where normal experimental conditions are about 100 fold

less concentrated and 24-48 h less.
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Figure 10 displays intracellular nanofiber distribution of K and E in A549. The
concentration for confocal microscopic analyses was carried out at 200uM and the cells

in E shows a slight morphology change due to suspected higher toxicity of E, while for K

the cell morphology is still typical for A549 at 200uM.

Figure 10. Confocal fluorescence microscopy analyses of the distribution of K (top) and
E (bottom) in A549 shows the accumulation of the carriers in the cytoplasm, but not so
much in the nucleus. The carrier is shown in blue (excitation of coumarin at 405nm), and

the cell membrane is shown in green (Wheat Germ Agglutinin dye 488nm).
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miRNA Delivery Efficiency with K and E

miRNA delivery efficiency was determined by RT-gPCR®*® and visualized using
confocal microscopy. Although the binding efficiency between miRNA and K is greater
than that of E, in the gPCR experiments the concentration of miRNA are determined via
UV and equal amounts of miRNA are added to each experimental conditions for
evaluative comparison.

RT-gPCR is to date the most powerful tool to amplify and detect trace amount of
miRNA of interest. It is highly sensitive and specific, and also largely reproducible.®! In
this method,®® %2 the accumulation of miRNA through PCR is detected by fluorescent
signal and the Ct (cycle threshold) is defined as the number of cycles of PCR required for
the fluorescent signal to cross the threshold. Ct levels are inversely proportional to the
amount of target miRNA available in the sample (lower Ct value indicate higher amount
of miRNA in sample, and vice versa). Taking the difference between Ct levels for two
samples will give relative miRNA abundance levels in the sample. However, the amount
of miRNA in a sample is effected by cell abundance, miRNA extraction methods, and
other experimental errors. Therefore, the samples are normalized by also quantifying a
constantly expressed gene (a reference gene or housekeeping gene) in the cells. The fold
change is then expressed as 244¢t %2

The RT-qPCR experiment was carried out in cell line 293T, a popular cell line of
choice for many preliminary studies.®® In our case we are developing a viable new
method for transfection, and this cell line is appropriate due to its ease of reproduction

and maintenance, and receptiveness to transfection using a wide variety of methods.®3 %4
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The efficiency of let-7a with K as the delivery vehicle was 2-3 fold better than our
positive control — commercially available RNAIMAX Lipofectamine,®® while the
delivery of let-7a with E was negligible and close to our negative control — the cells
without any additives. It is important to note that the efficiency of naked let-7a
internalization on its own without a vehicle was also comparable to our negative control,
suggesting the delivery efficiency observed by other means of carriers is a direct
consequence of the delivery capacity of the carriers (Figure 11).

Although lipofectamine have been implemented as the go-to reagent for delivery of
exogenous DNA/RNA into cells for over two decades, the detail interaction between
carrier and cargo and the precise delivery mechanism for this commercially available
reagent remain largely elusive.% 7 It is widely accepted that lipofectamine takes
advantage of its cationic lipid physiological pH that is able to associate with negatively
charged miRNA, and the complex enters the cell through endocytotic pathways.%: %
Without direct binding with miRNA, although the transfection efficiency is good with
lipofectamine, quantitatively the result varies greatly from trial to trial. In addition,
lipofectamine exhibits systemic toxicity to cells®*-1% and the reagent must be removed
from the cells within 16 h of transfection, or a decrease in cell survival and change in cell
morphology is observed. With K, direct binding occurs with miRNA, and excess
compound K which did not form nanofibers and unbound miRNA are removed from
solution prior to transfection, ensuring only effective carrier vehicle is present in the

solution. As a result the standard deviation between trials for K is significantly smaller
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than for lipofectamine. K is also completely non-toxic to cells at transfection

concentrations (Figure 9), and does not have to be removed from the culture dish.
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Figure 11. Transfection efficiency in 293T as measured by AACt qPCR, fold value is
displayed and is calculated as 22T, The efficiency is higher for K than it is for positive
control lipofectamine by 2-3 folds, standard deviation (shown as error bars) between
trials is also significantly smaller. Negative control (without any additives), let-7a
without carrier, and carrier E all had around baseline transfection efficiency, suggesting

successful transfection is due to the carriers lipofectamine and K.
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Experiments were also carried out in non-small cell lung cancer (NSCLC) cell lines
A549 and H460 (Figure 12). In both cases, K had a delivery efficiency roughly
comparable to that of lipofectamine. In A549 lipofectamine is roughly better than H460
by 1.4 fold, while in H460 both vehicles showed similar transfection efficiency. We
attribute the discrepancy in transfection efficiency between cell lines to the fact that there
are many factors influencing transfection efficiency such as cell type, cell health and
viability, confluency in the culture dish, etc. 1°? Carrier E along with naked let-7a had

negligible delivery capability and comparable with the negative control.
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Figure 12. Transfection efficiency in non-small cell lung cancer cell lines A549 (blue)
and H460 (orange) using different carrier vehicle show that the efficiency using
commercially available lipofectamine and using compound K are roughly comparable in
both cell lines. K’ designation indicates no preformation of the nanofibers prior to adding
the material and miRNA to the cells. K’ is roughly 10-15% as effective as K, suggesting
fully formed nanofiber and fully bound miRNA is crucial in achieving optimal delivery

efficiency.

Co-localization of K and hsa-mir-16-cy5 as seen in confocal microscopy confirms

the notion that K assisted miRNA delivery is through direct binding between the two
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instead of surfactant effect (Figure 13). In fact, the nanofiber structure must be present in
order for K to be a successful vehicle for miRNA delivery. During our experimental
procedure, the nanofibers were pre-formed prior to binding with miRNA, and the
unformed compound and unbound miRNA was removed from the solution. In the case
where the unformed and unbound material was included in the transfection procedure, the
delivery effectiveness was greatly reduced to about 10-15% of the completely formed and
bound carrier-miRNA solution (Figure 12). This data suggests miRNA are required to be
bound to fully formed nanofibers in order for successful transfection to occur, and that
the mechanism of transfection is not through surfactant effect and significantly differs

from that of lipofectamine.
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Figure 13. Confocal fluorescence microscopy analysis where a) Compound K, coumarin
excitation at 405nm, b) membrane dye at 488nm, c) hsa-mir-16-cy5 localization within
the cells at 633nm, d) Overlap of a, b, and ¢ showing co-localization of K with hsa-mir-

16-cy5 in A549, suggesting tight binding between the carrier and the miRNA. .

Hsa-miR-16 Downregulates Target Cyclin E1
Cyclin E1 is a positive regulator of the cell cycle that controls the transition of cells
from G1 to S phase, it is also a known downstream target for hsa-miR-161* 1% we built
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a stable cell line with an engineered plasmid containing the Cyclin E1 gene sequence and
luciferase promoter using A549 (Figure 14). When miR-16 targets the Cyclin E1 gene
sequence, the luciferase promoter sequence is also silenced and will not be expressed.
The luciferase fluorescence can therefore measure any interaction between the miRNA
and its downstream target, serving as an indication for miR-16 function after transfection.
(Figure 15) Using the stable cell line we were able to show that when hsa-miR-16 was
delivered with carrier K, the target was successfully downregulated by 15%. Although
with lipofectamine the downregulation of Cyclin E1 was about 80%, we believe the
electrostatic interaction between K and miR-16 is strong, and the amount of miR-16
available for downstream target may not be available immediately after transfection. This
may provide an opportunity for slow release of miRNA if the pharmacokinetics between
K and miRNA is better understood in vivo. In addition, it should be noted that upon
cellular uptake and endosomal escape stage for carrier-miRNA complex, cationic
formulations generally have better performance over neutral or anionic formulations,®
suggesting that the low efficiency observed in the luciferase assay is not the consequence

of the inability for carrier-miRNA complex to escape the endosome.
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Figure 14. (vector illustration adapted from amb product website) Stable Cell Line
plasmid design. Luciferase promoter is located in front of miR-16 downstream target
Cyclin E1 3°UTR, and so when miR-16 interacts with its target, luciferase expression
would be inhibited. The cells expressing the plasmid are puromycin resistant, providing a

mean of selection for successfully infected cells.
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Figure 15. 3’°UTR of miR-16 target gene, Cyclin E1, serves as the recognition site. When

it interacts with miR-16 (left), the sequence is silenced and the translation of luciferase is

inhibited, and results in no luciferase expression for detection. When miR-16 is not

present to inhibit the 3’UTR of Cyclin E1 (right), luciferase is expressed normally and

luciferase fluorescence is detected.
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Materials and Method

Synthesis of DAC-COOH

o o 0
Caridi 1. 1N NaOH
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A solution of 4-methoxysalicylaldehyde (193.25 mg, 1 mmol) and dimethyl malonate
(158.5 mg, 1.2 mmol) in MeOH (1 mL) was prepared. Piperidine (0.01 mM, 0.1 mmol)
with catalytic amount of glacial acetic acid (1 drop) was added to the reaction mixture.
After 3 hours reflux, 2 mL H20 was added to the mixture and cooled to 0 <C. 1N NaOH
(aqg) solution was added to the reaction mixture to form the yellow solid. The reaction
mixture was refluxed for 20 min with a vigorous stirring. After cooling down this
reaction vessel to r.t., 2N HCI (aqg) solution was added in order to acidify the solution.
The orange crude solid was collected by a filtration, washed by 50% cold ethanol (10
mL), and recrystallized with ethanol to obtain the bright orange crystalline product. (206
mg, 79 %) 1 H(400 MHz, CDCI3) & 8.63 (1 H, s), 7.45 (1 H, d, ] =9.0), 6.73 (1L H, 9),
6.52 (1 H, s),3.50 (4 H, q,J =7.1), 1.27 (7 H, t, J=7.1); 13C NMR (100 MHz, CDCI3) &
165.56, 164.52, 158.05, 153.81, 150.26, 131.98, 110.97, 108.55, 105.44, 96.82, 45.37,

12.40; ESI-MS calculated for C14H15NO4 [M+H] + 262.1079, found 262.1042.
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Synthesis of Coumarin Compounds K and E

The protected tetrapeptides were manually prepared using Fmoc/t-Bu solid-phase
peptide synthesis on rink amide resin (loading 0.59 mmol/g). Amide-coupling steps were
accomplished with standard techniques for all amino acids: Fmoc-amino acid, 1,3-
diisopropylcarbodiimide (DIC), and 1- hydroxybenzotriazole (HOBt) (300 mol percent
each relative to resin) in 1:1 DMF/DCM for 1.5 h. A solution of 20 % piperidine in DMF
was used for Fmoc removal and 2% TFA in dichloromethane was used for Mtt group
deprotection. The final DAC-tetrapeptide conjugates were cleaved from the resin by the
treatment with TFA/water/triethylsilane (95 /1 / 4) at room temperature for 2 h. The
crude peptides were precipitated with cold diethyl ether and purified by reversed-phased
HPLC on preparative Varian Dynamax C18 column eluting with a linear gradient of
CH3CN/water containing 0.1 % TFA (20/80 to 100/0 over 30 minutes) and stored as
lyophilized powders at 4 <C. Peptide purity was assessed by analytical reverse-phase

HPLC and identity confirmed using ESI-TOF mass spectrometry and NMR.

Fmoc-KFKK(DAC)-NH2 (K)
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1 H NMR (400 MHz, DMSO-d6 ) & 8.95-8.93 (m, 1H), 8.66-8.61 (m, 3H), 8.32-8.30 (m,
1H), 8.19-8.17 (m, 1H), 7.83-7.71 (m, 7H), 7.67 (dd, J = 9.2, 6.3 Hz, 2H), 7.39 (t, J = 0.3
Hz, 1H), 7.27-7.25 (m, 2H), 7.21-7.17 (m, 2H), 7.13- 7.09 (m, 1H), 7.06 (s, 1H), 6.80
(ddd, J = 8.9, 6.3, 2.5 Hz, 2H), 6.60 (dd, J = 11.2, 2.2 Hz, 2H), 4.57-4.45 (m, 2H), 4.27-
4.16 (m, 2H), 3.52-3.43 (m, 8H), 3.30-3.25 (m, 2H), 3.10-3.05 (m, 1H), 2.83-2.71 (m,
5H), 1.73-1.65 (M, 3H), 1.61-1.48 (m, 9H), 1.37-1.21 (m, 6H), 1.16-1.09 (m, 11H); ).;
13C NMR (100 MHz, DMSO-d6 ) 5 173.74, 171.38, 171.22, 171.21, 170.66, 162.27,
161.78, 161.71, 157.10, 155.57, 155.17, 152.40, 149. 37, 148.20, 128. 14, 147.64, 147.52,
145.06, 139.33, 137.54, 135.23, 134.24, 131.61, 129.06, 127.97, 95. 76, 95.71, 95. 69,
54.06, 44.34, 38.31, 38. 02, 28. 74, 26.69, 26.53, 24.06, 22.07, 21.83, 12.22; ESI-MS

calculated for CsgH72N9Og [M+H]+ 1014.5453, found 1014.5423.

Fmoc-EFEK(DAC)-NH2 (E)
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1 H NMR (400 MHz, DMSO-d6 ) & 8.64-8.63 (m, 2H), 7.95- 7.93 (m, 1H), 7.89 (d, J =
7.4 Hz, 2H), 7.73-7.70 (m, 2H), 7.66 (d, J = 9.1 Hz, 1H), 7.50 (dd, J = 8.3, 0.3 Hz, 1H),
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7.43-7.39 (m, 2H), 7.34-7.30 (m, 3H), 7.23-7.16 (m, 4H), 7.11 (d, J = 0.2 Hz, 1H), 7.01-
7.00 (m, 1H), 6.81-6.78 (m, 1H), 6.60 (d, J = 2.2 Hz, 1H), 4.30- 4.18 (m, 5H), 3.50-3.45
(M, 4H), 3.30-3.26 (M, 2H), 2.27-2.24 (m, 2H), 2.18-2.16 (M, 2H), 1.91-1.49 (m, 10H),
1.35-1.30 (M, 4H), 1.26-1.23 (m, 3H), 1.16-1.12 (m, 6H). ; 13C NMR (100 MHz,
DMSO0-d6 ) § 173.49, 171.14,171.10, 171.06, 162.06, 161.86, 161.66, 158.15, 157.26,
157.15, 152.55, 152.37, 147.77, 147.58, 137.74, 131.51, 129.11, 127.94, 126.09, 110.20,
110.06, 109.34, 108.85, 107.62, 107.56, 95.80, 44.31, 38.68, 38.67, 28.88, 26.77, 26.59,
22.80, 22.17, 21.86, 12.29; ESI-MS calculated for CssHeiN7O13 [M+H]+ 1015.4327,

found 1015.4302.

Cell Lines and Culture Conditions

Cell Lines 293T, A549 and NCI-H460 were obtained from the American Type
Culture Collection (ATCC) and were cultured in RPMI-1640 medium (Sigma Aldrich)
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin and maintained at
37<C in 5% CO> unless otherwise noted. The cells were used in transfection assays and
total RNA isolation was carried out with Trizol reagent for the RT-gPCR assays

(TagMan miRNA Assay).

Carrier Conjugation with miRNA
Carrier K and E were dissolved in PBS at 10mM and aged for 24 hours to allow
for nanofibers to self-assemble. The solution is diluted to 1mM immediately prior to

experiments. Equal volumes of miRNA (5nmol) and K or E are mixed together for 4
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hours at room temperature, final carrier concentration in the mixture is 0.5mM. The
solution is then ultracentrifuged at 80,000rpm for 1 hour, and the supernatant is removed.
The pellet at the bottom of the tube consists of fully formed carrier K or E along with
miRNA that has electrostatically bound to the carriers. The supernatant consists of
unbound excess miRNA, and K and E molecules that has not formed naonfibers. The
pellet is resuspended at the original volume and the concentration of miRNA is
determined by UV at 260nm (NanoDrop). This solution of carrier/miRNA conjugate is

used for transfection related experiments unless otherwise noted.

Transfection for gPCR

miRNA were purchased from Sigma Aldrich and the positive control,
lipofectamine RNAIMAX was purchased from ThermoFisher and transfection was
carried out in accordance with the manufacturer’s instructions. Briefly, A549 was plated
in 6¢cm dish (0.1x10° cells / plate) for 16 hours prior to the addition of experimental
reagents to allow for the cells to adhere. Experimental conditions are as follow: negative
control without have any additives, miRNA without any form of carrier, lipofectamine
RNAIMAX as carrier, K and E as carrier following aforementioned carrier preparation,
K as carrier following lipofectamine RNAIMAX instructions. After 48 hours, levels of

miRNA transfection was analyzed using real-time quantitative PCR.
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Real-Time quantitative PCR

Levels of miR-16 and let-7a were analyzed by real time quantitative RT-qPCR using
TagMan MicroRNA assay specific for hsa-miR-16-5p of human origin (miR-16 sequence:
5> UAGCAGCACGUAAAUAUUGGCG 3’) and hsa-let-7a of human origin (let-7a
sequence: 5> UGAGGUAGUAGGUUGUAUAGUU 3°). Briefly, total RNA was extracted
using Trizol reagent, and 10 ng of RNA was retro-transcribed to cDNA using the Tagman
mIiRNA assay. cDNA was then amplified by StepOne Real-time PCR instrument using
specific TagMan primers and TagMan Universal PCR Master Mix to detect miR-16 and
internal control, RNUG6B. (RNU6B sequence: 5
CGCAAGGATGACACGCAAATTCGTGAAGCGTTCCATATTTTT 3’). The internal
control corrects variations in the experiment. Only mature miR-16 and RNUGB are
detected using these assays. AACt values were used to assign a fold value, which was

calculated as 2°24CT,

Intracellular Flow Cytometry

A549 cells were seeded in 6¢cm plates (0.3x108 cells / plate) for 16 hours prior to
addition of 30uM of K and E. Cells were washed once with ice cold PBS prior to
trypsinization. Cells were resuspended in HBSS and kept on ice before subjected to flow
cytometer (BD FACS Aria I11). Fluorochrome DAPI was used, excitation wavelength at
355nm, emission wavelength 425 — 475nm. A total of 10* events per sample were
recorded. A bifurcated gate was used on the control untreated cells population to

calculate statistics above threshold values as fluorescence intensity (uptake).
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Cell Survival MTT Assay

A549 cells were seeded in 48 well plates (1.0x10* cells/ well) in medium for 16
hours prior to the addition of K and E. Concentrations of the nanofibers were 0, 3, 10,
and 30 pM and the cells were cultured for 96 hours prior to viability analysis. Cell
viability was determined using MTT assay and absorbance was measured by SpectraMax

M2 Microplate Reader (Molecular Devices).

Preparation of Stable Cell Line

pLenti-UTR-Luciferase Blank Vector was purchased from abm and the
experiments were carried out following manufacturer’s protocol. In short, cyclin E1
3’UTR (sequence 5’
CAAAGAAAGCCATGTTGTCTGAACAAAATAGGGCTTCTCCTCTCCCCAGTGG
GCTCCTCACCCCGCCACAGAGCGGTAAGAAGCAGAGCAGCGGGCCGGAAAT
GGCGTGACCACCCCATCCTTCTCCACCAAAGACAGTTGCGCGCCTGCTCCAC
GTTCTCTTCTGTCTGTTGCAGCGGAGGCGTGCGTTTGCTTTTACAGATATCTG
AATGGAAGAGTGTTTCTTCCACAACAGAAGTATTTCTGTGGATGGCATCAAA
CAGGGCAAAGTGTTTTTTATTGAATGCTTATAGGTTTTTTTTAAATAAGTGGG
TCAAGTACACCAGCCACCTCCAGACACCAGTGCGTGCTCCCGATGCTGCTAT
GGAAGGTGCTACTTGACCTAAGGGACTCCCACAACAACAAAAGCTTGAAGCT
GTGGAGGGCCACGGTGGCGTGGCTCTCCTCGCAGGTGTTCTGGGCTCCGTTGT
ACCAAGTGGAGCAGGTGGTTGCGGGCAAGCGTTGTGCAGAGCCCATAGCCAG

CTGGGCAGGGGGCTGCCCTCTCCACATTATCAGTTGACAGTGTACAATGCCTT
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TGATGAACTGTTTTGTAAGTGCTGCTATATCTATCCATTTTTTAATAAAGATA
ATACTGTTTTTGAGACAGCTGGTTTTATGAGCTATGTCTGG 3°) was annealed
into the vector using Kpnl and Mfel restriction enzymes. The engineered plasmid was
amplified in E. Coli and then transformed into 293T along with envelope plasmid, VSV-
G, and packaging plasmid, A8.2, for lentivirus formation. 48 hours later lentivirus is
collected and precipitated using PEG-it (SBI) overnight at 4<C. The viral particles are
resuspended in Opti-MEM reduced serum medium (ThermoFisher) and added to A549
for infection with TransDux (SBI). 48 hours after the infection, the cells were selected
with puromycin to ensure that only the cells that has been successfully infected with our

desired plasmid survives.

Luciferase Assay

Aforementioned stable cell line cells were seeded in 6 well plates (5.0x10° cells/
well) 16 hours prior to experiment to allow for cells to adhere. Commercialized miRiDian
miR-16 mimic (Dharmacon) and its negative control were conjugated with K using the
carrier preparation method above, and the solution was added to the wells using
RNAIMAX lipofectamine miRNA concentrations as a guideline. The experimental
conditions are as follow: Commercialized negative control with lipofectamine,
commercialized negative control with K, miRiDian miR-16 mimic with lipofectamine,
miRiDian miR-16 with K. miR-16 function is measured as a percentage of luciferase

fluorescence of miR-16 over that of the negative control.
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Gel-Electrophoresis

Carrier conjugated with let-7a solution as prepared following procedure above was
run on ethidium bromide infused 1% agarose gel (EmbiTec) at 50mV. The experimental
conditions are as follow: 1kb marker, E alone, E with let-7a, K alone, K with let-7a, and
negative control let-7a. The negative control is a solution with only let-7a that follows the
procedure for the conjugation to occur, using DEPC water in place of the carrier solution.
After ultracentrifuge a pellet is absent in the negative control tube and the solution is
decanted. The tube is then rinsed with DEPC water and this sample is run on the gel to
ensure the let-7a band in other conditions are not pseudo positive bands from residual

miRNA on the wall of the tube. The bands were then visualized under UV 260nm.

Confocal Microscopy

Confocal Microscopy was performed with either Olympus Filter F\V1000 Confocal
Microscopy or Olympus Spectral FVV1000 Confocal Microscopy. A549 cells were seeded
at 5.0x10* cells/ well in Lab-Tek Il Chamber Slide (4 well) and allowed to adhere for 16
hours. miR-16-Cy5 (Sigma Aldrich) was conjugated to K using the procedure mentioned
above and added to culture medium. The conditions for each chamber is as follow:
negative control with cells only, miR-16-Cy5 without carrier, miR-16-Cy5 conjugated to
carrier K, and K only. After 48 hours of incubation the medium was removed and rinsed
with PBS and fixed with 4% paraformaldehyde for 15 mins at 37 <C. The plate was
washed with PBS (5 mins x 3) and membrane dye was added to the chambers for 10 mins

at room temp (Wheat Germ Agglutinin Alexa Fluor 488 Conjugate, ThermoFisher). The
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plate was again washed with PBS (5 mins x 3) and the chamber walls were removed and
glass cover was applied with antifade mounting medium (Vectashield). Carrier K was
visualized at 405nm (blue), membrane dye was visualized at 488 (green), and miR-16-

Cy5 was visualized at 535nm (red).

Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was performed with Technai G2 Spirit
instrument operating at 80 kV. K and E were aged in PBS (10mM, pH 7.4) for 24 hours
prior to imaging. The samples were freshly diluted to 0.5mM and applied to carbon
coated copper grid (Ted Pella, Inc.) for 2 mins and negative stained with 2% wt uranyl
acetate solution for 1 min. Streptavidin conjugated colloidal gold nanoparticles purchased
from Cytodiagnostics (5nm, OD3) were used to visualize miR-16 on the fiber and the
sample preparation procedure was performed in accordance to manufacturer’s protocol.
miR-16-biotin (Sigma Aldrich) was conjugated with K using the procedure above and the
resuspended solution was applied to carbon coated copper grid for 30 mins, the copper
grid was then quickly placed on PBS to rinse off excess K, and dried with filter paper.
Streptavidin conjugated colloidal gold was diluted 1:100 in 1% BSA (Bovine Serum
Albumin) in PBS and the copper grid was placed on this solution for 1 hour. The copper
grid was then placed on 1% BSA in PBS for 5 mins x 5 to wash off excess gold

nanoparticles on the grid and dried with filter paper.
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Chapter 2: The Chemotherapeutic Applications of Self-Assembled Nanostructures

Chapter 2.1: The Self-Assembly of Anticancer Camptothecin-Dipeptide Nanotubes:

A Minimalistic and High Drug Loading Approach to Increased Efficacy.

(This sub-chapter is adapted from previous publication in CHEMISTRY: A European
Journal in 2014, my main contribution for this publication is towards the cellular /

biological studies. doi: 10.1002/chem.201404520)

Introduction

Nanotechnology-enhanced drug delivery is emerging as an important strategy to
improve the performance and reduce the toxicity of a wide range of chemotherapeutic
agents.1% As such, solid-nanoparticle scaffolds!®’1° and self-assembled materials'!*114
have shown tremendous promise for the development of novel cancer detection and
therapeutic nanoparticle technologies. The mass of many of these systems is
predominantly inert carrier, compared with that of the active drug, thus requiring larger

quantities to be administered. For clinical applications, repeated administration of high
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doses of drug carriers has the potential for systemic toxicity as well as the extra burden
for patients to eliminate the carriers.!*® Ideally, such nanomedicine would be primarily
composed of the active drug. Recent elegant approaches to high-density drug
nanocarriers include the use of drug-conjugated dendrimers*® and self-assembling
polypeptides.t'” In this work, we describe the self-assembly of small 20-(S)-camptothecin
(CPT)-dipeptide conjugates into well-defined nanotubes with a ~47% CPT loading level.
These CPT-peptide nano-assemblies exhibit enhanced resistance to hydrolytic
deactivation and show high in vitro potency against several human cancer cell types.

Camptothecin (CPT), originally isolated from the Chinese tree Camptotheca
acuminata, possesses potent anti-tumor properties over a wide range of cancers through
its inhibition of topoisomerase 1.118 119 However, CPT exhibits several properties that
severely limit its clinical application, such as low aqueous solubility, high levels of
plasms protein binding, and poor biodistribution. Camptothecin also undergoes a
reversible pH-dependent ring-opening reaction between the active lactone and inactive
carboxylate form, which has also been shown to be toxic (Figure 16).12° In addition,
lactone hydrolysis is enhanced by the specific binding and sequestration of the
carboxylate form to various proteins, such as human serum albumin, in the biological
matrix.12%-122 Finally, considerable variability in the oral and intravenous bioavailability
of CPT suggests poor cellular and tumor uptake of unmodified CPT drugs,'? and
therapeutic application of unmodified CPT is hindered by very low solubility in aqueous
media, high toxicity, and rapid inactivation through lactone ring hydrolysis at

physiological pH.
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Inactive and toxic
carboxylate form

“OH 0
Figure 16. The lactone ring undergoes ring opening due to hydrolysis in aqueous solution
at neutral and basic pH. Only the lactone form, which is stable in an acidic environment
at pH < 5.5, has anti-cancer (topoisomerase inhibition) properties. The carboxylate form
is rapidly formed in human serum at pH 7.4, and binds to human serum albumin, which is
one of the most abundant proteins in serum. The carboxylate-aloumin conjugate is

rapidly cleared by the kidneys and leads to severe side effects.

Results and Discussion

The design strategy used here is based on our prior studies that demonstrate the self-
assembly of di-lysine peptides functionalized at the e-amino position on one residue with
a 1,4,5,8-naphthalenetetracarboxylic acid diimide (NDI) chromophore.1?* 1% These
peptides self-assembled into 1D helical nanofibers and twisted nanoribbons in aqueous
solution, de-pending on the placement of the NDI group. The NDI chromophore drives
self-assembly through hydrophobic effects and n-r stacking interactions. We reasoned
that replacing the NDI molecule with the CPT structure would replicate this design

strategy. The CPT molecule was appended to an e-amino group of di-lysine by a 20-O-
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Figure 17. Self-assembly of CPT-dipeptide into nanotubes, where individual

molecules are slowly stacked together to form a helical tape and the helical tape

then stack together to form the mature tube.

succinyl linkage!?® to prepare compounds Ac-KK(CPT)- NH: (A) and NH2-KK(CPT)-
NH2(B) (Figure 17). The CPT—peptides were prepared by using 9-fluorenylmethoxy-

carbonyl (Fmoc)/tBu solid-phase peptide synthesis followed by on-resin amidation of the
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side chain with 20- O-camptothecin succinic acid. The synthesis is facile, automated,
scalable, and high yielding.

The self-assembly of dipeptide Ac-KK(CPT)-NH2(A) was studied by transmission
electron microscopy (TEM) in phosphate buffered saline (PBS) (Figure 18). After aging
at 10 mM in PBS for 3 days prior to diluting to 1 mM, A produced 1D nanotubes with
diameters ranging from 80—-120 nm and lengths of several micrometers (Figure 18A). In
contrast, only non-specific aggregation was observed at 1 mM without pre-incubating at
10 mM. A few coiled ribbons and helical tapes were observed along-side the fully formed
nanotubes when 10 mM solutions of A were diluted to 1 mM (PBS) and imaged after
only one day, suggesting the structures as intermediates leading to the formation of
uniform nanotubes.*?” TEM images of A displayed short nanofibers after three days in
pure water (10 mM), and nanofibers increased in length over two weeks (Figure 19).
TEM images of samples of NH>-KK(CPT)-NH: (B), prepared by dissolving in water or
PBS at 10 mM then diluting to 1 mM after three days, indicated the formation of
nanotubes with similar dimensions (80-120 nm) (Figure 18B). In addition, when the
molecules were prepared in human serum, nanotubes were still visible (Figure 20).
Solutions initially prepared at low concentrations of PBS (0.25 mM) did not produce
nanotubes. The impact of pre-incubating at high concentration prior to dilution suggested
that fully matured nanotube structures were initially stable at concentrations below the
critical micelle concentration (CMC). The CMCs of freshly dissolved solutions of A and

B, prepared without pre-incubation, were 350 and 420 uM, respectively, measured using
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the solvochromatic dye Nile Red (Figure 21)'%8. The stability of the nanotubes toward

dilution was determined by recording the concentration dependence of the CPT

Figure 18. Self-assembly of nanotubes from Ac-KK(CPT)-NH2 (A) and NH2-KK(CPT)-
NH: (B) in PHB (pH 7.4). Insets are magnification nanotubes, and the samples were
prepared with 10mM for 24 h aging before diluting to ImM immediately prior to making

imaging grids.

fluorescence, which quenches in aggregated states.*?® 1*° Thus, samples, prepared by
diluting 10 mM solutions in PBS, exhibited dissociation concentrations of 8.7 (A) and 21
nm (B) after 5 minutes. Similar values were measured after 24 h, suggesting that the

preformed nanotubes were quite stable to dilution below the CMC (Figure 22).
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Figure 19. TEM images of A and B in water. Samples were prepared by dissolving the
CPT-dipeptides in water at 10mM and freshly diluted to 1mM prior to making imaging

grids after 3 days of aging.
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Figure 20. TEM of A and B after 1 hour and 24 ours of aging at 10mM in human serum.
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Figure 21. Plot of fluorescence intensity of Nile Red at 656 nm (excitation = 550nm), x-

axis is the concentration in mM of A and B in PBS.
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Figure 22. Fluorometric determination at 425 nm (excitation = 350 nm) of the stability

towards dilution of A and B after incubating in PBS at 10mM.

Next, Fourier-transform infrared (FTIR) and UV/Vis spectroscopy were used to

further study the intermolecular interactions that stabilize the nanotubes. Solutions of A

and B, pre-pared in PBS (20 mM ,D-0), displayed relatively weak amide I (vc=0) bands

at 1625 cmt, characteristic of p-sheet secondary structure,'®! and a larger band at 1650

cmt in the deconvoluted spectra owing to the presence of a random coil conformation.
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Deconvolution of the spectra indicated that the nanotubes were comprised of 64 %
random coil and 36 % B-sheet structures. The UV/Vis spectra of both dipeptides in PBS
displayed two bands at 350 and 368 nm that were slightly redshifted compared with
solutions measured in trifluoroethanol (TFE), in which both are minimally aggregated.
The lower ratio of the bands at 350 and 368 nm, along with the significantly lower
extinction coefficients in PBS, compared with TFE, were consistent with the formation of
J-aggregated CPT chromophores within the assemblies.t®2 These observations suggest
that self-assembly is predominantly driven by amphiphilic phase segregation in aqueous
media, exhibiting limited B-sheet structures.

Although hydrolytic cleavage of the 20-O-succinyl linkage is required to produce
active CPT, hydrolysis of the lactone ring of CPT has a detrimental impact on its
biological activity. Further, the high affinity of the carboxylate form for human serum
albumin (HSA) accelerates the hydrolytic deactivation of the drug. We reasoned that
sequestering the CPT molecules within the hydrophobic walls of the nanotube would
protect the drug from both water and HSA, and thereby reduce the rates of lactone
hydrolysis and CPT release, which occurs by hydrolysis of the 20-O-succinyl linkage.

The stability of A and B in PBS at 37 °C was measured by HPLC over one week as a

function of concentration (Figure 23). In contrast to CPT, which underwent hydrolysis to
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the inactive carboxylate form within hours in PBS, nanotubes of A and B were 91 % and

77 % intact after 7 days when stored at 10 mM.
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Figure 23. Time and concentration dependent CPT-dipeptide stability monitored by

analytical reverse-phase HPLC in PBS. The dipeptides were prepared in PBS at 10mM

and then diluted to the desired experimental concentrations after 24 hours of aging.

Samples were incubated at 37 °C, and the proportion of lactone (active) to carboxylate

(inactive) form was monitored by HPLC. In green is the camptothecin parental drug, and

in green it is Irinotecan, clinically used CPT derivative as comparison for stability.
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It is noteworthy that exposure of A and B to these conditions produced free CPT—
lactone and CPT—carboxylate owing to cleavage of the 20-O-succinyllinkage, rather than
lactone hydrolysis of the intact CPT—dipeptide (<1 %). For example, after 7 days at 10
mM (PBS), A remained 91% intact, producing ~7 % free CPT—lactone without
significant lactone hydrolysis of either free CPT or A. Under the same conditions, B was
slightly less stable, producing both CPT—lactone (6 %) and CPT—carboxylate (13 %). The
overall stability, with respect to lactone hydrolysis and ester cleavage, of A or B in PBS
depended strongly on concentration (Figure 23). Thus, the amount of intact CPT—
dipeptide present progressively decreased from 91 % to 30 % for A, and from 77 % to
40 %, for B, going from 10 to 0.2 mM, measured after 7 days. Even under these
conditions, the major hydrolysis product was free CPT, present in both carboxylate and
lactone forms. This progression was consistent with the noncovalent nature of the
nanotube structures, which sequesters the ester linkages from the aqueous phase and the
external environment. Accordingly, hydrolysis may occur upon dissociation of the
monomer from the nanotubes or by partial exposure of the ester linkages within the
assembly. Thus, the difference in the rates of CPT release in HS between A and B likely
emerges from small changes in the stability and structure of the nanotubes, which would
affect the accessibility of the ester linkages to the aqueous media and HSA. Overall, the
nanotubes exhibit much greater lactone stability, preferentially undergoing cleavage of
the ester linkage, compared with free CPT, of which 17 % remained in the lactone form

after 24 h under these conditions.?2
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The noncovalent nature of the intermolecular interactions that stabilize the structure of
the nanotubes creates a potential for their structures to vary under physiological
conditions. In particular, HSA, which is the most abundant plasma protein in the body,*33
has the potential to destabilize or modify the nanotube structures, which may impact their
biodistribution, cell permeability, and stability. Fortuitously, TEM imaging of samples
prepared by diluting A and B (10 mM PBS) to 1 mM with human serum (HS) revealed
that the nanotubes were present in HS after 24 h at 1 mM (Figure 24 b-c).

Hydrolysis of the CPT nanotubes was also examined in HS at 37 °C by preparing

20 mM solutions of A and B in PBS, then diluting with HS after 24 h. The solutions were
treated with cold methanol to precipitate the proteins, and the supernatant was analyzed
by HPLC. After 30 h at 10 mm in HS, dipeptide A was predominantly intact (~ 89 %),
whereas B was ~ 40 % intact. (Figure 24 a). The dipeptides were less stable when the
solutions were diluted to 1 mM in HS, similar to the studies in PBS. However, A
exhibited significantly greater stability at all concentrations than B. In contrast, both CPT

and irinotecan were predominantly in the carboxylate form after 1-3 h in HS.
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Figure 24. a) CPT-dipeptide stability in human serum at 37 °C, pH 7.4 and 1mM vs.

10mM. b) TEM of A in human serum for 24 hours. ¢) TEM of B in human serum for 24

hours. Samples aged at 10mM and diluted to 1mM prior to imaging.

Although it was not possible to identify all the degraded products of A and B in

HS, hydrolysis of the succinyl linkage dominated the degradation process for both A and
B. The nanotubes formed by A and B display positive zeta potentials of 27.7 and 39.9
mV, respectively, which may be attributed to the presence of protonated amines on the
surface of nanotube structures. HSA has a net negative charge at physiological pH.!3
Thus, the lower stability of B in HS, compared with A, may emerge from greater
nonspecific, electrostatic binding to the surface of HSA 1%

The CPT—dipeptides, CPT, and clinically used irinotecan were then assessed for their

efficacy against human colorectal adenocarcinoma (HT-29) cells. This cell line was
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chosen as irinotecan is a first line chemotherapeutic agent used for the treatment of colon
cancer.'®® Irinotecan is a prodrug, where the solubilizing piperidinopiperidine group is
cleaved by carboxylesterases to form the potent agent SN-38.1%" The prodrug has been
adopted clinically over the active metabolite SN-38 be-cause the poor solubility of SN-38
(~36 pg mLtin PBS)!® prohibits delivery of clinically relevant doses. Irinotecan itself is
not very potent and only 2—-8 % is metabolized to form the active drug SN-38 in vivo.**
140 In addition, as discussed earlier, hydrolysis of the lactone ring inactivates the drug.
These two limitations reduce the anticancer efficacy of irinotecan, while the common
severe side effects of diarrhea, myelosuppression, and hemorrhagic cystitis, remain as
critical drawback.!#! Figure 25 shows the superior efficacy of the dipeptide conjugates A
and B against the HT-29 cell line with an I1Cso of 50 and 63 nm, respectively, versus 2um
for irinotecan. CPT is the most potent, ICso of 8 nM, but CPT is not clinically used owing
to its limited aqueous solubility and toxicity.

The performance of CPT-dipeptides, CPT, and irinotecan was examined in three
additional human cancer cell lines (non-small cell lung A549, NCI-H460, and NCI-H23
cells). The I1Cso values of A and B were 351 and 970 nm againstA549, 626 and 188 nm
against H460, and 368 and 97 nm against H23, respectively (Figure 26). These values
are significantly lower than the 1Csg values of > 10, 6.1, and 7.7 um for irinotecan (p <
0.0001). These results are similar to those observed with the HT-29 cells, in that the
CPT—dipeptides are more potent than irinotecan. In contrast, CPT was slightly more
potent than A and B with 1Cso values of 167, 101, and 19 nm for A549, H460, andH23

cells, respectively (p < 0.001).
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Figure 25. Cell cytotoxicity assay on human colorectal HT-29 cancer cells for
compounds A and B and with parental CPT and clinically used Irinotecan for
comparison. CPT has the strongest anti-cancer property with 1Cso at 8nM while irinotecan

has the lowest at 2uM. A and B are in between at 50nm and 63nm, respectively.
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Figure 26. 1Cso results showing CPT and its derivatives’ drug efficacy against human
non-small cell lung cancers, A549, H460, and H23. These cells were chosen based upon
the different BCRP expression level, with A549 the highest, and H23 the lowest. Drug

efficacy was highest in H23 as expected (lowest amount of drug resistance).

Finally, flow cytometry and confocal microscopy were performed with HT-29 cells
to monitor cellular uptake of the CPT—dipeptides (Figure 27). First, to quantify the
cellular uptake as a function of time, flow cytometry was conducted by monitoring the
CPT—dipeptides at a wavelength of 420-470 nm after 335 nm excitation. Figure 27
summarizes the percentage of fluorescent cells (i.e., uptake) compared with the control
cells. Irinotecan-treated cells consistently had the highest fluorescence for all incubation

periods. On the other hand, the CPT—dipeptides exhibited time-dependent uptake. Uptake
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of B was slightly higher than for A (Figure 27), and cells treated with free CPT exhibited

lower uptake than that of irinotecan, and similar uptake to the nano-assemblies.
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Figure 27. Left is the flow cytometry results showing intracellular drug accumulation of
A, B, irinotecan, and CPT for HT-29 cells. On the right it is the confocal images of HT-
29 cells showing the uptake of CPT-dipeptide B after exposure for 4 h at 200uM. Orange

is the membrane dye while green is B.

An analogous flow cytometry study was performed with A549 cells, and similar
results and trends were observed. Time dependent study shows that there is a steady

increase in drug molecule accumulation within the cells over a 24 h time period as
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visualized with flow cytometry (Figure 28). The accumulation of drugs were also studied

in normal human bronchial epithelium (BEAS-2b) and the results are shown in Figure

29.

1200 -

cCPT
1000 I A
I &
F 1 BN cPT-11

c 800+
2

£ 1

S 600+
=

m -
L=
Wy

Y 400 -
=]

E ]
ke

200 -

0 T o T
1 3 8 12 24

Time (h)

Figure 28. Normalized time-dependent flow cytometry results showing steady increase
in intracellular drug accumulation on human NSCLC A549. Cells were treated with

10uM CPT-dipeptide A and B, parental CPT and clinically used irinotecan at different
time points and quenched at the same time. Emission was detected at 420-470nm upon

excitation at 355nm.
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To visualize the CPT—dipeptide within the HT-29 cells, we incubated the cells with
B for four hours, fixed the cells, and stained the cell membrane with Alexa Fluor 488-
concanavalin A. The cells were then imaged under excitation at 405 and 488 nm, and the
emission detected at 420480 and 505-530 nm for CPT and Alexa Fluor 488-
concanavalin A, respectively. As shown in Figure 27, the merged fluorescent image
shows the CPT—dipeptide (green) dispersed throughout the cytosol with the mem-brane
highlighted in red. The slightly lower potency of A and B, compared with free CPT, may
be a consequence of the slower rate of cellular uptake and the need for hydrolytic

cleavage to produce active CPT.
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Figure 29. Normalized emission results showing intracellular drug accumulation on
NSCLC A549, H23, and normal human bronchial epithelium (BEAS-2b) treated with
10uM CPT dipeptides A and B, compared with CPT and irinotecan using flow

cytometry.

In summary, the self-assembly and anticancer activity of two CPT-conjugated
dipeptides are reported. These CPT—dipeptides assemble into well-defined nanotubes in
both PBS and HS with diameters ranging from 80-120 nm. The nanotube structures
sequester the CPT segment within the hydrophobic nanotube walls, thereby protecting the
drug from hydrolytic lactone opening. Hydrolytic cleavage of the succinyl linkage readily
releases active CPT at rates that depend strongly on concentration. This nanotechnology
approach enables high drug loadings and increased CPT stability within the dipeptide

nanostructures without the need for excipient, macromolecular carriers.
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Experimental Procedure

General Methods

Transmission Electron Microscopy (TEM) was performed with Technai G2 Spirit
instrument operating at 80 kV. All reactions were performed under an argon or nitrogen
atmosphere. 1H NMR was recorded at 400 MHz and 13C NMR spectra at 100 MHz on a
Bruker DPX-400 instrument. Water and trifluoroethanol (TFE) used for CD, UV, and
TEM were spectroscopic grade. Phosphate buffered saline (PBS, pH 7.4) and human
serum (Human male AB plasma, sterile-filtered) were purchased from Gibco and Sigma-

Aldrich, respectively.

Synthesis of CPT-CO2H

1,8-Diazabicycloundec-7-ene (DBU, 4.6 mL, 3 mmol) was slowly at 0 <C to a mixture of
(S)-(+)-camptothecin (348.35 mg, 1 mmol) and succinic anhydride (300.3 mg, 3 mmol)
in 30 mL of dichloromethane. The reaction mixture was stirred at room temperature for 4
hours, quenched with water (20mL), acidified with 1% aqueous HCI solution. The yellow
precipitate was collected and washed with 1% aqueous HCI solution (10 mLx3) and
H20 (10 mLx3). The crude product was recrystallized with methanol to obtain the pale
yellow crystalline product (439 mg, 98%). 1H NMR (400 MHz; DMSO-d6) 6 8.68 (1 H,
s), 8.11-8.20 (2 H, m), 7.85-7.89 (1 H, m), 7.69-7.73 (1 H, m), 5.44-5.53 (2 H, m), 5.23-
5.33 (2 H, m), 2.68-2.85 (2 H, m), 2.09-2.20 (2 H, m), 0.87-0.94 (3 H, m); 13C NMR

(100 MHz; DMSO-d6) 6 172.93, 171.23, 167.13, 145.89, 145.24, 131.51, 131.36, 129.73,
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128.98, 128.49, 127.93, 118.89, 95.09, 75.86, 66.28, 50.16, 30.39, 28.55, 28.37, 7.50.;

ESI-MS for C24H20N207 [M+Na]+ calculated 471.1163; found 471.1187.

General Peptide Preparation

The protected dipeptides were manually prepared using Fmoc/t-Bu solid-phase peptide
synthesis on rink amide resin (loading 0.59 mmol/g). Amide-coupling steps were
accomplished with standard techniques for all amino acids: Fmoc-amino acid, 1,3-
diisopropylcarbodiimide (DIC), and 1-hydroxybenzotriazole (HOBt) (500 mol% each
relative to resin) in 1:1 DMF/DCM for 1.5 h. A solution of 20% piperidine in DMF was
used for Fmoc removal and 1% TFA in dichloromethane was used for Mtt group
deprotection. The CPT-peptide conjugates were cleaved from the resin by the treatment
with TFA/water/triethylsilane (95/1/4) at room temperature for 2 h. The crude peptides
were precipitated with cold diethyl ether and purified by reversed-phased HPLC on
preparative Varian Dynamax C18 column eluting with a linear gradient of
acetonitrile/water containing 0.1% TFA (10/90 to 100/0 over 30 minutes) and stored as
lyophilized powers at 0 <C. Peptide purity was assessed by analytical reverse-phase

HPLC and identity confirmed using ESITOF mass spectrometry and NMR.

Ac-KK(CPT)-NH2 (A) 1H NMR (400 MHz, DMSO-d6) & 8.68 (s, 1H), 8.18-8.11 (m,
2H), 8.04-8.02 (m, 1H), 7.89-7.86 (M, 2H), 7.81-7.79 (m, 1H), 7.75-7.67 (m, 4H), 7.29
(d, J = 0.4 Hz, 1H),7.14 (s, 1H), 6.99 (t, J = 0.3 Hz, 1H), 5.49 (s, 2H), 5.39 (d, J = 81.7

Hz, 7H), 5.29 (s, 2H), 4.23-4.17(m, 1H), 4.12-4.07 (m, 1H), 3.04-2.97 (m, 2H), 2.82-2.68
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(m, 4H), 2.39-2.34 (m, 2H), 2.17-2.10 (m,2H), 1.84 (s, 3H), 1.65-1.41 (m, 6H), 1.36-1.23
(m, 4H), 1.23-1.14 (m, 2H), 0.92 (dd, J = 9.7, 5.0Hz, 3H).; 13C NMR (100 MHz,
DMSO-d6) 6 174.55, 171.52, 171.46, 169.94, 169.44, 167.23,158.26, 157.92, 156.52,
152.34, 147.86, 145.87, 145.44,131.51, 130.37, 129.72, 128.90, 128.50,127.92, 127.67,
118.74, 115.02, 95.17, 75.81. 66.20, 52.39, 52.12, 50.15, 40.10, 39.90, 39.69, 39.48,
39.27, 39.06, 38.85, 38.67, 38.49, 31.53, 31.20, 30.25, 29.62, 28.94, 28.73, 26.58, 22.71,
22.48,22.21, 7.53.; ESI-MS for C38H47N709 [M+H]+ calculated 746.3514; found

746.3522.

NH2-KK(CPT)-NH2 (B) 1H NMR (400 MHz, DMSO-d6) & 8.70 (d, J = 0.6 Hz, 1H),
8.47-8.45 (m,1H), 8.19-8.11 (m, 5H), 7.91-7.85 (m, 2H), 7.84-7.76 (m, 3H), 7.76-7.71
(m, 1H), 7.51-7.48 (m,1H), 7.04-7.02 (m, 1H), 5.54-5.49 (m, 2H), 5.30 (d, J = 4.9 Hz,
2H), 4.23-4.17 (m, 1H), 3.84-3.78(m, 1H), 3.08-2.98 (m, 2H), 2.83-2.68 (m, 4H), 2.41-
2.32 (M, 2H), 2.19-2.10 (m, 2H), 1.73-1.67 (m,2H), 1.63-1.45 (M, 4H), 1.41-1.19 (m,
0H), 0.94-0.89 (m, 3H); 13C NMR (100 MHz, DMSO-d6) §173.07, 171.54, 169.99,
168.24, 167.24, 158.32, 158.00, 156.52, 152.34, 147.86, 145.89, 145.41, 131.56, 130.40,
129.74, 128.89, 128.54, 127.95, 127.70, 118.78, 113.98, 95.13, 75.82, 66.23, 55.53,51.76,
50.18, 38.42, 31.70, 30.41, 30.29, 29.63, 28.91, 28.82, 26.37, 22.72, 20.88, 7.54.; ESI-

MS for C36H45N708 [M+H]+ calculated 704.3408; found 704.3485.
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Transmission Electron Microscopy Measurement — Negative Stain TEM
CPT-dipeptide samples in PBS (10 mM, pH 7.4) were prepared and aged for 1 day before
the measurement. For TEM studies, the samples were freshly diluted in PBS to 1 mM.
Drops (10 pL) of CPT-dipeptide solutions in PBS (1 mM) were applied to carbon coated
copper grids (Ted Pella, Inc.) for 2 min. After removing the excess solution with filter
paper, the grid was floated on 10 puL drops of 2 wt% uranyl acetate solution (for negative
stain) for 1 min. For the stability test in human serum (HS), 25 puL solutions in PBS (10
mM, pH 7.4) were diluted into 225 pL HS to make 1 mM sample concentrations in HS.
The samples were then prepared after 1 hour and 24 hours post-dilution in HS. The
excess solution was removed by filter paper. Drops (10 uL) of peptide solutions after
incubation were applied to carbon coated copper grid for 2 min. After removing the
excess solution with filter paper, the grid was floated on 10 pL drops of 2 wt% uranyl

acetate for 2 min. Data were analyzed with Image pro software.

Determination of Dipeptide Stability in PBS and HS by HPLC

The lactone stability of both CPT-dipeptides, CPT, and irinotecan was measured by
analytical reversed-phase HPLC (1 mL/min) under ambient temperature eluting with a
linear gradient of CH3CN/water containing 0.05M ammonium acetate in H20, pH =
5.5~6.0. The timeline was set to0-5 min, 5-40% CH3CN; 5-20min, 40%-80% CH3CN;
20-23min, 80-95% CH3CN; 23-25min, 95-5% CH3CN.The presence of open/closed E-
ring was detected by UV-Vis detector at 360 nm and the percentage of those two forms

was determined by the ratio of the peak area of closed lactone ring compared with the
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total area measured at each time point. HPLC traces of closed lactone form and open
carboxylate form were determined by using citrate buffer (pH = 3.0) solutions and borate
buffer (pH = 9.0). A solution of CPT in DMSO was prepared and mixed with either 0.01
M citrate buffer solution (pH = 3.0) and 0.02 M borate buffer solution (pH = 9.0) to
obtain CPT lactone or carboxylate respectively. After 24 hours incubation at 37 <C,
samples were taken from each buffer solution and tested by analytical reversed-phase

HPLC.

After solutions of CPT in DMSO and irinotecan in PBS (pH = 7.4) were prepared, they
were diluted to 20 ug/mL using 500 ul PBS (pH = 7.4) and 500 pl acetonitrile and
incubated at 37 <C. Samples (30 uL) were injected to the HPLC at predesignated time
points. CPT and irinotecan were monitored for 12 and 72 hours, respectively.

For lactone stability in PBS, solutions of dipeptide A and B in PBS (10 mM, pH =7.4)
were prepared and incubated at 37 <C. Forty microliter aliquots were taken and diluted
with PBS to the desired concentration and monitored for 7 days by analytical reversed-
phase HPLC. For lactone stability under basic condition, solutions of dipeptide A and B
were prepared (0.2 mM) in borate buffer under pH = 9 and incubated at 37 <C for one

hour, then analyzed with HPLC.

For the lactone stability in the human serum, 10 and 20 mM solutions of dipeptide A and
B in PBS (pH=7.4) were prepared and aged for 1 day. The pre-aged samples in PBS were

taken and diluted in human serum to 1 and 10 mM, and then incubated at 37 <C. A 10 uL
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aliquot from each sample was withdrawn, diluted with 120 puL cold methanol to
precipitate the protein, and centrifuged at 5000 rpm for 5 minutes. Forty microliters of
supernatant were then analyzed by HPLC for lactone stability in human serum each day

for 5 days.

Cell Culture and Reagents

Cytotoxicity assays, confocal microscopy, and flow cytometry were performed using the
human colorectal adenocarcinoma (HT-29) cell line, human non-small cell lung cancer
cell lines (A549, NCI-H460, and NCI-H23), and normal human bronchial epithelium cell
line (BEAS-2b), obtained from American Type Culture Collection (ATCC, Manassas,
GA). HT-29 was grown in McCoy’s 5SA medium supplemented with 10% fetal bovine
serum, 1X penicillin/streptomycin, and incubated in a humidified 37 <C, 5% CO2
environment. CPT-dipeptide species A and B were prepared at 10 mM in sterile PBS and
allowed to age 3 days prior to experiments. Immediately prior to experiments, S-
camptothecin (95%, Sigma-Aldrich) was dissolved (10 mM) in dimethyl sulfoxide, and
irinotecan hydrochloride (> 97%, Sigma-Aldrich) was dissolved (1 mM) in nanopure

water.

Human non-small cell lung cancer cell lines (A549, NCI-H460, and NCI-H23) were
grown in RPMI-1640 medium (Sigma Aldrich) supplemented with 10% fetal bovine
serum, 1X penicillin/streptomycin, and incubated in a humidified 37<C, 5% CO2

environment. Normal human bronchial epithelium cell line (BEAS-2b) was grown in
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BEGM Bronchial Epithelial Cell Growth Medium (BEGM BulletKit, Lonza). CPT-
dipeptide species A and B were prepared at 10 mM in sterile PBS and allowed to age 3
days prior to experiments. Immediately prior to experiments, S-camptothecin (95%,
Sigma-Aldrich) and irinotecan hydrochloride (> 97%, Sigma-Aldrich) was dissolved in

dimethyl sulfoxide (2.5mM and 10mM, respectively).

Cytotoxicity Assay

Human colorectal adenocarcinoma (HT-29) cells were plated in 96-well plates at a
density of 5 x 103 cells/well (100 puL/well) and allowed to adhere overnight. All drug
stock solutions were diluted to 40 uM in complete cell culture medium and serially
diluted, then 100 pL were added to each well. Cells were incubated for a further 96 hours
and then assayed for viability using a MTS tetrazolium colorimetric assay (Promega).
Four wells were tested per sample and concentration, and three total experiments were
performed on separate days, with separate reagents each day. Viability is reported as the

mean of 12 total wells per data point, and error bars represent +/- standard deviation.

Human non-small cell lung cancer cell lines (A549, NCI-H460, and NCI-H23) cells were
seeded in 48 well plates (1.0 x 104 cells/well) 24 hours prior to the addition of drugs.
Concentrations of drugs were 0, 0.01, 0.03, 0.1, 0.3, 1, 3, and 10 uM and cells were
incubated at 37 <C under a humidified atmosphere of 5% CO2 for 96 h prior to MTT
viability analysis. Absorbance was measured with SpectraMax M2 Microplate Reader

(Molecular Devices) and the effects of drug activity were evaluated by determining the
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50% inhibition values (IC50) as an average of three replicas. Each experiment was

repeated at least 3 times.

Confocal Microscopy

Cells (HT-29) were plated at 5 x 105 cells/well on top of #1.5 glass coverslips in 6-well
plates, and allowed to adhere overnight. The next day, cells were exposed to 200 uM
drug for 90 minutes, and subsequently washed three times with PBS, fixed with 4%
paraformaldehyde, gently permeabilized with 0.1% Triton-X 100, and stained for
membrane and nuclear visualization using AlexaFluor 488-concanavalin A (Invitrogen)
and TO-PRO®-3 lodide (Invitrogen), respectively. Coverslips were mounted on glass
slides using ProLong® Gold Antifade Reagent (Invitrogen) and imaged using a Carl
Zeiss confocal laser scanning microscope. Fluorophores were visualized with the 405,

488, and 633 excitation lines.

Flow Cytometry

Human colorectal adenocarcinoma (HT-29) cells (5 x 105/well) were plated in 6-well
plates and incubated overnight. Medium was subsequently removed, and fresh medium
containing treatment (100 uM) was added. Cells were exposed to treatments for 4, 8, 12,
and 24 hours, then washed three times with PBS, detached via trypsinization, and
analyzed using a LSRII flow cytometer (Becton Dickinson). A UV (355 nm) laser excited
camptothecin, and emission was observed through a UV450/50 bandpass filter. A total of

103 events per sample were recorded, and the data were subsequently analyzed and
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plotted using FlowJo (Ashland, OR). A bifurcated gate was used on the control
(untreated) cell population (99% negative for fluorescence) to calculate statistics (i.e., the
percentage of cells/events exhibiting fluorescence (“uptake”) above threshold values).
Human non-small cell lung cancer cells (A549, NCI-H460, and NCI-H23) were seeded in
6 cm plates (0.3 x 106 cells/plate) 24 hours prior to the experiment. Concentration of
CPT and its derivatives were 10 mM, and 2 mL of the drug in medium was added to cells
at different time points for final incubation time of 0, 1, 3, 8, 12, and 24 hrs. Cells were
washed once with PBS, and trypsinized before subjected to flow cytometry analysis (BD

FACSAria I11) with excitation at 355nm, and fluorescence detected at 420-470nm.
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Chapter 2.2: The Self-Assembly of a Camptothecin-Lysine Nanotube

(This sub-chapter is adapted from previous publication in Bioorganic & Medicinal
Chemistry Letters in 2016, my main contribution for this publication is towards the

cellular / biological studies. doi:10.1016/j.bmcl.2016.04.056)

Introduction

The selective delivery of high doses of anticancer drugs to tumor sites without
side effects remains as an important goal in cancer therapy.'*> Nanotechnology is
emerging as a potential strategy to reduce the dose-limiting toxicity of many
chemotherapeutic agents.1*314 Linking anticancer drugs to excipient nanoscale carriers
exploits the enhanced permeability and retention (EPR) effect to achieve selective
transport to tumor tissue.!*® 14’ This effect allows nanoscale materials to accumulate in
tumor tissues via the abnormally leaky blood vessels at these sites. The majority of
nanoscale materials used as inert carriers are polymers,'*® solid nanoparticles,'*® and
liposomal aggregates,*>® which bind the drug via noncovalent encapsulation,*>* or
covalent conjugation.’® The drug loading level of these constructs is often limited by the
size of the inert carrier, which often dominates the mass of the conjugated drug, requiring
larger quantities to be administered.'® Thus, decreasing the mass of the carrier is
necessary to increase the effective drug loading of the nanomedicine. Higher drug
loadings have been achieved by the multivalent attachment of the drug to carriers such as

dendrimers.!® An alternative approach creates the nanoscale carrier via the self-assembly
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of a suitable derivative of the drug.'>**>® This strategy offers a potential to achieve higher
loading levels by using smaller, drug-containing building blocks as precursors.*’
Camptothecin (CPT) is a natural quinoline alkaloid with potent anti-tumor activity
that functions through the inhibition of DNA topoisomerase 1.1°® However, the clinical
application of CPT is limited due to its poor aqueous solubility, the instability of the E-
lactone ring and nonselective biodistribution.'®® CPT also undergoes lactone ring opening
to form the carboxylate form, which renders the drug an inactive chemotherapeutic agent
(Figure 30). Previously, we reported that the assembly of CPT-dipeptide conjugates
produced well-defined nanotubes in PBS and human serum.'® These nanostructures
exhibited enhanced resistance to hydrolytic deactivation and showed high in vitro

potency against several human cancer cell types.

Results and Discussion
In this work, we report that a smaller CPT-Lysine conjugate (A) assembles into
water soluble, uniform nanotubes (Figure 31) having a high drug loading (~60.5%) and
also exhibits favorable in vitro cytotoxicity and cellular uptake against several tumor cell
lines. Furthermore, the potential hydrolytic breakdown products of CPT-lysine A would
be succinic acid and lysine, which are both classified as ‘generally recognized as safe’

(GRAS) by the FDA.
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H O
Camptothecin lactone Camptothecin carboxylate

Figure 30. pH dependent hydrolysis of lactone / carboxylate form of Camptothecin.

(a) (b)

Figure 31. (a) Structure of CPT-Lysine. (b) Cartoon figure of CPT-Lysine and the

progressive helical winding and nanotube formation.
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CPT-Lysine A was prepared via on-resin modification of the e-amino group of
Nq-Fmoc-lysine with CPT, linked through a 20-O-succinic acid linkage®. In contrast to
free CPT, which was insoluble in water (0.003 mg/mL),'%* CPT-Lysine A exhibited
excellent aqueous solubility (5.14 mg/mL in PBS, pH = 7.4; 12.1 mg/mL in water). The
self-assembly of A was explored by transmission electron microscopy (TEM) in PBS and
pure water. A sample of A, incubated at 10 mM in PBS for 72 h, then diluted to 1 mM,
exhibited an array of nanotubes displaying diameters ranging from 70 to 100 nm and
lengths of several micrometers by TEM imaging (Figure 32a). When shorter incubation
times were employed prior to imaging, a range of intermediates that preceded the
formation of well-defined nanotubes could be observed.'®? For example, after 24 h at 10
mM, short, incompletely formed nanotubes (<500 nm) were present (Figure 32b). Under
these conditions, partially formed nanotubes, coiled ribbons and helical tapes could be

discerned in addition to the fully formed nanotubes.
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Figure 32. TEM images of CPT-Lysine in (a) PBS, 3 days, pH 7.4, (b) PBS, 1 day, pH

7.4, (c) water, 3 days, pH 7.0, (d) UV-Vis spectra in PBS and TFE.

The critical aggregation concentration (CAC) of freshly dissolved solutions of A

in PBS and H-O, prepared without pre-incubation, was 160 and 200 puM respectively,
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measured using the solvochromatic dye Nile Red.'?® Solutions of A at concentrations in
this range (250 uM in PBS), imaged without prior incubation at 10 mM, displayed
primarily non-specific aggregation. In pure water (10 mM for 72 h, then diluted to 1 mM,
pH 7), A formed parallel arrays of nanotubes with decreased diameters (40 nm) (Figure
32c). The aligned packing and decreased diameters of the nanotubes can be attributed to
the reduced charge screening that takes place in pure water.1®3

The thickness of the nanotube walls (7.5 nm), as measured by TEM imaging,
suggested a double bilayer structure comprised of 4 molecules of A in an extended
conformation (1.7 nm) (Figure 32a inset). The zeta potential of nanotube A in PBS was
19.7 mV, due to the positive ammonium head group of A. The UV-Vis spectra of A
revealed bands at 350 and 368 nm in PBS that were decreased in amplitude and slightly
red-shifted compared with solutions measured in TFE, indicative of J-type aggregation of
the CPT chromophores in PBS (Figure 32d). Fourier transform infrared spectra of a
sample of A, prepared in PBS (20 mM), then lyophilized and re-dissolved in D20,
exhibited a peak at 1650 cm™ , indicative of the lack of any B-sheet interactions within
the assembly.

The self-assembly of A sequesters the hydrophobic CPT structure within the
hydrophobic regions of the nanotubes, thereby protecting the 20-O-succinyl linkage from
the hydrolytic aqueous environment. Free CPT undergoes a reversible, pH-dependent
ring-opening of the lactone ring in water, producing the carboxylate form, which has
been shown to be toxic.1?? Although hydrolytic cleavage of the 20-O-succinyl linkage is

required to produce active CPT, competing hydrolysis of the lactone ring of CPT has a
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detrimental impact on its biological activity.'?° Accordingly, we explored the capability
of the nanotube structure to enhance the stability of the CPT lactone and the 20-O-

succinyl linkage to hydrolytic cleavage in PBS. The release of CPT from the nanotubes
formed from A was measured by HPLC over one week as a function of concentration in

PBS at 37 °C. Under these conditions, hydrolytic cleavage of 20-O-succinyl linkage

produced free CPT, observed in both the lactone and carboxylate states.5 However, the
carboxylate form of A, which would be formed by CPT-lactone hydrolysis, could not be
detected at any concentration or time point. In contrast, exposure of A to borate buffer at
pH 9 for 6 h, produced free CPT-carboxylate and the carboxylate form of A, clearly

observable by HPLC analysis (Figure 33).

— EP0Mhvp Chi-Sinn

a0 A carboxylats

|
4
|
CPT carboxylate |
|

Figure 33. HPLC traces of ImM CPT-Lysine showing release of CPT in borate buffer at

37 °C, flow rate = 1 ml/min, eluent acetonitrile in water 5% - 95% in 25 min.

79



For example, after 3 days at 1 mM in PBS, 61% of CPT was released from A,
observed in both the CPT-lactone (79%) and CPT-carboxylate (21%) forms. The
remainder of A (39%) was intact as the lactone without any apparent hydrolysis to the
carboxylate form. Although no apparent ring-opening of A could be observed, it is not
possible to exclude the possibility that ring-opening takes place prior to a more rapid
cleavage of the 20-O-succinyl linkage, which would also preclude observation of A-
carboxylate. The rate of hydrolytic release of CPT from A depended strongly on
concentration (Figure 34). Accordingly, as the concentration was increased from 0.1 mM
to 10 mM, the amount of free CPT progressively decreased from 70% to 4% after 30 h
(Figure 35). These observations contrast with the hydrolytic instability of free CPT in

PBS, which experiences rapid hydrolysis to the inactive carboxylate form within hours.??
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Figure 34. (a) Time vs. concentration dependent release profile of CPT from CPT-Lysine

in PBS at 37 °C, pH 7.4 and (b) pH vs. concentration dependent release profile of CPT

from CPT-Lysine in PBS (pH=7.4) and pH =6 at 37 °C after 15 h.
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Figure 35. Overall stability of CPT-Lysine in PBS at pH 7.4 and 37 °C. Parental CPT

undergoes lactone ring opening whereas CPT-Lysine undergoes hydrolytic release of

CPT.

The CPT release rates were also studied at lower pH values to replicate the
lysosomal and tumor environments, which are more acidic than normal tissues.'®® The pH
of the buffer had a large impact on the rate of CPT release. For example, at 0.1 mM in
PBS, whereas 55% of the CPT was released from A at pH 7.4 (37.5 °C), only 15% was
released at pH 6.0. At 1 mM, the rate of release was 7-fold slower at pH 6.0; however,

the CPT-lysine conjugate was stable at 10 mM at either pH value (Figure 34b). The pH
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dependence of the hydrolytic cleavage of the 20-O-succinyl linkage in the nanotubes was
consistent with reports of other CPT conjugates attached via a 20-O ester group.*®

The CPT-lysine A was assessed for efficacy against human non-small cell lung
cancer (NSCLC) cell lines A549, NCI-460, and NCI-H23, which were selected according
to the indications of approved CPT derivative Topotecan.*®” The cytotoxic activity was
assayed using MTT-assay over the course of a 96 h incubation period and the 1Csg values
were 1.12uM, 0.43uM, 0.12uM for A, and 0.35uM, 0.19uM, and 0.07uM for CPT,
respectively (Figure 36a). CPT exhibits a roughly 2—3 fold higher potency than A in all
cell lines; however, it is not used clinically due to its limited aqueous solubility and
toxicity. Flow cytometry was performed with the A549 cells to monitor the cellular
uptake of A, and compared with free CPT. The cellular uptake was monitored at 425 nm,
after excitation at 355 nm, over a 24 h period. As shown in Figure 36b, CPT treated cells
exhibited a larger number of fluorescent cells at longer incubations, but the uptake was
similar for both A and CPT during the first 8 h. The lower cytotoxicity of A may be due

to the slower cellular uptake and the gradual release of the active CPT component.
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Normalized flow cytometry results showing intracellular accumulation of CPT-Lysine

compared with parental drug CPT over 24 h period.

In summary, the self-assembly and anticancer activity of a simple CPT-lysine

conjugate was reported. The CPT-lysine conjugate assembles into well-defined nanotubes

in PBS with diameters ranging from 70 to 100 nm. The nanotube structures provide a

hydrophobic environment for the CPT segment, thereby protecting the drug from

hydrolytic lactone inactivation and achieving higher aqueous solubility. Hydrolytic

cleavage of the 20-O-succinyl linkage readily releases active CPT at rates that depend

strongly on concentration, temperature and the pH of the solution. The tremendous

stability imparted to the CPT drug linkage suggests that drug release occurs from smaller

aggregates or monomeric forms of A. This possibility creates a potential to induce drug

release via a triggered disassembly of the nanotube structure. This strategy also enables

the creation of a nanoscale drug delivery vehicle that is comprised primarily of a low
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molecular weight derivative of CPT, resulting in exceptionally high drug loadings
(60.5%), aqueous solubility and increased CPT stability without the need for excipient,

macromolecular carriers.
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Experimental Procedure

Synthesis of NH2-K(CPT)-NH2. (CPT-Lysine A):

CPT-Lysine A was prepared via on-resin modification of the side chain.

by
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Lysine protected with Fmoc and Mtt protection groups was manually linked on rink
amide resin (loading 0.80 mmol/g) using solid-phase peptide synthesis. Amide-coupling
steps were accomplished with standard techniques: Fmoc-Lysine (Boc)-OH, 1,3-
diisopropylcarbodiimide (DIC), and 1-hydroxybenzotriazole (HOBt) (300 mol% each
relative to resin) in 1:1 DMF/DCM for 1.5 h. A solution of 20% piperidine in DMF was
used for Fmoc deprotection and 2 % TFA in dichloromethane with 1% triethylsilane
(TES) was used for Mtt group deprotection. A mixture of CPT-CO2H, HBTU, and

DIPEA (200 mol% each relative to resin) in DMF was added to the resin. The reaction
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mixture was shaken for 24 h at room temperature and then filtered through a fritted
syringe. The resin was washed thoroughly (3 x DMF, 3 x CH2CI2) and the final CPT
Lysine A was cleaved from the resin by the treatment with TFA/water/triethylsilane (95 /
1/4) at room temperature for 2 h. The crude product was precipitated with cold diethyl
ether and purified by reversed-phased HPLC on preparative Varian Dynamax C18
column eluting with a linear gradient of CH3CN/water containing 0.1 % TFA (10/90 to
100/0 over 30 minutes) and stored as lyophilized powers at 0 <C. Compound purity was
assessed by analytical reverse-phase HPLC, and identity was confirmed using ESI-TOF

mass spectrometry and NMR.

CPT-Lysine A

1H NMR (400 MHz, DMSO-d6) & 0.86 (t, 3H, J= 7 Hz), 1.28-1.31 (m, 2H), 1.55-4.60
(m, 2H), 2.10 (m, 2H), 2.28 (m, 2H), 2.61-2.77 (m, 2H), 2.91-3.02 (m, 2H), 3.56-3.58 (m,
1H), 5.24 (s, 2H), 5.43 (s, 2H), 7.07 (s, 1H), 7.65 (t, 1H, J= 7 Hz), 7.82 (t, 1H, J=7 Hz),
8.10 (t, 2H, J= 9 Hz), 8.64 (s, 1H); 13C NMR (400 MHz, DMSO0-d6) & 7.53, 21.73,
28.63, 28.90, 29.64, 30.34, 30.54, 33.72,50.42, 52.07, 66.41, 75.82, 95.11, 101.25,
118.80, 127.97, 128.62, 129.03, 129.78, 131.59, 145.39, 145.94, 156.53, 167.25, 170.12,
170.34,171.61, 173.61; ESI-MS calculated for C30H33N507 [M+H]+ 576.2453, found

576.2460;

Experimental procedure for TEM, CAC, HPLC, and all cellular studies follow the same

procedures as those in Chapter 2.1.
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Chapter 2.3: Self-Assembly of a 5-Fluorouracil-Dipeptide Hydrogel

(This sub-chapter is adapted from previous publication in Chemical Communications in
2016, my main contribution for this publication is towards the cellular / biological

studies. doi: 10.1039/c6cc01195Kk)

Introduction

Nanotechnology enhanced drug delivery promises a capability to favorably control
the pharmacokinetics, biodistribution and efficacy of anticancer therapeutics.4* 168
Peptide-based gelators are receiving significant interest for biomedical applications such
as drug delivery,'®%-1"! tissue engineering,'’2 biomacromolecule immobilization,'”® and
regenerative medicine!’™ due to their biocompatibility, injectability, and controllable
formation / degradation rates. Compared with conventional polymeric hydrogels, peptide
gelators are formed primarily through non-covalent interactions such as hydrophobic
interactions, - stacking, and hydrogen bonding. The non-covalent structures of these
hydrogels enables them to be formed, biodegraded and excreted in vivo, making them
ideal as biomedical delivery vehicles.!” The active drug can often be physically
entrapped within the hydrogel matrix, but this strategy often suffers low or variable drug

loading/encapsulation levels and uncontrollable release kinetics.*’®
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Results and Discussion

In this work, we report a self-assembled, low molecular weight hydrogel composed
entirely of a 5-fluorouracil drug conjugate organized into nanotube assemblies.!*2 177 The
hydrogels maintain high drug loading levels, and exhibit slow drug release profiles
controlled by the nanotube and hydrogel structures.

5-Fluorouracil (5-Fu) is an antimetabolite drug whose mechanism of action
involves the irreversible inhibition of thymidylate synthase via competitive binding.1"8 17
It has been used as an anticancer agent against various tumors such as anal, breast,
colorectal, and skin cancers—as well as for treating actinic or solar keratosis.!80 181
Injectable hydrogel formulations offer localized delivery and sustained release profiles,8
and have potential for the treatment of colorectal cancer.'® Nanoscale carriers have also
been reported to reduce the occurrence of acquired drug resistance (ADR),*8 which often
emerges from the high doses of 5-Fu necessary in many therapeutic applications. In
dermatological treatment protocols, 5-Fu is generally administered intravenously or as a
~5 wit% topical cream or ointment.'® A low molecular weight hydrogel comprised of 5-
Fu organized into nanotubes, has potential to enhance the clinical utility of 5-fluorouracil.

Dipeptides A and B were prepared using standard Fmoc/t-Bu solid-phase peptide
synthesis, wherein the 5-Fu moieties were introduced by on-resin modification of the
supported peptide. The design was based on previously described, di-lysine peptide
motifs that effectively assembled into various nanostructures, such as nanotubes,

nanobelts, and nanofibers in water. In this design, p-sheet self-assembly is driven by
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hydrophobic n-r association of both the uracil and Fmoc chromophores in aqueous
media.?>® 18 The tendency toward infinite B-sheet assembly into insoluble amyloid-type
aggregates is opposed by the electrostatic repulsions of adjacent protonated lysines within
the assembly, which also promote aqueous solubility. The 5-Fu moiety was appended at
N-1 to the e-amine of the C-terminal lysine residue via either a hydrolytic, self-
immolative succinate (A) or a stable, acetamide linkage (B).1®° Based on the structures of
A and B, the calculated drug loadings were 17.6 and 19.6%, respectively (Figure 37).
Accordingly, hydrogels A (formed at 20 mM) and B (formed at 10 mM) contain 0.26

wit% and 0.13 wt% 5-Fu, respectively.

Figure 37. Structural design and self-assembly of the hydrogel compounds. (a) Dipeptide
A and the hydrogel formed after aging at 20mM in PBS for 3 days; (b) dipeptide B and

the hydrogel formed after aging at 10mM in PBS for 3 days; (c) cartoon depiction of
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hydrogel A and its self-assembly into bilayer rings, which then stacks to form 1D

nanotubes.

The hydrogelation of dipeptide conjugates A and B was studied in phosphate
buffered saline (PBS, pH = 7.4). Conjugates A and B both formed clear, self-supporting
hydrogels'® after briefly sonicating (~1 min) at low concentrations (A, 20 mM; B, 10
mM) in PBS then aging for 72 h. The structure of the hydrogels formed by A and B were
further studied using transmission and scanning electron microscopy (TEM and SEM)
(Figure 38). The hydrogel formed by A consisted of a network of one-dimensional
nanotubes with diameters of ~16 nm, wall thicknesses of ~4 nm and lengths of several
micrometers (Figure 38a). The dimensions of the nanotube walls are consistent with a
bilayer structure comprised of two molecules of A. Additionally, the occasional presence
of intermediate ring structures with identical dimensions as the nanotubes indicated a
progressive assembly process whereby an initially formed bilayer ring subsequently
stacked into the nanotube (Figure 38a, inset).'®® The hydrogel formed by B displayed a

network of nanofibers with diameters of ~10 nm (Figure 38b).
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Figure 38. TEM (top) and SEM (bottom) images of dipeptide A (a and c) and B (b and d)
in PBS. Samples were aged at 20mM for A and 10mM for B for 3 days at pH 7.4, and

diluted to ImM prior to preparing imaging samples.

The critical aggregation concentrations (CACs), as measured using the
solvochromatic dye Nile Red,*?® of freshly dissolved solutions of A and B in PBS,
prepared without pre-incubation, were 1.50 and 0.78 mM, respectively. It is noteworthy
that a 0.25 mM sample of dipeptide A did not undergo gelation, only exhibiting a small
degree of non-specific aggregation by TEM, incapable of encapsulating Nile Red. It is
likely that these nonspecific aggregates precede the formation of the intermediate ring

structures en route to the final nanotube assemblies. However, the unstable nature of the
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rings, relative to the nanotubes, makes it difficult to assess the concentration at which

these form in the assembly process.
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Figure 39. (a) UV-Vis spectra of dipeptide A and B in PBS and TFE, conjugates were
aged at previously mentioned concentrations for 3 days and diluted to 0.25 mM prior to
the experiment. (b) Release profile of 5-FU in PBS (pH = 7.4, 37 °C) from solutions of

A and B as a function of concentration.

The broad bands exhibited by A and B in PBS at 264 nm in the ultraviolet (UV-
Vis) spectra were slightly red-shifted (~2 nm), compared with the spectra in 2,2,2-
trifluoroethanol (TFE), in which aggregation was minimal (Figure 39a). The red shifting
of the absorption at 264 nm that occurs upon solvent induced assembly was indicative of

J-type aggregation of the Fmoc chromophore within the assemblies.*®® Deconvoluted
93



Fourier-transform infrared (FT-IR) spectra of samples, prepared by lyophilizing the
hydrogels formed in PBS then re-dissolving in D20 (20 mM), revealed predominant
bands at 1639 cm™ (for A) and 1634 cm® (for B), due to the presence of B-sheet
secondary structure.

Release of 5-Fu from the nanotubes takes place following hydrolytic cleavage of
the acyloxymethylene linkage of A and subsequent collapse of the resultant hemiaminal
intermediate.®® The release of active drug, 5-Fu, from A and B was measured by
analytical RP-HPLC over time as a function of concentration in PBS (Figure 39b).

Whereas A readily released 5-Fu in PBS (pH 7.4) at 37.5 °C, B was stable under these

conditions, as a consequence of the more stable acetamide linkage between the peptide
and 5-Fu. At concentrations above the CAC of A, the release of 5-Fu from the nanotube
was considerably slower than at concentrations below the CAC. For example, 12.6% of
5-Fu was released after 7 days when aging at 10 mM in PBS, whereas near complete
release of 5-Fu was achieved after 7 days at 1 or 0.1 mM. At concentration ranges below
the CAC, the rate of release was also inversely dependent on concentration, but to a
lesser extent (e.g., 50% free 5-Fu released after 1 day at 1 mM, compared to 73% at 0.1
mM). As we observed previously, self-assembly slows the hydrolytic release of 5-Fu
from A by sequestering the ester linkage within the hydrophobic regions of the
nanotubes.® This observation demonstrates that self-assembly is an effective strategy to
slow down the release of free drug by protecting the hydrolyzable bond from exposure to

the agueous media.
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Figure 40. (a) Release profile of 5-Fu from hydrogel A compared with its solution form;
(b) I1Cso values of compound A and 5-Fu on non-small cell lung cancer cell lines A549,

H460, and H23.

Next, the release of 5-Fu from hydrogel A was also determined by analytical RP-
HPLC over one month. The hydrogel of A was formed in PBS (20 mM) in a cylindrical
vial (15 x 45 mm), and allowed to equilibrate for 3 days, during which time 5-Fu release
was insignificant. A solution of PBS (1 mL) was added on top of the hydrogel (~1 mL)
without disturbing the gel. A 10 mL aliquot was then collected, replaced and analyzed for
the release of 5-Fu at each time point. Compared with non-gel solutions at 10 mM, the
release of 5-Fu from hydrogels was significantly slower due to the extensive self-
assembly and slow diffusion within the hydrogel structure. For example, after 7 days,
hydrogel A released 2.5% of 5-Fu into the top solution, while 12.6% of 5-Fu was released

when aged at 10 mM without pre-gelation (Figure 40a). Hydrogel A was stable for over
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one month, with only 6% of 5-Fu released. This result suggests hydrogel A may be used

in formulations for sustained local application.
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Figure 41. Cell viability study of Fmoc-KK(succinic acid) against NSCLC A549, H460,
and H23. The scaffold after the release of 5-Fu exhibits no toxicity towards the cells,
suggesting the toxicity observed from dipeptide A and B are solely the result of 5-Fu

toxicity.

Dipeptides A and B and the parental drug 5-Fu, were assessed for their cytotoxicity
against human non-small cell lung cancer cell lines A549, NCI-H460, and NCI-H23. The

cytotoxic activity was assayed using the colorimetric MTT assay after a 96 hours
96



incubation period. The ICso values were 66.1 mM, 96 mM, 114.6 mM for compound A,
respectively, and 43.4 mM, 47 mM, and 90.6 mM for 5-Fu, respectively (Figure 40b).
Dipeptide B exhibited no cytotoxicity against any of the three cell lines, as a consequence
of the inability of B to release free 5-Fu. Notably, the cytotoxicity of the by-product of
hydrolytic release of CPT from A, Fmoc-KK(succinic acid), was also assessed and found
to have negligible impact cancer cell growth (Figure 41), proving that the cytotoxicity of
A is from the release of 5-Fu. Overall, 5-Fu exhibits roughly 1.5 greater potency than
compound A in all cell lines, likely reflecting the slower release of 5-Fu from A.

Finally, the mechanical properties of hydrogels A and B were investigated by
rotational shear rheometry.1®! The hydrogels possess distinctive mechanical behavior

resulting from their respective linkages to 5-Fu. Stress sweep testing (25 °C, 1.0 Hz)

revealed significant differences in the linear viscoelastic regions (LVR) between the two
hydrogels (hydrogel A: LVR < 0.1 Pa; hydrogel B: LVR < 10 Pa). Hydrogel A, which
contains a hydrolyzable succinimidyl ester linkage to 5-Fu, exhibited two log lower
storage (G’ ) and loss (G’”) moduli than hydrogel B (Figure 42 a and b, respectively),
which lacks this flexible linker to 5-Fu and instead contains an N-acetamide linkage.
Temperature sweep testing—performed by ramping the temperature from 25 °C to

80 °C, and back to 25 °C at arate of +1 °C mint —showed that these hydrogels
possess similar melting points (determined from the crossover of G’ and G’’) of ~75—
80 °C (Figure 42 b and c), despite their differences in mechanical strength.%2
Hydrogels A and B behave differently upon heating and cooling. Whereas hydrogel B

recovers its original mechanical strength upon cooling to < 60 °C, hydrogel A is not
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thermally reversible. We suspect that the ester linkage present in hydrogel A is
hydrolyzed under these conditions, which is supported by 5-Fu release studies on A that

show this linkage is labile.
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Figure 42. (a) Oscillatory stress sweep of hydrogel A at 20 mM and (b) B at 10mM , 1.0
Hz; (c) temperature sweet (heating and cooling) of hydrogels A and B, and 0.1 Pa applied

oscillatory shear stress; (G’ = storage modulus, G’ = loss modulus, & = phase angle).
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In summary, the 5-Fu di-lysine conjugates A and B formed hydrogels via the self-
assembly of a network of nanotubes or nanofibers in PBS with diameters of 16 and 10
nm, respectively. The nanotube structures from dipeptide A provided a protective
environment for 5-Fu, thereby affording a slow release of active 5-Fu depending on
concentration. Furthermore, the hydrogel structure significantly reduced the release rate
of 5-Fu, offering the potential for sustained local drug delivery. The cytotoxicity of A, as
determined in three cancer cell lines, arose from the release of free 5-Fu, while dipeptide
B, with a hydrolytically stable, N-acetamide linkage, exhibited no cytotoxicity.
Additionally, oscillatory shear testing shows that the choice of linkage to the 5-Fu moiety
significant impacted the strength, stability, and reversibility of the resulting hydrogels. In
summary, a simple strategy to create nanostructured hydrogels for the delivery of 5-Fu

based on the self-assembly of dipeptide-5-Fu conjugates has been described.
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Experimental Procedure

Synthesis of Fmoc-KK(5-Fu ester)-NH: (A) and Fmoc-KK(5-Fu amide)-NH:2 (B)
Dipeptides A and B were prepared via on-resin modification of the side chain (Scheme
S5). The di-lysine peptide, protected with Fmoc and Mtt groups, was manually prepared
using Fmoc/t-Bu solid-phase peptide synthesis on rink amide resin (loading 0.80
mmol/g). Amide-coupling steps were accomplished with standard techniques for all
amino acids: Fmoc-amino acid, 1,3-diisopropylcarbodiimide (DIC), and 1-
hydroxybenzotriazole (HOBLt) (300 mol% each relative to resin) in 1:1 DMF/DCM for
1.5 h. A solution of 20 % piperidine in DMF was used for Fmoc removal and 1 % TFA in
dichloromethane was used for Mtt group deprotection. A mixture of 5-Fluorouracil-1-
acetic acid or 5-fluorouracil-1-succinic acid, HBTU, and DIPEA (200 mol% each relative
to resin) in DMF was added to the resin. The reaction mixture was shaken for 24 h at
room temperature and then filtered through a fritted syringe. The resin was washed
thoroughly (3 x DMF, 3 x CH2CI2) and the final 5-Fu-peptide conjugate was cleaved
from the resin by the treatment with TFA/water/triethylsilane (95/1/4) at room
temperature for 2 h. The crude peptides were precipitated with cold diethyl ether and
purified by reversed-phased HPLC on preparative Varian Dynamax C18 column eluting
with a linear gradient of CH3CN/water containing 0.1 % TFA (10/90 to 100/0 over 30
minutes) and stored as lyophilized powers at 0<C. Peptide purity was assessed by
analytical reverse-phase HPLC, and identity was confirmed using ESI-TOF mass

spectrometry and NMR.
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Fmoc-KK(5-Fu ester)-NH2 (Compound A) 1H NMR (400 MHz, DMSO-d6) 6 11.97
(d, 1H, J= 5.2 Hz), 8.08 (d,1H, J= 6.4 Hz), 7.90 (d, 2H, J= 7.6 Hz), 7.69-7.83 (m, 4H),
7.61 (s, 3H), 7.50 (d, 1H, J= 8.4 Hz), 7.40-7.44(t, 2H), 7.31-7.35 (t, 3H), 7.01 (s, 1H),
5.55 (s, 2H), 4.17-4.30 (m, 4H), 3.99-4.00 (m, 1H), 2.97 (d, 2H, J= 5.6 Hz ), 2.76 (d, 2H,
J=5.2 Hz), 2.28-2.35 (m, 4H), 1.61-1.66 (m, 2H), 1.49-1.52 (m, 4H), 1.21-1.33 (m, 6H) ;
13C NMR (400 MHz, DMSO-d6) 6 173.50, 172.16, 171.55, 170.18, 157.51, 157.24,
155.95, 149.19, 143.87, 140.69, 129.62, 127.61, 127.06, 125.23, 120.08, 70.35, 65.58,
54.52,52.11, 46.64, 38.67, 38.44, 31.79, 31.23, 29.99, 29.49, 28.77, 26.52, 22.61, 22.30;

ESI-MS calculated for C36H45FN709 [M+H]+ 738.3263, found 738.2744;

Fmoc-KK(5-Fu amide)-NH2 (Compound B)1H NMR (400 MHz, DMSO-d6) 6 11.80
(d, 1H, J= 5.2 Hz), 8.11 (m, 1H), 7.99 (d, 1H, J= 6.8 Hz), 7.89 (d, 2H, J= 7.6 Hz), 7.79
(d, 1H, J= 8 Hz), 7.72 (d, 2H, J= 8.4 Hz), 7.69 (m, 2H), 7.50 (d, 1H, J= 8 Hz), 7.40-7.44
(t, 2H), 7.31-7.36 (m, 3H), 7.01 (s, 1H), 4.17-4.30 (m, 6H), 3.99-4.00 (m, 1H), 3.02-3.04
(m, 2H), 2.75-2.76 (m, 2H), 1.64-1.66 (m, 2H), 1.48-1.52 (m, 4H), 1.27-1.38 (m, 6H) ;
13C NMR (400 MHz, DMSO-d6) 6 173.50, 171.58, 166.23, 157.49, 155.98, 149.65,
143.86, 143.68, 140.69, 138.09, 130.88, 127.62, 127.06, 125.21, 120.10, 65.58, 54.42,
53.36, 52.06, 49.56, 46.63, 38.69, 31.76, 31.18, 28.64, 26.52, 22.56, 22.31; ESI-MS

calculated for C33H40FN707 [M+H]+ 666.3051, found 666.2500;
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Scanning Electron Microscopy Measurement

Scanning Electron Microscopy (SEM) was performed with FEI Nova 400 Nano SEM
instrument operating at 5.0 kV. The 5-Fu-peptide samples in PBS (20 mM for A and 10
mM for B, pH 7.4) was prepared and freshly diluted from to 1 mM before the
measurement. A 20 pl aliquot of the resulting solution was dried at room temperature on

a copper stubs and coated with gold.

Rheology Testing

Compound A was prepared at 20 mM in PBS (without Ca2+ and Mg2+) and incubated at
room temperature for 24 hours. Compound B was prepared at 10 mM in PBS (without
Ca2+ and Mg2+) and incubated at room temperature for 24 h. Individual gel samples
were removed from vials first using a scalpel blade, and then a curved spatula, to
disengage them from the glass walls and bottom, respectively. The complex shear storage
(G’) and loss

(G”’) moduli of these self-assembled hydrogels were then measured as a function of
oscillatory stress using a rheometer (AR1000, TA Instruments, Delaware) equipped with
either 40-mm aluminum parallel plate (gels in pure water) or 12-mm stainless steel

parallel plate geometries.

Experimental procedure for TEM, CAC, HPLC, and all cellular studies follow the same

procedures as those in Chapter 2.1.
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