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Figure Captions

Figure 1.1. Estimated new lung and bronchus cancer cases deaths by sex in the United
States, 2021. Long-term trends in lung and bronchus cancer incidence (1975-2017) and

mortality (1975-2018) rate.

Figure 1.2. Nanoparticle platforms for drug delivery.

Figure 1.3. Passive targeting and active targeting strategies for anticancer drug delivery
system. (Top) By the EPR effect, NPs passively diffuse through the leaky vasculature and
accumulate in tumor tissues. In this case, drug may be released in the extracellular matrix
and then diffuse through the tissue (a). (Down) In active targeting, once particles have
extravasated in the tumor tissue, the presence of targeting ligands (e.g., FA) on the NP
surface facilitates their interaction with receptors that are present on tumor cells, resulting
in enhanced accumulation and preferential cellular uptake through receptor-mediated

endocytosis (b).

Figure 1.4. The reaction of DSP with amine-containing molecules yields amide bond
crosslinks. The conjugates may be cleaved by reduction of the disulfide bond in the cross-

bridge with GSH.

Figure 1.5. Intrinsic pathway for apoptosis. The intrinsic pathway, typically initiated by
DNA damage, activates p53. p53 then activates the pro-apoptotic proteins, which cause
mitochondrial outer membrane permeabilization, leading to Cyt ¢ in the cytoplasm. Cyt c
associates with Apaf-1 to form the apoptosome complex in the cytoplasm. The

apoptosome causes the conversion of inactive pro-caspase-9 into active caspase-9.



Caspase-9 then activates caspase-3, leading to the caspase cascade, resulting in

apoptosis.

Figure 1.6. Protein-based nanoparticles prepared by nanoprecipitation method leading
to submicron particles. The addition of the non-solvent phase leads to a state of
supersaturation which allows the beginning of the nanoprecipitation process and the

formation of nanoparticles.

Figure 3.1. Synthesis route of cross-linked Cyt ¢ NP by one-step nanoprecipitation.

Figure 3.2. Effect of cross-linker concentration (DSP) on mean diameter and zeta
potential values of cross-linked Cyt ¢ NPs. Data shown are expressed as the mean £ SD
of experiments performed in triplicate (n = 3). Statical analysis by ordinary one-way
ANOVA with Tukey’s multiple comparison analysis demonstrated a significant difference
in the mean sizes and zeta potential values of Cyt ¢ NPs cross-linked by different
concentrations. The asterisks indicate significant differences: ** p < 0.01 *** p = 0.0005,
and **** p < 0.0001. No significant (ns) differences were observed in mean diameters
from 0.2 mg/mL to 0.5 mg/mL and zeta potential values between 1 mg/mL and 1.5 mg/mL

of cross-linker concentrations.

Figure 3.3. Effect of cross-linking concentration on morphological characterization of
nanoparticles. SEM images of Cyt ¢ NPs cross-liked with different concentration of DSP:
(@) 0.2 mg/mL, (b) 0.3 mg/mL, (c) 0.5 mg/mL, (d) 1.0 mg/mL, and (e) 1.5 mg/mL. Scale

bar =1 pm.

Figure 3.4. Effect of non-solvent/cross-linking injection rate on (a) mean size and (a) zeta

potential values of cross-linked Cyt ¢ NPs. Data are the mean + SD of experiments
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performed in triplicate (n = 3). Statical analysis by ordinary one-way ANOVA multiple
comparison analysis demonstrated a significant difference between cross-linking injection
rates on the mean size of NPs. The asterisks (*) indicate significant differences: ** p =
0.002, and **** p < 0.0001. No significant (ns) differences in zeta potential values between

NPs prepared at different injection rates were observed.

Figure 3.5. Effect of cross-linking injection rate on the morphological characterization of
NPs. SEM images of Cyt ¢ NPs cross-linked at different flow rate: (a) 125 mL/h, (b) 200

mL/h, and (c) 300 mL/h. Scale bar =1 pym.

Figure 3.6. Synthesis route of cross-linked Cyt ¢ NP by two-step nanoprecipitation.

Figure 3.7. The effect of cross-linking method variation on the (a) mean diameter and (b)
zeta potential values of cross-linked Cyt ¢ nanoparticles. Data shown are the mean + SD
of experiments performed in triplicate (n =3). The asterisks (*) indicate significant

differences: * p = 0.02 and ** p = 0.01, assessed by two-tailed unpaired t-test analysis.

Figure 3.8. SEM micrographs of the Cyt ¢ NPs cross-linked by (a) one-step and (b) two-
step nanoprecipitation methods. Cross-linker concentration (0.5 mg/mL DSP) and
injection rate (300 mL/h) were maintained constant during nanoparticle formation. Scale

bar =1 pm.

Figure 3.9. Cumulative in vitro release profile of Cyt ¢ from cross-linked Cyt ¢ NPs
synthesized by one-step (red circle) and two-step (blue square) methods. NPs were
dissolved in PBS buffer with 10 mM GSH at 37°C to simulate the intracellularly (reducing)

physiological condition. Data are the mean = SD of experiments performed in triplicate
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(n= 3). Statistical analysis by two-tailed paired t-test analysis demonstrated a significant

difference between one-step and two-step cross-linking methods, ** p < 0.05.

Figure 3.10. Activation of caspase 3/7 using a cell-free caspase assay. (a) Compared to
untreated cells (control), cross-linked Cyt ¢ NPs synthesized by one-step and two-step
methods activated caspase 3/7 to a similar extent to the activity provided by native Cyt c
protein. (b) Relative caspase 3/7 activation of Cyt ¢ NPs cross-linked by one-step and
two-step methods compared with the relative activation by native Cyt c. When comparing
the relative caspase activity of NPs obtained from one-step and two-step methods, no
statistically significant (ns) difference was found using ordinary one-way ANOVA and
multiple comparison Tukey’s test (95% confidence interval). Data are the mean = SD of

experiments performed in triplicate (n= 3); (*** p = 0.0007).

Figure 4.1. (a) Synthesis route of cross-linked Cyt c-PEG-FA NPs. SEM micrographs of
(b) crosslinked Cyt ¢ NPs and (c) cross-linked Cyt c-PEG-FA NPs. (d) Cumulative in vitro
release profile of Cyt ¢ from cross-linked Cyt c-PEG-FA NPs at 37 °C. NPs were dissolved
in PBS buffer with zero GSH (triangles), 0.001 mM GSH (squares), and 10 mM GSH
(circles) to simulate extracellular (non-reducing) and intracellular (reducing) physiological
conditions. Data are the mean + SD of experiments performed in triplicate. Statistical
analysis by ordinary one-way ANOVA multiple comparison analysis demonstrated a
significant difference between the intracellular and extracellular conditions when

compared with the control, p < 0.0001.

Figure 4.2. Activation of caspase 3/7 using a cell-free caspase assay. (a) Compared to
untreated cells (control), cross-linked Cyt c-PEG-FA NPs activated caspase 3/7 to a

significantly greater extent, similar to the activity provided by the native Cyt c protein. (b)
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Caspase 3/7 activation of cross-linked Cyt c-PEG-FA NPs compared with the caspase
3/7 activation by native Cyt c. LLC lysate treated with cross-linked Cyt c-PEG-FA NPs
was able to activate the caspase 3/7 significantly, similar to that afforded by native Cyt c.
The relative caspase activity offered by cross-linked Cyt c-PEG-FA NPs was not
significantly different compared to the native Cyt c protein. **** |ndicates a significant
difference (p < 0.0001) in an unpaired t-test analysis with n = 6. Error bars represent the

calculated SD.

Figure 4.3. MTS cell viability assay of LLC cells after 24 h of incubation with folate-
containing cross-linked Cyt c-PEG-FA NPs in a concentration-dependent manner. The
percent of cell viability for the Cyt c-PEG-FA NPs is shown in gray columns, at increasing
concentrations from 12.5 to 300 pg/ml. This dose-response curve was used to determine
the 1Cso value of the cross-linked Cyt c-PEG-FA NPs. As controls, we used the native Cyt
c (protein alone, no NPs; first black column), PEG-FA (Folate-poly(ethylene glycol)-
succinimidyl ester alone; second black column), and Cyt c-DSP NPs (Cyt-c with the
homo-bifunctional crosslinker DSP, without folate; gray dotted column). All controls were
added at a concentration of (300 ug/ml). Cytotoxicity of the folate-free formulation and the
folate-bearing NPs at the highest concentration were compared by unpaired t-test

analysis (****, p< 0.0001, n=9). Data shown are expressed as the mean * SD.

Figure 4.4. Comparison of the cytotoxicity of cross-linked Cyt c-PEG-FA NPs in
cancerous and non-cancerous cell lines. Cell viability MTS assay after 24 h of NPs
treatment at 100 pg/ml using FR-positive cells (LLC and HeLa cells) and FR-negative

cells (NIH/3T3 cells). The mean £ SD was obtained from three independent experiments
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performed in triplicate. The results were analyzed statistically using an unpaired t-test

(%% p <0.0001, n=9).

Figure 4.5. Study of DAPI and propidium iodide (PI) colocalization for the detection
of apoptotic cells after 24 h of incubation with cross-linked Cyt c-PEG-FA NPs. (b)
Selective induction of apoptosis was observed in LLC cells incubated with NPs. (c)
No cellular apoptosis was observed in NIH/3T3 cells when incubated with NPs. (a, d)

Untreated LLC and NIH/3T3 cells were used as controls, respectively.

Figure 4.6. Caspase 3/7 activation in LLC cells after 24 h of incubation with 100 pg/ml of
cross-linked Cyt c-PEG-FA NPs. The caspase 3/7 activity was assayed by CellEvent™
caspase 37 fluorescent green detection reagent and measured by CLSM. (a) The left
panel shows untreated LLC cells used as a negative control to establish the green
autofluorescence background, and the right panel shows LLC cells treated with the NPs.
Scale bar = 25 ym. (b) Quantitative analysis of green fluorescence (488 nm Ex.) in
untreated versus NP-treated cells. The results are expressed as mean + SD and were

significantly different (**, p= 0.003, unpaired t-test analysis, n =3).

Figure 4.7. Endosomal colocalization of Cyt c-PEG-FA NPs in LLC cells using Z-stack
confocal imaging. LLC cells were incubated with FITC-labeled NPs (green fluorescence)
at 100 pg/ml concentration and FM-464 endosome marker (red fluorescence) for 24 h.
The cell nuclei were stained with DAPI shown in blue. The yellow color indicates the

localization of the NPs in the endosomes [1]. Scale bar = 25um.

Figure 4.8. Internalization of FITC-labeled cross-linked Cyt c-PEG-FA NPs by FR-
positive cancer LLC and Hela cells and FR-negative non-cancer NIH/3T3 cells.
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Confocal images of both cells treated with FITC-labeled cross-linked Cyt c-PEG-FA
NPs and endosome marker (FM-464) after a 24 h incubation. The yellow color in the
merged images indicates the localization of the NPs in the endosomes [1]. Nuclear

stain DAPI is shown in blue. Scale bar = 25 ym.

Figure 4.9. Infrared (IR) signal of organs and tumors after injection of IR-labeled-NPs.
Upper panel: A high-resolution image of the ventral side of tumors shows what appears
to be NPs in the NP-injected mouse tumor but not in the control mouse. Lower left panel:
Five min after tail vein injection of IR-labeled nanoparticles or no nanoparticles into LLC
tumor-bearing mice, tumors, and organs were excised and scanned for IR signal at 680
nm (high intensity in red and low in blue) using an infrared scanner (LI-COR). Lower right
panel: Percentage of IR signal in the organs of an IR-NP-injected mouse after 5 min

compared to control.

Figure 4.10. Treatment regime in C57BL/6J mice. Male mice (36-60 weeks) were divided
into two groups and treated with: 90% PEG 400/10% ethanol vehicle (i.p.) or 7 mg/kg NPs
dissolved in vehicle (i.p.) at days 3 and 8 after tumor implant. Tumor monitoring was
performed manually by caliper measurement at days 3, 6, 9, and 12, and weight was

monitored as a general health measurement in our mouse model.

Figure 4.11. Percentage of tumor growth and mouse weight in NP-treated and
untreated mice. (a) Tumor growth monitoring was performed in male mice manually
by caliper measurement. (b) Weight was monitored using a rodent balance. T-test

and Kolmogorov-Smirnov post-test on percent tumor growth showed *p= 0.0385,
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while animal weight was not significantly different between both groups. Vehicle (n=6)

and NP-treated (n=7).
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Abstract

Cancer is a major public health problem worldwide and is the second leading
cause of death in the United States. The persistent need to develop cancer therapeutics
with improved safety and efficacy provides constant fuel to drive the development and
optimization of protein-based therapeutics [2]. Proteins are an excellent natural building
block for drug delivery systems (DDS) fabrication due to their unique advantages [3]. They
are naturally produced by the body and often well tolerated with poorly immunogenicity.
Therefore, proteins that exhibit potent cytotoxic activities are also attractive substitutes
for cytotoxic drugs because they are highly specific and less toxic than conventional small
drug molecules. In this context, cytochrome ¢ (Cyt ¢) has drawn attention to cancer
research because it is non-toxic, and when delivered to the cytoplasm of cancer cells, it
can kill them by inducing apoptosis. Various nano vehicles have been explored to protect
the sensitive load and facilitate the intracellular delivery of protein therapeutics with
different degrees of success. Recently, our research group overcame biocompatibility and
off-target limitations commonly seen in anticancer therapeutics by designing a Cyt c-
based DDS coated with a biodegradable polymer, PLGA-PEG-FA, which is 253 nm in
size [4]. However, this delivery system showed no cytotoxicity after an in vivo injection
using a lung carcinoma immune-competent mouse model. For the in vivo application, it
has been reported that spherical particles that are 100-200 nm in size have the highest
potential for prolonged circulation because they are large enough to avoid uptake in the
liver but small enough to prevent filtration to the spleen. In addition, the folate receptor
alpha (FR) is overexpressed in 40% of human cancers, including non-small cell lung

carcinoma (NSCLC), and can be utilized for active tumor targeting to afford more effective
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cancer therapies. Therefore, this dissertation aims to develop a redox-sensitive protein-
based nanoparticle (NP) that uses Cyt ¢ as a drug and carrier material for targeted and

controlled cancer therapy.

In Chapter 3, we substantially simplify our previously reported system by
employing another strategy for preventing protein dissolution in buffer and blood, which
uses a homo-bifunctional redox-sensitive cross-linking, dithiobis(succinimidyl propionate)
(DSP). This cross-linker contains a disulfide bond that is reduced under intra-cellular
conditions, thus affording the dissolution of the NPs in the cytoplasm of target cells. It is
reported that the non-solvent nanoprecipitation method is an easy and reproducible
technique to prepare Cyt ¢ NPs. However, the size, size distribution, surface charge, and
delivery properties of nanoparticles are highly influenced by the nanoprecipitation
operation process conditions such as protein concentration [4], cross-linker concentration
[5], and injection rate [6]. Therefore, this chapter aims to optimize the nanoprecipitation
method to establish a simpler and straightforward method for preparing cross-linked
nanoparticles based on a single step with controllable size and distribution for delivery
applications. Special attention has been dedicated to a systematic study to understand
the effect of the operating parameters of the one-step nanoprecipitation method, such as
cross-linker concentration, non-solvent/cross-linking injection rate, and method variation
(i.e., one-step vs. two-step) on the physicochemical and delivery properties of the
nanoparticles. To the best of our knowledge, this is the first work investigating the impact
of the cross-linking process on the preparation of Cyt c-based nanoparticles by the
nanoprecipitation process. Our results demonstrated that an increase in cross-linker

concentration led to an increase in NP size and a decrease in zeta potential. In addition,
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the diameter of cross-linked Cyt ¢ NPs decreases as the cross-linking/nanoprecipitation
rate increases. For Cyt ¢ NPs cross-linked with the one-step method, the mean size was
smaller (179 = 4 nm) than the two-step method (189 = 2 nm) (*p = 0.02). However, the
two-step nanoprecipitation method demonstrated a more efficient release profile, with
71% of Cyt c released in the initial 24 h compared with the 40% of the one-step method.
Finally, for both methods, the activity of the encapsulated Cyt ¢ is mainly conserved after
the cross-linking process. Therefore, it can be concluded that the non-solvent
nanoprecipitation method using a one-step or two-step cross-linking approach presents
an excellent opportunity for the smart delivery of Cyt c as a therapeutic protein for cancer

treatment.

In Chapter 4, we select the two-step method to prepare the folate-decorated cross-
linked Cyt c NPs because they present a more efficient drug release profile than the one-
step method. To achieve receptor-mediated internalization by FR-overexpressing cancer
cells, we conjugated folate-poly(ethylene glycol) (FA-PEG) to the surface of the NPs. Cyt
¢ nanoparticles (NPs, 169 £ 9 nm) were obtained by solvent precipitation with acetonitrile
and then stabilized by reversible homo-bifunctional cross-linking to accomplish a Cyt c-
based drug delivery system combines stimulus-responsive release and active targeting.
Cyt ¢ was released under intracellular redox conditions due to an S-S bond in the NPs
linker, while NPs remained intact without any release under extracellular conditions. The
NP surface was decorated with a hydrophilic folic acid—polyethylene glycol (FA-PEG)
polymer for active targeting. The FA-decorated NPs specifically recognized and killed
cancer cells (ICso = 47.46 pug/mL) that overexpressed FR but showed no toxicity against

FR-negative cells. Confocal microscopy confirmed the preferential uptake and apoptosis
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induction of our NPs by FR-positive cancer cells. In vivo experiments using a Lewis lung
carcinoma (LLC) mouse model showed visible NP accumulation within the tumor and
inhibited the growth of LLC tumors. Our data demonstrate a substantial improvement over
our previous Cyt c delivery system both in vitro, using the Lewis lung carcinoma (LLC)
cell line, and in vivo, using the LLC mouse model. This mouse model is a practical in vivo
approach to studying drug safety and testing whether targeted NP therapies reach their

target in the presence of a functional immune system.

Keywords: cancer; cytochrome c; drug delivery; folate receptor; crosslinker; protein

therapeutics
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Chapter 1

INTRODUCTION

1.1. Cancer statistics and treatments

Cancer is a heterogeneous group of diseases defined by the uncontrolled
proliferation of abnormal cells. Malignant cells can invade the surrounding tissue and
cause metastasis. According to the World Health Organization (WHO), cancer is a major
public health problem worldwide and is the second leading cause of death globally. In
2021, 1,898,160 new cancer cases and 608,570 cancer deaths were projected to occur
in the United States, the equivalent of 5,200 new cases each day [7]. In the United States,
lung cancer has the highest incidence of mortality among all cancer types in both females
and males (Figure 1.1.). From this projection for 2021, it was expected that 13% and 22%
of new cases and deaths, respectively, will be caused by lung and bronchus cancer [7].
According to the statistics of the American Cancer Society, the probability (%) between
2013 to 2015 of developing invasive lung and bronchus cancer from birth to death was
6.7% (1 in 15) in males and 5.9% (1 in 17) in female. In contrast to the steady increase in
survival for most cancers, advances have been slow for lung cancer, for which the 5-year

relative survival rate is currently over 21% [7].

There are two main types of lung cancer: non-small cell lung cancer (NSCLC) and
small cell lung cancer (SCLC). Lung cancer cells of both types grow and spread in
different ways. NSCLC comprises about 85% of lung cancer diagnoses, while SCLC
comprises approximately 15% [8]. NSCLC is a heterogeneous aggregate, including

squamous cell carcinoma, adenocarcinoma, and large cell carcinoma [9]. Most patients
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will have an advanced-stage non-operable disease at the time of diagnosis. In this
disease setting, treatment aims to slow down the progression of the disease, relieve the
patients from lung cancer symptoms, and, whenever possible, increase the overall
survival (OS). Existing therapeutic strategies for lung cancer include surgery, radiation
therapy, and chemotherapy, which can be used alone or in combination with other
therapies [10]. Other treatment options include immunotherapy and targeted therapy.
These therapeutic approaches have improved patient survival. However, systemic
therapies still show poor treatment for most patients [11]. The choice of therapy depends

upon the location, grade of the tumor, and the stage of the disease.

Chemotherapy is the application of chemicals or drugs to kill cancer cells, and its
effects are systemic. Earlier therapeutic options have been limited because of high
cytotoxicity toward the non-cancerous cell, leading to systemic toxicity and adverse
effects. Approximately 40% of newly diagnosed lung cancer patients are stage IV. The
goal of treating these patients is to improve survival and reduce disease-related adverse
events. For stage IV NSCLC, cytotoxic combination chemotherapy is the first-line therapy,
which might be influenced by histology, age, and performance status (PS) [12]. The
American Society of Clinical Oncology states that treatment for a patient with a PS of 0
or 1 is a regimen of platinum (cisplatin or carboplatin) plus paclitaxel, gemcitabine,
docetaxel, vinorelbine, irinotecan, or pemetrexed [13]. Reports from multicenter
randomized clinical trials have shown that no single regimen demonstrated significant
superiority over any other combination [14-16]. The median OS for patients in these
studies was approximately 8—10 months [14-16]. The specific combination depends on

the types and frequencies of toxic effects and should be decided individually. However,
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adenocarcinoma patients may benefit from pemetrexed [17]. Cisplatin is the more
effective platinum; however, it has been associated with more side effects. For patients
with a PS of 2, evidence suggests that they may need only one drug, typically not platinum
[18]. Chemotherapy treatment is usually well tolerated by patients with performance
status (PS) 0 and 1 but is rarely effective in patients with a PS 3 and 4, where palliative
care is preferred [19].

Despite its toxicity profile and short-term effectiveness,

chemotherapy remains the first-line treatment for NSCLC.

Estimated New Lung & Bronchus Cancer Cases and Deaths by Sex,
United States, 2021

Female Mortality Male Mortality
Percent New Cases Percent New Cases
22% 62,470 22% 69,410
1975- 2018 trend 1975- 2018 trend
Female Incidence Male Incidence
Percent New Cases Percent New Cases
13% 116,660 12% 119,100
1975- 2017 trend 1975- 2017 trend

Figure 1.1. Estimated new lung and bronchus cancer cases deaths by sex in the United

States, 2021. Long-term trends in lung and bronchus cancer incidence (1975-2017) and

mortality (1975-2018) rate. Adapted from Ref [7].

29



1.2. Nanoparticles in cancer therapeutics

Rapid growth in nanotechnology toward developing nanomedicine agents holds
massive promise to improve therapeutic approaches against cancer. Nanoparticles (NPs)
are nanometer-sized (<100 nm) colloidal particles, typically with a therapeutic agent
encapsulated within the particle-matrix, adsorbed, or conjugated through functional
modifications onto the surface, which results in improved drug stability and targeted
efficacy. Nanocarriers change the pharmacokinetic properties of drugs to improve their
efficiency and decrease their side effects [20]. Anticancer drugs in nano-formulations
exhibit enhanced therapeutic index due to their ability to improve drug solubility, enable
targeting of specific tissues, reduce systemic toxicity, and increase cellular uptake of
encapsulated or attached drugs at the target site [21]. Due to their sub-micron size, NPs
have deep tissue penetration, can cross epithelial fenestrations, and are generally taken
up efficiently by target cells, improving the bioavailability of therapeutic moieties [22]. In
contrast, conventional drugs are rapidly cleared from the body, reducing the amount of

drug at the tumor site [23].

There are many advantages to using nanoparticles as a drug delivery system.
First, NPs have the potential to enable the preferential delivery of drugs to tumors owing
to the enhanced permeability and retention (EPR) effect and the delivery of more than
one therapeutic agent for combination therapy [24]. The extent and rate of release of the
drug can be optimized by manipulating the surface characteristics of the NP. Other
advantages of NPs include specific binding of drugs to targets in cancer cells or the tumor
microenvironment, simultaneous visualization of tumors using innovative imaging

technigues, enhanced drug-circulation times, and superior dose scheduling for improved
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patient compliance [25]. Since many tumor types are inherently resistant to available
chemotherapeutics, a stable association between the drug and NP enhances the potential

to overcome these problems [26].
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Figure 1.2. Nanoparticle platforms for drug delivery. Reproduced from ref [27].

Nanoparticle technologies for cancer therapy include polymeric NPs [28],
dendrimers [29], micelles [30], polymersome [31], polymer conjugates [32], liposomes
[33], inorganic NPs [34], protein carriers [35], biological NPs [36], and hybrid NPs [37]
(Figure 1.2.). The diversity of delivery systems allows NPs to be developed with a diverse

array of shapes, sizes, and components to be tailored for specific applications [38].
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However, when designing any drug delivery system, the primary consideration is to
achieve more effective therapies by controlling the drug concentration in the therapeutic
window, reducing cytotoxic effects, and improving patient compliance. This allows
effective treatment cycles to be maintained while reducing damage to healthy cells and
minimizing recovery. Currently, there are FDA-approved drugs within some of these
categories where nanotechnology seems to improve their therapeutic effects, overcoming
their intrinsic conventional limits (Table 1.1.).

Table 1.1. Active and completed nanomedicine-based chemotherapeutics drug clinical

trials [39].
Nano Delivery
Drug NSCLC Stage | Phase Clinical Trial
System
Doxorubicin
Hydrochloride | Pegylated
nB-Iv Il NCT01051362
(Adryamycin®, | Liposome
Rubex ®)
Aerosolized
B I NCT00020124
Liposome
Liposome HB-Iv v NCT02996214
Polymeric micelle NCT01023347
Paclitaxel \Y Il
(Genexol-PM®) NCTO01770795
Aerosolized
Camptothecin HB-1v Pre-clinical | NCT00277082
Liposome
Lurtotecan Liposome B I NCTO00006036
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1.3. Targeting of tumor microenvironment

Multidisciplinary research efforts in the field of drug delivery have led to the
development of a variety of nanomaterials designed for the site-specific delivery of
therapeutic anticancer agents. As the knowledge about cancer development progresses,
it highlights the complexity of the disease characterized by inter-tumor and intra-tumor
heterogeneity between cancer types [40]. These morphological changes can be exploited
to design drug delivery systems (DDSs) that can be specifically targeted to these regions.
Angiogenesis, defined as the formation of new blood vessels from existing ones, is an
important characteristic that allows the tumors to thrive, providing them with an enriching
supply of oxygen and nutrients [41]. The blood vessels then continue to proliferate rapidly,
producing a severely irregular and aberrant vasculature, thus resulting in regions with
high blood or poor blood supply compared with healthy vessels in normal organs. Tumor
vessels can become excessively leaky due to deficient basement membranes and
incomplete endothelial linings caused by the extremely compromised ability of endothelial
cells to completely envelop the proliferating cells forming the vessel walls [42]. In
response, this allows nanoparticles to accumulate inside the tumor fenestrae. This
phenomenon is termed the Enhanced Permeation and Retention (EPR) effect (Figure
1.3.) [24].

The permeability of the compromised vasculature and retention can accumulate
even macromolecules, increasing their tumor concentration by 70-fold [43]. The EPR
effect alone increases the tumor specificity of NPs by 20-30% over critical normal organs
[44]. Various important factors such as circulation time, targeting, and the capability to

overcome barriers are heavily reliant on the shape, size, and surface area of these
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particles [38]. To produce long-circulating NPs that can accumulate inside tumor tissues,
a diameter between 30 nm and 200 nm is desired [25]. Using this approach, researchers
may induce passive accumulation of nanomaterials inside a tumor by changing the
diameter of a nanoparticle [45]. The capacity of smaller particles to navigate between the
tumor interstitium after extravasation increased with decreasing size [38]. However, they
must be bigger than 20 nm to avoid renal filtration during circulation [46]. By contrast,
larger nanoparticles (=400 nm) do not extravasate far beyond the blood vessel because
they remain trapped in the extracellular matrix between cells [47]. For the in vivo
application, it has been reported that spherical particles that are 100-200 nm in size have
the highest potential for prolonged circulation because they are large enough to avoid
uptake in the liver but small enough to prevent filtration to the spleen [48].

When administered into the blood, most nanomaterials are taken up within minutes
or hours by the phagocytic cells of the mononuclear phagocyte system. This rapid
clearance can be avoided by adding poly(ethylene) glycol (PEG) to the surface of DDS.
Several studies showed the increased half-life of nanomaterials by simply adding PEG to
their surface [49]. By preventing opsonization, the addition of PEG drastically increases
the blood half-life of all nanomaterials regardless of surface charge [38]. Generally, the
blood half-life of gold nanoparticles is also increased by increasing the length of PEG,
which causes the protective layer to thicken [45]. The chemistry used to attach PEG,
overall PEG length, and surface density affects the NP stability [45,50,51]. Alternative
molecules such as lipids and silica were investigated, but PEG remains the most widely

used approach [52].
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Active targeting NPs also rely on the EPR effect to access the intra-tumoral space.
Targeting moieties for molecular recognition (e.g., antibodies, peptides, and small
molecules) are used to potentially increase total accumulation by anchoring the NPs onto
the tumor cells. This targeting strategy allows specific retention and uptake of NPs by
promoting ligand-receptor interactions at the surface of tumor cells, inducing receptor-
mediated endocytosis and drug release inside the cell [53]. The high proliferation rate of
tumor cells demands a higher nutritional supply resulting in the increased expression of
nutrient receptors, such as folic acid receptors (FRs), to respond to the high request for
folate or folic acid (FA) for DNA synthesis [54]. FA is a vitamin B, necessary for cellular
proliferation, DNA synthesis, and modification [55]. The FRa is a well-known tumor
marker overexpressed in 40% of human cancers [56]. Studies have found that levels of
FRs expression are associated with tumor stage and survival, specifically in NSCLC
[57,58]. In addition, there is a lower distribution of FRs in normal tissues compared to the
expression of this receptor in several cancer types [59]. This overexpression in tumors
promotes FA ligand-drug conjugates to binding and subsequent internalize via FR-
mediated endocytosis [60]. Hence, combining the passive EPR-mediated targeting with
an additional tumor-abundant ligand, such as FA, not only amplifies the specificity of

therapeutic NPs but also facilitates their cellular uptake.
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) Drug diffuse in tumor cells
Tumor tissue

Endothelial cells

Passive targeting

Active targeting

Leaky vasculature

Figure 1.3. Passive targeting and active targeting strategies for anticancer drug delivery
system. (Top) By the EPR effect, NPs passively diffuse through the leaky vasculature and
accumulate in tumor tissues. In this case, drug may be released in the extracellular matrix
and then diffuse through the tissue (a). (Down) In active targeting, once particles have
extravasated in the tumor tissue, the presence of targeting ligands (e.g., FA) on the NP
surface facilitates their interaction with receptors that are present on tumor cells, resulting
in enhanced accumulation and preferential cellular uptake through receptor-mediated

endocytosis (b). Reproduced from ref [61].
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1.4. Stimulus-responsive delivery

Since efficient uptake of drug carriers into target cells is central to effective drug
delivery, a comprehensive understanding of the intracellular chemical environment can
facilitate the development of “smart” DDSs capable of preventing off-targets and
enhancing therapeutic outcomes. In general, stimulus-responsive release systems allow
the controlled release of drugs by responding to endogenous (e.g., pH, enzymes, and
redox sensitivity) or exogenous (e.g., heat and light) activation [62]. Among different
internal stimuli-responsive DDSs, redox-responsive nanoparticles have shown a
significant potential for controlling drug release [63].

Redox-responsive NPs are considered efficient for “smart” transport and delivery
of anticancer agents to target tumors [64]. Glutathione (GSH) is the most abundant and
powerful reducing agent in mammalian cells because of its intrinsic thiol group and serves
as an interesting internal stimulus for the delivery of anticancer drugs [65,66]. There is a
marked difference in the redox potential between the intracellular and extracellular
spaces. The intracellular concentration of GSH is about 2-10 mM, while the GSH
concentration in extracellular fluid in tissue is only about 2—20 uM [67]. Consequently, the
concentration of GSH in tumor tissues and the cytosol of tumor cells are at least 4 times
higher than that in normal tissues, so tumors can be considered a reducing environment
[68]. It has also been demonstrated that tumor tissues are significantly more hypoxic than
normal healthy cells [69]. This ensures the usefulness of the glutathione disulfide-
glutathione redox couple (GSSG/GSH) in developing redox-responsive nanocarriers [46].

Thiol-cleavable cross-linkers are used as a common synthetic method to form

stable bonds under aerobic conditions, preventing the disintegration of the nanopatrticle
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in an aqueous environment but reducing it to a thiol group in highly reducing conditions
[70]. In particular, the DSP (dithiobis(succinimidyl propionate)) cross-linker contains a
disulfide bond that has been used to trigger the release of pro-apoptotic proteins in cancer
cells, making it useful for redox-responsive delivery [71]. This homo-bifunctional N-
hydroxysuccinimide (NHS) ester cross-linker has identical reactive groups at either end
and reacts rapidly with any primary amine-containing molecule (Figure 1.4.) [72]. Since
this type of cross-linker can be used in one-step reactions can save more time and
material. Indeed, chemical cross-linking reagents can also affect different nanostructure
features, including size and shape [71,73]. Several studies have reported that redox-
sensitive cross-linkers reduce enzymatic degradation, raising circulation time in vivo and
controlling drug release from the NPs [74]. Many nano vehicles with redox-responsive
properties have been developed, but not many studies have investigated how redox-
responsive cross-linking affects the colloidal and functional properties of the nanoparticles
[75]. Finally, it is reported that when combined with passive and active targeting, stimulus-
responsive strategies can potentially enhance the efficiency of anticancer action towards
tumor tissues with good site-specific targeting and controlled release while lowering

cancer multidrug resistance [64].
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Figure 1.4. The reaction of DSP with amine-containing molecules yields amide bond
crosslinks. The conjugates may be cleaved by reduction of the disulfide bond in the cross-

bridge with GSH. Reproduced from ref [72].

1.5. Therapeutic proteins

Proteins are a class of natural molecules with unique functionalities and potential
applications in biomedical and material sciences [76]. Since the approval of insulin (a
recombinant protein) by the US Food and Drug Administration (FDA) in 1982, protein
therapeutics have been extensively developed [77]. More than 200 therapeutic proteins
are currently on the market and above 1000 are in clinical development [78]. Therapeutic
protein drugs have a critical advantage over small-molecule drugs that are currently more
dominant in the pharmaceutical market [79]. They perform highly specific and complex

functions that are not easily mimicked by small molecules. Therapeutic proteins have
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maintained their research and development spotlight over the past several decades to
treat some high-incidence human diseases, including cancer, metabolic disorders, and
autoimmune diseases. To date, FDA-approved therapeutic proteins have already played
a significant role in cancer treatment (Table 1.2.) [79]. However, despite the success of
early protein drugs, numerous challenges have reduced their efficacy in the clinical
setting, such as limited therapeutic index, acquired resistance, inefficient delivery, and
individual patient variation [80]. Thus, the persistent need to develop cancer therapeutics
with improved safety and efficacy provides constant fuel to drive the optimization of

protein biologics|[2].

Table 1.2. Protein-based NPs for cancer treatment. Reproduced from ref [79].

Protein-based NP | Trade name Function Examples of clinical use

Bevacizumab [81] | Avastin® Humanized mAb that | Colorectal cancer, non-

binds all isoforms of | small-cell lung cancer

VEGFA

Cetuximab [82] Erbitux® Humanized mAb that | Colorectal cancer, head,
binds EGFR and neck cancer

Panitumumab [83] | Vectibix® Human mAb that Metastatic colorectal
binds EGFR cancer

Alemtuzumab [84] | Campath® | Humanized mAb B-cell chronic lymphocytic
directed against leukaemia in patients who

have been treated with
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CD52 antigenon T

alkylating agents and who

and B cells have failed fludabarine
therapy

Rituximab [85] Rituxan® Chimeric Relapsed or refractory
(human/mouse) mAb | low-grade or follicular
that binds CD20, a CD20* B-cell NHL,
transmembrane primary low-grade or
protein found on follicular CD20* B-cell
over 90% of B-cell NHL in combination with
non-Hodgkin’s CVP chemotherapy;
lymphomas (NHL); diffuse large B-cell CD20*
synergistic effect NHL in combination with
with some small- CHOP or other
molecule anthracycline-based
chemotherapeutic chemotherapy;
agents has been rheumatoid arthritis in
demonstrated in combination with
lymphoma cell lines | methotrexate

Trastuzumab [86] | Herceptin® | Humanized mAb that | Breast cancer

binds HER2/Neu cell
surface receptor and
controls cancer cell

growth
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Proteins are the engines of life that perform essential functions inside cells, such
as enzyme catalysis, signal transduction, and gene regulation, and maintain a fine
balance between cell survival and programmed death. Protein therapeutics are
categorized into two types based on the active sites of proteins. One is the protein
therapeutics with extracellular targets (i.e., take effect outside the cell), such as antibodies
and protein antigens [87]. The other is protein therapeutics with intracellular targets (i.e.,
act in the cytosol), being the most reported caspase-3, ribonuclease A (RNase A), and
cytochrome c (Cyt c) [88-91]. In this frame, pro-apoptotic proteins, such as Cyt c, are

gaining importance as therapeutic candidates in cancer therapy [92].
Cytochrome c as an anticancer drug

All chemotherapeutic drugs, regardless of their specific target or mechanism of
action, produce the same cytotoxic end effect in sensitive cells: cell death. Contrary to
necrosis, apoptosis is when intracellular components are degraded to a less complex
byproduct, which can undergo clearance by lymphocytes and macrophages with
minimum adverse effects on the healthy adjacent tissue [93]. However, the apoptotic DNA
damage response requires the involvement of the p53 tumor suppressor pathway, which
is mutated/inactivated in ~50% of human cancers [94] and approximately 70% of lung
adenocarcinoma cases [95]. The P53 pathway consists of activating pro-apoptotic Bcl-2
protein family members, such as Bax, which cause mitochondrial outer membrane
permeabilization leading to the release of Cyt ¢ into the cytoplasm [96]. Such oncogenic
mutations that disrupt the apoptosis pathway contribute to tumor initiation, progression,
and metastasis [95]. For example, Taxol®, a current first-line lung cancer treatment,

causes damage leading to p53-tumor-suppressor-dependent apoptosis and often results
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in the development of resistance, leading to therapy failure and relapse [97]. In addition,
the dose-limiting toxicity of most anticancer drugs leads to a low therapeutic index and
adverse toxic effects. Such limitations have spurred efforts to identify more effective
chemotherapeutic agents that can be tolerable in higher doses and act independently of

the p53 pathway [98].

As an alternative approach, proteins that exhibit potent cytotoxic activities can be
exploited to develop new anti-tumor drugs [79]. Cyt c fulfills this requirement because it
is non-toxic in the cytoplasm and acts downstream in the apoptosis cascade, thus evading
many steps with potential mutations. This protein is a highly conserved (~12 kDa) and
water-soluble, consisting of a 104 amino acid single peptide with a heme group [99]. Cyt
c is primarily known for its function in the mitochondria as a key participant in the life-
supporting function of ATP synthesis [100]. Specifically, Cyt c is a crucial mediator of
apoptosis when released from the mitochondria and acts downstream of p53 in the
apoptotic pathway activating the effector caspases, making the programmed cell death
process irreversible [96]. During Cyt c-mediated apoptosis, the apoptosome formation
(Apaf-1/Cyt ¢ complex), which cleaves procaspase-9 to active caspase 9, is a critical
event responsible for activating effector caspases 3 and 7, which mediate apoptosis
(Figure 5) [101]. Indeed, delivering Cyt c from an external source into the cytoplasm of
cancer cells could help overcome the apoptotic upstream blockage making it less prone
to inactivation by mutations [44]. Hence, Cyt ¢ has drawn the attention of some research
groups for its potential to be developed into a highly effective and selective anticancer
drug [44,90,102,103]. However, their therapeutic effectiveness is compromised by

various biological barriers, including protease degradation and denaturation, hindered
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delivery to the cytosol by crossing cell membranes, and escape from endosomes
[104,105]. In addition, since Cyt c is a cell-membrane-impermeable protein, it must be
linked to an uptake process. Thus, their potential as therapeutic proteins often requires
modification, encapsulation, or immobilization with biocompatible matrices to improve

their stability, activity, immunogenicity, and delivery [106].
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Figure 1.5. Intrinsic pathway for apoptosis. The intrinsic pathway, typically initiated by
DNA damage, activates p53. p53 then activates the pro-apoptotic proteins, which cause
mitochondrial outer membrane permeabilization, leading to Cyt c in the cytoplasm. Cyt c
associates with Apaf-1 to form the apoptosome complex in the cytoplasm. The

apoptosome causes the conversion of inactive pro-caspase-9 into active caspase-9.
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Caspase-9 then activates caspase-3, leading to the caspase cascade, resulting in

apoptosis. Reproduced from ref [101].

Cytochrome c delivery systems for cancer therapy

To facilitate intracellular Cyt c delivery, previous studies mainly focused on
developing effective delivery vehicles. Kam et al. explored single-walled carbon
nanotubes as intracellular Cyt c transporters through the nonspecific binding between
protein and nanotube, and the proteins were found to be easily transported into various
mammalian cells by the endocytosis pathway to enable the induction of cell apoptosis
[107]. Similarly, mesoporous silica NPs [108], lipid-apolipoprotein NPs [103], and
graphene oxide [109], have also been investigated as Cyt ¢ nanocarriers to promote
cellular internalization. However, most nanocarriers featured that Cyt ¢ was loaded onto
their surface so that it could activate the apoptotic pathways in both tumor and normal

cells without specificity.

To mitigate such adverse effects to normal cells, responsive nanocarriers were
utilized as an efficient intracellular transporter of Cyt ¢ for cancer treatment [110].
Reduction-sensitive nanoplatforms, such as S-S bonds hybrid polymer [111], hyaluronic
acid (also called hyaluronan, HA) nanogel [112], and Cyt c-transferrin conjugate [113],
have been demonstrated to realize specific Cyt ¢ delivery in tumor cells, due to the highly

reductive environment of tumor cells over normal cells.

1.6. Protein-based nanoparticles preparation via nanoprecipitation method

Recently, protein-based NPs prepared by the nanoprecipitation method could be

found in the literature [6]. Morales-Cruz et al. presented a novel targeted NP-based
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delivery of Cyt ¢ in which the nanoparticle core consisted of Cyt c itself [114]. For
stabilization, the Cyt ¢ NP was coated with the amphiphilic copolymer (FA-PEG-PLGA-
SH) attached to Cyt c through a redox-sensitive bond via a hetero-bifunctional linker
succinimidyl-3-(2-pyridyldithio) propionate. This system showed a diameter of 338 nm
as determined by dynamic light scattering (DLS). The FA-PEG-PLGA-S-S-Cyt ¢ NP were
examined in C57BL/6 mice implanted with GL261 glioma tumor. Tumor tissue and
healthy tissue examined one day after the termination of treatment revealed significant
apoptosis only in the tumor area. To improve this design, Barcelo-Bovea et al. optimized
the Cyt ¢ NPs synthesis procedure to reduce the NPs diameter and enhance tumor entry
when applied systemically [4]. The optimized Cyt ¢ PLGA-PEG-FA NPs showed
selective cytotoxicity towards non-small cell lung carcinoma cells overexpressing FR,
including LLC and HelLa, but not towards normal cells. However, even though the NP
reached places such as the brain, heart, lung, kidneys, and liver, the mice showed no
sign of toxicity after injection. For instance, these results show that nanoprecipitation is
a successful and promising approach for preparing Cyt ¢ NPs using the natural,

biodegradable, non-toxic pro-apoptotic protein as starting materials.

The nanoprecipitation method is based on reducing the quality of the solvent in
which the main constituent of nanoparticles is dissolved. Such variation in solvent quality
can be achieved by altering the pH, salt concentration, solubility conditions, or the
addition of a non-solvent [115]. This work is based on the non-solvent precipitation
method. In brief, protein is dissolved in an aqueous solvent while the organic phase (non-
solvent) is used as a poor solvent for the protein with good water miscibility (Figure 1.6.)

[6]. By mixing both phases, supersaturation of the protein occurs, followed by the
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formation of protein nuclei. The free protein units will condense around the nuclei,
creating protein nanoparticles. This technique is known to produce small-sized particles

with uniform distribution.

The non-solvent nanoprecipitation process includes three steps:. generation of
supersaturation, nucleation, and growth. Each step is affected by one or more of the
experimental parameters, and the physicochemical properties of nanoparticles are
affected by the rate and the behavior of the formulation in each precipitation step [6].
Thus, the experimental parameters could affect the physicochemical properties of

nanoparticles [116].

Non-solvent phase
(miscible with solvent)

0

Solvent phase
(solvent + protein
P ) \
7
o -
1O O @ O 1@ O
| | | ]
Addition of non-solvent phase Solveqtduﬁgsron Fotmation of nanoparticles
under stirring precipitation

Figure 1.6. Protein-based nanoparticles prepared by nanoprecipitation method leading
to submicron particles. The addition of the non-solvent phase leads to a state of
supersaturation which allows the beginning of the nanoprecipitation process and the

formation of nanoparticles. Reproduced from ref [6].
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1.8. Research Aims

The following specific aims were designed to simplify and optimize the
nanoprecipitation method for the preparation of cross-linked Cyt c-based NPs and exploit
their therapeutic potential as a smart delivery system for folate-receptor targeted cancer

therapy:

1.10.1. Specific Aim 1. To develop a simple and straightforward cross-linking
approach using the non-solvent nanoprecipitation method to prepare redox-sensitive Cyt
c-based NPs and evaluate the impact of the operating parameters on the particle size

and the delivery properties.

It is reported that the capacity of small particles to navigate between the tumor
interstitium after extravasation increased with decreasing size. For the in vivo application,
it has been reported that spherical particles that are 100-200 nm in size have the highest
potential for prolonged circulation because they are large enough to avoid uptake in the
liver but small enough to prevent filtration to the spleen [48]. Protein nanoprecipitation is
an easy and reproducible technique to prepare Cyt ¢ NPs [117]. Their size, shape, and
surface charge can be controlled to incorporate passive, active, and stimuli-responsive
targeting. Therefore, this first aim is to optimize the protein nanoprecipitation method as
a faster and more straightforward approach composed of a one-step. The simplified
procedure involves non-solvent nanoprecipitation in the presence of the homo-
bifunctional cross-linker DSP, which contains a thiol-cleavable bond. Optimization of the
processing parameters involved in the new one-step cross-linking/nanoprecipitation
method was evaluated. The NPs were characterized by dynamic light scattering (DLS),

scanning electron microscopy (SEM), zeta potential (ZP), and encapsulation efficiency
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(EE). We hypothesized that the increase in cross-linker concentration would increase size
distribution due to more aggregation between NPs. In addition, we expected that the NP
diameter decrease with an increase in injection rate, as reported in other studies.
Moreover, a comparison of one-step vs. two-step cross-linking methods should
demonstrate that the one-step method results in the smallest particle size because having

more protein cross-linked in the core of the NP.

1.10.2. Specific Aim 2. To synthesize and characterize cross-linked Cyt c-based
NPs that combine redox-responsive release and active targeting capabilities via the folate

receptor for non-small cell lung cancer therapy (NSCLC).

Although the current first-line anticancer agents against NSCLC have been
successful to some extent, their lack of tumor selectivity and systemic toxicity without
discriminating healthy tissues produce unwanted and often severe and dangerous side
effects. In this context, the folate receptor alpha (FR), which is overexpressed in 40% of
solid tumors, including NSCLC, can be utilized for active tumor targeting to afford more
effective cancer therapies. Recently, our research group overcame biocompatibility, and
off-target limitations commonly seen in anticancer therapeutics by designing a Cyt c-
based DDS coated with a biodegradable copolymer, poly(lactic-co-glycolic acid)-poly
(ethylene glycol)-folate (PLGA-PEG-FA), which is 253 nm in size [4]. This DDS
demonstrated a tumor-targeting capability and specific in vitro cytotoxicity towards cancer
cells overexpressing folate receptors. However, the reported Cyt c-PLGA-PEG-FA NPs
showed no cytotoxicity after an in vivo injection using a lung carcinoma immune-
competent mouse model [4]. Herein we substantially simplify the system by employing

another strategy for preventing protein dissolution in buffer and blood, which uses redox-
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sensitive cross-linking. Applying the nanoprecipitation method with the best release
profile proven in Specific Aim #1, we prepared Cyt ¢ NPs using the two-step cross-linking
approach. For this strategy, aqueous Cyt ¢ was first precipitated with acetonitrile to form
Cyt ¢ NPs. Then, the synthesized Cyt c NPs was stabilized with the cross-linker dissolved
in the non-solvent phase (acetonitrile). Finally, the NP surface was decorated with a
hydrophilic folic acid—polyethylene glycol (FA-PEG) polymer for active targeting. The
diameter, morphology, and surface charge of the NPs were studied using DLS, SEM, and
zeta potential. The efficiency of the system was tested in vitro, using the Lewis lung
carcinoma (LLC) cell line, and in vivo, using the LLC mouse model. It was hypothesized
that Cyt c-PEG-FA NPs are more efficient as cytotoxic agents against cancer cells than
Cyt c-PLGA-PEG-FA because of their higher payload and better redox-responsive
release properties. Moreover, the reduction in diameter of Cyt c-PEG-FA NPs should be
favorable for tumor accumulation and uptake in vivo using a syngeneic (immune-

competent) LLC mouse model.
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Chapter 2
Materials and method
2.1. Experimental procedures- Chapter 3

2.1.1. Materials

Cyt ¢ from the equine heart (295% purity), acetonitrile, dithiobis(succinimidyl
propionate) (DSP), and L-glutathione (reduced, =98.0% purity) were purchased from
Sigma-Aldrich (St. Louis, MO). Ampilite™ Colorimetric Caspase 3/7 Assay Kit was

purchased from AAT Bioquest (Sunnyvale, CA).

2.1.2. Preparation of cross-linked Cyt c-DSP nanoparticles

2.1.2.1. One-step nanoprecipitation

Cross-linked Cyt c-DSP NPs were synthesized by the nanoprecipitation method
[117] in the presence of the homo-bifunctional cross-linker. Briefly, 5 mg/mL of Cyt c
dissolved in ultrapure water was solvent-precipitated with DSP dissolved in acetonitrile at
a 1:4 (water/acetonitrile) volume ratio using an automated syringe pump. To study the
effect of cross-linking concentration, different concentrations (0.2, 0.3, 0.5, 1.0, 1.5 mg/ml)
of DSP were used at a constant rate of 125 mi/h. To study the effect on the
nanoprecipitation rate, the automated syringe pump was adjusted at different rates (125,
200, and 300 ml/h), and the cross-linker was fixed to 0.5 mg/ml concentration. Then, the
NPs suspension was left to react for 30 min at room temperature (RT). The NPs were
subsequently centrifugated at 10000 rpm and washed thrice with ultrapure water. Then

they were flash-frozen and freeze-dried.
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2.1.2.2. Two-step nanoprecipitation

Cross-linked Cyt c-DSP NPs were synthesized by first obtaining protein NPs using
a nanoprecipitation method and then stabilized with the homo-bifunctional cross-linker.
Briefly, 5 mg/mL of Cyt c dissolved in ultrapure water was solvent-precipitated by adding
acetonitrile at a 1:4 (water/acetonitrile) volume ratio at a constant rate of 125 ml/h using
an automated syringe pump. The NPs suspension was left stirring for 5 min.
Subsequently, the resulting Cyt ¢ NPs suspension was covalently stabilized by directly
adding 0.5 mg/ml of DSP cross-linker dissolved in acetonitrile to the resulting suspension
and was allowed to react at RT for 30 min. The NPs were subsequently centrifugated at
10000 rpm and washed thrice with ultrapure water. Then they were flash-frozen and

freeze-dried.

2.1.3. Determination of precipitation efficiency and actual protein loading

To calculate precipitation efficiency, an aliquot of 10 ul was collected right before
nanoprecipitation to determine the initial amount of Cyt c. After nanoprecipitation, the NP
suspension was centrifuged for 10 min at 10000 rpm at room temperature. The
concentration of Cyt c in the aliquot and supernatants were determined by measuring the
absorbance at 410 nm using a NanoDrop 2000c (Thermo Scientific, USA) [118].

Precipitation efficiency (EE) was calculated using the following equation:

initial amount of Cyt c— Cyt c in supernatant

EE (%) = x100, (1)

initial amount of Cyt c
The experiments were performed in triplicate, the results averaged, and the

standard deviations calculated (SD).
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2.1.4. Particle size, size distribution, and zeta potential measurements

Particle size, polydispersity index (Pdl), and zeta potential of cross-linked Cyt c-
DSP NPs were determined by dynamic light scattering (DLS) using a Zetasizer Nano ZS
(Malvern Panalytical Ltd, Malvern, UK). The samples were dispersed in ultrapure water
and subjected to ultrasonication at 240 W for 30 s before the measurements. NPs were
transferred to capillary cells for zeta potential determination. The experiments were

performed in triplicate, and the results were expressed as the mean = SD.

2.1.5. Scanning electron microscopy
SEM micrographs of cross-linked Cyt c-DSP NPs were performed using a JEOL
6480LV scanning electron microscope at 20 kV. Lyophilized NPs were coated with gold

for 10 seconds using an auto sputter coater (108 Auto/SE, Ted Paella Inc., USA).

2.1.6. In vitro release profile

For the determination of the in vitro Cyt c release profile, 0.5 mg/ml of cross-linked
Cyt c-DSP NPs was suspended in PBS buffer (pH 7.4) with 10 mM of glutathione (GSH)
simulating intracellular conditions [119]. The NPs were incubated at 37°C under constant
stirring for various time intervals: 6, 12, 24, 48, and 72 h. At predetermined time points,
NPs were centrifuged at 14000 rpm for 10 min, the supernatant was collected, and it was
replaced with an equal volume of PBS-GSH buffer. The supernatant was used to
determine the concentration of released Cyt ¢ by UV-vis spectroscopy using a NanoDrop

2000c (Thermo Scientific, USA). The amount of released Cyt ¢ was used to construct
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cumulative release profiles. The experiments were performed in triplicate, the results

averaged, and the standard deviations calculated.

2.1.7. Cell-free caspase 3/7 activity assay

Caspase activation by Cyt ¢ was measured in Lewis Lung Carcinoma (LLC) cell
ysate following the procedure previously reported in the literature [4]. Briefly, 5x108 LLC
cells were resuspended in 100 pl of lysis buffer, and cells were lysed with four freeze-
thaw cycles using liquid nitrogen and a water bath at 37°C. Then, the cell lysate was
centrifuged at 11,000 rpm for 20 min at 4°C, and the supernatant (lysate) was collected.
For the caspase 3/7 cell-free reaction, the obtained lysate was mixed with 300 pug/ml of
the cross-linked Cyt ¢ NPs prepared by both nanoprecipitation methods using a volume
ratio of 1:1 (lysate:NPs). The reaction was incubated at 37°C for 150 min. We used native
Cyt c and untreated cells (lysate only) as a control experiment under the same conditions.
Afterward, the Caspase 3/7 assay was performed following the manufacturer's protocol
(Ampilite™ Colorimetric Caspase 3/7 Assay; AAT Bioquest, Sunnyvale, CA). In a 96 well
plate, 100 ul of the active lysate was mixed with 100 pl of the Caspase 3/7 working
reagent. Then, the plate was incubated at room temperature for 1 hour, and the
absorbance was measured at 490 nm using a Synergy H1 (BioTek, Winooski, VT, USA).
The mean £ SD of the cell-free caspase 3/7 activity was obtained from two independent
experiments performed in triplicate. The results were analyzed statistically using the

unpaired Student's t-test by GraphPad Prism (*** p = 0.0007, n= 3).
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2.1.8. Statistical Analysis

Results are expressed as mean + standard deviation (SD). Statistical probability
was calculated using GraphPad software. Paired and unpaired t-tests or one-way ANOVA
with Tukey’s multiple comparison analysis were used to determine significance between

groups. P values less than 0.05 were considered significant.

2.2. Experimental procedures- Chapter 4
2.2.1. Materials

Cyt c from the equine heart (295% purity), acetonitrile, dithiobis(succinimidyl
propionate) (DSP), L-glutathione (reduced, 298.0% purity), and isomer | of fluorescein
isothiocyanate (FITC) were purchased from Sigma-Aldrich (St. Louis, MO). Folate-
poly(ethylene glycol)-succinimidyl ester (FA-PEG-NHS, Mw 3,400 Da) was purchased
from Biochempeg Scientific Inc. (Watertown, MA). CellTiter 96 aqueous non-radioactive
cell proliferation assay was purchased from Promega Corporation (Madison, WI).
Ampilite™ Colorimetric Caspase 3/7 Assay Kit was purchased from AAT Bioquest
(Sunnyvale, CA). DAPI (4,6-diamidino-2-phenylindole, NucBlue®), FM-464 membrane
stain, propidium iodide (PI), and CellEvent™ Caspase-3/7 Green was obtained from
Invitrogen (Eugene, OR). Near-infrared reactive dye IRDye® 680RD was available as a

protein labeling kit (high molecular weight) from LI-COR Biosciences.
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2.2.2. Synthesis of cross-linked Cyt c-PEG-FA nanoparticles

Cross-linked Cyt c-PEG-FA NPs were synthesized by first obtaining protein NPs
using a nanoprecipitation method [4]. Briefly, 5 mg/mL of Cyt c dissolved in ultrapure
water was solvent-precipitated by adding acetonitrile at a 1:4 (water/acetonitrile) volume
ratio at a constant rate of 300 ml/h using an automated syringe pump. The NPs
suspension was left stirring for 5 min. Subsequently, the resulting Cyt ¢ NPs suspension
was covalently stabilized by directly adding 0.2 mg/ml of the homo-bifunctional DSP
cross-linker dissolved in acetonitrile to the resulting suspension. After 30 min under
constant stirring at room temperature, 7 mg/ml of FA-PEG-NHS (MW 3,400 Da) polymer
dissolved in a mixture of 3:1 acetonitrile/ultrapure water was added to the NPs suspension
and was allowed to react at room temperature for 18 h. The NPs were subsequently
centrifugated at 10000 rpm and washed thrice with ultrapure water. Then they were flash-

frozen and freeze-dried.

2.2.3. Determination of precipitation efficiency and actual protein loading

To calculate precipitation efficiency and actual drug loading, an aliquot of 10 pl
was collected right before nanoprecipitation to determine the initial amount of Cyt c. After
nanoprecipitation, the NP suspension was centrifuged for 10 min at 10000 rpm at room
temperature. The concentration of Cyt ¢ in the aliquot and supernatants were determined
by measuring the absorbance at 410 nm using a NanoDrop 2000c (Thermo Scientific,

USA)[118]. The final amount of NP was obtained by weighing the final product.
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Precipitation efficiency (EE) and actual protein loading (AL) were calculated using the

following equations:

initial amount of Cyt c— Cyt c in supernatant

EE (%) = x100, )

initial amount of Cyt ¢

mg of Cyt c in nanoparticles

AL (%) = x100, 3)

mg of nanoparticles

The experiments were performed in triplicate, the results averaged, and the standard

deviations calculated (SD).

2.1.4. Particle size, size distribution, and zeta potential measurements

Particle size, polydispersity index (Pdl), and zeta potential of Cyt c- DSP
NPs and cross-linked Cyt c-PEG-FA NPs were determined by DLS using a Zetasizer
Nano ZS (Malvern Panalytical Ltd, Malvern, UK). The samples were dispersed in
ultrapure water and subjected to ultrasonication at 240 W for 30 s before the
measurements. NPs were transferred to capillary cells for zeta potential determination.
The experiments were performed in triplicate, and the results were expressed as the

mean % SD.

2.2.5. Scanning electron microscopy (SEM)

SEM micrographs of cross-linked Cyt c-PEG-FA NPs were performed using a
JEOL 6480LV scanning electron microscope at 20 kV. Lyophilized NPs were coated with

gold for 10 seconds using an auto sputter coater (108 Auto/SE, Ted Paella Inc., USA).
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2.2.6. In vitro release

For the determination of the in vitro Cyt c release profile, 0.5 mg/ml of cross-linked
Cyt c-PEG-FA NPs was suspended in PBS buffer (pH 7.4) with glutathione (GSH)
concentrations of 0, 0.001, and 10 mM simulating extra- and intracellular conditions [119].
The NPs were incubated at 37°C under constant stirring for various time intervals: 0.5 h,
2.5 h, 20 h, 30 h, and 46 h. At predetermined time points, NPs were centrifuged at 14000
rpm for 10 min, the supernatant was collected, and it was replaced with an equal volume
of PBS-GSH buffer. The supernatant was used to determine the concentration of released
Cyt ¢ by UV-vis spectroscopy using a NanoDrop 2000c (Thermo Scientific, USA).
Because FA can absorb at 410 nm, the wavelength used to measure the concentration
of non-reduced Cyt ¢ (0 mM and 0.001 mM GSH) was 530 nm, and reduced Cyt c (10
mM GSH) was 550 nm [4]. The amount of released Cyt ¢ was used to construct
cumulative release profiles. The experiments were performed in triplicate, the results

averaged, and the standard deviations calculated.

2.2.7. Cell-free caspase 3/7 activity assay

Caspase activation by Cyt c was measured in Lewis Lung Carcinoma (LLC) cell
lysate following the procedure previously reported in the literature [4]. Briefly, 5x106 LLC
cells were resuspended in 100 pl of lysis buffer, and cells were lysed with four freeze-
thaw cycles using liquid nitrogen and a water bath at 37°C. Then, the cell lysate was
centrifuged at 11,000 rpm for 20 min at 4°C, and the supernatant (lysate) was collected.

For the caspase 3/7 cell-free reaction, the obtained lysate was mixed with 300 pg/ml of
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cross-linked Cyt c-PEG-FA NPs using a volume ratio of 1:1 (lysate:NPs). The reaction
was incubated at 37°C for 150 min. We used native Cyt c and untreated cells (lysate only)
as a control experiment under the same conditions. Afterward, the Caspase 3/7 assay
was performed following the manufacturer's protocol (Ampilite™ Colorimetric Caspase
3/7 Assay; AAT Bioquest, Sunnyvale, CA). In a 96 well plate, 100 pl of the active lysate
was mixed with 100 pl of the Caspase 3/7 working reagent. Then, the plate was incubated
at room temperature for 1 hour, and the absorbance was measured at 490 nm using a
Synergy H1 (BioTek, Winooski, VT, USA). The mean + SD of the cell-free caspase 3/7
activity was obtained from two independent experiments performed in triplicate. The
results were analyzed statistically using the unpaired Student's t-test by GraphPad Prism

9.1.1 (****p <0.0001, N=6).

2.2.8. Cell viability assay

MTS cell viability assay (CellTiter 96 aqueous non-radioctive assay) from Promega
(Madison, WI, USA) was used to measure the half-maximal inhibitory concentration (ICso)
value for the cross-linked Cyt c-PEG-FA NPs in LLC cancer cells. Lewis Lung Carcinoma
(LLC) cells (10000 cells/well) were seeded in a 96-well plate and incubated with serial
dilutions (300, 200, 100, 50, 25, and 12.5 ug/ml) of cross-linked Cyt c-PEG-FA NPs for
24 h at 37°C. Controls, such as 300 pg/ml native Cyt c, FA-PEG-NHS, and folate-free Cyt
c-DSP NPs, were also tested. As a control experiment, FR-negative mouse embryonic
fibroblasts (NIH/3T3) cells and FR-positive human cervical carcinoma (HeLa) cells (10000
cells/well) were also incubated with 300 ug/ml of cross-linked Cyt c-PEG-FA NPs for 24

h. MTS assay was performed following instructions from the kit manufacturer, and the
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absorbance was measured at 490 nm using a microplate reader (Tecan Infinite 200Pro,
Meilen, Zurich). The ICso value was calculated using GraphPad Prism from the dose-
response curve; X=Log(X) against the normalized Y (values being 0% the smallest value
in the data set and 100% the highest value data set). The normalized percent in cell
viability was plotted against the following log concentrations of cross-linked Cyt c-PEG-
FA NPs after 24 h: 1.097 uM, 1.398 uM, 1.699 uM, 2.00 uM, 2.301 uM, and 2.477 uM.
Results were expressed as mean values of independent experiments performed in
triplicate (n= 9) = SD. To test the ability of folate to help reduce cancer cell viability, we
compared folate-targeted Cyt ¢ NPs and folate-free Cyt ¢ NPs MTS results using an
unpaired Student's t-test analysis (GraphPad Prism 9.1.1). A difference between folate-
targeted Cyt ¢ NPs and folate-free Cyt ¢ NPs at 300 ug/ml was found, resulting in a

statistically significant difference with a ****p-value of <0.0001.

2.2.9. In vitro cellular internalization and endosomal escape by confocal laser scanning

microscopy (CLSM)

The cellular internalization and the ability to escape endosomal entrapment of the
cross-linked Cyt c-PEG-FA NPs was observed by confocal laser scanning microscopy
(CLSM). LLC and NIH/3T3 cells (10,000 cell/well) were seeded in chambered cover glass
plates (4-wells). For these experiments, cross-linked Cyt c-PEG-FA NPs were modified
with fluorescein isothiocyanate (FITC) via the amine group. Briefly, 25 yl FITC (1 mg/ml)
was added to 1 ml of sample (3 mg/ml) dissolved in PBS (pH 7.4) buffer. The reaction
was stirred overnight in the dark at 4°C, and then FITC-labeled NPs were lyophilized. Cell

lines were incubated at 37 °C for 24 h with both: FITC-labeled NPs (100 ug/ml) and an
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endosome marker (FM-464; 10 ug/ml). Afterwards, the medium was removed, and the
cells were washed with PBS three times followed by fixation with 3.7% formaldehyde.
DAPI was added to each well after fixation followed by three PBS washing cycles. We
used glycerol to avoid photobleaching. Untreated cells were used as control. For cellular
internalization and endosomal escape analysis, the chambered cover glass plates were
examined under a Nikon Eclipse Ti-E inverted confocal scanning microscope (Nikon
Instruments Inc., Melville, NY) using a 40x oil immersion objective and excitation at 488
nm. Quantification of the FITC fluorescence intensity of NPs in the red-stained cell
membrane area was determined using the NIS-Element AR analysis program. The
difference between the intensities of NPs treated cells and untreated cells (p<0.05) was
used to subtract the green background autofluorescence. Unpaired T-test analysis by

GraphPad Prism was used to compare independent data groups.

2.2.10. Study of cell death induction by CLSM

LLC cells and NIH/3T3 cells (10,000 cells/well) were seeded in a 4-well chambered
cover glass plates. The cells were treated with 100 ug/ml of cross-liked Cyt c-PEG-FA
NPs at 37 °C for 24 h. To detect apoptosis-dependent nuclear fragmentation, the cells
were washed with PBS (1x) and incubated with Pl (75 uM) for 5 min. Cells were fixed
with 3.7% formaldehyde and then incubated with DAPI (2 drops), followed by three cycles
of PBS washing. To avoid photobleaching of the fluorescent dyes, we added glycerol to
each well. The chambered cover glass plates were examined under a Nikon Eclipse Ti-E
inverted confocal scanning microscope (Nikon Instruments Inc., Melville, NY) using a 40x
oil immersion objective. Untreated cells were subjected to DAPI/PI incubation as well to

be used as control.

61



2.2.11. Study of the apoptotic induction mechanism by caspase 3/7 green detection

LLC cells (10,000 cells/well) were seeded in a 4-well chambered cover glass
plates. The cells were incubated at 37 °C for 24 h with 100 pg/ml of cross-liked Cyt c-
PEG-FA NPs. The activity of caspase 3/7 was determined with the CellEvent™ caspase
3/7 green reagent (Invitrogen) according to the manufacturer's instructions. The
chambered cover lass plates were examined under a Nikon Eclipse Ti-E inverted confocal
scanning microscope (Nikon Instruments Inc., Melville, NY) using a 40x oil immersion
objective. Untreated cells were subjected to DAPI/CellEvent™ incubation as well and
used as control. The mean green intensity of the confocal images was measured using
the NIS-Element AR analysis program. Unpaired T-test analysis by GraphPad Prism
between NPs treated cells and untreated cells was considered statistically significant

within the 95% confidence interval (p<0.05).

2.2.12. Studies to detect NPs organ distribution

To test tumor targeting by NPs, a syngeneic mouse model of Lewis Lung
carcinoma was used. In this model, LLC cells were first cultured in high-glucose
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin/amphotericin (PSA) to confluency. Cells were
gently scraped off the plate, pelleted, and quantified. Mice were subcutaneously injected
in the upper right dorsal area of their body with 1x107 LLC cells to induce tumor growth
in a 400 uL total volume composed of 200 uyL ECM Growth factor reduced gel from

Engelbreth-Holm-Swarm murine sarcoma (SIGMA), and 200 yL LLC cell suspension.
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To determine targeted delivery into the tumor and other organs, 14-week-old
C57BL6J male mice weighing 25g were used. Mice were injected with IRDye 680RD-
labeled NPs 15 d after tumor implant. Before injection, mice were anesthetized with 1%
isoflurane, and a tail vein injection of 0.15 mg of NPs was administered in a volume of
200 uL, following the protocol of Barcelo-Bovea et al. (2020) [4]. Five minutes after tail
vein injection, mice were subsequently euthanized. Tumor and organs (brain, heart,
lungs, spleen, kidneys, liver, and intestines) were quickly extracted and scanned for IR-
labeled NP's distribution using the LI-COR Odyssey CLx infrared scanner. For the tumors,
a 42 ym resolution and a high-quality setting were chosen in the Image Studio™. For the
organs, a 337 um resolution was used. All the tissue area was selected for quantification,
and the IR signal was obtained using the Image Studio™ software. The percent increase
in infrared signal from control mouse at 5 min after tail-vein injection was calculated
following Barcelo-Bovea et al. (2020). All necessary approvals from the Institutional
Animal Care and Use Committee (IACUC) were in place for the performed research:
Assurance ID number: D16-00343, IACUC Protocol Universal Number: 048-2021-08-01-

PHA-IBC.

2.2.13. Studies to determine NPs tumor decrease in mice

In view of the efficiency of NPs targeting the tumor tissue, we tested their efficiency
decreasing tumors in mice. To do this, we used the Lewis Lung carcinoma mouse model
as described above. NSCLC is a disease that mostly affects humans in their adulthood
[120]. Considering this fact, we decided to use mice in their adulthood period as defined

by Wang et al. (2020) [121]. Therefore, mice ranging from 36 to 60 weeks of age,
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representing an age from adulthood to the reproductive senescence period, were
selected for our studies. These mice were implanted cells to grow a tumor for a total of
12 days. Mice were injected intraperitoneally with 7mg/kg Cyt ¢ nanoparticles of 169 nm
at day 3, as an early-tumor stage intervention, and at day 8, as a late-stage intervention
in tumor growth. Tumor volume was measured manually by caliper every 3 days using

the length and width of the tumors:

Tumor length*(Tumor weigth)? (3)
2 b

Tumor volume =

The percentage of tumor growth from day 3 (when tumor is palpable and

measurable by caliper), and day 12 (last day) was calculated using the following formula:

Volume at day 12—Volume at day 3

Tumor growth = ( ) = 100, (4)

Volume at day 12

A total of n=6 mice were untreated and n=7 mice were treated with NP's. Unpaired
t test with a Kolmogorov-Smirnov analysis by GraphPad Prism between NP-treated and
untreated mice was considered statistically significant within the 95% confidence interval
at p = 0.0385. Animal weight was also measured to monitor drug safety, as a sharp
decrease in body weight (more than 15-20% during experiment) is considered unhealthy

in tumor models [122]. No difference in mouse weight between groups was observed.

64



Chapter 3

Cytochrome c-based Nanoparticle Preparation via Nanoprecipitation Method: The
Impact of Redox-Responsive Cross-Linking on Particle Size and Drug Delivery

Properties
3.1. Summary

Many proteins are attractive substitutes for cytotoxic drugs due to their unique
advantages as high selectivity and low toxicity [79]. For example, Cytochrome c (Cyt c) is
an important mediator of apoptosis when released from the mitochondria to the
cytoplasm. This process normally occurs in response to DNA damage, but in many cancer
cells, it is most likely inhibited due to the inactivation of the upstream components of the
p53 pathway [123]. The targeted delivery of Cyt c directly to the cytoplasm could
selectively initiate apoptosis in most cancer cells. However, most proteins, including Cyt
c, cannot cross lipid bilayer membranes [108]. Also, protein drugs have significant
drawbacks, primarily related to their limited physical and chemical stability during storage
and administration [124]. This makes it necessary to develop methods allowing for the

intracellular delivery of sufficient amounts of Cyt ¢ to induce apoptosis in the target cells.

For nanotechnology-enabled delivery of hydrophilic protein-based drugs, several
nanocarrier systems have been used to protect the sensitive load and facilitate cellular
uptake and crossing of biological barriers [114,117]. Recently our research group has
been developing strategies for the intracellular delivery of Cyt ¢ using the
nanoprecipitation (solvent-displacement) method [4]. Production of Cyt ¢ NPs by a non-

solvent nanoprecipitation is a straightforward process. Nanoprecipitation is based on
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reducing the quality of the solvent in which the main constituent of nanoparticles is
dissolved. By mixing both phases, supersaturation of the protein occurs, followed by the
formation of protein nuclei [6]. This technique is known to produce small-sized particles
with a uniform distribution. Although we demonstrated that Cyt ¢ delivered from a micellar-
like NP system could potentially be an effective chemotherapeutic agent to treat cancer,

it also recognized that the delivery system needs improvement to achieve better efficiency
[4].

The need for attaining precisely controlled drug release has led to the
establishment of various sustained release systems in recent years [125]. Cross-linking
is an essential step for nanoparticle preparation, which influences the bio-availability of
the drug and its release from the nanocarrier system [126]. It has been reported that
controlled release of the drug from the DDS could maintain steadier drug levels in the
bloodstream for more prolonged durations [5]. In addition, controlled drug release from
NPs confers both temporal control and protection of the therapeutic cargo [127]. A thiol-
cleavable cross-linker is an attractive candidate for intracellular drug release because the
cytosol of cells is much more reducing than the extracellular space [64]. Consequently,
the development of systems with a redox-sensitive behavior has been a significant area
of focus in the development of smart drug delivery systems. Herein, we develop a protein-
based NP that uses Cyt ¢ as drug and carrier material with redox-responsive release
properties. Since the NP consists of a water-soluble protein, cross-linking was essential
to prevent the dissolution of the NP upon exposure to an agueous environment (e.g.,

reconstitution buffer, blood).
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Important factors to take into account when designing a nano-sized DDS are size,
surface charge, shape, and hardness [128]. For in vivo applications, shape and size are
critical determinants of nanoparticle uptake and circulation [129]. It has been found that
DDS must accumulate through passive targeting (EPR effect) in the tumor site first to take
advantage of active targeting strategies if incorporated into the system [53]. The optimal
size range of 40-200 nm to ensure longer circulation time, increased accumulation within
the tumor mass, and lower renal clearance [48]. Furthermore, the main physicochemical
attributes of endocytosis-dependent cellular uptake of nanocarrier systems are reported

to be the size and size distribution [130].

Then, this work aimed to report on the preparation of cross-linked Cyt c
nanoparticles using an optimized non-solvent nanoprecipitation process. Special
attention has been dedicated to a systematic study to understand the effect of the
operating parameters of the nanoprecipitation method, such as cross-linker
concentration, non-solvent/cross-linking injection rate, and cross-linking method variation
(i.e., one-step and two-step) on the physicochemical and delivery properties of the
nanoparticles. To the best of our knowledge, this is the first work investigating the impact
of the cross-linking process on the preparation of Cyt c-based nanoparticles by the

nanoprecipitation process.
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3.2. Results

3.2.1. Effect of cross-linker (DSP) concentration

oy Y DSPinACN =
D..Qg.
Sl \ o
: M
Cytcin [ N-OH
aqueous ~{
solution

Cyt c-DSP NP

0
N-Hydroxysuccinimide

Figure 3.1. Synthesis route of cross-linked Cyt ¢ NP by one-step nanoprecipitation.

To study the effect of the cross-linker concentration on nanopatrticle characteristics
formation, we used the one-step nanoprecipitation method described above in
method 2.1.2.1 to achieve self-assembly of cross-linked Cyt ¢ NPs. Briefly, Cyt ¢ was
solvent-precipitated from nanopure water by adding different concentrations (0.2, 0.3, 0.5,
1, 1.5 mg/mL) of DSP dissolved in acetonitrile (non-solvent) at a constant rate of 125
mL/h using an automated syringe (Figure 3.1.). It has been reported that the
concentration of cross-linker affects the NP size [5,131-133]. The effect of cross-linking
concentration on mean size, size distribution, zeta potential, and drug precipitation

efficiency are shown in Table 3.1.
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Table 3.1. Effect of cross-linker concentration on mean size, size distribution, zeta

potential, and precipitation efficiency of cross-linked Cyt ¢ NPs.

Polydispersity Zeta Potential Precipitation
DSP concentration

Diameter (nm) Index (mV) efficiency (%)
(mg/mL)
(PDI)
0.2 212 + 1 0.04 £ 0.03 35904 80+3
0.3 258 £ 8 0.11 £ 0.01 16.3+£2.5 80t2
0.5 2628 0.13+0.04 45+0.8 95+3
1.0 315+ 50 0.32+£0.04 -2.0+£0.3 92+1
15 434 + 34 0.34 £ 0.09 -4.7+0.6 97 +2

Table data shown are the mean + SD of experiments performed in triplicate (n = 3).

Figure 3.2.a showed that the diameter of nanoparticles increased with an increase
in cross-linker concentration for all NPs. Increasing the cross-linker amount from 0.2 to
0.5 mg/mL, the mean NP diameter increases from 212 to 262 nm with a polydispersity
index (PDI) < 0.1. The successive increase in cross-linker concentration from 1.0 to 1.5
mg/mL led to a significant increase in nanopatrticle size from 315 to 434 nm (** p = 0.003)
with higher size distribution (PDI = 0.3) for both NP formulations. When comparing the
NPs diameters, a significant difference among means was observed using ordinary one-
way ANOVA with Tukey’s multiple comparison analysis (p < 0.05). No significant
differences were observed between the diameters of the NPs synthesized at cross-linker
concentrations from 0.2 mg/ml to 0.5 mg/ml. Precipitation efficiency for all cross-linker

concentrations used ranged from 80% to 97%. Statical analysis by ordinary one-way
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ANOVA multiple comparison analysis demonstrated a significant difference among

means of precipitation efficiencies (**** p < 0.0001).

The effect of the cross-linker concentration on the zeta potential value was also
evaluated (Figure 3.2.b). An opposite semi-linear behavior was also observed in ZP
values, as in the case of particle size. It was found that the zeta potential values
decreased by increased cross-linker concentration. Zeta potential results showed that
NPs prepared at 0.2 mg/mL of DSP concentration produces a higher zeta potential value
(ZP = +35.9 + 0.416 mV) than those obtained by using a greater DSP concentration of
1.5 mg/mL (ZP = -4.57 £ 0.238 mV). Thus, we selected a cross-linker concentration of
0.5 mg/mL for further experiments since it had the highest precipitation efficiency (95%)

and the best particle size (262 nm) with narrow size distribution.
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Figure 3.2. Effect of cross-linker concentration (DSP) on mean diameter and zeta
potential values of cross-linked Cyt ¢ NPs. Data shown are expressed as the mean + SD
of experiments performed in triplicate (n = 3). Statical analysis by ordinary one-way
ANOVA with Tukey’s multiple comparison analysis demonstrated a significant difference
in the mean sizes and zeta potential values of Cyt ¢ NPs cross-linked by different
concentrations. The asterisks indicate significant differences: ** p =0.003 *** p = 0.0005,
and **** p < 0.0001. No significant (ns) differences were observed in mean diameters
from 0.2 mg/mL to 0.5 mg/mL and zeta potential values between 1 mg/mL and 1.5 mg/mL

of cross-linker concentrations.

The effect of cross-linking concentration on the morphological characterization of
cross-linked Cyt ¢ NPs was examined by scanning electron microscopy (SEM). SEM

images (Figure 3.3.) showed that all lyophilized cross-linked Cyt ¢ NPs synthesized at
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different cross-linker concentrations were spherical in shape and generally uniform in

size.

(c) (d) (e)

Figure 3.3. Effect of cross-linking concentration on morphological characterization of
nanoparticles. SEM images of Cyt ¢ NPs cross-liked with different concentration of DSP:
() 0.2 mg/mL, (b) 0.3 mg/mL, (c) 0.5 mg/mL, (d) 1.0 mg/mL, and (e) 1.5 mg/mL. Scale

bar =1 pm.
3.2.3. Effect of non-solvent/cross-linking injection rate

To evaluate the effect of the non-solvent/cross-linking injection rate by one-step
nanoprecipitation method on NP size and colloidal properties, different flow rates (125,
200, and 300 mL/h) of the non-solvent (cross-linker) agent were tested. All other
parameters such as Cyt ¢ concentration (10 mg/mL), cross-linker concentration (0.5

mg/mL DSP), and solvent:non-solvent ratio (1:4) were kept constant. The mean diameter,
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zeta potential, and PDI values of the prepared cross-linked Cyt ¢ NPs were determined
by DLS. The non-solvent/cross-linking injection rate significantly impacts NP diameter
ranging from 262 nm for the slower flow rate of 125 mL/h to 179 nm for the fastest flow

rate of 300 mL/h, as shown in Table 3.2.

Table 3.2. Effect of non-solvent/cross-linking injection rate on mean size, size distribution,

zeta potential, and precipitation efficiency of cross-linked Cyt ¢ NPs.

Polydispersity Zeta potential Precipitation
Nanoprecipitation

Diameter (nm) Index (mV) Efficiency (%)
Rate (mL/h)
(PDI)
125 262 + 8 0.13+0.04 45+0.8 95+ 3
200 226 + 2 0.06 £ 0.02 89+14 97 + 1
300 179+ 4 0.04 £0.01 9.4+3.2 95+ 1

Table data shows the mean + SD of each experiment performed in triplicate (n = 3).

Figure 3.4.a showed that the mean sizes of the prepared NPs were decreased by
increasing the non-solvent/cross-linking injection rate. The polydispersity index of the
three prepared NPs was less than 0.1 resulting in narrow size distributions. The smallest
cross-linked Cyt ¢ NP (179 nm) was prepared at 300 mL/h of non-solvent/cross-linking
injection rate. As for zeta potential, by increasing the rate of cross-linking injection, it was

observed that the values increased from 4.5 mV to 9.4 mV (Figure 3.4.b).
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Figure 3.4. Effect of non-solvent/cross-linking injection rate on (a) mean size and (a) zeta
potential values of cross-linked Cyt ¢ NPs. Data are the mean + SD of experiments
performed in triplicate (n = 3). Statical analysis by ordinary one-way ANOVA multiple
comparison analysis demonstrated a significant difference between cross-linking injection
rates on the mean size of NPs. The asterisks (*) indicate significant differences: ** p =
0.002, and **** p < 0.0001. No significant (ns) differences in zeta potential values between

NPs prepared at different injection rates were observed.

In addition, SEM images of the cross-linked Cyt ¢ nanopatrticles at different cross-
linking precipitation rates are shown in Figure 3.5. Optical examination by SEM showed
spherical NPs with narrow size distribution for all cross-linked Cyt ¢ NPs. The precipitation

efficiency was above 95% for the three prepared NPs.
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(a) (b) (c)

Figure 3.5. Effect of cross-linking injection rate on the morphological characterization of
NPs. SEM images of Cyt ¢ NPs cross-linked at different flow rate: (a) 125 mL/h, (b) 200

mL/h, and (c) 300 mL/h. Scale bar = 1 pm.

3.2.4. Effect of cross-linking method variation

Desolvating agent
e (Acetonitrile)
\ ———L>,

o

-
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aqueous
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Figure 3.6. Synthesis route of cross-linked Cyt ¢ NP by two-step nanoprecipitation.

Cyt c¢ nanoparticles cross-linked with DSP were prepared using the
nanoprecipitation (solvent-displacement) technique described above in method 2.1.2. We
developed two cross-linking strategies: one-step and two-step approaches to evaluate
the effect of varying cross-linking methods on NP size and drug delivery properties. For
this purpose, all of the other parameters such as aqueous Cyt ¢ (10 mg/mL), cross-linker
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concentration (0.5 mg/mL DSP), solvent:non-solvent ratio (1:4), and nanoprecipitation
injection rate (300 mL/h) were kept constant. In the first approach, aqueous Cyt c (solvent
phase) was precipitated by direct addiction of the cross-linker dissolved in acetonitrile
(non-solvent phase) in one-step synthesis. This strategy allows the NP core and shell to
be formed together [134], stabilizing the NP structure by the cross-linker and reducing the
time of the synthesis procedure. For the second strategy, aqueous Cyt ¢ was first
precipitated with acetonitrile to form Cyt ¢ NPs (Figure 3.6.). Then, the synthesized Cyt c
NPs was stabilized with the cross-linker dissolved in the non-solvent phase (acetonitrile).
In the two-step strategy, the core is synthesized first, and then the shell layer is formed

around the synthesized core surface [134].

Table 3.3. The effect of cross-linking method variation on the mean size and zeta potential

values of cross-linked Cyt ¢ nanoparticles.

Polydispersity Zeta potential Precipitation
Nanoprecipitation

Diameter (nm) Index (mV) Efficiency (%)
method
(PDI)
One-Step 2 179+ 4 0.04+0.01 9.4+3.2 95+2
Two-Step P 189 £ 2 0.06 £ 0.02 18.6£1.2 97 £ 1

a.b Table data show the mean + SD of experiments performed in triplicate (n = 3).

The results of mean diameter, size distribution, zeta potential, and precipitation
efficiency are shown in Table 3.3. The cross-linked Cyt ¢ nanoparticles prepared by the
one-step method had an average particle diameter of 179 nm with a very narrow size
distribution (polydispersity index < 0.05) and a positive zeta potential (+9.4 mV) (Figure

3.7.a). In contrast, Cyt ¢ nanoparticles cross-linked by the two-step method had a mean
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diameter of 189 nm with a narrow distribution (PDI < 0.1) (Figure 3.7.b). For this
formulation, the value of zeta potential was found to be +18.6 mV. It indicates that the
synthesized Cyt ¢ nanoparticles cross-linked by a one-step method could be expected to
be more stable for a long time [5]. The precipitation efficiency was high for both cross-

linking methods ranging from 95% for the two-step method to 97% for the one-step

method.
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Figure 3.7. The effect of cross-linking method variation on the (a) mean diameter and (b)
zeta potential values of cross-linked Cyt ¢ nanoparticles. Data shown are the mean + SD
of experiments performed in triplicate (n =3). The asterisks (*) indicate significant

differences: * p = 0.02 and ** p = 0.01, assessed by two-tailed unpaired t-test analysis.

The morphological characteristics of NPs prepared by one-step and two-step
cross-linking methods were examined by SEM. As shown in Figure 3.8., independent of

the cross-linking approach, cross-linked Cyt c NPs were spherical and well homogeneous
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in size distribution. Moreover, the average size of nanoparticles from SEM micrographs

is relative to those obtained from dynamic light scattering measurements.

(a) (b)

Figure 3.8. SEM micrographs of the Cyt ¢ NPs cross-linked by (a) one-step and (b) two-
step nanoprecipitation methods. Cross-linker concentration (0.5 mg/mL DSP) and
injection rate (300 mL/h) were maintained constant during nanoparticle formation. Scale

bar =1 pm.

To investigate the cumulative release profile of the cross-linked Cyt ¢ NPs
prepared by different cross-linking methods, we used 10 mM glutathione (GSH) to
simulate intracellular conditions [119]. The cumulative Cyt c release profiles are shown in
Figure 3.9. Both nanoparticles prepared by one-step and two-step cross-linking methods
exhibited a burst release of Cyt ¢ within 24 h of approximately 40% and 71%, respectively.
The remaining Cyt ¢ was released from both NPs in the same manner with a slower rate
reaching up to 43% with the one-step method and 74% with the two-step cross-linking

method within 72 hours.
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Figure 3.9. Cumulative in vitro release profile of Cyt ¢ from cross-linked Cyt ¢ NPs
synthesized by one-step (red circle) and two-step (blue square) methods. NPs were
dissolved in PBS buffer with 10 mM GSH at 37°C to simulate the intracellularly (reducing)
physiological condition. Data are the mean + SD of experiments performed in triplicate
(n= 3). Statistical analysis by two-tailed paired t-test analysis demonstrated a significant

difference between one-step and two-step cross-linking methods, ** p < 0.05.

We determined the potential of Cyt ¢ to still interact with Apaf-1 and induce
apoptosis after chemical cross-linking with different methods. For this purpose, in vitro
cell-free caspase 3/7 activity assays were conducted in a cell-free system, and native Cyt
c was used as a positive control. As shown in Figure 3.10., the addition of cross-linked
Cyt ¢ NPs prepared by both cross-linking methods to fresh cytosol produced caspase 3/7
activation. Compared to the untreated cells, activation of caspase 3/7 was statistically
significantly higher in cells treated with NPs-prepared with both methods (***p < 0.05).
Cyt ¢ NPs cross-linked by the one-step method had 69 + 14 % of their caspase activation
activity with no significant difference compared to native Cyt c. In contrast, Cyt ¢ NPs
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cross-linked by the two-step method activate caspase to 88 + 13 % with no significant
difference compared to native Cyt c. Therefore, since our NPs retained all of their enzyme
activity, we demonstrated that the cross-linking methods used for the preparation of the
NPs do not produce any adverse impact on the capability of the protein to induce

apoptosis [135].

0.04 R 150~
[—_]HS ns
0.03 £ ' '
2" 2 100-
g 2
Z 0021 S
[+§)
B 2 50+
< 0014 [ k-
@
@
0.00 0-
oo\‘) » ¢O %\oQ %\QQ & *\0 %\°Q Q\QQ
0’ ol » °'
& & o & ¢ oF ¥
o\@ < ™
S
(@) (b)

Figure 3.10. Activation of caspase 3/7 using a cell-free caspase assay. (a) Compared to
untreated cells (control), cross-linked Cyt ¢ NPs synthesized by one-step and two-step
methods activated caspase 3/7 to a similar extent to the activity provided by native Cyt c
protein. (b) Relative caspase 3/7 activation of Cyt ¢ NPs cross-linked by one-step and
two-step methods compared with the relative activation by native Cyt c. When comparing
the relative caspase activity of NPs obtained from one-step and two-step methods, no

statistically significant (ns) difference was found using ordinary one-way ANOVA and
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multiple comparison Tukey’s test (95% confidence interval). Data are the mean = SD of

experiments performed in triplicate (n= 3); (*** p = 0.0007).

3.3. Discussion

Protein therapeutics have gained momentum in recent years and have become a
pillar in treating many diseases, including cancer [104]. Protein drugs are attractive
substitutes for cytotoxic drugs because they are highly specific, tunable, and less toxic
than conventional small drug molecules [136]. Because of their importance, protein-based
nanoparticle systems are already found in the market, such as albumin-bound paclitaxel
NPs (Abraxane™) [137]. However, despite the success of early protein drugs, numerous
challenges have reduced their efficacy in the clinical setting, such as physical and
chemical stability during storage and after administration, limited therapeutic index, and
inefficient delivery [80]. Cyt c, a pro-apoptotic protein, could potentially be used to target
and specifically destroy cancer cells if it is delivered into the cytoplasm. Previous studies
found that the nanoprecipitation method was useful for preparing Cyt c-based NPs
[117,138]. Herein, we developed a Cyt c-based NP that uses the protein as a drug and

carrier material with redox-responsive release properties.

It is well-known that the physicochemical characteristics of nanoparticles, including
size, shape, and stability, influence the functional properties and effectiveness of drug
delivery [139]. Also, it has been reported that the size, size distribution, surface charge,
and delivery properties of nanoparticles are highly influenced by the nanoprecipitation

operation conditions [6,140]. Therefore, we evaluated the impact of the cross-linking
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process on the physicochemical and functional properties of Cyt ¢c nanoparticles prepared

by the nanoprecipitation method.

For the current study, we developed a simple and straightforward method to
prepare cross-linked protein-based nanoparticles based on an optimized one-step
nanoprecipitation procedure with controllable and appropriated particle size and size
distribution for drug delivery applications. In this method, aqueous Cyt ¢ was precipitated
by direct addiction of the cross-linker dissolved in the non-solvent phase (acetonitrile) in
a single-step approach. This new simplified strategy allows the NP core and shell to be
formed together [134], stabilizing the NP structure by the cross-linker and reducing the
time of the procedure. However, it has been reported that the cross-linker concentration
affects the size of the produced nanoparticle [5,131-133]. Therefore, we evaluated the
effect of DSP concentration on Cyt ¢ NP characteristics formation. The results showed
that NP diameter increased with an increase in cross-linker concentration for all cross-
linking concentrations. The optimum amount of DSP needed for effective cross-linking of
the Cyt c nanoparticles was 0.2 mg/mL. This amount of DSP vyielded particles with the
smallest average size of 212.4 nm and a very narrow size distribution (PDI < 0.1).
Amounts of cross-linker higher than 1.5 mg/mL yielded larger particle size and broader
size distribution (PDI = 0.3). This behavior can be explained because increased cross-
linker concentration could facilitate agglomeration, forming larger NPs [141]. In addition,
the results showed that zeta potential decreased with an increase in cross-linking
concentration. Thus, the zeta potential decrease serves as a control for successful
surface cross-linking by DSP [142]. The zeta potential is also related to particle stability.

Samples with zeta potentials higher than 30 mV and —30 mV are considered stable [143].
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Therefore, Cyt ¢ nanopatrticles cross-linked with 0.2 mg/mL DSP possessed the highest
colloidal stability with a zeta potential value of +35.9 mV. These values represent the
magnitude of the electrostatic forces around the NP, which can repulse or attract
neighboring particles and produce flocculation by NP aggregation or a stable suspension.
The small size and narrow distribution of the NPs could indicate that the DSP reacted
with amino groups on the same particle rather than linking two particles together [144].
This might be due to the zeta potential of the particles, which prevents them from coming
close together. On the contrary, larger NPs with higher distribution and lower zeta
potential could indicate aggregation through the random intermolecular association of
some other molecules, resulting in different-sized particles [145]. SEM images showed
that all prepared nanopatrticles were a spherical shape, generally uniform in size, and well
dispersed. The precipitation efficiency for all cross-linker concentrations was relatively
high, ranging between 80 to 97%. Therefore, for further studies, we selected a cross-
linker concentration of 0.5 mg/mL since it had the best size distribution and maximum

encapsulation efficiency (95%) when compared statistically (**** p <0.0001).

Variations in particle size and zeta potential values were also studied as a function
of the non-solvent/cross-linking injection rate, keeping the cross-linker concentration
constant. The results showed that the cross-linked Cyt c particle size decreased
significantly by increasing the non-solvent/cross-linking flow rate from 125 to 300 mL/h.
The smallest NP was prepared at 300 mL/h. The classic theory of nucleation can explain
the size reduction [116]. As it is well known, the non-solvent precipitation process is
divided into four phases, including generation of supersaturation, nucleation, growth, and

coagulation. It is also known that the supersaturation conditions could affect the size of
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final nanoparticles [146]. The high and rapid supersaturation will increase the nucleation
rate, which induces the formation of a more number of nuclei in the initial stage of the
nucleation process, giving rise to fast particle growth and smaller nanoparticles [116,146].
In addition, the degree of supersaturation is governed by the addition rate of the non-
solvent phase (cross-linker) [6]. Therefore, when the non-solvent/cross-linking injection
rate increases, the supersaturation rate and degree of nucleation increase, and smaller
nanoparticles can be obtained [116]. As for zeta potential, the non-solvent/cross-linking
injection rate does not significantly affect its value. Particles from all formulations have
zeta potential values between 4.5 and 9.4 mV. These values could indicate the good
colloidal stability of particles since the increase of positive zeta potential value leads to
less attraction between particles and, consequently, less aggregation [147]. SEM images
showed cross-linked Cyt ¢ spherical-shaped nanoparticles for all non-solvent/cross-
linking injection rates. Also, the precipitation efficiency is above 95% for all amounts of

cross-linker, leading to stabilizing the nanosuspensions.

For further investigation, we compared the one-step cross-linking/nanoprecipitation
method studied above with the previously reported procedure, a two-step approach, to
evaluate the effect of varying the cross-linking process on particle size and delivery
properties [148,149]. In the second strategy, aqueous Cyt ¢ was first precipitated with
acetonitrile to form Cyt ¢ NPs. Then, the synthesized Cyt ¢ NPs was stabilized with the
cross-linker dissolved in the non-solvent phase (acetonitrile). In the two-step method, the
core is synthesized first, and then the shell layer is formed around the synthesized core

surface [134].
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For Cyt ¢ NPs cross-linked with the one-step method, the mean size was smaller
(179 = 4 nm) than the two-step method (189 + 2 nm) (*p = 0.02). This variation in NP size
could be explained by the fact that the nanoparticles synthesized by the one-step method
built a structure denser and more cohesive, leading to the convective loss of water during
the cross-linking process [150]. The narrow size distribution for both methods could
indicate that the DSP reacted with amino groups on the same particle rather than by
linking two particles together [144]. As for zeta potential, NPs synthesized by the two-step
method showed a more positive zeta potential than the one-step method. That could be
because the one-step method allows the NP core and shell to be formed together [134],
cross-linking more amines and reducing the positive charge in the protein. The zeta
potential is commonly related to particle stability. Thus, cross-linked Cyt ¢ NPs
synthesized with the two-step nanoprecipitation method possessed the highest colloidal
stability and could be expected to be more stable for a long time upon exposure to an
aqueous environment. The precipitation efficiency for both methods practically was 97%.
The SEM micrographs showed that apart from the small sizes and PDI, Cyt c
nanopatrticles cross-linked by both methods had a smooth structure without wrinkle or

concave on the surface.

The in vitro Cyt c release from cross-linked NPs demonstrated a controlled release
profile for both methods. The two-step nanoprecipitation method demonstrated more
release properties with 71% of Cyt c released in the initial 24 h compared with the 40%
of the one-step method. In vitro drug release of NPs prepared by nanoprecipitation
generally consists of two phases [76]. The first phase consists of “burst release”, followed

by the second phase of “prolonged release”. The first phase is due to the release of drug
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substance, which is adsorbed on the NPs surface or dispersed near the surface [76]. The
second phase is due to the release of drugs in the core compartment [151]. Thus, these
behaviors can be attributed to the fact that the NPs synthesized by the one-step method
have more cross-linked proteins in the core, reducing the “burst release”, which could

cause a more slow and prolonged release of the protein drug.

Finally, cross-linking is essential for nanoparticle preparation but can affect
biodegradability and drug release from the carrier system [140]. Because the binding of
Cyt c to apoptosis protease activation factor-1 (Apaf-1) is a critical activation step in the
execution phase of apoptosis, we evaluated the capability of Cyt c to activate caspases
activity [135]. Our result demonstrated that cross-linked Cyt ¢ NPs retained all their
enzyme activity through a cell-free caspase 3/7 activation assay, meaning that the
integrity of Cyt c after both NP formulation procedures was not compromised. No
significant differences were observed between the one-step and two-step
nanoprecipitation methods. Therefore, in this work, we demonstrated that both
nanoprecipitation methods (i.e., one-step and two-step) could be used to synthesize
protein-based NPs with an appropriate size, narrow size distribution, high precipitation
efficiency, high colloidal stability, controlled release properties, and conserving the

bioactivity of the protein drug.

Future work to improve the designed system includes the addition of a targeting
mechanism to allow cell internalization and targeted cell uptake in vitro and in vivo.
Additional surface modifications, such as polyethylene glycol (PEG) polymer, can also be
incorporated to enhance circulation times in vivo. Moreover, further studies with other

protein drugs are needed to determine if the one-step nanoprecipitation method can be
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used to prepare protein-based nanoparticles. Finally, our system can be used to co-
deliver other cytotoxic drug combinations and provides a model for future personalized

medicine applications.

3.4. Conclusion

Nanosized delivery systems hold promise in improving protein delivery to target
tumors. A convenient method to accomplish nanosized protein-based nanoparticles is by
nanoprecipitation. The current study established a simple and straightforward
nanoprecipitation method for preparing “smart” protein-based nanoparticles with an
appropriated particle size (<200 nm) and narrow size distribution for redox-sensitive drug
delivery applications. Optimization of the processing parameters involved in the new one-
step cross-linking/nanoprecipitation method was evaluated. We found that the
concentration of the crosslinker solution in the one-step nanoprecipitation method affects
the physicochemical properties of nanoparticles, increasing the particle size with an
increase in DSP concentration. In addition, the diameter of Cyt ¢ NPs decreases as the
cross-linking/nanoprecipitation rate increases. For further evaluation, we selected a DSP
concentration of 0.5 mg/mL and a non-solvent flow rate of 300 mL/h as optimum
conditions to study the effect of varying the cross-linking method to a two-step
nanoprecipitation. Our results showed that the Cyt c-based nanoparticles could be cross-
linked with both nanoprecipitation methods, in which the one-step method demonstrated
to obtain the smallest particle size of 179 + 4 nm with a very narrow distribution. However,
the two-step method demonstrated a more efficient drug release profile. Finally, the
activity of encapsulated Cyt c is mainly conserved after cross-linking process using both

nanoprecipitation methods. Therefore, it can be concluded that the non-solvent
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nanoprecipitation method using a one-step or two-step cross-linking approach presents
an excellent opportunity for the smart delivery of Cyt c as a therapeutic protein for cancer

treatment.
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Chapter 4

Folate-Decorated Cross-Linked Cytochrome C Nanoparticles for Active Targeting

of Non-Small Cell Lung Carcinoma (NSCLC)
4.1. Summary

Lung cancer is the leading cause of worldwide cancer deaths. Non-small cell lung
carcinoma (NSCLC) is the most common type of lung cancer, accounting for 85% of the
reported cases, and is associated with poor prognosis with a five-year survival rate of
only 15% [7,152]. Although the current first-line anticancer agents (e.g., Cisplatin and
Taxol®) for NSCLC have been successful to some extent, their main drawbacks are non-
specific targeting, high-dose requirements, poor bioavailability, development of multiple
drug resistance, and adverse side effects [97,153,154]. For example, NSCLC patients
treated with cisplatin often suffer severe nephrotoxicity [155]. In principle, these effects
arise from the chemotherapeutic agents' lack of tumor selectivity and systemic toxicity
without discriminating healthy tissues, producing unwanted and often severe and
dangerous side effects.

All chemotherapeutic drugs, regardless of their specific target or mechanism of
action, produce the same cytotoxic end effect in sensitive cells: apoptotic cell death.
However, the apoptotic DNA damage response requires the involvement of the p53 tumor
suppressor pathway, which is mutated/inactivated in ~50% of human cancers [156] and
approximately 70% of lung adenocarcinoma cases [157]. Such oncogenic mutations that
disrupt the apoptosis pathway contribute to tumor initiation, progression, and metastasis
[158]. For example, Taxol® causes damage leading to p53 tumor suppressor-dependent

apoptosis and often results in the development of resistance, leading to therapy failure
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and relapse [97]. Such limitations of the conventional chemical drugs have spurred efforts
to identify more effective chemotherapeutic agents that can be tolerable in higher doses
and act independently of the p53 pathway [159].

As an innovative alternative, many protein species exhibit potent cytotoxic
activities that can be exploited to develop new anti-tumor drugs [160]. On this basis,
Cytochrome C (Cyt c) fulfills this requirement because it is non-toxic in the cytoplasm and
acts downstream in the apoptosis cascade, thus evading many steps with potential
mutations. During Cyt c-mediated apoptosis, the apoptosome formation (Apaf-1/Cyt c
complex), which cleaves procaspase-9 to active caspase 9, is a critical event responsible
for activating effector caspases 3 and 7 that mediate apoptosis [161,162]. Indeed, using
a drug delivery system to transport Cyt c into the cytoplasm of cancer cells could help
overcome any failure in activating the intrinsic or 'mitochondrial' apoptotic signaling
pathway preventing Cyt c release [102,159,163]. Hence, Cyt ¢ has drawn the attention
of groups in the field due to its potential to be developed into a highly effective and
selective anticancer drug [123]. However, since Cyt c is a cell membrane-impermeable
protein, it must be linked to an uptake process.

Folic acid is a vitamin B, necessary for cellular proliferation, DNA synthesis, and
modification [55]. The folate receptor alpha (FR) is a well-known tumor marker that is
overexpressed in 40% of human cancers, and it is rarely expressed or inaccessible in
most normal cells [59]. Studies have found that levels of FR expression are associated
with tumor stage and survival, specifically in lung adenocarcinomas [57,58]. This

overexpression in tumors promotes folic acid (FA) ligand-drug conjugates to binding and
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subsequent uptake via receptor-mediated endocytosis [60]. Hence, FA has been
extensively used as a ligand to improve tumor therapy uptake and target cancerous cells.

One of the most influential hallmarks of cancer cells is their
ability to sustain proliferative and pro-angiogenic signaling, leading to the leaky
vasculature accompanied by insufficient lymphatic drainage in tumors (EPR effect),
driving to accumulation of nano-sized delivery systems in solid tumors [164]. The EPR
effect alone increases the tumor specificity of NPs by 20-30% over critical normal organs
[53]. The polyethylene glycol (PEG) polymer has been used to modify nanoparticles
(NPs) and overcome their low stability, immunogenicity, and short blood circulation half-
life [165]. Combining the passive EPR-mediated targeting with an additional tumor-
abundant ligand such as FA not only amplifies the specificity of therapeutic NPs but also
facilitates their cellular uptake. For the in vivo application, it has been reported that shape
and size are critical for nanoparticle uptake and circulation [166,167]. Spherical particles
that are 100-200 nm in size have the highest potential for prolonged circulation because
they are large enough to avoid uptake in the liver (particles over 300 nm accumulate in
the liver) but small enough to prevent filtration to the spleen (as the spleen has
fenestrations that do not exceed 200-500 nm) [48]. Typically, nanoparticles are trapped
by mechanical filtration in the spleen sinusoids, followed by removal from circulation by
cells of the reticuloendothelial system in the liver [24].

To date, various nano vehicles have been explored to facilitate intracellular
delivery of Cyt c for therapeutic purposes with different degrees of success [44,114].
Recently, our research group overcame biocompatibility and off-target limitations

commonly seen in anticancer therapeutics by designing a Cyt c-based drug delivery
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system (DDS) coated with a biodegradable polymer PLGA-PEG-FA that is in size of 253
nm [4]. This DDS showed no sign of cytotoxicity after in vivo injection using a lung
carcinoma immune-competent mouse model [4].

Herein we substantially simplify the system by employing another strategy
preventing protein dissolution in buffer and blood, using redox-sensitive cross-linking. Cyt
¢ NPs were prepared by solvent precipitation. Protein nanoprecipitation is an easy and
reproducible technique to prepare Cyt ¢ NPs. Their size, shape, and surface charge can
be controlled to incorporate passive, active, and stimuli-responsive targeting [168]. Next,
the Cyt c-based NPs were stabilized by homo-bifunctional reversible cross-linking using
dithiobis(succinimidyl propionate) (DSP). This cross-linker contains a disulfide bond that
is reduced under intra-cellular conditions, thus affording the dissolution of the NPs in the
cytoplasm of target cells. To achieve receptor-mediated internalization by FR-
overexpressing cancer cells, we conjugated folate-poly(ethylene glycol) (FA-PEG) to the
surface of the NPs. Our data demonstrate a substantial improvement over our previous
Cyt c delivery system in vitro, using the Lewis Lung Carcinoma (LLC) cell line, and in
Vivo, using a syngeneic (immune-competent) lung carcinoma mouse model. The LLC
mouse model is practical in vivo approach to study if targeted NP therapies reach their

target in the presence of a functional immune system [169].

92



4.2. Results

4.2.1. Synthesis and characterization of cross-linked Cyt c-PEG-FA nanoparticles

The diameter of cross-linked Cyt ¢ NPs was 164 £ 5 nm, and Cyt c-PEG-FA NPs
was 169 + 9 nm (Table 4.1.). The NPs generated here were smaller compared to the
core-shell Cyt ¢ delivery systems we used previously. The decrease in the zeta potential
of the cross-linked Cyt c-PEG-FA NPs (17.7 £ 1.7 mV) compared with the Cyt c-DSP NPs
(27.5 £ 3.9 mV) confirmed the successful attachment of the FA-PEG-NHS targeting
polymer to the amino groups of Cyt c, leading to a reduction in the number of positive

charges on the NP surface.

Table 4.1. Size, polydispersity index, zeta potential, and precipitation efficiency of

different NPs prepared by the nanoprecipitation method.

Polydispersity Actual

Diameter Zeta potential Precipitation
NPs Index Loading
(nm) (mV) Efficiency (%)
(PDI) (%)
Cytc-DSP NPs 164 +5 0.06 £ 0.01 27.5+3.9 96 +2 80+3
Cross-linked Cyt
169+9 0.09 £ 0.01 17.7+1.7 97 +3 74+6

c-PEG-FA NPs

Table data show the averages of three batches of NPs prepared and the respective

standard deviations.
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Scanning electron microscopy (SEM) was performed to examine the shape of the
NPs (Figure 4.1. b,c). The SEM images of lyophilized cross-linked Cyt c NPs and cross-

linked Cyt c-PEG-FA NPs showed a spherical shape with a narrow size distribution.
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Figure 4.1. (a) Synthesis route of cross-linked Cyt c-PEG-FA NPs. SEM micrographs of
(b) cross-linked Cyt ¢ NPs and (c) cross-linked Cyt c-PEG-FA NPs. (d) Cumulative in vitro
release profile of Cyt ¢ from cross-linked Cyt c-PEG-FA NPs at 37 °C. NPs were dissolved
in PBS buffer with zero GSH (triangles), 0.001 mM GSH (squares), and 10 mM GSH
(circles) to simulate extracellular (non-reducing) and intracellular (reducing) physiological
conditions. Data are the mean + SD of experiments performed in triplicate. Statistical
analysis by ordinary one-way ANOVA multiple comparison analysis demonstrated a
significant difference between the intracellular and extracellular conditions when

compared with the control, p < 0.0001.
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4.2.2. In vitro redox-responsive release

To investigate the cumulative release profile of the cross-linked Cyt c-PEG-FA
NPs, we used 10 mM glutathione (GSH) to simulate intracellular conditions, 0.001 mM
GSH to simulate extracellular conditions and 0 mM GSH as control [170]. The cumulative
Cyt c release profile is shown in Figure 1d. The cross-linked Cyt c-PEG-FA NPs exhibited
an efficient release profile under reducing conditions (10 mM GSH); most Cyt ¢ was
released in the first 0.5 hours as a "burst release”. In contrast, we found that only about
17% and 21% of Cyt c were released using no- or 0.001- mM GSH, respectively, and this

release was slower than 10 mM GSH.
4.2.3. Cell-free caspase 3 and 7 assay

We determined the potential of Cyt ¢ to still interact with Apaf-1 and induce
apoptosis after the NP formulation. For this purpose, in vitro cell-free caspase 3/7 activity
assays were conducted in a cell-free system (LLC lysate), and native Cyt ¢ was used as
a positive control. As shown in Figure 4.2., the addition of cross-linked Cyt c-PEG-FA NPs
to fresh cytosol produces caspase 3/7 activation. Compared to the untreated cells,
activation of caspase 3/7 was statistically significantly higher in cells treated with the
cross-linked Cyt c-PEG-FA NPs at a p-value of <0.05 (Figure 4.2.a). Cyt c-PEG-FA NPs
had 94 + 8 % of their caspase activation activity with no significant difference compared
to native Cyt c (Figure 4.2.b). Therefore, since our NPs retained all of their enzyme
activity, we demonstrated that the conjugation of the Cyt ¢ NPs does not produce any

adverse impact on the capability of the protein to induce apoptosis.
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Figure 4.2. Activation of caspase 3/7 using a cell-free caspase assay. (a) Compared to
untreated cells (control), cross-linked Cyt c-PEG-FA NPs activated caspase 3/7 to a
significantly greater extent, similar to the activity provided by the native Cyt c protein. (b)
Caspase 3/7 activation of cross-linked Cyt c-PEG-FA NPs compared with the caspase
3/7 activation by native Cyt c. LLC lysate treated with cross-linked Cyt c-PEG-FA NPs
was able to activate the caspase 3/7 significantly, similar to that afforded by native Cyt c.
The relative caspase activity offered by cross-linked Cyt c-PEG-FA NPs was not

significantly different compared to the native Cyt ¢ protein. **** Indicates a significant
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difference (p < 0.0001) in an unpaired t-test analysis with n = 6. Error bars represent the

calculated SD.

4.2.4. Cell viability assays

The cytotoxicity evaluation of cross-linked Cyt c-PEG-FA NPs was performed using an
MTS assay. A dose-response graph was constructed upon incubation of FR-positive LLC
cells at different concentrations (300, 200, 100, 50, 25, and 12.5 pg/ml) of cross-linked
Cyt c-PEG-FA NPs for 24 h. As shown in Figure 4.3., cross-linked Cyt c-PEG-FA NPs
induced a significant reduction in LLC cell viability in a dose-dependent manner after 24
h of incubation compared to untreated cells. The calculated ICso value of the cross-linked
Cyt c-PEG-FA NPs was 47.5 ug/ml (R?=0.9681). Additionally, cell viability decreased at
increasing concentrations of our NPs. These results demonstrated a clear correlation
between the dose concentration of the NPs and its cytotoxic effect. As controls, LLC cells
were incubated with native Cyt ¢, FA-PEG, and Cyt c-DSP NPs (folate-free, cross-linker
alone) at the highest NP concentration (300 pg/ml) as in the corresponding experiment
for 24 h. No significant cytotoxicity was observed after 24 h with either control compound.
For native Cyt ¢ control, it was expected not to significantly affect cell viability since Cyt c
is a cell membrane-impermeable protein. As hypothesized, under the same conditions,
folate-conjugated Cyt ¢ NPs significantly reduced the cell viability of folate receptor-
expressing LLC cells, compared to the folate-free Cyt ¢ NPs (****p < 0.0001, n=9). These
results validated that folate-conjugation is required for our NPs to address targetability

and induce cytotoxic potential.
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Figure 4.3. MTS cell viability assay of LLC cells after 24 h of incubation with folate-
containing cross-linked Cyt c-PEG-FA NPs in a concentration-dependent manner. The
percent of cell viability for the Cyt c-PEG-FA NPs is shown in gray columns, at
increasing concentrations from 12.5 to 300 ug/ml. This dose-response curve was used
to determine the 1Cso value of the cross-linked Cyt c-PEG-FA NPs. As controls, we used
the native Cyt c (protein alone, no NPs; first black column), PEG-FA (Folate-
poly(ethylene glycol)-succinimidyl ester alone; second black column), and Cyt c-DSP
NPs (Cyt-c with the homo-bifunctional cross-linker DSP, without folate; gray dotted
column). All controls were added at a concentration of (300 ug/ml). Cytotoxicity of the
folate-free formulation and the folate-bearing NPs at the highest concentration were
compared by unpaired t-test analysis (****, p< 0.0001, n=9). Data shown are expressed

as the mean + SD.
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The FR is overexpressed in most cancer cells and has been widely used as a
model for addressing the targetability of many therapeutic agents. To evaluate the
selective cytotoxic effect of cross-linked Cyt c-PEG-FA NPs for FR-positive cancer cells,
we made a comparative cell viability study with both FR-positive cells (human cervical
carcinoma Hela cell line) and FR-negative cells (mouse embryo fibroblasts NIH-3T3 cell
line) [171,172]. As seen in Figure 4.4., cross-linked Cyt c-PEG-FA NPs significantly
reduced cell viability in FR-positive cell lines (LLC and HeLa cells) without statistically
significant difference (p <0.05, n=9). Furthermore, the viability of the NIH/3T3 cells was
not significantly affected after 24 h incubation with the folate-conjugated NPs. These cells
have an undetectable level of FR on the cell surface. These results confirm that our FR-
targeted DDS had a significant cytotoxic effect on cancer cells overexpressing FR and

not on normal cells.
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Figure 4.4. Comparison of the cytotoxicity of cross-linked Cyt c-PEG-FA NPs in

cancerous and non-cancerous cell lines. Cell viability MTS assay after 24 h of NPs
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treatment at 100 pg/ml using FR-positive cells (LLC and HeLa cells) and FR-negative
cells (NIH/3T3 cells). The mean + SD was obtained from three independent
experiments performed in triplicate. The results were analyzed statistically using an

unpaired t-test (****, p <0.0001, n=9).

4.2.5. Study of apoptotic mechanism of cell death induction by CLSM

To confirm if cell death was caused by apoptosis, we qualitatively evaluated the
occurrence of nuclear segmentation, chromatin condensation, and Pl presence in the cell
nuclei after treatment with NPs. LLC cells were treated with cross-linked Cyt c-PEG-FA
NPs adjusted to a drug concentration of 100 ug/ml. After 24 h of incubation, the
colocalization of DAPI and Pl was determined by CLSM. In apoptotic cells, both dyes, PI
(red) and DAPI (blue), localized to the nucleus due to the presence of pores in the cell
membrane. The nuclei of the permeable LLC apoptotic cells are seen as a bright purple
spot in the confocal images due to colocalization of Pl and DAPI (Figure 4.5.). PI
internalization is representative of highly condensed and fragmented chromatin in
apoptotic cells. Thus, the red fluorescence of Pl observed in the nucleus of LLC cells with
cross-linked Cyt c-PEG-FA NPs confirmed that apoptosis cell death is occurring. In
contrast, untreated LLC cells presented no indication of apoptosis, as can be observed
by the lack of PI internalization due to the absence of red fluorescence in the confocal
images. To evaluate the selectivity of our folate-decorated NPs, we compared the
apoptotic cell death of FR-negative NIH/3T3 cells under the same conditions. Confocal

images showed a lack of intense PI red fluorescence in the nuclei of NIH/3T3 cells treated
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with cross-linked Cyt c-PEG-FA NPs, whereas an enhanced red fluorescence in LLC cells
was observed. These results were consistent with the intracellular assay and in vitro cell
viability results described above, indicating that cross-linked Cyt c-PEG-FA NPs had a

significant cytotoxic effect on cancer cells overexpressing FR and not on normal cells.

DAPI MERGE

(b) NP-treated
LLC Cells

(c) Untreated
NIH/3T3
Cells

(d) NP-treated
NIH/3T3
Cells

Figure 4.5. Study of DAPI and propidium iodide (PI) colocalization for the detection

(a) Untreated
LLC Cells

of apoptotic cells after 24 h of incubation with cross-linked Cyt c-PEG-FA NPs. (b)
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Selective induction of apoptosis was observed in LLC cells incubated with NPs. (c)
No cellular apoptosis was observed in NIH/3T3 cells when incubated with NPs. (a,

d) Untreated LLC and NIH/3T3 cells were used as controls, respectively.

4.2.6. Caspase 3/7 activity

Cyt c-mediated apoptosis of a cell involves the activation of caspase 3/7. Exposure
of LLC cells to NPs for 24 h presented a green fluorescence signal induced by the
generated caspase 3/7 activity, while the untreated control cells showed a significantly
lower fluorescence signal, as observed by confocal imaging (Figure 4.6.a). Quantitative
analysis of these images (in 488 nm Ex. channel shown in green) revealed a significant
difference (**p=0.003) in non-treated and NP-treated LLC cells (Figure 4.6.b). These
results were consistent with the cell-free caspase assay results described on Figure 2,
indicating that the cross-linked Cyt c-PEG-FA NPs can substantially increase apoptosis

cell death by cellular events and molecular pathways of caspase regulation.
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Figure 4.6. Caspase 3/7 activation in LLC cells after 24 h of incubation with 100 pg/ml of
cross-linked Cyt c-PEG-FA NPs. The caspase 3/7 activity was assayed by CellEvent™
caspase 37 fluorescent green detection reagent and measured by CLSM. (a) The left
panel shows untreated LLC cells used as a negative control to establish the green
autofluorescence background, and the right panel shows LLC cells treated with the NPs.
Scale bar = 25 ym. (b) Quantitative analysis of green fluorescence (488 nm Ex.) in
untreated versus NP-treated cells. The results are expressed as mean + SD and were

significantly different (**, p= 0.003, unpaired t-test analysis, n =3).
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4.2.7. Cellular internalization of cross-linked Cyt c-PEG-FA NPs

To investigate the FR-mediated endocytosis mechanism and endosomal escape
capability of the cross-linked Cyt c-PEG-FA NPs, FR-positive LLC cells were incubated
with FITC-labeled cross-linked Cyt c-PEG-FA NPs and the endosome marker FM-464 for
24 h. Fluorescence intensity of FITC-labeled NPs in LLC cells was observed by Z-stack
confocal laser scanning microscopy (CLSM). The confocal Z-stack images obtained from
the endosome marker channel showed red fluorescence, while the images of nuclei
stained by the DAPI showed blue fluorescence. The green fluorescence observed in the
confocal Z-stack images is due to the internalization of the FITC-labeled cross-linked Cyt
c-PEG-FA NPs (Figure 4.7.). Yellow fluorescence is due to the colocalization of the two
dyes and shows NP entrapment in endosomes [173]. Confocal Z-stack images reveal
that FITC-labeled NPs are found in the cytoplasm after 24 h. Furthermore, some of the
FITC-labeled NPs were still entrapped in endosomes (yellow spots) in agreement with
the expected uptake by endocytosis. These results confirmed the potential of the cross-

linked Cyt c-PEG-FA NPs for tumor-targeted drug delivery.
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Figure 4.7. Endosomal colocalization of Cyt c-PEG-FA NPs in LLC cells using Z-stack

confocal imaging. LLC cells were incubated with FITC-labeled NPs (green fluorescence)
at 100 pg/ml concentration and FM-464 endosome marker (red fluorescence) for 24 h.
The cell nuclei were stained with DAPI shown in blue. The yellow color indicates the

localization of the NPs in the endosomes [1]. Scale bar = 25um.
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The internalization of cross-linked Cyt c-PEG-FA NPs by non-cancer NIH/3T3 cells
was also tested to confirm the specificity of our NPs to cells overexpressing folate
receptors by confocal microscopy. For this purpose, FR-positive cells (LLC and Hela
cells) were compared with the folate-negative NIH/3T3 cell line. Consistent with the NP
uptake experiment described above, a significant amount of green fluorescence from
FITC-labeled NPs was located in the cytoplasm of the FR-positive cell lines (LLC and
HeLa cells), and colocalization with FM-464 (yellow spots) indicates NPs also being
present in endosomes (Figure 4.8.). These results indicate that the FITC-labeled NPs
escaped from endosomes of the FR-positive cancer cells within 24 h of endocytosis.
However, in FR-negative NIH/3T3 cells, NPs remained mainly accumulated
extracellularly, and only weak yellow spots were observed in the micrographs, indicating
no overlap between FITC-labeled NPs and endosome markers. These results confirm
that the level of folate receptors on the cell surface affected the drug internalization.
Because of the undetectable level of FR at the normal NIH/3T3 cell surface, the
intracellular uptake of the cross-linked Cyt c-PEG-FA NPs decreased, and the

intracellular drug release was reduced, which resulted in minimal uptake.
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Figure 4.8. Internalization of FITC-labeled cross-linked Cyt c-PEG-FA NPs by FR-
positive cancer LLC and HelLa cells and FR-negative non-cancer NIH/3T3 cells.
Confocal images of both cells treated with FITC-labeled cross-linked Cyt c-PEG-FA
NPs and endosome marker (FM-464) after a 24 h incubation. The yellow color in the
merged images indicates the localization of the NPs in the endosomes [1]. Nuclear

stain DAPI is shown in blue. Scale bar = 25 ym.

4.2.8. Biodistribution of cross-linked Cyt c-PEG-FA NPs in tumor-bearing mice

For in vivo tracking of the NPs distribution, C57BL6J male mice (14-week-old)
bearing Lewis lung carcinoma were tail-vein injected with 0.15 mg of NPs labeled with the
fluorescent IRDye 680RD (IR-labeled NPs). After 5 min post-injection, tumors, and organs
(brain, heart, lungs, spleen, kidneys, liver, and intestines) were quickly extracted and

scanned using the LI-COR Odyssey CLx infrared scanner. High-resolution images
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showed an enhanced fluorescence signal (64%) from the tumor region of mice injected
with IR-labeled NP compared to mice injected with PBS, which was used as a negative
control to subtract the fluorescence signal from tumor autofluorescence (Figure 4.9.).
Quantitative analysis of fluorescence images of the other tissues, including spleen (98%),
heart (66%), and intestines (293%), showed organ deposition of a considerable amount
of NPs, whereas fluorescence in the liver (24%) and brain (25%) was minimally
detectable. The fluorescence signal recovered from the tumors and organs was
presented as a %IR signal of NP-injected tissue over control tissue. Therefore, our results

demonstrated successful tumor accumulation of the cross-linked Cyt c-PEG-FA NPs.
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Figure 4.9. Infrared (IR) signal of organs and tumors after injection of IR-labeled-NPs.
Upper panel: A high-resolution image of the ventral side of tumors shows what appears
to be NPs in the NP-injected mouse tumor but not in the control mouse. Lower left panel:
Five min after tail vein injection of IR-labeled nanoparticles or no nanoparticles into LLC
tumor-bearing mice, tumors, and organs were excised and scanned for IR signal at 680
nm (high intensity in red and low in blue) using an infrared scanner (LI-COR). Lower right
panel: Percentage of IR signal in the organs of an IR-NP-injected mouse after 5 min

compared to control.

4.2.9. Induction of Lewis Lung Carcinoma in Mice to Assess NP Efficacy on Tumor Growth

C57BL/6J mice were implanted with LLC cells to grow a tumor for a total of 12
days. For NP treatment, mice were injected intraperitoneally with 7 mg/kg of cross-linked
Cyt c-PEG-FA NPs (169 nm) at day 3 as an early-tumor stage intervention, and at day 8,
as a late-stage intervention in tumor growth. Figure 4.10 shows a representative image
of the regime used. Tumor volume was measured manually by caliper every 3 days using
the length and width of tumors, and the weight was also monitored as a general health
measurement. Using an unpaired T-test with a Kolmogorov-Smirnov post-test between
the NP-treated and untreated mice showed a significant decrease in tumor size in NP-

treated mice (p= 0.0385, Figure 4.11.a).
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Figure 4.10. Treatment regime in C57BL/6J mice. Male mice (36-60 weeks) were divided
into two groups and treated with: 90% PEG 400/10% ethanol vehicle (i.p.) or 7 mg/kg NPs
dissolved in vehicle (i.p.) at days 3 and 8 after tumor implant. Tumor monitoring was
performed manually by caliper measurement at days 3, 6, 9, and 12, and weight was

monitored as a general health measurement in our mouse model.

Our results showed no significant difference in mouse weight between groups
(Figure 4.11.b). This underscores the safety and suitability of the cross-linked Cyt c-PEG-
FA NPs as a DDS for FR-overexpressing tumor therapy. These results were consistent
with the in vitro therapeutic efficiency and the in vivo tumor accumulation of the cross-

linked Cyt c-PEG-FA NPs.
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Figure 4.11. Percentage of tumor growth and mouse weight in NP-treated and
untreated mice. (a) Tumor growth monitoring was performed in male mice manually
by caliper measurement. (b) Weight was monitored using a rodent balance. T-test
and Kolmogorov-Smirnov post-test on percent tumor growth showed *p= 0.0385,
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while animal weight was not significantly different between both groups. Vehicle (n=6)

and NP-treated (n=7).

4.3. Discussions

Considering the many advantages of protein-based NPs to facilitate their clinical
applications and the exemplary success of anticancer NP- based-drug formulations such
as Abraxane®, our results show proof-of-concept that cross-linked Cyt c-PEG-FA NPs
have the potential to improve tumor-targeting and anti-tumor effects in drug delivery. Our
fast infrared NP detection system could be used as a tumor diagnostic agent for folate
overexpressing cancers, and further development of the system could have theragnostic
potential [174]. Previously, Cyt ¢ NPs stabilized by the hydrophobic polymer poly (lactic-
co-glycolic) acid (PLGA) demonstrated that these NPs are an efficient method to induce
cell death in lung carcinoma cell culture and bind to the tumor site in the LLC murine
model [4]. Recently, we overcame dose limitations previously seen in the PLGA-based
NPs for Cyt ¢ by designing smaller Cyt c-based NPs coated with a low molecular weight
polymer, FA-PEG. In the current study, Cyt c NPs were stabilized using a thiol-cleavable
homo-bifunctional cross-linker that incorporates a triggered release mechanism mediated
by the reducing environment inside the cancer cells, without the need for PLGA. This NP
formulation showed improved cytotoxicity and biocompatibility compared to previously
reported [26]. Besides having an optimal and reduced NP size (~169 nm, compared to
the previous system of ~254 nm), this new generation of NPs is more straightforward and
economic to prepare, which this is a critical step to develop accesible anticancer drugs.
Reviews on NPs have concluded that after many studies on the size, shapes, and surface

modifications of NPs, a suitable size for NPs targeting tumors is 100-200 nm. These
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particles display increased tumor penetration because they are large enough to avoid
being cleared by the kidneys or through vascular extravasation (which eliminates particles
of 10-100 nm) [175,176], and they are still large enough to prevent filtration by the kidneys
and spleen (300-500 nm) [24]. Our presented NPs size of 169 nm should also improve
their tumor passive entry and accumulation due to the enhanced permeability and
retention effect (EPR) caused by the unstable tumor vascularization, which leads to a
better drug efficacy within the tumor microenvironment [48].

Studies have shown that increasing the flow rate of solvent and non-solvent during
the nanoprecipitation process can cause a considerable reduction in the particle size in
nanosuspension [177]. Therefore, in these studies, the nanoprecipitation method was
optimized by increasing the flow rate of the solvent-displacement process two-fold,
resulting in a diameter of 169 nm, a 30% reduction compared to the previous system, and
having a positive NP surface charge (+17 mV). For this system, our strategy was to modify
the surface of the Cyt ¢ NP with both a redox-responsive homo-bifunctional cross-linker
(DSP) and a lower molecular weight polymer (FA-PEG) making it a potential candidate
for intravenous (i.v.) administration [48,153]. Whereas the cross-linker shell stabilizes the
core of the Cyt c-based NP, the polymer renders in the surface for FR-overexpressing
tumor-targeting. The SEM images of the cross-linked Cyt c-PEG-FA NPs showed a
spherical shape with narrow size distribution and confirmed the nanometer range of the
NP size determined by DLS. Previous limitations of protein delivery systems, including
low protein loading and poor protein stability, also improved with the cross-linker.

The DSP is a cell membrane-permeable cross-linker with a disulfide bond that can

be reduced in the intracellular environment, preventing the disintegration of the NP in an
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aqueous environment [178]. Our in vitro drug release results showed an excellent release
of around 90% of Cyt c in 2.5 h under reducing intracellular conditions, and exhibited
excellent stability under extracellular physiological conditions. However, protein
structures can respond to changes in their chemical and physical environment in the NP
formulation process [179]. Cyt c as an anticancer drug depends on the mitochondrial
apoptosis pathway, which is responsible for the activation of the executioner caspases
3/7 that are known to target various protein substrates leading to cell disassembly and
DNA fragmentation [180]. We demonstrated that the cross-linked Cyt c-PEG-FA NPs
retained all its enzyme activity (94 £ 8%) through a cell-free caspase 3/7 activation assay,
meaning that the integrity of Cyt c after the NP-formulation procedure was not
compromised. This result is significant because many of the Cyt ¢ surface lysine residues
are known to be involved in the Apaf-1 interaction, essential for the mitochondrial
apoptosis pathway [135]. Therefore, we demonstrated that our delivery system displays
high stability at physiological conditions and smart-release behavior in a reductive
intracellular environment, retaining all their protein bioactivity to interact with the Apaf-1
and activate the apoptosis pathway.

Conventional chemotherapy limitations arise from the lack of specificity and
systemic toxicity without discrimination of healthy tissues. Therefore, a cell viability study
was conducted to investigate the cytotoxic potential of the cross-linked Cyt c-PEG-FA
NPs in lung carcinoma cancer cells. We used the Lewis lung carcinoma (LLC) cell line as
the lung carcinoma model because it expresses high levels of FRs, is highly tumorigenic,
and is primarily used to evaluate the efficacy of chemotherapeutic agents in vivo [181].

For example, the LLC mouse model was a successful in vivo preclinical prototype to
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assess the drug called Navelbine® before human testing in clinical trials [182]. FR is a
well-known tumor marker that binds FA-drug conjugates with high affinity and carries
them into the cells via receptor-mediated endocytosis [56]. Compared with normal cells,
approximately 40% of human cancer overexpress FR on their surface, but in normal
tissue, FR concentration is low [183]. Our in vitro cell viability studies demonstrated that
the cross-linked Cyt c-PEG-FA NPs are significantly more cytotoxic towards FR-
overexpressing cancer cell lines, including human HelLa cancer cells, whereas no
significant or minimal cytotoxicity was observed in the non-cancerous NIH/3T3 cell line.
In addition, HelLa cell death induced by the NPs demonstrated the translational
application of our system to human FR-overexpressing cancers. Thus, the selective
cytotoxic efficacy of the cross-linked Cyt c-PEG-FA NPs in FR receptor-overexpressing
cancer cells over a FR-negative non-cancer cell line was confirmed.

The cellular apoptotic process induced by Cyt c is one of two apoptotic
mechanisms, named 'intrinsic’, 'mitochondrial’ or 'stress-induced'. In this intrinsic
pathway, a sequential protein activation process leads to the release of Cyt ¢ from the
mitochondria, which in turn activates caspases 9, 3, 7, that mediate the mechanisms of
organized cellular death [184]. Among these processes, we can observe apoptotic cells
display characteristic nuclear segmentation and chromatin condensation [185]. For
visualization of apoptosis, DAPI and PI colocalization studies have been used to detect
apoptotic cells [186]. Our results showed colocalization of DAPI and Pl occurred in LLC
cells, indicating ongoing late apoptosis, whereas NIH/3T3 cells showed no indication for

dye colocalization. These results demonstrated that the cross-linked Cyt c-PEG-FA NPs
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induce selective cell death in FR-overexpressing cancer cells without affecting healthy
cells, thus confirming the selectivity to cancer cells.

To expand the molecular and cellular mechanism underlying the early apoptotic
induction of the NP treatment in LLC cells, we examined fluorescent caspase 3/7
activation in cell culture using confocal microscopy and a cell-free assay. Both
methodologies confirmed that the Cyt ¢ protein carried by our targeted-PEGylated NPs
effectively initiated tumor cell apoptosis in cancer cells.

Because our NPs are smaller than 500 nm and have an FA ligand attached to
their surface, these could be internalized through receptor-mediated clathrin-enabled
endocytosis [74]. This internalization mechanism is initiated after a specific ligand-
encased nanomaterial binds to a receptor on the surface of the cell membrane. After 24
h of LLC cell incubation with our FITC-labeled cross-linked Cyt c-PEG-FA NPs, the
amphiphilic dye FM 464 was used as our endosome marker to confirm the uptake of our
NPs in FR-positive cells. Our z-stack confocal microscopy results showed colocalization
of FM 464 with our fluorescently-labeled NPs showing a successful uptake.

Further confocal micrograph studies showed significantly higher intracellular uptake of
PEG-FA NPs by FR-positive cancer cells (HeLa cells ad LLC) over FR-negative cells
(NIH/3T3), indicating that the internalization of these NPs is specific and mediated via an
FR-receptor and clathrin-mediated endocytosis mechanism. The internalized FITC-
labeled NPs were identified inside the cytoplasm and surrounding the nucleus in the FR-
overexpressing cell lines. Overall, our endocytosis results suggest that our NPs have an
appropriate size, shape, adequate surface charge, and coating to be efficiently

internalized to cancerous cells and could have potential as anticancer nanocarriers [187].
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Our in vivo studies demonstrate tumor targeting by showing that at 5 min after
intravenous injection, the NPs are visible within the tumor. At this early time point, most
NPs are still present within organs such as the intestines, spleen, heart, brain, and liver.
From our experience with similar NPs, these are later metabolized after 6 h [4].
Nevertheless, further toxicological analyses of the organs at different time points after NP
treatment need to be performed to confirm the elimination of this drug.

Our studies determined that the cross-linked Cyt c-PEG-FA NPs were able to
reach the tumor, and we further tested the safety and tumor decrease effectivity of these
NPs in vivo. Results showed that after two doses of NPs at 7 mg/kg in 12 days, compared
with the vehicle group (control), mice showed no significant differences in weight; looked
groomed, changes in locomotion were not detected, and they showed no evident signs
of toxicity throughout the treatment period. These results suggest that the NPs are safe
and have low toxicity, which could make their use for future clinical translation possible.
Besides their safety, our NPs also significantly decreased the percentage of tumor growth
consistently by at least 5%. Future improvement of these NPs formulation, dosage, and
combined therapy could increase the treatment's outcome, but it shows promising results
as the first in vivo proof-of-concept trial. Other FR-targeted DDS loaded with well-known
anticancer drugs have shown positive results, decreasing tumor growth in vivo [188,189]
and reducing their toxic effects by nanoencapsulation. Our approach serves as a platform
for the creation of drug delivery systems utilizing different apoptotic-inducing proteins or

pharmaceutical proteins for other therapeutic applications.
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4.4. Conclusions

In the present work, we report the development of a cross-linked Cyt c-PEG-FA
NP drug delivery system that has been designed for FR-mediated targeting and the
intracellular redox-sensitive release of the apoptotic protein Cyt c. Our results indicate
that our NPs had a significant tumor-growth suppressive effect on cancer cells with FR
overexpression in vitro and in vivo. The in vitro results demonstrate that our NPs were
adequately sized for tumor targeting, selectively internalized in FR overexpressing cancer
cells, and able to induce apoptosis, activating a caspase 3/7 mechanism without affecting
normal cells. Indeed, our results strongly suggest that the size of NP plays an important
role in the cytotoxic effect compared with our previous Cyt c-based delivery system
stabilized by PLGA. Our in vivo studies using an immune-competent mouse model of lung
carcinoma demonstrated tumor targeting by showing that at 5 min after intravenous
injection, the NPs are visible within the tumor. In the same mouse model, our NPs
effectively suppressed tumor growth, most probably through the apoptotic activation of
caspase 3/7 of tumor cells, without notable side effects. Therefore, these results
showcase the potential of our cross-linked Cyt c-based NPs for targeted anticancer
therapeutics, avoiding problems associated with many of the common cytotoxic

anticancer agents such as unspecific targeting of healthy cells and drug resistance.
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