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Nanomedicine is one of the fastest emerging fields in recent times. Small size, tunable surface
properties and efficient drug loading capacity are some of the properties that make them a
promising option for various applications in biological sciences. Using nanocarriers for drug
delivery offers several advantages like delivery of poorly soluble drugs, better bioavailability,
targeted delivery and extended release of drugs. In this work, we demonstrated the formulation

and methods of use for three different nanocarriers.

1) %®Ho iron garnet nanoparticle-containing bandages for treatment of squamous cell carcinoma

of skin:

Squamous cell carcinoma (SCC) of skin is a type of non-melanoma skin cancer (NMSC) which
constitutes 20% of all NMSCs. While surgery is the primary treatment option for SCC, radiation
therapy also plays an irreplaceable role in the treatment of SCC. Our lab has previously reported an
electrospun nanofibrous polyacrylonitrile (PAN) bandage containing holmium-165 iron garnet
(*%HolG) nanoparticles, which can be neutron activated to ***Ho and used for radiotherapy of SCC.
The synthesis, characterization and stability of the bandage were also reported. Here, we tested the
in vivo efficacy of the *®*HolG-PAN bandage for the treatment of SCC. When treated with the

radioactive bandage, tumor progression was significantly low in mice compared to those with non-



radioactive bandage. The dose used was clinically relevant. Histological evaluation showed no

damage to surrounding organelles.

2) Targeted chemotherapy for non-small cell lung cancer using antibody-coated gold

nanoparticles:

Non-small cell lung cancer (NSCLC) is a type of lung cancer which constitutes nearly 80% of all
lung cancers. Being detected at later stages limits its treatment, thus resulting in a lower fiver year
survival rates. Though limited by their dose related side effects, platinum drugs are the first line
of treatment for NSCLC. Several Pt(IVV) complexes, which are the prodrugs of Pt(Il) compounds
are shown to have potent anti-cancer activity and are capable of overcoming the limitations of
Pt(11) compounds. Not many targeted therapies are available for NSCLC because of its complex
molecular pathology. CD22 is an adhesion molecule that is shown to be broadly expressed on
NSCLC cell lines. Hence, in this project, we developed CD22 targeted gold nanoparticles to
deliver Pt(IV) complex for the treatment of NSCLC. Synthesis and characterization of
polyethylene glycol (PEG) coated gold nanoparticles conjugated with Pt(IV) complex and an
antibody against CD22 is reported. The expression of CD22 on various NSCLC and normal cell

lines and the uptake of the synthesized nanoparticles in these cell lines was studied.

3) Tetracycline-Containing MCM-41 Mesoporous Silica Nanoparticles for the Treatment of

Escherichia Coli:

Tetracycline (TC) is a very well-known antibiotic whose use has been limited due to drug
resistance. Nanoparticle formulations, can help overcome the resistance mechanisms to certain
extent. Mesoporous silica nanomaterials (MSNs) are widely studied for drug delivery applications;

Mobile Crystalline Material-41 (MCM-41), a type of MSN, that has a mesoporous structure with



pores forming channels in a hexagonal fashion. We used MCM-41 mesoporous silica nanoparticles
for the delivery of TC and tested its efficacy in E. coli. The TC containing nanoparticles showed a
burst release of drug in PBS and in LB broth medium and most of the drug was released within 1
h. The TC loaded MSNs showed enhanced inhibition of E. coli compared to free TC and unloaded
MSNSs at a concentration of 0.5ug/mL and 1pg/mL. Further, the TC containing MSNs uptake by E.

coli was demonstrated using transmission electron microscopy.
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Chapter 1

An Introduction To Nanoparticles In Biomedical Sciences

Merging the fields of material sciences and biomedical sciences, “nanomedicine” is emerging as
a promising technology for many biological applications. A variety of inorganic and organic
nanoparticles are being tested and a great deal of research is being conducted on their applications.
The size of the nanoparticles can be tuned from as small as 1 nm to several hundred nm depending
on the core material used and surface modifications used in the nanoparticle formulation. Their
small size, unique optical, magnetic, structural and electronic properties are the key factors in
nanoparticles being highly valuable for biological applications. The goal of nanomedicine is to
develop efficient, targeted, biocompatible formulations for therapies and diagnosis of several

complex and challenging diseases.

Uses of nanocarrier formulations for drug delivery:

Research relating to biomedical applications of nanoparticles has increased greatly in the past
decade. There are several advantages of using nanocarrier systems for drug delivery.'® Delivery

of poorly soluble drugs, can be made easy with nanocarriers. Poor water solubility of drug



is always a major limitation for several pharmaceutical formulations.*® For example, encapsulating
the poorly water soluble drug in the hydrophobic cores of polymeric micelles, help in better
dispersion of the drug in water.®” Yu et al. formulated polymeric micelles loaded with
amphotericin which is a broad spectrum antifungal agent and is quiet water insoluble.® They
showed that using micelles of poly(ethylene oxide)-block-poly(p benzyl-l-aspartate) (PEO-
PBLA), not only made amphotericin soluble, but also reduced its toxic side effects.2 Nanocrystal
drug formulations are another type of nanocarrier formulations that have been shown to be useful
in delivering poorly water soluble drugs.®® Tricor ™, a nanocrystalline formulation of fenofibrate,
is currently being used for treatment of hypercholesterolemia.>*® Wortmannin is a potent PI3K
inhibitor, but a poorly water soluble drug, which limited its use. Karve et al. developed a poly
ethylene glycol (PEG) coated lipid nanoparticle formulating for wortmannin which improved the

solubility and toxicity of the drug.!

Using nanoparticles for drug delivery, the enzymatic degradation of drugs can be prevented,
thereby increasing the bioavailability of the drug. This can be achieved by coupling the
nanoparticles with biocompatible polymers like polyethylene glycol (PEG; a process usually
termed as PEGylation) or by delivering polymeric drug conjugates.'? Further PEG can also be used
as a linker, through which drug and other biomolecules can be attached to the nanoparticles.
PEGylation increases the hydrophilicity of the formulation and reduces glomerular filtration
thereby increasing the circulation time of the formulation.*® It further enhances the
pharmacokinetic profile by protecting from the reticuloendothelial system, and proteolytic

enzymes.'*!® The anticancer drug doxorubicin encapsulated in a liposome coated with PEG



(Doxil®) is currently being used in cancer therapy.'®!” Using a PEGylated formulation showed to

increase the circulation time and bioavailability of the drug.'®

Another advantage of nanoparticle drug delivery is better targeting of drugs to the targeted organs;
this reduces the uptake by non-targeted organs and increases drug dose delivered to intended sites.
Targeted nanoparticle delivery can be dependent on size, charge and surface properties of the
nanoparticle. For example, Bourges et al. showed that polylactide nanoparticles are capable of
targeting retinal cells.*® Quantum dots (<10 nm) were shown to be useful in accumulating in lungs
and tumor vasculatures.?’ Targeted nanoparticles are also developed by conjugating them with
specific biomarkers that are expressed on the target site. For example, Thamake et al. synthesized
curcumin and bortezomib containing poly-lactic-co-glycolic acid (PLGA) nanoparticles
conjugated with alendronate to target bone metastasis.?* Their formulations successfully targeted
bone, and also showed improved efficacy of the drug combination in an in vivo model of bone

metastasis of breast cancer.?

The major obstacle in delivering drugs to brain, is to cross the blood brain barrier (BBB).?2
Researchers have formulated nanoparticle formulations targeting brain, which successfully
accumulated in the brain crossing the BBB.?? Cheng et al. reported AuNP modified with
transactivator of transcription peptide (TAT), which successfully crossed the BBB and delivered
drug cargoes (doxorubicin and Gadolinium, Gd** imaging agent) to the intended site.?® Kong et al.

used magnetic nanoparticles to target brain using external magnetic field.?* Using silica coated



magnetic nanoparticles with fluorophore, they demonstrated the nanoparticles crossing BBB and

accumulating in brain in an in vivo model.?

Nanocarriers can be designed to be triggered release formulations. Triggered release formulations,
will release the drug only in the presence of a suitable trigger. The trigger can be external, like a
laser or internal like pH change. Sharma et al. developed, vitamin B6 conjugated lipid
nanoparticles containing Doxorubicin.?® The nanoparticles are pH sensitive charge reversing
nanoparticles, intended for intracellular release of doxorubicin.? In another study, Mesoporous y-
iron oxide nanoparticles containing doxorubicin, which can be triggered by sudden burst of
magnetic heating were prepared by Benyettou et al.?® A triggered release cisplatin formulation was
reported by Rocca et al. using polysilsesquioxane nanoparticles.?’ They tested the release of
cisplatin from these formulations in the presence and absence of L-cysteine, a model endogenous

reducing agent.?’

Types of nanoparticles systems used in biomedical sciences:

Nanoparticles used in biomedical sciences typically fall into two categories, inorganic
nanoparticles (examples: gold, silver, magnetic, silica nanoparticles.) and organic nanoparticles
(examples: polymeric, liposomes, micelles.). Polymer nanoparticles are a widely used
nanoparticles in biology for the treatment of various diseases. Copaxone® is an example of
polymer nanomedicine which is Food and Drug Administration (FDA) approved for treatment of
multiple sclerosis.*”?® Polymers like PEG are also used as conjugates to drug molecules.

Neulasta® is a PEGylated granulocyte colony stimulating factor used for treatment of



chemotherapy induced neutropenia.l’?8 Polylactide-glycolic acid (PLGA) nanoparticles are one of
the well-studied class of polymeric nanoparticles, which are known to decompose into their
monomeric units overtime. ELIgard® is an FDA approved PLGA nanoparticle formulation used
for the management of prostate cancer symptoms.?® Polymeric micelles are another class of
nanoparticles used in medicine. These are core-shell structures formed by self-assembly of
polymeric amphiphiles. These are suitable for the delivery of hydrophobic drugs by encapsulating
them in the inner core. Estrasorb™ is an FDA approved micelle for topical treatment of the

symptoms of menopause.*’

Liposomal formulations are one of the most significant and successful nanoparticle formulations
used for drugs with low bioavailability. They are very easy to synthesize and are the first class of
nanoparticles that entered the FDA clinical trials. Using liposomes have shown to increase the
drug circulation time.® Further, PEGylation of liposomes increased the drug circulation time even
more. Doxil® is an example of FDA approved liposomal formulation for the treatment of Kaposi’s

sarcoma, ovarian cancer, multiple myeloma and metastatic breast cancer.®!

In addition to the nanoparticle formulations, electrospun polymeric nanofibers are being well
studied in the field of regenerative medicine. Electrospinning of nanofibers is tested using several
different polymers including polyacrylonitrile (PAN), collagen, elastin, and fibrinogen. Bioactive
molecules and drugs of interest were shown to be incorporated into these nanofibers successfully.
Polycaprolactone (PCL) nanofibers-loaded with curcumin (Cur) and PEG showed enhanced the
rate of wound healing.® Katti et al. used PLGA nanofibers loaded with cefazolin, a broad spectrum
antibiotic for wound treatment.3® In another study, Shahi et al. demonstrated the potential anti-
biofilm activity of TC loaded poly(DL-lactide), poly(e-caprolactone), and gelatin polymer blend

nanofibers.* Zhang et al. reported the efficacy of a dual-drug loaded (dichloroacetate and



oxaliplatin) poly-I-lactide nanofiber mats for treating cervical tumors recurring after surgery.* The
fibers, demonstrated control release of drugs and showed synergistic effect along with reduced

toxicity to other surrounding tissue in an in vivo model.®

Inorganic nanoparticles:

Several different types of inorganic nanoparticles are currently being used for biological
applications. The materials used in the synthesis of most of the inorganic nanoparticles are well
characterized in their bulk form. Iron garnet, gold, silver are examples of some of the materials
used. They exhibit unique properties as they approach nanosize, like tunable surface chemistry,
exhibiting local plasmon resonance, surface charge, higher biomolecule conjugation

efficiency.36:3

Quantum dots QD; CdSe, ZnSe, ZnS) which are nanocrystelline semiconductors are mainly used
as multimodal contrasting agents for bioimaging.®® They have intriguing properties different from
the bulk material from which they are produced. Quantum dots emitting light at different
wavelengths can be produced by just varying the crystal size. Nanoparticles with various metal
cores were prepared previously. Plasmonic nanoparticles (mainly gold and silver based) are
another group of inorganic nanoparticles, which are more advantageous in biomedical research.
They exhibit the local plasmon resonance which can be used for sensing, triggering light activated
events.®” The surface chemistry of these nanoparticles allows for an effective bio conjugation of
several molecules. AuNPs are widely studies because of their unique combination of optical,

thermal, properties, and surface chemistry.%



Silica nanoparticles are another group of inorganic nanoparticles. Though they do not have
interesting optical or electronic properties, the structure and composition of these nanoparticles
can be modified easily.*> Mesoporus silica nanoparticles (MSNs) belong to the family of silica
nanoparticles, were discovered in 1992 by the Mobile Oil Corporation. They are since being
studied for their use in medicine because of their high surface area, large pore volume, tunable
pore diameter, and narrow pore size distribution.** A solid framework with porous structure and
large surface area allows the attachment of different functional group to the mesoporous silica
nanoparticles. This helps in developing targeted the formulation to a particular site by attaching
targeting moiety.*>** MSNs have honeycomb-like structure and active surface which enables the
surface functionalization.** The loading of the cargo can be achieved at a higher rate because of
the higher surface area available for loading. Fan et al. developed MSNs containing doxorubicin
for cancer therapy.*® The drug was attached to the folic acid conjugated MSNs through a linker
which can be cleaved under acidic conditions.* Iron oxide nanoparticles are another widely
investigated group of nanoparticles by researchers, which have undergone clinical trials. Most of
the FDA approved iron oxide nanoparticles till date are used as a replacement to iron supplements
(Monofer®, Feridex®, Dexlron®).1®1 Supramagnetic iron oxide nanoparticles are being
developed for local tissue hyperthermica therapy. Nanotherm™ is one such formulation which is

under clinical trial for cancer therapy.*®

Nanoparticles in cancer diagnosis and therapy:

Cancer is the major cause of death in the United States. It is expected that ~600,000 Americans
die of cancer in 2016.*" In order to successfully eradicate any disease, one should be able to

diagnose it early and then treat it in a localized environment. Nanoparticles are proven helpful in

7



both the above aspects. When circulating in the bloodstream, nanoparticles are subjected to
clearance by the mononuclear phagocytic system (MPS). A large fraction of nanoparticles with a
hydrodynamic diameter greater than 100 nm can be removed by resident phagocytosing Kupffer
cells of the liver vasculature (Figure 1A). Nanoparticles with a hydrodynamic diameter <5.5 nm
can cross the glomerular filtration system in the kidneys and be excreted with urine (Figure 1B).
Nanoparticles with hydrodynamic diameters between 30—200 nm, can permeate easily through the
leaky vasculature of the tumors and retain in tumors for longer period of time, which is usually
termed as enhanced permeation and retention effect (EPR effect; Figure 1C). The majority of

nanoparticles are internalized by cells through an endocytosis mechanism (Figure 1D).*®

Many of the currently used cancer drugs face the problem of poor drug solubility, which limits the
dose that can be administered to the patients and bioavailability of the drug. Using nanoparticles,
the delivery of poorly water soluble anti-cancer drugs can be achieved. For example, a liposomal
formulation of docetaxel ATI-1123, where the poorly soluble docetaxel is encapsulated in a
liposomal formulation is currently entering phase-2 clinical trials for use in non-small cell lung

cancer, gastric cancer, pancreatic cancer and soft-tissue sarcoma.*®

First generation nanoparticles developed for cancer therapy relied on passive targeting of the
nanoparticles to cancer site. For example, the nanoparticles retention in the tumor site due to leaky
vasculature of the tumors (EPR effect). Liposomal doxorubicin (Caelyx®) and nab-paclitaxel
(Abraxane®) are the examples of passively targeted nanoparticle formulations.*>*° Passive

targeting however is not sufficient to control the side effects of the drug. Therefore, researchers



started focusing on active targeting of nanoparticles. In active targeting, a ligand is attached either
to the nanoparticle or to the active agent directly. The ligand of choice usually binds to the receptor

selectively on the target site.
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Figure 1: Major size-dependent biological barriers regulating the bio-distribution of blood-
circulating nanoparticles.*®

Targeted drug conjugates are the most clinically successful agents used to deliver drugs to the
tumor sites. In these formulations usually the active agents are covalently linked to the targeting
antibodies, peptides or polymers. Oncaspar® (PEGylated L-asparaginase) used for treatment of
acute lymphoblastic leukemia, Neulasta® (PEGylated GCSF protein) used for treating
chemotherapy induced neutropenia are examples of some polymer-protein conjugates currently

used in clinic.)”?® Liposomes coated with antibodies against epidermal growth factor receptor



(EGFR) are currently under clinical investigation for delivery of doxorubicin.®* Senanayake et al.
used cholesteryl-polyvinyl alcohol-floxuridine nanogel to deliver paclitaxel and geldanamycin
analog, 17-AAG for combination therapy and tested their efficacy in a breast cancer mouse

model.>?

Liposomes are used in the clinic against cancer. Liposomes can be formulated to target the cancer
cells both actively and passively. Passive targeting of liposomes by EPR effect is size dependent.
Liposomes should be in the range of 200 - 400 nm in order to be entrapped in the leaky vasculature
of the tumors.>® However, liposomes <200 nm were shown to have more efficient
extravasation.’>® Ligand targeting of liposomal formulations is also widely reported in the
literature. Xiang et al. reported the formulation of folate receptor targeted liposomes for the
delivery of doxorubicin.> In another study, Malhi et al. dual targeted liposomal formulation by
attaching folic acid for cancer cell targeting and triphenylphosphine a cationic lipophilic
compound for mitochondrial targeting of doxorubicin.> Transferrin receptor targeted liposomes
for the delivery of docetaxel were developed by Zhai et al. and showed enhanced cytotoxicity than
the non-targeted liposomes in vitro.%® Liposomes targeting the angiogenesis markers were also
reported. Wicki et al. reported the formulation of liposomes conjugated with antibodies against
vascular endothelial growth factor receptor (VEGFR) to deliver doxorubicin.®” Their formulation

showed superior toxicity to free drug in an in vivo model.

Metal nanoparticles are also developing as a promising delivery system for cancer therapy. Iron

oxide nanoparticles, one of the extensively studies nanoparticle delivery systems, both as contrast
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agents in MRI imaging and as drug carriers. Feridex® is a supramagnetic iron oxide nanoparticle
formulation with dextran approved by FDA intended for its use as contrast agent in MRI imaging.?
Nanotherm™, which consists of aminosilane-coated supramagnetic iron nanoparticles is currently
being investigated in later phase clinical trials for tissue hyperthermia (heating the nanoparticles
in an external magnetic field).*® Torres et al. reported the formulation of an oleic acid (OA)-
Pluronic-coated iron oxide magnetic nanoparticles which can be efficiently loaded with poorly
soluble drugs.® Xu et al. used HER-2 conjugated iron oxide nanoparticles for selectively

separating cancer cells from blood.*

AUNPs with their unique and tunable surface properties are emerging as a promising nanoparticle
delivery system for cancer therapy. Patra et al. investigated the use cetuximab coated AuNP for
EGFR targeted delivery of gemcitabine for the treatment of pancreatic adenocarcinoma.®® They
demonstrated the efficacy of the formulation in an orthotropic model of pancreatic cancer. They
were able to achieve intratumoral gold concentrations of 4500 ug g using their formulations with
minimal accumulation in the kidney. Hirsch et al. used gold nanoshells and demonstrated their use
in photo thermal therapy.®* When breast cancer cells incubated with gold nanoshells underwent
exposure to near IR light (820 nm, 35 W/cm?), displayed morbidity; cells without nanoshells did
not encounter any cytotoxicity due to the light exposure. Further, in an in vivo study, the tumor
temperature raised to nearly 37°C when treated with nanoshells while the non-treated group the
temperature raise is less than 10°C. Gold has better mass attenuation at energies greater than 80
keV making it an efficient contrast agent.®> Aurovist™ has demonstrated superior contrast
properties compared to iodine. These 1.9 nm AuNP, when injected in vivo in mice, demonstrated

superior contrast and longer retention times.%® In another study Popovtzer et al. developed gold
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nanorods conjugated with UM-A9 antibody (antibody against A9 antigen expressed in squamous
cell carcinoma of head and neck) and demonstrated its use as a contrast enhancing agent in CT
imaging.®* Aurimmune (CYT-6091) which is a PEGylated, citrate coated AuUNP system with tumor

necrosis factor alpha (TNFa) is currently under clinical investigation.®®

Use of nanoparticles as radiotherapeutic agents was also studied. Di Pasqua et al. were successfull
in reducing tumor burden in an in vivo ovarian cancer model using neutron-activable mesoporous
silica nanoparticles containing holmium-166 (**®Ho) as a radionuclide.®® AuNP were also reported
to be used as radiosensitizers. NBTXR3, is a hafnium oxide nanoparticle formulation is currently
in clinical trials for its use as a radioenhancer in soft tissue sarcoma and head and neck cancers.%’
Table 1 gives the details of some FDA approved nanoparticle formulations currently in use for

cancer therapy.

Nanoparticles for vaccine delivery:

Use of nanoparticle for vaccine delivery is an emerging filed in vaccinology. Nanoparticles can be
used as delivery vehicles for vaccines or as adjuvants to enhance immunity.® Using nanoparticles
provide an efficient delivery method for antigens, which would otherwise degrade upon injection
in vivo.%® Moon et al. developed a pathogen-mimicking PLGA nanoparticle coated with a lipid
membrane for the delivery of malaria antigen.”® When injected in vivo, these Nanaovaccines

promoted germinal center formation and significantly higher titers of antigen specific antibodies.
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Table 1: List of nanomedicines for cancer therapy which are FDA approved / under clinical
trial

Product Drug Type of formulation Use
Kaposi's sarcoma
Ovarian cancer

Doxil ® (Samyang

Biopharm) Doxorubicin Liposome Breast cancer
Multiple myeloma
Margibo® (Talon) Vincristine Liposome AClitestgrrrﬁzo'd
DaunoXome® Daunorubicin Liposome Kaposi's sarcoma
(Galen)
Breast cancer,
Abraxane® Paclitaxel Albumin-bound pancreatic cancer,
(Abraxis/Celgene) nanoparticle non-small-cell lung
cancer
Non-Hodgkin
Onco-TCS® (Inex) Vincristine Liposome lymphoma (in P /11
clinical trial)
Aroplatin® : . . Colorectal cancer (in
(Antigenics, Inc.) Cisplatin analog Liposome P 1/11 clinical trial)
Onivyde® MM-398 . . Metastatic pancreatic
. Irinotecan Liposome
(Merrimack) cancer
(Mﬁiﬁrﬁl-f) Mifamurtide Liposome Osteosarcoma
Ontak® (Eisai Inc) IL-2an?O()JI(|i[r)]htherla Engineered protein Cuﬁ;ﬁgﬁi;:e”

Supramagnetic iron
nanoparticle coated Imaging agent
with dextran

Feridex® (Amag
pharmaceuticals)

Gardasil is a vaccine approved by FDA against human papilloma virus (HPV).”t In this
formulations, the HPV antigens are formulated as four different viral like nanoparticles which are
combined to form a cocktail of antigen containing nanoparticles.”* Kim et al. investigated the
immune response generated by oral delivery of H.Pylori lysate loaded PLGA nanoparticles.”
When tested in vivo, the nanoparticles induced significant H. pylori-specific mucosal IgA response
as well as serum 1gG responses. Nanoparticles are also used for delivering DNA vaccines. Poly-I-

lysine coated polystyrene particles when used for delivery of plasmid DNA encoding for chicken
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egg ovalbumin, showed enhanced immune response in mice.”® Further, when the mice were
challenged with OVA expressing EG7 tumor cell line, the tumor growth was inhibited. Feng et al.
developed a chitosan nanoparticle based DNA vaccine for Mycobacterium tuberculosis (M.tbh).
Mice that received these nanoparticles containing Esat-6 three T cell epitopes (Esat-6/3e) and fms-
like tyrosine kinase 3 ligand (FL) genes (termed Esat-6/3e-FL), showed enhances T-cell response

and protection when challenged with M.tb H37Rv.”

Nanoparticles for antimicrobial therapy:

Nanoparticles are emerging as a powerful strategy to deliver antibiotics to resistant bacteria. Using
nanoparticles to deliver antibiotics can help address the bacterial resistance mechanisms like
regulation of drug permeability, efflux pumps, and antibiotic degradation by enzymes. Metal
nanoparticles like silver, gold and zinc oxide (ZnO) nanoparticles are shown to have potent anti-
microbial activity.’*"® AuNP capped with amino-substituted pyrimidines showed anti-microbial
activity against multi drug resistant bacteria.”” They acted by damaging the bacterial cell
membrane via sequestering of Mg and Ca ions. Li et al. showed that AUNP with different cationic
and hydrophobic surface functionalities, inhibited the growth of 11 multi drug resistant bacteria.’
Nitric oxide releasing silica nanoparticles were evaluated for their efficacy against various biofilms
by Hetrick et al.”® When treated with nanoparticles, > 99% of cells from each type of biofilm were
killed via NO release. Vancomycin capped AuNP were reported to have enhanced in vitro
antibacterial activity.®® Nanoparticles are also useful in hyperthermia induced killing of bacteria.
For example, superparamagnetic iron oxide nanoparticles were used by Park et al. to in activate
biofilms of Pseudomonas aeruginosa.®! Other inorganic nanoparticles like magnesium fluoride

nanoparticles, iron oxide nanoparticles, and copper oxide nanoparticles were also shown to exert
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potent anti-microbial activity.82# Organic nanoparticles like liposomes are explored for their use
as delivery of anti-microbial agents. In a study by Muppidi et al., vancomycin encapsulated in
PEGylated liposomes, showed enhanced accumulation in lungs and increased the circulation
times.®& A gentamycin liposomal formulation showed an enhanced antimicrobial activity against
Pseudomonas aeruginosa compared to the free drug.2® The field of nanoantibiotics is emerging
fast and several promising nanocarrier formulation can be produced to combat multi drug resistant

bacteria in near future.

Nanoparticles are also used for anti-retroviral drug delivery. For example, Garg et al. developed
Stavudine-loaded mannosylated liposomal formulations for targeting HIV-infected cells.®” These
formulations showed enhanced cytotoxicity and reduced side effects compared to free drug.
Surface engineered mannosylated liposomes were shown to enhance the targeting of zidovudine
to lymphatic system.®8 Dutta et al. developed poly(propyleneimine) dendrimer-based nanocarriers
for targeting of efavirenz (EFV) to monocytes/macrophages.®® The uptake of EFV by cells

increased 5.5 times more when delivered through dendrimers compared to free drug.

Apart from being used in medicine, nanoparticles are also useful in bio assays. Zhao et al. reported
a bio conjugated nanoparticle based bioassay for in situ pathogen quantification down to single
bacterium within 20 min.%® Using this system, they were able to identify a variety of bacterial

strains. Silver and AuNP were found to be useful in calorimetric assays.

Nanoparticles thus have evolved as a strong and promising system for biomedical applications.

Researchers are continuously investigating to use the unique properties of nanoparticles for
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biological applications. Table 2 gives the details of some FDA approved nano formulations for

various disorders.

Table 2: List of FDA approved nanomedicines

Product

Drug/type of
formulation

Use

Copaxone® (Teva)

Neulasta® (Amgen)

Cimzia® (UCB)

Random copolymer
of L-glutamate, L-
alanine, L-lysine and
L-tyrosine
PEGylated GCSF
protein
PEGylated antibody
fragment of
cetrolizumab

Multiple sclerosis

Chemotherapy
induced neutropenia

Cohrn’s disease,
rheumatoid arthritis

Macugen ® PEGylated anti- Age related macular
(Hoffman-La Roche) VEGF aptamer degeneration
PegIntron® (Merck) Pegyl;ted INF-alpha Hepatitis C

a protein
. . Lymphomatous
DepoCyt® Liposomal cytarabine meningitis
AmBisome(Gilead Liposomal Fungal/protozoal
sciences) Amphotericin B infections
DexIron® (Sanofi Iron dextran Iron deflcu?ncy n
h . chronic kidney
Avertis) nanoparticles i
isease
Estrasorb® . .
(Novavax) Micellar estradiol Menopausal therapy
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Objective: The objective of this work is to explore the use of various inorganic nanomaterials for
applications in biomedical sciences. Here, we developed three novel nanocarrier formulations for

treatment of three different disorders.

1) %°Ho iron garnet nanoparticle-containing bandages for treatment of squamous cell
carcinoma of the skin

2) Targeted chemotherapy for non-small cell lung cancer using antibody-coated gold
nanoparticles

3) Tetracycline-containing MCM-41 mesoporous silica nanoparticles for the treatment of

Escherichia coli
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Chapter 2

1%6Ho iron garnet nanoparticle-containing bandages for treatment of

squamous cell carcinoma of skin

Abstract
Introduction

Squamous cell carcinoma (SCC) is the second most common form of skin cancer in the United
States. The efficacy of a pharmaceutically elegant radiotherapeutic bandage, previously described
by us for application against SCC of the skin, was tested for the first time in vivo using a

subcutaneous SCC mouse model and a therapeutically relevant radiation dose.
Methods

Female athymic nude mice were injected with human Colo-16 SCC cells subcutaneously and after
eight days (average tumor volume: 35 + 8.6 mm®) received no treatment, or were exposed to non-
radioactive or radioactive (2.5 £ 0.5 mCi) bandages for approximately 1 h (n = 10 per group). After
treatment, tumors were measured over fifteen days, tumor volume ratios (TVRs) compared and

histopathology performe
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Results

Fifteen days after treatment, the TVR of the radioactive bandage treatment group was 3.3 £ 4.5,
while TVRs of the non-radioactive bandage treatment and no treatment control groups were 33.2
+14.7 and 26.9 £ 12.6, respectively. At the time of necropsy, there was mild focal epidermal
hyperplasia surrounding a small area of epidermal ulceration in the radioactive bandage group. No
other examined tissue (i.e., muscle, liver, kidney, lung, spleen and heart) showed histological

abnormalities.
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Introduction

It is currently estimated that one in every five Americans will develop skin cancer; most will be
diagnosed with non-melanoma skin cancer (NMSC),*! and the incidence of NMSC may increase
by an estimated 50% by 2030.°2 Most NMSCs develop on sun-exposed areas of the body, such as
the face and back of the hands. The two major forms of NMSCs are basal cell carcinoma (BCC)
and squamous cell carcinoma (SCC). BCC develops in the basal cells of the skin, which are found
in the lower epidermis. SCC develops in the squamous cells, which are flat-scale like cells that
constitute most of the epidermis.®? SCC accounts for approximately 20% of all the NMSCs.%? The
incidence of SCCs is often not known much as it is not required to be noted by the cancer registries.
A recent study showed that up to approximately 400,000 new cases of SCC were diagnosed among
the white population alone in the US in 2012; the incidence data for other racial/ethnic groups was

limited.%

Treatment options for SCC include surgery, chemotherapy, and radiation therapy. Therapy for
SCC are generally selected based on the characteristics of the patients and their neoplasm, such as
a patient's age, surgical candidacy, lesion size and location, level of differentiation and depth of
invasion.> For low risk tumors, the treatment options include, surgical excision,
electrodessication, and curettage, or cryosurgery.® For high risk tumors, the primary line of
treatment is surgical excision.®* When feasible, the treatment of choice is Mohs micrographic
surgery (MMS), which allows for excision of a lesion and its histological examination, to achieve
complete removal of the cancerous tissue.* The key to the surgical removal of SCC is the ability
to achieve negative surgical margins,®>% i.e., complete removal of cancerous tissue. At first, the

targeted lesion and its surgical margins will be microscopically determined by the surgeon and
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excision will be carried out. The margins that are remaining will undergo excisions until negative
surgical margins are achieved. As the risk level of the tumor increases, the cure rate with surgical
excision goes down as it becomes difficult to achieve negative margins. When surgical margins
are inherently compromised, radiation therapy is critical for the destruction of SCC.%
Chemotherapy is usually used in case advanced or metastatic SCC. However, the investigation on
systemic/topical chemotherapy for SCC is limited. Cisplatin, 5-fluorouracil, bleomycin are some

of the commonly preferred chemotherapeutic agents.%®

Radiation therapy plays an irreplaceable role in current SCC therapy.*® Radiation is used as a
primary/adjuvant therapy in management of high risk tumors and also to treat recurring lesions
after a primary surgical approach.*® External beam radiation therapy, which is currently used for
the treatment of SCC,'® uses high energy X-rays or particles (photons, protons, electrons) to kill
the cancer cells. Radiation kills the cancer cells by either damaging the DNA or producing reactive
oxygen species which in turn damage the DNA of cancer cells.'%* Several newer forms of external
beam radiation therapy are now being used. Three dimensional conformal radiation therapy,
intensity modulated radiation therapy, and stereotactic radiosurgery'®* are some examples.
External beam radiation therapy requires specialized equipment, requires multiple in-patient
sessions and, furthermore, the safety margin around the tumors is high (~1-1.5 cm) causing more
side effects on normal tissue.!® Another approach of radiotherapy used is brachytherapy, an
internal radiation therapy. Radioactive source is place in the form of an implant and held near the
tumor with the help of an applicator.X® This also requires special equipment for application and,
due to the nature of the technique, there is a risk of radiation exposure to medical personnel who

perform the therapy. Sometimes, stiches may be required to hold the applicator in position.
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Radionuclide therapy is another type of radiation therapy. Here, the radiation source will be
radioactive isotope. A radioactive isotope can emit three kinds of radiations, alpha particles (a;
consist of two protons and two neutrons), beta particles (B; is a high energy electron or positron)
and gamma particles (y; electromagnetic radiation)!®®. Among all, a particles have the highest
energy and lower penetration, followed by B and y. Strontium-89, iodine-131, radium-223,

phosphorus-32, are some of the radio isotopes used as radiopharmaceuticals.%®

A radiotherapeutic patch comprised of %®Ho particles coated on the surface of a paper and
laminated with a polyethylene film has been reported and was used to suppress SCC in animals
and in a human trial, albeit with limited numbers of subjects in both studies (n = 3 per group).'%
Although it was mentioned that the particles, which had a wide range of size (1-6 um), were
uniformly affixed on an adhesive tape, the uniformity of '®Ho in the construct was not
quantitated.’%* Moreover, stability of the patch after neutron-activation was not discussed:; it is
possible that the radionuclides on the surface could flake off, and therefore affect the efficacy and
cause safety hazards. To overcome these limitations, we constructed and previously reported'® a
bandage containing ®®*Ho, which can be easily manipulated and applied externally to the skin; it
was suggested that this device could be used for selective radiotherapy of skin tumor lesions.%
As previously reported, the radiotherapeutic bandage used in this study was prepared using
uniform non-radioactive holmium-165 (***Ho)-containing iron garnet (***HolG) nanoparticles and
polyacrylonitrile (PAN) fibers via electrospinning and achieved good stability and uniformity of

185Ho distribution'® (Figure 2).
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Electrospinning is the process of producing nanofibers by applying electric potential to polymeric
solutions.’® An electrical potential will be applied to the polymer solution held at the tip of a
capillary tube by virtue of its surface tension; thus the solution will be charged. Mutual charge
repulsion in the polymer solution induces a force that is directly opposite to the surface tension of

the polymer solution.

PAN
electrospun

bandage with
HolG np

Figure 2: Digital image of 33% (w/w) ®*HolG-containing PAN
bandages and SEM and TEM images (left to right).1%

An increase electric potential (critical value) overcomes the surface tension forces causing the
formation of a jet.1°"1% The charged jet will then elongate and solvent evaporation will take place
causing instabilities and gradually thinning in air. The randomly oriented fibers thus formed from
the charged jet can be collected on a stationary or rotating grounded metallic collector.X%-11 This
technique allows us to embed radionuclide containing nanoparticles directly in the fibers of the
bandages, which is an improvement over previously reported radioactive bandages/ patches/films

based on coatings, as it facilitates uniform distribution throughout the construct'®*. Moreover, the
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thickness of the electrospun bandages can be varied by controlling parameters such as spinning

duration, polymer concentration, applied voltage, temperature and humidity.110:111

The radiotherapeutic bandage was prepared while non-radioactive and made radioactive by
neutron-activating ***Ho to *Ho prior to treatment.'% %Ho, which has a short half-life (26.8 h),
emits both beta (B7) particles and gamma (y) photons. Its high-energy B~ particles (1.84 MeV)'*?are
sufficient to damage DNA in cancer cells just beneath the outermost layer of the epidermis, while
the y photons (6.6% photon yield)'? can be used to easily quantify radiation dose of the bandage
prior to its application. The bandage will be non-radioactive after approximately ten half-lives,
making its storage and disposal easy. Importantly, our previous study showed that the prepared
bandages were stable during and after neutronactivation;'® no changes were observed in the
bandage after neutron-activation upon visual inspection (Figure 3A-E,).1% SEM shows that fiber

diameter determined from there is a slight increase in the diameter after neutron-activation (Figure

4).105
‘_();/ H"’ gu‘f'/e I A ﬁ__))./
’ . b
( CO ,V(.M,[ ) i |+ :10 ! Figure 3: 33% (w/w) HolG-containing
| PAN bandages before (A) and after
neutron-activation for 0.5 h, 1.0 h, 2.0 h
.J and 4.0 h (B-E) in a thermal neutron flux

of approximately 3.5 x 1012 n/cmz-s mal

. : . 105
groups upon visual inspection.
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Since the bandage will be prepared non-radioactive, this helps achieving GMP standards during
manufacture, which is very important for future clinical trials. The neutron-activation can be

performed off-site and then the material can easily be shipped to a clinic with a precise radiation

100 200 300 400 500 600 700
Fiber diameter (nm)

Figure 4: SEM images and fiber diameter distributions of 33% (w/w) HolG-containing
PAN bandages before (e-1) and after neutron activated for (a) (e-2), 0.5 h; (b) (e-3), 1.0
h; (c) (e-4), 2.0 h; (d) (e-5), 4.0 h (using 25 images). No significant changes in fiber

. ... 105
diameter were observed upon neutron activation.

dose. It is important for a formulation, which is intended to deliver radiation to a topical lesion,
that it should emit uniform radiation. We have previously demonstrated that our formulation emits

radiation uniformly throughout (Figure 5).1%

The advantage of this formulation is that the radiation source is embedded into the fiber. Therefore,
the chance of particles leaching out is less. This was previously confirmed by soaking the bandages
in stimulated body fluids for up to 8 h and examining the fluid (SBF) under transmission electron
microscope;1% no free nanoparticles were observed in the SBF. The application of the bandage
during treatment of animals here was as easy as applying a piece of tape onto the skin, which will

minimize the risk of radiation exposure of medical personnel if moved to the clinic.
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In the present study, the efficacy of the radiotherapeutic bandage was tested in an in vivo model of

SCC.

1.01mg Ho—»| 2 || 1.03 mg Ho—| 4

1 [«1.07 mg Ho 3 |«=1.02mg Ho

Figure S: Diagram showing homogeneity of 33% (w/w) “*HolG
containing PAN bandage. Four pieces of bandage were cut from
corners of same bandage and were neutron activated. The amount
of Ho was then calculated from the emitted radiation. As
represented in the figure, the amount of Ho was homogenous

throughout the bandage. 1

Materials and Methods:

Preparation of 1®HolG-PAN bandage:

The ®HolG-containing PAN bandages were synthesized as described previously.*® Briefly,
Stoichiometric mixtures (5:3) of 1 M iron (111) nitrate (5 mL) and 1 M holmium (I11) nitrate (3 mL)
were mixed with ethylene glycol (21 mL) at room temperature with stirring. Then 6 M NaOH (10
mL) was added dropwise to form the ®HolG nanoparticle precipitate. The product was
centrifuged and washed with deionized water, then dried at 100 °C overnight. The ®*HolG was

annealed in air at 900 °C for 3 h.
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Polyacrylonitrile (PAN) (1.0 g) was dispersed in dimethylformamide (DMF) (5 mL), with gentle
heating and stirring. ®*HolG nanoparticles were dispersed in DMF (5 mL) and mixed with the
PAN solution at room temperature to prepare 33 w/w dispersions. The PAN solutions containing
1%HolG nanoparticles were drawn into a 12 mL syringe equipped with a 20-gauge needle and
electrospun on an aluminum foil substrate wrapped around a rotating drum. The condition used

for electrospinning are shown in table 3.

Neutron-activation of ®®*HolG-PAN bandage:

1%HolG-PAN bandages were then cut into small squares (average weight: 10.3 + 0.3 mg and size:

6—7x6—7 mm) and neutron-activated in a 1 MW TRIGA® reactor at the Texas A&M nuclear

Table 3: Electrospinning parameters.%®

185HoIG electrode
) volume of rate voltage )
Sample  PAN(g) nanoparticles separation
DMF (mL)  (mL/h) (kV) )
(9) distance (cm)
33% (w/w)

0.5 10 0.05 14 6

1$5H0IG

science center. Neutron-activation was carried out at a neutron flux of 1.8 x 10 neutrons/cm? -s
for 1.33 h. Radioactivity from the bandages was quantified before application using a 2470

Wizard2 automatic gamma counter (Perkin Elmer, Shelton, CT).
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Cell culture and animals:

Human SCC Colo-16 cells were from the laboratory of Dr. Reuben Lotan (University of Texas
MD Anderson Cancer Center, Houston, TX)!3 and authenticated via short tandem repeat (STR)
DNA fingerprinting using the PowerPlex 16 HS System (Promega, Madison, W1) on March 2014.
The cells were grown in Keratinocyte-SFM medium (Gibco® by Life Technologies, Grand Island,
NY) supplemented with 3% fetal bovine serum and cultured under standard conditions in a
humidified, 37 °C, 5% CO2 atmosphere incubator. Female Hsd:Athymic Nude-Foxnlnu mice (5
to 6 weeks, ~20 g) were obtained from Harlan Laboratories (Indianapolis, IN). All animal

procedures were performed following a protocol approved by the University of North Texas Health

Science Center Institutional Animal Care and Use Committee in accordance with the NIH

Guidelines.

Animal studies

The efficacy of the radiotherapeutic bandages was tested in a xenograft mouse model for SCC.
One million Colo-16 cells were resuspended in a total volume of 100 pL of PBS and Matrigel
(Corning™, Bedford, MA; 1:1) and then injected into the flank of the left hind leg of each mouse.
Matrigel is often used to establish xenograft tumors in mice; however, care must be taken to avoid
gelation during the procedure. Eight days after injection, when the tumors were palpable (average
tumor volume: 35 + 8.6 mm?), the mice were assigned to one of the three following groups (n =
10 per group): group A, no treatment control; group B, non-radioactive bandage treatment control;

and group C, radioactive bandage treatment. The mice in group B and group C were anesthetized
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via isoflurane inhalation for 3 min and either non-radioactive bandage (group B) or radioactive

bandage (group C) was attached onto the tumor using NipEAZE™ tape (Owensboro, KY).

An average radiation dose of 2.5 £ 0.5 mCi per mouse was delivered through the bandages in
group C. The bandages were removed after approximately 1 h and the tumor volume was then
monitored. The tumor size was measured using a Vernier caliper and the tumor volume (V) was

calculated using the following equation:
V= (L xW?)/2

where L is the length (large diameter) and W is the width of the tumor (small diameter), both in
millimeters. Tumor volume ratios (TVRs) were calculated using tumor volume on the day of
measurement divided by tumor volume on the day of treatment (Day 0)!'4. Twelve days after
treatment, two mice from group B and one mouse from group A were sacrificed as their cumulative
tumor scores were high. Fifteen days after treatment, when all mice in the control groups reached
high cumulative tumor scores, all mice were euthanized via CO: inhalation followed by cervical
dislocation. The efficacy of the bandages was determined by comparing the TVRs after treatment

among the groups.

The tumor along with the adjacent skin and muscle and heart, kidneys, lung, liver and spleen were
collected in 10% neutral buffered formalin for histopathologic examination. The tissues were
embedded in paraffin and stained with hematoxylin and eosin, and were then examined for signs

of radiation toxicity.
Statistical analysis:

Statistical analysis was performed using SigmaPlot™ (Version 11.0; Systat Software Inc., San
Jose, CA). All the data were analyzed using two-way repeated measured ANOVA followed by
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Bonferroni t-test for post hoc analysis to compare the difference among groups on each day. It

was determined as a significant difference between values of different groups when p < 0.05.

Results and Discussion:

The incidence of NMSCs is increasing rapidly.®® SCC, a form of NMSC, is being diagnosed
widely, but very little is being done to improve its therapy. Radiation therapy is used as primary
and/or adjuvant therapy for the treatment of SCC. External beam therapy, which is often used,
requires cumbersome equipment and can cause damage to surrounding healthy tissues. We
previously reported a radiotherapeutic bandage that may be useful for the treatment of SCC in
clinic.1%® The bandage consists of %®Ho as a source of radiation, which is both a f~ and y emitter
and has a short half-live. These bandages were shown to be stable and emit uniform radiation
throughout.1% The shape of the radiotherapeutic bandage can be manipulated as per the tumor size

and therefore helps in reducing the healthy tissue damage. The bandages are prepared while non-

radioactive and are made radioactive by neutron-activation.
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Figure 6: A (A) digital image, (B) SEM image and (C) fiber diameter distribution of the
185Ho1G-containing PAN non-radioactive bandage. The approximately 5 cm x 5 cm piece of
bandage was placed on weighing paper and the picture taken on a black background.
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In this study polyacrylonitrile (PAN) (Molecular weight: 150,000 mol/g) solution containing
18Ho1G nanoparticles (33% w/w) were electrospun to produce a flexible bandage (Figure 6 A), as
described previously.1® SEM image of the electrospun fiber mat is shown in Figure 6 B. As shown

in the histogram, the average diameter of nanofibers is 198 + 45 nm (Figure 6 C).

In order to test the efficacy of the bandage (Figure 6 A), an in vivo efficacy study was carried out
in a xenograft mouse model. Female athymic nude mice were injected with one million human
SCC cells (Colo-16) subcutaneously into their left flank. The mice were then divided into three
groups (n =10 per group) and received either no treatment (Group A), or non-radioactive (Group
B) or radioactive bandage treatment (Group C). The B~ particles emitted from **Ho, have a range
of maximum 8.7 mm (average 2.1 mm) in human tissues.'®*'%> Therefore, the energy from the
bandages should be enough to damage the subcutaneous tumor in the mouse model. Each mouse
in Group C received an average dose of 2.5 £ 0.5 mCi for approximately 1 h. According to a
dosimetry estimation by Lee et al.® on a *%Ho skin patch and by Mowlavi et al.'*® on a similar
configuration, exposure to 2.5 mCi ®Ho for 1 h could result in 31 Gy of radiation at 1.5 mm
below the skin and 14 Gy at 2.5 mm, but dramatically reduced to only 1.9 Gy at 4.5 mm depth.
Thus, this dose is therapeutically relevant'®2. The Ho content in the bandages was 20.7 + 4.4%
wi/w, calculated based on the radioactivity of each piece of bandage measured using a gamma
counter, which is similar to that of the previously reported radiotherapeutic bandages. Figure 7

shows the mice with bandage attached to it.
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HolG- containing
PAN bandage attached
using NipEaze ™ tape

:

Figure 7: Mouse with 165HoIG—containing PAN
attached on the tumor 8 days after injecting with
Colo-16 cells.

To evaluate the efficacy of the radiotherapeutic bandage (Group C), TVRs were calculated and
compared among the radioactive treatment group and the other two control groups (Groups A and
B). In Figure 8, the comparison of TVRs among Groups A,BandCon 1, 2,3,5,7,9, 12 and 15
days after treatment is shown. On Day 2, the TVR of Group C (1.0 + 0.4) was significantly lower
than that of Group A (1.9 £ 0.8). From Day 3 up to sacrifice on Day 15, the TVR of Group C was
significantly lower than that of both Groups A and B. The overall tumor growth rate was lower in
Group C compared to Groups A and B as indicated by the increase in TVRs with time (Figure 8).
TVRs were also compared with in the group, no significant increase in tumor volume was observed
in group C. In groups A and B, the TVR was significantly increased from Day 1 to Day 15. Figure
9 shows the tumor burden of the mice on the day they were euthanized. When high cumulative
tumor scores were reached (rapid weight loss, signs of impaired mobility and/or ulcerated tumor),

one mouse (A10) from Group A and two (B9 and B10) from Group B were euthanized on Day 12.

All the mice (A 1-9, B1-8 and C1-10) were sacrificed on Day 15 after treatment, as the mice in

Groups A and B reached high cumulative tumor scores (impaired mobility, weight loss and/or

32



ulcerated tumors). It is obvious that the tumor burden of Groups A and B was higher compared to
that of Group C. On Day 15, three (C1, 2 and 4) out of ten mice in the radioactive bandage
treatment group had complete tumor elimination with another one having a very small tumor (C3);
the other six in the same group had significantly smaller volume compared to the control groups;
the TVR of Group C was only 3.3 £ 4.5, while TVRs of Groups A and B were 26.9 £12.6 and 33.2

+ 14.7, respectively.
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Figure 8: TVR plotted against the number of days after treatment. § Three mice (one
from Group A and two Group B) were euthanized and tumors were harvested due to
high cumulative tumor score 12 days after treatment. *The average of TVR of Group
C was significantly different from Group A (p < 0.05). **The average of TVR of
Group C was significantly different from both Groups A and B (p <0.05).

The non-radioactive bandage (Group B) showed no significant effect on the tumor growth (Figure
8, 9) compared to the no treatment group (Group A) and there were no gross or histologic
abnormalities of the skin due to the non-radioactive bandage (Figure 10). The radioactive bandage
(Group C) showed slight skin damage, which started on Day 5, but the damage was recovering
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without any intervention. At the time of necropsy, there was mild focal epidermal hyperplasia
surrounding a small area of epidermal ulceration (Figure 11). All other tissues in the control group,
non-radioactive bandage group and radioactive bandage group showed no significant lesions

(Figure 10) .Similar skin damage was also observed by Lee et al.1% and Jeong et al., '’ when their

12345678919

Figure 9: Top: Tumor-bearing mice in (A) no treatment, (B) non-radioactive
bandage and (C) radioactive bandage treatment groups 15 days after treatment.
Bottom: Tumors harvested from mice in (A) no treatment, (B) non-radioactive
bandage and (C) radioactive bandage treatment groups 15 days after treatment. §
Three mice (one from group A and two from group B) were euthanized and tumors
were harvested due to high cumulative tumor score 12 days after treatment.
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18610 patch and rhenium-188 (%8Re) paper were used, respectively. Their mice recovered from
skin damage in 7 days.1%41%

PR SR e L DR RN Weasii
Figure 10: Representative histological evaluation of skin surrounding the tumor in
mice from (A) no treatment, (B) nonradioactive bandage and (C) radioactive bandage
groups. Epidermal thickening and increased infiltration of immune cells was observed
when treated with radioactive bandage (C).

No treatment Non-radioactive Radioactive
bandage bandage
Muscle
Liver . .
Figure 11: Representative
histological evaluation of
tissues  from  the
_ treatment, non-radioactive
Kidney . .
bandage and radioactive
bandage groups.
Lung
Spleen
Heart
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Lee and co-workers prepared a 1*®Ho skin patch, which was successfully used to treat chemically
induced SCC in mice, and three SCC patients.!® As stated earlier, our bandage represents a more
stable radiotherapeutic and fully characterized construct® that is suitable for transition to the
clinic. In another aforementioned study, Jeong and co-workers prepared ®Re labelled
nitrocellulose paper and tested its efficacy in a syngeneic mouse model for SCC*’. Rhenium can
produce two radioactive daughters, ®Re and %Re, when neutron-activated, which makes
dosimetry difficult."1!® Though !Re, which is suitable for therapeutic purposes, can be
produced from tungsten-186 (8W), it requires a generator unique for this reaction (*¥W/'®®Re
reactor),'!8 and it is difficult to produce therapeutically relevant radioactivities. Only one non-
radioactive isotope of holmium exists, *°*Ho, so only *°Ho is produced via simple neutron-
activation. Furthermore, while the 188Re paper was prepared using generator-eluted ®8Re, which
might complicate GMP, our bandage is prepared when non-radioactive and then made radioactive

just before therapy.

Conclusions: The efficacy of a “radiotherapeutic bandage” containing **HolG nanoparticles,
when used in therapeutically relevant doses for the treatment of cutaneous SCC was demonstrated
in an in vivo model. The mice treated with the radioactive bandage showed significant reduction
in tumor volume compared to no treatment and non-radioactive bandage group. No significant side
effects were observed except for epidermal ulceration, which started to heal without any
intervention. Current standard of care radiation requires the use of cumbersome equipment,
specialized instrumentation and facilities, whereas the bandages described here could potentially
be applied with nothing more than a lead band to cover it, while the patient sits in an office room.

These bandages can be individually tailored for easy application on tumor lesions of all shapes and
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sizes, and manufactured on a large scale, making them an especially attractive material. The
radiotherapeutic bandage is an innovative approach to reduce the tumor burden aggressively in the

clinic.
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Chapter 3

Targeted chemotherapy for non-small cell lung cancer using antibody-coated

gold nanoparticles

Abstract
Introduction:

Lung cancer is the leading cause of cancer-related death in the United States among both men and
women, accounting for about 27% of all cancer related deaths. Approximately 85 to 90% of all
lung cancers are non-small cell lung cancer (NSCLC). NSCLC is extremely difficult to treat and
the five-year survival rate is less than 20%. Treatment options for NSCLC include a combination
of surgery, radiotherapy and/or chemotherapy. Pt drugs are the first line of choice for treatment of
NSCLC. Pt(IV) complexes are prodrugs of Pt(I1) compounds which were shown to have anti-
cancer activity and fewer side effects than Pt(lIl) compounds. Here, we developed a gold
nanoparticle (AuNP) formulation, conjugated with Pt(IVV) complex and a monoclonal antibody
(mAb) against CD22 (an adhesion molecule shown to be widely expressed on NSCLC cells) as a

targeted therapy for NSCLC.
Methods:

PEGylated AuNP conjugated with Pt(IV) complex and a mAb against CD22 were synthesized
according to previously described procedure and characterized. The amount of Pt attached to

AUNP-PEG-Pt and AuNP-PEG-Pt-mAb was measured using inductively coupled plasma mass
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spectrometry (ICP-MS). Flow cytometry was used to measure the CD22 expression on various
NSCLC and normal cell lines and to estimate the mAb conjugation efficiency. The uptake of the

nanoparticles was then measured in various CD22 positive and negative cell lines.

Results:

The particle size of AUNP-PEG-NH2, AUNP-PEG-Pt and AuNP-PEG-Pt-mAb were all ~166-216
nm. AuNP-PEG-Pt and AuNP-PEG-Pt-mAb had 0.5% w/w Pt/Au and 0.75% w/w Pt/Au as
measured by ICP-MS. The efficiency of mAb conjugation was 35.4% (truly positive % of
alexaflour-488 positive nanoparticles) based on flow cytometry. The expression of CD22 was
higher in the normal cell line WI-38, followed by H596, A549 and then BEAS-2B. The uptake of

the nanoparticles however did not follow the status of CD22 expression.
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Introduction:

Lung cancer is one of the foremost causes of death in the United States.*'® About 27% of all cancer
related deaths are due to lung cancer.*'® According to the American Cancer Society, it is estimated
that nearly 220,000 new lung cancer cases will be diagnosed in the USA in 2016.'° There are two
major types of lung cancers 1) small cell lung cancer (SCLC) and 2) non-small cell lung cancer
(NSCLC) depending on the cellular morphology. About 85-90% of lung cancers are classified to
be NSCLC!%!20, Unfortunately, NSCLC is mostly diagnosed in later stages and is extremely
difficult to treat. The five-year survival rate in less than 20%.'%° Current treatment strategies are
strongly dependent on the type of malignancy and stage at the time of diagnosis but often involve
a combination of surgery, chemotherapy, and/or radiation therapy. As most patients are being
diagnosed at later stages when tumor is spread all through the lung, it is difficult to combat NSCLC

with surgery. Hence, chemo and/or radiotherapy are most sought after strategies.

Chemotherapy for NSCLC:

The standard first line of therapy for NSCLC is with platinum (Pt) based drugs like cisplatin,
carboplatin, and oxaliplatin.}?® Depending on the stage of diagnosis and metastasis, a combination
of Pt drugs and taxens (paclitaxel, or docletaxel) and gemcitabine are also used.'?* Several
combinations of therapies to improve NSCLC treatment are currently under clinical trials.'?? A
combination of nab-paclitaxel and carboplatin for elderly patients having stage IV NSCLC is
currently under phase IV clinical trial.1?® Another phase Il clinical trial investigating the
combination of Atezolizumab with paclitaxel and carboplatin with or without bevacizumab is

currently under progress.'?*
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Cisplatin was the first drug in the class of Pt compounds approved by FDA for treatment of
cancer.!® It is currently used for the treatment of several different types of cancers like NSCLC,
bladder, head and neck cancers.? Cisplatin is a Pt(I1) compound (where the oxidation state of Pt
is +2). It acts by forming DNA adducts once it enters the cell and thereby causing cellular
apoptosis.'?’12° Several other Pt(Il) compounds were developed after cisplatin (example:

carboplatin and oxaliplatin). Figure 12 shows the structures of some Pt(I1) anti-cancer agents.*?’
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Figure 12: Examples of Pt(I1) anti-cancer agents.*?’

Though cisplatin and other derivatives are still being used for cancer therapy, they cause certain
severe dose related side effects like neurotoxicity and nephrotoxicity.'® Several other Pt
derivatives were explored thereafter to overcome the limitations of Pt(I11) compounds.*?”3! In this
quest, scientists developed another class of Pt compounds which contained a Pt(IV) central
molecule.3? Pt(1V) complexes are the pro drugs of Pt(11) anti-cancer agents. Pt(1V) complexes will
be biologically reduced into their Pt(ll) pro drugs in vivo by ascorbic acid (AsA) or glutathione
(GSH).1*31%5 Studies showed that AsA reduced Pt(IV) drugs like iproplatin into a Pt(I1)
complex.®** However, reduction by GSH was not clearly demonstrated. It was shown that when
reduced by GSH, a Pt(IVV) complex was not necessarily being reduced into its prodrug form and

thus, their capacity to form intrastrand crosslinks with DNA is under inquiry.*36-138
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Pt(1V) complexes have several advantages over their Pt(Il) precursor, like enhanced stability in
vivo, kinetic inertness by resisting premature aquation, and reduced side effects.’*® Tetraplatin

satraplatin and iproplatin are the examples of Pt(1V) complexes that have entered clinical trials. 4
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Figure 13: Examples of Pt(IV) anti-cancer agents.#

Prodrugs of cisplatin like oxoplatin, c,t,c-[PtCi2(OH)(O2CCH2CH2CO2H)(NH3)2] (which is a
carboxylic derivative Oxoplatin) and trans, cis, cis-
bis(heptanoato)amine(cyclohexylamine)dichloridoplatinum(IV) are some examples of the Pt(1V)
complexes were shown to have anti-cancer activity.}43-*45 Pt(IV) prodrugs are also suitable for
delivery through nanocarrier. Dhar et al. used PSMA-specific aptamer targeted PEG
functionalized PLGA nanoparticles to deliver a Pt(1V) complex
( c,t,c [Pt(NH3)2(02CCH2CH2CH2CH2CHs)2Cl,]) for prostate cancer therapy.*® They conjugated
the same complex on polyvalent oligonucleotide AuNP and demonstrated the cytotoxicity of the
formulation in A549 cells in vitro.**” Shi et al. used the same Pt(IV) complex to attach on to
cyclodextrin capped AuNP and demonstrated their cytotoxicity in neuroblastoma cells.*®

Therefore in this study we used c,t,c-[PtCi2(OH)(O2CCH2CH2CO2H)(NH3)2], which has been
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shown to exhibit potent anti-cancer activity as a chemotherapeutic agent in our targeted

chemotherapeutic formulation for NSCLC.

Nanomedicine for NSCLC Therapy:

Dose related toxicities of Pt compounds like nephrotoxicity, neurotoxicity, myelosuppression is a
major limitation in achieving better response in patients as it is inhibiting the delivery of a higher
dose. ¥ Another common problem in treating NSCLC patients with platinum compounds is drug
resistance. Using nanocarrier based drug delivery systems can help minimize the toxic side effects,
improve drug efficacy and avoid the development of drug resistance to certain extent. The
nanocarrier systems may be composed of polymeric, lipid, or inorganic materials. To these
systems, the drug of interest and a targeting moiety are attached usually via chemical modifications
and/or conjugations to the surface of the formulation.’®! Several groups of researchers have
developed various nanoparticles formulations and demonstrated their successful use in reducing

the tumor burden both in vitro and in vivo.

Koshkina et al. developed a lipid aerosol formulation composed of dilauroylphosphatidylcholine
(DLPC) lipids to deliver paclitaxel.® It was shown to prolong survival rate by 25% in a murine
metastatis lung cancer model. Poly (lactic acid-co-glycolic acid) (PLGA) nanoparticles with
cetuximab as a targeting agent were used to deliver paclitaxel showed significantly higher
reduction of tumor volume in an in vivo lung cancer model.®™®! Lipoplatin is a liposomal
formulation for cisplatin, is under clinical investigation for treatment of NSCLC.*2 Drug-polymer

conjugates are also being investigated in clinical trials for NSCLC. The drug of interest is usually
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conjugated to a bio compatible polymer like PEG or N-(2-Hydroxypropyl) methacrylamide
(HPMA). For example, HPMA conjugated doxorubicin showed promising results for patients with
NSCLC in phase Il clinical trials.™®® Inorganic nanoparticles are also shown to be useful in
treatment of NSCLC. Munaweera et al. developed a chemoradiotherapeutic formulation using iron
garnet nanoparticles, where cisplatin is used as a radiosensitizer and '*®Ho as a source of
radiation.?>* They successfully demonstrated the efficacy of the formulation in an in vivo NSCLC
model. Supramagnetic iron nanoparticles for magnetic hyperthermia treatment, reduced the tumor

burden in vivo.1%®

Gold nanoparticles are excellent candidates for both drug delivery and imaging. Due to their large
surface area to volume ratio, Au nanoparticles can be easily functionalized with various functional
groups, which makes it an ideal candidate for conjugation of biomolecules like antibodies,
peptides, and DNA.3® AuNPs are being used as contrast agents in imaging by attaching various
antibodies to target cancer cells.'>® AuNP conjugated with antibodies, were used to detect proteins
in saline, serum, and whole blood using near infrared spectroscopy*®"'%8. Au nanoparticles can
also be useful as theronostic.*®® Au nanoparticles conjugated with dithiolated diethylenetriamine
pentaacetic acid (DTDTPA) increased radiosensitivity of prostate tumors and also enhanced the
CT-image contrast simultaneously.'*® Antibody conjugated AuNP have been shown to be effective
in reducing the tumor burden in several cancers. In the present study, we used PEGylated AuNP

as nanocarrier platform to selectively deliver Pt(1V) anti-cancer agent to NSCLC tumor sites.
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Targeted therapy for NSCLC

NSCLC has no single molecular pathology making it difficult to develop standard targeted
therapy.'6%161 Most of the currently available targeted therapies for NSCLC are targeting the
mutations in epidermal growth factor receptor (EGFR).1%2163 EGFR and its downstream pathways
are so far best studied in NSCLC which helped develop some of the currently available targeted
therapies.'631%* Gefitinib and erlotinib are the tyrosine kinase inhibitors of EGFR used for targeted
therapy of NSCLC.6%1% Bevacizumab is another targeted therapy used in advanced NSCLC.%
It targets the vascular endothelial growth factor (VEGF), and stops the growth of new blood
vessels.'®” Crizotinib is an oral small molecule which targets the anaplastic lymphoma kinase
(ALK) gene mutations.'®® A major limitation to these targeted therapies is patients developing
resistance to the therapy'®. These are also available only to certain patients that exhibit these

mutations. For example, only 7-8% of NSCLC patients have ALK gene mutations.!”

Cluster Differentiation-22 (CD22) is a cell adhesion protein known to influence B-cell survival*’.
Tuscano et al.}’? showed that CD22 is broadly expressed in human lung cancer cells; it was
reported that a murine anti-human CD22 mAb HB22.7, had significant preclinical efficacy against
CD22-positive human lung cancer cells and tumor xenografts.!’? However, in another study
reported contradicting findings to Tuscano et al.}”® Therefore, in this study, we verified the
expression of CD22 on lung cancer cells and its feasibility to be used as a targeting agent to deliver

platinum drugs for NSCLC.
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The goal of this project is to develop a targeted chemo therapeutic AuNP formulation with an anti
CD22 mADb as a targeting agent to deliver cisplatin prodrug (Pt IV complex) to improve therapeutic
outcomes for patients with NSCLC, who are typically treated with cisplatin and other platinum

drugs.

Materials and Methods:
Synthesis of -COOH and —OH capped gold nanoparticles (AuNP):

Chloroauric acid (HAuCls+3H20), 11-mercapto-1-undecanol, 16- mercaptohexadecanoic acid, and

sodium borohydride were purchased from Sigma Aldrich (St.Louis, MO).

The Au nanoparticles, functionalized with  11-mercapto-1-undecanol and 16-
mercaptohexadecanoic acid, were synthesized using a method reported by Di Pasqua et al.1™
Briefly, To a solution containing HAuCl4*3H20 (386.6 mg) in water (5.65 mL) was added 188 mL
of an ethanol solution containing 2.54 mmol 11-mercapto-1- undecanol and 0.28 mmol 16-
mercaptohexadecanoic acid. After cooling down the solution for 0°C, freshly prepared solution of
NaBHj; (358.5 mg) in water (18.8 mL) was added drop wise and stirred vigorously for 3 h. The
resulting AuNP with pendant -COOH and —OH groups were washed twice with 80% ethanol
followed by centrifugation and decantation and the material was finally washed with 100 mL of
ethanol containing ~50 puL of 1 M HCI solution. The final material was dried in vacuo overnight.
The dried nanoparticles were then suspended in water (1 mg/mL) and sonicated on water bath
(Branson ultrasonic bath, Branson ultra-sonics, Danbury, CT) at room temperature (RT) for 1 h
and the particle size and zeta potential was measured using Delsa™ Nano Submicron Particle Size

and Zeta Potential (Beckman coulter Inc., Fullerton CA). For Transmission Electron Microscopy
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(TEM), the AuNP were dispersed in water and sonicated using probe (Qsonica, Newtown, CT) for

1 h before imaging using TEM (Zeiss EM 910 Transmission Electron Microscope).

Synthesis of oxoplatin and its carboxyl derivative c.t,c-

[PtCl2(OH)(02CCH2CH2CO2H)(NHs)2] (Pt(1V) complex):

Oxoplatin was synthesized in a manner similar as previously reported by Shi et al.}*® Briefly, A
suspension of cisplatin, (0.4 g, 1.33 mmol; Sigma Aldrich, St. Louis, MO) in H20 (12 mL) was
stirred at RT for 3 h and hydrogen peroxide (30 wt.%, 20 mL; Sigma Aldrich, St. Louis, MO) was
added dropwise to the suspension at 60 °C. After 4 h stirring at 60 °C, the bright yellow solution
was cooled at room temperature overnight to afford yellow crystals. The crystals were collected

by vacuum filtration and washed with ice cold water.

The synthesis of the Pt(IVV) complex was then carried out in a manner previous described (ref).
Succinic anhydride (0.06 g, 0.6 mmol) was added to a suspension of oxoplatin (0.2 g, 0.6 mmol)
in DMSO (16 mL) and the mixture stirred overnight at RT to afford a bright yellow solution. The
volume of the solution was reduced in vacuo to ~ 0.5 mL, followed by an addition of ~ 10 mL of
ice cold acetone to cause the precipitation of a pale yellow solid, which was collected via filtration,
washed with acetone and dried in vacuo. *H NMR (300 MHz, DMSO-d6), § (ppm) = 5.92 m, 6H

(NH3); 2.39 m, 4H (CHy>). Figure 14 shows the schematic of the synthesis.
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Figure 14: Schematic of the synthesis of oxoplatin and its carboxyl derivative.

Synthesis of PEGylated AUNP (AuNP-PEG-NH2):

AUNP-PEG-NH: was synthesized in procedure similar to AuNP with slight modifications. The
stabilizing agents, 11-mercapto-1-undecanol and 16- mercaptohexadecanoic acid were replaced
with thiol-PEG-amine (HS-PEG-NH2; MW: 3400 KD; Creative PEGworks, Chapel Hill, NC).
Briefly, to an aqueous solution of HAuCl4+3H20 (57.3 mg in 0.806 mL H>O), was added a
solution of HS-PEG-NH: in ethanol (195.52 mg in 27.935 mL) slowly and stirred vigorously. To
this, freshly prepared solution of NABH,4 in water (26.5 mg in 1.38 mL) was added slowly and
stirred for 1 h at RT. The resulting nanoparticles were collected by centrifuging the solution at
100,000 x g in an ultracentrifuge (Beckman coulter, Fullerton, CA) for 10 h at 4 °C. The AuNP-
PEG-NH: were then washed with 80% ethanol twice by centrifuging as above. The AUNP-PEG-
NH2 were then suspended in 3 mL PBS. For particle size and zeta potential measurement, the

nanoparticles were diluted 300 x times with PBS.

48



Attachment of Pt(1VV) complex to AUNP-PEG-NH::

To the synthesized AuNP-PEG-NH,, Pt(IV) complex was attached via 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC; Thermo Fisher Scientific, Waltham,
MA) / N-hydroxysuccinimide (NHS; Sigma Aldrich, St. Louis, MO) coupling. To the suspension
of AUNP-PEG-NH:2 in PBS (2 mL), were added solutions of EDC (~3 mg in114.5 uL of PBS) and
NHS (~3 mg in114.5 pL of PBS). To this solution of Pt(I\V) complex (3 mg in 771 (~3 mg in114.5
uL of PBS) was added while stirring at RT. Stirring was continued for 1 h at RT. The resulting
AUNP-PEG-Pt were then collected and washed twice with PBS by centrifuging the solution at
100,000 x g in an ultracentrifuge for 10 h at 4 °C. The nanoparticles were then suspended in ImL
PBS. For particle size and zeta potential measurement, the nanoparticles were diluted 150 x times

with PBS.

Attachment of monoclonal antibody against (mAb) CD22 to AuUNP-PEG-Pt:

To the synthesized AuUNP-PEG-Pt, mAb (HB22.7; kindly gifted by Dr. Tuscano, UC Davis) was
attached via EDC/NHS coupling. To the suspension of AUNP-PEG-Pt in PBS (0.5 mL), was added
of EDC (~1.5mg in 0.174 pL) and NHS (~1.5mg in 0.174 pL) were added. To this, mAb (1.5 mg
in 0.652 pL) was added while stirring. The solution was then stirred for 1 h at RT. The resulting
AUNP-PEG-Pt-mAb were then collected by centrifuging the solution at 100,000 x g in an
ultracentrifuge for 10 h at 4 °C and washed twice with PBS by centrifuging the solution at 100,000
X g in an ultracentrifuge for 10 h at 4 °C. The nanoparticles were then suspended in ImL PBS. For

particle size and zeta potential measurement, the nanoparticles were further diluted with PBS.

49



Pt and Au content determination using ICP-MS: To prepare samples for ICP-MS analysis, 10
uL of AUNP-PEG-NH2, AUNP-PEG-Pt and AuNP-PEG-mAD were dried and 200 uL of aquaregia
was added. After evaporating aquaregia at 70 °C, 200 uL of 70 % HNOs was added and heated
over night at 70 °C. The acid was then evaporated and the dry film was resuspended in 200 uL of
aquaregia. All the samples were then diluted with 2% nitric acid (final concentration of nitric acid
was ~2%) and analyzed using inductively coupled plasma mass spectrometry (ICP-MS; NexION
300D ICP-MS, Perkin Elmer, CT) for measuring the Pt and Au content. For the standard curve, a
stock solution of 1000 ppm gold (1000 pg/mL Gold in 2% HCI - ISO Guide 34 Certified Reference
Material, High purity standards, Charleston, SC) and 1000 ppm Platinum (1000 pg/mL Platinum
in 5% HCI - ISO Guide 34 Certified Reference Material, High purity standards, Charleston, SC)
was used and further diluted to various concentrations with 2% nitric acid spiked with internal
standards. A total of 10 points were used for the construction of the calibration curve and R2 ~
0.999. Bismuth (ICP-MS internal standard-1 High Purity standards, Charleston, SC) at a
concentration of 20 ppb was used as internal standard. Isotopes of elements with minimal

interferences were chosen for ICP-MS analysis.

Cell Culture:

All the cell lines were purchased from ATCC (Manassas, VA). Cells were grown in a humidified,
37 °C, 5% CO2 (standard conditions) atmosphere incubator. The culture medium used for the WI-
38 cells was minimum essential medium (MEM) containing 100 pg/mL streptomycin, 10% fetal
bovine serum (FBS), 2.0 mM I-glutamine and 100 1U/mL penicillin. The culture medium used for

the BEAS-2B cells was bronchial epithelial basal medium (BEBM) with 10% FBS and
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supplements. The culture medium used for H596, A549, Jurkat and Ramos cells was Roswell Park
Memorial Institute (RPMI) medium containing 100 pg/mL streptomycin, 100 IU/mL penicillin,

10% FBS and 2.0 mM I-glutamine.

Flow cytometry:

To assess the expression of CD22 on various NSCLC (A549 and H596) normal cell lines (BEAS-
2B and WI-38), flow cytometry was used. Ramos and Jurkat cell lines were used as positive and
negative controls. Cells were grown in t-25 culture flasks in their respective medium. At about
80% confluency, adherent cells were detached from surface using EDTA (1 mM; Thermo Fischer
Scientific, Waltham, MA). Cell pellets were then washed twice with PBS by centrifuging at 1000
x g at 4°C. Cells were then incubated in primary antibody against CD22 (HB22.7; 25 pg/mL) for
30 min at 4°C followed by 3 washes with ice-cold PBS. Cells were incubated with Alexaflour-488
conjugated donkey anti-mouse IgG secondary antibody, Alexa flour 488 (Thermo Fisher
Scientific, Waltham, MA) for 30 min at 4°C followed by two washes with ice cold PBS. For each
cell line, a corresponding negative control was used, which was processed same as above, but was
not incubated with the primary antibody. These were used to normalize the false positive data for
each cell line. The samples were then analyzed using a BD LSR Il Flow Cytometer System. A

minimum of 10,000 events were analyzed per sample.

Antibody conjugation efficiency:

To quantify the antibody conjugation efficiency on AUNP-PEG-Pt-mAb flow cytometry was used.
AUNP-PEG-NH; and AuNP-PEG-Pt-mAb were processes same as detailed above along with
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corresponding negative controls. All the samples were then analyzed using a BD LSR 1l Flow

Cytometer System. A minimum of 10,000 events were analyzed per sample.

Uptake study:

The uptake of AUNP-PEG-NH,, AuUNP-PEG-Pt and AuNP-PEG-Pt-mAb in A549, H596, BEAS-
2B, WI38, Jurkat and Ramos cell lines was carried out. Cells were grown in 6 well plates (300,000
cells / well) in their respective medium. Twenty-four hours after seeding the cells, the cells
received either AUNP-PEG-NH>, AUNP-PEG-Pt or AUNP-PEG-Pt-mAb. Each well received 10ug
of Au. 5 h after treatment, cell pellets were collected and protein analysis (Pierce BCA protein
assay kit) was performed. Content of Au and Pt up taken by cells was then measured using ICP-

MS and the Au uptake reported was normalized with protein content.

Statistical Analysis:

One-way ANOVA followed by Bonferroni t-test for posthoc analysis was used for analyzing Au
uptake, student’s t-test (unpaired t-test) was used to compare the Pt uptake among different

treatments. A p value of < 0.05 was considered as statistically significant.

Results and discussion:

In this project, our aim is to develop a novel targeted chemotherapeutic formulation for the
treatment of NSCLC. We chose AuNP as our nanocarrier platform because of the unique properties
like Plasmon resonance, tunable surface chemistry®>1™ to name some. As they can be used for
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both drug delivery and an imaging agent,®® there is a larger scope for developing it into a
theranostic in the future. At first, AUNP capped with —.COOH and —OH groups were prepared
following a method previously described by Di Pasqua, et al.1’* The ~COOH groups can be used
for antibody and drug conjugation via EDC/NHS coupling while the —OH groups act as spacers.
The size of AuNP thus prepared was measured using dynamic light scattering (DLS), after
suspending in water and sonicating in a water bath for 1 h at room temperature. The size of AuNP
was 95.2 nm with a zeta potential of -39.3 (Table 4). Transmission electron microscopy (TEM)
showed that the size of the gold core was 10.8 + 2 nm. Figure 15 shows the TEM image of AuNP

dispersed in water after 1 h probe sonication on ice.

Table 4. Size, PDI and zeta potential of AuNP.

Sample Size (nm) PDI Zeta potential (mV)

AuUNP 95.2 0.3 -39.3

Figure 15: TEM image of AuNP in
water. Au core size was 10.8 = 2 nm.

For a formulation aimed for in vivo application, it is important that it is stable and has uniform

dispersion characteristics in buffers and relevant biological fluids. Therefore, we tested the particle

53



size of AuNP in PBS and culture medium. Aggregation of AuNP was observed when added to
PBS and culture medium. When dispersed in PBS, the relatively high ionic strength of the buffer,
which can alter the dispersion properties of the nanoparticles can cause aggregation of the
nanoparticles.’®1"7 Surface interactions between AuNP and the salts present in PBS and culture
media with fetal bovine serum (FBS) and growth factors can also cause nanoparticle
aggregation.'’” Table 5 shows the particle size of nanoparticles in PBS, and various culture

mediums.

Table 5: Particle size of -COOH and —OH capped AuNP
in PBS and various culture mediums.

Solvent Size (nm) PDI

| PBS | 779.4 | 0.2 |
RPMI 749.3 0.2
BEBM 901.2 0.2

In order to improve the dispersion of AuNP in PBS and other biologically relevant solvents, the
nanoparticles were modified by replacing 16-mercaptohexadecanoic acid (source of -COOH
functional group on AuNP) and 11-mercapto-1-undecanol (source of —OH functional group on
AuUNP) groups with poly ethylene glycol (PEG), a process usually termed as PEGylation. Here
we used a thiol-PEG-amine (HS-PEG-NHy). It has been shown that PEGylation of nanoparticles
increase the circulation time of nanoparticles in vivo by reducing their uptake by the
reticuloendothelial system.'”® The dispersion of nanoparticles in buffer and serum increases due to
the hydrophilic ethylene glycol repeats formed by PEGylation. PEGylation further increases the
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steric hindrance between the nanoparticles due to the long PEG chains on the surface of the

nanoparticles and thereby reduces the nanoparticle aggregation.’’® The PEGylated gold

nanoparticles (AuNP-PEG-NH,) were synthesized using HS-PEG-NH> (MW 3400 KD) by

reduction of HAuCls with NaBH4 and further analyzed for particle size and zeta potential by

Table 6: Characterization data of AUNP-PEG-NH2 AuNP-PEG-Pt and AuNP -

PEG-Pt-mAD.
Sample Size (nm) Zeta potential (mV) PDI
AuNP-PEG-NH; 174.3 -10.62 0.181
AuNP-PEG-Pt 172.6 15.34 0.220
AuNP-PEG-Pt-mAb 165.5 -16.66 0.232
. B & o

50 nm ;

Figure 16: TEM images of A) AuNP-PEG-NH>, B) AuNP-PEG-Pt, C) AuNP-PEG-Pt-mAb.
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dispersing in PBS followed by 0.5 h bath sonication at RT. The particle size of AUNP-PEG-NH>

was 174.3 nm (Table 6), with a 4.3 + 1.3 nm gold core when measured from TEM (Figure 16A),

and the zeta potential was -10 mV in PBS. Thus, PEGylation reduced the aggregation of

nanoparticles in PBS.
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The synthesized AUNP-PEG-NH>, has free pendant -NH> groups. This can be used to conjugate
drug molecules, and targeting agents like antibodies, proteins and DNA on the nanoparticles. Here,
we used a cisplatin prodrug, a Pt(I\VV) complex (c,t,c [PtCi2(OH)(0.CCH2CH2CO2H)(NHj3).) as the
therapeutic agent to be attached on the AUNP-PEG-NH>. The Pt(IVV) complex, which is a carboxyl
derivative of oxoplatin was shown to be a potential anti-cancer agent.1*® Dhar et al. successfully
conjugated this Pt(IV) complex on to polyvalent oligonucleotide capped gold nanoparticles via

EDC/NHS coupling.**” The Pt(1V) complex was synthesized as previously described by Shi et
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Figure 17: NMR spectra of the Pt(IV) complex.

al.1® and characterized using NMR spectroscopy. 1H NMR (300 MHz, DMSO-d6), § (ppm) =

5.92 m, 6H (NHz); 2.39 m, 4H (CHy>). Figure 17 shows the NMR spectra of the Pt(IVV) complex.

The Pt(1V) complex was then attached to AUNP-PEG-NH; via EDC/ NHS coupling. Particle size
and zeta potential of AUNP-PEG-Pt were measured. Addition of Pt(1\VV) complex did not change

the particle size of the nanoparticles significantly, (172.6 nm diameter and 6.3 + 2.4 nm gold core,
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Table 6 and Figure 16B, respectively), but the zeta potential shifted to +15 mV. Pt and gold (Au)
content was measured using inductively coupled plasma mass spectrometry (ICP-MS) Pt content

was 0.5% w/w Pt/Au.

The AuNP-PEG-Pt were further modified by adding human anti-CD22 mAb as a targeting moiety
(AUNP-PEG-Pt-mAb). CD22 is an adhesion molecule expressed on the surface of mature B
cells.™ In 2012, Tuscano et al. reported that CD22 is widely expressed on various lung cancer cell
lines and demonstrated the efficacy of mAb against CD22 in reducing the tumor volume in an in
vivo model for NSCLC.'"? Later in 2014, Pop et al. reported contradicting findings in regards to
the expression of CD22 on lung cancer cells'’. In their study, no measurable expression of CD22
was observed on the surface of lung cancer cells. In the event of these contradicting findings, we
measured the expression of CD22 on NSCLC and normal cell lines using flow cytometry. Figure
18 shows the bar graph comparing the mean fluorescence intensity (MFI) among various cell lines.
Ramos and Jurkat cell lines were used as positive and negative controls for CD22 expression. The
expression of CD22 was higher in Ramos and lowest in Jurkat. This confirms that the mAb
(HB22.7) used is specific for CD22. Among the various NSCLC and normal cell lines tested for
CD22 expression, WI-38 a normal lung fibroblast cell line showed highest expression of CD22.
While A549 and H596, both NSCLC cell lines showed similar level of expression but the
expression is lower compared to WI-38. The total percentage of Alexa flour-488 positive cells

were calculated for each cell line and represented in Table 7.
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Our results therefore corroborate with the findings of Tuscano et al.,'’”> as we can observe

measurable levels of CD22 on NSCLC cell lines. However, the expression of CD22 is also

observed in the normal lung fibroblasts (Figure 18, Table 4). It was reported that a ®*Cu-DOTA-
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Figure 18: Expression of CD22 on various lung cancer and normal cell lines determined
using flow cytometry. Mean fluorescence intensity was measured for each cell line and
normalized with it negative control of the respective cell line.

Table 7: Percent of Alexaflour-488
positive cells in each cell line.

Sample Total % Alex.488 + cells

A549 48.4
H596 35
WI-38 535
BEAS-2B 8
Jurkat 0.23
Ramos 95.62
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HB22.7 antibody when injected in vivo, and monitored through anti-CD22 i-PET methodology, a
selective accumulation of the antibody was observed in the lung cancer tumor xenograft.1”2 Since
antibody targeting was reported to work in vivo, we attached mAb onto AuNP-PEG-Pt via
EDC/NHS coupling and tested it’s the uptake of AuNP-PEG-Pt-mAb in cell lines expressing

different levels of CD22 (uptake results discussed later).

The hydrodynamic diameter of the nanoparticles did not change significantly (165.5 nm, with a
4.3 + 1.9 nm gold core; Table 2 and Figure 16C) upon the addition of mAb, but the zeta potential
shifted to -16 mV. The Pt content was 0.4% w/w Pt/Au. Figure 2C shows the TEM image of
AUNP-PEG- Pt-mADb. The dispersion of all three formulations, AUNP-PEG-NH,, AuNP-PEG-Pt
and AuNP-PEG-Pt-mAb in PBS is improved compared to AuNP due to PEGylation. We then
reproduced our preparation; the second preparation yielded nanoparticles with similar sizes and Pt
content. The size of AUNP-PEG-NH2, AuNP-PEG-Pt and AuNP-PEG-Pt-mAb were 189.3 nm,
193.1 nm and 216.2 nm, respectively. The Pt content measured by ICP-MS showed 0.8% w/w
Pt/Au (0.36 % w Pt/w nanoparticles) in AUNP-PEG-Pt, and 0.71% w/w Pt/Au (0.45 % w Pt/w
nanoparticles) in AuNP-Pt-mAb. The antibody conjugation efficiency was determined for this
preparation using flow cytometry. The antibody conjugation was found to be 35.4% (truly positive
% of alexaflour-488 positive nanoparticles) based on flow cytometry. Figure 19 shows the peak

shift data from flow cytometry confirming the attachment of antibody on the nanoparticle.

The uptake of AUNP-PEG-NH2, AuNP-PEG-Pt and AuNP-PEG-Pt-mAb were studied in all the

cell lines tested for CD-22 (A549, H596, WI138, BEAS-2B, Ramos (positive control) and Jurkat
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Alexaflour-488 positive
35.8%

)

Figure 19: Image showing the peak shift in fluorescence intensity for AUNP-
Pt-mADb (red line) compared to AUNP-PEG-NH> (green line). (The gates were
drawn manually for the purpose of easy understanding after normalizing with
the negative control. The original image with gates drawn using Flow Jo
software is provided in the appendix).

T

(negative control). The uptake of Au and Pt was measured using ICP-MS after treating the cells
for 5 h with their respective treatments. For cell lines A549, H596, BEAS-2B and WI-38, the first
preparations of AUNP-PEG-NH2, AuNP-PEG-Pt and AuNP-PEG-Pt-mAb were used. For the
positive and negative controls for CD22 (Ramos and Jurkat), the second preparations of AuNP-
PEG-NH, AuNP-PEG-Pt and AuNP-PEG-Pt-mAb were used. All the cells were seeded in a six
well plate and treated with 10 ug of Au per well for five hours. Cells were collected after treatment,
lysed and the Au and Pt contents analyzed using ICP-MS. Figure 20 shows the comparison of the
uptake of Au and Pt among all the cell lines. The uptake of Au in cells treated with AUNP-PEG-
Pt is similar to that of cells treated with AUNP-PEG-Pt-mAb in most cell lines. This increased
uptake of AUNP-PEG-Pt may be due to its surface charge. Higher levels of Au were detected in
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WI-38 cells treated with AUNP-PEG-Pt-mAb than those treated with any of its precursors. Higher
Pt levels were observed in WI-38, Ramos (+ CD-22 control) and Jurkat (- CD-22 control) when
treated with AUNP-PEG-Pt-mAb, compared to AUNP-PEG-Pt. Thus, in our formulation, increased

Pt uptake does not correlate with CD-22 status.
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Figure 20: Uptake of AuNP-PEG-NH2, AuNP-PEG-Pt and AuNP-PEG-Pt-
mAb by different cell lines. Top panel shows the Au uptake while the bottom
panel shows Pt uptake. Au and Pt contents were measured using ICP-MS and
normalized with protein content of the cell lines. * p <0.05 for AUNP-PEG-Pt
vs AUNP-PEG-Pt-mAD.
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Conclusions:

In this project we have successfully demonstrated the synthesis and characterization of a
biologically compatible polymer (PEG) coated AuNP containing Pt(IV) complex and a mAb
against CD22 were successfully prepared and characterized. The reproducibility of the formulation
was demonstrated. Expression of CD22 on NSCLC and normal cell lines was determined and the
results corroborate with the finds of Tuscano et al. However, uptake of the formulation AuNP-

PEG-Pt-mADb does not correlate well with CD22 status.

62



Chapter 4

Tetracycline-Containing MCM-41 Mesoporous Silica Nanoparticles for the

Treatment of Escherichia Coli

Abstract

Introduction:

Tetracycline (TC) is a well-known broad spectrum antibiotic, which is effective against many
Gram positive and Gram negative bacteria. However, its use has been limited due to the resistance
developed by bacteria toward TC. There are several mechanisms through which TC resistance can
be mediated. Removal of TC from the cytoplasm through efflux pumps, enzymatic degradation of
TC, ribosomal mutations leading inactivation of TC function are some of them. Using nanoparticle
formulations was shown to help overcome the resistance problem effectively. Mesoporous silica
nanomaterials (MSNs) are widely studied for drug delivery applications; Mobile crystalline
material 41 (MCM-41), a type of MSN, has a mesoporous structure with pores forming channels
in a hexagonal fashion. Here, we prepared MCM-41 TC formulations and tested their efficacy in

E. coli.
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Methods:

TC containing MSNs of two sizes were prepared and characterized. In vitro drug release was
studied. The efficacy of the nanoparticles was tested in E. coli at two different concentrations (0.5

ug/mL and 1pug/mL TC). Further uptake of the nanoparticles by E. coli was studied using TEM.
Results:

TC containing MSCM-41 nanoparticles of sizes 41 + 4 and 406 + 55 nm were prepared. TC content
in the TC-MCM-41 nanoparticles was 18.7% and 17.7% wi/w, respectively. Release of TC from
TC-MCM-41 nanoparticles was then measured in phosphate-buffered saline (PBS) and LB broth
medium, pH 7.2, at 37 °C over a period of 5 h. Most antibiotic was released from both over this
observation period; however, the majority of TC was released over the first hour. Efficacy of the
TC-MCM-41 nanoparticles was then shown to be superior to free TC against Escherichia coli (E.
coli) in culture over a 24 h period, while blank nanoparticles had no effect. The nanoparticles were

taken up by E. coli within 1 h of treatment.
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Introduction:

Since their discovery in the 1920s, antibiotic agents are the first choice of drugs to combat any
infectious diseases. Penicillin, the first known antibiotic'’ is followed by discovery of several
other antibiotics later on. Tetracycline (TC) is a broad spectrum antibiotic which has been used for
more than 60 years, and is on the World Health Organization’s list of most important medications
needed in the basic health system.'® TC is effective against various Gram positive and Gram
negative bacteria. TC was the most widely used antibiotic in the United States during 1950s and
1960s.18" Doxycycline, minocycline, chlortetracycline, oxytetracycline are some examples of

other antibiotics in the class of tetracyclines.

TC acts by preventing the association of aminoacyl- tRNA with the bacterial ribosome and thereby
inhibiting the protein synthesis.® To obstruct the protein synthesis, TC has to cross the cellular
membrane to bind to the ribosome.!8 TC enters the cell membrane through the porin channels in

gram negative bacteria; while in gram positive bacteria, entry of TC is energy dependent.'8

OH N(CHy),
: 1

Figure 21: Structure of tetracycline.'®?

Antibiotic resistance poses a serious limitation to the use of TC. According to the statistics reported
by center for disease control (CDC), nearly 2 million Americans are being infected by antibiotic
resistant bacteria every year and nearly 23,000 people die each year because of these infections.®®
Evolution of multi-drug resistant bacteria is making it even harder to fight the problem. Resistance
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can be innate or acquired. Innate resistance is specific for particular bacteria while acquired
resistance can be through several mechanisms like acquisition of mutant genes, reduced cellular
uptake of the antibiotics, defective binding of the antibiotic to the target, or combination of all 1
For example, in case of TC, altering the porin proteins can affect the intake of TC and is one of
reasons of TC resistance in gram negative bacteria.!82183187 The other mechanisms include genes
which produce enzymes that promote inactivation of TC.8 A prominent mechanism of TC
resistance is by pumping the drug out through efflux pumps. There are nearly 28 efflux pumps
identified so far in gram negative and gram positive bacteria.!® Tet A is the most frequently
noticed efflux pump variant in gram negative bacteria. TC is usually exchanged for a H* gradient
or ATP efflux pump systems.8® However, the effect of efflux pumps is different on different
classes of TC. It was reported that the minimum inhibitory concentration (MIC) of TC in a TetA
expressing bacteria was higher for TC while the MIC was significantly lower for doxycycline,
micocycline and other generations of TC.'®2 On a whole, combating antibiotic resistance has

evolved as a serious life threatening challenge.

Developing new and novel antibiotic agents is one of the strategies to fight resistant bacteria.
Omadacycline is one such new class of TC antibiotic currently being investigated in clinical trials
is shown to be effective against several drug resistant pathogens.**® In addition to developing new
antibiotic agents, it is also important to have effective delivery systems. Having an efficient
delivery system can help overcome certain obstacles in acquired antibiotic resistance like the efflux
pumps, enzymatic degradation of the antibiotic, and specific targeting.**>'°2 Nanoparticle drug
delivery systems can be a promising solution in overcoming the bacterial resistance. Using

nanoparticle delivery systems will help in delivering larger dose of antibiotic to the infected site.
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Nanoparticles can also be used for targeted delivery of antibiotics to the infected site either by
ligand based targeting or passive targeting.!®® With passive targeting, the nanoparticles can
undergo extravasation to the sights of inflammation and cross the cellular membranes of the
bacteria.!®* The surface properties of the nanoparticles can be changed in order to make them more

biocompatible, thereby avoiding phagocytosis by the immune cells.*%>%

Several different types of nanocarriers have been explored for the delivery of antibiotics. For
example, liposomes encapsulated with ampicillin was reported to increase the bioavailability of
the antibiotic.®” A better anti-biofilm activity against Staphylococcus epidermidis was observed
when liposomal rifampicin was used.'®® Levofloxacin- and ciprofloxacin-loaded inhalable PLGA
nanoparticles were shown to have high activity against Escherichia coli in biofilm cells and
biofilm-derived planktonic cells by Cheow et al.**® Metal nanoparticles act as potent antibacterial
agents. Silver nanoparticles show enhanced antibacterial activity compared to their ionic form.
They act by damaging the bacterial cell membrane.®* Zinc oxide nanoparticles were also shown
to act against drug-resistant strains like Campylobacter jejuni and Streptococcus agalactiae.?®
Titanium oxide nanoparticles and magnesium oxide nanoparticles, gold and silver nanoparticles
were also reported to have antibacterial activity.?®® VVancomycin when loaded on AuNP had
significant enhancement in its antibacterial activity compared to the free drug.2’ Recently, Zhao et

al. prepared bimetallic nanoparticles (Au-Pt) and demonstrated their antibacterial activity against

E. coli, P. aeruginosa and K. pneumoniae and S. choleraesius.*
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TC, which was once used widely for its applications, is nearly not being used today because of the
drug resistance developed in bacteria towards it. Using a nanoparticle delivery system could be a
promising strategy to deliver TC is an efficient way to kill bacteria. TC nanoparticles were shown
to be useful in treating periodontal infections when loaded into calcium sulfate bone cement
beads.?%? PLGA nanoparticles loaded with TC and simvastatin were shown to be effective at
targeting bone for the treatment of osteoporosis.?®® TC nanoparticles synthesized using high-
energy ultrasonic waves showed bactericidal activity against TC-sensitive and TC-resistant
bacteria. Controlled release TC formulations that allow for appropriate concentrations of TC to be
maintained over long periods of time were also reported. TC and lovastatin controlled release

PLGA nanoparticle formulation was shown to enhance periodontal regeneration.?%

MSNs are widely studied for drug delivery applications due to their unique properties like the
mesoporous structure, chemical stability, tunable size and surface chemistry.?® Having a
mesoporous structure, enables larger surface area which helps is more drug loading on MSNs and
its release. MSNs are being studied as drug delivery systems for various disease conditions. Meng
et al. used MSNs loaded with doxorubicin (DOX), an anti-cancer agent and tested its efficacy in
an in vivo model.?%® The MSN-Dox formulation reduced the tumor burden and side effects better
than the free drug. MSNs functionalized with n-[(3-trimethoxysilyl) propyl] ethylendiamine and
capped with a cationic polymer of g-poly-L-lysine (ePLL) were used to deliver Vancomycin to
gram-negative bacteria, showed an extended spectrum of activity against E. coli, Salmonella
typhimurium and Erwinia carotovora.?’” Lysozyme-coated MSN had been shown to reduce the

minimum inhibitory concentration to 5 times compare to free lysozyme.2%®
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Mobile Crystalline Material-41 (MCM-41), a type of MSN, was first reported by Beck et al.?® in
1992, is the most widely investigated mesoporous material for biomedical applications. MCM-41
has a mesoporous structure with pores forming channels in a hexagonal fashion. Its tunable
intrinsic properties like pore size, particle size and large surface area make it an ideal host for
various molecules.?!® Therapeutic formulations of various compounds like anti-inflammatory
agents (i.e., naproxen),?!! antibiotics (i.e., vancomycin)?? and anticancer agents (i.e.,
carboplatin)?*® have been developed using MCM-41 formulations and MCM-41 contributes to
controlled drug release.?!4?%> A MCM-41 was previously shown to be effective in adsorbing TC
from aqueous solutions to avoid environmental pollution.?*® TC-loaded 100 nm MCM-41 spheres
(12.7% w/w TC loading) were previously prepared and release of TC studied.?!” Hashemikia et
al.?!8 reported adsorption and controlled release of TC in SBA-15 type MSNs (42.3% w/w TC

loading).

To explore the use of MCM-41 mesoporous silica nanoparticles as a delivery system for TC, we
prepared two different sized TC-containing MCM-41 type MSNs (41 £ 4 nm and 406 £ 55 nm)
and investigated their in vitro release profiles in a biological relevant buffer. We then tested their

efficacy against Escherichia coli (E. coli) in culture.

Materials and methods:

Tetraethoxysilane (TEOS), hexadecyltrimethylammonium bromide (CTAB), sodium hydroxide

and TC were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anhydrous ethanol was
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obtained from Pharmco-AAPER (Belmont, NC, USA). Phosphate buffered saline (0.0067 M; pH

7.0-7.2) was purchased from HyClone laboratories (Logan, UT, USA).

Synthesis of TC-containing MCM-41 nanoparticles (TC-MCM-41 MSNs):

MCM-41A MSNs were prepared following previously published procedures with slight
modifications.!'??1321% NaOH (7 mL, 0.04 M) was added to H20 (480 mL) and the solution was
heated to 60 °C. Then, CTAB (2.0 g) was added, followed by TEOS (11.3 mL, 50.6 mmol), while
stirring. The mixture was stirred for another 10 min at 60 C, before filtered using aspiration and
the precipitate washed three times with Milli-Q water (20 mL) followed by two additional rinses
with absolute ethanol (20 mL). Later, a portion of the moist product (1.0 g) was added to absolute
ethanol (150 mL) followed by concentrated HCI (0.5 mL) while stirring at r.t. for 2 h. The resulting
white precipitate was vacuum filtered and washed with Milli-Q water (50 mL) followed by ethanol
(50 mL) and dried in vacuo to yield MCM-41A. MCM-41B was prepared as previously

described.™? Figure 22 shows a demonstration of the synthesis of MCM-41 MSNs. 22

Then, MCM-41A or MCM-41B (20 mg) were added to a 1 mL solution containing TC (10 mg/mL,
20.8 mM) in Milli-Q water. The suspension was stirred vigorously for 24 h at r.t. and then
centrifuged at 1300 x g for 20 min. The resulting pellet was washed three times with H20 and
dried in vacuo for 24 h. The supernatants from each step were collected and UV-vis spectra
obtained. The dried MSNs were imaged using (TEM; Zeiss EM 910 transmission electron

microscope; Zeiss, Jena, Germany).
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Figure 22: Schematic representation of MCM-41 nanoparticle synthesis and structure.??°

UV-Vis spectroscopy:

For estimating the drug adsorption by the nanoparticles, UV-vis spectroscopy (Cary 60 UV-vis
spectrophotometer; Agilent Technologies, Santa Clara, CA, USA) was used. A 10 mg/mL solution
of TC in Milli-Q water was prepared and the UV-vis absorption spectra measured at 0 and 24 h.
Supernatants from all washes during the preparation of TC-containing MCM-41 nanoparticles
were collected and UV-vis spectra recorded. The spectra of TC at 24 h was compared with that of
the supernatants to calculate the drug adsorbed on the nanoparticles after 24 h. Percent drug

incorporated was determined from the following formula:
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Drug incorporated (mg)
Drug Incorporated (%) = Drug — containing MSNs x 100

In vitro release studies:

All release studies were carried out in PBS, pH (7-7.2), at 37 °C. TC- MCM-41A or TC-MCM-
41B was weighed and suspensions of 1 mg/mL in PBS were prepared. The suspensions were then
stirred vigorously at 37 °C, and release measured at 0, 0.5, 1, 3 and 5 h from the different
suspensions. Samples were removed at their respective time points and centrifuged at 1000 g for
10 min at r.t. Supernatant was collected and the UV-vis spectra obtained. The amount of drug (mg)
released was calculated by comparing the absorbance at 275 nm to the absorbance of a 10 mg/mL
solution of TC in PBS. Percent drug released was calculated from both TC-MCM-41A and TC-

MCM-41B using the following formula:

] 1 o) — Drug released (mg) % 100
rig refease 197 = | brug loaded on MSNs (at t = 0, mg)

The release profile of TC-MCM-41 A was also studied in culture broth. Samples were prepared
and drug release was measured by UV-Vis spectroscopy following the same procedure as above
in a manner similar to above by replacing PBS with Lennox L broth (LB broth; Research Products
International Corp. Mt Prospect, IL, USA). The obtained data was fit to an exponential regression

using Microsoft Excel Solver.

Antibacterial activity of TC-MCM-41A and TC-MCM-41B against E. coli:

The antibacterial activity of prepared TC-MCM-41A and TC-MCM-41B was further tested using

E. coli, which was cultured in round-bottom culture tubes at 37 °C in a shaker at 250 rpm, with a
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tube volume to culture volume ratio of 1.75:1. Lennox L broth (LB broth; Research Products

International Corp. Mt Prospect, IL, USA) was used as growth medium.

The antibacterial activity was tested at two different concentrations of TC (1) 0.5 ug/mL and (2)
1.0 pg/mL. E. coli was pre-cultured in 4 mL medium at conditions mentioned above. From this
800 uL of E. coli was taken and inoculated into 250 mL of culture medium. This was further split
into different culture tubes and received one of the following treatments. Group 1: (a) blank (no
treatment); (b) 0.5 ug/mL TC alone; (¢) MCM-41A; (d) MCM-41B; (e) TC-MCM-41A (0.5 ug/mL
TC); and (f) TC-MCM-41B (0.5 ug/mL TC). Group 2: (a) blank (no treatment); (b) 1.0 ug/mL TC
alone; (c) MCM-41A; (d) MCM-41B; (e) TC-MCM-41A (1.0 pg/mL TC) and (f) TC-MCM-41B
(2.0 ug/mL TC) and (g) 10 ug/mL TC (positive control). In each group, the concentration of free
TC was the same as the concentration of TC in MCM-41A and MCM-41B, and concentrations of
MCM-41A and MCM-41B corresponded to concentrations of TC-MCM-41A and TC-MCM-41B,

respectively.

The growth of E. coli in all treatment groups was then monitored in terms of change in turbidity
at0,1,2,3,4,5, 12, 24, 30, 36, 48, 60 and 72 h by measuring UV-Vis spectra. Absorbance at 600
nm was used to compare the growth inhibition among various treatments [33]. %Survival was

calculated using the following equation:

Survival (%) = Absorbance of treatment group (600 nm) % 100
HIVIVAEAY0) = | Absorbance of no treatment group (600 nm)
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Uptake of TC-MCM-41A nanoparticles by E. Coli:

The uptake of TC-MCM-41A nanoparticles by E. Coli was demonstrated using TEM. For this
study, 2.5 mL of E. coli stock was taken ad inoculated in 40 mL of culture medium. This was
further split into four (1-4) culture tubes and incubated in a shaker at 37 °C in a shaker at 250 rpm
for 4 h. The four tubes received either no treatment or 1ug/mL TC (TC-MCM-41A) for 0, 0.5 and
1 h. After their respective time points, the tubes were removed from shaker, and cell pellet was
collected by centrifuging at 1000 x g at 4°C. The pellet was then resuspended in PBS and spotted

on a Formvar-coated copper grid for TEM imaging.

Results and discussion:

The goal of this project is to formulate a nanocarrier delivery system for TC a very well-known
antibiotic. The use of TC has been limited in recent times due to the resistance acquired by
bacteria.’82221 Bacterial resistance against antibiotics has emerged as an alarming problem
worldwide. Using a delivery system that can help enhance the efficacy of antibiotics TC can be
promising in this scenario. Several studies were published showing the use of a nanocarrier for
antibiotic drug delivery to improve the drug efficacy.!9-193200222 Here we used MSNs as a
delivery vehicle for TC. MCM-41 nanoparticles of two sizes (MCM-41A and MCM-41B) were
synthesized following published procedures. TC was loaded by exposing 20 mg of either MCM-
41A or MCM-41B to a solution containing 10 mg/mL of TC hydrochloride in Milli-Q water. and
the mixture was stirred vigorously for 24 h at room temperature. The TC-loaded nanoparticles
(TC-MCM-41A and TC-MCM-41B) were characterized using transmission electron microscopy.

Particle size was measured from TEM images using ImageJ software (1.47, National Institute of
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Health, Bethesda, MD, USA). TC-CM-41A had a particle size of 41 £ 4 nm (Figure 23A) and TC-
MCM-41B has a particle size of 406 + 55 nm (Figure 23B). UV-Vis spectra of TC in Milli-Q water
(10 mg/mL; control) were collected at 0 and 24 h (Figure 24). A slight downward shift in the TC
spectrum was observed after 24 h, most likely due to the instability of TC in aqueous solution.

'A B

600 nm

Figure 23: TEM images of tetracycline-containing MCM-41 nanoparticles. (A) MCM-41A
(41 =4 nm) and (B) MCM-41B (406 £ 55 nm).
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Figure 24: UV-vis spectra of tetracycline at 0 and 24 h. A slight downward
shift in the spectra was observed at 24 h.
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After loading the MSNs with TC, the supernatants from all washes were collected and the UV-
vis spectra obtained (Figure 25). Percent loading of TC was calculated by comparing the
absorption at A =275 nm of the supernatants to that of the 24 h TC control. The weight percent of
TC in TC-MCM-41A and TC-MCM-41B formulations were 18.7% and 17.7% w/w, respectively.
Thus, drug loading is similar to that achieved by Lin et al. (12.7% w/w TC) using 100 nm MCM-
41 MSNs.?% When impregnated with lanthanum (La), MCM-41 was shown to adsorb TC more
efficiently from aqueous samples in environmental studies; TC loading increased from
approximately 3% to 20%.2'” When using SBA-15 to load drug, TC content was 42.3% wi/w.?!8

Variations in loading are most likely due to differences in physicochemical properties of the

1.8 1 —TCatt=24h
1.6
1.4 A
1.2 A1

1 -
0.8 -
0.6 1
0.4 A
0.2 A1

0 1 I
200 250 300 350 400 450
Wavelength (nm)

—TC not adsorbed on
MCM-41 A

TC not adsorbed on
MCM-41 B

Absorbance

Figure 25: Adsorption of tetracycline (TC) by MCM-41A and MCM-
41B. UV-vis spectra of TC control at 24 h and TC not adsorbed by
MCM-41A (Green) and MCM-41B (Yellow). Percent drug adsorption
was measured by comparing absorbance at 275 nm.

materials; however, how these differences affect biocompatibility of the nanoparticle need be

considered.
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The in vitro release of TC in phosphate buffered saline (PBS; pH 7-7.2) at 37 °C was then
measured using UV-vis spectroscopy. Release was determined at 0, 0.5, 1, 3 and 5 h for both TC-
MCM-41A and TC-MCM-41B (Figure 26). A burst release was observed in both formulations at
t = 0 and most drug was released by the end of the 5 h observation period (86% and 94% for TC-

MCM-41A and TC-MCM-41B, respectively), although most TC was released over the first hour.
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Figure 26: In vitro release of tetracycline from (A) TC-MCM-41A and (B) TC-MCM-41B,
determined using UV-Vis spectroscopy. Most drug was released by 1 h. All studies were carried

out in PBS, pH 7-7.2, at 37 °C.
The drug release from our formulations in PBS is faster, compared to the formulation by Lin et al.
in simulated biological fluid (SBF; pH 7.4) at 37 °C; after five days 41.9% TC was released by the
100 nm MCM-41 in SBF.2% It is known that differences in pore size can affect drug release from
MSNSs, and this could be a contributing factor here.??* Drug release rate can also be controlled by
functionalization of MSNs. For example, release of vancomycin from CdS capped MCM-41 type
MSNSs was shown to be extended for up to 3 days.?*? A controlled release of captopril using MCM-

41 showed enhanced release profile upon silylation.??> Amine functionalized SBA-15 type MSNs
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release of TC was shown to be extended up to 48 h.2*8 Thus, drug release could potentially be

extended from our materials by surface functionalization.

Further, the release profile of TC- MCM-41A is studied in LB broth medium (Figure 27) to see if

the burst release pattern in solvent dependent. The release of TC in LB broth is similar to that PBS.
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Figure 27: In vitro release of TC from (A) TC-MCM-41A determined using UV-vis spectroscopy in LB
broth medium. Most drug was released by 1h.

Antibacterial activity against E. coli:

The antibacterial activity of prepared TC-MCM-41A and TC-MCM-41B was tested against E.
coli, and compared with that of free TC and blank MCM-41A and MCM-41B, Figure 27. Two
groups with different TC concentrations, 0.5 g/mL (Group 1, Figure 28A) and 1.0 g/mL (Group 2,
Figure 28B), were investigated. In each group, the concentration of free TC was the same as the
concentration of TC in TC-MCM-41A and TC-MCM-41B, and concentrations of MCM-41A and
MCM-41B corresponded to concentrations of TC-MCM-41A and TC-MCM-41B, respectively.
As illustrated in Figure 28, MCM-41A and MCM-41B did not show any effect on E. coli growth

in either group. Within 4 h after treatment, free TC and TC-MCM-41A and TC-MCM-41B showed
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similar inhibition of E. coli growth. However, after 4 h and up to 18 h for Group 1 and up to 24 h
for Group 2, TC-MCM-41A and TC-MCM-41B both exhibited greater inhibition on bacteria
growth than free TC. Percent survival of E. coli treated with 10 g/mL free TC decreased to 3% in
4 h and did not increase with time (data not shown). After 24 h, the E. coli with no treatment
stopped growing as nutrients were exhausted. Slow release of TC could preserve the efficacy of
TC, as not all antibiotic is in the medium at t = 0. The concentrations of TC used, 0.5 pg/mL and
1pg/mL are below the minimum inhibitory concentrations of TC in E. coli (2-4 png/mL). Both the
formulations, at the concentration of 1pug/mL TC, inhibited bacterial growth more efficiently than
the free drug. Though most of the drug is being released in the LB broth with in the first 1 h (Figure
26), the d1 _’s activity lasted up to 24 h (Figure 27B). This can be because the nanoparticles are
immediately taken up by E. coli and TC is preserved from degradation because of being loaded on

to MSNSs.

In order to test the uptake of MSNs by E. coli, TEM imaging was done after treating the bacteria
(E. coli) with TC-MCM41-A (1pg/mL) for up to 1 h. After 1 h treatment, the nanoparticles have
crossed the cell wall and entered the bacteria (Figure 29). As most of the drug is released within 1
h in LB broth, this uptake of nanoparticles by E. coli within 1 h of treatment can be the reason for
the enhanced antimicrobial activity of TC containing MSNs compared to free TC (Figure 29B). It

is possible that once inside the cell, TC is being protected by MSNs from being sent out by the
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Figure 28: Survival (%) of E. coli treated by TC, MCM-41A, and TC-MCM-
41B, determined using UV-vis spectroscopy. (A) TC concentration: 0.5 pg/mL
and (B) TC concentration: 1.0 ug/mL. In each group, the concentration of free
TC was the same as the concentration of TC in TC-MCM-41A and TC-MCM-
41B, and concentrations of MCM-41A and MCM-41B corresponded to
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efflux pumps, which is usually the case with free TC. However, further studies are required to

understand the actual mechanism of action of TC containing MSNs in improving TC efficacy.

A

400 nm 400 nm

Figure 29: Uptake of TC from TC-MCM-41A by E. coli determined using TEM. A) 0 h after
treatment B) 1 h after treatment with TC-MCM41-A (1pg/mL). Arrows indicate TC-MCM41-A
nanoparticles.

Conclusions:

MCM-41 nanoparticles loaded with TC (TC-MCM-41A and TC-MCM-41B) were prepared in two
different sizes (41 + 4 nm and 406 + 55 nm, respectively); drug adsorption measured using UV-
Vvis spectroscopy was 18.6% and 17.7% w/w TC, respectively. In vitro release studies were
performed in PBS, pH 7.2, at 37 °C and the efficacies of TC-MCM-41A and TC-MCM-41B were
shown to be superior to free TC in vivo, while blank nanoparticles had no effect. Further the uptake

of TC-MCM-41A MSNs by E. coli was demonstrated.
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CHAPTER 5
SUMMARY AND FUTURE PESPECTIVES

Inorganic nanomaterials exhibit various unique properties like tunable size and surface chemistry,
plasmonic surface resonance, and ease of functionality. Research is currently being conducted
around the globe to determine ways to efficiently use inorganic nanoparticles for therapy and
diagnosis. The main objective of this project was to explore the use of various inorganic materials
in biomedical sciences. We first studied the efficacy of '*®HolG loaded electrospun PAN
nanofibrous mats (radiotherapeutic bandages) in an in vivo model of squamous cell carcinoma of
skin. The radiotherapeutic bandage significantly reduced the tumor volume in mice compared to
the non-radioactive bandage and no treatment. The dose used (~30 Gy) was less than that clinically
used in humans. Histopathological evaluations showed slight epidermal thickening and ulceration
but no damage to other surrounding organs was observed. This proof-of-concept study showed
that the radiotherapeutic bandage is effective in significantly reducing tumor volume in just one
dose. In the future, the efficacy of the bandage in complete eradication of the tumor can be tested
using a higher dose or by using multiple doses at regular intervals. Furthermore, the formulation
can be improved by incorporating radiosensitizers, which can reduce the radiation dose needed to
treat the tumors. Then, investigational new drug (IND) studies can be conducted, which are
required for the device to enter clinical trials. In the future, other formulations using *®Ho as the

radioactive nuclide will be formulated for use in cancer radionuclide therapy.
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In the second study, gold nanoparticles (AuNP) were used to develop a targeted platinum (Pt) drug
delivery formulation for the treatment of non-small cell lung cancer. We demonstrated the
preparation of PEGylated gold nanoparticles and the attachment of a Pt(I\VV) complex and an
antibody. PEGylation not only improves the dispersion of nanoparticles, but also makes it more
biocompatible by extending drug bioavailability. The CD22 status on lung cancer and normal lung
cell lines was also demonstrated. Although the uptake of AUNP-PEG-Pt-mAb did not correlate
well with CD22 expression in the cell lines tested, replacing the targeting agent with a different
moiety (e.g., HER2 targeting for breast cancer) may be appropriate. However, increasing the

Pt(1V) content of the nanoparticle should also be investigated.

In the third study, mesoporous silica nanoparticles (MSNs) were used for the delivery of
tetracycline (TC). MCM-41 type MSNs were used in this study. The mesoporous structure of these
nanoparticles increases surface area and, thus, enhances drug loading, and MSNs have tunable
surface chemistry. Here, two different sizes of MCM-41 MSNs were synthesized and loaded with
TC (~18 % w/w TC loading). The TC-MCM-41 nanoparticles of both sizes showed s similar trend
in inhibiting the E. coli growth compared to free TC and blank MSNs. The nanoparticles were
shown to be up taken by the bacterial cell within 1 h of the treatment. The trend observed in
reduction of bacterial survival can be further studied. This formulation can be further improved by
making it a controlled release TC formulation, through surface functionalization and by altering
parameters such as pore size. Furthermore, we wish to test TC-MCM-41 MSN against TC-
sensitive and -resistant pairs of bacteria to determine if this phenomenon is due to reduced efflux
of TC. This can help us determine if using MSNs can help overcome the resistance developed due
to efflux pumps in bacteria. In the future, more antibiotic formulations can be synthesized using

the MC41-MSNs and be tested for efficacy in bacterial strains.
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Overall, the promise of various inorganic nanomaterials in healthcare is great. All formulations
studied in this work have the potential to emerge as powerful tools for therapy of various

challenging diseases. Further study of these may lead to improved patient outcomes.
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APPENDIX
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Figure Al: Image showing the peak shift in fluorescence intensity for AUNP-Pt-mAb (red
line) compared to AuNP-PEG-NH; (green line). The gates were drawn using Flow Jo
software.
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Figure A2: Image showing the peak shift in fluorescence intensity in Ramos (CD22 +; right

panel) and no peak shift observed in Jurkat (CD22 - ; left panel). This indicates the mAb used is
specific for CD22.
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Figure A3: Image showing the peak shift in fluorescence intensity in A549 cells. Two
morphologically different subsets of cells were observed in A549 when analyzing using flow. A)
peak shift in subset 1 B)peak shift in subset 2. Green line is the negative control of the respective
cell line, where the cells are treated with only secondary antibody.
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Figure A4: Image showing the peak shift in fluorescence intensity in A549 cells. Inorder to
confirm if having two subsets of cells is due to cross contamination of cells, A549 cells from a
different batch were also analyzed using flow. Similar distinction of cells was observed. A )peak
shift in subset 1 B)peak shift in subset 2. Green line is the negative control of the respective cell
line, where the cells are treated with only secondary antibody.
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Figure A5: Image showing the peak shift in fluorescence intensity in A)H596 B)BEAS-2B and
C) WI-38 cells. Green line is the negative control of the respective cell line, where the cells are

treated with only secondary antibody.
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