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ABSTRACT

DEVELOPMENT OF AN APROTININ-BASED NOVEL
NANO-BIOCONJUGATE UTILIZING MICROFLUIDICS
VIA 3D CANCER SPHEROID MODELS

Faiga Nazir
M.S. in Materials Science & Nanotechnology
Advisor: Amirhoushang Bahrami
Co-Advisor: Gurkan Yesiloz
August 2024

Proteins are promising substances for introducing new drug carriers with efficient
blood circulation due to low possibilities of clearance by macrophages. However,
such natural biopolymers have highly sophisticated molecular structures, prevent-
ing them from being assembled into nano-platforms with manipulable payload
release profiles. Here, we announce a novel anti-cancer nano-drug carrier moon-
lighting protein, Aprotinin, to be used as a newly identified carrier for cytotoxic
drugs. The Aprotinin-Dox orubicin (Apr-Dox) nano-bioconjugate was prepared
via a single-step microfluidics co-flow mixing technique; a feasible and simple way
to synthesize a carrier-based drug design with a double-barreled approach that
can release and actuate two therapeutic agents simultaneously i.e., Apr-Dox in

1:11 ratio (aprotinin an anti-metastatic carrier drug and chemotherapeutic drug
DOX).

With a significant stimuli-sensitive (i.e. pH) drug release ability, this nano-

bioconjugate achieves superior bio-performances including high cellular uptake,
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efficient tumor penetration and accumulation into acidic tumor microenviron-
ment, as well as inhibiting further tumor growth by halting the urokinase plas-
minogen activator (uPA) involved in metastasis and tumor progression. Dis-
tinctly, in healthy human umbilical vein endothelial (HUVEC) cells, drastically
lower cellular uptake of nano-bioconjugate has been observed and validated com-
pared to anticancer agent Dox. Our findings demonstrate an enhanced cellular
internalization of nano-bioconjugates towards breast cancer, prostate cancer, and
lung cancer both in vitro and in physiologically relevant biological 3D-spheroid
models. Consequently, the designed nano-bioconjugate shows a high potential
for targeted drug delivery via natural and biocompatible moonlighting protein,
thus opening a new avenue for proving aprotinin in cancer therapy both as an
anti-metastatic and drug-carrying agent.

Keywords: Nanobioconjugates, carrier-protein, aprotinin, doxorubicin, drug de-
livery, microfluidics, cancer therapy.



OZET

3D KANSER SFEROID MODELLERI ARACLgYLA
MIKROAKsKANLAR KULLANLARAK APROTININ
TABANL YENI BIR NANO-BIYOKONJUGATN
GELISTIRILMESI

Faiqa Nazir
Malzeme Bilimi ve Nanoteknoloji, Yiiksek Lisans
Tez Danigmani: Amirhoushang Bahrami
Tkinci Tez Danigmani: Gurkan Yesiloz
Agustos 2024

Proteinler, makrofajlar tarafindan temizlenme olasiliklarinin diigiik olmasi ne-
deniyle, etkili kan dolagimina sahip yeni ilag tagiyicilarinin tanitilmasi i¢in umut
verici maddelerdir. Bununla birlikte, bu tiir dogal biyopolimerler son derece
karmagik molekiiler yapilara sahiptir ve bunlarin manipiile edilebilir yiik birakma
profillerine sahip nano platformlarda bir araya getirilmesini engeller. Burada,
sitotoksik ilaglar i¢in yeni tanimlanan bir tasiyicit olarak kullanilacak yeni bir
kanser kargit1 nano ilag tagiyici ek ig proteini Aprotinin’i duyuruyoruz. Aprotinin-
Dox orubisin (Apr-Dox) nano-biyokonjugati, tek adimli bir mikroakigkan ortak
akigh karigtirma teknigi yoluyla hazirlandi; iki terapotik ajani ayni anda serbest
birakabilen ve harekete gecirebilen ¢ift namlulu bir yaklagimla tasiyici bazli bir
ila¢ tasarimini sentezlemenin uygulanabilir ve basit bir yolu, yani 1:11 oraninda
Apr-Dox (aprotinin bir anti-metastatik tagiyici ilag ve kemoterapotik ilag DOX)

).

Onemli bir uyarana duyarh (yani pH) ila¢ salma kabiliyetine sahip olan bu

v
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nano-biyokonjugat, yiiksek hiicresel alim, verimli tiimor penetrasyonu ve asidik
tiimor mikro ortaminda birikim dahil olmak iizere iistiin biyo-performanslara
ulagir ve ayrica urokinaz plazminojeni durdurarak daha fazla tiimor bliytimesini
engeller. aktivator (uPA) metastaz ve tiimor ilerlemesinde rol oynar. Belir-
gin bir gekilde, saglikli insan gébek damar1 endotelyal (HUVEC) hiicrelerinde,
antikanser ajani Dox’a kiyasla nano-biyokonjugatin hiicresel aliminin onemli
Olclide daha diigiik oldugu gozlemlenmis ve dogrulanmistir. Bulgularimiz, nano-
biyokonjugatlarin meme kanseri, prostat kanseri ve akciger kanserine karsgi hem
in vitro hem de fizyolojik olarak ilgili biyolojik 3D-sfero modellerinde geligmis
bir hiicresel igsellestirmesini gostermektedir. Sonug olarak, tasarlanan nano-
biyokonjugat, dogal ve biyouyumlu ay 15181 proteini yoluyla hedefe yonelik ilag
dagitimi icin yiiksek bir potansiyel gosterir, boylece aprotinin’in hem anti-
metastatik hem de ilac tasiyici bir ajan olarak kanser tedavisinde kanitlanmasi
icin yeni bir yol agar.

Anahtar sozcikler: Nanobiyokonjugatlar, tasiyici protein, aprotinin, doksoru-
bisin, ila¢ dagitimi, mikroakigkanlar, kanser tedavisi.
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Chapter 1

Introduction

In the current scenario of cancerous research, 3D cell culture models outshine
conventional 2D monolayer cells by closely biomimicking the in vivo microenvi-
ronment; including crucial features like gradient constituents, cell- matrix, and
cell-cell interactions [1], [2], thus making them more physiologically relevant yet
convenient in vitro models in the regime of pre-clinical drug testing. These ad-
vancements have also sparked growing interest in 3D cell culture system as notice-
able tool across various biological disciplines, particularly in cancer research and
comprehensive drug screening. While designing 3D culture models, both adher-
ent and non-adherent substrates have been underlined, for instance, via scaffold-
based methods in which cells can interact with a substrate or via non-adherent
scaffold-free methods in which non-adherent substrates are used to culture cells
3], [4]. Within the realm of these models, organoids and spheroids have gained
significant acceptance, where former represent self-organized models of complex
organ-like tissue, [5]-[7] while later represents cells aggregates that form a cell
sphere without adhering to any culture substrate. However, in order to attain
highly efficient and controllable 3D tumor spheroid models, there is a dire need
to generate a 3D-model system out of various cancer cell lines that offer a state-
of-the-art growth pattern monitoring for each cell line as a benchmark setup in

a controlled and precise manner.



Despite the fact that targeted therapy was first proposed almost a century ago,
to date, only a limited number of biomolecules-based nano-carriers and strategies
targeting the tumor have progressed to clinical trials. Notably, a few of these
carriers have received clinical approval, for instance, Abraxane (albumin-bound
paclitaxel, owing to the complexity of designing the particles that can meet intri-
cate criteria of targeted drug delivery. Understanding the current need, herein,
we designed a protein-drug nanoconjugate utilizing nature’s multifunctional uni-
versal carrier i.e., aprotinin (Apr) as drug delivery vehicle. Structurally, this
protein is composed of a chain of 16 distinct amino acid types with 58 residues
that folds into a stable, compact tertiary structure of the small chain SS-rich
type. The chain has a molecular weight of 6512 Da and is made up of three
disulfides, a twisted -hairpin, and a C-terminal -helix, ideal to encapsulate small
drugs such as dox. Aprotinin, a mostly occurring biopolymer in living organisms,
raises fewer concerns in clinical translation compared to synthetic nano-carriers.
Aprotinin, a naturally abundant protein involved in iron homeostasis and stor-
age, offers several advantages for biomedical use. Ferritin-based nanosystems
possess favorable properties compared to other systems, including high solubility
and stability in water and blood, as well as low toxicity. These characteristics
make aprotinin an appealing nature’s universal choice for in vivo applications
in humans. Besides structure, aprotinin also offers a wide range of attractive
characteristics like aqueous solution dispersity, uniform nano-size, easy function-
alization, and low cost for large-scale production[8]-[11]. Therefore, we aimed to
design aprotinin-drug nanoconjugates as a single and/or dual drug carrier that
can effortlessly bind to tumor cells in cancers cells, leading to its endocytosis for
the targeted delivery. Hence, in contrast to conventionally fabricated nanopar-
ticles, the synthesized aprotinin nanoconjugate system offers several advantages,
including intrinsic tumor targeting ability, favorable pharmacokinetics and safety
profiles, excellent antitumor activity, easy scaling-up and manufacturing with ro-
bust and reproducible procedures, universal drug- loading platform [12]. These
unique properties make the aprotinin nanoconjugate an ideal vehicle for efficient

anticancer drug delivery.

There is a growing demand for new cancer treatments nowadays including



agents that can enhance the effectiveness of existing “anti-cancer” drugs[13]. Pro-
teins have emerged as a promising nano-carrier molecules for drug delivery in var-
ious diseases, particularly for cancer[14]. A nano-carrier protein for drug delivery
denotes a protein that transports therapeutic agents, such as small molecules,
drugs, or nucleic acids to the targeted cells or tissues[15]. Such carrier proteins
can improve the efficacy and specificity of drug delivery by protecting the thera-
peutic agents from degradation, enhancing their stability and bioavailability, and
facilitating their targeting to the specific cells or tissues[16]. Moreover, these
biocarriers can help target the anti-cancer drug to the tumor site, reducing the
risk of off-target toxicity with increased drug concentration at the site of ac-
tion[17]. Despite the controlled drug release can be achieved using some carrier
biomolecules[18] such as BSA[19], HSA[16] and/or Fetuin[18] to reduce the dos-
ing frequency and thus, potentially reduce the toxic side effects that come with
systemic delivery of chemotherapeutic drugs|[19]; however, recently, the focus has
shifted to the involvement of some unique proteins as therapeutics called “moon-
lighting” [20] or “pleiotropic” proteins due to their distinctive ability to perform
multiple, seemingly unrelated functions in the cell[20]. Since they can perform
other activities in addition to their best-known or predominant activity, it thereby
makes the drug delivery through carrier molecules more diverse[21], [22]. Inter-
estingly, many moonlighting proteins are enzymes with a primary function of
enzymatic catalysis, as well as having acquired secondary non-enzymatic roles
such as autophagy, protein transport, or DNA maintenance[23]|. For instance, a
moonlighting protein exhibiting potential natural anti-cancer properties, can also
offers to be a carrier molecule (due to its structural characteristics) to transport
another therapeutic agent to the target tumor site[24], [25], thus simultaneously
inhibiting cancer cell proliferation and inducing cell death, thereby exhibiting

profound influence in cancer treatment [26].

One such model moonlighting protein is lactoferrin (from mammalian milk),
which has been investigated to have anti-tumor activity[27] and also has been
used as a carrier for a renown anti-cancer drug Doxorubicin (Dox) to target can-
cer cells[24], [25]. Moreover, metalloproteinases protein (MMPs), the enzymes

that degrade components of the extracellular matrix and impact the invasion



and growth of cancer cells[27], process a wide variety of substrates, including
chemokines and other cytokines have also opened new frontiers for moonlight
protein studies. Out of various cell signaling pathways, in one mechanism,
the plasminogen-plasmin system’s proteolytic enzymes play a crucial role in the
spread and invasion of cancer cells[28]. This is due to the high activity of plas-
minogen activators (PA) such as urokinase-type (uPA) and tissue-type (t-PA) in
many primary tumors[29]. The expression of uPA, its receptor (uPAR)[30], and
its inhibitor (uPAI) has been linked to cancer progression through invasion, cell
proliferation, metastasis, and tissue remodeling[29] and via MMPs activation[26].
Consequently, blocking these proteolytic enzyme cascades can be a promising
strategy to suppress the metastatic and invasive nature of tumor cells to distant

sites; hence offering a promising approach for cancer therapy|[31].



Chapter 2

Scientific Background: Aprotinin

as Moonlight Nanocarrier

Aprotinin, a nonspecific serine protease inhibitor [32] with antifibrinolytic and
anti-inflammatory properties of the drug as cited by [33], has only been shown to
suppress the release of proinflammatory cytokines [34] and decrease the ability
of leukocytes to pass through the vascular wall [33] for an alternative cancer
treatment [35]. However, the limited number of in vitro and in vivo studies on
the anti-tumor effects of aprotinin have produced varying results, depending on
the type of cancer model investigated. Despite the significant role of the uPA-
plasmin system and MMPs in cancer progression and prognosis, the anti-tumor
effects of aprotinin in different cancers and its nano-drug carrier properties have
not yet been explored. Hence, utilizing such moonlighting protein candidate as a

nano-bioconjugate can be the key feature to explore.



The synthesized nano-bioconjugates were tested against various cancer cell
lines, e.g., lung (H1299), breast (MCF-7) and prostate (C4-2) cancer cells, while
also providing its comparison with healthy human umbilical endothelial cells (HU-
VECs) as a proof-of-concept to display non-toxic behavior of aprotinin against
healthy human cells as a natural carrier protein. Our results have confirmed
that the Apr-Dox nano-bioconjugates caused increased cytotoxic activity (e.g.,
up to 30-40%) in the tested cancer cell types, along with no signs of toxicity
on healthy cells (HUVECSs); thereby, showing a selective targeting approach of
aprotinin towards cancer cells (Schematic 1). Furthermore, another interesting
outcome obtained is that the synthesized Apr-Dox nano-bioconjugates showed a
tremendous decrease (100 times less) in the usual dose of Dox (i.e., 100pM). As
well, when testing this nano-bioconjugate formulation with a targeted pH release
profile (at pH 4.0) it proved to be advantageous to release the drug specifically
at the tumor site in the acidic environment. Thus, pH sensitive release improves
its effectiveness and minimizes systemic toxicity by overcoming major factor in
failure of cancer therapeutics where the microenvironment of solid tumors often
exhibits distinct pH characteristics (typically acidic extracellular pH) compared

to normal tissues.

In recent years, spheroid culture has been highlighted as a renowned three-
dimensional (3D) technology that curates the complex architecture of tumors in
vivo, and has been considered as an efficient model to predict chemotherapeutic
drug treatment response in physiological systems [36]. 3D tumor cell models in the
in vitro biological testing of nanotechnology-based cancer treatment techniques
provide in-depth knowledge of the actual behavior of tumor cells within intricate
biomimetic structures [37]. Thus, we also tested the chemotherapeutic effect of
Apr-Dox nanobiocojugate in 3D tumor cell models; predicting a clear cytotoxic

differentiation between normal and cancer cells.

Consequently, the Apr-Dox nano-bioconjugate appears to be a novel nano-
formulation, fulfilling the co-drug delivery approach with nano-drug carrier prop-
erties, targeted drug release properties, low dosage applications as well as im-
proved anti-cancer proliferative effect broadly applicable for drug targeting in

multiple cancer models with great prospects for clinical applications.
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Chapter 3

Methodology

3.1 Materials

Drugs such as Aprotinin (99%) was ordered from Cayman Chemical Ltd. (Michi-
gan, USA) and it was used without further purification. Dox-HCL lyophilised in-
jection was purchased from Saba East Pharma Company (Ankara, Turkiye) and
it was used as such without purification. RPMI 1640 with L-Glutamine medium,
DMEM With High Glucose, L-Glutamine, and Sodium Pyruvate medium,
penicillin-streptomycin solution fetal bovine serum (FBS) and trypsin-EDTA
(0.25%) were all supplied from Serana Europe GmbH (Brandenburg, Germany).

The water used in all the experiments was ultrapure (18.2 M).

Staining dye; Calcein-AM was obtained from Invitrogen, Thermo Fisher Sci-
entific Inc. (Massachusetts, US) and it was used after appropriate dilutions ac-
cording to manufacturer’s instructions. Propidium iodide solution was provided
by Merck KGaA (Darmstadt, Germany) and it was used according to instruc-
tions provided by manufacturers. All other reagents were used without further

purification.



3.2 Isothermal Titration Calorimetric (ITC)
Analysis of Apr-Dox Nano-bioconjugate

Isothermal Titration Calorimetry (MicroCal VP-ITC calorimeter) was utilized
to study the thermodynamics of molecular interactions between Dox (drug) and
Aprotinin (protein). Furthermore, the optimum number of Dox molecules that
can integrate in Aprotinin structure were also identified. Briefly, the sample
solution contains Aprotinin (1.5TIU), while the titrant solution contained Dox
solution (ImM). The ITC experiment was performed at 25°C with a titration
program of 30 injections and individual injection volume to be 2pl. The titration
was initiated after establishing an equilibration time of 300s to reach a baseline,
followed by 2pul aliquots injection of Dox solution at 1min intervals into the sample
cell containing the protein of interest (aprotinin). Then, 50pl of Dox (1mM)
was titrated to 380ul of aprotinin (0.1mM) by 30 injections. The heat changes
were recorded and analysed using the data acquisition software provided with the

calorimeter.

3.3 Synthesis of Apr-Dox Nano-bioconjugate

using Microfluidic Platform

The microfluidic device was fabricated according to standard soft-lithography
protocols. The microfluidic device consists of a polydimethylsiloxane (PDMS)
mold with the designed microchannels for fluid transport and a glass substrate
carrying the mold. For the fabrication of microfluidic chips, SU-8 masters were
fabricated on silicon wafers using the similar soft-lithography technique we used
in our previous works [38], [39]. Briefly, to make PDMS replica molds, PDMS
prepolymer was mixed at a 10:1 ratio of base to curing agent, degassed, and
molded against the SU-8 /silicon master and then cured at 95 °C for 2 hours. The
molds were then peeled off from the master, and fluidic access holes were made

using a 1.5 mm biopsy punch. The PDMS mold was then treated with oxygen



plasma at 100 W, 400 mTorr for 30 s and bonded to a glass substrate.

The microfluidic chip was connected to the syringe pumps using Teflon tubes
inserted in microfluidic chip at inlets. For the one step synthesis of Apr-Dox nano-
bioconjugate, Apr (0.0lmM) was dissolved in PBS (5mL), and Dox (1.1mM) was
dissolved in water (5mL). Later, the Dox and aprotinin solutions were separately

fed into two inlets of the microchannels at the same flow rate of

100pl/h via syringe pumps. The synthesized product was obtained from the
outlet, followed by the dialysis process (dialysis membrane-MWCO 1KDa) to
remove excess/unbound drug from the Apr-Dox nano-bioconjugate solution. The

microfluidic setup for synthesis is shown in Fig:A5.

3.4 Characterization of Apr-Dox Nano-bioconjugate

Microfluidic-based Apr-Dox nano-bioconjugate was further confirmed by various
characterization techniques. The particle size and zeta potential of Apr-Dox nano-
bioconjugate was characterized using DLS Malvern (Malvern Zetasizer Nano)
at 25°C. The particle diameter and morphology was further confirmed through
transmission electron microscope (TEM) by pouring a drop of nano-bioconjugate
formulation onto a carbon-coated copper grid, dried in air at room temperature

and imaged immediately.

3.5 Spectroscopic Analysis of Apr-Dox Nano-

bioconjugate

The conformational properties and secondary structure of aprotinin alone and
after conjugation with Dox was determined by CD Spectroscopy, using Chiral
scan Spectrophotometer. The Apr-Dox nano-bioconjugate sample was measured

in triplicate at the far UV-spectrum wavelength ranging from 190 to 250nm, with



Inm step size and Inm bandwidth. The data was analysed quantitatively using

SpectraMax Pro analysis software provided with the instrument.

The UV-Vis spectroscopic analysis of the sample solutions was performed using
quartz cells with a path length of lem. The concentration of aprotinin (0.1mM)
used was same as it was used in synthesis of Apr-Dox nano-bioconjugate to give

comparative spectra results.

3.6 Equilibrium Dialysis for the Removal of Un-
bound Drug

The unbound drug was removed by equilibrium dialysis technique conducted in a
Tube-O-DIALYZER™ 1kDa MWCO as explained by Wallace et al.[40]. To briefly
explain, a 3ml Apr-Dox nano-bioconjugate was filled in the dialysis tube and it
was suspended in distilled water as release media (Fig:A2). Dialysis membrane

was pre-soaked in water before use, according to manufacturer’s instructions.

3.7 Percent Drug Loading (DL) and Drug En-
trapment Efficiency (EE)

The percentage of drug loading refers to the amount of drug present in the nano-
bioconjugate, while the drug entrapment efficiency refers to the amount of drug
that is effectively entrapped in the nano-bioconjugate. These parameters are es-
sential for determining the efficacy of the nano-bioconjugate and its potential for
clinical use. DL and EE studies of the synthesized formulation were also per-
formed using the dialysis method. The Dox-loaded nano-bioconjugate (1ml) was
poured in the dialysis bag (MWCO 1KDa). The dialysis bag was then placed
in a small beaker containing bml PBS (pH 7.3), and kept on the magnetic stir-

rer for continuous stirring up to 3h. The assembly for drug release analysis is
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shown in Fig:A3. After 3h, sample was withdrawn from the beaker (containing
eluent diffusing out of dialysis membrane), and the sample was quantified for
the presence of Dox using LCMS-QTOF. The peaks observed for the presence
of Dox molecules are shown in Fig:A4. Further, the percent drug entrapment
efficiency and percent drug loading were calculated using the formula below. The
drug content that remained in the dialysis bag was also analyzed to confirm the

results.

(Drug conc. —l()]nentrapped Drug conc. ) X 100 (31)
rug conc.

% Drug Loading =

_ (Dox Abd in BC — Dox Abd in RM )
% Entrapment = Dox Abd in Stock Solution x 100

(3.2)

BC = Bioconjugate
Abd = Abdundance

RM = Release Media

3.8 In vitro Drug Release and Release Kinetics

The drug release from the Apr-Dox nano-bioconjugate was studied in vitro under
different pH conditions. The synthesized nano-bioconjugate formulation (1ml)
was poured in dialysis bags. Each dialysis bag was suspended separately in 5ml
of 0.2M Glycine buffer (pH 3.0), 0.2M Glycine buffer (pH 5.0), and phosphate
buffer saline (PBS) pH 7.4, respectively. Next, 200pul of samples (eluent) were
withdrawn from each dialysis assembly at regular intervals, and the volume of
buffer was maintained with the similar amount (200ul) of respective buffer to

maintain experimental conditions.
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Then cumulative drug release was determined using ELISA microplate reader
at an excitation and emission wavelength of 470nm and 560nm, respectively. The
release kinetics of Dox from the nano-bioconjugate was analysed using mathe-
matical models such as the zero-order, first-order, and Higuchi models with their
details enlisted in Table A.2[41].

3.9 Hemolysis Assay

The hemolytic activity of the Apr-Dox nano-bioconjugate was determined using
a spectrophotometric method adapted from Krishnamurthy et al.[42]. Briefly, for
this assay, blood was withdrawn from healthy donors after institutional ethical
clearance and appropriate informed consent and collected in 5ml heparin tubes.
Blood samples were centrifuged at 2000rpm for 5min at RT to collect erythrocytes
(RBCs), which were then washed with phosphate-buffered saline (PBS) three
times to remove the plasma altogether. The cells were then suspended in PBS
to a concentration of 2 x 108 cells/ml. Different concentrations of the Apr-Dox
nano-bioconjugate (i.e., 5pM and 10pM) were added to the 1ml of erythrocyte
suspension, and this mixture was further incubated for 1h at 37°C. PBS and
SDS/Triton X100 were used as negative and positive controls, respectively. To
prepare these positive controls, SDS and 0.1% Triton X100 solutions were added

in 1ml of erythrocyte suspension each.

The extent of hemolysis was determined by measuring the release of
hemoglobin from the erythrocytes using a spectrophotometer. The percentage

of hemolysis was calculated as:

Abs — A
__ (Sample Abs — Control Abs ) % 100

% Hemolysis (Maz Abs — Control Abs)

(3.3)
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3.10 Cellular Uptake Studies of Apr-Dox Nano-

bioconjugate

The cellular uptake was measured following flow cytometric analysis (LSRII, BD
Biosciences). The experiment involved culturing three cancer cell lines (MCF-7,
H-1299, and C4-2) and one healthy cell line (HUVECS) in a 96-well plate and
incubating them at 37°C under 5% CO2 for cell attachment. After approximately
12h of incubation (observing cell attachment) the cells were then treated with Dox
alone, aprotinin alone and Apr-Dox nano-bioconjugate, followed by incubation for
24 hours.

Next, excess drug was removed by washing with PBS three times, and the
cells were detached using TrypLE Express. Culture medium was added to stop
trypsinization, and the cells were centrifuged. After discarding the supernatant,
PBS (5001) was added to resuspend the cells for flow cytometry analysis. The
intrinsic fluorescence ability of Dox was used to detect the fluorescence of Apr-
Dox nano-bioconjugate at 470nm excitation and 560nm emission channels. Ap-
proximately 1000 gated cells were analyzed, and cells without any fluorescence
labelling were used as the control. The FlowJo software was used to analyze the

flow cytometry data.

3.11 2D In vitro Cytotoxicity Assay of Apr-Dox

Nano-bioconjugate

The in vitro cytotoxic analysis was performed to evaluate the anti-cancerous
efficacy of Apr-Dox nano-bioconjugate in both cancer and healthy cells. Two
different concentrations of Apr-Dox nano-bioconjugate (5pM and 10pM), Dox
alone (10pM), and aprotinin alone (5TIU) were prepared separately and cultured
with each cell line for 48h. The data was analysed qualitatively using bright field

imaging of a Zeiss Microscope.
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3.12 3D In vitro Cytotoxicity Assay of Apr-Dox

Nano-bioconjugate

The prostate cancer (C4-2) and non-small cell lung carcinoma (H-1299) spheroids
synthesized in this study were established on the methodology described by Wei
Liao et al.[36]. In short, the cells can form tight spheroids at day 3 of the culture
with a defined border when seeded with 400 cell/microwell. The spheroids had
an average diameter of 300m when treated with Apr (1.5 TIU), Dox (2.5M)
and Apr-Dox nano-bioconjugate (2-10M) at day 3. Media change was performed
every second day and staining was done at day 7 to visualize the drug-treated
and non-treated spheroids. The growth analysis was performed by measuring
individual spheroids size. Images of Apr-Dox nano-bioconjugate drug diffusion
were acquired in Zeiss microscope under Brightfield and florescence imaging filters

respective to Calcein-AM and Propidium lodide.

3.13 Live / Dead Cell Staining Assay

The qualitative analysis of the monolayer cells subjected to different drug treat-
ments was investigated using live/dead cell staining assay. For live cells staining,
samples were prepared according to standard staining protocols of Calcein-AM as
provided by manufacturer’s instructions. Briefly, the cells after incubation for 72h
were subjected to staining process. The cell monolayers were rinsed with PBS
solution to remove serum residues since, esterase present in Calcein-AM stain
interferes with serum protein thus impacting the staining quality. Afterwards,
Calcein-AM reagent (2pnM) was added in each monolayer well to submerge cells
completely. Incubation was performed for 2h with subsequent removal of dye and
addition of cell culture medium and imaged under fluorescence illumination using

LED illumination coupled with an Axio observer microscope.

Propidium iodide (PI) dye was used to stain dead cells according to manufac-

turer’s instructions. The cells after fixation were submerged in 10mM PI dye and

14



were observed immediately after incubating it for 5min. Further imaging and

analysis were performed accordingly.

3.14 Microscopy and Imaging

The cell morphology and/or changes in size and shape of cell were monitored using
an inverted optical Axio observer microscope (Zeiss, Germany) under bright field
imaging. Morphological changes were observed after treatment with drugs (alone)

and nano-bioconjugate at every 12h interval.

Fluorescence illumination using LED coupled Zeiss microscope was used to ob-
tain micrographs using a 10x objective. For the quantitative analysis of live/dead
cells, ImageJ software was used to count the cells followed by graphical illustration
of the obtained data.

3.15 Statistical Analysis

The in vitro experiments were repeated three times and analyzed statistically
through the Student’s t-test. The results were shown as the average and standard

error of the three parallel measurements.
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Chapter 4

Results & Discussion

4.1 Aprotinin Binding Affinity to Dox

To correlate the binding affinity of aprotinin (protein) with Dox (drug) molecules,
herein, the protein binding affinity of aprotinin was examined through isothermal
titration calorimetry (ITC) assay. In general, the analysis of protein’s affinity
to bind with small molecules such as drugs is usually performed through bioin-
formatics docking analysis [43] which is considered comprehensive and accurate
but rather complicated, costly, and time-consuming. Thus, a simple isothermal
reaction parameter is considered quick and valuable for analyzing the binding
ability of a biomacromolecule. Principally, in the ITC assay, the Ka (equilibrium
association constant) between aprotinin and Dox molecules was detected by drop-
wise titration of aprotinin (0.1mM) into Dox solution (1mM) and the exothermic
reaction of each drop was monitored where the integral of the titration data was
set as the heat of each injection. To determine the value of Ka, the function
between titration heat in kilocalories and the molar ratio of the concentration of

aprotinin protein to that of Dox molecules were analyzed.

As shown in Fig: 4.1, the Ka values obtained were 8.5 x 10° M, and Kd

(equilibrium dissociation constant) values were calculated to be 1.17 x 10" which
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Figure 4.1: Isothermal titration calorimetric analysis for aprotinin binding affinity
to Dox molecules. Molar ratio between the amounts in moles of aprotinin and
dox involved in a balanced chemical reaction are shown in graph below. Ka
(equilibrium association constant ) value is 8.5 x 105 M-1 showing strong binding

shows a strong binding affinity at a ratio of 1:11 of protein-to-drug (i.e., ImM
Dox molecules with 0.1mM aprotinin biomolecule). The obtained data indicate
that being a small protein, a single aprotinin molecule has the affinity to bind
with approximately 10 Dox molecules. Therefore, these optimum concentrations
were used in the proceeding experiments for the microfluidic-assisted synthesis of

Apr-Dox nano-bioconjugate.

Theoretically, binding affinity usually refers to the binding strength between a
single biomolecule (such as a protein or DNA) and its ligand /binding component
(such as a drug or inhibitor), and it is typically measured and reported by the
equilibrium association constant (Ka) or equilibrium dissociation constant (Kd),
to assess the strength of bimolecular interactions. Thus, the larger the Ka value
or smaller the Kd value is, the greater the binding affinity of the ligand to its
target. Similar results were observed by Cao et al. [44] for small serum proteins
binding with nanoparticles, complementing the ITC results obtained in these

experiments. In another study by Delavari et al.33, the heat generated after each
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consecutive injection of Dox solution gradually decreases but does not stabilize.
This might indicate that the protein structure has been reorganized in addition to
Dox binding [45]. Thus, it can be concluded that the binding affinity is affected by
intermolecular interactions between noncovalent bonds such as hydrogen bonding,
electrostatic interactions, hydrophobic forces, and van der Waals forces. Hence,
the concluded data confirms the presence of bonding between aprotinin and Dox

molecules showing the successful formation of Apr-Dox nano-bioconjugate.

4.2 Synthesis and Characterization of Apr-Dox

Nano-Bioconjugate

In order to enhance the Dox loading capacity, tumor targeting specificity, and
achieve optimum drug binding ratio to macromolecule, Y-mixer microfluidic plat-
form was utilized for one step bioconjugate synthesis. The velocity profile of fluids
from two inlets and mixing efficiency was optimized via simulation showing that
the mixing was complete at 100pl/h (Fig: A8 and A9). As shown in Schematic
2.1, Dox was introduced from one inlet and aprotinin was introduced from the
second inlet. The flow rate of synthesis was optimized as 100pl/h from simula-
tions. After mixing two solutions in the serpentine portion of the chip design,
the formulations for each flow rate were collected from the outlet to analyze and
characterize the formation of nano-bioconjugate. Coincidentally, Dox molecules
have intrinsic fluorescence properties thus, the mixing could be visualized in real
time using fluorescence microscope at 530nm, giving red emission signal.Further,
in order to monitor the effect of different flow rates on the stability of nano-
bioconjugates, the synthesized product was observed for 8 weeks at 4°C. To much
interest, the formulation developed with 100ul/h flow rate was stable for longer
period of time as compared to the products obtained at other flow rates (Fig:Al-
A). Principally, aprotinin, being a protein, is made of amino acid which provide
various binding sites to the drug molecules mainly through COO-, NH2+ and
some other charged groups. The flow rate optimization at 100pl/h provided

enough time for the small drug molecules to occupy appropriate binding sites
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of the protein in a co-flow mixing technique unlike the low flow rates (30ul/h,
50pl/h) which resulted in concentrated precipitation of Dox molecules. These
results are in line with the study of Hakala et al.34 for HAS-drug nanoparticles
formulation [46]. Moreover, the optimized 100ul/h flow rate provides sufficient
throughput as compared to lower flow rates [47]. Proceeding to the microfluidic
synthesis of Nano-bioconjugates, the unbound drug molecules were removed from
the final formulation using dialysis membrane (MWCO 1KDa). Since, the weight
of Dox molecule is 0.58KDa, the free/unbound drug could equilibrate in the exter-
nal aqueous solution via equilibrium dialysis as also explained in previous study
of Wallace et al.[40]. Following this, all the unbound drug was removed in 2-4h

and the final nano-bioconjugate formulation was collected for further experiments
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Figure 4.2: DLS analysis of aprotinin alone and after conjugation with Dox

The obtained nano-bioconjugates were characterized for its size, shape and
charge using DLS, TEM and zeta potential, respectively. From DLS analysis,
the size of aprotinin was found to be 1.41nm, however the bioconjugate showed
an increased size of 5.65nm, thus indicating the encapsulation of Dox molecules
by aprotinin (Fig: 4.2). Moreover, the synthesized nano-bioconjugate was also
tested for stability upto 2 months (Fig. A1-B), depicting a stable formulation to
be used as a drug carrier. Similar observations has been conducted previously for
drug carriers, showing increase in the size of a carrier compound, upon holding
the drugs molecules [48]-[50].
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Figure 4.3: Transmission electron microscopy (TEM) images of synthesized bio-

conjugate, i- Scale 50nm ii- Scale 20nm iii- mean graphical size obtained from
TEM images

To correlate the results obtained from DLS, Transmission electron micro-
scopic (TEM) data was collected. TEM images showed spherical shaped nano-
bioconjugates with a consistent size, comparable with DLS results (Fig: 4.3).
Furthermore, the surface charge properties of aprotinin alone as well as Apr-Dox
nano-bioconjugate was measured through zeta potential analysis. Aprotinin alone
gave a charge potential of -10.1 mV, which was shifted to less potential of -5.48

mV in nano- bioconjugate formulation (Fig: 4.4, A1-C).
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Figure 4.4: Zeta potential of aprotinin alone and after conjugation with Doxoru-
bicin molecules

At this point, the surface charge was switched to less negative because amine
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residues of Dox contributed to the additional protonation of protein moieties
in Apr-Dox nano-bioconjugate. However, the overall negative surface charge of
nano-bioconjugate has the potential to shield itself in blood circulation and pro-
vide stability in aqueous environment as indicated in the study of Li et a.l [50].
Moreover, the zeta potential results suggested that this nano-bioconjugate can

easily release Dox molecules at lower pH [51].

The loading of Dox molecules to aprotinin was further confirmed through UV-
Vis absorption spectra (Fig: 4.5). Aprotinin showed a typical protein spectrum at
280nm which gets shifted with the addition of Dox molecules in protein structure.
Similarly, Dox alone gives a characteristic absorption peak around 480nm [52].
The spectra Apr-Dox nano-bioconjugate differ significantly from the native drug
and protein spectra with respect to both intensity and peak shape. For instance,
in the synthesized nano-bioconjugate spectra, a slight shift in the absorption
peak of Dox was observed at 476nm from 480nm whereas the absorption peak
of aprotinin was observed at 236nm (shifted from 280nm) thus confirming the

successful bioconjugation of protein with Dox molecules[53].
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Figure 4.5: UV-Visible spectrophotometric analysis of Apr-Dox nano-
bioconjugate
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4.3 Secondary Structure Analysis of Aprotinin

and Apr-Dox Nano-bioconjugate

In order to retain the anti-metastatic and anti-cancer activity by aprotinin pro-
tein, the structural stability of the protein remains a critical challenge. CD spec-
troscopy is considered a benchmark technique for the secondary structural char-
acterization of proteins with respect to different stimuli (like pH, temperature,
denaturants) and/or their binding with any other molecule. Thus, the synthe-
sized Apr-Dox nano-bioconjugate was also analysed for the secondary structure
of aprotinin. Figure: 4.6 indicates the far UV region (250-190nm) of CD spec-
tra, that presented -sheeted structure of aprotinin with a prominent peak at
260nm[54]. Interestingly, the addition of Dox molecules after nano-bioconjugate
synthesis did not alter the spectrum signal of native aprotinin molecule, which
confirms that the secondary structure of aprotinin was retained even after the
formation of nano-bioconjugate (Fig: 4.6). Since the functionality of protein
directly relies on its structure and native fold, no prominent alteration in the
structure also confirms the maintained anti-metastatic activity of aprotinin even

after nano-bioconjugate formation [35].

4.4 Drug Loading/Encapsulation Efficiency and
pH Triggered Release of Dox from Apr-Dox

Nano-bioconjugate

Dox is a standard first line chemotherapeutic drug and was selected in this study
as a model drug owing to its therapeutic action in many cancer types, along with
its fluorescence properties that allow real time fluorescence analysis. The effect of
the unique single-step synthesis strategy and the drug loading capacity of apro-
tinin was investigated by the microfluidic synthesis of Apr-Dox nano-bioconjugate

in varying concentrations of Dox. For instance, in order to find the maximum
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Figure 4.6: Circular Dichroism (CD) spectroscopic analysis of aprotinin alone
and after its conjugation with Dox

carrying capacity of aprotinin as a carrier molecule, the concentration of apro-
tinin was fixed (0.1mM) while the concentration of Dox was increased sequentially
(i.e., 0.2mM, 0.4mM, 0.6mM, 0.8mM, 1.1mM and 1.5mM). Afterwards, the for-
mulations were subjected to dialysis (MWCO 1KDa) to eliminate unbound Dox
molecules, followed by spectrophotometric analysis to estimate the maximum Dox

loading onto aprotinin in a nano-bioconjugate form.

Fig: 4.7 shows that the amount of drug loading in nano-bioconjugate increases
with the increased concentrations of Dox. However, at 1.1mM and 1.5mM con-
centrations the loading of drug is quite comparable, indicating the maximum
drug loading capacity at 1.1mM. For a better comparison, Dox alone (in similar
concentration range used for nano-bioconjugate formation) has also been mea-
sured to generate standard curve. According to the obtained results, the highest
encapsulation ratio of Dox was found to be 77% as shown in Fig: 4.8, with an
observation of almost similar drug loading capacity at 1.1mM and 1.5mM con-

centrations, highlighting the maximum carrying ability of aprotinin is utilized.
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Figure 4.7: Loading of Dox into aprotinin conjugate

4.5 Details of Dox Loading into aprotinin conju-
gate and Entrapment efficiency of aprotinin
with different drug/protein ratios for prepa-

ration of Apr-Dox nano-bioconjugate

To simplify the whole process, we first measured the fluorescent ability of Dox
at five different concentrations (0.2, 0.4, 0.6, 0.8, 1.1 and 1.5mM) using mi-
croplate reader. Then each concentration was used to synthesize Apr-Dox nano-
bioconjugate formulation. For instance, firstly 0.2mM Dox solution from one
inlet and aprotinin 0.1mM from other inlet was introduced in the microfluidic
chip (as mentioned in synthesis part) and product was collected from outlet. In
the second experiment, we repeated the same experiment but instead of 0.2mM,
we introduced 0.4mM Dox solution and rest of the conditions were same, and
this was repeated with all the concentrations (i.e., 0.6, 0.8, 1.1 and 1.5mM). Each
product obtained from varying concentrations of Dox was collected and studied
for fluorescent intensity. In the third step, these products were dialyzed individu-

ally to remove all the unbound Dox molecules, and the resultant dialyzed product
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Figure 4.8: Encapsulation efficiency % of aprotinin with different drug/protein
ratios for preparation of Apr-Dox nano-bioconjugate. The concentration of apro-
tinin in all solutions is 0.1mM, whereas Dox concentration varies from 0.1mM to
1.5mM.

was subjected to measure the fluorescence intensity again and thus plotted in the
graph as shown in Fig. 3A. The aim of this experiment was to show how much
Dox concentration was present at first and, when we synthesized the product, how
much of the Dox molecules are loaded in the protein. We have used each Dox
concentration as reference point to show the fluorescence after formation of nano-
bioconjugate. This shows drug (dox) loading ability of aprotinin (as discussed in
the manuscript). Further, in the drug loading ability study, we have discussed
that 1.1mM and 1.5mM Dox concentration show same level of drug loading which
indicates that after 1.1mM concentration, the protein gets saturated and there
is no binding site left for more Dox to bind with current synthesis method. In
Fig: 4.8, we are showing entrapment efficiency calculated by the formula given in
manuscript and the resultant graph shows that with high concentration of Dox,

there was more entrapment happening with the current method of synthesis.

Our loading/encapsulation efficiency results are in accordance with the similar
trend found in the study by Li et al[50]. Hence, these results confirms that

aprotinin can act as a carrier protein and has the affinity to carry small drug
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molecules as a drug delivery biocompatible macromolecule [55]. Moreover, the
drug carrying capacity of the nano-bioconjugate system is quite favorable and
thus assure high drug delivery to the targeted site where aprotinin acts as a
biocarrier. Next, the in vitro Dox release form Apr-Dox nano-bioconjugate was
monitored at varying pH conditions in PBS and glycine buffer; simulating human
physiological pH (pH 7.3) and tumor microenvironment (pH 4-6) using dialysis
membrane (MWCO 1KDa). As shown in Fig: 4.9, the release of cytotoxic drug
Dox from nano-bioconjugate is highly sensitive to pH changes in the surrounding

medium.
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Figure 4.9: In vitro release analysis of Apr-Dox nano-bioconjugate in PBS and
glycine buffe (pH 4.8, 6.5 and 7.3)

As the pH dropped from 7.3 to 4.8, the release of Dox molecules was promi-
nently increased in 60 h release experiment, indicating 20% release in initial 10h,
followed by gradual increase in the release pattern, with almost half of drug re-
lease i.e., 55% in 40h. Only after 50h there was a drastic release reaching to
maxima of 90%. However, at pH 6.0 and pH 7.3, the release pattern remained
static to {10% up to 40h, with a slight increase (j20%) up to 60h, indicating the
expected high stability of the Apr-Dox nano-bioconjugate at higher pH. Appar-

ently, the overall maximum release percentage of Dox was 91% at pH 4.8, 16%
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at pH 6.5 and 17% at pH 7.4.

4.6 Protein structure investigation under pH-

stimuli

Theoretically, the protonation of amine groups and hydrophilicity of Dox
molecules under acidic conditions causes rapid diffusion of Dox moieties into
surrounding media from Apr-Dox nano-bioconjugate. Moreover, aprotinin being
a protein gets unfolded under acidic conditions, thereby releasing the carrying
Dox molecules in the surrounding medium [56]. The unfolding and structural
changes of aprotinin in acidic pH were also confirmed from CD spectroscopy as
shown in Fig: 4.10. Besides, when the pH decreases from 7.3 to 4.8, aprotinin
approaches its isoelectric point, and its surface potential decreases to zero. This
diminishes the electrostatic attraction between aprotinin and Dox, resulting in

the maximum release of Dox from Apr-Dox nano-bioconjugate .
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Figure 4.10: Structure alteration of aprotinin to release Dox in acidic conditions
by CD spectroscopy
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Lately, Stimuli-sensitive nanocarriers have gained considerable attention as
they can respond to various stimuli including pH, temperature, metal ions, en-
zymes, light, etc.[57], hence, selectively releasing drug from the nanocarriers at
the intended site[58]. The findings manifested that Apr-Dox nano-bioconjugate
would be able to retain the majority of Dox molecules in a natural physiological
pH, such as in blood circulation system[59]. However, in acidic tumor environ-
ment , it demonstrates more effective Dox release[60]. Thus, the pH-responsive
drug release behavior of Apr-Dox nano-bioconjugate could aid in the specific
release of Dox at tumor sites, reducing the unwanted side effects with normal
cells[61].

4.7 Comparative Cellular uptake of Apr-Dox

Nano-bioconjugate

Since Dox is an anti-cancer agent that targets nuclear DNA, it is essential to
ensure its efficient internalization into cells, and subsequent release within the
cells for optimal therapeutic efficacy. The impact of aprotinin as a moonlighting
protein carrier on the cellular uptake of Dox in human healthy endothelial and
epithelial cells (HUVECs), as well as in various cancer cell lines (C4-2, H-1299,
and MCF-7) was investigated by flow cytometric analysis. This technique being
a reliable method for measuring the fluorescence intensity of single cells, provides
valuable information on the number of nanoconjugates internalized by each type
of cells. The Dox molecules in the synthesized nano-bioconjugate acted as flu-
orescent dye owing to its internal fluorescent ability (Fig: 4.11, 4.12, 4.13 and
4.14) Apr-Dox nano-bioconjugate in two different concentrations (i.e., 2pM and
4pM) was incubated with C4-2;, H-1299, and MCF-7 cancer cell lines, as well as
HUVECs for 24h. Also, Dox alone in equivalent concentration of 2.5pM was incu-
bated as positive control with same cell lines to study comparative internalization
of bare drug and nano-bioconjugated drug. The nano-bioconjugated drug uptake
was then determined by the side scattering signal (SSC), detected by FLR-3 flu-

orescence filter indicating the increasing uptake of nano-bioconjugate by the cells

28



[62], [63].
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Figure 4.11: Cellular uptake analysis of MCF-7 breast cancer cells

Fig: 4.11, 4.12, 4.13 and 4.14 shows the fluorescent intensity graphs with indi-
vidual histograms showing fluorescence intensity percentage measured from each
treatment cell line and collectively shown in Fig: A10. As presented the fluores-
cence intensity was higher for Apr-Dox nano-bioconjugate as compared to Dox
alone after 24h of incubation in C4-2, H1299, MCF-7 cells, indicating enhanced
internalization of nano-bioconjugate by cancer cells. On the whole, the percent-
age of MCF-7 cells containing Dox molecules increased from 3.8% in Dox alone to
7.4% and 6% in nano-bioconjugate with respect to increasing concentrations (Fig:
4.11). Similarly, the cellular uptake of Apr-Dox nano-bioconjugate in H-1299 and
C4-2 cancer cell lines showed comparable trend (Fig: 4.12 and 4.13) with cellu-
lar uptake percentages of 3.4% and 6.8% as compared to the cells treated with

equivalent concentration of Dox alone (1.8% and 0.9%, respectively).

The high fluorescent intensity percentages with nano-bioconjugate incubation

in cancer cells confirm the successful uptake of all Apr-Dox nano-bioconjugated
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Figure 4.12: Cellular uptake analysis of H-1299 small cell lung carcinoma

molecules. In addition, the concentration dependent uptake was also found in
these cell lines where increased concentration of bioconjugated drug led to in-
creased internalisation of Apr-Dox nano-conjugates. For instance, the percentage
fluorescence intensity was high for 4pM nano-bioconjugate concentration as com-
pared to 2pM as shown in Fig: 4.11, 4.12 and 4.13.

These results were consistent with the study of Pan et al.[64] where aprotinin
was administered along with radiolabelled FSH1 peptides to increase the uptake
of labelling peptide in tumor. Since, aprotinin is a competitive serine protease
inhibitor made up of a single peptide chain with three disulfide links, it is found
to inhibit the active sites of enzymes by forming stable complexes with serine
proteases including trypsin, chymotrypsin, plasmin, and other similar proteolytic
enzymes [65]. Thus, this activity of aprotinin might be involved in the enhanced
cellular uptake of Apr-Dox nano-bioconjugate in tumor cells. Remarkably, in
comparison to all cancer cell lines, the internalization of Dox molecules in the
normal (non-cancerous) cells i.e., HUVECs was significantly low when treated

with Apr-Dox nano-bioconjugate as compared to Dox alone (Fig: 4.14). These
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Figure 4.13: Cellular uptake analysis of C4-2 prostate cancer

observations indicated that aprotinin as a carrier protein can positively influence
the internalization of Dox molecules in cancer cells by increased cellular uptake of
Dox. However, restricted release of Dox in the normal cell lines further highlights
the safety of this nano-bioconjugate to be used as a carrier protein in anti-cancer
therapies. Thus, the finding of aprotinin as a new carrier moonlighting protein
may have a significant impact on the development of more effective anti-cancer

therapies

4.8 In Vitro Compatibility of Apr-Dox Nano-

bioconjugate with Blood Components

The biocompatibility of drug-protein bio-nanoconjugate in systemic circulation
is a crucial indicator for the potential use of drug carrier protein in living or-

ganisms. The determination of hemolytic properties conventionally analyze the
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Figure 4.14: Cellular uptake analysis of Human umbilical vein endothelial cells
(HUVECS)

nanoparticles’ interactions with blood components, for instance, the interaction
of erythrocytes with nanoparticles for biological applications [42]. In this study,
hemoglobin release analysis was employed to evaluate the hemolytic potential of
Apr-Dox nano-bioconjugate when entering into blood stream. In the experimental
conditions, the red blood cells (RBCs) were exposed to different concentrations of
nano-bioconjugate sample for 3h. Fig: 4.15 presents the images of the centrifuged
RBC solutions and hemoglobin release analysis. It could be seen that addition of
Apr-Dox nano- bioconjugate from 2pM to 8uM showed very low hemolytic toxi-
city (less than 5%), which is comparable to the negative con trol (PBS) showing
0% hemolysis. According to the literature, biomaterials are expected to have up
to 5% hemolysis ratio that proves to be non-toxic for RBCs [57]. Therefore, the
Apr-Dox nano-bioconjugate at the tested concentration did not exhibit signifi-
cant hemolysis, indicating the reliability of the conjugates to be considered for

further in vivo studies.

In principle, hemolysis occurs when water enters into RBCs resulting in a hy-

potonic environment, favorable for the lysis of cells. Thus, the resultant solution
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Figure 4.15: Hemolysis test of Apr-Dox nano-bioconjugate. (A) Images of cen-
trifuged RBC solutions after incubation with different concentrations of nano-
bioconjugate. (B) Percentage hemolysis of Apr-Dox nano-bioconjugate at differ-
ent concentrations. PBS was used as negative control whereas Trition X-100 and
deionized water were used as positive controls.

becomes turbid due to released hemoglobin, giving high absorption values when
measured with colorimetric assay. To observe this phenomenon, two additional
positive controls i.e., sodium dodecyl sulphate (SDS) and triton X-100 were used
to treat RBCs suspension. Both the solutions had high absorption values, giving
the calculated hemolytic percentage as 100%. However, the supernatant from the
nano-bioconjugates at various concentrations did not show significant hemolytic
activity as evidenced by their low absorbance values (Fig: 4.15; Table A.1). Thus,
it can be concluded that the Apr-Dox nano-bioconjugate is safe for clinical ap-

plication, with a higher biocompatibility with blood components.

33



4.9 Cytocompatibility of Apr-Dox Nano-bioconjugate

in Non-cancerous Cells

The non-toxic behavior of Apr-Dox nano-bioconjugate in healthy cell lines was
determined by incubating the nano-bioconjugate in non-cancerous, healthy um-
bilical vein endothelial cells (HUVECs). Briefly, the healthy cells were exposed
to different concentrations of Apr-Dox nano-bioconjugate i.e., 2uM, 3pM, 4pM

and 5pM, with equivalent concentration of Dox alone 2.5uM as positive control.
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Figure 4.16: In vitro cytotoxic analysis after treatment with Apr-Dox nano-
bioconjugate, Dox alone, aprotinin alone and PBS as control of HUVECs

Fig: 4.16 shows the representative images of live/dead cells staining of HU-
VECS after exposure to different concentrations of Apr-Dox nano-bioconjugate
and Dox alone for 48h. The results indicate that the cells exposed to 2.5uM
Dox showed signs of membrane rupturing and the morphology of cells exhibited
round shape with fewer number of cells as compared with the control. Whereas
the cell morphology of HUVECs was also elongated in shape with intact con-
fluent monolayer when cultured with aprotinin alone as shown in the brightfield
images (Fig: 4.16). Quantitative data showing % cell viability indicate that 78%
of cells were alive after 72h of HUVECSs incubation with aprotinin (1.5TIU). Re-

markably, there was no significant evidence of cytotoxicity in HUVECs cultures
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when they were exposed to varying concentration of Apr-Dox nano-bioconjugate
(2uM, 4uM and 5pM) as compared to control with respect to cell morphology
and cell density. The percentage viabilities remained 80%, 78%, and 79% respec-
tively for each dose. These results suggested that aprotinin alone and even after
conjugating with cytotoxic Dox molecules is not significantly cytotoxic to human

endothelial cells within the range of tested concentrations (i.e., 2pM-5pM).
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Figure 4.17: In vitro cytotoxic analysis after treatment with Apr-Dox nano-
bioconjugate, Dox alone, aprotinin alone and PBS as control of C4-2

The major reason involved in the non-cytotoxic behavior of aprotinin towards
healthy cells is the absence of urokinase plasminogen activator receptors which
are abundant in cancer cells. Aprotinin bind to these receptors in cancer cells and
reduce proliferation and metastatic activity [66]. Further studies highlighting the

molecular pathway of this tumor specific response is yet to be studied.
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4.10 Enhanced Chemo-sensitizing Ability of
Moonlight Drug Bioconjugate in Breast,

Prostate and Lung cancer

The chemo-sensitive potential of dual drug is based on the exploration that
one drug might increase the action of another by modifying one or more resis-
tance mechanisms [67], thus creating a synergistic effect. Therefore, the chemo-
sensitizing potential of Apr-Dox nano-bioconjugate was also evaluated against
the similar cancer cell lines. For this, the in vitro cell viability of Dox alone and
Apr-Dox nano-bioconjugate was analyzed using C4-2, H-1299 and MCF-7 cells
at 48h and 72h of incubation by qualitative analysis of live/dead cells staining
images, obtained with Calcein-AM and propidium iodide (PI) dye, respectively.
The untreated cells were used as baseline to calculate the percentage cell viability

of each treatment cell.
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Figure 4.18: In vitro cytotoxic analysis after treatment with Apr-Dox nano-
bioconjugate, Dox alone, aprotinin alone and PBS as control of MCF-7

The cytotoxicity of free Dox exposed to C4-2 with a comparison of Apr-Dox
nano-bioconjugated drug in 2nM, 3uM and 4pM concentrations is shown in Fig.
6B. The monolayers of C4-2 showed normal cell growth in control, where as in

bioconjugate treated cells there was membrane rupturing with increased cell death
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number as compared to Dox alone treatment. The cell viability assay showed that
the percentage of viable cells with Dox alone was 30% whereas in Apr-Dox nano-
bioconjugate drug treatment, the effect was pronounced upto 80% with only 19%
living cells. Similar trend was observed in MCF-7 in which Dox alone showed
cell viability of 82% whereas Apr-Dox nano-bioconjugate showed cell viability in
40% to 45% range which is comparable to the alone drug. The morphology of
treated MCF-7 monolayers was significantly changed into circular shape showing

dead cells as shown in Fig: 4.18.
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Figure 4.19: In vitro cytotoxic analysis after treatment with Apr-Dox nano-
bioconjugate, Dox alone, aprotinin alone and PBS as control of H-1299

The results were comparable with the previously reported by [68] showing
peptide having pronounced anti-cancer activity when used in combination with
conventional chemotherapeutics. In the small cell lung carcinoma cell line, H-
1299, the efficacy of Apr-Dox nano-conjugated drug was also significant with only
30% cell viability whereas with Dox alone treatment cytotoxicity was less and
was comparable to aprotinin alone as shown in Fig: 4.19. In conclusion, the cell
viability assay of cancer cell lines showed that the developed nano-bioconjugate
demonstrated strong anti-cancer activity; highlighting the chemotherapeutic and

chemo-sensitive potential of aprotinin (Fig: 4.20).
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Figure 4.20: In vitro cytotoxic analysis after treatment with Apr-Dox nano-
bioconjugate, Dox alone, aprotinin alone and PBS as control of HUVECs, MCF-7,
C4-2 and H-1299

This also shows that the prostate cancer cell line C4-2 is highly sensitive to the
drug-protein nano-bioconjugate, whereas its toxicity is least in healthy human
umbilical cord endothelial cells (HUVECs). Comparatively, breast cancer and
non-small cell lung carcinoma showed moderate chemo-sensitivity towards Apr-
Dox nano-bioconjugate. However, detailed analysis of molecular and cellular
interactions of each cancer cell line can be investigated further to understand
the potential mechanism behind difference of efficacy in each cell line. Here,
the potential of aprotinin as a carrier moonlighting protein with chemo-sensitive

ability to carry conventional anti-cancer drug is highlighted as a proof of concept.
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4.11 Effect of Apr-Dox Nano-Bioconjugate on
3D Cancer Spheroids of Prostate Cancer
C4-2 and Lung Cancer H-1299

For the analysis of drug treatment on 3D-spheroid models, C4-2 and H1299 cell
lines were tested, keeping in mind the maximum and minimum effect of the
designed Apr-Dox nano-bioconjugate, respectively, on the 2D-monolayer models
of these cell lines. The schematic of spheroids fabrication and their respective

analysis is shown in Fig: 4.21.
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Figure 4.21: Schematics of spheroids fabrication for drug treatment studies

Experimentally, the following settings were used: 1) Spheroids incubated with
no drug treatment acted as control for 48h 2) 48h incubation with aprotinin alone
(1.5 TIU) 3) 48h incubation with 2.5uM Dox alone 4) spheroids incubated with
Apr-Dox nano-bioconjugate at varying concentrations (i.e., 2pM — 10puM). The
media was replaced with fresh media after 48h, and spheroids were incubated
with no further drug addition up to 72h. For the analysis, individual spheroids
were observed (Fig: A6 and A7) for their growth behavior and morphological
characteristics throughout the study period.

Remarkably, the growth behavior of C4-2 spheroids showed a significantly
effective response with 2uM Apr-Dox nano-bioconjugate drug treatment, whereas
an equivalent concentration of Dox alone (2.5uM) did not show effective results
while keeping the morphology of spheroids intact, thus suggesting an increased

cytotoxic behavior of the devised nano-bioconjugate in spheroids (Fig: 4.22).
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Figure 4.22: 3D in vitro cytotoxic analysis after treatment with Apr-Dox nano-
bioconjugate (Brightfield images of individual spheroids after drug treatment at
day 5 for C4-2 with graphical description of size change)

Relatively, for H-1299 spheroids, the effective concentration of Apr-Dox nano-
bioconjugate to inhibit the regrowth of spheroids after media change was found
to be 4uM (Fig: 4.23). This might be due to the fact that uPA increases the
permeability of microvascular endothelial cells in vitro[69] and inhibiting uPA
with aprotinin would affect the cellular uptake of conjugate in 3D spheroids with

biomimetic tumor physiological environment.

Hence, the results of 3D spheroids were quite consistent with the 2D-monolayer
data for each cell line, depicting that the efficiency of the Apr-Dox nano-

bioconjugate is somehow related to the properties of the type of cancers, and
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thus giving distinct results on each type of cancer cell lines.
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Figure 4.23: 3D in vitro cytotoxic analysis after treatment with Apr-Dox nano-
bioconjugate (Brightfield images of individual spheroids after drug treatment at
day 5 for H-1299 with graphical description of size change)

Moreover, the live-dead cells staining images emphasized a decreased viability
of cells at the peripheral region of spheroids with Apr-Dox nano-bioconjugate
treatment in both cell lines, when compared to non-treated (control) and Dox

alone treatment as shown in Fig: 4.24 (Left and Right).

Here, the green fluorescent peripheral corona decreases with time after drug-
conjugate treatment suggesting more cell death with Apr-Dox nano-bioconjugate,
which is corroborated by the disintegration of spheroidal morphology as observed

in brightfield images (Fig: 4.24 left and right). A decrease in viability and
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spheroidal size is attributed to the increase cellular uptake of Apr-Dox nano-
bioconjugate by spheroids via inhibition of uPA in extracellular environment

which is a major contributing factor in tumor growth and progression|[70].
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Figure 4.24: Stained images of spheroids after treatment with drug in C4-2 (left)
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Chapter 5

Conclusion

This study complies designing a novel nano-bioconjugate-based combination ther-
apies involving the use of anticancer therapeutic agent Dox, delivered using nano-
carrier aprotinin (Apr-Dox nano-bioconjugate) to enhance the efficacy and reduce
the toxicity of the drug, and hence introducing aprotinin as a moonlighting protein
to carry a renowned cytotoxic drug Dox as a meaningful alternative with can-
cer treatment. Interestingly, the designed nano-bioconjugate offers tremendously
reduced drug dose (100 times), overcoming the off-targeted behavior (killing the
normal cells along with cancer cells) of conventional anti-cancer drugs with no
signs of toxicity on healthy cells (HUVECs) in 2D cultures, as well as propos-
ing a targeted pH release profile (at pH 4.0) to be advantageous to release drug
specifically at the tumor site in the acidic environment. Moreover, as a proof-
of-concept; to observe the effectiveness of the Apr-Dox nano-bioconjugate on 3D
spheroid models, the designed nano-bioconjugate was also tested on 3D spheroids,
thus showing effective response in the preliminary 3D setups, and opening a way
to be an effective candidate nano-drug for clinical applications in the future.
However, a detailed study with respect to the effect of this nano-bioconjugate on
3D spheroid models is still in progress in our research group, to first understand
the in-depth physiology of the spheroids generated from various cancer cell lines,
followed by time-dependent addition of Apr-Dox nano-bioconjugate for a much

reflective effect. Consequently, the designed nano-bioconjugate shows a selective
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targeting approach of aprotinin towards cancer cells, thus improving the effec-

tiveness and minimizing systemic toxicity observed in usual cancer treatments.
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Appendix A

Supplementary Data
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Figure A.1: (A) The stability analysis of drug formulation after 8 weeks of for-
mulation at different flow rates. The figure shows that the formulation was more
stable at a 100ul/h flow rate than 50ul/h. (B) Stability analysis of the same for-
mulation using DLS and (C) Reproducibility of zeta potential results to ensure
the reliability of the obtained data
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+ PBS buffer in which dialysis membrane is placed

+ Dialysis membrane [LkDa) tube with nanoconjugate
product

» Manoconjugate product obtained from microfluidic synthesis

= Dialysis membrane tube cap

*  Ring for suspending the dialysis tube in buffer media

Equipment and products used for dialysis of
microfluidics obtained drug conjugate

Final assembly of dialysis setup

Figure A.2: The removal of unbound drug from synthesized bioconjugate

Figure A.3: The assembly utilized for drug release at different pH
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Figure A.4: QTOF data of Dox solution showing peak at 397nm and 544nm

Figure A.5: The microfluidic setup for nano-bioconjugate synthesis
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Figure A.6: Brightfield images of C4-2 spheroids (A) control without treatment
(B) Dox 2.5nM treated (C) Aprotinin 1.5 TIU treated (D) Apr-Dox 2pM treated
(E) Apr-Dox 6uM treated (F) Apr-Dox 10pM treated

Figure A.7: Brightfield images of H-1299 spheroids (A) control without treatment

(B) Dox 2.5 pM treated (C) Aprotinin 1.5 TIU treated (D) Apr-Dox 2uM treated
(E) Apr-Dox 6pM treated (F) Apr-Dox 10pM treated
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Figure A.8: Simulation to elucidate the velocity profile of Y-mixer for synthesizing

nano-bioconjugates using microfluidic chip
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Figure A.9: Numerical simulations showing mixing performance along the Y-
mixer at optimal flow rate (100pl/h) for synthesizing nano-bioconjugates using

Y-Mixer

microfluidic chips
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Figure A.10: Combined graph for dox internalization and fluorescence emission
determined via flow cytometry
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Sample Absorbance | Hemolysis
PBS (-) 0.324 0

Deionized water (+) 2.912 91.8
Triton X-100 (+) 3.141 100
DOX-APR bioconjugate 10ul 0.411 3.0
DOX-APR bioconjugate 20ul 0.237 3.0
DOX-APR bioconjugate 30ul 0.257 2.3
DOX-APR bioconjugate 40ul 0.233 3.2

Table A.1: Drug conjugates’ hemolysis activity and absorbance values compared
to the positive and negative control.

Release Model | x-axis y-axis Equation
Zero Order t % Drug Release C,+ Kot
First Order t Log % Drug Release | Log C; = logCy + Kyt /2.303
Higuchi NG % Drug Release C; = A\/B(C’O — C5)Cit

Table A.2: Details of various drug release models. where Ct= amount of drug
dissolved in time t, CO= the initial amount of drug in the solution, KO = zero
order release constant, Kt = first order release constant, Cs= drug solubility
in the matrix media, D = diffusivity of drug molecules in the matrix, Mt/ M
= fraction of drug released at time t, Kp= release rate constant, n = release
exponent
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