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PREFACE

The research related to the thesis for the Doctor of Philosophy (Science) degree has been
carried out under the supervision of Prof. (Dr.) Biswajit Mukherjee, Department of
Pharmaceutical Technology, Jadavpur University, Kolkata, India.

Prostate cancer is a highly prevalent form of cancer, ranking as the second leading cause of
cancer-related mortality among American males, following lung cancer. The long-term
efficacy of conventional medicines, including radiation, chemotherapy, and hormone therapy,
is limited due to the occurrence of off-target side effects on healthy organs and the emergence

of drug-resistance traits following many doses of treatment.

Abiraterone, a metabolite derived from abiraterone acetate, exhibits strong specific inhibitory
effects on 17a-Hydroxylase/C17,20-lyase (CYP17), an essential enzyme involved in
testosterone synthesis. By inhibiting CYP17, abiraterone effectively suppresses androgen
production in testicular, adrenal, and prostatic tumor tissues. The drug is currently being
considered as a potential therapeutic option for prostate cancer is a BCS (Biopharmaceutics
Classification System) class IV medication. Nevertheless, certain unavoidable limitations,
such as inadequate solubility, permeability, and poor biodistribution, pose challenges for the
drug's effective clinical application. In order to mitigate the negative side effects and reduce
the impact of the disease, tailored nanocarrier-mediated therapy can effectively transport the
medicine to the specific organ of interest, thereby enhancing the management of prostate

cancer.

The utilization of nanoparticles (NPs) in the field of anticancer medication delivery has
garnered considerable interest. Nanoparticles have the potential to facilitate the delivery of a
diverse array of anticancer medicines that exhibit suboptimal pharmacokinetic characteristics.
The site-specific delivery of drug molecules via ligand attachment to the nanoparticles can
maintain drug levels at an appropriate therapeutic rate in a sustained way in the target organ.
Poly(lactic-co-glycolic acid) (PLGA) is one of the most extensively used United States Food
and Drug Administration (US-FDA)-approved biodegradable polymers, for systemic
application upon its hydrolysis it releases two monomers, lactic acid and glycolic acid. These
two monomers are endogenous and swiftly degraded by the body through the Krebs cycle; no
systemic toxicity is involved in employing PLGA to deliver medication or biomaterial

applications.
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Targeting antigens overexpressed on the surface of cancer cells is one of the most promising
therapeutic techniques for targeting cancer cells. Aptamers are a type of targeting ligands that
are synthetic single-stranded RNA or DNA oligonucleotides (usually consisting of 25-90
nucleotide bases). They have the ability to fold into complex three-dimensional structures
through intramolecular interactions. Aptamers are advantageous and exclusive over
antibodies and other targeting molecules due to their target specificity, low immunogenicity,
and high tissue penetration ability. Aptamers have been recognized as prospective candidates
for the building of a number of smart systems, including drug administration, treatment,
diagnostics, and bioimaging. Aptamers exhibit superior stability across a wide pH range,
temperatures, and organic solvents when compared to antibodies. Additionally, they possess
cost-effectiveness, easy manufacturing procedures, high sensitivity, and a strong affinity for
binding pockets of diverse target antigens.

Preclinical data in a carcinogen-induced prostate cancer animal model are quite scarce. Few
such data are known in the immune-compromised prostate cancer animal xenograft paradigm.
However, there is no data so far available for aptamer-mediated medication targeting the
prostate-specific surface antigen (PSMA) overexpressed in chemically produced prostate

cancer in mice.

The current investigation aimed to examine the effectiveness of APSap4#5 aptamer-
conjugated abiraterone (ABR)-loaded PLGA nanoparticles (Apt-ABR-NP) delivered
intraperitoneally for site-specific drug delivery to prostate cancer, as well as the formulation's
ability to prevent prostate cancer in mice induced by a chemical carcinogen. An attempt was
made to determine the formulation-mediated prostate cancer inhibitory mechanism based on
the data that were analyzed. The capacity of the aptamer to bind to the prostate cancer antigen

was examined using molecular docking.
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CHAPTER 1: INTRODUCTION

1. Introduction

1.1. Prostate cancer

The prostate, approximately the size of a walnut, is a gland situated behind the penis, in front
of the rectum, and below the bladder. It encloses the urethra, which is responsible for
transporting urine and sperm through the penis. The primary role of the prostate is to produce
seminal fluid, which protects, supports, and carries sperm. Prostate cancer is a medical
condition that arises when healthy cells in the prostate gland start to mutate and multiply
uncontrollably, leading to the formation of a lump known as a tumor (Gandhi et al., 2018;
Chatterjee 2003). This tumor can be benign, meaning it won't spread, or will not be malignant.
Some prostate tumors grow slowly and can remain asymptomatic for several years. Metastasis
is a process where prostate cancer cells spread to other parts of the body through the circulation
or lymphatic system. Though prostate cancer can spread to any area of the body, it usually
spreads to the regional lymph nodes first, which are tiny, bean-shaped organs that help fight
infection surrounding the prostate. Prostate cancer can also spread to other parts of the body,
such as the lungs, liver, and bones (Jacobs et al., 1983; Arya et al., 2006). Nevertheless, it is
distinct from other forms of cancer because many prostate tumors do not spread beyond the
prostate. Even if they do, metastatic prostate cancer is commonly treatable, allowing patients

to lead a good quality of life for many years following diagnosis.

As the landscape of prostate cancer research continues to evolve, ongoing efforts persist in
improving early detection methods, refining treatment algorithms, and unraveling the
molecular mechanisms underlying disease progression and resistance. Emerging technologies,
such as liquid biopsy and advanced imaging techniques, hold promise in enhancing diagnostic
accuracy and prognostication. At the same time, novel therapeutic strategies, including targeted
therapies and immunomodulation, offer new avenues for personalized and precision medicine
approaches. Collaborative initiatives aimed at enhancing public awareness, promoting
screening uptake, and advocating for equitable access to healthcare services strive to reduce
the burden of prostate cancer on individuals, families, and communities worldwide. Therefore,
the advancement of understanding and application of these novel and emerging technologies,
along with the development of collaborative strategies, will significantly impact the future of

prostate cancer research, diagnosis, treatment, and prevention.
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Figure 1: Anatomy of the prostate gland and prostate cancer
1.2. Epidemiology of prostate cancer risk

Studies using epidemiologic methods have yielded the most information to date about prostate
cancer risk. Nevertheless, epidemiology is a very unrefined method for investigating what can
turn out to be an exceptionally intricate etiology. The majority of these studies had complex

issues with disease definition and exposure.

Over the past half-century, there has been a rise in the incidence of prostate cancer. The recent
sharp increases in prostate cancer cases are probably the result of early detection techniques,
such as measuring serum PSA, rather than natural variations in underlying risk. The incidence
of clinically detectable prostate cancer varies widely between countries, although lead-time,
case identification, detection, and reporting biases skew comparisons. In contrast to clinical
incidence, the age-specific prevalence of prostate cancer discovered after autopsy is
comparatively consistent across nations and ethnicities. Recent research reports that the rate of
prostate cancer incidence can reach 80% by the age of 80 (Bostwick et al., 2004; Gann et al.,
2002).

Benign prostatic hyperplasia (BPH) and prostatic intraepithelial neoplasia (PIN), a possible

precursor to cancer, have some common characteristics with prostate cancer. All respond to



CHAPTER 1: INTRODUCTION

androgen-deprivation therapy, all become more common as hosts’ age, and all depend on
androgens for growth and development. Progressive disruption of the basal cell layer,
abnormalities in secretory differentiation markers, increasing nuclear and nucleolar alterations,
increasing cell proliferation, variation in DNA content, and increasing genetic instability are
the hallmarks of the continuum that ends in high-grade PIN and early invasive cancer. As
benign prostatic epithelium progresses to high-grade PIN and cancer, some biomarkers are up-
regulated or gain-regulated, while others are down-regulated or lose-regulated. Compared to
normal prostatic tissue, PIN, and carcinoma exhibit a markedly higher microvessel density
(Bostwick, 1995; Sakr et al., 2001).

Some risk variables, such as race, aging, and oxidative stress, are not purely endogenous or
exogenous; they can be categorized as such. However, some factors might exhibit both

exogenous and endogenous influences, and those cases are addressed.

Low or Intermediate-Favorable Risk Intermediate-Unfavorable or High-Risk

Bladder
Prostate Enlarged
prostate
Seminal vesicle / Tumor spread
Lymph nodes to seminal
Urethra —— ymp Narrowed urethra vesicle and
lymph nodes

« Normal-sized prostate (<50 cc)
to mid-sized prostate (50-80 cc)

« Gleason Score 7 (3+4) and below

PSA <10 ng/mL

+ <50% positive bx cores

Enlarged-sized prostate (>80 cc)
Gleason Score 7 (4+3) and above
PSA >10 ng/mL

>50% positive bx cores

Figure 2: Figure shows the evaluation criteria and characteristics of a low or intermediate-

favorable risk prostate cancer versus intermediate-unfavorable or high-risk prostate cancer.
1.3. Endogenous risk factors

Endogenous risk factors for prostate cancer relate to factors that originate within the body and
lead to an increased possibility of acquiring prostate cancer (Farmer et al., 2008). These
elements are generally tied to genetics, hormones, and an individual's biological traits. Here

are several significant endogenous risk factors for prostate cancer:
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1.3.1. Family history

Epidemiological investigations have established a strong correlation between family history
and the incidence of prostate cancer. However, this association may be susceptible to detection
bias. Familial cancer shares many clinical and pathologic characteristics with nonfamilial
cancer. Men who have a family history of prostate cancer, particularly fathers, brothers,
grandfathers, or uncles, are at a higher risk of developing the condition. Moreover, recent
research has identified a defective gene in some men whose mothers or sisters have had breast
cancer, which may also elevate the risk. Notably, inherited genetic abnormalities are estimated
to be causative in only a minor subset, approximately 5-10%, or less than 1 in 10, in the case
of prostate cancer (Brook et al., 2023; Steinberg et al., 1990).

1.3.2. Hormones

Androgens are known to exert a significant influence on prostate cancer growth rates. The
progression of prostate cancer from preclinical to clinically relevant forms may, in part, be
attributed to the altered metabolism of androgens. Prolonged exposure to elevated quantities of
testosterone and its metabolite, dihydrotestosterone, has been associated with an increased risk
of prostate cancer, although findings of the studies on this subject have been inconsistent. It is
important to note that hormone levels may be influenced by both endogenous and exogenous
factors, such as genetics and exposure to environmental substances that affect hormone action

respectively (Bostwick et al., 2004).
1.3.3. Race

Race-based variations in the risk of prostate cancer can be attributed to three things: exposure
variations, such as food variations (exogenous variables); detection variations, which also
reflect exogenous factors; and genetic variations (endogenous factors). African-American
males have the highest incidence rates of prostate cancer worldwide, and their risk is higher
than that of white men. Racial disparities, however, could also be caused by variations in
exogenous factors such as access to care, decision-making regarding seeking medical attention
and follow-up, polymorphic variation, or allelic frequencies of microsatellites at the androgen
receptor (AR) locus (Bostwick et al., 2004).

1.3.4. Aging and oxidative stress

Although there is little evidence to support the theory, an increase in oxidative stress may lead

to prostate cancer. According to clinical research, consuming antioxidants, including lycopene
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(a carotenoid), vitamin E (a-tocopherol), and selenium, can protect against prostate cancer. The
relationship between aging and the peroxidation-antioxidation homeostasis of the human

prostate is still essentially unknown (Bostwick et al., 2004; Farmer et al., 2008).

1.4. Exogenous risk factors
1.4.1. Diet

Numerous dietary factors have been linked to the development of prostate cancer, as evidenced
by historical studies, geographic differences, and descriptive epidemiologic studies of migrants
(Bostwick et al., 2004; Gann et al., 2002). Consuming fat, particularly polyunsaturated fat, is
strongly correlated with the incidence and mortality of prostate cancer. This association may
be due to the changes in hormone profiles brought on by fat, the impact of fat metabolites as
protein or DNA-reactive intermediates, or the increase in oxidative stress brought on by fat.
Retinoids, such as vitamin A, favorably correlate with the risk of prostate cancer and aid in
controlling the differentiation and proliferation of epithelial cells. Although vitamin C
scavenges free radicals and reactive oxygen species (ROS), there is no reliable correlation
between vitamin C intake and the incidence of prostate cancer. Prostate cancer may be
predisposed to vitamin D insufficiency; 1-25-dihydroxyvitamin D (the hormone form) exerts
antiproliferative and antidifferentiative actions on prostate cancer and decreases invasiveness.
In a significant, controlled clinical trial from Finland, daily intake of vitamin E (a-tocopherol),
an antioxidant that suppresses the growth of prostate cancer cells by apoptosis, decreased the
incidence of prostate cancer by 32% (Lim et al., 2023). The prostate has a higher zinc
concentration (Zn) than any other organ in the body. Prostate cancer patients have a 90%
reduction in zinc content, although there is unclear evidence linking dietary zinc intake to an
increased risk of prostate cancer. Although there is little evidence to support a chemopreventive
role for selenium in humans, it is an essential trace element that suppresses cancers caused by
animal chemicals and viruses. Prostate cancer risk is not significantly correlated with alcohol
consumption. There is no proof that cruciferous vegetable consumption protects against
prostate cancer, but it is linked to a lower risk of many other malignancies. Lycopene, the most
effective carotenoid antioxidant and a common ingredient in tomato-based products, offers a

substantial protective impact (Shirai et al., 2002; Kooiman et al., 2000).
1.4.2. Environmental agents

Endocrine-disrupting chemicals (EDCs) have emerged as a prominent environmental agent that

can impact the endocrine system of living organisms. EDCs are known to affect hormone action
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positively or negatively, thereby leading to varied impacts on reproductive and developmental
processes, as well as carcinogenesis, particularly in reproductive organs. EDCs have been
found to affect the activity of estrogen, androgen, and thyroid hormones, with a majority of
well-studied EDCs acting as estrogen agonists that bind to the estrogen receptor (ER).
However, some EDCs can also affect other hormone functions. For instance, the active
metabolite of the pesticide vinclozolin has been shown to act as an androgen antagonist that
binds to the AR and reduces the expression of androgen-regulated genes. Similarly, an
androgen agonist has been detected in water downstream of pulp mills. Common sources of
EDCs include pesticide residues on food, chemicals used in plastic production, and
phytoestrogens found in food products such as soy. EDC exposure can occur through food or
water consumption or inhalation. Although high-level estrogen agonist exposure is rare, males
may be regularly exposed to various EDCs. Groups or individuals with relatively high
endogenous estrogen or androgen concentrations may be particularly vulnerable to EDC
exposure, as it may supplement endogenous action. Some epidemiological studies have linked
cadmium, a major environmental pollutant, to prostate cancer, although the findings are not
conclusive. It is noteworthy that zinc may alter cadmium's carcinogenic potential. (Kooiman et
al., 2000; Bostwick et al., 2004).

1.4.3. Occupation and other factors

The risk of prostate cancer has been linked to several industrial and occupational exposures,
although the results have been mixed. The two most important concerns are farming and, to a
lesser extent, working in the rubber sector. Many other factors, such as energy intake, sexual
activity, marital status, vasectomy, social factors (lifestyle, socioeconomic factors, and
education), physical activity, and anthropometry, have also shown conflicting results, negative

associations, or minimal data with prostate cancer risk (Elghany et al., 1990).
1.5. Symptoms of prostate cancer

Although it is one of the most common tumors in men, prostate cancer in its early stages
sometimes exhibits no symptoms. When symptoms arise, they might differ significantly from
one another and sometimes indicate illnesses other than cancer. It is noteworthy that the
manifestation of these symptoms does not inevitably indicate prostate cancer; however, they

need to trigger a visit to a medical professional for additional assessment.

The following is a thorough explanation of the symptoms and indicators of prostate cancer:
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1.5.1. Urinary symptoms:

Urinary difficulty: Prostate cancer can enlarge the prostate gland, which makes it difficult to

urinate and to stop urinating (Eskra et al., 2019).

Increased frequency of urination, particularly at night: Prostate cancer may be indicated by
increased frequency of urination, particularly during the night (nocturia).

1.5.2. Blood in semen or urine:

Hematuria: While there are other possible causes, blood in the urine can indicate prostate

cancer.

Though less frequent, blood in semen might be a sign.

1.5.3. Pain and discomfort:

Pelvic pain is one type of pain and discomfort that some men with prostate cancer may feel.

Bone pain: Prostate cancer that has progressed to an advanced stage may radiate to the bones,
mainly affecting the hips, spine, and pelvis.

1.5.4. Erectile dysfunction:

Difficulty getting or keeping an erection: Blood vessels and nerves involved in the erectile

process might be impacted by prostate cancer.
1.5.5. Fatigue and weight loss:
Fatigue: One sign could be a chronic weariness that does not go away with rest.

Unintentional weight loss: Prostate cancer in its advanced stages may cause unintentional

weight reduction.
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Symptoms of Prostate Cancer
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Figure 3: Symptoms of prostate cancer (https://www.katelarisurology.com.au/prostate-cancer/)
1.6. Advanced prostate cancer symptoms:

Leg weakness or swelling: Cancer may result in weakness or swelling in the legs if it has

progressed to the lymph nodes or other body parts.

Breathing difficulties: Prostate cancer that has progressed to an advanced stage may have

spread to the lungs.

It is important to note that prostate cancer in its early stages may not show any symptoms. To
identify prostate cancer in its early, more curable stages, routine screening is crucial. This
includes digital rectal examination (DRE) and blood testing for the prostate-specific antigen
(PSA). Men should talk with their healthcare professionals about their unique risk factors and
screening alternatives to choose the best course of action for their circumstances. A patient
must consult a doctor right away if you have any of the symptoms mentioned above in order to

ensure a correct diagnosis and course of treatment.

1.7. Diagnosis of prostate cancer

1.7.1. Digital rectal examination (DRE)

One easy way for doctors to check the lower rectum and other internal organs is with a digital
rectal examination (DRE). Several factors warrant the execution of a DRE. It is a simple and
fast method for determining whether a man's prostate gland is healthy (Okotie et al., 2007,
Schroder et al., 1998). Both benign prostatic hyperplasia (an enlarged prostate) and prostate

cancer can be detected with this method. During a DRE, the doctor inserts a gloved, lubricated
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finger into the rectum to inspect the neighbouring prostate. The patient may require additional

tests if the doctor discovers any irregularities in the gland's texture, shape, or size.
1.7.2. Prostate-specific antigen (PSA) test

The measurement of the level of PSA in a blood sample through a blood test is referred to as a
prostate-specific antigen (PSA) test, which is a widely used tool to evaluate the presence of
prostate abnormalities. PSA, a protein produced by the prostate tissue, is present in the blood,
and its levels can rise due to aberrant activity in the prostate, such as prostate cancer, benign
prostatic hypertrophy (BPH), or prostate inflammation. The PSA value characteristics,
including absolute level, change over time (commonly known as "PSA velocity"), and level in
proportion to prostate size, can be used by physicians to determine whether a biopsy is
necessary, thereby aiding in the screening, diagnosis, and management of prostate diseases
(Catalona et al., 1991; Lilja et al., 2008 ).

1.7.3. Free PSA test

The measurement of prostate-specific antigen (PSA) in men is a conventional tool used for the
detection of prostate cancer. The PSA test can measure both free PSA and total PSA. Free PSA
is the unbound form of PSA that circulates in the bloodstream, while total PSA is the total
amount of PSA that is bound to proteins and unbound. The free PSA test calculates the ratio of
free PSA to total PSA, which provides an indication of the probability of a high PSA level
being related to prostate cancer. This information can be used by clinicians to decide whether
further diagnostic tests are necessary. Hence, the free PSA test is a valuable tool in the early
detection of prostate cancer and can help in the management of prostate cancer in men
(Woodrum et al., 1998; Partin et al., 1996).

1.7.4. Biomarker tests

A biomarker is a chemical discovered in a cancer patient's blood, urine, or body tissues. The
tumor or the body produces it as a reaction to malignancy. A biomarker is also known as a
tumor marker. The 4K score predicts the likelihood that someone has high-risk prostate cancer
(Sultan et al., 2023), and the Prostate Health Index (PHI) predicts the probability that someone
has prostate cancer (Zhu et al., 2015).
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1.7.5. Transrectal ultrasonography (TRUS) and biopsies

TRUS is presently the most widely used diagnostic method for prostate cancer. A 2.5 cm
diameter, 7.5 mHz biplane intra-rectal probe is used in TRUS to image the seminal vesicles
and prostate. Historically, hypo-echoic lesions that might indicate TRUS diagnosed
malignancy. However, 50% of non-palpable tumors were missed, and less than 20% of hypo-
echoic lesions turned out to be malignancies following the biopsy. For this reason, it is not
advised to use TRUS for the early identification of prostate cancer. On the other hand, it can
picture the prostate's contour, detect calcifications, cysts, and abscesses inside the prostate, and

estimate the prostate's volume (Borley et al., 2009; Kamoi et al., 2008).
1.7.6. MRI fusion biopsy

Magnetic resonance imaging and TRUS are combined in an MRI fusion biopsy. Prostate MRI
evaluation has become standard clinical practice. To find prostate regions that need more
investigation, the patient initially has an MRI scan. After that, the patient has a prostate
ultrasound. These pictures are combined by computer software to create a three-dimensional
image that aids in pinpointing the exact location of the biopsy. An MRI fusion biopsy can
reveal areas more likely to be malignant than conventional procedures, although it may not
altogether remove the need for repeat biopsies. Only a skilled individual with experience

performing MRI fusion biopsies should carry them out (Das et al., 2019; Borley et al., 2009).
1.7.7. Positron emission tomography (PET) or PET-CT scan

A PET-CT scan is often a combination of a PET and a CT scan. On the other hand, a physician
can call this process a PET scan. A PET scan can produce images of the body's tissues and
organs. The patient receives a little injection of a radioactive material. The cells that consume
the most energy or are most physiologically active absorb this chemical. Cancer absorbs more
of the radioactive material since it tends to be physiologically active and uses energy.
Nonetheless, the material has too little radiation to be dangerous. After that, a scanner finds
this material to create photos of the interior of the body (Walker et al., 2020; Borley et al.,
2009).

Fluorodeoxyglucose (FDG) is a radiopharmaceutical agent commonly used in PET-CT scans
for the diagnosis and staging of various malignancies. However, it has been observed that FDG
IS not an optimal tracer for primary imaging of prostate cancer. Consequently, the use of

gallium-68 or fluorine-18 PET scans is recommended when metastasis or recurrence is
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suspected. These radiotracers bind to prostate-specific membrane antigen (PSMA), which is
highly expressed in prostate cancer cells, and enable accurate visualization of tumor

progression (Basuli et al., 2022).

Moreover, extensive research is being conducted to explore the potential of various
radiopharmaceutical agents, in combination with PET imaging, for precise detection of prostate
cancer. Sodium fluoride, for instance, is being explored as an effective tracer for detecting bone
metastasis of prostate cancer, given its high affinity for bone. In addition, studies are underway
on the efficacy of fluciclovine and choline acetate as radiotracers for improved detection of

prostate cancer.

1.8. Grading and stages of prostate cancer

1.8.1. Gleason score for grading prostate cancer

Gleason score is a grading system used to classify prostate cancer (Epstein et al., 2016; Berney
et al., 2016). The degree to which the malignancy resembles healthy tissue when examined
under a microscope determines this score. Generally speaking, less aggressive tumors resemble
healthy tissue more. Aggressive tumors have a higher propensity to develop and spread to other
body areas. They appear to be less wholesome tissue.

Gleason score system is the most widely used grading scheme for prostate cancer. Based on
two distinct locations and an examination of the cancer cell arrangement in the prostate, the
pathologist rates the cancer using a 5-point rating system. A low score is given to cancer cells
that resemble healthy cells. A higher grade is given to cancer cells that appear less like healthy
cells or more aggressive. Before allocating the numbers, the pathologist looks for another area
of growth after identifying the primary pattern of cell development or the location where the
cancer is most visible. From 3 to 5, the doctor then assigns a score to each location. The total

score ranges from 6 to 10 and is obtained by adding the individual scores.

Gleason scores of five or less are generally not used. A low-grade cancer with a Gleason score
of 6 is the lowest. A Gleason score of seven indicates a medium-grade cancer; eight, nine, or
ten indicates a high-grade malignancy. Compared to a high-grade cancer, a lower-grade cancer

grows more slowly and is less likely to spread.

In addition to this stage, doctors consider the Gleason score while formulating a treatment plan.

For example, if a patient has a tiny tumor, a low PSA level, and a Gleason score of 6, active
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monitoring can be a choice. Individuals with a higher Gleason score might benefit from more

aggressive treatment, especially in the case when the cancer is little or yet to spread.
Gleason X: There is no way to calculate the Gleason score.

Gleason 6 or lower: The cells are well differentiated, resembling healthy cells.

Gleason 7: The cells are moderately differentiated, meaning they somewhat resemble healthy

cells.

Gleason 8, 9, or 10: The cells are poorly differentiated or undifferentiated because they differ

significantly in appearance from healthy cells.
1.9. Stage groups for prostate cancer

Stage 1: Cancer usually develops slowly in this stage. The tumor is not palpable and occupies
one-half of one side of the prostate, if not less. PSA levels are pretty low. Cancer cells resemble
healthy cells.

Stage 2: According to the medical report, the neoplasm has been detected solely in the prostate
gland, depicting a stage Il lesion with moderate to low levels of prostate-specific antigen.
Despite its diminutive size, this type of cancer poses a high potential for metastasis.

Stage 2A: The lesion in question is impalpable and confined to a limited area of one side of the
prostate gland. The prostate-specific antigen (PSA) levels are moderately elevated, and the
cancer cells exhibit a high degree of differentiation. It should be noted that larger tumors, if
confined solely to the prostate, may also be included within this stage, provided that the

neoplastic cells remain markedly differentiated.

Stage 2B: The tumor is only identified within the prostate and is large enough to be felt during

a DRE. The PSA level is moderate. Cancer cells have a modest level of differentiation.

Stage 2C: The tumor is only identified within the prostate and is large enough to be felt during
a DRE. The PSA level is moderate. Cancer cells might be either moderately or poorly
differentiated.

Stage 3: Elevated levels of Prostate-Specific Antigen (PSA) have been found to be indicative
of advanced malignancy, which poses a greater risk of metastasis. Therefore, it can be inferred
that the presence of high PSA levels may suggest the possibility of a locally advanced tumor,

which may potentially spread to other parts of the body.

12



CHAPTER 1: INTRODUCTION

Stage 3A: The cancer has progressed beyond the prostate's outer layer into surrounding tissues.

It could have also spread to the seminal vesicles. The PSA level is elevated.

Stage 3B: The tumor has spread beyond the prostate gland and may have infiltrated

neighbouring structures such as the bladder or rectum.

Stage 3C: Cancer cells throughout the tumor are poorly differentiated, making them appear

quite different from healthy cells.
Stage 4: Indicates that the cancer has gone beyond the prostate.
Stage 4A: The cancer has spread to the lymph nodes in the region.

Stage 4B: The cancer has progressed to distant lymph nodes, other bodily parts, or the bones.

Stage 1 Stage 2

Cancer
spreads to
both prostate
lobes

Cancer ———@

«.— Prostate .

Seminal vesicle

#———— Lymph nodes
Urethra

Stage 3 Stage 4

4 Metastasis

Cancer spreads
to seminal vesicle
Cancerous
lymph nodes

Figure 4: Different stages of prostate cancer

1.10. Various treatment options
1.10.1. Chemotherapy

For the treatment of prostate cancer, various chemotherapeutic medications have been
authorized (Gilligan et al., 2002). To stop tubulin depolymerization and cell death by mitotic
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cell division, docetaxel and cabazitaxel are administered intravenously every three weeks.
Moreover, it has been shown that AR inhibitory characteristics are associated with a reduction
in microtubule-dependent nuclear transport. The FDA approved docetaxel in 2004 and
cabazitaxel in 2010 for mCRPC, respectively (Corn et al., 2019). Two separate clinical trials
indicated positive outcomes when docetaxel was tested in mHSPC in conjunction with ADT.
Neutropenia and other forms of hematological toxicity are common side effects. While
mitoxantrone, a topoisomerase inhibitor, does alleviate some symptoms, it does not improve
survival rates for prostate cancer patients when compared to docetaxel. Durable responses in
chemo-naive mMCRPC patients are achieved when cabazitaxel is combined with other

treatments. Nevertheless, the use of mitoxantrone is constrained because of severe side effects.
1.10.2. Compounds targeting androgen signaling

As prostate cancer patients develop resistance to ADT, their PSA levels rise, suggesting that
AR signaling is still a crucial target for pharmaceutical management at this point. Steroid

synthesis inhibitors and second-generation AR antagonists are used to treat this vulnerability.

Abiraterone acetate is an irreversible inhibitor of CYP17A1, a cytochrome P450 family 17-20
lyase and 17—o hydroxylase that transforms pregnanes into steroid hormones, including
androgen precursors. Therefore, it can inhibit androgen production in the testicles, adrenal
glands, and prostate cancers, thus stopping prostate cancer progression (Hoque et al., 2023).
Enzalutamide is an FDA-approved second-generation competitive oral AR antagonist that
significantly increases the metastasis-free survival (MFS) of patients with high-risk non-
metastatic CRPC (nmCRPC). Based on a 24-month extended maximum fixed dose, the oral
AR antagonist apalutamide, which is structurally linked to enzalutamide, was recently
approved for nmCRPC. Darolutamide is the second generation's innovative, chemically
structured, competitive oral AR antagonist. It has been observed that a robust binding to the
AR LBD translates into substantial anti-tumor efficacy in preclinical models and a distinct
antagonistic action against AR mutations found in patients with treatment-resistant prostate
cancer. Darolutamide has a lower blood-brain barrier penetration than other AR antagonists,
which could lead to a more favorable side-effect profile.

1.10.3. Signaling pathway inhibitors

The pathogenesis and progression of prostate cancer are significantly influenced by the
PIBK/AKT/mTOR pathway, with hyperactive PI3K signaling being a major outcome of PTEN
loss. The stages of the disease have been studied using a genetically modified mouse model in

14



CHAPTER 1: INTRODUCTION

which the PTEN gene has been deleted specifically in the prostate. The primary participant in
PI3K is the p110p subunit, but when this subunit is blocked, the p110a subunit is upregulated.
There has been evidence of a reciprocal feedback mechanism and crosstalk between AR
signaling and the PISBK/AKT/mTOR pathway (Hashemi et al., 2023; Roudsari et al., 2021). In
several preclinical models, treatment with PI3K/AKT/mTOR pathway inhibitors demonstrates
in vivo anti-tumor efficacy. Concurrent application of AR antagonists provides an even greater
benefit.

Limited efficacy has been observed in the first clinical investigations involving medicines that
interfere with the PI3BK/AKT/mTOR pathway. Ipatasertib, the most advanced medication, is
presently in clinical phase 3 for patients with metastatic colorectal cancer. Further clinical trials
are being conducted, including combinations with enzalutamide or abiraterone acetate. Better
outcome might result from patient classification based on PTEN loss or PISBK/AKT/mTOR

pathway mutations.

In prostate cancer, FGF signaling is also involved, particularly in the advanced stages of the
illness. A peptide mimic of WNT-5A is undergoing preliminary clinical trials after
demonstrating encouraging outcomes in an orthotopic prostate cancer animal model. Because
of abnormal downstream mTOR signaling, prostate tumor growth is further enhanced by the
deregulation of both the WNT and PI3K pathways.

1.10.4. DNA damage repair pathway

Patients with advanced prostate cancer are more likely to have DNA damage response (DDR)
deficiencies, which are primarily caused by mutations in the homologous recombination and
DNA mismatch repair pathways (Karanika et al., 2015; Zhang et al., 2020). To mitigate this
risk, the poly ADP ribose polymerase (PARP) family, which is essential for identifying
damaged DNA and promoting its repair, was first blocked in the clinic. The most common side
effects of the oral PARP inhibitor olaparib, tested in mCRPC patients, were fatigue and anemia.
Positive phase 2 findings were also reported. Crucially, patients with mutations in ataxia
telangiectasia serine/threonine kinase (ATM), BRCA 1 or 2, or both, which are critical
components of DNA repair pathways, typically exhibit a better prognosis. A recent research
indicates that the sensitivity to PARP inhibitors is heightened when the chromatin remodeler
chromodomain-helicase-DNA-binding protein 1 (CHDZ1) is lost (Shenoy et al., 2017), which is
frequently the case in metastatic prostate cancer. The FDA designated olaparib as a

breakthrough due to the positive clinical phase 2 results. A phase 3 pivotal trial is presently
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being conducted. In contrast, no statistically significant improvement was observed in the
clinical outcomes of mCRPC patients receiving veliparib, a PARP inhibitor, in addition to
abiraterone acetate. To inhibit ataxia telangiectasia and Rad3-related kinase (ATR), which
detects single-strand DNA breaks, is an additional strategy. In a CRPC bone metastasis
xenograft model, the ATR inhibitor BAY 1895344, in conjunction with radium-223 dichloride,
demonstrated strong anti-tumor activity (Wengner et al., 2017). Recent research indicates that
AZD7762, an inhibitor of Chk1, is additive or synergistic with enzalutamide in prostate cancer
xenografts. Nevertheless, clinical investigations with this chemical have been terminated. Chk1

is a cell-cycle regulator of DNA damage response downstream of ATR.
1.10.5. Targeted alpha therapy approach

An intravenous targeted alpha treatment is radium-223 dichloride. It binds to hydroxyapatite,
a key component of bone, and is specifically taken up in osteoblastic bone metastases. It
functions similarly to calcium. Radium-223 dichloride has cytotoxic effects on neighbouring
tumor cells, osteoclasts, and disease-promoting osteoblasts once it is deposited in the newly
formed intra-tumoral bone matrix (Vincentis et al., 2019; Morris et al., 2019). This is achieved
by inducing difficult-to-repair DNA double-strand breaks, which disrupt positive feedback
loops between tumor microenvironment cells and osteoblasts. These in vivo experiments were
conducted using prostate cancer xenograft models. There has been preclinical evidence of
synergistic effects with the ATR inhibitor BAY 1895344. Given to patients with CRPC,
radium-223 dichloride has a good safety profile, reduces pain associated with bone metastases,
and increases overall survival regardless of previous use of docetaxel. For patients with CRPC
who had bone metastases but no known visceral metastatic illness, the FDA first approved it
in 2013. Other combination trials with enzalutamide, olaparib, and niraparib are continuing. A
clinical research combining radium-223 dichloride with abiraterone acetate and prednisone was
unblinded early due to increased death and fracture risk. Furthermore, radium-223 dichloride
has been shown in recent studies to promote T cell-mediated lysis in a variety of tumor forms,
including prostate cancer. For this reason, pairing this medication with immunotherapies may

have further clinical benefits.
1.11. Androgen receptor and signaling

The androgen receptor, a ligand-dependent transcription factor found on the X chromosome,
mediates androgen signaling. The receptor is made up of a hinge region, a carboxy-terminal

ligand binding domain, an amino-terminal activation domain, and a DNA binding domain. The
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dormant version of the androgen receptor is found in the cytoplasm, where it is still attached to
heat shock proteins, which stop the activation of the androgen receptor. The dissociation of
heat shock proteins and receptor phosphorylation caused by androgen binding to the receptor
result in nuclear translocation, which opens the door for the transcription of androgen-
dependent genes (Rehman et al., 2012).

Castration resistance in prostate cancer appears to be caused by several distinct pathways. One
of them, an androgen receptor mutation, is sometimes observed in patients with advanced
illness. Certain mutations in the androgen receptor in CRPC cause the androgen receptor to
become less selective for androgens and more receptive to progesterone, estrogens, and even
antiandrogens. Despite castrate testosterone levels, this can result in the growth of prostate
cancer. Prostate cancer that is resistant to flutamide may occasionally respond to other
antiandrogens, such as bicalutamide, indicating that selective pressure directly leads to changes
in the androgen receptor. Amplification of the androgen receptor gene can potentially lead to
androgen receptor hyperresponsiveness. Despite low androgen levels, prostate cancer can
continue to grow due to copy number gains of the androgen receptor. While they have not been
detected in early tumor samples without exposure to androgen ablation, androgen receptor gene
amplifications are reported in 28% of patients with recurrent therapy-resistant prostate cancer
who have undergone androgen ablation. This raises the prospect of clonal selection of cancer
cells that are able to proliferate in the presence of extremely low amounts of androgens in the
blood. In spite of low levels of circulating androgens or the presence of less strong androgens,
androgen receptor-mediated gene transcription is also made possible by the upregulation of
nuclear transcription coactivators. Furthermore, it has been demonstrated that prostate cancer
cells upregulate intratumoral steroidogenesis in order to sustain intratumor androgen at levels
necessary for tumor growth. Regardless of the body's castrate level of androgens, this pathway
promotes tumor growth. Moreover, it has been observed that prostate cancer frequently
involves the fusion of androgen-activated TMPRSS2 with the ETS family of oncogenes, ERG,
or ETV1 (Clark et al., 2009). While androgen-regulated ERG transcription is reactivated in the
context of androgen receptor reactivation in castration resistance, the exact significance of
TMPRSS2/ETS translocations in castration resistance remains unknown at this time and may

potentially accelerate the development of CRPC (Rehman et al., 2012).
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1.12. Cytochrome P17 enzyme

The CYP17 enzyme belongs to the cytochrome P450 (CYP) family. CYP17 is found in the
endoplasmic reticulum of the testis, ovaries, adrenals, and placenta and is responsible for the
manufacture of glucocorticoids and sex hormones. The enzyme possesses 17a -hydroxylase
and C17, 20 lyase activity, essential for cortisol and androgen synthesis. CYP17, 20 lyase
activity is regulated by cytochrome b5. A high b5/CYP 17, 20 lyase ratio in the testes results
in androgen production, whereas a low b5/c lyase ratio in the adrenal glands results in cortisol
production (Rehman et al., 2012; Salem et al., 2011).

1.13. Abiraterone acetate and its mechanism of action

Abiraterone acetate (ABR) is a new antiandrogen medication that works by inhibiting the
synthesis of adrenal metabolites that act as precursors for the synthesis of testosterone and
DHT.

Abiraterone acetate is a powerful cytochrome P450 C17 (CYPCL17) inhibitor. It is currently
being used to treat castration-resistant prostate cancer (Thakur et al., 2018). The United States
Food and Drug Administration (US-FDA) approved it for usage in April 2011, and the
European Medicines Agency (EMA) approved it a few months later. By irreversibly blocking
CYP17, which is involved in the creation of testosterone, abiraterone preferentially suppresses

androgen biosynthesis in the adrenal glands, prostate tissue, and prostatic malignancies.

Figure 5: Chemical structure of abiraterone acetate

18



CHAPTER 1: INTRODUCTION

1.14. Aptamer and its importance in prostate cancer therapy

Aptamers are single-stranded RNA or DNA oligonucleotides that fold into particular three-
dimensional shapes and have a strong affinity for their target molecules. This nucleotide
sequence determines the specific structure of aptamers, which are often 20-100 nucleotides
long (Cruz-Hernéndez et al., 2022). As aptamers bind targets with extreme specificity, the word
"aptamer™ comes from the Latin root "aptus,” which means "to fit." Aptamers are desirable
instruments for use in a variety of targeted cancer therapy applications due to a number of their
distinct features. Similar to monoclonal antibodies, aptamers attach to targets with great affinity
and often exhibit dissociation constants in the pico- to nano-molar range. In contrast to
antibodies, aptamers maintain their structural stability over a broad range of temperatures and
storage circumstances. The process of phosphorothioate modification of DNA aptamers entails
the substitution of one of the non-bridging oxygen atoms in the phosphate backbone of DNA
with a sulfur atom. This chemical modification confers greater stability upon aptamers,
rendering them more resistant to nuclease degradation and thus potentially prolonging their
biological activity in biological systems. By conferring resistance to enzymatic cleavage, this
modification can enhance the aptamers' suitability for various biological applications (Dhara
et al., 2023). RNA aptamers are usually endowed with nuclease resistance by utilizing 2"-
modified nucleotides, primarily 2"-fluoro or 2"-O-methyl pyrimidines (Dunn et al., 2017). The
nonimmunogenic nature of aptamers, especially those derived from synthetic nucleotides, may
contribute to their long-term therapeutic efficacy and safety. Compared to the biological
systems used to make monoclonal antibodies, aptamers may be less expensive and have less
interbatch variability since they are produced chemically in vitro. Their chemical manufacture
also makes it easier to modify them in different ways. For example, it is easier to conjugate 5

to polyethylene glycol (PEG), increasing the circulation half-life.

Methods such as systematic evolution of ligands by exponential enrichment (SELEX) can be
used to produce aptamers (Sefah et al., 2010; Fang et al., 2010). After being exposed to a target
of interest, SELEX allows a pool of 10*3-10*° oligonucleotides to bind. The oligonucleotides
that bind are first extracted and amplified using polymerase chain reaction (PCR) technology,
while the ones that do not bind are separated and discarded. Iteratively, the target is re-bound
with the newly-enriched pool of oligonucleotides. Using a series of rounds, the SELEX method

finds oligonucleotides that bind to the target very strongly.
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Aptamers have numerous extra benefits in biological and production aspects, yet they are
typically compared to antibodies. Their size and composition make them non-immunogenic
and offer them a leg up when it comes to penetrating tissues, for example. In addition, aptamers
do not require a living organism for their manufacture; they can be created in vitro and changed
with functional groups or probes to give them more stability. Both the most recent and user-
friendly chemical synthesis methods and the novel mutant enzymes enable the manufacturing
of modified aptamers using polymerase chain reaction (PCR). Their mass production is both
straightforward and inexpensive. The desired applications dictate the selection process for
aptamers, which typically involves multiple rounds of selection (about 6-12 cycles) from an
extensive library of single-stranded oligonucleotides (greater than 1 x 10'® molecules).
Subsequently, these aptamers can be optimized by making modifications. Thus, aptamers have
the potential to revolutionize medicine by facilitating drug delivery, diagnostics, imaging, and
the identification of novel biomarkers, among other therapeutic uses. They may even replace

conventional antibody therapy.
1.15. PSMA as a target in prostate cancer

In the context of prostate cancer, prostate-specific membrane antigen (PSMA) has become a
viable target that is transforming the fields of imaging, diagnosis, and therapy. Prostate cancer
continues to be a primary worldwide health concern. Developing precision medicine
techniques now depend on identifying particular molecular targets. Prostate cancer cells
overexpress the transmembrane glycoprotein PSMA, which makes it a prime candidate for
several treatment approaches (Ghosh et al., 2003; Wang et al., 2021). In addition to serving as
a marker for prostate cancer, PSMA is essential to detect the aggressiveness of the disease and
the course of the illness. It is a valuable biomarker for identifying and staging prostate cancer
because of its higher expression in cancerous prostate cells as compared to healthy prostate

tissue.
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Prostate-specific Membrane Antigen (PSMA)

Kidney

Figure 6: This diagram shows a general pictorial representation of transmembrane
glycoprotein prostate-specific membrane antigen, PSMA

More sensitive and accurate detection is possible when PSMA is used as a diagnostic tool,
which promotes early intervention and better patient outcomes. The use of PSMA in imaging
techniques is one of its noteworthy applications in prostate cancer diagnosis. PSMA-based
positron emission tomography (PET) scans offer accurate and comprehensive pictures of
lesions related to prostate cancer. Due to its high sensitivity, this imaging modality has the
ability to detect metastatic and tiny lesions that traditional imaging techniques might miss.
Clinicians can make better-informed judgments using PSMA-targeted imaging's increased
visibility, making staging and therapy response monitoring more accurate. In addition to being
useful for diagnosis, PSMA is a desirable target for treatment approaches. A number of
strategies have been investigated to use PSMA overexpression in prostate cancer cells for
targeted therapy. Among the methods being looked into include antibody-drug conjugates,
small molecule inhibitors, and radioimmunotherapy to target cancer cells that produce PSMA
specifically. By minimizing collateral damage to healthy tissues, these tailored medicines may
lower side effects and increase the effectiveness of treatment. Radioligand therapy (RLT) is a

novel advancement in the field of PSMA-targeted therapy (Capasso et al., 2023). A
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radiolabeled ligand that binds exclusively to PSMA on prostate cancer cells is administered as
part of PSMA-targeted radioligand therapy (RLT) to provide a therapeutic dosage of radiation
to the malignant tissue. Clinical trials using this method have produced encouraging outcomes,
especially in more advanced cases where the efficacy of conventional treatments may be
compromised. For patients with metastatic prostate cancer, PSMA-targeted radioligand therapy

(RTL) has the potential to be a tailored and efficient therapeutic option.
1.16. Aptamer-conjugated PLGA nanoparticles for prostate cancer therapy.

Nanoparticles made of poly (lactic-co-glycolic acid) (PLGA) have recently attracted a lot of
interest because of their many potential uses as effective and flexible drug delivery vehicles.
The PLGA nanoparticles, composed of biodegradable and biocompatible polymers, provide an
excellent vehicle for the controlled and prolonged release of drugs (Sarkar et al., 2021; Ehsan
etal., 2022). Lactic acid and glycolic acid monomers copolymerize to obtain PLGA, which has
customizable physicochemical properties such as drug-loading capacity, degradation rate, and
particle size. Numerous medicinal substances, such as small-molecule pharmaceuticals,
proteins, peptides, and nucleic acids, can be encapsulated within the nanoparticles. Prolonged
therapeutic effects with little systemic toxicity are achieved through the sustained
administration of drugs by PLGA nanoparticles, which have regulated release kinetics. It is
also possible to improve the targeting specificity of PLGA nanoparticles by surface engineering
or ligand conjugation. Potentially revolutionizing personalized medicine and the treatment of
a wide range of diseases, including cancer and infectious diseases, PLGA nanoparticles are at
the vanguard of drug delivery systems due to their capacity to preserve encapsulated drugs

from degradation, enhance bioavailability, and enable targeted delivery.

Aptamer technology and nanotechnology combined have opened the door to precision
medicine in cancer treatment. One of the most promising therapeutic approaches for targeting
cancer cells is targeting antigens overexpressed on their surface. The transmembrane
glycoprotein PSMA that overexpresses on the surface of prostate cancer cells is particularly
bound by anti-PSMA aptamers, which provide three-dimensional architecture with small,
single-stranded nucleic acid molecules usually chosen by SELEX (Kasten et al., 2013; Kelly
et al., 2021). Because of their great specificity, anti-PSMA aptamers are excellent choices for
targeted therapeutic delivery. Conformational recognition is a phenomenon in which aptamers
exhibit the ability to assume specific three-dimensional conformations, thereby enabling them

to bind tightly and selectively to their target molecules. In the context of PSMA, aptamers can
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recognize and bind to specific epitopes on the PSMA protein through conformational
recognition. This entails a conformational change in the aptamer molecule that facilitates an

optimal interaction with the target.

Binding of aptamer to its target, PSMA through
conformational recognition

3D structure Conformational
formation recognition

|

Aptamer sequence Functional aptamer Target binding

Figure 7: Schematic diagram of the aptamer-PSMA binding through conformational

recognition

Researchers want to improve the accuracy of therapeutic interventions by conjugating these
aptamers to PLGA nanoparticles, which will ensure specific recognition and binding to prostate
cancer cells. Combining PLGA nanoparticles with anti-PSMA aptamers produces a hybrid
nanosystem with improved targeting properties. By selectively attaching to prostate cancer
cells that express PSMA, the anti-PSMA aptamers on the nanoparticle surface help direct the
particles to the tumor's precise location. This tailored strategy raises the therapeutic index of
the encapsulated drug cargo by reducing off-target effects. When it comes to treating prostate
cancer, the anti-PSMA aptamer-conjugated PLGA nanoparticles have two benefits. The
aptamer first directs the nanoparticles to prostate cancer cells to enable targeted medication
administration. Secondly, the therapeutic payload is efficiently delivered intracellularly by the
PLGA nanoparticles, facilitating cellular uptake through endocytosis. The combination of
greater cellular uptake and selective administration boosts the treatment-related overall

effectiveness.
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In our study, we developed APSap4#5 aptamer surface-functionalized abiraterone-loaded
biodegradable nanoparticle (Apt-ABR-NP) to investigate its targeting ability to prostate-
specific membrane antigen (PSMA) in carcinogen-induced PCa mice and the therapeutic
efficacy of the formulation.
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2. Literature review

2. Prostate cancer

The second most frequent disease and the fifth most significant cause of cancer-related
mortality in males is prostate cancer (PCa). Prostate cancer was predicted to account for
375,000 deaths and 1.4 million new cases globally in 2020. Prostate cancer has a complex
etiology. However, some risk factors for its onset include advanced age, a favorable family
history, and African heritage. The incidence of PCa varies geographically and among ethnic
groups. Worldwide, the incidence and mortality rates are higher among individuals of Black
African heritage. There is variation in the United States among the various ethnic groups, with
Black men of African heritage having the highest prevalence and death (Rawla, 2019).
Different ethnic groups have different prevalence of several genetic risk loci for prostate
cancer, which may explain the differences in incidence and death. According to recent
epidemiological research, there is a clear causative link between genetic variables and the
development of prostate cancer, and PCa is a highly heritable illness. According to twin
research, 57% of men with prostate cancer had a family history of the disease. According to
recent research, over 100 widely known single-nucleotide-polymorphisms (SNPs) have been
linked to prostate cancer and are a significant risk factor for the disease development (Vieira et
al., 2022).

2.1. Characteristics features of prostate cancer

Most prostate tumors are adenocarcinomas, sharing multiple traits in common with other
prominent epithelial cancers, such as breast and colon cancer. The various essential elements

of prostate cancer that are relevant for the study of the disease process are mentioned below.
2.1.1. Correlation with aging

Prostate cancer stands out due to its close relationship with aging; in fact, aging is the single
most significant risk factor for prostate cancer. Clinically identifiable prostate cancer often does
not emerge until the age of 60 or 70. However, preneoplastic lesions known as prostatic
intraepithelial neoplasia (PIN) can be identified in men as early as their twenties and are very
frequent in men by their fifties. Moreover, the incidence of carcinoma (about 1 in 9 males) is
much lower than the prevalence of precancerous lesions (approximately 1 in 3 men). As a

result, whereas the morphological alterations linked to initiation are somewhat common and
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happen early in life, the development of invasive carcinoma is a far less common event that

results from aging and occurs in a smaller population (Verma et al., 2011).
2.1.2. Environmental factors

While the incidence of histological pre-neoplastic lesions has been observed to be similar
globally, the incidence of prostate cancer in the United States is much greater than in most
other nations, predominantly Asian countries. Therefore, it has been assumed that dietary and
environmental variables, like those in other prevalent epithelial malignancies, play a significant
role in the development of prostate carcinogenesis. However, new research raises doubts about
whether Asian and American males genuinely have different relative incidences of

preneoplastic lesions (Loeb et al., 2015; Sartor and Savarese, 2020).
2.1.3. Familial inheritance

Only around 10% of prostate cancers are caused by hereditary factors, which are typically
linked to early onset of the disease. Although the corresponding candidate genes have not yet
been discovered, two family susceptibility loci have been localized to the X chromosome and
a region of chromosome 1q. Furthermore, many investigations have found a statistical
correlation between prostate and breast cancer; nevertheless, the underlying molecular

mechanism of this interaction remains unclear (Vietri et al., 2021).
2.1.4. Role of steroid hormones

Throughout the whole course of prostate carcinogenesis, signaling from steroid hormone
receptors is essential. Specifically, males experience a typical age-related decline in the
androgen-to-estrogen ratio, which may play a role in the development of prostate cancer.
Furthermore, many studies have focused on the transition to androgen independence that

characterizes advanced prostate cancer (Auchus and Sharifi, 2020).
2.1.5. Diet

The Western lifestyle may cause an increased risk of prostate cancer, specifically the increased
consumption of fat, red meat, and dairy products. Prostate cancer risk was positively correlated
with total fat intake in African Americans, Asian Americans, and White Americans in a
multiethnic investigation of dietary variables. Numerous studies found a strong correlation
between the risk of prostate cancer and higher consumption of fat-containing foods, particularly
dairy and red meat (Liss et al., 2019).
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2.1.6. Obesity

The body mass index (BMI) is used to quantify obesity. It is computed as follows: weight in
kilograms divided by height in meters squared (kg/m?). If a person's BMI is equal to or higher
than 25, they are deemed obese. While research on obesity has yielded conflicting results, some
recent investigations indicate a continuous link between obesity and aggressive prostate cancer.
Men who were obese had an almost two-fold increased risk of prostate cancer. The risk of
prostate cancer was about six times higher in obese men than in non-obese men (Wilson et al.,
2022).

2.1.7. Sexual behaviour and sexually transmitted diseases (STDs)

Several case-control studies have shown a positive correlation between a history of STDs and
the risk of prostate cancer. A positive correlation between history and the risk of prostate cancer
has been discovered. However, many prospective investigations have failed to find a
meaningful correlation between a history of syphilis or gonorrhea and prostate cancer. Prostate
cancer development and the frequency of sexual activity have been proven to be directly

correlated in many researches (Caini et al., 2014).
2.1.8. Occupation

Numerous studies have demonstrated a strong association between the risk of prostate cancer
and occupation. One such study investigated the relationship between prostate cancer and
exposure to a range of agricultural chemicals, including pesticides, acetic acid, arsenic
compounds, polycyclic aromatic hydrocarbons, petrol and diesel engine emissions, mono
nuclear aromatic hydrocarbons, lubricating oils and greases. The study found that farmers who
were exposed to these chemicals had double the likelihood of developing prostate cancer as
compared to non-exposed farmers. These findings underscore the importance of implementing
adequate safety measures to minimize exposure to potentially hazardous chemicals in the

agricultural industry (Krstev and Knutsson, 2019; Pardo et al., 2020).
2.1.9. Smoking

There is conflicting evidence regarding how smoking affects the epidemiology of prostate
cancer. Prostate cancer risk factors have not traditionally included smoking. A meta-analysis
study found that heavy smokers had a significantly higher risk of prostate cancer. Prostate
cancer risk was increased in smokers, both current and former, although the relationship was

statistically significant only in smokers who had smoked in the past. Moreover, there is a
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favorable correlation between smoking and prostate cancer mortality. Through a number of
reasons, including impacts on sex steroid hormone levels and ongoing exposure to carcinogens
such as polycyclic aromatic hydrocarbons found in cigarette smoke, smoking may promote the
development of more aggressive, hormone-sensitive malignancies (Al-Fayez and El-Metwally,
2023).

2.2. Different treatments for prostate cancer
2.2.1. Active Surveillance

Monitoring and anticipated action are the primary approaches used in the systematic "active
surveillance” program to control prostate cancer. Active surveillance is considered to be the
best option for patients with low-risk malignancies or those with little time to live. The
following variables are typically taken into consideration as recommending criteria for active
surveillance: illness features, health conditions, life expectancy, side effects, and patient desire.
Prostate cancer trigger points include PSA level, clinical progression, and histology

progression (Kinsella et al., 2018).
2.2.2. Radical prostatectomy

A radical prostatectomy is the surgical excision of the prostate gland, performed either openly
or through laparoscopy. To accomplish the procedure, small incisions must be made on the
abdomen or via the perineum. A salvage radical prostatectomy is usually recommended for
individuals with a local recurrence without metastases following cryotherapy, brachytherapy,
or external beam radiation therapy. However, this may also lead to increased morbidity. For
individuals under 70 years old with organ-confined prostate cancer, a life expectancy longer
than 10 years, and few to no comorbidities, a radical prostatectomy is a recommended course
of action. There are a few problems with its use, though. Incontinence and erectile dysfunction
are possible outcomes of surgical damage to the urinary sphincter and erectile nerves (Costello,
2020).

2.2.3. Cryotherapy

Using ultrasound guidance, cryoprobes are surgically inserted into the prostate as part of this
technique. The prostate gland is frozen for approximately ten minutes at temperatures between
-100 to -200 °C. Nevertheless, there have been reports of side effects from using this technique,
such as fistula, rectal pain, erectile dysfunction, and urine incontinence and retention
(Kotamarti and Polascik, 2023).
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2.2.4. Radiation

One of the best treatments for killing prostate cancer cells with high radiation levels is radiation
therapy. Several methods, including external beam therapy, which projects radiation through
the skin to the malignant spots, and brachytherapy, which uses seeds inserted into the body, are
used to deliver radiation to the diseased cells. The goal of radiation therapy is to target the
prostate with high-energy radiation or particle doses while sparing surrounding tissues. The
degree of prostate cancer determines these dosages. Patients who are not candidates for surgery

are thought to benefit from this course of treatment (Kamran and D’ Amico, 2020).
2.2.5. Hormonal therapy

Hormonal therapy is frequently referred to as androgen deprivation therapy (ADT). Prostate
cancer that has progressed or spread is treated with this approach. The blocking of testosterone
production and other male hormones, which stops them from feeding prostate cancer cells, is
the basis of its therapeutic process (Desai et al., 2021). Thus, the suppression of androgen's
effect on the androgen receptor is caused by markedly reduced male hormone levels. This is
frequently accomplished by medical castration with the use of luteinizing hormone-releasing
hormone (LHRH) analogs or antagonists or bilateral orchiectomy. By activating hypophysis
receptors, the LHRH analog predominantly increases luteinizing hormone (LH) and follicle-
stimulating hormone (FSH). This allows the drug to downregulate hypophysis receptors, which
in turn lowers LH and FSH levels and suppresses the generation of testosterone. The standard
LHRH agonists include histrelin, goserelin, triptorelin, and leuprolide. The antagonists block
the hypophysis receptors, which results in the instantaneous suppression of testosterone
production. However, both short-term and long-term adverse effects, including anemia,
osteoporosis, insulin resistance, cardiovascular disease, hot flashes, lethargy, and sexual
dysfunction, have been linked to ADT (Choi et al., 2022).

2.2.6. Abiraterone

A treatment of second-generation abiraterone targets the production of androgens in tumors
and the adrenal glands. It is used to treat prostate cancer that has spread to other parts of the
body and is linked to the irreversible inhibition of the hydroxylase and lyase activities of
CYP17A, AR pathways, and 3-hydroxysteroid dehydrogenase activity. It has also been
demonstrated that abiraterone effectively inhibits CYP1A2 and CYP2D6, two more
microsomal drug-metabolizing enzymes (Stein et al., 2014; Thakur et al., 2018). Although

abiraterone's clinical data have shown impressive outcomes, there have also been reports of
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inconsistent responses and concurrently rising PSA levels. Abiraterone is associated with
elevated levels of upstream mineralocorticoids CYP17A, which can lead to edema,
hypertension, tiredness, and hypokalemia, among other side effects (Mostaghel, 2014; Auchus
etal., 2014).

2.2.7. Chemotherapy

Anticancer drugs are used in chemotherapy to destroy or stop malignant cell growth. Prostate
cancer treatment has advanced in the decades since genetics, diagnostics, and treatment were
first studied and understood. For prostate cancer, docetaxel is the most often prescribed
chemotherapeutic drug.

2.2.8. Docetaxel

When it comes to treating castration-resistant prostate cancer cells, docetaxel is considered the
gold standard. Attaching itself to B-tubulin, this antimicrotubule drug prevents microtubule
depolymerization, stopping mitotic cell division and triggering death. One important
prerequisite for docetaxel activation is CYP3A. Relapse and the development of docetaxel
resistance have been linked. The upregulation of the P-glycoprotein-encoding multidrug
resistance (MDR) 1 gene has been linked to docetaxel resistance (Puente et al., 2017; Sekino
and Teishima, 2020).

2.2.9. Cabazitaxel

A novel antineoplastic semi-synthetic called cabazitaxel is produced from different kinds of
yew tree needles (Taxus). One second-generation treatment for prostate cancer targeted at
lowering docetaxel resistance is cabazitaxel (Barve et al., 2020). It has a low affinity for it
because it contains more methyl groups than P-glycoprotein. In the hepatic tissues, CYP3A4/5
and CYP2C8 (10-20%) metabolize it. Among the frequent adverse effects linked to its use
include alopecia, neurotoxicity, bronchospasm, renal failure, hypotension, tiredness, and
erythema/rash. Additionally, deaths from diarrhea linked to cabazitaxel that resulted in

electrolyte imbalances and dehydration have been reported (Baciarello et al., 2022).
2.2.10. Enzalutamide

Ezelutamide, a second-generation AR inhibitor, is one of the chemotherapy drugs for prostate
cancer. Targeting the androgen pathway, the drug has three main actions: (1) competitively

blocking androgen's ability to bind to the androgen receptor, (2) blocking nuclear translocation
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and cofactor recruitment, and (3) blocking the association of the activated androgen receptor.
Enzalutamide works against androgens such as dihydrotestosterone and testosterone (Chen et
al., 2023).

2.3. Nanoparticle-based drug delivery for the treatment of cancer

For many years, scientists have been particularly interested in the early identification and
efficient cancer treatment. A body cell is the source of cancer. To preserve the body's
homeostasis and steady state, healthy cells divide and create new ones to replace the old ones.
However, if a cell's genetic material is altered, the cells may develop abnormally and eventually
form a tumor. Cancer cells spread to many parts of the body through the blood and lymphatic
vessels, accumulating into tumorigenic masses of cells. With almost 9 million fatalities from
the disease in 2018, cancer is the second most significant cause of mortality globally. The
highest likelihood of using suitable therapeutic intervention tactics is when cancer is diagnosed
early. Several techniques have been used to detect cancer efficiently in its early stages. These
include the use of tumor markers, imaging methods like computed tomography (CT), magnetic
resonance imaging (MRI), positron emission tomography (PET), ultrasound scanning,

endoscopy, and screening for cytogenetic and cell genetic abnormalities (Raj et al., 2021).

The drug delivery system (DDS) has been utilized in clinical and pre-clinical studies to provide
therapeutic compounds to treat various diseases. Oral ingestion or injection is the two most
common methods used to administer conventional DDS. Many of the drawbacks of traditional
drug delivery systems can be solved by controlled drug delivery systems. For example,
chemotherapeutic drugs that are used to treat cancer are typically administered non-
specifically, which damages both cancerous and healthy cells, leading to low efficacy and high
toxicities. Chemotherapeutic chemicals would be well-carried by controlled DDSs, which
would direct the drugs to the tumor site, boosting their concentration in cancer cells and
preventing harm in healthy cells. Furthermore, controlled DDSs assist in delivering proteins
and novel therapeutic agents, such as RNA interference and gene therapy, by shielding the
medicines from degradation and clearance. They can aid in avoiding enzymatic degradation
and reticuloendothelial or other tissue uptake of DNA and siRNA (Senapati et al., 2018; Yu et
al., 2023).

Because of the development of nanotechnology, nanoparticles are now a viable option for
controlled drug delivery systems. Particles with a diameter of between 10 and 1000 nm are

commonly referred to as nanoparticles. As a drug delivery system (DDS), nanoparticles can
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increase the drug's half-life, make some hydrophobic drugs more soluble, and release the drug
gradually or under controlled conditions. Additionally, stimuli-responsive nanoparticles can
assist in reducing toxicity and regulating the drug biodistribution. In the 1960s, liposomes—
the first nanocarrier to be discovered—were employed as protein and drug carriers. Ever since
many materials have been synthesized into nanoparticles and utilized as DDSs (Dang and
Guan, 2020).

The discovery of a breakthrough in nanotechnology research has made it comparatively more
accessible for scientists and medical professionals worldwide to identify cancer early and treat
it successfully. The fields of nanotechnology and nanomedicine have blessed scientists with a
blessing that makes accurate and timely diagnosis and treatment possible. Due to their high
sensitivity and specificity, nanodevices, such as nano-enabled sensors, are being explored to
detect biomarkers, such as ctDNA, tumor biomarkers (prostate-specific antigen), cancer-
related proteins (either cell surface glycoproteins or secreted proteins), etc. According to
mounting data, nanotechnology is becoming useful for cancer treatment and early diagnosis.
Many nanomedicines, including lipid nanocarriers, polymer nanocarriers, viral vectors, and

drug conjugates, have been used in cancer treatment (Chehelgerdi et al., 2023).
2.4. PLGA nanoparticles for prostate cancer therapy

The United States Food and Drug Administration (US-FDA) has approved polymeric
nanoparticles and their copolymers made from poly lactic acid-co-glycolic acid (PLGA)
containing different ratios of poly(lactic acid) (PLA) and poly(glycolic acid) (PGA). They have
been used as delivery systems for a range of drugs. The goal of developing nanoparticles that
are more stable and long-lasting in systemic circulation—particularly for drugs with limited
solubility—while also having higher solubility, larger drug loading capacity, and a more
homogenous particle size distribution is still being researched (Pandey and Jain, 2015). A
polymer's physicochemical features can vary based on the type, quantity, and ratio of
monomers it contains in its PLGA structure. As a result, depending on the PLA/PGA ratio and
the technique used to produce the nanoparticles, PLGA polymer-based nanoparticles are shown
to have varying physical and pharmacological properties and may respond differently to
therapy. Furthermore, several features have been added to the NP, including molecular weight
(Mw), viscosity, glass transition temperature, and polymer terminal. The treatment's efficacy

is largely determined by how these variables are determined in relation to the drug to be used,
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the disease being treated, and how the NP is designed to achieve optimal efficiency
(Tsachouridis et al., 2022).

In a study by Simitcioglu et al. (2022), Docetaxel-loaded polylactic-co-glycolic acid
nanoparticles with varying molecular weights (Resomer 502 and 504) and terminal groups
(Resomer 502H and 504H) were prepared, and the impact of these resomers on the
characteristics of the nanoparticles, prostate cancer, and healthy cells was examined. PLGA
nanoparticles loaded with docetaxel were developed using a single emulsion solvent
evaporation technique. Electron microscopy and zeta sizer were used to characterize the
surface. Cytotoxic activity, in vitro drug release patterns, and encapsulation efficiency were
measured. The polymer's molecular weight primarily influenced the surface shape of the
nanoparticles. Higher encapsulation efficiency was found in the groups having acid terminal
functions. In vitro drug release was seen in all formulations after 240 h at pH 5.6 and 334 h at
pH 7.4. Moreover, the high molecular weight groups displayed selective cytotoxicity. Prostate
cancer treatment may benefit from the use of these receptors, particularly RG 504 and RG
504H, as a low-dose and very effective extended-release drug delivery method.

Nassir et al. (2018) also conducted a study whereby they developed polymeric nanoparticles
containing resveratrol (RLPLGA) and assessed its cytotoxicity and mechanism of apoptotic
cell death against the prostate cancer cell line (LNCaP). When RLPLGA was used against
LNCaP cells, its 50% and 90% inhibitory concentrations (ICso and 1Cg) were 15.6 + 1.49 and
41.1 +£2.19 uM, respectively, indicating a considerable decrease in cell viability. The cell cycle
arrest at the G1-S transition phase, phosphatidylserine externalization, DNA nicking, loss of
mitochondrial membrane potential, and production of reactive oxygen species in LNCaP cells
all indicated that apoptosis was the mechanism causing this impact. Additionally, at all tested
dosages, nanoparticles showed much higher cytotoxicity to LNCaP cells than free resveratrol
(RL). Even at 200 uM, RLPLGA nanoparticles did not exhibit any harmful cytotoxic effects

on mouse macrophages.

In another study, the therapeutic activity of eupatorin in human prostate cancer cell lines DU-
145 and LNcaP was assessed in relation to the usage of mMPEG-b-poly (lactic-co-glycolic) acid
(PLGA) coated iron oxide nanoparticles as a carrier. The MTT experiment showed that the
ICso doses of eupatorin-loaded FesOs@mPEG-b-PLGA nanoparticles were 75 mM and 100
mM, respectively, and that they significantly reduced the growth rate of DU-145 and LNCaP

cells. Subsequently, nuclear condensation, an increase in the sub-G1 phase cell population, and
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an elevated NO level were used to confirm apoptosis. Fes0s@mPEG-b-PLGA nanoparticles
loaded with eupatorin were shown by Annexin/PIl analysis to boost apoptosis and decrease
necrosis frequency. Lastly, Western blotting analysis validated these findings and
demonstrated that the designed nanoparticles up-regulated the cleaved caspase-3 level and the
Bax/Bcl-2 ratio. When eupatorin was encapsulated in FesOs@mPEG-b-PLGA nanoparticles
instead of being free, it enhanced its anticancer activities in prostate cancer cell lines (Tousi et
al., 2021).

The purpose of the study conducted by Essa et al. (2023) was to prepare and optimize quercetin-
loaded PLGA nanoparticles and investigate the potential effects of coating with chitosan on
cellular uptake. Additionally, the study aimed to determine whether folic acid, as a ligand,
could provide selective toxicity and improved uptake in model LNCaP prostate cancer cells,
which express high levels of the receptor prostate-specific membrane antigen (PSMA), in
contrast to PC-3 cells that have relatively low PSMA expression. The results indicate that
quercetin (and other comparable chemotherapeutics) can be targetedly delivered and released

from the nano-system as an effective nanocarrier against prostate cancer cells.

Panda and colleagues (2023) developed new PEGylated PLGA nanoparticles (CPDNPS)
loaded with doxorubicin and coupled with peptides for efficient and extended delivery to
prostate cancer (PCa) cells. Compared to PC-3 cell lines, CPDNPs showed decreased
hemolysis and increased cellular uptake and death. The pharmacokinetic analysis verified that
CPDNPs outperformed DOX, DNPs, and PDNPs in terms of AUC (ug h/mL) and T (h).

Co-encapsulation of docetaxel (DTX) and abiraterone acetate (AbrA) in polymeric
nanoparticles was designed in another work by Sokol et al. (2019) as novel prototypes for
prostate cancer treatment combining hormonal and chemotherapy. Confocal microscopy
observations demonstrated the efficient accumulation of NP-AbrA/Dtx in the cell cytoplasm.
Research demonstrated that NPs loaded with both AbrA and Dtx had a synergistic mechanism
of action, in contrast to the combination of chemicals, and exhibited a high cytotoxic activity
on the LNCaP cell line. The results validate the possible application of generated NPs in

additional in vivo investigations.
2.5. Prostate cancer-targeted therapies using surface-modified nanoparticles

Surface modification of the nanoparticles with ligands that can bind to receptors overexpressed
on the surface of those cancer cells is a viable strategy to increase the selectivity of
nanostructures toward PCa cells (Ashrafizadeh et al., 2022). Emerging synthetic nucleic acid-
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based agents with potential for diagnosis and treatment are aptamers. The excellent selectivity
and affinity of these small single-stranded RNA or DNA molecules to different ligands make
them attractive for use in medicinal applications (Cruz-Hernandez et al., 2022). Aptamers are
easily synthesized and do not cause immunogenotoxicity. Aptamers have been thoroughly
studied for the therapy of PCa in experiments. In order to inhibit the growth of PCa, self-
assembled polymeric nanoparticles made of PLGA and PEG have been functionalized with
Wyba aptamer. For the goal of magnetic resonance imaging, docetaxel (DTX) and
superparamagnetic iron oxide nanoparticles (SPIONs) were enclosed into polymeric
nanostructures to facilitate simultaneous sustained drug delivery. Conjugating the Wyba
aptamer to these nanoparticles enhanced their selectivity toward PC-3 cells while posing the
least systemic toxicity (Fang et al., 2020). Targeted nanostructures outperformed ordinary
nanoparticles in their ability to inhibit PCa. A medicinal plant-derived naphthoquinone called
plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) has the ability to stop PCa cells from
spreading. In order to encapsulate plumbagin, PLGA-PEG nanoparticles with a terminal
carboxylic acid group (PLGA-PEGCOOQOH) have been produced. PSMA aptamer was used to
modify these nanoarchitectures in order to increase their ability to target PCa cells. Up to 90%
of the nanostructures are internalized in PCa cells due to their surface modification with PSMA

aptamer, greatly enhancing plumbagin's anti-tumor effect (Pan et al., 2017).

The ability of SPIONSs to deliver image-guided PCa treatment is one of its benefits. PSMA-
aptamer-conjugated SPIONs that specifically targeted androgen-sensitive human prostate
cancer LNCaP cells in vitro and in vivo were produced using a hybridization technique. By
means of intercalation using a cytosine-guanine (CG)-rich duplex comprising the PSMA
aptamer and electrostatic contact with the polymer covering of the nanostructures, doxorubicin
was loaded onto these nanostructures. These nanoparticles exhibited growth retardation in a
xenograft experiment and markedly enhanced cellular uptake of doxorubicin to eradicate PCa
cells (Yuetal., 2011). According to the previously described research, modifying nanoparticle
surfaces with aptamer seems to enhance their internalization into PCa cells (Chen et al., 2020;
Dhar et al., 2008).

Hyaluronic acid is another agentthat is commonly utilized to modify the surface of
nanostructures. N-acetyl-D-glucosamine and D-glucuronic acid residues are present in this
linear glycosaminoglycan (Fallacara et al., 2018). It has been documented that hyaluronic acid
contributes to physiological processes such as cell division, migration, and proliferation, as

well as embryonic development (Toole, 2004; Abatangelo et al., 2020). Hyaluronic acid has
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been shown to bind to CD44 surface receptors on cells through van der Waals forces and
hydrogen bonds (Paidikondala et al., 2019; Tiwari and Bahadur, 2019). PCa treatment has
made use of hyaluronic acid-modified nanoparticles to administer epigallocatechin-3-gallate.
By binding to the CD44 receptor, these PEG nanostructures treated with hyaluronic acid
increased the intracellular accumulation of epigallocatechin-3-gallate in PCa cells. Following
cell cycle arrest at the G2/M phase, the proliferation rate of PCa cells sharply declined (Huang
etal., 2016).

Numerous malignancies, such as lung, PCa, and breast cancer, have overexpressed sigma
receptors (Zeng et al., 2012). In PCa therapy, anisamide, a ligand for the sigma receptor, can
facilitate the targeted transport of doxorubicin via liposomes (Banerjee et al., 2004). However,
one of their disadvantages is the inability of sigma receptor ligands such as anisamide or
haloperidol to discriminate between sigma receptors 1 and 2. Targeting sigma receptor 2 has
garnered attention recently. This is due to the fact that this receptor is positively correlated with
the pace of cancer growth and is expressed at a higher level on tumor cells than sigma receptor
1 (Chen et al., 2021). With the purpose of treating prostate cancer, 3-(4-cyclohexylpiperazine-
1-yl) propyl amine (CPPA) has been loaded into lipid nanocarriers containing telmisartan, an
angiotensin 1l receptor blocker. The benefits of CPPA-modified telmisartan-loaded
nanoparticles included their small size, high encapsulation efficacy, and negative zeta
potential. The application of CPPA to the nanoparticle surface caused the internalization of the
particles by receptor-mediated endocytosis. The stimulation of apoptosis led to a considerable
decrease in the viability of tumor cells. Comparing the CAPP-modified nanoparticles to non-
targeted nanoparticles, the 1Cso value of the former was noticeably lower (Puri et al., 2016). It
seems that altering a nanostructure's surface enhanced its selectivity and decreased its ICso
value in PCa treatment (Saniee et al., 2021). A key factor in improving the biocompatibility of
nanoparticles is surface modification. For example, chitosan is a naturally occurring substance
separated from algae. Because it enhances drug delivery and nanoparticle stability, chitosan
has drawn much interest in anti-cancer therapy (Ahmad et al., 2022; Yee Kuen and Masarudin,
2022). Chitosan-modified nanoparticles are stable and exhibit good biocompatibility. They
have a high encapsulation efficiency, which is crucial for making anti-cancer drugs more
harmful to PCa cells (Zhang et al., 2021).
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2.6. Aptamer-conjugated PLGA nanoparticles and prostate cancer

The clinical prognosis for patients with castration-resistant prostate cancer (CRPC) is still
dismal despite recent advancements in prostate cancer therapy, including enhanced surgical
techniques and novel medications in androgen deprivation therapy (Gravis, 2019). As a
targeting ligand, aptamer (Apt) has garnered significant interest. Aptamers are single-stranded
oligonucleotides that fold into distinctive tertiary structures in order to bind to their targets.
Similar to antibodies, aptamers have great affinity and specificity. Aptamers, on the other hand,
offer a number of unique benefits, including low molecular weight, high stability, quick tissue
penetration, absence of immunogenicity, and ease of chemical synthesis and modification.
Prostate-specific membrane antigen (PSMA) is bound by A10 2'-fluoropyrimidine RNA
aptamer, commonly used as the targeting ligand for targeted nanoparticles in prostate cancer
(Thoma, 2018). Nonetheless, PSMA expression in CRPC cancer cells is relatively modest.
Through the use of living whole cells and SELEX technology (Systematic Evolution of
Ligands by Exponential Enrichment), a new aptamer called Wy5a has been produced that
specifically binds to the cancer cells of CRPC (PC-3) (Wang et al., 2014).

In another investigation, the "core-shell” targeted nanoparticles (NPs) were synthesized
through the self-assembly of a prefunctionalized amphiphilic triblock copolymer made of
poly(lactic-coglycolic acid) (PLGA), polyethylene glycol (PEG), and the Wy5a aptamer (Apt).
This copolymer was screened using the cell-SELEX technique to determine its ability to target
the CRPC cell line PC-3. The targeted nanoparticles were co-encapsulated with a cluster of
hydrophobic superparamagnetic iron oxide (SPIO) nanoparticles and docetaxel (Dtx). The
targeted NPs demonstrated enhanced contrast-enhanced MRI performance and regulated drug
release. The transport of Wy5a to PC-3 cells in vitro and in vivo was cancer-targeted due to its
presence on the nanoparticle surface. The enhanced cytotoxicity and ultrasensitive MRI of
these targeted NPs were shown by in vitro cytotoxicity and magnetic resonance imaging
investigations. The targeted NPs showed a more potent anticancer capacity without appreciable
systemic toxicity, according to in vivo investigations. Based on the available data, using
targeted NPs as a drug delivery system could be a viable approach to treat CRPC effectively
(Fang et al., 2020).
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3. Objectives and plan of study

3.1. Objectives

The objectives of this research are to develop and optimize Abiraterone acetate (the drug)

loaded Poly-lactic-co-glycolic acid (PLGA) nanoparticles and further conjugate the

nanoparticles with APSap4#5 DNA aptamer and investigate them as a targeted therapy against

prostate cancer cells, in vitro and in vivo.

This study is divided into the following sections:

Abiraterone acetate-loaded nanoparticles (ABR-NP) will be prepared and conjugated
with an APSap4#5 DNA aptamer for site-specific delivery. The physicochemical

properties of the prepared formulation will be studied.

Further, the in vitro efficacy will be determined using the prepared nanoparticles (ABR-
NP and Apt-ABR-NP) toward the prostate cancer cells that overexpress Prostate-
specific membrane antigen (PSMA), LNCaP and 22Rv1 cells and the prostate cancer
cells that do not overexpress Prostate-specific membrane antigen (PSMA), PC3 with
Aptamer-conjugated nanoparticles containing Abiraterone acetate (Apt-ABR-NP). In
vitro cellular studies include cellular uptake analysis, cytotoxicity assay, apoptosis

assay, mitochondrial membrane depolarization analysis, and colony formation assay.

Determination of in vivo efficacy of the prepared nanoparticles in carcinogen-induced
prostate cancer-bearing mice by carrying out the hemolysis study, pharmacokinetics
study, biodistribution study and gamma-scintigraphy imaging, antitumor activity study,
LNCaP tumor spheroid model, hematological evaluation, and estimation of serum-

specific toxicity markers studies.

3.2. Plan of study

The study is planned as outlined below-

> Preformulation studies

= Development of standard calibration curve of Abiraterone acetate by UV-Vis
Spectroscopy.

= Detection of interactions between drug and excipients by Fourier-transform infrared
spectroscopy (FTIR)
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» Preparation and optimization of PLGA nanoparticles encapsulating Abiraterone acetate

Preparation of Abiraterone acetate-loaded polymeric nanoparticles (ABR-NP) by

multiple emulsion solvent evaporation technique.

Conjugation of the prepared nanoparticle with APSap4#5 aptamer to ensure site-
specific delivery to the prostate cancer cells (Apt-ABR-NP).

Confirmation of the successful aptamer conjugation by FTIR, agarose gel

electrophoresis and X-ray photoelectron spectroscopy (XPS).

Evaluation of morphological characterizations of the prepared experimental
nanoparticles will be done by using field emission scanning electron microscopy
(FESEM), high-resolution transmission electron microscopy (HR-TEM), and
atomic force microscopy (AFM). Particle size distribution and zeta potential will
be measured using the dynamic light scattering (DLS) method.

Assessment of stability of prepared optimized nanoparticles by accelerated stability

study and hydrolytic stability study.

> Invitro drug release studies

>
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In vitro ABR release from the optimized nanoparticles will be carried out in five
different media, i.e., phosphate buffer saline (PBS) (pH 7.4), PBS with 1% f-
hydroxy cyclodextrin (pH 7.4), citrate buffer (pH 3), acetate buffer (pH 5), and
bicarbonate buffer (pH 10).

Assessment of various drug release kinetics and regression coefficients (R?) of the

prepared formulation in different buffers.

In vitro cellular experiments in LNCaP, 22Rv1 and PC3 cells

In vitro cytotoxicity study by MTT assay.

In vitro cellular uptake study (both qualitative and quantitative study) by confocal

laser microscopy and flow cytometry.
Apoptosis assay by Annexin V-FITC/PI dual staining.
Mitochondrial membrane depolarization analysis using JC-1.

In vitro colony formation assay
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» In-vivo experiments

Hemolysis study with the experimental nanoparticles.

Pharmacokinetic studies of free drug, ABR-NP and Apt-ABR-NP will be performed

in Swiss albino mice and evaluation of pharmacokinetic parameters will be done.

Biodistribution study and gamma-scintigraphy imaging with %™Tc-radiolabeled

nanoparticles.

Antitumor activity study will be done using hematoxylin and eosin (HE) stained
tissue images and expression of Ki67 stained images.

The efficacy of Apt-ABR-NP will be evaluated using the LNCaP tumor spheroid

model.

Hematological evaluation study will be carried out using the experimental

nanoparticles.

Estimation of serum-specific toxicity markers.

» Statistical Analysis

» Statistical analysis of data will be used using Student’s t-test, Dunnett’s test, and

one-way ANOVA, followed by Tukey’s post hoc test, two-way ANOVA analysis,
and tested by Bonferroni’s post-test. The images, graphical, and bar diagrammatic
representations will be accomplished using various software such as Origin, Graph
Pad Prism software, Gimp, ImageJ, AutoDock, and BIOVIA Discovery Studio

Visualizer.
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4. Materials and Equipment

4.1. Chemicals used in the study

Table 4.1: List of materials/chemicals used in the study

Serial No Name Source
1. APSap4#5 aptamer Eurofins Genomics India Pvt. Ltd.,
Bangalore, India
2. Acetonitrile Merck Life Science Pvt. Ltd, Bengaluru,
India
3. Abiraterone acetate MSN laboratories Pvt. Ltd, Hyderabad,
Telangana, India
4. Testosterone propionate Sisco Research Laboratories Pvt. Ltd.
Mumbai, India
5. 4’,6° Diamidino-2- Thermo Fisher Scientific, Mumbai, India
phenylindole (DAPI)
6. Dichloromethane (DCM) Merck Life Science Pvt. Ltd, Bengaluru,
India
7. Disodium hydrogen Merck Life Science Pvt. Ltd, Bengaluru,
phosphate India
8. Dimethylsulfoxide (DMSO) | Merck Life Science Pvt. Ltd, Bengaluru,
India
9. Dulbecco’s Modified Eagle Thermo Fisher Scientific, Waltham, USA
Medium (DMEM)
10. Ethylene diamene tetra acetic | Merck Life Science Pvt. Ltd, Bengaluru,
acid (EDTA) India
11. 1-(3-dimethylaminopropyl)- | Himedia Laboratories Pvt. Ltd.,
3-ethylcarbodiimide Maharashtra, Mumbai, India.
hydrochloride (EDC)
12. Ethyl Acetate Merck Life Science Pvt. Ltd, Bengaluru,
India India
13. Fetal bovine serum (FBS) HiMedia Laboratories, Mumbai, India
14, Fluorescein isothiocyanate Sigma-Aldrich Co., St Louis, MO, USA

(FITC)

55



CHAPTER 4: MATERIALS AND EQUIPMENT

Serial No Name Source
15. FITC annexin V/dead cell Thermo Fisher
apoptosis Kit Scientific, Waltham, MA, USA
16. Glacial acetic acid Merck Life Science Pvt. Ltd, Bengaluru,
India
17. Methanol Merck Life Science Pvt. Ltd, Bengaluru,
India
18. 3-(4,5-dimethylthiazol-2-yl)- | Sigma-Aldrich Co., St Louis, MO, USA
2,5-diphenyltetrazolium
bromide (MTT)
19. N-hydroxysuccinimide Himedia Laboratories
(NHS) Pvt. Ltd., Maharashtra, Mumbai, India.
20. Penicillin-Streptomycin HiMedia Laboratories, Mumbai, India
21. Acid-terminated Poly lactic- | Sigma-Aldrich Co, St Louis, MO, USA.
co-glycolic acid (ratio,
75:25; molecular weight,
4,000-15,000 Da)
22. Potassium dihydrogen Merck Life Science Pvt. Ltd, Bengaluru,
phosphate India
23. Polyvinyl alcohol (M.W. SD Fine-Chemicals limited, Mumbai, India
85,000- 1,24,000) (M.W.
150,000)
24. Roswell Park Memorial HiMedia Laboratories, Mumbai, India
Institute Medium (RPMI
1640)
25. Sodium acetate Merck Life Science Pvt. Ltd, Bengaluru,
India
26. Sodium bicarbonate Merck Life Science Pvt. Ltd, Bengaluru,
India
27. Sodium carbonate Merck Life Science Pvt. Ltd, Bengaluru,
India
28. Sodium citrate Merck Life Science Pvt. Ltd, Bengaluru,
India
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Serial No Name Source
29. Sodium hydroxide Merck Life Science Pvt. Ltd, Bengaluru,
India
30. Trypsin HiMedia Laboratories, Mumbai, India
31. Tween 80 SD Fine Chemicals limited, Mumbai, India
32. Water for HPLC Merck Life Sc. Pwvt. Ltd., Mumbai,
Corp. Billerica, MA, USA Maharashtra, India
41. Millex-GP Syringe Filter
Unit, 0.22 pum,
polyethersulfone, 33 mm,
gamma sterilized
Millipore Corp. Billerica,
MA, USA
33. Milli-Q water Millipore Corp. Billerica, MA, USA
34. C-reactive protein (CRP) Weldon Biotech India Pvt. Ltd., New Delhi,
bioassay Kits India
35. AutoZyme Creatinine kit Accurex, Mumbai, India
36. AutoZyme BUN Kit Accurex, Mumbai, India
37. Cell lysis buffer Abcam
38. Acetone Merck Life Science Pvt. Ltd, Bengaluru,
India
39. Chloroform Merck Life Science Pvt. Ltd, Bengaluru,
India
40. Citric acid Merck Life Science Pvt. Ltd, Bengaluru,
India
41. 5,5',6,6'-Tetrachloro- Invitrogen, Carlsbad, CA, USA
1,1',3,3'-tetraethyl
benzimidazolylcarbocyanine
iodide (JC-1)
42. Cyanine5 (Cy5) dye Thermo Fisher
Scientific, Waltham, MA, USA
43. N-Nitroso-N-methylurea Sigma-Aldrich Co, St Louis, MO, USA.
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4.2. Animals and different cells used in the study

Table 4.2: The source of animals and different cells used in the study

Animals Source

Swiss albino male mice National Institute of Nutrition (NIN), Hyderabad,

Telangana, India.154/GO/RBIiBt- S/IRL/99/CPCSEA

Human Cells Source
LNCaP and PC3 cells National Centre for Cell Sciences, Pune, India
22Rv1 cells American Type Culture Collection (ATCC, Rockville, MD,
USA).

4.3. Instruments

Table 4.3: List of instruments and equipment used in the study

Serial No Name Source
1. Bath sonicator Trans-O-Sonic, Mumbai, India
2. Flow Cytometer BD Accuri C6, BD Bioscience, San Diego, CA

and BD LSR Fortessa, B.D. Biosciences

3. COz2 incubator Thermo Fisher Scientific, Waltham, MA USA
4. Cold centrifuge HERMLE Labortechnik GmbH, Wehingen,
Germany
5. Confocal laser | ZEISS LSM 900, Carl Zeiss, Oberkochen,
microscope Germany)
6. Digital pH meter | Thermo Fisher Scientific India Pvt. Ltd.,
(EUTECH) Hiranandani Business Park, Mumbai, India
7. Digital weigh balance | Sartorius Corporate Administration, Otto-

Brenner-StraRe 20, Goettingen, Germany
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Serial No Name Source
8. Disposable  syringe | Hindustan Syringes and Medical Devices
(Dispo Van) Limited, Ballabgarh, Faridabad, Haryana, India
9. FTIR instrument Bruker FTIR, Tensor-I1, Bruker Optic GmbH,

Karlsruhe, Germany

10. Normal Freezer LG double door, Yeouido-dong, Seoul, South
Korea
11. -80° C Freezer (Model | New Brunswick Scientific, Eppendorf House,
no U410-86) Arlington Business Park, Stevenage, UK
12. High-speed IKA Laboratory Equipment, Model T10B
homogenizer Ultras-Turrax, Staufen, Germany
13. Incubator shaker BOD-INC-1S, Incon, India
14. Laminar airflow bio- | Thermo Fisher Scientific, Waltham, MA USA
safety hood
15. Tandem liquid | LC: Shimadzu Model 20AC,
chromatography and | MS: AB-SCIEX, Model: AP14000,
mass Software: Analyst 1.6
spectrophotometry
(LC-MS/MS)
16. Laboratory  Freeze | Instrumentation India, Kolkata, India
Dryer (lyophilizer)
17. Magnetic stirrer Remi Sales & Engineering Ltd, Ganesh
Chandra Avenue, Bando House, Dharmatala,
Kolkata, India
18. 0.22 p  membrane | Merck Life Science Pvt. Ltd, Mumbai, India

filter
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Serial No Name Source

19. Microplate reader Spectromax, Japan

20. Particle size and zeta | Zetasizer nano ZS 90, Malvern Zetasizer
sizer Limited, Malvern, UK

21. Field Emission | FESEM Joel JSM-7600 F, Tokyo, Japan
Scanning  Electron
microscope

22. Transmission electron | TEM, JEOL JEM-2010, JEOL, USA
microscope

23. UV-VIS LI-295 UV VIS Single Beam, Lasany
spectrophotometer International, India

24. Vortex mixture Remi Sales & Engineering Ltd, Ganesh

Chandra Avenue, Bando House, Dharmatala,
Kolkata, India

25. Zeiss Light Carl Zeiss: Axiostar plus, Jena, Germany
microscope.

26. Gamma-scintillation | ECIL, Hyderabad, India
counter

27. Gamma-scintigraphy | Xeleris Work Station, Milwaukee, W1, USA
camera (GE Infinia y
Camera)

28. LC-MS instrument Agilent 6545 Q-TOF LC/MS system

29. Kratos Axis X-ray Shimadzu, Japan

photoelectron

spectrometer
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5. Methodology

5.1. Preparation of PLGA nanoparticles containing abiraterone acetate

In this experimental study, the synthesis of nanoparticles was carried out using a double
emulsion solvent evaporation technique. Specifically, 50mg of PLGA (75:25) and 5mg of
abiraterone acetate were dissolved in a 2.5ml organic phase consisting of dichloromethane and
acetone in a 1:1 ratio (v/v). The organic phase containing the drug and polymer was subjected
to homogenization at 20000 rpm using an IKA Laboratory Equipment, Model T10B Ultra-
Turrax in Staufen, Germany, followed by vigorous emulsification with a 3% aqueous PVA

solution to form a w/o emulsion.

The resulting primary emulsion was added dropwise to a 75ml 1.5% aqueous PVA solution
and homogenized at 20000 rpm for 5 minutes to form a double emulsion (w/o/w). The double
emulsion was sonicated while keeping ice-cold water in the bath for 30 minutes to reduce the
particle size. Subsequently, the solution was allowed to stir on a magnetic stirrer overnight at
room temperature to remove the organic solvents, resulting in the formation of nanoparticles

during the evaporation of the solvents and solidification of the polymers.

The larger particles were separated by centrifugation of the nanoparticle aqueous suspension
at 5000 rpm for 10 minutes, followed by centrifugation of the nanoparticles at 16000 rpm for
45 minutes, and the supernatant was collected using a cooling centrifuge. To remove excess
PVA associated with the nanoparticles, the pellets obtained after centrifugation were washed
three times with Milli-Q water and precipitated by centrifugation at 16000 rpm. The pellet was
dispersed in 2-3ml of double-distilled water and subsequently frozen in a deep freezer (So-
Low, Environmental Equipment, Ohio, USA) and lyophilized in a freeze dryer (Laboratory
Freeze Dryer, Instrumentation India, Kolkata, India) to obtain the dry powdered nanoparticles
(Dutta et al., 2018; Ehsan et al., 2022; Kumari et al., 2023).

5.2. Selection of aptamer

For the selection of an aptamer for use in conjugation to nanoparticles for cancer therapy,
several crucial criteria must be considered to ensure optimal targeting, delivery, and therapeutic
efficacy. Target specificity, binding affinity, stability, biocompatibility, etc., are some key

factors to consider (Cai et al., 2018).

The dissociation constant (Kq) is a measure of the strength of binding between a ligand (such

as an aptamer) and its target molecule (such as a protein or cell surface receptor) (Thevendran
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et al.,, 2020). In the context of aptamer binding, the dissociation constant quantitatively
describes the equilibrium between the bound complex (aptamer-target) and the unbound
molecules (free aptamer and free target) at equilibrium. A low dissociation constant (Kq)
indicates a strong binding affinity between the aptamer and its target molecule. In contrast, a
high dissociation constant (Kq) suggests a weaker binding affinity between the two. APSap4#5,
A10-3.2, A9g, and E3 are some of the widely studied aptamers used as a PSMA targeting
moiety (Savory et al. 2010; Dassie et al. 2009; Rockey et al. 2011; Gray et al. 2018)

The APSap4#5 aptamer, with a sequence of 5-TTT TTA ATT AAA GCT CGC CAT CAA
ATA GCT TT-3', has a lower Kq value (2.6 nM), which means it has a stronger affinity for its
target molecule, PSMA. This aptamer is highly sensitive to PSMA (detection level in the
picogram range) and is easier to synthesize due to its shorter chain length. The success of
PSMA-APSap4#5 aptamer in vitro has been reported, making it an excellent choice for
targeting PSMA with the assistance of a APSap4#5 aptamer-conjugated nanosize drug delivery

system.
5.3. Conjugation of aptamer on the surface of nanoparticles

Initially, we dispersed 5 mg/mL of ABR-NP in deionized water, followed by agitation for 30
minutes at 25°C with 200 mM of EDC and 100 mM of NHS. Subsequently, the activated ABR-
NP was washed with DNase-RNase-free water to eliminate excess EDC/NHS from the —
COOH-activated ABR-NP. The aptamer suspension, with a concentration of 0.5 mg/mL, was
denatured and then renatured by heating it to 85°C for 10 minutes, followed by cooling it in an
ice bath for 10 minutes. The activated ABR-NP dispersion was then combined with the
denatured-renatured aptamer, and the reaction was allowed to proceed for at least 6 hours with
slow rotation (Chakraborty et al. 2020a; Aravind et al., 2012). Finally, the covalently coupled
Apt-ABR-NP was washed with deionized water.
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Figure 5.1: Schematic representation of aptamer conjugation process to the surface of the

polymeric nanoparticles containing ABR

5.4. Drug excipient interaction study using Fourier Transform Infrared Spectroscopy
(FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is a highly valuable analytical technique
commonly employed to investigate drug-excipient interactions in pharmaceutical formulations
(Ewing et al., 2015). The present study utilized Fourier-transform infrared (FTIR) spectroscopy
to analyze the interaction between the drug and the selected excipients. The analysis was
performed on blank nanoparticles (i.e., nanoparticles without any drug), drug (ABR), PLGA,
ABR-loaded-PLGA nanoparticles, and a physical mixture of drug and excipients. The sample
was mixed with high-quality KBr at a 1:100 ratio in each case and then pressed into pellets.
Subsequently, they were analyzed for their spectral response over a range of 4000-600 cm-1
using a Bruker FTIR instrument (Bruker FTIR, Tensor-11, Bruker Optic GmbH, Karlsruhe,
Germany).

5.5. Determination of particle size and zeta potential

In a Dynamic Light Scattering (DLS) study, the size distribution of particles in a solution is
determined by measuring the intensity autocorrelation function of scattered light.
Electrophoretic mobility measurements can also be conducted to calculate the zeta potential.
The hydrodynamic diameter and zeta potential of developed nanoparticles were measured
using the DLS method. For this purpose, approximately 2 mg of ABR-NP and Apt-ABR-NP
were weighed and dispersed in Milli-Q water (Millipore Corp., MA, USA) using a bath
sonicator (Trans-o-sonic, Mumbai, India) for 30 minutes. Finally, the particle size and zeta
potential were analyzed using the Malvern Zetasizer Nano-ZS 90 (Malvern Instruments,

Malvern, U.K.). This analytical technique allows for the accurate determination of the size and
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charge of nanoparticles, making it an essential tool in the field of nanotechnology (Garms et
al., 2021; Gaspar et al., 2018).

5.6. Determination of surface morphology by Field emission scanning electron
microscopy (FESEM), Atomic force microscopy (AFM), and High-resolution
transmission electron microscopy (HR-TEM)

In the realm of nanotechnology, the determination of nanoparticle surface morphology is
crucial to understanding their properties and potential applications. To achieve this, advanced
microscopy techniques such as Field Emission Scanning Electron Microscopy (FESEM),
Atomic Force Microscopy (AFM), and High-Resolution Transmission Electron Microscopy
(HR-TEM) are employed. In this study, lyophilized nanoparticles were subjected to field
emission scanning electron microscopy (FESEM) after being coated with a thin layer of gold.
The particle morphology of hydrated nanoparticles was analyzed using AFM in Milli-Q water.
To remove any pre-existing large aggregates, the nanoparticles were passed through 0.22-
micron filters. The filtered dispersion was then applied to a cleaved mica sheet and air-dried.
The high-resolution transmission electron microscope (HR-TEM) was used to investigate the
internal morphology of the nanoparticles and drug distribution. For this purpose, a nanoparticle
suspension in Milli-Q water was allowed to air dry on a standard carbon-coated copper grid
(mesh) for 5-6 hours. Subsequently, image analysis was performed using a high-resolution
Transmission Electron Microscope (JEOL HR, Tokyo, Japan). The findings of this study
contribute to the understanding of nanoparticle surface morphology and pave the way for
further research in this area.

5.7. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), also referred to as electron spectroscopy for chemical
analysis (ESCA), is a surface-sensitive analytical technique that provides valuable information
about the chemical composition and electronic state of a material's surface (Gajendiran et al.,
2014; Spek et al., 2015). In the present study, XPS was employed to investigate the elemental
composition of ABR-NP and Apt-ABR-NP nanoparticle samples. Prior to examination, the
samples were suspended in double distilled water, transferred to a clean Silicon substrate, and
subjected to vacuum-drying. The KratosAxis X-ray photoelectron spectrometer (Shimadzu,
Japan) equipped with a monochromatic Al K Alpha source was utilized to obtain the spectral
data, with a passage of energy of 200 eV. The elemental composition was calculated, and curve

fitting was carried out using the Spectral Data Processor v4.3 software. The results of this study
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provide novel insights into the chemical composition of the nanoparticle samples and could

have significant implications for future research in this field.
5.8. Analysis of aptamer-PSMA interactions by molecular docking

Molecular docking is a widely used computational modeling technique in structural
bioinformatics and drug discovery to understand the molecular basis of protein-ligand
interactions. In the present study, we aimed to analyze the interaction between an aptamer
molecule and the prostate-specific membrane antigen (PSMA) protein using molecular

docking.

To perform the molecular docking analysis, we selected the PSMA protein as the receptor to
which the aptamer molecule specifically binds in silico. The crystal structure of PSMA (1Z8L)
was obtained from the RCSB protein data bank, and the DNA aptamer structure was prepared
by adding the 32 bp DNA sequence in Discovery Studio Visualizer 2021 and converting it to
PDB format. Prior to the docking analysis, we prepared the receptor by removing water
molecules and adding polar hydrogen atoms and charges. We also prepared the ligand molecule
using Discovery Studio Visualizer 2021. HDOCK blind docking server was used to further
examine the interactions between the aptamer and PSMA (Yan et al. 2020). The quality of a
predicted protein-nucleotide binding mode was measured by its docking score. The docking
analysis was carried out using the Discovery Studio 2021 client program, and the interactions
were visualized through Biovia Discovery Studio 2021. The present study provides insights
into the molecular interactions between the aptamer and PSMA protein, which could pave the

way for the development of new therapeutic agents targeting PSMA.
5.9. Percentage of drug loading and encapsulation efficiency

The percentage of drug loading and encapsulation efficiency are fundamental parameters in
drug delivery systems. They are crucial in determining the effectiveness of the encapsulation
process and the quantity of drug that has been successfully loaded into the nanoparticles
(Kumari et al., 2023). To determine drug loading, ABR-NP (2 mg) and blank nanoparticles (2
mg) were weighed into a centrifuge tube. Then, 2 mL of acetonitrile:dichloromethane (2:1)
solvent combination was added to each tube. The nanoparticles-containing tubes were
incubated in an incubator shaker for 4 hours at 37°C. After that, the mixture was sonicated for
30 minutes, and the continuous phase was separated by centrifugation at a speed of 16000 rpm
using a cold centrifuge (Hermle refrigerated centrifuge, Siemensstr, Wehingen, Germany).
Finally, UV spectrophotometric analysis was performed at 254 nm to determine the drug

65



CHAPTER 5: METHODOLOGY

release after collecting the supernatants from the ABR-NP/blank nanoparticle solutions. The
UV absorbance of the supernatant from blank nanoparticles was subtracted from the ABR-NP
nanoparticles to obtain the absorbance for ABR only. Equations 1, 2 and 3 were utilized to
compute the percentage of drug loading and entrapment efficiency.

Amount of drug

. . o) —
Theoretical drug loading (%) Amount of drug+ Excipionts 00 .ooviiii (1)
. Amount of drug in nanoparticles
0% =
Drug loading (actual)% Amount of nanoparticles obtained 00 .o )
. Drug loadi INC
Entrapment efficiency (%) = rug loading (actual) (%) 100 .......... 3)

Amount of drug loading (theoretical) (%)
5.10. Stability of the nanoparticles

The stability of nanoparticles was thoroughly examined in accordance with the ICH guidelines
to ensure their safety and efficacy. The International Conference on Harmonization (ICH,
2003) requirements were followed, wherein fixed amounts of ABR-NP and Apt-ABR-NP were
weighed and stored under specific conditions. These conditions included storage in a
refrigerator at a temperature range of 4-8°C, zone 11l at a temperature of 30°C and 75% relative
humidity, and at 40°C and 75% relative humidity for 45 and 90 days, respectively, in a stability
chamber. This was done to evaluate the nanoparticles' stability under different storage
conditions. After 45 and 90 days, samples were taken for FESEM imaging and drug assay to
assess whether any changes occurred in the formulations during the storage period. The
FESEM imaging was done to observe any morphological changes in the nanoparticles, while
the drug assay was done to quantify the amount of drug present in the formulations. This
detailed examination was conducted to ensure the safety, efficacy, and stability of the

nanoparticles (Kumari et al., 2023).
5.11. Hydrolytic stability study

A study was conducted to assess the hydrolytic stability of nanoparticles in aqueous
environments. The focus was on their susceptibility to hydrolysis, which occurs when
compounds react with water molecules and break down. This research is essential for
understanding the long-term behavior and potential applications of nanoparticles in fields like

medicine, environmental science, and materials science.

To evaluate the hydrolytic degradation of Apt-ABR-NP, 10 mg of nanoparticles were taken
separately in 2 ml of buffer with varying pH levels (3.0, 5.0, 7.4, and 10.0). The study used
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citrate buffer with a pH of 3, acetate buffer with a pH of 5, phosphate buffer saline with a pH
of 7.4, and bicarbonate buffer with a pH of 10. The solutions were stored at a constant
temperature of 37£2°C in an incubator with gentle shaking. After 7, 14, 21, and 28 days, the
samples were removed from the incubator and centrifuged. The precipitate was rinsed twice
with double distilled water, dried, and weighed to measure the mass of the nanoparticles (Ehsan
etal., 2022). The initial weight of the nanoparticles was then compared with that of the obtained
nanoparticles after drying. The weight change was calculated according to the following

formula-

Weight change (%) :% x 100
0
Woand W, represent the initial and weight at time t, respectively.
5.12. In vitro drug release study

An in vitro drug release study is a crucial step in understanding how drugs are released from
nanoparticles in simulated physiological conditions in a lab setting. This assessment is essential
for optimizing drug delivery systems by determining the controlled release behavior of drug-

loaded nanoparticles.

In the experiment, the pre-weighed freeze-dried ABR-NP (1 mg/ml, 2 ml) was resuspended in
different buffers at 37°C with slow agitation (60 shaking/minute) in an incubator shaker. The
buffers used were phosphate-buffered saline (PBS) (pH 7.4), 1% B-hydroxy cyclodextrin
containing PBS (pH 7.4), citrate buffer (pH 3), acetate buffer (pH 5), and bicarbonate buffer
(pH 10). After centrifugation (at 16,000 rpm for 10 minutes in a cold centrifuge), the
supernatant was collected, and the pellet was resuspended with fresh buffer. At different
intervals, ranging from 30 minutes to 28 days, the supernatants were collected, and the volume
removed was replaced with 2 mL of fresh buffer each time. The bottom pellets were
resuspended using a vortexing technique, and the samples were placed back in the incubator
shaker until the next sampling. To determine the drug concentration in the collected samples,

a UV-VIS spectrophotometric analysis was conducted at 254 nm (Kumari et al., 2023).
5.13. In vitro cellular uptake analysis by flow cytometry (FACS) and confocal microscopy

Cellular uptake analysis is a widely used method to evaluate the internalization of molecules
or particles by cells. Flow cytometry (FACS) and confocal microscopy are two commonly
employed techniques for this purpose (Lee et al., 2015; Kennedy et al., 2018). FACS is a

quantitative technique that provides information about the overall uptake levels in a cell

67



CHAPTER 5: METHODOLOGY

population, while confocal microscopy is a qualitative technique that offers detailed spatial
information about the distribution of the substance within individual cells. Both techniques are
valuable tools for studying cellular uptake processes and are often used in combination to

obtain complementary information.

To quantitatively analyze the uptake of nanoparticles (ABR-NP and Apt-ABR-NP) using
FACS, they were loaded with tetramethylindo(di)-carbocyanine (Cy5) in ABR-NP (Cy5-ABR-
NP). The comparative cellular uptake of these nanoparticles in LNCaP, 22Rv1, and PC3 cells
was measured. Specifically, LNCaP and PC3 cells were seeded in 60 mm cell culture dishes at
adensity of 1.5 x 10° per plate and incubated overnight in a humidified incubator at 37°C under
a 5% COz environment (Wang et al. 2013). The following day, the cells were treated with Cy5-
containing formulations (ABR-NP/Apt-ABR-NP) for different time periods (6 h and 12 h),
except for the control group, where the cells received no treatment. After treatment, the cells
were washed with PBS (pH 7.4) and dispersed in PBS (pH 7.4) in light-protected tubes. Flow
cytometry was performed using the Cy5 filter (Excitation/Emission 651 nm/670 nm) on a BD
LSR Fortessa (B.D. Biosciences).

Confocal laser microscopy was employed to interpret Cy5-loaded Apt-ABR-NP uptake in
LNCaP and PC3 cells (Fan et al. 2015). However, this study was not performed for 22Rv1
cells. PC3 and LNCaP cells were seeded separately on different coverslips at a density of 1.0
x 10* cells per coverslip and placed inside a 35 mm cell culture dish with adequate media (1
mL). The cells were incubated overnight at 37°C and then treated with Cy5-loaded Apt-ABR-
NP for 6 h and 12 h. After treatment, the cells were washed with PBS, fixed using 70% ethanol,
counter-stained with DAPI, and mounted on a slide using Prolong Diamond anti-fade-mount.
The slides were then scanned under a confocal laser microscope (ZEISS LSM 900, Carl Zeiss,
Oberkochen, Germany) simultaneously using dual filters, Cy5 (Excitation/Emission 651
nm/670 nm) and DAPI (Excitation/Emission 359 nm/461 nm). Images were collected from
individual channels and merged using Image J or ZEN 2012 SP2 software (ZEISS, Germany).

5.14. In vitro cell cytotoxicity assay

The MTT assay is a commonly used colorimetric test for determining cell viability and
cytotoxicity. This test measures the metabolic activity of cells and is often employed to evaluate

the potential toxic effects of nanoparticles on cells.

To conduct this assay, 1.5 x 10* cells were seeded onto each well of a 96-well plate and allowed
to incubate overnight at 37°C and 5% CO.. The cells were then treated with varying
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concentrations of ABR, ABR-NP, and Apt-ABR-NP formulations, all containing the same
amount of drug, for 48 hours. A parallel control series was maintained without any drug
treatment. Once the treatment period was complete, the treatment solutions were removed, and
MTT solution (1 mg/ml) was added to the cells in the dark for 2 hours. Afterwards, the MTT
solution was removed, and tissue culture grade DMSO was added to dissolve the formazan
crystals formed during the MTT reaction. The 96-well plate was gently swirled to ensure
uniform dissolution of the crystals, and the optical density was measured at 540 nm using an
ELISA reader (Bio-Rad, CA, USA). Cell viability (%) was calculated by comparing the
absorbance values of treated cells with untreated cells. 1Cso values were determined by
preparing a % cell viability vs concentration plot using Graph Pad Prism software (version 5.0,
Graph Pad Prism Inc., USA) and applying the graphical method (Afshari et al., 2013; Azandeh
etal., 2017).

5.15. Apoptosis assay

Apoptosis is a crucial biological mechanism that helps to maintain tissue balance and control
cell populations in multicellular organisms. This process plays important role in various
physiological processes, including embryonic development, tissue remodeling, and immune

response.

To evaluate the induction of apoptosis, a study was conducted using ABR, ABR-NP, and Apt-
ABR-NP on 22Rv1 and LNCaP cells with the Annexin V-FITC and propidium iodide (P.1.)
dual staining method (Dutta et al. 2018a; Hazra et al. 2021). First, 1.5x106 LNCaP cells were
placed in 60mm dishes and incubated overnight with RPMI 1640 media. The following day,
the cells were treated with ABR, ABR-NP, and Apt-ABR-NP at their respective 1Cso
concentrations in an incomplete medium (without serum) for 24 and 48 hours. Two control sets
were maintained in parallel for each time point with media alone to provide the unstained and
control group (P.I. alone). After the treatment, the cells were collected through trypsinization,
counted to 10° in 100 pl binding buffer, and incubated with annexin V-FITC (5 pl) for 15 min
in the dark. Finally, the cells were diluted to 500 pl, and 5 pl of propidium iodide was added to
each tube except for the unstained group. The cells were analyzed using a FACS instrument
(BD Accuri C6, BD Bioscience, San Diego, CA) with the channels of FITC (B530-A) and
propidium iodide (YG586-A). The data were plotted in a four-quadrant plot to differentiate
live, early apoptotic, late apoptotic, and necrotic cells. The Apt-ABR-NP showed the most

cytotoxicity, maximum cellular uptake, and maximum apoptosis induction in LNCaP cells
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among the experimental nanoparticles. Therefore, further studies were conducted using this

formulation in LNCaP cells only.
5.16. Mitochondrial membrane depolarization analysis using JC-1

The technique of measuring changes in mitochondrial membrane potential via mitochondrial
membrane depolarization analysis is a widely used method to assess cellular health and
function. Apoptosis, a programmed form of cell death, is characterized by a decrease in
mitochondrial membrane potential. The initial stage of apoptosis is marked by a depolarized
mitochondrial membrane, which is detected by a change in the trans-mitochondrial membrane
potential difference. This change can be measured by using JC-1, a cationic dye that
accumulates in normal mitochondria to form J-aggregates, emitting red fluorescence (~590
nm). However, in depolarized mitochondria, JC-1 accumulates less and predominantly remains
in the cytosol in a monomeric form, emitting green fluorescence (~529 nm). Consequently,
mitochondrial membrane depolarization can be monitored by measuring an increase in green

fluorescence or the green/red fluorescence intensity ratio.

To evaluate fluorescence emission after JC-1 staining, a standard protocol was followed (Dutta
et al., 2018; Melo et al., 2009). Specifically, LNCaP cells were seeded in 60 mm dishes at a
density of 1 x 10° cells/dish and incubated overnight in a humidified incubator. Subsequently,
the cells were treated with ABR, ABR-NP, and Apt-ABR-NP for 24 h and 48 h. Following
treatment, the cells were removed from the dishes and incubated with 10 pL of 200 uM JC-1
in 1 ml complete media for 10 min at 37 °C under dark conditions. The media was removed by
centrifugation, and the cells were resuspended in PBS, pH 7.4, and analyzed in a FACS

instrument.
5.17. Clonogenic assay for the prostate cancer cell line

The in vitro cell colony formation assay was performed to assess the clonogenic potential of a
single cell after exposure to free drug and experimental formulations in comparison to an
untreated control group. LNCaP cells were seeded in 12-well plates (750 cells/well) and
allowed to grow overnight. The following day, fresh complete media was introduced, and the
cells were treated with ABR, ABR-NP, or Apt-ABR-NP while the control group remained
untreated. The media and treatments were changed every three days, and the experiment was
terminated after a period of 12-14 days, depending on the colony numbers in the control well.
When the colony confluency in the control well reached the optimal level, the media and
treatment suspensions were removed, and the cells were washed with PBS. Next, 1 ml of 10%
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acetic acid (in methanol) was added to fix the colonies, which were stained with a crystal violet
solution (0.5% crystal violet in 25% methanol-water) and shaken for 15 minutes. The crystal
violet solution was removed, and the cells were washed with PBS thrice. The plates were air-
dried overnight, and optical microscope images were captured. After imaging, the plates were
shaken with 10% acetic acid solution for 15 minutes to dissolve all the colonies, and the
absorbance was measured at 510 nm using a plate reader with the supernatant (Papachristou et
al. 2021).

5.18. In vivo animal studies

The Swiss albino mice used in this study were procured from the esteemed National Institution
of Nutrition (NIN) in Hyderabad, India. It is pertinent to note that all in vivo experimental
procedures involving the animals were subjected to rigorous ethical scrutiny and were
approved by the Jadavpur University Animal Ethics Committee (JU-AEC) under protocol
approval number AEC/PHARM/1704/04/2020, in accordance with the norms prescribed by the
Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA),
Govt. of India. (Jadavpur University Registration Number in CPCSEA:
1805/G.0./Re/S/15/CPCSEA). The guidelines of CPCSEA were meticulously followed in all
animal experiments to ensure the highest standards of animal welfare and ethical conduct.

5.19. Pharmacokinetic study

A pharmacokinetic study is a vital component of drug development that elucidates the
processes by which a substance is absorbed, distributed, metabolized, and excreted within a
biological system. These investigations are crucial in establishing optimal dosage regimens,
evaluating potential drug interactions, and assessing the overall safety and efficacy profile of a

medication.

In the present study, the pharmacokinetics of ABR and its nanoformulations were evaluated in
Swiss albino mice weighing an average of 25 g (Dutta et al. 2019). Thirty-six mice were
allocated to each group, with the first group receiving ABR at a dose of 400 pg/kg body weight,
the second group receiving ABR-NP, and the third group receiving Apt-ABR-NP. In the case
of the formulations, an equivalent dose to the free ABR dose was administered through the
formulations. Group | mice were administered the free drug (ABR) suspension in water for
injection via intraperitoneal injection, while the formulations were directly dispersed in water
for injection and injected intraperitoneally in animals of Groups Il and 111, respectively. Blood
samples were collected from three animals at each time point (2, 10, 15, 20, 30, 60, 90, 120,
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240, 360, 480, 720 min) in heparin-coated tubes. The samples were centrifuged (10,000 x g for
10 min at 4°C) to separate the plasma (200 pl each). A volume of 500 pl of ethanol was added
to each plasma sample and mixed well with a vortex mixer to dissolve the drug content. The
samples were then subjected to further centrifugation, and the clear supernatant was analyzed
using an LC-MS instrument (Agilent 6545 Q-TOF LC/MS system). The data was analyzed
through MassLynx 4.1 software and quantified by comparing it with a calibration curve of
ABR prepared. Thereafter, the plasma concentration vs time plot was generated using
GraphPad Prism 5.0, and the pharmacokinetic parameters (AUC, Cmax, Tmax, tie, MRT, Vg,

CL) were calculated.
5.20. Hemolysis study

A hemolysis study is a fundamental process that involves investigating the rupture or
destruction of red blood cells and the release of their contents into the surrounding fluid.
Hemolysis can occur due to various reasons, including physical trauma, chemical exposure, or
underlying medical conditions. In biomedical applications where nanoparticles might come
into contact with blood, investigating the potential for nanoparticles to induce hemolysis is of

paramount importance.

In this study, blood samples were collected from male Swiss albino mice and placed in
heparinized tubes. The tubes were then centrifuged at 4°C for 5 minutes at 1000 g, and the
supernatant was removed. The erythrocytes were washed three times in PBS (pH 7.4) before
being used to create a 2% suspension employed in the hemolysis study. To determine the
hemolytic activity of nanoparticles, 190 pl of the suspension was placed in each well of a 96-
well plate. A volume of 10 pl of ABR/ABR-NP/Apt-ABR-NP was added to each well, with an
increasing concentration of ABR ranging from 10 to 100 uM. The negative control was normal
saline (0% lysis), while the positive control was distilled water (100% lysis). Following
incubation at 37°C for 1 hour with gentle stirring, the unlysed erythrocytes were separated by
centrifugation at 10,000 g for 5 minutes. The supernatant's optical density (O.D.) was
determined at 570 nm. The percent lysis was measured by comparing the O.D. value to that of
the supernatant (positive control) where full lysis occurred. The tests were repeated three times,

and the results were averaged to ensure accuracy (Ehsan et al., 2022; Thasneem et al., 2011).
5.21. Biodistribution study and gamma scintigraphy imaging

Biodistribution studies and gamma scintigraphy imaging have emerged as promising
techniques for improving the diagnosis and treatment of prostate cancer using radiolabeled
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nanoparticles. In a Swiss albino prostate-cancer mice model, in vivo biodistribution of ABR-
NP and Apt-ABR-NP was studied utilizing technetium-99m (Dutta et al. 2019) radiolabeled
nanoparticles. The nanoparticles were labeled with ®™Tc by using an acidic solution of
stannous chloride (SnCl.) as a reducing agent to synthesize *™Tc-labeled nanoparticles (**"Tc-
ABR-NP and *MTc-Apt-ABR-NP).

The mice were hydrated intraperitoneally with normal saline and anesthetized with diethyl
ether. Subsequently, radiolabeled nanoparticles containing 3.7 MBq radioactivity were
administered intravenously. Biodistribution and gamma scintigraphy imaging was performed
using 99mTc labeled nanoparticles. Due to the short half-life of 99mTc (6 h) (Ramdhani et al.
2023), the study was conducted using the intravenous route to avoid erroneous data due to the
loss of radioactivity of 99mTc, in order to obtain the most optimal level of biodistribution and
the localization of radio labeled Apt-ABR-NP. In the case of the pharmacokinetic and
anticancer efficacy study, since no 99mTc material was involved, it was administered to

animals by the intended intraperitoneal route.

For the biodistribution study, the animals were sacrificed after 1 h, 2 h, and 5 h of post-injection
through cervical dislocation. Different organs (liver, kidney, stomach, intestine, heart, lungs,
and prostate) and body fluids (blood and urine) were collected in scintillation counting tubes,
and radioactivities present in them were measured in a gamma-scintillation counter (ECIL,
Hyderabad, India). The results were expressed as a percentage of injected dose (% I1.D.)

accumulated in the organs and as % I.D. per gram (wet weight) in the case of blood.

In another experiment, scintigraphy imaging was performed in live anesthetized animals at 1
h, 2 h, and 5 h post-injection of radiolabeled nanoparticles under a gamma-scintigraphy camera
(GE Infinia) in a head-supine anterior position under static conditions. The images were
analyzed using GE Infinia y Camera facilitated along with Xeleris Work Station, Milwaukee,

WI, USA (Dhara et al. 2023).

5.22. Development of prostate cancer in mice, treatment undergone, and

histopathological assessment

In this study, adult male Swiss albino mice were utilized to establish prostate cancer-bearing
mice, as previously reported (Nahata and Dixit 2012). Healthy male mice weighing 25-30 g
were procured from the National Institute of Nutrition (Hyderabad, India). The mice were
housed in polypropylene cages under controlled conditions, with a temperature of 25°C + 1°C,
a relative humidity of 55% + 5%, and a 12-hour day/night photoperiod. The animals were
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allowed to acclimate to their surroundings for two weeks before any experiments were

conducted.

The mice were subjected to subcutaneous injections of testosterone propionate (40 mg/kg)
twice a week for 12 weeks. Furthermore, N-nitroso-N-methyl urea (4 mg/kg) was administered
once a week via intraperitoneal injection as a cancer promoter for the first four weeks of
testosterone treatment (Schleicher et al. 1996). The development of prostate cancer was
confirmed after 12 weeks of testosterone propionate treatment through histopathological
examination of the prostate tissue. Throughout the study period, a normal control group was

maintained that received normal saline treatment only (the 'Normal' group, Group A).

The animals diagnosed with prostate cancer were separated into four distinct groups. The first
group, known as the 'Cancer’ control group (Group B), received only normal saline. The second
group, known as the 'ABR’ group (Group C), was given a free abiraterone acetate suspension.
The third group, known as the 'ABR-NP' group (Group D), received ABR-NP. Finally, the
fourth group, known as the 'Apt-ABR-NP' group (Group E), was given Apt-ABR-NP. Each
group consisted of a minimum of five animals. For the 'ABR," '"ABR-NP," and 'Apt-ABR-NP"
groups, 100 mg/kg of ABR or equivalent was maintained through intraperitoneal injection three
times per week for eight weeks. An additional group of normal mice received the same Apt-
ABR-NP treatment as the carcinogen-treated Apt-ABR-NP group of animals (Group F) to
evaluate the formulation's impact on normal animals. The 'Normal' and 'Cancer control' groups
received only saline throughout the eight-week treatment period. After eight weeks of treatment
with ABR, ABR-NP, or Apt-ABR-NP, all animals were sacrificed, and their prostates were
isolated, fixed with 4% formalin, embedded in paraffin blocks, sectioned into thin slices (5 um
thickness), and stained with hematoxylin and eosin (H&E) for microscopic observation (Chen
et al., 2020).

The study employed Ki67-immunostaining on the ‘'Normal control’, ‘Cancer control’, 'ABR-
NP', and 'Apt-ABR-NP' groups using a similar approach. Notably, histopathological changes
were observed in the prostates of the 'Cancer’, '"ABR-NP’, and 'Apt-ABR-NP’' groups compared
to the 'Normal' group under an optical microscope at 10x and 40x magnifications. H&E stained
sections were utilized for the estimation of Gleason score, lymphovascular invasion, and
perineural invasion (Tétaru et al. 2021). Further, the Gleason grading system was applied to
establish distinct patterns of tumor tissues, with scores assigned to represent their stages

(Pierorazio et al. 2013). ImageJ software (version 1.53k) was utilized to analyze Ki67-stained
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sections and measure Ki67-positive cells. Based on the observed results, areas with 3% or fewer
Ki67+ cells were considered negative, while 3-25% Ki67+ cells were considered grade 1 (1+
or low grade), 26-50% Ki67+ cells were considered grade 2 (2+ or intermediate grade), 51-
75% Ki67+ cells were considered grade 3 (3+ high grade), and areas with 76-100% Ki67+ cells
were considered grade 4 (4+ or very high/ worse grade) (Madani et al. 2011). For statistical

analysis, a minimum of 10-12 images were captured for each slide.
5.23. Efficacy of aptamer-conjugated nanoparticles on LNCaP tumor spheroids

LNCaP tumor spheroids are three-dimensional cell culture models that comprise LNCaP cells,
a widely used human prostate cancer cell line. These spheroids are created by allowing the cells
to grow and aggregate in a controlled environment, typically within a gel-like matrix such as
Matrigel or agarose. These models are extensively utilized in cancer research to investigate
tumor biology, drug screening, and mechanisms of drug resistance. They provide valuable
insights into tumor growth dynamics, invasion, metastasis, and response to various treatments,

which ultimately aid in the development of more effective cancer therapies.

To generate the spheroids, a single cell suspension of LNCaP cells was seeded in ultra-low
attachment plates in serum-free media (DMEM/F12) with additional supplements such as 20%
methylcellulose (Sigma), B27 (1:50, Invitrogen), 10 ng/ml bFGF (Invitrogen), 4 pg/ml insulin
(Sigma), and 20 ng/ml epidermal growth factor (EGF) (Peprotech). The spheroids were formed
by allowing seven days for cell seeding. After the formation of the spheroids, one group was
the untreated control group, and the other group was treated with Cy5-loaded Apt-ABR-NP for
three consecutive days at its 1Cso value. For each dose, the media was replaced with fresh
media. Upon completion of the treatment period, the spheroids were washed with ice-cold PBS
(pH 7.4), and photographs were captured using a confocal laser microscope (Sen et al., 2023;
Wolff et al., 2022).

5.24. Hematological Evaluations

Hematological evaluations are vital for the diagnosis of various blood-related diseases and
conditions. These evaluations involve the analysis of different blood components and

properties and are typically performed in a clinical laboratory setting.

In this study, a complete blood count (CBC) profile was obtained for mice in different
experimental groups. Blood samples were collected through cardiac puncture and

cardiocentesis, and the standard method (Weatherby et al. 2004) was used to analyze the total
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count of red blood cells (RBC), hemoglobin, hematocrit, total count of white blood cells
(WBC), lymphocytes, monocytes, neutrophils, eosinophils, platelets, and PSMA. C-reactive
protein (CRP) was evaluated using commercially available bioassay kits (Weldon Biotech
India Pvt. Ltd., New Delhi, India).

It is worth noting that hematological evaluations are crucial for the accurate diagnosis of
various diseases and conditions related to the blood, and the findings of this study will

contribute to the body of knowledge in this field.
5.25. Estimation of serum-specific toxicity markers

The determination of serum-specific toxicity markers is a critical aspect of assessing toxicity
or damage to specific organs or systems in the body. Serum biomarkers can help evaluate the

extent of injury or dysfunction and guide medical management.

In the context of nanotechnology research, the presence of systemic toxicity in mice treated
with nanoparticles was evaluated through serum biomarkers for hepatic and renal toxicity. The
blood of each sacrificed animal was collected, and serum was extracted by centrifugation. To
assess hepatic toxicity, serum levels of AST (aspartate aminotransferase), ALT (alanine
transaminase), and alkaline phosphatase (ALP) were determined using commercially available
bioassay kits (Coral Clinical Systems, Goa, India), following manufacturer protocols. For
nephrotoxicity, creatinine and blood urea nitrogen (BUN) were estimated using AutoZyme
Creatinine kit (Accurex, Mumbai, India) and AutoZyme BUN kit (Accurex, Mumbai, India),
respectively, in a UV-Visible spectrophotometer (Intech-295, Advanced Microprocessor UV—
Vis Single Beam) as per the manufacturer's instructions (Mudavath et al., 2014; Pandian et al.,
2014).

5.26. Statistical analysis

All experiments were performed in triplicate, and the resulting data was represented as the
mean value accompanied by its standard deviation. Various statistical tests were employed to
analyze the data, including Student's t-test, Dunnett's test, one-way ANOVA with Tukey's post
hoc test, and two-way ANOVA with Bonferroni's post-test. The images, graphical, and bar
diagrammatic representations were produced using sophisticated software such as Origin 2021,
GraphPad Prism software (version 5, GraphPad Prism software Inc, San Diego, CA, USA),
Gimp 2.10.30, ImageJ, AutoDock 4.2, and BIOVIA Discovery Studio Visualizer. The

probability value is indicated as p, where p< 0.05 was considered statistically significant.
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6. Results and discussion
6.1. The UV absorption spectrum of Abiraterone acetate (ABR)

The maximum wavelength (Amax) Of Abiraterone acetate (ABR) was determined by using two
different solvent systems. In the first case, the drug absorbance maxima in acetonitrile-
dichloromethane (3:1) mixture (3:1 v/v) was found to be 253 nm utilizing UV-Vis
spectrophotometer with UV Professional VV1.39.0 Software (Figure 6.1). In the other solvent
system, i.e. ethanol-PBS (pH 7.4) mixture (1:3), the absorbance spectrum showed the

maximum absorbance peak of ABR at 253 nm (Figure 6.2).
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Figure 6.1: The UV absorption maxima of ABR in acetonitrile: dichloromethane (3:1)

showing Amax at 253.0 nm.
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Figure 6.2: The UV absorption maxima of ABR in ethanol: PBS (pH 7.4) mixture (1:3)
showing Amax at 253.0 nm.

6.2. The calibration curves of ABR

The calibration curve of ABR was prepared using ethanol: PBS (pH 7.4) mixture (1:3) to study
the in vitro drug release and drug loading determination of the developed nanoparticles. The
absorbance values at 5pg/ml, 10ug/ml, 15ug/ml, 20ug/ml, 25ug/ml and 30ug/ml drug
concentrations were recorded at 253 nm. A high regression coefficient (R?=0.999) was
achieved, which suggests that the absorbance and concentrations of the drug were linearly
related to each other, and it followed Beer—Lambert law. The calibration curve of ABR is

depicted in Figure 6.3.
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Figure 6.3: Calibration curve of ABR in ethanol: PBS (pH 7.4)

6.3. Drug-excipient interaction by FTIR analysis

Fourier Transform Infrared (FTIR) spectroscopy is a widely used technique to investigate the
chemical interactions between the drug molecule and the excipients (Song et al., 2020; Chadha
et al., 2014). In this study, FTIR analysis was performed to detect any chemical interactions
between the drug molecule and the excipients. The results demonstrate that PLGA exhibited
peaks at 3650 cm™, 2935 cm™, and 1735 cm™* for the O-H stretching, asymmetric stretching of
-CHz2, and C=0 stretching band of the carboxylic acid group, respectively. Similarly, ABR
showed characteristic peaks at 3440 cm™, 2940 cm™, 1735 cm, 1440 cm, 1370 cm?, and
1245 cm? for intermolecular bonded O-H stretching vibrations, C-H stretching, C=0
stretching, CHs bending vibration of the acetate group, CHs bending vibration of the methyl

groups, and C-O-C stretching vibration of the acetate group, respectively.

Additionally, FTIR spectra of PVA showed peaks at 3420 cm™ for intermolecular bonded O-
H stretching vibrations, 2925 cm™ for asymmetric stretching of -CHz, and 1740 cm™ due to
water absorption. Furthermore, blank (without drug) nanoparticles (BL-NP) exhibited the
presence of all characteristic peaks of the polymer PLGA. Similarly, ABR-NP showed IR peaks
at 3490 cm™ due to intermolecular bonded O-H stretching vibrations, 2950 cm™ for C-H
stretching, 1760 cm™ for C=0 stretching, 1380 cm™ for C-H bending, and 1200 cm™ for C-O

stretching due to ester group.
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Moreover, Apt-ABR-NP exhibited almost similar peaks with an additional peak at 1650 cm™
for C=0 stretching due to the amide group. The presence of peaks at 1650 cm™ for Apt-ABR-
NP indicated that the aptamer was binding to the ABR-NPs through amide bond formation.
The FTIR study (Figure 6.4) suggests that there was no chemical interaction between the ABR
and the excipient used, except the aptamer in this study. However, slight shifts in the peak were
responsible for the physical interactions that could provide the structure of the formulation.
The shift of vibration signals indicated the presence of physical interactions between the
compounds for the nanoparticles that might help develop a spherical nanostructure (Dhara et
al., 2023).

95
3498 2950

Apt-ABR-NP

1760

3490 2950

ABR-NP

1740

Transmittance (a.u)

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)

Figure 6.4: FTIR spectra of different excipients, drug, and formulations. FTIR spectra of
PLGA, Abiraterone acetate (ABR), physical Mixture of excipients (PM), blank nanoparticles
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(BL-NP), PLGA nanoparticles containing Abiraterone acetate (ABR-NP), and aptamer-
conjugated PLGA nanoparticles (Apt-ABR-NP)

6.4. X-ray photoelectron spectroscopy (XPS)

High-resolution X-ray photoelectron spectroscopy (XPS) was employed to identify the
chemical elements and surface chemistry of nanoparticles. The technique provided qualitative
and quantitative information on various elements present on the particle surface and determined
the chemical composition of the uppermost layer of the polymer surface (Ghobeira et al., 2022;
Giglio et al., 2014). The XPS spectrum of ABR-NP revealed an O1s peak at 533 eV and a C1s
peak at 287 eV, confirming the presence of oxygen and carbon elements, respectively, in the
PLGA polymer matrix. A minor peak of N1s was also observed at 399 eV. XPS spectra of Apt-
ABR-NP nanoparticles displayed distinct peaks for oxygen and carbon at 533 and 287 eV,
respectively (Figure 6.5A). A magnified image of the nitrogen region illustrated a significant
signal at 399 eV, indicating the presence of a large number of nitrogen atoms in the DNA

aptamer.

The XPS spectrum of PLGA nanoparticles displayed peaks O1s and C1s located at almost the
same binding energy as aptamer-labeled PLGA nanoparticles and PLGA nanoparticles.
Following the chemical reaction of the PLGA nanoparticles with the aptamer, an amide bond
(CO-NH) was formed, which detected a significant N1s peak at a binding energy of 408 eV.
The higher the polarity of covalent bonds, the higher the bond energy. A CO-NH bond was
formed here by the conjugation of the aptamer and PLGA-COOH. XPS confirmed the presence
of nitrogen in the PLGA-aptamer nanoparticles (Apt-ABR-NP), which observed a higher
intensity, indicating that the aptamer was successfully conjugated to the PLGA surface (Figure
6.5B).

In contrast, only the nitrogen element of the drug molecule, abiraterone acetate, was present in
ABR-NP, resulting in a very small N1s peak (Figure 6.5C). This indicates the presence of ABR
on the particle surface due to its homogeneous distribution, which was later supported by the
findings of high-resolution transmission electron microscopy (HR-TEM). Conjugation of the
aptamer to the surface of ABR-NP was successfully confirmed by the XPS plots of the ABR-
NP and Apt-ABR-NP. The enlarged plot of aptamer-tagged nanoparticles clearly showed the
higher intensity of the nitrogen peak for the abundant presence of the nitrogen atom in the DNA
aptamer (Wang et al. 2013).
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Figure 6.5: Aptamer conjugation assessed by X-ray photoelectron spectroscopy study, and
agarose gel electrophoresis. (A) XPS graph for combined ABR-NP and Apt-ABR-NP, (B) XPS
graph for enlarged N1s peak of Apt-ABR-NP, (C) XPS graph for enlarged N1s peak of ABR-
NP, (D) Aptamer conjugation to ABR-NP using agarose gel electrophoresis.

6.5. Aptamer conjugation on the surface of nanoparticles through agarose gel

electrophoresis

An agarose gel electrophoresis assay was employed to confirm the successful conjugation of
the PSMA-specific DNA aptamer onto the surface of the nanoparticle. As demonstrated in
Figure 6.5D, the 32 base-pair aptamer migrated through the gel and aligned parallel to the
conventional DNA ladder of the 50bp marker. The aptamer-coupled nanoparticles (Apt-ABR-
NP) were confined to the loading well and were readily identifiable through fluorescence.
Conversely, the unconjugated nanoparticles (ABR-NP) did not exhibit any discernible band in
the well due to the absence of a DNA strand. Notably, the image of Apt-ABR-NP evinced the
coexistence of the DNA aptamer and the nanoparticles, thus affirming the effective conjugation
of the aptamer onto the surface of the nanoparticle, which was further supported by Fourier-

transform infrared (FTIR) spectroscopy data (Estévez et al., 2010; Chang et al., 2011).
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6.6. Aptamer-PSMA interactions study by molecular docking

A molecular docking study was performed to evaluate the molecular interactions between the
32 bp DNA aptamer and prostate-specific membrane antigen (PSMA). The results of this study
suggest that the nucleotide bases of the aptamer effectively bind with various amino acid
residues, as shown in Figures 6.6A and 6.6B. Electrostatic interaction was observed between
Lysine 406, ARG181, ARG649, and ARG 649 residues and phosphate groups of thymine
(DT27), adenine (DA2), adenine (DA11), adenine (DA11), respectively. Additionally, several
conventional and carbon-hydrogen bonding, along with some hydrophobic interactions, were
found between aspartic acid (ASP654), lysine (LYS187), lysine (LYS187), arginine (ARG
190), arginine (ARG649), arginine (ARG190), glutamic acid (GLU748), alanine (ALA635)
and methionine (MET663) amino acid residues with adenine (DA2:N3), adenine (DA3:04),
thymine (DT32:02), adenine (DA10:03"), thymine (DT32:02), thymine (S: DT1), guanine
(DG15) and adenine (DA24) nucleotide bases of the aptamer respectively, as shown in Table
1. The docking score was determined to be -330.86, indicating a strong binding affinity
between the ligand and receptor. These findings suggest that aptamer-conjugated nanoparticles
can selectively bind to PSMA found in most prostate cancer tissue surfaces, and the drug
molecules that reach cancer tissues through the targeting method would demonstrate their
efficacy more efficiently. The DNA aptamer-PSMA binding through molecular docking
analysis is also a clear indication of the capabilities of the conjugated nanoparticles to
specifically reach the PSMA-associated prostate cancer microenvironment (Ptacek et al.,
2020).

Table 1: Aptamer-PSMA binding using molecular docking analysis

I

Prostate- 178L APSap4#5 -330.86 Lysine 406, Electrostatic
specific ARG181, interactions,
membrane ARG649, Hydrogen
antigen S-TTT ARG 649, bonding, Pi-
(PSMA) TTA ATT ASP654, sulphur
AAA GCT LYS187,
CGC CAT LYS187,
CAA ATA ARG 190,
GCTTT-3' Arginine
ARG649,
ARG190,
GLU748,
ALAG635 and
MET663
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Figure 6.6: Aptamer-PSMA binding by molecular docking. (A) Aptamer-PSMA (Protein data
bank, PDB: 1Z8L) interactions by hydrogen bonding through molecular docking; (B) Aptamer-
PSMA (PDB: 1Z8L) hydrophobic interactions through molecular docking

6.7. Determination of particle size and zeta potential

The present study employed the dynamic light scattering method to determine the particle size
distribution and zeta potential of the ABR-NP and Apt-ABR-NP. The hydrodynamic diameter
(dH) of ABR-NP/Apt-ABR-NP was found to be 130.6 nm/149.30 nm, respectively, with
aptamer conjugation exhibiting a significant 20% increase in the size of ABR-NP (as
demonstrated in Figure 6.7A). Furthermore, the zeta potential values for ABR-NP and Apt-
ABR-NP were -10.1 mV and -18.5 mV, respectively (as shown in Figure 6.7B). The higher
zeta potential values of Apt-ABR-NP suggest that they can remain suspended in an aqueous
medium for a longer duration. It is noteworthy that nanoparticles with zeta potential values
greater than £30 mV are known to demonstrate a more stable suspension (Champion et al.
2007). Therefore, it is highly recommended that the formulations be stored as a powder that
can be suspended in water before administration to ensure their stability and prolonged shelf-
life.
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Figure 6.7: Determination of particle size and zeta potential of the experimental nanoparticles.
(A) represents particle size distribution of ABR-NP and Apt-ABR-NP (B) represents zeta
potential values of ABR-NP and Apt-ABR-NP.

6.8. In-vitro drug release study

The present study aimed to investigate the in vitro drug release kinetics of Apt-ABR-NP in five
different media, namely phosphate buffer saline (PBS) at pH 7.4, PBS with 1% B-hydroxy
cyclodextrin at pH 7.4, citrate buffer at pH 3, acetate buffer at pH 5, and bicarbonate buffer at
pH 10, over a period of 28 days or 672 hours (Figure 6.8). PBS was selected as the release
medium owing to its ability to mimic the pH of the blood environment. The cumulative
percentage of drug release was determined after 672 hours, with the results revealing that the
percentage of drug released was 73.12%, 81.45%, 92.76%, 92.45%, and 43.30% in phosphate
buffer saline (PBS) at pH 7.4, PBS with 1% B-hydroxy cyclodextrin at pH 7.4, citrate buffer at
pH 3, acetate buffer at pH 5, and bicarbonate buffer at pH 10, respectively. To determine the
drug release kinetics in each of the five media, the zero-order, first-order, Hixson-Crowell,
Korsmeyer-Peppas, and Higuchi kinetic models were tested, and the regression coefficient
values (R?) were tabulated (Table 2). Results indicated that the drug release followed the

Korsmeyer-Peppas model in all five release media, as suggested by the R? values.
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The zero-order drug release kinetic mechanism exhibits a constant rate of drug release
independent of the concentration of the drug loaded into the polymer matrix or the degradation

of the matrix itself.

In contrast, the first-order kinetic mechanism displays a gradual decline in the release rate of
drug molecules depending on the concentration of the drug within the polymer matrix. This
mechanism is influenced by several factors, such as the diffusion of drug molecules through

the polymer matrix, erosion of the polymer, and degradation of the nanoparticles.

On the other hand, the Higuchi kinetics mechanism relies on diffusion-controlled mechanisms
for drug release from PLGA nanoparticles. As the polymer matrix degrades or erodes, drug
molecules diffuse out of the nanoparticles into the surrounding medium. The release rate of the

drug decreases gradually over time, and it is directly proportional to the square root of time.

The Korsmeyer-Peppas model, a widely used drug release model, incorporates both Fickian
diffusion and polymer erosion mechanisms. It characterizes drug release as a function of time
and is particularly relevant when drug release is controlled by a combination of diffusion
through the polymer matrix and erosion of the matrix itself. The release of ABR from the
nanoparticles followed the Korsmeyer-Peppas kinetic model, indicating a diffusion and

erosion-controlled release mechanism (Pattnaik et al. 2012).

Lastly, the Hixson-Crowell model describes drug release from solid dosage forms, such as
nanoparticles. It is a drug release mechanism that involves changes in the surface area or
dimensions of the dosage form over time. This model is particularly applicable to systems
where drug release is predominantly controlled by the dissolution or erosion of the matrix,

leading to changes in the surface area available for drug release.

The in vitro drug release behavior of nanoparticles in PBS with $-hydroxy cyclodextrin media
was found to exhibit a biphasic pattern, consisting of an initial burst release phase followed by
a sustained release phase for a period of four weeks. The release of drug molecules from or in
close proximity to the surface of the nanoparticles and B-hydroxy cyclodextrin complexation
of the drug may have resulted in improved solubility of hydrophobic drug molecules in the

release medium.

The accelerated degradation of the polylactic acid-glycolic acid polymer in citrate buffer (pH
3), in comparison to PBS/PBS with B-hydroxy cyclodextrin, elucidates the faster release of
ABR at pH 3. The acidic environment (pH 3) stimulates the hydrolysis of the PLGA core by
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cleaving ester bonds, thereby culminating in expedited polymer degradation. Conversely, at an
alkaline pH (pH 10), the polymer preserves its non-polar nature owing to the entrapment of
hydroxyl groups on the polymer surface. This constrains particle water absorption and
consequently yields a more stable nanoparticle state in high pH environments. The extent of
hydrolytic degradation ascends from neutral to acidic pH. The expedited release of ABR in an
acidic milieu, when compared to PBS (pH 7.4), exemplifies that ABR is discharged more
rapidly from ABR-NP in an acidic tumor environment rather than in the physiologically neutral
milieu of blood during transportation and distribution (Choi et al. 2015).
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Figure 6.8: In vitro drug release study of the experimental nanoparticles in phosphate buffer
saline (PBS pH-7.4), PBS containing 1% pB-hydroxy-cyclodextrin, acetate buffer (pH 5),
bicarbonate buffer (pH 10) and citrate buffer (pH 3)
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Table 2: Regression coefficient (R?) values of the data of in vitro drug release tested on various

kinetic models

Kinetic models
PBS (pH 7.4)

Zero-order R2 = 0.5495
First order R2=0.678
Higuchi model R?=0.0.7795
Korsmeyer-Peppas R?=0.8782
model n=0.33
Hixson-Crowell
R2=0.6352

model

92

Regression coefficient values

PBS (pH 7.4
with B-CD) buffer (pH 3) buffer (pH 5)

R?=0.5101

R? = 0.6546

R?=0.752

R2=0.9035

n=0.29

R? = 0.6062

Citrate

R?=0.6411

R?=0.8902

R?=0.8748

R2=0.9033

n=0.38

R?=0.8098

Acetate

R? = 0.5495

R? =0.804

R?=0.7826

R2=0.8812

n=0.29

R?2=0.72

Bicarbonate buffer

(pH 10)

R?=0.5104

R2? = 0.5608

R?=0.7511

R2=0.9265

n=0.26

R? = 0.544
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Figure 6.9: In vitro drug release kinetics in Phosphate-buffered saline (PBS, pH 7.4) using

various kinetic models. (A) Zero order kinetics, (B) 1% order kinetics, (C) Higuchi model of

kinetics, (D) Korsemeyer-peppas model of kinetics, and (E) Hixson Crowell model of kinetics.
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Figure 6.10: In vitro drug release kinetics in Phosphate-buffered saline (PBS, pH 7.4) with 3-
cyclodextrin using various kinetic models. (A) Zero order kinetics, (B) 1% order kinetics, (C)
Higuchi model of kinetics, (D) Korsemeyer-peppas model of kinetics, and (E) Hixson Crowell

model of kinetics.
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Figure 6.11: Invitro drug release kinetics in acetate buffer (pH 5) using various kinetic models.

(A) Zero order kinetics, (B) 1% order kinetics, (C) Higuchi model of kinetics, (D) Korsemeyer-

peppas model of kinetics, and (E) Hixson Crowell model of kinetics.
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Figure 6.12: In vitro drug release kinetics in citrate buffer (pH 3) using various kinetic models.
(A) Zero order kinetics, (B) 1% order kinetics, (C) Higuchi model of kinetics, (D) Korsemeyer-

peppas model of kinetics, and (E) Hixson Crowell model of kinetics.
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Figure 6.13: In vitro drug release kinetics in bicarbonate buffer (pH 10) using various kinetic
models. (A) Zero order kinetics, (B) 1% order kinetics, (C) Higuchi model of kinetics, (D)

Korsemeyer-peppas model of kinetics, and (E) Hixson Crowell model of kinetics.

6.9. Surface morphology by Field emission scanning electron microscopy (FESEM),

High-resolution transmission

microscopy (AFM)

electron microscopy (HRTEM), and Atomic force

In this study, the surface morphology of ABR-NP and Apt-ABR-NP was investigated using

FESEM (Figure 6.14A & 6.14B).

The results revealed that the nanoparticles, with sizes ranging
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between 100 nm to 150 nm, were round in shape, with smooth surfaces and no visible porosity
or fractures. Notably, no significant differences were observed between the surface
morphologies of the nanoparticles with and without aptamer conjugation. To further investigate
the nanoparticles' interior structure, HR-TEM and AFM were employed, with the Apt-ABR-
NP formulation used as the experimental model. HR-TEM images revealed a dark structure,
indicating a homogeneous drug distribution throughout the particles (Figure 6.14C). AFM
images demonstrated that the nanoparticles had a spherical structure with a smooth surface,
with 3D images showing well-separated nanoparticles within a small size range (Figure 6.14D
& 6.14E).
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Figure 6.14: Electron microscopic imaging and atomic force microscopic evaluation of the
experimental nanoparticles. (A & B) represents the FESEM images of ABR-NP and Apt-ABR-
NP respectively, (C) HR-TEM image of Apt-ABR-NP and (D & E) depicts AFM images of
Apt-ABR-NP.

6.10. Drug loading and entrapment efficiency

A series of formulations with varying ratios of drug-to-polymer were developed, and three of
these formulations have been presented in Table 3. The drug loading percentages and
entrapment efficiencies were calculated for each of these formulations. Specifically, ABR-NP1
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and ABR-NP3 exhibited drug loading percentages of 7.36£0.5% and 2.61+0.25%,
respectively. The formulation demonstrating the highest drug encapsulation was designated
ABR-NP2, which was subsequently chosen as the optimal formulation and named ABR-NP.
Impressively, the drug loading and encapsulation efficiency of ABR-NP were found to be
8.50£0.3% and 93+3.30%, respectively, indicating that the technique employed for the creation

of nanoparticles resulted in a minimal loss of materials (Dutta et al. 2019).

Table 3: Composition of experimental nanoparticles and their drug encapsulation

efficiencies

Formulation code PLGA: Drug Practical drug loading* (%) Loading efficiency (%) *

ABR-NP1 5:1 7.36+0.5 44.15%3

ABR-NP2 10:1 8.50+0.3 93.50+3.30

ABR-NP3 15:1 2.61+0.25 41.76+4
Apt-ABR-NP 10:1 8.02+0.15 88.20+1.6

*Data represent mean £SD (n=3)
6.11. Stability study of the nanoparticles

The stability of ABR-NP and Apt-ABR-NP formulations was evaluated through a stability
study, where the samples were subjected to various storage temperatures and relative humidity
levels for 45 and 90 days. Results from the study indicated that samples stored at 4-8°C retained
their morphology and drug content throughout the testing period. However, formulations stored
at 30°C and 40°C with 75% relative humidity showed morphological deformations (Figure
6.15A & 6.15B) and a slight decrease in drug content (Figure 6.15C). Moreover, the particles'
size was observed to increase due to morphological deformation during storage at higher

temperatures (Figure 6.15D).

The study concludes that ABR-NP and Apt-ABR-NP formulations can maintain their stability
at 2-8°C for up to 90 days. However, the nanoparticles cannot withstand storage at
temperatures above 30°C, where aggregation of nanoparticles and polymer softening occur
(Yadav and Sawant 2010). Therefore, it is recommended to store the prepared nanoparticles at

2-8°C for optimal stability.
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Figure 6.15: Surface morphology, drug content, particle size and hydrolytic degradation of the
nanoparticles for the stability study. (A) The formulations stored at 30 °C, 75% R.H for 45
days and 90 days and (B) at 40 °C, 75% R.H for 45 days and 90 days, respectively. (C) Drug
content of the stored formulations, (D) Mean particle size, (E) Hydrolytic stability study of
Apt-ABR-NP in various buffers. The bar diagram and graph data are the averages of the three
individual experiments demonstrated as mean=+ SD. The statistical level of significance is

considered as p<0.05, analyzed by Student’s t-test.
6.12. Hydrolytic stability study

The biodegradability of Apt-ABR-NP was assessed through an examination of the weight loss
increase during hydrolytic degradation (Jain et al., 2010; Zolnik et al., 2007). The pH values of
the medium were found to have a significant impact on weight loss, with an increase in
hydrolysis observed as the pH was reduced. A four-week investigation revealed that mass loss
was 11.23+2.14% at pH 10, 20.73+1.41% at pH 7.4, 30.83+£1.98% at pH 5, and 48.26+2.61%
at pH 3, respectively (Figure 6.15E). These findings suggest that our nanoformulation is more
stable in phosphate buffer (pH 7.4) and bicarbonate buffer (pH 10) in comparison to citrate (pH
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3) and acetate buffer (pH 5). The implication of this result is that the Apt-ABR-NP is likely to

release its drug contents more rapidly upon reaching the acidic tumor microenvironment.
6.13. In vitro cellular uptake analysis by flow cytometry and confocal microscopy

The present study utilized flow cytometry analysis to investigate the cellular uptake of Apt-
ABR-NP in both PC3 (Figure 6.16A) and LNCaP (Figure 6.16B) cells. The obtained results
revealed a time-dependent gradual accumulation of Apt-ABR-NP in both cell types.
Specifically, the inadequate percentage of nanoparticle uptake observed in PC3 cells from 6 to
12 hours of treatment was attributed to the absence of the surface antigen PSMA, which is
overexpressed in LNCaP cells. In contrast, a longer incubation period with nanoparticles
significantly enhanced cellular uptake, particularly with Apt-ABR-NP in LNCaP cells. This
suggests the strong binding affinity of aptamer-functionalized nanoparticles with the PSMA

cell-surface biomarker for prostate cancer.

Moreover, confocal microscopy images indicated that both PC3 and LNCaP cells exhibited
nanoparticle accumulation inside the cytoplasm over time, with LNCaP cells showing a
comparatively higher accumulation (Figure 6.16C & 6.16D). This observation was confirmed
by the red fluorescence intensity, which indicated the intense binding specificity of the aptamer

with PSMA, especially with a longer incubation period.

To further validate the targeting specificity of the nanoparticle surface-conjugated aptamer
against the PSMA receptor, a cellular uptake study was conducted on 22Rv1 cells, which
overexpress PSMA and are AR-positive. The results demonstrated a time-dependent increase
in the uptake of ABR-NP and Apt-ABR-NP in these cells, with Apt-ABR-NP showing higher
cellular uptake (Figure 6.18A).

Regarding the internalization mechanism of aptamer-conjugated PLGA nanoparticles,
previous reports have indicated that these particles can internalize into cells via receptor-
mediated endocytosis and micropinocytosis (Liu et al. 2009; Shishparenok et al. 2023; Wan et
al. 2019; Yallapu et al. 2014). In our study, Apt-ABR-NP was found to interact with PSMA in
clathrin-dependent endocytosis by forming clathrin-coated pits. After the detachment of the
clathrin coat, the aptamer-conjugated formulations were internalized in endosomes and
lysosomes before distribution to other cellular organelles (Shishparenok et al., 2023; Wan et
al., 2019). The cellular uptake of aptamer-conjugated formulations was facilitated by clathrin
and caveolae-dependent and caveolae-independent pathways, indicating the involvement of
multiple receptor-mediated endocytotic pathways (Shishparenok et al., 2023; Wan et al., 2019).
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Lastly, the selective reversal of the surface charge of PLGA nanoparticles from anionic to
cationic in the acidic endolysosomal environment allowed for the rapid endolysosomal escape
of PLGA nanoparticles into the cytosol. This mechanism is a well-established process for
lysosomal escape of PLGA nanoparticles (Panyam et al. 2002).
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Figure 6.16: Cellular uptake study (A) FACS histogram PC3 cells after the treatment with
ABR-NP and Apt-ABR-NP at 6 h and 12 h. (B) FACS histogram LNCaP cells after the

LNCaP, 12 h
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treatment with ABR-NP and Apt-ABR-NP at 6 h and 12 h. (C) Confocal laser microscopy
images of PC3 cells at 12 h after the treatment with ABR-NP and Apt-ABR-NP. (D) Confocal
laser microscopic images of LNCaP cells at 12 h after the treatment with ABR-NP and Apt-
ABR-NP.

6.14. In vitro cytotoxicity assay

The study investigated the cytotoxic effects of free drug and experimental nanoparticles on
22Rv1, LNCaP, and PC3 cells. The percentage viability data of these cells, presented in Figures
6.18B, 6.17A, and 6.17B, showed that Apt-ABR-NP had the highest cytotoxicity on LNCaP
cells, followed by 22Rv1, compared to ABR and ABR-NP. LNCaP cells treated with ABR
showed an ICso 0f 29.2 + 3.1 uM, while those treated with ABR-NP and Apt-ABR-NP showed
ICs0 values of 22.5 £ 2.6 uM and 14.5 £ 1.2 uM, respectively. The nanoparticles exhibited a
significant reduction in the 1Cso value on LNCaP cells, indicating their enhanced therapeutic
efficacy compared to free ABR. However, the cytotoxicity of ABR and its formulations on
PC3 cells was relatively lower than on LNCaP cells, with ICsg values of 41.5 £ 2.4 uM, 36.7 +
1.6 uM, and 35 £ 2.0 uM for ABR, ABR-NP, and Apt-ABR-NP treatments, respectively.

Further analysis of the data revealed that the enhanced therapeutic potency of ABR-NP and
Apt-ABR-NP was observed only on LNCaP cells, not on PC3 cells, due to their androgen
insensitivity (Bouhajib and Tayab 2019; Mukherjee and Mayer 2008). The aptamer
conjugation decreased the ICso value by 51% in PSMA-positive LNCaP cells, indicating the
significant role of PSMA binding and inhibition of androgen production in the cellular
internalization and cellular function mediated through Apt-ABR-NP. Therefore, it was
concluded that further in vitro studies were necessary to investigate the cytotoxic effects of

these experimental nanoparticles on LNCaP cells.
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Figure 6.17: Cell cytotoxicity, apoptosis, and mitochondrial membrane depolarization assay
of ABR, ABR-NP, and Apt-ABR-NP evaluated in vitro. (A) ICso values of ABR, ABR-NP,
and Apt-ABR-NP on LNCaP and (B) PC3 cells after 48 h of treatment (Data show mean + SD,
n=3). (C) Induction of apoptosis in LNCaP cells after treatment with ABR, ABR-NP, and Apt-
ABR-NP for 48 h. (D) Mitochondrial membrane depolarization after 48 hours of treatment,
with ABR, ABR-NP, and Apt-ABR-NP for 48 h.

6.15. Apoptosis assay

Apoptosis is a fundamental biological process that involves the programmed and controlled
death of cells (Diepstraten et al., 2022). Most anticancer agents are designed to elicit an
apoptosis-inducing response. To investigate the potential of ABR, ABR-NP, and Apt-ABR-NP
in inducing apoptosis, the Annexin V-FITC/PI dual staining method was employed. The results
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showed that Apt-ABR-NP exhibited a superior ability to induce apoptosis, indicating its

potential as a chemotherapeutic formulation.

In 22Rv1 cells, the percentage of apoptotic cells after 48 hours of ABR treatment was 12%,
with 8.7% early apoptosis and 3.3% late apoptosis. Treatment with ABR-NP increased the
percentage of apoptotic cells to 43.8% (32.9% early apoptosis and 10.9% late apoptosis),
whereas Apt-ABR-NP treatment resulted in 60.4% (45.2% early apoptosis and 15.2% late
apoptosis) (Figure 6.18C).

Similarly, in LNCaP cells, ABR treatment for 48 hours elicited apoptosis in 17% of cells (9.8%
early apoptosis and 7.2% late apoptosis). Treatment with ABR-NP increased the percentage of
apoptotic cells to 66.8% (55.1% early apoptosis and 11.7% late apoptosis), whereas treatment
with Apt-ABR-NP resulted in 98.4% (84.9% early apoptosis and 13.5% late apoptosis) (Figure
6.17C).

The results indicate that Apt-ABR-NP had the highest percentage of apoptotic cell death
compared to ABR and ABR-NP after 48 hours of incubation in LNCaP cells. Therefore, Apt-
ABR-NP exhibits a potential cytotoxic candidate against PSMA-positive prostate cancer
LNCaP cells compared to ABR and ABR-NP.

Figure 6.18: In vitro evaluation of cellular uptake, cytotoxicity, and apoptosis in 22Rv1 Cells
(A) FACS histogram for cellular uptake measurement after the treatment with ABR-NP and
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Apt-ABR-NP at 6 h and 12 h. (B) ICso values of ABR, ABR-NP, and Apt-ABR-NP on 22Rv1
cells and (C) Induction of apoptosis in 22Rv1 cells after treatment with ABR, ABR-NP, and
Apt-ABR-NP for 48 h.

6.16. Mitochondrial membrane depolarization analysis using JC-1

Mitochondrial membrane depolarization is a hallmark feature of the apoptotic process, which
can be quantified using JC-1 staining (Li et al. 2022). JC-1 is a highly sensitive marker that
accumulates in the mitochondria in a potential-dependent manner. Under conditions of high
mitochondrial membrane potential, JC-1 forms J-aggregates that emit red fluorescence,
whereas, under conditions of low mitochondrial membrane potential, JC-1 remains a monomer
that emits green fluorescence. The JC-1 ratio is a reliable indicator of mitochondrial health and
activity based on the J-aggregates/monomers ratio. An increase in the JC-1 monomer:
aggregate ratio (green: red fluorescence intensity) signifies an increase in loss of mitochondrial
membrane potential and enhancement of apoptotic cell population.

In our experimental investigation, we observed that free ABR drug treatment led to a change
in green fluorescence to 25.3% following 48 hours of treatment. In the case of ABR-NP, we
found that the percentage of JC-1 monomer was 48.9% after treatment for 48 hours.
Intriguingly, treatment of LNCaP cells with Apt-ABR-NP led to a further increase in the
population of cells with depolarized mitochondria, as indicated by green fluorescence, to 95.3%
after 48 hours of treatment (as depicted in Figure 6.17D). This finding suggests that Apt-ABR-
NP is a more potent inducer of apoptosis in LNCaP cells compared to ABR and ABR-NP. This

result is in line with the findings of the apoptosis assay.
6.17. In vitro colony formation assay

The present study aimed to evaluate the therapeutic efficacy of various approaches, including
free drug (ABR), nanoparticulated forms (ABR-NP), and Apt-ABR-NP, on the growth of
LNCaP cells. The results indicated that each approach was effective in inhibiting cellular
growth, with the maximum efficacy observed in the case of Apt-ABR-NP (Figure 6.19A). The
reduction in the number and size of colonies in this group was found to be the most significant.
This can be attributed to the aptamer-PSMA binding mediated accumulation of Apt-ABR-NP
in prostate cancer cells. To quantify the results, representative images of the wells after crystal
violet staining of control and treatment groups were presented, along with the absorbance
values of the individual wells taken at 590 nm (Figure 6.19B). The in vitro assays exhibited the
highest anti-proliferative activity in the case of Apt-ABR-NP. The findings of this study
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suggest that Apt-ABR-NP has the potential to be an effective therapeutic approach for prostate

cancer treatment.
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Figure 6.19: Clonogenic assay with LNCaP cells using ABR, ABR-NP, and Apt-ABR-NP for
14 days after treatment, changing the media and treatments in every three days. (A) More
growth in untreated (control) was followed by ABR, ABR-NP, or Apt-ABR-NP treated LNCaP
cells. (B) Absorbance values of untreated (control) and ABR, ABR-NP, or Apt-ABR-NP
treated LNCaP cells, after crystal violet staining, represent the colonies' density. Values
represent mean +SD (n=3), Where p<0.05 is the statistical level of significance, compared

against the control value as assessed by Student’s t-test.
6.18. Hemolysis study

The present study evaluated the hemocompatibility of the drug ABR and its nanoformulations
ABR-NP and Apt-ABR-NP in concentrations ranging from 10 to 100 puM. The results
demonstrated that both ABR-NP and Apt-ABR-NP exhibited low hemolytic activity, with less
than 5% compared to free ABR at varying concentrations (Figure 6.20). These findings suggest
that both nanoformulations could be safely used for intravenous delivery, as they showed low
hemolytic activity in the tested dose range. Hemocompatibility is a crucial factor to consider
in the in vivo application of blood-contacting biomaterials (Krishnan et al., 2023). Based on the
results of this study, it can be inferred that the nanoformulations exhibited an acceptable level

of hemolysis and were safe for intravenous administration.
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Figure 6.20: Hemolytic activity of developed nanoparticles. Hemolytic activity of ABR, ABR-
NP, and Apt-ABR-NP was measured by incubating each sample for 1 hour at 37°C with red
blood cells and measuring the amount of hemoglobin released. The percentage of hemolysis
was plotted against the concentration of the samples. Data show mean +SD (n=3) where p<0.05

is the statistical level of significance as assessed by Dunnett's test (compared against control

group)

6.19. Pharmacokinetics study

The in vivo pharmacokinetic profiles of abiraterone acetate (ABR), ABR-nanoparticles (NP),
and Apt-ABR-NP were evaluated in Swiss Albino mice. The study measured pharmacokinetic
parameters such as area under the curve (AUC), maximum concentration (Cmax), time to reach
maximum concentration (Tmax), area under the first moment curve (AUMC), half-life (T1z2),
mean residence time (MRT), volume of distribution (Vg), and clearance (CL) following
intraperitoneal injection of ABR, ABR-NP, and Apt-ABR-NP (Table 4). The results indicated
that ABR rapidly converts into abiraterone (ART) when exposed to blood plasma, resulting in
a high concentration of ART (Cmax= 25 + 2.5 ng/ml) within a short time (Tmax, 2 h) (Figure
6.21). Conversely, ABR-NP and Apt-ABR-NP sustained a plasma concentration of ART for a
longer period (approximately 24 h). In the case of ABR-NP and Apt-ABR-NP, Cmax was

109



CHAPTER 6: RESULTS AND DISCUSSION

reached around 9 h after injection, followed by a slow elimination phase, suggesting sustained
release characteristics of the formulations. The AUC was increased by 2.2 times and 2.47 times
in the case of ABR-NP and Apt-ABR-NP, respectively, compared to the free drug (ABR). The
half-life of the active drug (ART) was also significantly increased by 3 times and 3.25 times
for ABR-NP and Apt-ABR-NP, respectively. AUMC and MRT were also increased for both
formulations compared to the free drug (ABR). These findings suggest that the bioavailability

of the active drug is increased when delivered through nanoparticle formulations.

The nanoencapsulation of ABR resulted in maintaining a sustained plasma concentration of
ART compared to free-drug treatment. The sustained drug release and predominantly slower
elimination of the drug from the nanoparticle caused an enhanced plasma half-life of the drug.
The overall observation suggests that Apt-ABR-NP had a better pharmacokinetic profile
among the experimental formulations for ABR therapy. The conjugation of aptamer molecules
on the surface of Apt-ABR-NP might have changed the aqueous microenvironment on the
nanoparticle surface, which could have deterred drug release further, providing a more
sustained drug release profile and improved the pharmacokinetic parameters for Apt-ABR-NP.
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Figure 6.21: Pharmacokinetic profile of ABR, ABR-NP, and Apt-ABR-NP was assessed in

mice by measuring the concentration of ABR from each sample in the bloodstream over time.
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The data were plotted as the mean concentration of each sample at each time point. Error bars
indicate standard deviation (n=3). * marks represent significant values (p< 0.05) when ABR-
NP and Apt-ABR-NP were compared with ABR through the Two-Way ANOVA test, and the

statistical significance of data was analyzed through Bonferroni's post-test

Table 4: Pharmacokinetic parameters of ABR, ABR-NP, and Apt-ABR-NP in Swiss Albino

mice following intraperitoneal administration (400ug/kg).

Parameters ABR ABR-NP Apt-ABR-NP
Crmax (ng/ml) 25+ 2.5 30 + 2.5% 32+ 2.4*
Tz (1) 2.0+0.2 9.0 + 0.4* 9.0 + 0.5%
AUC last (ng.h/ml) 547 + 27 1204 + 167* 1356 + 175*
AUC 0-0 (ng.h/ml) 582 + 30 1672 + 175* 1975 + 194*
AUMC (ng.h?/ml) 12345 + 416 34325 + 544* 39603 + 622*
Tz (h) 12 +0.4 36+ 1.7% 39 +2.2%
MRT (h) 225+1.1 28.5+1.6* 29.2 +1.2%
Ve (ml) 316 + 10 430 + 12* 415 + 20*
Clearance (ml/h) 18.2+0.9 8.3+0.8* 7.4+0.2%

Data show mean + SD (n=3). Statistical analysis was carried out to one-way ANOVA analysis,
and the p-value was calculated through Tukey’s post-test (p<0.05) when compared against
ABR control. Statistics have been done. Data shown by star (*) were significant compared to

the ABR control group.
6.20. Biodistribution study and gamma scintigraphy imaging

The present study investigated the distribution of radiolabeled nanoparticles in different organs
of Swiss Albino mice bearing prostate cancer. Table 5 summarizes the data, which shows that
the nanoparticles remained in circulation for an extended period compared to the free drug
ABR, which was eliminated rapidly. Moreover, the majority of the radiolabeled nanoparticles

were eliminated via the urine, while accumulation in the liver, kidney, and intestine was also
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observed. Notably, " Tc-Apt-ABR-NP accumulated significantly in the liver, consistent with

the reticuloendothelial entrapment system (RES) of the liver (Yang et al. 2022).

Table 5: Biodistribution of **"Tc-ABR-NP and *™Tc-Apt-ABR-NP in testosterone/MNU-

induced prostate cancer-bearing mice.

Organ/ | %ID of ®"Tc-ABR-NP in CRPC mice | %ID of ®"Tc-Apt-ABR-NP in CRPC mice
Tissue 1h 2h 5h 1h 2h 5h
Blood* | 3.882+0.01 | 3.601+0.22 | 3.228+0.28 | 4.156+0.31 | 3.946+0.31 3.644+0.42
Heart | 0.545+0.12 | 0.602+0.05 | 0.664+0.04 | 0.712+0.03 | 0.722+0.07 0.730+0.04
Liver |[20.12+2.10* | 24.55+2.00* | 22.44+4.34* | 23.60+2.55* | 26.04+2.01* | 30.58+1.80*
Lungs | 0.563+0.21 | 0.578+0.23 | 0.606+0.32 | 0.688+0.20 | 0.894+0.20 1.142+0.33
Stomach | 0.448+0.16 | 0.382+0.10 | 0.404+0.11 | 0.725+0.10 | 0.784+0.11 0.942+0.20
Intestine | 2.762+0.51 | 2.920+0.31 | 3.752+0.30 | 3.114+0.12 | 3.205%0.55 4.025+0.62
Kidney | 3.452+0.30 | 4.348+0.42 | 7.88+ 0.528* | 4.565+0.45* | 7.14+ 0.642* | 10.24+0.47*
Prostate | 1.642+0.21 | 1.811+0.16* | 2.313+0.22* | 2.256+0.30 | 2.622+0.24* | 3.142+0.36*
Urine |26.56+3.89* | 30.56+2.18* | 32.44+2.14* | 30.12+1.55* | 33.56+2.51* | 37.12+3.18*

*represents %ID/g in the case of blood, otherwise %ID in the whole organ. “ marks represent
statistically significant values when both **"Tc-ABR-NP and **"Tc-Apt-ABR-NP were
compared for different time points in two-way ANOVA analysis and tested by Bonferoni’s
post-test (p<0.05).

Interestingly, the accumulation of Apt-ABR-NP in the prostate was significantly higher than
9MTc-ABR-NP in a time-dependent manner, suggesting enhanced tumor uptake for aptamer-
conjugated prostate cancer therapy. Moreover, gamma scintigraphy imaging revealed
deposition of Apt-ABR-NP in the prostate region with the progress of post-injection time
(Figure 6.22). However, distinguishing the prostate from the bladder was challenging in the
scintigraphy images, although urine contained the most radioactivity. The biodistribution study
corroborated the signals from other organs, such as the liver, kidney, lungs, and intestine.
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Figure 6.22: Biodistribution study of radiolabelled nanoparticles in various organs using

ABR-NP

Apt-ABR-NP

gamma scintigraphic imaging. Radiolabelled nanoparticles (**"Tc-ABR-NP and **™TcApt-
ABR-NP) were injected into mice via tail vein, and gamma scintigraphic images were acquired
at different time points (1, 2, and 5 hours post-injection) using a gamma camera. Arrows

indicate the prostate region in the mice.

The study employed radiolabeled PSMA-targeted Apt-ABR-NP to evaluate the localization of
experimentally generated nanoparticles in vivo. The results showed that the nanoparticles were
specific to prostate cancer, increasing the prostate and surrounding area in experimental mice
with prostate cancer in a time-dependent manner, thus highlighting the target specificity of
conjugated aptamer toward prostate cancer. These findings have significant implications for
the development of nanoparticulated drug delivery systems for prostate cancer therapy (Hazra
et al. 2021; Shah et al. 2021).
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6.21. Antitumor activity study

The microscopic images of normal mouse prostate sections depict a glandular structure lined
with cuboidal epithelial cells arranged in a discernible convoluted pattern. The lumen of the
glands was also lined with cuboidal epithelial cells with small nuclei, while the stroma
encompasses a thin fibromuscular matrix containing blood vessels and poorly defined smooth
muscles. In the "carcinogen with testosterone"-treated prostate cancer group, the epithelial cells
showed transformation into large columnar-like cells, leading to shrinkage of the lumen,
increased scalloping of the lumen, and the creation of intraglandular vacuoles. Additionally,
the thickness of the stroma increases, with fibromuscular striation formed in the stroma,
signifying stromal atrophy. Furthermore, glandular hyperplasia and nuclear atypia were also

observed in the prostates of the "Cancer" group.

According to the Gleason grading system, the cancers of the MNU with testosterone-treated
prostates demonstrate pattern 3 carcinomas (recognizable glands with a small number of
infiltrating invasive cells in the surrounding tissues) and pattern 4 carcinomas (recognizable,
glomeruloid glands with a large number of invasive cells in the surrounding tissues forming
neoplastic clumps). Therefore, they are considered to have either Gleason 7 or Gleason 8 score,
representing a moderately differentiated to poorly differentiated carcinoma. Treatment with
ABR and its formulations ameliorated the prostate's morphological atrophy caused by MNU
and testosterone. The treatment improved the stromal fibromuscular structure but did not
entirely restore the epithelial convolution pattern similar to the normal prostate. The Gleason
grading system of the ABR-treated prostates showed pattern 2 carcinomas (loosely arranged
oval-shaped glands with minimal invasion) and pattern 1 carcinoma (very similar to normal
prostate tissues with closely packed glands), giving a Gleason score of 2 or 3. This indicates
that treatment with ABR ameliorated the invasiveness of the cancer tissues and helped in the
restoration of tissue architecture. Treatment with ABR-NP and Apt-ABR-NP further reduced
stromal atrophy and restored the epithelial lining convolution comparable to the normal
prostate. In ABR-NP and Apt-ABR-NP treated groups, prostate morphology was very similar
to normal prostates, and Gleason scoring was not determinable. On the overall observation,
Apt-ABR-NP performed much better in restoring overall morphological structure of
carcinogen with testosterone-treated prostate carcinogenesis group than ABR and ABR-NP

treated groups of animals (Figure 6.23).
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Ki67 is a pivotal biomarker for quantifying cell proliferation and is widely acknowledged as
an essential immunohistochemical biomarker for tumor prognosis (Berlin et al., 2017;
Richardsen et al., 2017)). Despite the grading system in prostate cancer being predominantly
based on tissue architecture, the Ki67 staining technique provides valuable information about
the proliferation rate of cells, which has been shown to be a common practice in grading many
other cancers. Ki67 staining is known to be significantly correlated with the clinical estimation

of disease prognosis through needle biopsies, transurethral resections, and prostatectomy.

In our study, we employed Ki67 immunohistochemical staining of mouse prostates to
investigate any prognostic correlation between the percentage of proliferating cells and disease
stage, with or without the treatment of ABR and its formulations (Figure 6.23). We found that
Ki67 staining of ‘Normal’ prostates showed <3% Ki67(+) cells and was considered negative.
Prostates from N-nitroso-N-methyl urea and testosterone (MNU+testosterone) treated groups
(Figure 10, the ‘Cancer’ groups) showed 30-50% Ki67(+) cells, counted in areas with 40x
magnifications and were considered cancerous with a Gleason score of 2+. In combination with
Gleason scores 7 and 8, they represent moderate to poorly differentiated carcinomas with an

intermediate proliferation rate.

Our research demonstrates that treatment with ABR, ABR-NP, and Apt-ABR-NP significantly
reduced the population of Ki67(+) cells to 15+2%, 10+2%, and 5+1.5%, respectively
(representative images were shown in Figure 10, panels ‘ABR’, ‘ABR-NP’, and ‘Apt-ABR-
NP’). This represented a substantial decrease in the invasiveness of prostate tumors, and the
effect was most pronounced in the case of Apt-ABR-NP. A combined analysis of
morphological restoration, inhibition of stromal degeneration, and proliferation-inhibition
suggests that Apt-ABR-NP could be a promising candidate for the treatment of hormone-
resistant prostate adenocarcinoma. However, further studies are necessary to validate these

findings.
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Figure 6.23: Anti-tumor efficacy of ABR, ABR-NP, and Apt-ABR-NP in prostate cancer
(PCa) tissues. Histological examination of prostate cancer tissues and normal prostate tissues
was performed using hematoxylin and eosin (HE) staining. Representative images of prostate
cancer tissues and normal prostate tissues are shown. The expression of Ki67, a marker of cell
proliferation, in prostate cancer tissues and in the normal prostate tissue sections was analyzed
by immunohistochemistry. The staining/ immunohistochemistry and magnification of the
photographs are mentioned above in each column.
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6.22. Efficacy of Apt-ABR-NP on tumor spheroid model

To provide more comprehensive and conclusive evidence for the carcinogen-induced prostate
cancer mouse model, an additional pharmacodynamic experiment was performed on an LNCaP
3D tumor spheroid model. The tumor spheroid is a three-dimensional model that precisely
replicates the physicochemical environment of in vivo conditions (Adamiecki et al. 2022;
Volpatti and Yetisen 2014).

In this experiment, the ICso dose of the Cyb5-loaded Apt-ABR-NP formulation was
administered to two LNCaP tumor spheroids of approximately equal size. The formulation was
applied once a day for three consecutive days. After 72 hours, the Apt-ABR-NP-treated
spheroid showed a notable reduction of nearly 60% in size (Figure 6.24). Conversely, the
cancer control spheroid (without treatment) demonstrated the expression of DAPI throughout
the body, while the Apt-ABR-NP treated spheroid exhibited more peripheral DAPI expression.
This suggests that there were fewer live proliferative cells in the treated spheroid compared to
the cancer control spheroid. Thus, the experiment established the predominant role of Apt-
ABR-NP in reducing LNCaP cell tumor.

Bright field DAPI CyS

Figure 6.24: LNCaP tumor spheroid with or without the treatment of Apt-ABR-NP. Scale bars
100 pm.

NP-treated Cancer control

In summary, the results of this study demonstrate significant potential for the use of Cy5-loaded
Apt-ABR-NP in treating prostate cancer. The 3D tumor spheroid model used in the experiment

accurately reproduces the in vivo conditions and provides a more informative and conclusive
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approach to investigate the effectiveness of the treatment. The findings of this study may

significantly contribute to the development of new treatment strategies for prostate cancer.
6.23. Hematological evaluations

The study aimed to investigate the effect of ABR, ABR-NP, and Apt-ABR-NP treatment on
blood parameters, immunogenic response, and PSMA levels in normal and cancer-bearing

animals (Table 6).

The results showed that the "cancer™ control group (Group B) had a lower RBC count and a
higher WBC count compared to normal animals, indicating a possible inflammatory response.
Lower lymphocyte count and increased neutrophil count were also observed in cancer-bearing
animals, which further suggested an enhanced inflammatory state. However, treatment with
ABR, ABR-NP, and Apt-ABR-NP increased blood lymphocyte count and reduced neutrophil
count in the "cancer" group, indicating a positive immunogenic response to treatment.
Moreover, the "cancer" group exhibited a lower platelet count than the "normal (control)"
group, which may be related to the inflammatory state. Nonetheless, no significant changes
were observed in hematocrit volume and hemoglobin content after treatment with ABR, ABR-
NP, and Apt-NP in normal mice. Overall, the treatment with ABR, ABR-NP, and Apt-ABR-
NP reduced the inflammatory response element C-Reactive Protein (CRP), increased the
immunogenic response, and subsequently tried to restore the Complete Blood Count (CBC)

profile close to normal.

Additionally, when normal animals were treated with Apt-ABR-NP (Group F), no significant
anomaly was observed in the CBC profile, indicating its biocompatible and non-hemotoxic
nature. The PSMA analysis showed a high amount of PSMA in the blood of cancer-bearing
animals compared to normal animals. However, treatment with ABR, ABR-NP, and Apt-ABR-
NP significantly reduced PSMA content in the blood. Furthermore, the CRP data showed a
higher level of CRP in cancer-bearing animals, indicating the development of inflammatory
conditions. Nevertheless, treating with the experimental nanoparticles resulted in lowering
CRP levels in the blood.

In conclusion, the results suggest that the treatment with ABR, ABR-NP, and Apt-ABR-NP
reduced the inflammatory response element, increased the immunogenic response, and
subsequently tried to restore the CBC profile close to normal. These findings may have
significant implications for the development of novel therapeutic strategies for cancer

treatment.
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6.24. Estimation of serum-specific toxicity markers

The study aimed to investigate the efficacy of ABR, ABR-NP, and Apt-ABR-NP on hepatic
and nephrotic toxicity in mice exposed to carcinogen. The levels of serum Aspartate
transaminase (AST), Alanine transaminase (ALT), and Alkaline phosphatase (ALP) were
utilized to assess the liver health of the mice (Dhara et al., 2023). The results of the study
revealed that the carcinogen-exposed mice had significantly higher levels of these enzymes
compared to normal mice. However, treatment with ABR, ABR-NP, and Apt-ABR-NP led to

a variable reduction in enzyme levels, creatinine, and Blood urea nitrogen (BUN).

Table 7: Estimation of serum-specific markers of the experimental animals

Metabolic profiles in experimental animals

Treatment groups

AST (IU/L)

ALT (IU/L)

ALP
(KA units)

Creatinine
(mg/dl)

BUN
(mg/dl)

Group A
(Normal animals)

35+ 1.67#

26+ 1.43#

41+ 2.19#

0.4+ 0.05#

13.33+2.5#

Group B
(Carcinogen-
induced animals)

112+ 1.3%

98+ 2.24#

94+ 1.33#

2.4+ 0.2#

62.67+4.16#

Group C
(Carcinogen-
induced animal
groups treated with
ABR)

83+ 1.51#

53+ 2.29#

77T+ 1.73#

1.8+ 0.25#

27+2.6#

Group D
(Carcinogen-
induced animal
groups treated with
ABR-NP)

69+ 1.71#

47+ 1.62#

54+ 1.87#

0.9+0.12#

42+3#

Group E
(Carcinogen-
induced animal
groups treated with
Apt-ABR-NP)

46+ 2.19#

35+ 1.87#

43+ 2.35#

0.6+ 0.02#

33.67+2.51#

Group F
(Normal animal
treated with
aptamer
conjugated Apt-
ABR-NP)

37+ 1.32#

29+ 1.53#

44+ 1.74#

0.5+0.05#

17.3+2.08#

Note: Each value represents mean + SD (n=3)
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# Data represented mean + SD (where, n=6 in each group of animals). Table depicted respective
AST, ALT, ALP, creatinine and BUN values in all the experimental carcinogenetic animal
groups treated with ABR (Gr C), ABR-NP (Gr D), aptamer-conjugated nanoparticles (Apt-
ABR-NP) (Gr E) & positive control (carcinogen-induced animals, Gr B), along with normal
animals treated with normal saline (Gr A) and normal animal treated with aptamer-conjugated
Apt-ABR-NP (Gr F).

The data analyses, using Table 7, showed that Gr E animals, which were treated with Apt-
ABR-NP, exhibited the greatest improvement in enzyme levels and creatinine and BUN
concentrations. Furthermore, there were no significant alterations in the serum AST, ALT, and
ALP values of the normal mice treated with Apt-ABR-NP. Additionally, the creatinine and

BUN levels in blood serum were similar in both normal and treated mice.

The results suggested that the treatment of ABR, ABR-NP, and Apt-ABR-NP effectively
improved hepatic and nephrotic toxicity in mice exposed to carcinogen (Figure 6.25). The Apt-
ABR-NP-treated mice exhibited the maximum improvement in enzyme levels and creatinine
and BUN concentrations, bringing them closer to normal values. The data further indicated that

Apt-ABR-NP did not cause any toxicity in the liver and kidneys of normal animals.

So, the findings of the present study suggest that Apt-ABR-NP could be a potential therapeutic
agent for the treatment of hepatic and nephrotic toxicity in mice exposed to carcinogens.
Further studies are warranted to investigate the safety and efficacy of Apt-ABR-NP in other

animal models and humans.
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Figure 6.25: Estimation of serum-specific hepatic and nephrotic toxicity markers. (A)

Aspartate transaminase (AST) enzyme levels of the various groups (B) Alanine transaminase
(ALT) enzyme levels of the various groups (C) Alkaline phosphatase (ALP) enzyme levels of

the various groups (D) Creatinine blood levels of the various groups, and (E) Blood Urea

Nitrogen (BUN) levels of the various groups
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7. Conclusion

Our investigation has shown that Apt-ABR-NPs, a PSMA specific DNA aptamer conjugated
with ABR-NPs, has a strong potential to treat prostate cancer cells that overexpress PSMA.
This is the first study where the use of this aptamer as a therapy for prostate cancer has been
investigated. Apt-ABR-NPs exhibited superior internalization into cells. Abiraterone-loaded
PLGA nanoparticles with an aptamer conjugation on the surface that ensured a prolonged drug
release profile and successful targeted drug administration to PSMA overexpressed prostate
cancer cells. Apt-ABR-NPs demonstrated accumulation specific to tumor tissue and extended
blood retention. By using biocompatible, biodegradable, FDA-approved polymer and
minimally immunogenic short nucleotide sequence aptamers, we were able to successfully
deploy the potential targeted drug delivery in vivo and reduce its cytotoxicity to healthy tissues
due to its preferential accumulation in PSMA overexpressed prostate cancer tissue instead of
using any hazardous chemicals. This approach has the potential to reduce cytotoxicity to
healthy tissues by preferentially targeting PSMA overexpressed prostate cancer tissue. The
study's findings demonstrate that the aptamer-coupled nanoparticulated therapeutic technique
is highly effective in vitro and in vivo, indicating its potential for successful human clinical
trials as a targeted prostate cancer treatment.
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8. Summary

Prostate cancer is a common type of cancer that develops in the prostate gland, a small, walnut-
sized organ in males found directly below the bladder. It grows slowly and may not cause
symptoms in the beginning. However, when it progresses, it can cause symptoms such as
urinatingtrouble, frequent urination, blood in the urine or sperm, and pelvic or lower back pain.
A digital rectal exam (DRE) and a prostate-specific antigen (PSA) blood test are frequently
used to diagnose prostate cancer. Because of off-target adverse effects on healthy organs and
the development of drug-resistance qualities after numerous doses of treatment regimen,
conventional therapies like as radiation, chemotherapy, and hormone therapy cannot deliver a

long-term satisfactory outcome.

Abiraterone, an active metabolite of abiraterone acetate, is a potent specific inhibitor of 17-
hydroxylase/C17, 20-lyase (CYP17), a crucial enzyme in the production of testosterone and an
inhibitor of androgen production in testicular, adrenal, and prostatic tumor tissues. The drug,
BCS (Biopharmaceutics Classification System) class 1V medication, is a current potential
treatment option for prostate cancer. However, some inevitable limitations, such as poor
solubility, permeability, and low biodistribution, make the drug difficult for its successful
clinical use. To overcome the adverse side effects and minimize the disease burden, targeted
nanocarrier-mediated therapy can deliver the drug to the organ of interest to manage prostate

cancer more efficiently.

Numerous nanocarriers have become efficient tools for cancer research, revolutionizing
therapeutic strategies. For instance, lipid-based nanocarriers called liposomes can encapsulate
drugs and provide precise targeting and minimal adverse effects. Similar to this, polymer
nanoparticles offer individualized delivery of drugs, increasing therapeutic effectiveness.
Dendrimers provide controlled medication release because of their clearly defined structure.
Gold nanoparticles' modified surfaces also allow for targeted therapy and imaging.In terms of
cancer research, these nanocarriers have various benefits. They increase a drug's solubility,
prolong its stay in circulation, and improve its stability. Additionally, various ligand
conjugation makes them possible for site-specific drug delivery, reducing systemic toxicity.
Nanocarriers' adaptable qualities make them essential for creating personalised cancer

medicines, bringing in a new era of focused therapeutics with very little side effects.

In our investigation, we used nanoparticles (NP), which are gaining interest in anticancer drugs

delivery. Nanoparticles can be used to deliver a broad range of anticancer medicines with poor
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pharmacokinetic qualities. The site-specific delivery of drug molecules via ligand attachment
to nanoparticles can sustainably maintain drug levels at an optimum therapeutic rate at the
target organ. Poly(lactic-co-glycolic acid) (PLGA) is one of the most extensively used
biodegradable polymers approved by the United States Food and Drug Administration (US-
FDA) for systemic use. Upon hydrolysis, the polymer breaks down into two monomers, lactic
acid and glycolic acid. These two monomers are endogenous and swiftly metabolized by the
body via the Krebs cycle; employing PLGA to deliver drugs or biomaterial applications with
no considerable systemic toxicity.

One of the most promising treatment techniques for cancer cell targeting is targeting
biomarkers overexpressed on the surface of cancer cells. Aptamers are synthetic single-
stranded RNA or DNA oligonucleotides (typically 25-90 nucleotide bases) with the ability to
fold into complex three-dimensional structures via intramolecular interactions, with target
specificity, low immunogenicity, and high tissue penetration ability, making them superior to
antibodies and other targeting molecules. Aptamers have been identified as interesting
candidates for the development of a wide range of smart devices, including drug administration,
treatment, diagnostics, and bio-imaging. In comparison to antibodies, aptamers have good
stability in a wide pH range, temperatures, organic solvents, low cost, simple synthesis,

sensitivity, and high affinity to binding pockets of diverse target antigens.

There are very few preclinical studies using an animal model of prostate cancer generated by
carcinogens. In the immune-compromised prostate cancer animal xenograft model, such data
are available. The prostate specific surface antigen (PSMA), which is overexpressed in

chemically induced prostate cancer in mice, hasn't been the subject of any reports as of yet.

We developed APSap4#5 aptamer-conjugated abiraterone (ABR)-loaded PLGA nanoparticle
(Apt-ABR-NP) and it was further characterized physicochemically. The conjugation was
confirmed by agarose gel electrophoresis and X-ray photoelectron spectroscopy. In agarose gel
electrophoresis study, the DNA aptamer moved through the gel and landed parallel to the
conventional DNA ladder of the 50bp marker. The aptamer-coupled nanoparticles (Apt-ABR-
NP), on the other hand, stayed inside the loading well, as evidenced by fluorescence. Interaction
between the drug and the chosen excipients were analyzed by using Fourier-transform infrared
(FTIR) spectroscopy.The FTIR study indicates no chemical interaction between the drug and
the excipients used in this study. However, a few slight shifts in the peak were solely

responsible for the physical interactions that might provide the structure of the formulation.
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Further, the average nanoparticle size and zeta potential were measured using the Dynamic
light scattering method. The average values of the hydrodynamic diameter of ABR-NP and Apt-
ABR-NP were found to be 130.6 nm and 149.30 nm, respectively and zeta potential values for
ABR-NP and Apt-ABR-NP were -10.1 mV and -18.5 mV, respectively. For the morphological
analysis of the nanoparticles, FESEM, HR-TEM and AFM were used. FESEM images showed
that nanoparticles were round in shape and had smooth surfaces with no apparent porosity or
fractures. HR-TEM images showed a dark structure, indicating that the nanoformulation had a
homogeneous drug distribution throughout the particles and the nanoparticles had a spherical
structure with a smooth surface, as revealed by AFM images. Further drug loading and drug
encapsulation efficiencies were measured using the experimental nanoparticles. Results
suggest that ABR-NP and Apt-ABR-NP had drug loading 8.5% and 8.02%, respectively. The
encapsulation efficiency of ABR-NP was 93+3.30% and the value was 88.2% in the case of
Apt-ABR-NP. In vitro drug release was conducted in phosphate buffer saline (PBS) (pH 7.4),
PBS with 1% B-hydroxycyclodextrin (pH 7.4), citrate buffer (pH 3), acetate buffer (pH 5), and
bicarbonate buffer (pH 10). The cumulative percentage of drug release after the mentioned time
period was found to be 73.12%, 81.45%, 92.76%, 92.45%, and 43.30%, respectively, in 672 h
of study in the five different release media and R? values suggest drug releases, according to

Korsmeyer-Peppas, in all five release media mentioned earlier.

Among the cellular studies, the cytotoxic effects of ABR, ABR-NP, and Apt-ABR-NP on
LNCaP, 22Rv1, and PC3 cells were analyzed using an MTT assay. Apt-ABR-NP had the
highest cytotoxicity on LNCaP cells (lowest ICso value 14.5£1.2 uM) followed by 22Rv1 (ICso
value 25.3+1.1 uM) compared to ABR and ABR-NP. The ICsq values on PC3 cells were found
to be 35 + 2.0 uM for Apt-ABR-NP treatment. Uptake of the nanoparticles in the LNCaP,
22Rv1, and PC3 cells were analyzed by confocal microscopy and quantitatively by flow
cytometry (FACS) analysis. Flow cytometry analysis revealed a time-dependent gradual
accumulation of Apt-ABR-NP in PC3, LNCaP and 22Rv1 cells. We further compared the
cellular internalization of ABR-NP and Apt-ABR-NP nanoparticles at 12 h confocal
microscopy for PC3 and LNCaP cells and the corresponding images reflected nanoparticles
accumulation inside the cytoplasm of PC3 and LNCaP cells with the progression over time.
Induction of apoptosis by ABR, ABR-NP, and Apt-ABR-NP was assessed in LNCaP cells
following the Annexin V-FITC, propidium iodide (P.l.) dual staining method.The total
apoptotic population in 22Rv1 cells after treatment with ABR for 48 h was 12%, ABR-NP
treatment increased apoptosis to 43.8% and Apt-ABR-NP treatment showed the value 60.4%.
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For LNCaP cells, the total apoptotic population after treatment with ABR for 48 h was 17%,
which was increased up to 66.8% and 98.4% in the cases of ABR-NP and Apt-ABR-NP
treatments, respectively

In vivo pharmacokinetic studies of ABR and its nanoformulations were conducted in Swiss
albino mice; having an average body weight of 25 g. Data suggest an increased bioavailability
of the active drug while delivered through nanoparticle formulations. In vivo biodistribution
and gamma scintigraphy of ABR-NP and Apt-ABR-NP were studied in a Swiss albino prostate-
cancer mice model using technetium-99m radiolabeled nanoparticles. Results suggest that
nanoparticles remained in the blood for a longer time in blood circulation. In contrast, the free
drug (ABR) was eliminated rapidly. The majority of the radiolabeled nanoparticles was
eliminated through urine. In the case of gamma scintigraphy imaging, radiolabeled PSMA-
targeted Apt-ABR-NP signaling was observed to increase the prostate and surrounding area in
experimental mice with prostate cancer in a time-dependent manner, ensuring the target
specificity of conjugated aptamer toward prostate cancer. Successful aptamer-prostate cancer
antigen binding ability was tested by molecular docking.

A recently discovered aptamer conjugated with ABR-NPs (Apt-ABR-NPs) predominantly
accumulated to PSMA overexpressed prostate cancer. Apt-ABR-NPs showed better cellular
internalization. Abiraterone-loaded PLGA nanoparticles with aptamer conjugation on the
surface which ensured successful targeted drug delivery to PSMA overexpressed prostate
cancer cells, with a sustained drug release profile. Apt-ABR-NPs exhibited prolonged blood
retention, and tumor tissue-specific accumulation. We avoided utilizing any hazardous
chemicals and instead employed biocompatible, biodegradable FDA-approved polymer and
negligibly immunogenic short nucleotide sequence aptamers to effectively deploy the possible
targeted drug delivery in vivo that could lessen its cytotoxicity to healthy tissues by their
preferential accumulation in PSMA overexpressed prostate cancer tissue.The findings
presented the aptamer-coupled nanoparticulated therapeutic technique, demonstrating the
maximum in vitro and in vivo therapeutic effectiveness of the experimental formulations. All
our data support the translation of the promising aptamer functionalized nanoparticle toward
achieving successful human clinical trials as a possible targeted treatment for prostate cancer.

However more studies are required.
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Abstract

Prostate cancer (PCa) is one of the fatal illnesses among males globally. PCa-treatment
does not include radiotherapy. Chemotherapy eventually causes drug resistance,
disease recurrence, metastatic advancement, multi-organ failure, and death. Pre-
clinical data on PCa-induced by carcinogens are truly scarce. Although some data

on xenograft-PCa in animals are available, they mostly belonged to immuno-com-
promised animals. Here, we developed KPSap4X5 aptamer surface-functionalized
abiraterone-loaded biodegradable nanoparticle (Apt-ABR-NP) to investigate its
targeting ability to prostate-specific membrane antigen (PSMA) in carcinogen-induced
PCa mice and the therapeutic el cacy of the formulation. Aptamers are called syn-
thetic monoclonal antibodies for their target specificity. However, they are devoid

of the toxicity problem generally associated with the antibody. Abiraterone is a tes-
tosterone and androgen inhibitor, a new drug molecule that shows good therapeutic
el cacy in PCa. The developed nanoparticles were physicochemically characterized
and used for various in vitro and in vivo investigations. Nanoparticles had an aver-

age size of 14X nm with sustained drug release that followed Korsmeyer—Peppas
kinetics. In vitro investigation showed that Apt-ABR-NP produced KX.4X apoptotic
cellsand ®5.3X loss of mitochondrial membrane potential in LNCaP cells after 4X h

of incubation. In vivo gamma scintigraphy, live imaging, and biodistribution studies

in prostate cancer animal models showed the predominant targeting potential of Apt-
ABR-NP. Histopathological investigation showed the remarkable therapeutic el cacy
of the formulation. The pharmacokinetic study showed an increased biological half-life
and enhanced blood residence time of Apt-ABR-NP. Apt-ABR-NP therapy can thus mini-
mize off-target cytotoxicity, reduce drug loss due to site-specific delivery, and deliver
abiraterone in a sustained manner to the organ of interest. Thus, the present study
brings new hope for better therapeutic management of PCa in the near future.

KeywordsX Aptamer-mediated tumor targeting, Prostate-specific membrane antigen
(PSMA), Abiraterone acetate, Prostate cancer therapy, Pharmacokinetics
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Prostate cancer is the most often diagnosed cancer, having the second major cause of
death from cancer after lung cancer in American men, and nearly 10 million deaths hap-
pened from the cancer only in 2020 (Sung et al. 2021). Conventional therapies such as
radiation, chemotherapy, and hormone therapy cannot provide a long-term satisfac-
tory outcome due to off-target side effects on the healthy organs and the development
of drug-resistance properties after several doses of treatment regimen (Luo et al. 2019a).

Abiraterone, an active metabolite of abiraterone acetate, is a potent specific inhibitor
of 17-hydroxylase/C17, 20-lyase (CYP17), a crucial enzyme in the production of tes-
tosterone and an inhibitor of androgen production in testicular, adrenal, and prostatic
tumor tissues by inhibiting CYP17 (Bouhajib and Tayab 2019). The drug, BCS (Biophar-
maceutics Classification System) class IV medication (Benoist et al. 2016) is a current
potential treatment option for prostate cancer.

However, some inevitable limitations, such as poor solubility, permeability, and low
biodistribution, make the drug difficult for its successful clinical use (Gala et al. 2020;
Solymosi et al. 2018). To overcome the adverse effects and minimize the disease burden,
targeted nanocarrier-mediated therapy can deliver the drug to the organ of interest to
manage prostate cancer more efficiently (Fan et al. 2022).

Nanoparticle (NP) is gaining significant attraction in anticancer drug delivery (Cor-
rea et al. 2016; Ruoslahti et al. 2010). A wide range of anticancer drugs with poor phar-
macokinetic properties can be delivered using nanoparticles. The site-specific delivery
of drug molecules by ligand attachment to the nanoparticles can maintain drug level
at an optimum therapeutic rate in a sustained manner at the target organ (Huang
et al. 2021; Kabanov and Batrakova 2008; Petros and Desimone 2010; Torchilin 2007).
Poly(lactic-co-glycolic acid) (PLGA) is one of the most widely used United States Food
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and Drug Administration (FDA)-approved biodegradable polymers for systemic use.
Upon its hydrolysis, it yields two monomers, lactic acid and glycolic acid (Pagels and
PrudHomme 2015). These two monomers are endogenous and rapidly metabolized
by the body through the Krebs cycle; no systemic toxicity is involved in using PLGA to
deliver drug or biomaterial applications (Danhier et al. 2012; Tong et al. 2012).

Targeting for antigens overexpressed on the surface of cancer cells is one of the most
promising therapeutic strategies for targeting cancer cells. Among different types of tar-
geting ligands, aptamers, the synthetic single-stranded RNA or DNA oligonucleotides
(typically 25—-90 nucleotide bases) with folding capacity into complex three-dimensional
structures via intramolecular interactions, with target specificity, low immunogenicity,
high tissue penetration ability makes them advantageous and exclusive over antibodies
and other targeting molecules. Aptamers have been chosen as promising candidates for
the construction of a variety of smart systems, including drug administration, treatment,
diagnostics, and bioimaging (Alshaer et al. 2018; Hashemi et al. 2020; Zununi Vahed
et al. 2019). Aptamers, in comparison to antibodies, have good stability in a broad pH
range, temperatures, organic solvents, inexpensive, easy synthesis process, sensitivity,
and great affinity to binding pockets of various target antigens (Tuerk and Gold 1990).

Preclinical data in a carcinogen-induced prostate cancer animal model are very scarce.
Few such data are available in the immune-compromised prostate cancer animal xeno-
graft model (Kato et al. 2021; Lawrence et al. 2015). However, there is no report so far
available for aptamer-mediated drug targeting at the prostate-specific membrane anti-
gen (PSMA) overexpressed in chemically induced prostate cancer in mice.

The present study was explored to investigate APSap4#5 aptamer-conjugated abirater-
one (ABR)-loaded PLGA nanoparticle (Apt-ABR-NP) administered by the intraperito-
neal route for site-specific drug delivery to prostate cancer and to evaluate the efficacy
of the formulation to inhibit prostate cancer induced by a chemical carcinogen in mice.
Based on the investigated data, an effort was made to establish the formulation-medi-
ated prostate cancer inhibitory mechanism. Aptamer—prostate cancer antigen binding
ability was tested by molecular docking.

EXperfX entaXsectfn

Materials

Poly (D, L-lactic-co-glycolic acid) (PLGA) (75:25), fluorescein isothiocyanate (FITC), and
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT dye) were pro-
cured from Sigma-Aldrich Co., St Louis, MO, USA. Abiraterone acetate was obtained
from MSN laboratories, Hyderabad, Telangana, India, as a gift sample. N-Hydroxysuc-
cinimide (NHS), and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) were purchased from Himedia Laboratories (Mumbai, Maharashtra, India). Pros-
tate carcinoma cells, LNCaP, and PC3 cells were procured from National Centre for Cell
Science (NCCS), Pune, India. The human prostate cancer cell line, 22Rv1 was obtained
from the American Type Culture Collection (ATCC, Rockville, MD, USA). Cells were
maintained in Roswell Park Memorial Institute Medium (RPMI 1640) (Hi-Media, Mum-
bai, Maharashtra, India). 4,6” Diamidino-2-phenylindole (DAPI) dye, fetal bovine serum
(FBS), and other associated constituents for in vitro cell culture were obtained from
Thermo Fisher Scientific, Waltham, USA. 5,5',6,6/—Tetrachloro-1,1/,3,3'-tetraethyl
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XXX Schematic representation of aptamer conjugation process to the surface of the polymeric
nanoparticles containing ABR

benzimidazolylcarbocyanine iodide (JC-1) (Invitrogen, Carlsbad, CA, USA) was pro-
cured. Polyvinyl alcohol (PVA, MW 125,000) was obtained from S.D. Fine-Chem. Ltd.
(Mumbai, Maharashtra, India). APSap4#5 was synthesized by Eurofins Genomics India
Pvt. Ltd., Bangalore, India. Testosterone propionate was purchased from Sisco Research
Laboratories Pvt. Ltd. (Mumbai, India). All the chemicals were of analytical grade or
molecular biology grade and used as received.

SeleXtion oXaKtamer

APSap4#5 (first reported by Savory et al. (2010)), A10-3.2 (first reported by Dassie
et al. (2009)), A9g (first reported by Rockey et al. (2011)), and E3 (first reported by Gray
et al. (2018)) are some of the widely studied aptamers used as a PSMA targeting moi-
ety. The DNA aptamer APSap4#5 (sequence: 5'-TTT TTA ATT AAA GCT CGC CAT
CAA ATA GCT TT-3’) has a lower K value (2.6 nM) (K, denotes the dissociation con-
stant. The stronger is the affinity between molecules, the lower is the K value). Thus,
APSap4#5 aptamer that essentially attaches to another molecule with a low K, strength-
ens the binding, and it is very much sensitive to PSMA (detection level in the picogram
range) (Heydari-Bafrooei and Shamszadeh 2017; Savory et al. 2010; Souada et al. 2015;
Tzouvadaki et al. 2016).

The shorter chain length also makes it easier to synthesize. The success of PSMA-
APSap4#5 aptamer in vitro has been reported (Heydari-Bafrooei and Shamszadeh 2017;
Souada et al. 2015; Tzouvadaki et al. 2016). Hence, we have selected APSap4#5 aptamer
(Apt) to target PSMA with the help of APSap4#5 aptamer conjugated nanosized drug

delivery system.

CharalteriXation oXthe AXR KontaininX PLGA nanoXartiXles KAXRMNPX

Conjugation of aptamer on the surface of nanoparticles

ABR-NP was conjugated with the 3"-amino and phosphorothioate-modified aptamer
through the EDC/NHS coupling method (Chakraborty et al. 2020a). Figure 1 depicts the
process of conjugating aptamers onto the surface of polymeric nanoparticles containing
ABR (for detailed protocol, please refer to Additional file 1).

Drug-excipient interaction study

Interaction between the drug and the chosen excipients was analyzed by using Fourier
transform infrared (FTIR) spectroscopy using blank nanoparticle (nanoparticle devoid
of any drug), drug (ABR), PLGA, ABR-loaded PLGA nanoparticle, and a physical mix-
ture of drug and the excipients. In each case, the substance was mixed with LR. grade
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KBr at a 1:100 ratio and punched into pellets. They were then scanned over a range
of 4000-600 cm™! using an FTIR instrument (Bruker FTIR, Tensor-II, Bruker Optic
GmbH, Karlsruhe, Germany).

Preparation of PLGA nanopatrticles containing ABR

ABR-loaded PLGA nanoparticles and blank nanoparticles (without ABR) were prepared
utilizing the multiple emulsion solvent evaporation technique according to the previ-
ously reported procedure (Chakraborty et al. 2020b). FITC-loaded and other dyes, such
as Cy5 loaded nanoparticles, were made by mixing 100 pl each of a 0.4% (w/v) ethanolic
dye solution into the first organic phase during the emulsion development. The detailed
method of developing the nanoparticles is described in Additional file 1.

Determination of particle size and zeta potential

The average nanoparticle size and zeta potential were measured using the dynamic light
scattering method. Approximately, 2 mg of ABR-NP/Apt-ABR-NP was weighed and
well-dispersed in Milli-Q water (Millipore Corp., MA, USA) by sonication for 30 min
in a bath sonicator (Trans-o-sonic, Mumbai, India). Finally, the particle size and zeta
potential were analyzed in Malvern Zetasizer Nano-ZS 90 (Malvern Instruments, Mal-
vern, UK.)

Determination of surface morphology by field emission scanning electron microscopy (FESEM),
atomic force microscopy (AFM), and high-resolution transmission electron microscopy
(HR-TEM)

Lyophilized nanoparticles were studied with field emission scanning electron micros-
copy (FESEM). ABR-NP and Apt-ABR-NP were placed on a carbon stub and then coated
with a thin layer of gold and scanned using FESEM. The particle morphology of hydrated
nanoparticles was analyzed by AFM from 5 mg/ml of Apt-ABR-NP dispersion in Milli-
Q water. The nanoparticles were then passed through 0.22-micron filters to remove any
pre-existing big aggregates. Approximately 5 pl of this filtered dispersion was put on a
cleaved mica sheet and air-dried for 20 min at room temperature. When the water was
evaporated, a thin transparent layer formed on a mica sheet, which was seen using an
AFM (5500 Agilent Technologies, Santa Clara, CA, USA) in tapping mode. The high-
resolution transmission electron microscope (HR-TEM) was used to investigate internal
morphology of the nanoparticles and drug distribution. On a standard carbon-coated
copper grid (300 mesh), the nanoparticle suspension in Milli-Q water was dropped and
allowed to air dry for 5-6 h. Image analysis was done using a high-resolution transmis-
sion electron microscope (JEOL JEM 2100 HR, Tokyo, Japan).

X-ray photoelectron spectroscopy (XPS)

The elemental composition of nanoparticles was investigated using X-ray photoelectron
spectroscopy (XPS) (Luo et al. 2019b). The nanoparticle samples (ABR-NP and Apt-
ABR-NP) were suspended in double distilled water, placed on a clean silicon substrate,
and vacuum-dried before being examined in a Kratos Axis X-ray photoelectron spec-
trometer (Shimadzu, Japan) equipped with a monochromatic Al K Alpha source. The
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studies employed a passage of energy of 200 eV. Spectral Data Processor v4.3 software
was used to compute the elemental composition and conduct curve fitting.

Percentage of drug loading and encapsulation efficiency
Drug loading and drug encapsulation efficiencies were measured as reported earlier
(Kumari et al. 2023) (for detailed method, please refer to Additional file 1):

Amount of drug

Theoretical drug loading (%) = x 100,

Amount of drug + excipients

Drug loading (actual )% Amount of drug in nanoparticles
rug loading (actual )% =

x 100,
Amount of nanoparticles obtained

. Drug loading (actual ) (%)
Entrapment efficiency (%) = - - x 100.
Amount of drug loading (theoretical )(%)

Stability of the nanoparticles
The stability of the nanoparticles was investigated following the ICH guidelines, as
reported earlier (Kumari et al. 2023) (For detailed method, refer to Additional file 1).

Hydrolytic stability study
Hydrolytic degradation of the formulation was studied in buffers of different pH (Ehsan
et al. 2022). The detailed protocol has been mentioned in Additional file 1.

In vitro drug release study

In vitro drug release was conducted in phosphate buffer saline (PBS) (pH 7.4), PBS
with 1% B-hydroxy cyclodextrin (pH 7.4), citrate buffer (pH 3), acetate buffer (pH 5),
and bicarbonate buffer (pH 10) as per the reports published earlier (Kumari et al. 2023)
(detailed method is available in Additional file 1).

Cellular studies

In vitro cellular uptake analysis by flow cytometry (FACS) and confocal microscopy

For quantitative analysis using FACS, the nanoparticles (ABR-NP and Apt-ABR-NP)
were loaded with tetramethylindo(di)-carbocyanine (Cy5) to measure their compara-
tive cellular uptake in LNCaP, 22Rv1, and PC3 cells. Briefly, LNCaP and PC3 cells were
seeded in 60-mm cell culture dishes at a density of 1.5 x 10° per plate and incubated
overnight in a humidified incubator at 37 °C under a 5% CO, environment (Wang et al.
2013). On the next day, the media were removed, Cy5 containing formulations (ABR-
NP/Apt-ABR-NP) were added to the plates (except one, the ‘control’ group where the
cells received no treatment) and incubated for different time periods (6 h and 12 h).
After that, the treatment solutions were removed, and the cells were washed with PBS
(pH 7.4) and redispersed in PBS (pH 7.4) in light-protected tubes. The cells were then
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analyzed in a flow cytometer (BD LSR Fortessa, B.D. Biosciences) using the filter of Cy5
(excitation/emission 651 nm/670 nm).

We performed confocal laser microscopy to interpret Cy5-loaded Apt-ABR-NP uptake
in LNCaP and PC3 cells (Fan et al. 2015). The study has not been performed for 22Rv1
cells. Briefly, 1.0 x 10* PC3 and LNCaP cells were seeded separately on different cov-
erslips, and the coverslips were placed inside a 35-mm cell culture dish with adequate
media (1 ml). The cells were incubated overnight at 37 °C and then treated with the
Cy5-loaded Apt-ABR-NP for 6 h and 12 h. After treatment, the cells were washed with
PBS, fixed using 70% ethanol, counter-stained with DAPI, and mounted on a slide using
Prolong Diamond anti-fade-mount. The slides were then scanned under a confocal laser
microscope (ZEISS LSM 900, Carl Zeiss, Oberkochen, Germany). The observation was
conducted simultaneously using dual filters, Cy5 (excitation/emission 651 nm/670 nm)
and DAPI (excitation/emission 359 nm/461 nm). Images were collected from individual
channels and merged using ImageJ or ZEN 2012 SP2 software (ZEISS, Germany).

In vitro cell cytotoxicity assay

We studied the effect of free drug, ABR-NP and Apt-ABR-NP nanoparticles on prostate-
specific membrane antigen (PSMA) overexpressing and androgen receptor (AR) positive
LnCaP and 22Rv1 prostate cancer cell lines, and PC3 cells which are AR and PSMA neg-
ative. The cytotoxic effects of ABR, ABR-NP, and Apt-ABR-NP on 22Rv1, LNCaP and
PC3 cells were analyzed using an MTT assay following the methods described earlier
(Ehsan et al. 2022; Paul et al. 2019) (for the detailed method, see Additional file 1).

Apoptosis assay

Induction of apoptosis by ABR, ABR-NP, and Apt-ABR-NP was assessed in 22Rv1 and
LNCaP cells following the Annexin V-FITC, propidium iodide (PI) dual staining method
(Dutta et al. 2018; Hazra et al. 2021). Briefly, 1.5 x 10° LNCaP cells were plated in 60-mm
dishes and incubated overnight in a humidified incubator with RPMI 1640 media. The
media were removed on the next day, and the cells were treated with ABR, ABR-NP,
and Apt-ABR-NP at their respective IC;, concentrations in the incomplete medium
(without the serum) for 48 h. Two control sets were maintained in parallel for each time
point with media alone to provide the unstained and control group (PI alone). After the
treatment, the media were removed, the cells were collected through trypsinization,
counted to 10° in 100 pl binding buffer, and incubated with annexin V-FITC (5 ul) for
15 min in a dark condition. Finally, the cells were diluted to 500 pl, and 5 pl of propid-
ium iodide was added to each tube except for the unstained group. The cells were then
analyzed in a FACS instrument (BD Accuri C6, BD Bioscience, San Diego, CA) using
the channels of FITC (B530-A) and propidium iodide (YG586-A). The data were plotted
in a four-quadrant plot to differentiate live, early apoptotic, late apoptotic, and necrotic
cells. The aptamer-conjugated nanoparticle (Apt-ABR-NP) showed the most cytotoxic-
ity, maximum cellular uptake and maximum apoptosis induction in LNCaP cells among
the experimental nanoparticles. Hence, we investigated this formulation for subsequent
studies in LNCaP cells only.



Al X olue et al. Rancer Nanotechnology (2023) TRK3 Page 8 of X4

Mitochondrial membrane depolarization analysis using JC-1

Mitochondrial membrane depolarization is a hallmark of apoptosis. At the initial stage
of apoptosis, the mitochondrial membrane becomes depolarized (more positive), which
results in a change in trans-mitochondrial membrane potential difference. This change
in potential difference can be measured using a cationic dye JC-1 (5,57,6,6 -tetrachloro-
1,17,3,3" -tetraethylbenzimidazolyl-carbocyanine iodide). In normal mitochondria (high
membrane potential), JC-1 accumulates and forms J-aggregates that emit red fluores-
cence (~590 nm). When the mitochondrial membrane becomes depolarized (low poten-
tial), the JC-1 dye accumulates less in mitochondria, and mitochondria predominantly
remain in the cytosol in a monomeric form, emitting green fluorescence (~529 nm).
Hence, mitochondrial membrane depolarization can be measured using JC-1 dye by
measuring an increase in green fluorescence or the green/red fluorescence intensity
ratio. Standard protocol was followed for measuring fluorescence emission after JC-1
staining. Briefly, 1 x 10° LNCaP cells were seeded in 60-mm dishes, incubated overnight
in a humidified incubator, and then treated with ABR, ABR-NP, and Apt-ABR-NP for
48 h. After that, the cells were removed from the dishes and incubated with 10 pl of
200 pM JC-1 in 1 ml complete media for 10 min at 37 °C in dark conditions. The media
were removed by centrifugation, precipitating the cells. The cells were resuspended in
PBS, pH 7.4, and were analyzed in a FACS instrument.

Clonogenic assay for the prostate cancer cell line
The in vitro cell colony formation assay was performed by determining the ability of a
single cell to develop a colony after the treatment with free drug and the experimental
formulations and compared with the untreated control group. LNCaP cells were seeded
in 12-well plates (750 cells/well) and incubated overnight to grow (Papachristou et al.
2021). After that, the media were first replaced with the fresh complete media, and the
cells were treated with ABR, ABR-NP, or Apt-ABR-NP except for the control group that
received no treatment. Additionally, the media, along with the treatments, were changed
in every 3 days up to the endpoint of the experiment 12—14 days, that depended on the
colony numbers in control well. At the end of the treatment period, when colony con-
fluency in control well reached the optimum level, the media or media with treatment
suspensions were removed, and the cells were washed with PBS. Then 1 ml of 10% acetic
acid (in methanol) was added to each plate and kept on a shaker for 10—15 min to fix
the colonies. Then the cells were stained with crystal violet solution (0.5% crystal violet
in 25% methanol-water) and again were shaken for 15 min under shaking conditions.
Crystal violet solution was then removed, and the cells were washed with PBS three
times. The plates were then air-dried overnight, and on the next day, images were cap-
tured under an optical microscope.

After imaging, the plates were shaken with 10% acetic acid solution for 15 min to dis-
solve all the colonies, and with the supernatant, absorbance was measured at 510 nm
using a plate reader.

In vivo animal studies
Swiss albino mice were procured from the National Institution of Nutrition (NIN),
Hyderabad, India, and the complete in vivo experimental procedures with animals
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were approved by the Jadavpur University Animal Ethics Committee (JU-AEC, Proto-
col approval. no.: AEC/PHARM/1704/04/2020), under the norms of CPCSEA, Govt. of
India (Jadavpur University Registration Number in CPCSEA: 1805/G.O./Re/S/15/CPC-
SEA). The guidelines of CPCSEA (Control and Supervision of Experiments on Animals)
were carefully followed in all the animal experiments.

Pharmacokinetic study

In vivo pharmacokinetic studies of ABR and its nanoformulations were conducted in
Swiss albino mice, having an average body weight of 25 g (Dutta et al. 2019). Mice (36 in
numbers) were taken for each group. Group-I animals were treated with ABR at a dose of
400 pg/kg body weight, Group-II animals were treated with ABR-NP, and Group-III ani-
mals were treated with Apt-ABR-NP. In the cases of the formulations, a dose equivalent
to the free ABR dose was administered through the formulations. Group I mice received
the free drug (ABR) suspension in the water for injection through intraperitoneal injec-
tion. The formulations were directly dispersed in water for injection and injected intra-
peritoneally in animals of Group II and Group III, respectively. The blood samples were
collected (around 1 ml from each animal) by killing three animals separately at each time
point (time points taken were 2, 10, 15, 20, 30, 60, 90, 120, 240, 360, 480, 720 min) in
heparin-coated tubes and were centrifuged (10,000x g for 10 min at 4 °C) to separate the
plasma (200 pl each). A volume of 500 pl of ethanol was added to each plasma sample
and mixed well with a vortex mixer to dissolve the drug content. It was further centri-
fuged, and the clear supernatant was collected and analyzed in an LC-MS instrument
(Agilent 6545 Q-TOF LC/MS system). The data were analyzed through MassLynx 4.1
software and quantified by comparing it with a calibration curve of ABR prepared. The
plasma concentration vs time plot was generated using GraphPad Prism 5.0, and the
T nax t1/2» MRT, Vg, CL) were calculated.

pharmacokinetic parameters (AUC, C, T

max’
Hemolysis study

Blood samples from male Swiss albino mice were placed in heparinized tubes and cen-
trifuged at 4 °C for 5 min at 1000g. The supernatant was removed, and the erythrocytes
were washed three times in PBS (pH 7.4) before being used. The resulting suspension
(2%) was employed in a hemolysis study. To test the hemolytic activity, 190 ul of the
suspension was placed in each well of a 96-well plate, and a volume of 10 ul of ABR/
ABR-NP/Apt-ABR-NP (with an increasing concentration of ABR, i.e., 10 to 100 uM) was
added to each well. The negative control was normal saline (0% lysis), and the positive
control was distilled water (100% lysis). The unlysed erythrocytes were separated by cen-
trifugation at 10,000g for 5 min after the incubation at 37 °C for 1 h with gentle stirring.
The supernatant’s optical density (O.D.) was determined at 570 nm. The percent lysis
was measured by comparing the O.D. value to that of the supernatant (positive control)
where full lysis occurred. To acquire the average value, the tests were repeated three
times (Ehsan et al. 2022; Thasneem et al. 2011).

Biodistribution study and gamma-scintigraphy imaging
In vivo biodistribution of ABR-NP and Apt-ABR-NP was studied in a Swiss albino
prostate-cancer mice model using technetium-99 m (Dutta et al. 2019) radiolabeled
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nanoparticles. ™ Tc radiolabeling of the nanoparticles was done directly by using an
acidic solution of stannous chloride (SnCl,) as a reducing agent to synthesize **™Tc-
labeled nanoparticles (*’™Tc-ABR-NP and *™Tc-Apt-ABR-NP). Mice were hydrated
well with normal saline through intraperitoneal injection and anesthetized by diethyl
ether. Then the radiolabelled nanoparticles containing 3.7 MBq radioactivity were
injected through their tail veins. Biodistribution and gamma-scintigraphy imaging were
done using **™Tc-labeled nanoparticles. The half-life of *™Tc is short (6 h) (Ramdhani
et al. 2023). Hence, to get the optimum level of biodistribution and the localization of
radio labeled Apt-ABR-NP, the study was conducted using intravenous route to avoid
erroneous data due to the loss of radioactivity of **™Tc. In the case of pharmacokinetic
and anticancer efficacy study, since no 99mTe material was involved, it was administered
to animals by the intended intraperitoneal route.

For the biodistribution study, the animals were killed after 1 h, 2 h, and 5 h of post-
injection through cervical dislocation. Different organs (liver, kidney, stomach, intestine,
heart, lungs, and prostate) and body fluids (blood and urine) were collected in scintil-
lation counting tubes, and radioactivities present in them were measured in a gamma-
scintillation counter (ECIL, Hyderabad, India). The results were expressed as % of
injected dose (% 1.D.) accumulated in the organs and as % 1.D. per gram (wet weight)
in the case of blood. In another experiment, scintigraphy imaging was performed in
live anaesthetized animals at 1 h, 2 h, and 5 h post-injection of radiolabeled nanopar-
ticles; under a gamma-scintigraphy camera (GE Infinia) in a head-supine anterior posi-
tion under static conditions. Images were analyzed using GE Infinia y Camera facilitated
along with Xeleris Work Station, Milwaukee, W1, USA (Dhara et al. 2023).

Prostate cancer development in mice, treatment undergone, and histopathological evaluation
Adult male Swiss albino mice were used to generate prostate cancer-bearing mice as
described earlier (Nahata and Dixit 2012). Healthy male mice (25-30 g body weight)
were procured from the National Institute of Nutrition (Hyderabad, India). They were
maintained in polypropylene cages at 25 °C+1 °C temperature under 55% + 5% relative
humidity and normal 12 h/12 h day/night photoperiod and acclimatized with the facili-
ties for 2 weeks before conducting any experiments. The animals were treated with sub-
cutaneous testosterone propionate (40 mg/kg) twice a week for 12 weeks. In addition,
N-nitroso-N-methyl urea (4 mg/kg) once a week was given by intraperitoneal injection
as a cancer promoter for the first 4 weeks of testosterone treatment (Schleicher et al.
1996). After 12 weeks of testosterone propionate treatment, the development of prostate
cancer was confirmed by histopathological observation of the prostate. A normal control
group was maintained throughout the study period that received the treatment of nor-
mal saline only (the ‘Normal’ group, Group A).

The animals bearing prostate cancer were subdivided into four groups, one receiving
normal saline only (the ‘Cancer’ control group, Group B), one receiving free abiraterone
acetate suspension (the ‘ABR’ group, Group C), one receiving ABR-NP (the ‘ABR-NP’
group, Group D), and the last group of animals receiving Apt-ABR-NP (the ‘Apt-ABR-
NP’ group, Group E). A minimum of 5 animals was maintained for each group. For the
‘ABR; ‘ABR-NP; and ‘Apt-ABR-NP’ groups, the dose was maintained at 100 mg/kg of ABR
or equivalent through intraperitoneal injection thrice a week for 8 weeks. An additional
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group of normal mice received the same treatment of Apt-ABR-NP as in the carcinogen-
treated Apt-ABR-NP group of animals (Group F) to assess the impact of the formulation
in normal animals. The ‘Normal’ and the ‘Cancer control’ group were treated with saline
only throughout the treatment period (8 weeks). At the end of 8 weeks of treatment with
ABR, ABR-NP, or Apt-ABR-NDP, all the animals were killed; their prostates were isolated,
fixed with formalin (4%), embedded in paraffin blocks, sectioned in thin slices (5 um
thickness), and stained with hematoxylin and eosin (H&E) for microscopic observation
(Chen et al. 2020). Ki67-immunostaining was also performed in a similar way for all the
‘Normal control; ‘Cancer control, ABR-NP; and ‘Apt-ABR-NP’ groups. Compared to the
‘Normal’ group, histopathological changes in the prostates of ‘Cancer; ‘ABR; ‘ABR-NP;
and ‘Apt-ABR-NP’ groups were observed under an optical microscope at 10x and 40x
magnifications. H&E stained sections were observed for estimation of Gleason score,
lymphovascular invasion, and perineural invasion (Tataru et al. 2021). The Gleason
grading system was used to determine different patterns of tumor tissues, and scoring
was carried out to represent their stages (Pierorazio et al. 2013). Ki67-stained sections
were analyzed for the measurement of Ki67-positive cells using Image] software (version
1.53k). Areas with 3% or fewer Ki67+ cells were considered negative, with 3—-25% Ki67+
cells considered as grade 1 (1+ or low grade), 26—50% Ki67+ cells were considered as
grade 2 (2+ or intermediate grade), with 51-75% Ki67+ cells were considered as grade
3 (3+ high grade), and areas with 76—100% Ki67+ cells were considered as grade 4 (4+
or very high/worse grade) (Madani et al. 2011). A minimum of 10-12 images were cap-
tured for each slide for statistical analysis.

Efficacy of Apt-ABR-NP on LNCaP tumor spheroids

Single cell suspension of LNCaP cells was seeded in ultra-Low attachment plates in
serum free media (DMEM/F12) with additional supplements such as 20% methyl-
cellulose (Sigma), B27 (1:50, Invitrogen), 10 ng/ml bFGF (Invitrogen), 4 pug/ml insulin
(Sigma), and 20 ng/ml epidermal growth factor (EGF) (Peprotech). The spheroids were
generated by 7 days of cell seeding. After formation of the spheroids, one group was Cy5-
loaded blank (without drug) nanoparticle control group and the other group was treated
with Cy5-loaded Apt-ABR-NP for 3 consecutive days at its IC;, value. For the applica-
tion of each dose, the media were changed with the fresh media. After completion of the
treatment period, the spheroids were washed with ice cold PBS (pH 7.4) and co-stained
with DAPI. Finally, photographs were taken using confocal laser microscope (Sen et al.
2023; Wolff et al. 2022).

Hematological evaluation

For complete blood count (CBC) profile of mice of the above-mentioned experimental
groups of animals (“Prostate cancer development in mice, treatment undergone, and
histopathological evaluation” section) were assessed. Blood from the mice were col-
lected through cardiac puncture and whole blood was collected through cardiocente-
sis. Total count of red blood corpuscles (RBC), hemoglobin, hematocrit, total count
of white blood cells (WBC), lymphocytes, monocytes, neutrophils, eosinophils, plate-
lets and PSMA were analyzed using standard method (Weatherby and Ferguson 2004).
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C-reactive protein (CRP) was evaluated using commercially available bioassay kits (Wel-
don Biotech India Pvt. Ltd., New Delhi, India).

Estimation of serum-specific toxicity markers

To determine the presence of systemic toxicity in nanoparticle-treated mice, serum bio-
markers for hepatic and renal toxicity were evaluated. Each killed animal’s blood was
taken, and serum was extracted by centrifugation. As a hepatic toxicity marker, the
serum levels of AST (aspartate aminotransferase), ALT (alanine transaminase), and alka-
line phosphatase (ALP) were evaluated using commercially available bioassay kits (Coral
Clinical Systems, Goa, India) following manufacturer protocols, and for nephrotoxic-
ity, creatinine and blood urea nitrogen (BUN) were estimated using AutoZyme Creati-
nine kit (Accurex, Mumbai, India), and AutoZyme BUN kit (Accurex, Mumbai, India),
respectively, in a UV-visible spectrophotometer (Intech-295, Advanced Microprocessor
UV-Vis Single Beam) as per the manufacturer instructions.

Analysis of aptamer-PSMA interactions by molecular docking

To perform the molecular docking study, we have chosen the receptor as the PSMA to
which the aptamer can bind specifically in silico. The crystal structure of PSMA, 1Z8L
was obtained from the RCSB protein data bank, and the DNA aptamer structure was
prepared by adding the 32-bp DNA sequence in the Discovery studio visualizer 2021
and converted to PDB format. At first, the receptor was prepared by eliminating water
molecules and adding polar hydrogen atoms and charges. Then ligand molecule was also
prepared for docking analysis using Discovery studio visualizer 2021. Using the HDOCK
blind docking server (http://hdock.phys.hust.edu.cn/), further interactions between the
aptamer and PSMA were examined (Yan et al. 2020). Providing input for the receptor
and ligand was the first stage in the docking technique. The quality of a predicted pro-
tein—nucleotide binding mode was measured by its docking score. The discovery studio
2021 client program was used to conduct the docking analysis. The interactions were
visualized through Biovia Discovery studio 2021 (BIOVIA Discovery Studio—BIOVIA—

Dassault Systémes®).

Statistical analysis

All the experiments were performed at least three different times, and the correspond-
ing data were represented as the mean value along with the standard deviation. Statisti-
cal analysis of data was performed using Student’s ¢-test, Dunnett’s test, and one-way
ANOVA, followed by Tukey’s post hoc test, two-way ANOVA analysis, and tested by
Bonferroni’s post-test. The images, graphical, and bar diagrammatic representations
were accomplished using various software such as Origin 2021, Graph Pad Prism soft-
ware (version 5, Graph Pad Prism software Inc, San Diego, CA, USA), Gimp 2.10.30,
Image], AutoDock 4.2, and BIOVIA Discovery Studio Visualizer. Graphical abstract and
schematic representation were created using Biorender.com. The probability value is
indicated as p, where p <0.05 was considered as the statistical level of significance.
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ResXMts anXHécXssHn

We avoided utilizing any hazardous chemicals and instead employed biocompatible, bio-
degradable FDA-approved polymer (PLGA) and negligibly immunogenic short nucleo-
tide sequence aptamers to effectively deploy the possible targeted drug delivery in vivo
that could lessen its cytotoxicity to healthy tissues by their preferential accumulation in
PSMA overexpressed prostate cancer tissue. The following findings were used to sub-
stantiate the research envisaged.

DruXeXXiXients interaXtion by XTIR analysis

FTIR studies were performed to detect any chemical interactions between the drug mol-
ecule and the excipients. The results suggest that (Additional file 1: Figure S1) PLGA
showed peaks at 3650 cm™}, 2935 cm ™!, and 1735 cm ™}, for the O-H stretching, asym-
metric stretching of —CH,, and C=0O stretching band of the carboxylic acid group,
respectively. ABR showed characteristic peaks at 3440 cm™ Y, 2940 ecm™, 1735 cm ™},
1440 cm™, 1370 cm™, and 1250 cm ™! for intermolecular bonded O-H stretching vibra-
tions, C—H stretching, C=0 stretching, CH; bending vibration of the acetate group, CH,4
bending vibration of the methyl groups and C—O-C stretching vibration of the acetate
group, respectively. FTIR spectra of PVA also reveal peaks at 3420 cm ™ for intermolec-
ular bonded O—H stretching vibrations, 2925 cm™! for asymmetric stretching of —~CH,,
and 1740 cm™! due to water absorption. Blank (without drug) nanoparticles (BL-NP)
reveal the presence of all characteristic peaks of the polymer PLGA. ABR-NP showed IR
peaks at 3490 cm™! due to intermolecular bonded O—H stretching vibrations, 2950 cm ™
for C—H stretching, 1760 cm™! for C=0 stretching, 1380 cm™! for C—H bending, and
1200 cm™! for C-O stretching due to ester group. Apt-ABR-NP also showed almost
similar peaks with one additional peak at 1650 cm™! for C=0O stretching due to the
amide group. Peaks at 1650 cm ™! for Apt-ABR-NP indicated the aptamer binding to the
ABR-NPs through amide bond formation. The FTIR study (Additional file 1: Figure S1)
indicates no chemical interaction between the ABR and the excipient used in this study.
However, a few slight shifts in the peak were solely responsible for the physical interac-
tions that might provide the structure of the formulation. The shift of vibration signals
indicated the presence of physical interactions between the compounds for the nanopar-
ticles that might help develop a spherical nanostructure (Dhara et al. 2023).

Kay MhotoeleXtron sKeXtrosXoXy HKPSX

High-resolution XPS was also used to identify chemical elements and surface chemistry.
XPS can provide qualitative and quantitative information on various elements on the
particle surface and determine the chemical composition of the uppermost layer of the
polymer surface. The XPS spectrum of ABR-NP clearly shows that the Ols peak was
at 533 eV and the Cls peak was at 287 €V, confirming the presence of oxygen and car-
bon elements, respectively, in the PLGA polymer matrix. A very small peak of N1s was
observed at 399 eV and appeared in this region with an increasing range. XPS spectra
of Apt-ABR-NP nanoparticles showed distinct peaks for oxygen and carbon at 533 and
287 eV, respectively (Fig. 2A). A magnified image of the nitrogen region showed a signifi-
cant signal at 399 eV, which corresponds to the presence of a large number of N atoms in
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KX Aptamer conjugation as assessed by K-ray photoelectron spectroscopy study, and agarose gel
electrophoresis, and aptamer-PSMA binding by molecular docking. A KPS graph for combined ABR-NP and
Apt-ABR-NP, B ®PS graph for enlarged N1s peak of Apt-ABR-NP, C®PS graph for enlarged N1s peak of ABR-NP,
D aptamer conjugation to ABR-NP using agarose gel electrophoresis, E aptamer—PSMA (Protein data bank,
PDB: 1XHL) interactions by hydrogen bonding through molecular docking; K aptamer—PSMA (PDB: 1XXL)
hydrophobic interactions through molecular docking

the DNA aptamer. In the XPS spectrum of PLGA nanoparticles, peaks O1 and C1 were
located at almost the same binding energy as aptamer-labeled PLGA nanoparticles and
PLGA nanoparticles. After the chemical reaction of the PLGA nanoparticles with the
aptamer, an amide bond (CO-NH) was formed, which detected a significant N1s peak
at a binding energy of 408 eV. For covalent bonds, the higher the polarity, the higher
the bond energy. A CO-NH bond was formed here by the conjugation of the aptamer
and PLGA-COOH. The presence of nitrogen in the PLGA-aptamer nanoparticles (Apt-
ABR-NP) was confirmed using XPS, which observed a higher intensity (Fig. 2B), indi-
cating that the aptamer was successfully conjugated to the PLGA surface because the

DNA aptamer contained many nitrogen elements. In contrast, in ABR-NP, only nitrogen
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element of the drug molecule, abiraterone acetate was present, resulting in a very small
N1s peak (Fig. 2C). This indicates ABR presence on the particle surface also, due to its
homogeneous distribution, which was later supported by the findings of HR-TEM. Con-
jugation of the aptamer to the surface of ABR-NP was successfully confirmed by the XPS
plots of the ABR-NP and Apt-ABR-NP. The enlarged plot of aptamer-tagged nanoparti-
cles clearly showed the higher intensity of the nitrogen peak for the abundant presence
of the nitrogen atom in the DNA aptamer (Wang et al. 2013).

AXtamer Konjulation on the surkaXe oXnanoXartiXles

An agarose gel electrophoresis confirmed that the PSMA-specific DNA aptamer was
coupled to the nanoparticle surface. Figure 2D demonstrates that the 32-base pair
aptamer moved through the gel and landed parallel to the conventional DNA ladder
of the 50-bp marker. The aptamer-coupled nanoparticles (Apt-ABR-NP), on the other
hand, stayed inside the loading well, as evidenced by fluorescence. However, the uncon-
jugated nanoparticles (ABR-NP) did not display any band in the well, owing to the lack
of a DNA strand. In the instance of Apt-ABR-NP, the image demonstrated the coexist-
ence of DNA aptamer with the nanoparticles, ensuring effective aptamer conjugation on
the surface of the nanoparticle, as supported by FTIR data. Further, XPS data support
the presence of aptamer on Apt-ABR-NP (Shahriari et al. 2021). Aptamer conjugation to
the nanoparticle’s surface results in amide bond formation between the carboxylic acid
group of the polymer and amine group of the DNA aptamer.

Analysis o¥aXtamerXPSMA interaltions by moleXular doXkinX

A molecular docking study was performed to check the affinity or interactions between
the 32-bp DNA aptamer and prostate-specific membrane antigen (PSMA). Results sug-
gest that nucleotide bases of the aptamer effectively bind with various amino acid resi-
dues (Fig. 2E and F). We observed electrostatic interaction between Lysine 406, ARG181,
ARG649, and ARG 649 residues and phosphate groups of thymine (DT27), adenine
(DA2), adenine (DA11), adenine (DA11), respectively. Several conventional and car-
bon-hydrogen bonding, along with some hydrophobic interactions, were found between
aspartic acid (ASP654), lysine (LYS187), lysine (LYS187), arginine (ARG 190), arginine
(ARG649), arginine (ARG190), glutamic acid (GLU748), alanine (ALA635) and methio-
nine (MET663) amino acid residues with adenine (DA2:N3), adenine (DA3:04’), thy-
mine (DT32:02), adenine (DA10:03’), thymine (DT32:02), thymine (S:DT1), guanine
(DG15) and adenine (DA24) nucleotide bases of the aptamer, respectively (Additional
file 1: Table S3). The docking score was found to be — 330.86, indicating very good bind-
ing affinity between the ligand and receptor. These interactions suggest that aptamer-
conjugated nanoparticles can selectively bind to the prostate-specific membrane antigen
found in most prostate cancer tissue and the drug molecules reaching the cancer tissues
through the targeting method will show its efficacy more efficiently. The DNA aptamer—
PSMA binding through molecular docking analysis is also a clear indication of the capa-
bilities of the conjugated nanoparticles to specifically reach PSMA-associated prostate

cancer microenvironment.
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Determination oXXartiXle siXe and Keta Kotential

Particle size distribution and zeta potential were measured using the dynamic light scat-
tering method. The average values of the hydrodynamic diameter (dy;) of ABR-NP and
Apt-ABR-NP were found to be 130.6 nm and 149.30 nm, respectively (Fig. 3A). However,
aptamer conjugation showed approximately 20% enhancement in the size of the ABR-
NP. Zeta potential values for ABR-NP and Apt-ABR-NP were — 10.1 mV and — 18.5 mV,
respectively (Fig. 3B). The zeta potential values of the nanoparticles imply their stay in a
suspended condition in an aqueous medium for a prolonged period. Zeta potential val-
ues of nanoparticles greater than +30 mV are known to develop more stable suspension
(Champion et al. 2007). Thus, the formulations should be stored as a powder that may be
suspended in water before administration..
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In vitro drul release study

In vitro ABR release from Apt-ABR-NP was carried out in five different media, i.e.,
phosphate buffer saline (PBS) (pH 7.4), PBS with 1% p-hydroxy cyclodextrin (pH 7.4),
citrate buffer (pH 3), acetate buffer (pH 5), and bicarbonate buffer (pH 10), for 28 days
(672 h). PBS was chosen as a release medium for its blood environment mimicking
pH. The cumulative percentage of drug release after the mentioned time period was
found to be 73.12%, 81.45%, 92.76%, 92.45%, and 43.30%, respectively, in 672 h of
study in the five different release media (phosphate buffer saline (PBS) (pH 7.4), PBS
with 1% B-hydroxy cyclodextrin (pH 7.4), citrate buffer (pH 3), acetate buffer (pH 5),
and bicarbonate buffer (pH 10), respectively (Fig. 3C). The drug release data from the
nanoparticles were tested on zero-order, first-order, Hixson—Crowell, Korsmeyer—
Peppas, and Higuchi kinetic models, and the various regression coefficient values (R%)
for kinetics were tabulated (Additional file 1: Table S2). R? values suggest that drug
releases, according to Korsmeyer—Peppas, in all five release media.

The drug release in the PBS with B-hydroxy cyclodextrin media showed a biphasic
in vitro drug release pattern with an initial fast drug release followed by a sustained drug
release pattern for 4 weeks. It could be due to the quick release that drug molecules pre-
sent on or close to the surface and B-hydroxy cyclodextrin that might help in the better
solubility of hydrophobic drug molecules in the drug release medium. ABR release from
the nanoparticles followed Korsmeyer—Peppas kinetic, suggesting drug release by diffu-
sion and erosion mechanism (Pattnaik et al. 2012).

The quicker breakdown of the polylactic acid—glycolic acid polymer in citrate buffer
(pH 3) than in PBS/PBS with B-hydroxy cyclodextrin explains the faster release pattern
of ABR at pH 3. Under the acidic environment (pH 3), the medium promoted the hydrol-
ysis of the PLGA core by attacking ester bonds, resulting in quicker polymer breakdown
(Jain et al. 2010). However, at alkaline pH (pH 10), the polymer retains its non-polar
character due to the trapping of hydroxyl groups on the polymer surface, which reduces
particle water absorption and results in a more stable state of nanoparticles in higher pH
environments. The hydrolytic degradation was low to high from neutral, to acidic pH.
The quicker drug release pattern in acidic conditions against PBS (pH 7.4) reveals the
faster release of ABR from ABR-NP in an acidic tumor environment versus a physiologi-
cally neutral medium of blood during their transportation and distribution (Choi et al.
2015).

SurfXe morXholoXy by KESEM, HRRTEM, and AXM

Drug absorption by cells or organs depends on the surface and shape of the nanoparti-
cle because the nanoparticle surface interacts with the biomembrane, which affects drug
internalization (Clogston and Patri 2011; Dutta et al. 2019). Using FESEM, the surface
morphology of ABR-NP and Apt-ABR-NP were studied, and photographs of nanoparti-
cles (Fig. 3D, E) revealed that the particle (size 100 nm to 150 nm) were round in shape,
with the largest particles measuring 150 nm. Nanoparticles had smooth surfaces with
no apparent porosity or fractures. As we did not observe any significant difference in
the surface morphologies of the nanoparticles (with and without aptamer conjugation),
we further studied the HR-TEM and AFM with the Apt-ABR-NP formulation only. The
interior structure of the experimental nanoparticle was studied with high-resolution
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transmission electron microscopy (HR-TEM). HR-TEM pictures showed a dark struc-
ture (Fig. 3F), indicating that the nanoformulation had a homogeneous drug distribution
throughout the particles. The produced nanoparticles had a spherical structure with a
smooth surface, as revealed by AFM images (Fig. 3G, H). AFM images in three dimen-
sions showed well-separated nanoparticles within a small size range.

DruX loadini and entraXment eX Kieniy

We developed a number of formulations with different drug-to-polymer ratios. Three
of these formulations are shown in Additional file 1: Table S1. For each of these three
formulations, the amount of drug loaded into the nanoparticles and entrapment efficien-
cies were calculated. The drug loading percentages for ABR-NP1 and ABR-NP3 were
7.36£0.5% and 2.6110.25%, respectively. The highest drug encapsulation was dem-
onstrated by ABR-NP2 (8.5%). As a result, this formulation was chosen as the best one
and given the name ABR-NP. This formulation was used for aptamer conjugation. There
was a loss of drug during the conjugation process and Apt-ABR-NP had drug loading
8.02%. The ABR-NP encapsulation efficiency was 93 +3.30% and the value was 88.2% in
the case of Apt-ABR-NP, demonstrating the method’s ability to create nanoparticles with
minimum material loss (Dutta et al. 2019).

Stability oXthe nanolartiXles

A stability study of ABR-NP and Apt-ABR-NP revealed that the samples stored at 4—8 °C
retained morphology (Fig. 3D, E) and drug content throughout the period. Formulations
stored at 30 °C, 75% RH (relative humidity) and 40 °C, 75% RH for 45 and 90 days showed
morphological deformation (Additional file 1: Figure S2A, B) and a little decrease in
drug content (Additional file 1: Figure S2C). They had morphological deformation dur-
ing storage at higher temperatures, resulting in enhanced particle size (Additional file 1:
Figure S2D). From the stability studies, it was observed that ABR-NP and Apt-ABR-NP
were stable at 2—8 °C for up to 90 days (time of investigation). However, the nanopar-
ticles were not stable above 30 °C due to the aggregation of nanoparticles and polymer
softening (Yadav and Sawant 2010). Hence, the prepared nanoparticles should be stored
at 2-8 °C.

HydrolytiX study

The increase in weight loss upon hydrolytic degradation was used to determine the bio-
degradability of Apt-ABR-NP. The pH values had a substantial impact on weight loss.
The hydrolysis of the formulations increased as the pH of the medium was reduced.
After a 4-week investigation, mass loss was 11.23 +2.14% at pH 10, 20.73 +1.41% at pH
7.4, 30.831+1.98% at pH 5, and 48.26 +2.61% at pH 3, respectively (Additional file 1: Fig-
ure S2E). The results indicated that our nanoformulation was more stable in phosphate
buffer (pH 7.4) and bicarbonate buffer (pH 10), as compared to citrate (pH 3) and acetate
buffer (pH 5). The findings suggest that the faster drug release would occur as the Apt-
ABR-NP reaches acidic tumor microenvironment.
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Xhand 12 h.® FACS histogram LNCaP cells after the treatment with ABR-NP and Apt-ABR-NP at®h and 12 h.
C Confocal laser microscopy images of PC3 cells at 12 h after the treatment with ABR-NP and Apt-ABR-NP. D
Confocal laser microscopic images of LNCaP cells at 12 h after the treatment with ABR-NP and Apt-ABR-NP
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In vitro Kellular uXtake analysis by Xow Xytometry and XonkbXal miXrosXoXy

Flow cytometry analysis revealed a time-dependent gradual accumulation of Apt-ABR-
NP in both PC3 (Fig. 4A) and LNCaP (Fig. 4B) cells. In the case of PC3 cells, an inad-
equate percentage of nanoparticle uptake was observed from 6 to 12 h of treatment.
However, in the case of LNCaP cells, longer incubation with nanoparticles significantly
enhanced cellular uptake, especially for Apt-ABR-NP. This could be due the fact that
LNCaP cells overexpress the surface antigen PSMA, whereas PC3 cells are PSMA nega-
tive. The Apt-ABR-NP fluorescent intensity was highest for 12 h of treatment in the case
of LNCaP cells suggesting the PSMA-specific strong binding affinity of aptamer func-
tionalized nanoparticles with LNCaP cell-surface biomarker for prostate cancer. Fur-
thermore, to validate targeting specificity of the nanoparticle surface conjugated aptamer
against PSMA receptor, we performed cellular uptake study on 22Rv1. As expected,
enhanced cellular internalization was observed for PSM A-targeted nanoparticles.

We further compared the cellular internalization of ABR-NP and Apt-ABR-NP nano-
particles at 12 h confocal microscopy for PC3 and LNCaP cells. Corresponding images
reflected nanoparticles accumulation inside the cytoplasm of PC3 (Fig. 4C) and LNCaP
cells (Fig. 4D) with the progression over time. However, comparatively higher accumula-
tion was found in the case of LNCaP cells, as represented by red fluorescence intensity
confirming the intense binding specificity of aptamer with PSMA, which facilitated the
higher accumulation of Apt-ABR-NP in LNCaP cells, especially with a longer incubation
period.

The cellular uptake study using flow cytometry analysis was also conducted on 22Rv1
prostate cancer cells that overexpress PSMA and are AR positive also. The data showed
the time-dependent increase of the uptake of ABR-NP and Apt-ABR-NP in 22Rv1 cells
(Fig. 5A). However, the cellular uptake was more in the case of Apt-ABR-NP.

XXX |n vitro evaluation of cellular uptake, cytotoxicity, and apoptosis in 22Rv1 cells. A FACS histogram

for cellular uptake measurement after the treatment with ABR-NP and Apt-ABR-NP at®h and 12 h.® ICs
values of ABR, ABR-NP, and Apt-ABR-NP on 22Rv1 cells (data show mean = SD, n=3; * indicates pR0.05 when
compared against ABR- treated group of mice), and C induction of apoptosis in 22Rv1 cells after treatment
with ABR, ABR-NP, and Apt-ABR-NP for 4% h
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Many reports are available regarding cellular internalization aptamer-conjugated
PLGA nanoparticles. Aptamer-conjugated PLGA nanoparticles have been reported to
internalize into the cells by receptor-mediated endocytosis and micropinocytosis (Liu
et al. 2009; Shishparenok et al. 2023; Wan et al. 2019; Yallapu et al. 2014). The aptamer
of Apt-ABR-NP interacts with the PSMA in clathrin-dependent endocytosis by forming
clathrin-coated pits. The clathrin coat detaches and aptamer-conjugated formulations
are internalized in endosomes and lysosomes before their distribution to other cellular
organelles (Shishparenok et al. 2023; Wan et al. 2019). Caveolar-mediated endocytosis of
aptamer conjugated formulations after aptamer—PSMA interactions entails the develop-
ment of caveolae vesicles mediated through dynamins found in caveolae (Shishparenok
et al. 2023; Wan et al. 2019). Aptamers move over the membrane to the caveolae after
binding to the targeted surface membrane antigen, PSMA.

Apt-ABR-NP may be endocytosed by clathrin and caveolae-dependent and caveolae-
independent pathways (Yallapu et al. 2014). Hence, multiple receptor-mediated endocy-
totic pathways were involved in the aptamer-conjugated formulations (Liu et al. 2009).

Rapid endolysosomal escape of PLGA nanoparticles into the cytosol due to selective
reversal of surface charge of PLGA nanoparticles from anionic to cationic in the acidic

XXX Cell cytotoxicity, apoptosis, and mitochondrial membrane depolarization assay of ABR, ABR-NP, and
Apt-ABR-NP evaluated in vitro. A ICs, values of ABR, ABR-NP, and Apt-ABR-NP on LNCaP and K PC3 cells after
4K h of treatment (data show mean £ SD, n=3; * indicates p¥0.05 when compared with ABR-treated group
of mice). C Induction of apoptosis in LNCaP cells after treatment with ABR, ABR-NP, and Apt-ABR-NP for 4K h.
D Mitochondrial membrane depolarization after 4X h of treatment, with ABR, ABR-NP, and Apt-ABR-NP for
4R h
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endolysosomal environment is a well-established mechanism for lysosomal escape of
PLGA nanoparticles (Panyam et al. 2002).

In vitro KytotoKiKity assay

The percentage viability data of 22Rv1, LNCaP, and PC3 cells, which received the treat-
ment of the free drug and the experimental nanoparticles are represented in Figs. 5B, 6A,
and B, respectively. Apt-ABR-NP had the highest cytotoxicity on LNCaP cells (lowest
ICy, value 14.5 £1.2 pM) followed by 22Rv1(ICs, value 25.3 £ 1.1 pM) compared to ABR
and ABR-NP. ABR showed an ICy, of 29.243.1 uM, while ABR-NP showed the value
of 22.5+2.6 puM in LNCaP cells. Significant reduction of the ICy, value was observed
for both of the nanoparticles (ABR-NP and Apt-ABR-NP) on LNCaP cells, represent-
ing their enhanced therapeutic efficacy in comparison to free ABR. On the contrary, the
cytotoxicity of ABR and its formulations on PC3 cells was comparatively lower than on
LNCaP cells. The IC, values on PC3 cells were found to be 41.5+2.4 pM, 36.7 £ 1.6 pM,
and 35£2.0 uM for ABR, ABR-NP, and Apt-ABR-NP treatments, respectively. All the
cytotoxicity assay data suggest that ABR-NP and Apt-ABR-NP demonstrated enhanced
therapeutic potency on LNCaP cells. The cytotoxic effect of ABR-NP and Apt-ABR-NP
in PSMA-positive prostate cancer LNCaP cells and PSM A-negative prostate cancer PC3
cells showed that the highest dose reduction was in Apt-ABR-NP treated LNCaP cells.
However, PC3 cells were less sensitive to ABR, ABR-NP, and Apt-ABR-NP, as PSMA-
negative PC3 cells are also androgen insensitive in nature and ABR functions by inhibit-
ing androgen production (Bouhajib and Tayab 2019; Mukherjee and Mayer 2008). The
aptamer conjugation decreased the ICy, value by 51% in PSMA-positive LNCaP cells.
The findings fairly matched the earlier reports by Fernanda da Luz Efe. 2019, and Pok-
rovsky et al. 2020 (Pokrovsky et al. 2020; Wang et al. 2019). The investigation suggests
that PSMA binding and inhibition of androgen production had predominant role in the
cellular internalization and cellular function mediated through Apt-ABR-NP. Hence, we
proceeded with further in vitro studies on LNCaP cells.

AXoXtosis assay

Apoptosis is a programmed cell death, and most anticancer agents are expected to have
an apoptosis-inducing capacity (Diepstraten et al. 2022). The apoptosis-inducing poten-
tial of ABR, ABR-NP, and Apt-ABR-NP through the Annexin V-FITC/PI dual staining
method demonstrated the superior apoptosis-inducing ability of Apt-ABR-NP, suggest-
ing its applicability as a potential chemotherapeutic formulation.

The total apoptotic population in 22Rv1 cells after treatment with ABR for 48 h was
12% (8.7% early and 3.3% late apoptosis) (Fig. 5C). ABR-NP treatment increased apopto-
sis to 43.8% (32.9% early and 10.9% late apoptosis) and Apt-ABR-NP treatment showed
the value 60.4% (45.2% early and 15.2% late apoptosis) in 22Rv1 cells.

Figure 6C demonstrates apoptosis on LNCaP cells. The total apoptotic population
after treatment with ABR for 48 h was 17% (9.8% early and 7.2% late apoptosis), which
was increased up to 66.8% (55.1% early and 11.7% late apoptosis) and 98.4% (84.9% early
and 13.5% late apoptosis) in the cases of ABR-NP and Apt-ABR-NP treatments, respec-
tively. We found highest percentage of apoptotic cell death for Apt-ABR-NP as compared
to ABR and ABR-NP after 48 h of incubation in LNCaP cells. On an overall comparison,
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Apt-ABR-NP-induced apoptosis was higher at all the incubation time points than free
drug, ABR, and unconjugated nanoparticles ABR-NP. Thus, Apt-ABR-NP is a potential
cytotoxic candidate against PSMA-positive prostate cancer LNCaP cells compared to
ABR and ABR-NP.

MitoXhondrial membrane deXolariKation analysis usinX KCXI

Mitochondrial membrane depolarization is a signature characteristic of apoptosis, and
this can be measured using JC-1 staining (Li et al. 2022). JC-1 is a sensitive marker for
mitochondrial membrane potential that accumulates in the mitochondria in a potential-
dependent manner. JC-1 forms J-aggregates at high mitochondrial membrane poten-
tial, emitting red fluorescence, whereas at low mitochondrial membrane potential,
JC-1 remains monomer, emitting green fluorescence. The JC-1 ratio (an indicator of the
J-aggregates/monomers ratio) is used to quantify mitochondrial health and activity. An
increase in the JC-1 monomer:aggregate ratio (that is, green:red fluorescence intensity)
detects an increase in the apoptotic population. In our experiment, the free drug ABR
showed a change of green fluorescence to 25.3% after 48 h of treatment. In the case of
ABR-NP, the percentage of JC-1 monomer was found to be 48.9% at 48 h of treatment.
Cell population with depolarized mitochondria (indicated by green fluorescence) was
further increased to 95.3% in the case of Apt-ABR-NP treatment at 48 h (Fig. 6D). The
higher cell population with depolarized mitochondria after Apt-ABR-NP treatment rep-
resents its potency in higher apoptosis of LNCaP cells compared to ABR or ABR-NP.
This finding also correlates well with the outcome of the apoptosis assay.

In vitro Kolony fbrmation assay

Figure 7A shows the representative images of the wells after crystal violet staining of
control and the treatment groups ABR, ABR-NP, or Apt-ABR-NP on LNCaP cells. The
number and size of the growth of the colonies were found to be reduced in the highest
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XXX Clonogenic assay with LNCaP cells using ABR, ABR-NP, and Apt-ABR-NP. A More growth in untreated
(control) was followed by ABR, ABR-NP, or Apt-ABR-NP treated LNCaP cells.® Absorbance values of untreated
(control) and ABR, ABR-NP, or Apt-ABR-NP treated LNCaP cells, after crystal violet staining, represent the
colonies'density. Kalues represent mean = SD (n=3), where * indicates p® 0.05 is the statistical level of
significance, compared against the control value as assessed by Student's t-test

—
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XXX Hemolytic activity and pharmacokinetic profile of ABR, ABR-NP, and Apt-ABR-NP. A Hemolytic
activity of ABR, ABR-NP, and Apt-ABR-NP was measured by incubating each sample with red blood cells
and measuring the amount of hemoglobin released. The percentage of hemolysis was plotted against

the concentration of the samples. Data show mean 4 SD (n=3) where pK 0.05 is the statistical level of
significance as assessed by Dunnett’s test (compared against control group). ® The pharmacokinetic profile
of ABR, ABR-NP, and Apt-ABR-NP was assessed in mice by measuring the concentration of ABR from each
sample in the bloodstream over time. The data were plotted as the mean concentration of each sample at
each time point. Error bars indicate standard deviation (n=3). *Marks represent significant values (p&¥ 0.05)
when ABR-NP and Apt-ABR-NP were compared with ABR through the two-way ANXKA test, and the
statistical significance of data was analyzed through Bonferroni’s post-test

Kable X Pharmacokinetic parameters of ABR, ABR-NP, and Apt-ABR-NP in Swiss Albino mice
following intraperitoneal administration (0.4 mg/kg)

Parameters AXR AXRMXNP AXAXRNP
Crnax (Nng/ml) 25425 304 2.5% 32+24*
Tonax () 20402 KO+ 04* KO+0.5*
AR C last (ng h/ml) 54K+ 2K 1204 4 1KK* 135K+ 1K5*
AXC 0-o00 (ng h/ml) 5K2 +30 12 + 1R5* 165 + 1R4*
AXMC (ng h?/ml) 12,345+ 41K 34,325 £ 544* 3XXO03 £ X22*
T, () 12404 33X+ TR* 3¥E£2.2%
MRT (h) 225411 M54+ 1 8" 2M24+1.2%
Vg (ml) 31K+ 10 430£12*% 415+£20%
Clearance (ml/h) 1X2+0X X3+ 0M* X440.2*

Data shoX mean =+ SD [k =[XKX Statistical analXsis ¥ as carried out to one-X al AKX XA analXsiskand the X-value X as calculated
through KuKel¥ post-test B 0.05KX hen compared against AKX control. Data shoX n b star BKXX ere signiXcant compared
to the AKX control group

percentage in the case of Apt-ABR-NP treated cells. The absorbance values of the indi-
vidual wells taken at 590 nm are shown for quantitative comparison (Fig. 7B).

Different therapeutic approaches, such as free drug (ABR), nanoparticulated forms,
ABR-NP, and Apt-ABR-NP, inhibited cellular growth. The maximum therapeutic effi-
cacy was observed in the case of Apt-ABR-NP. All the in vitro assays represented the
highest anti-proliferative activity in the case of Apt-ABR-NP, which can well correlate
with aptamer—-PSMA binding mediated accumulation of Apt-ABR-NP in prostate can-
cer cells.

Page 24 of X4
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Hemolysis study

The drug (ABR) and different nanoformulations (ABR-NP and Apt-ABR-NP) were
tested for hemocompatibility in a range of concentration levels (10 to 100 uM) (Fig. 8A).
The results revealed that the formulations (ABR-NP and Apt-ABR-NP) had low hemo-
lytic activity (<5%) as compared to that of free ABR at varying concentration levels. The
study showed that the tested dose range for both the nanoformulations had low hemo-
lytic activity and may be safely used for intravenous delivery. One of the most impor-
tant requirements for the effective in vivo application of blood-contacting biomaterials
is their hemocompatibility (Krishnan et al. 2023). The hemocompatibility study suggests
that the nanoformulations exhibited modest hemolytic activity and were safe for intrave-
nous administration.

PharmaKokinetiXs study

In vivo pharmacokinetic profiles of ABR, ABR-NP, and Apt-ABR-NP were assessed in
Swiss albino mice. Table 1 represents the pharmacokinetic parameters (AUC, C,,,,.» Tinae
AUMC, T, ,,, MRT, V,, CL) of ABR, ABR-NP, and Apt-ABR-NP following intraperitoneal
injection in Swiss Albino mice (Dutta et al. 2018). ABR (abiraterone acetate) becomes
converted into abiraterone (ART) rapidly when it comes in contact with blood plasma,
hence reaching a high concentration (C,,, =25=2.5 ng/ml) of ART within a short time
(Thax 2 h) (Fig. 8B). On the other hand, both ABR-NP and Apt-ABR-NP maintained
a sustained plasma concentration of ART for a long time (around 24 h). In the case of

ABR-NP and Apt-ABR-NP, C

max

was reached at around 9 h of injection, followed by a
slow elimination phase, suggesting sustained release characteristics of both formula-
tions. The AUC was increased by 2.2 times and 2.47 times in the case of ABR-NP and
Apt-ABR-ND, respectively, compared to the free drug (ABR). The half-life of the active
drug (ART) was increased significantly by 3 times and 3.25 times for ABR-NP and Apt-
ABR-NP, respectively. AUMC and MRT were subsequently increased for both formula-
tions compared to the free drug (ABR). Data suggest an increased bioavailability of the
active drug while delivered through nanoparticle formulations. The nanoencapsulation

RabX X Biodistribution of ®™Tc-ABR-NP and ®™Tc-Apt-ABR-NP in testosterone/MNE-induced
prostate cancer-bearing mice

Or¥anRissue X ID oX**™TIHARRINP in CRPC miKe X ID o TRRARARRINP in CRPC miXe
1h 2h 5h 1h 2h 5h

Blood” 3K 4£001  3K014+022  322M+02K  415K4+031 3RAR+031  3R44+042
Heart 05454012 0024005 OXM=+£004 ONI24+003 OK22+008 O0K30£004
Liver 20124210  24554+200% 2244+434* 2304255 2R04+201* 305K+ 1K0*
Lungs 05K34+021  05ER+023 ONOK+£032 OXKN+020 OKR4+020 1.1424033
Stomach 044R4+018  03K2+010  0404+£011 0K254+0.10 OKR4+0.11  0R4240.20
Intestine 2804051 2K204031  3®52+030 31144012 3205+055  4.025+0K2
Ridney 34524030 43484042  RER+052K* 45K54045%  RI14-+£0R42% 1024+ 04K
Prostate 1R424021 1RIT£0IR 23134022 22584030  2R22-4£024*  3.1424 03K
Rrine JRSK4 3R 305K+ 21K 32444£214* 30124155 335K4+251%  3R12+£31K

¥Represents ¥ BD/g in the case of bloodXotheri ise ® D in the K hole organ

¥X arls represent statisticall® signi¥lcant values K hen both *™Xc-ARK-R P and *™Xc-Apt-ARR-X P K ere compared for dilerent
time points in t¥ o-X al AKX XA anallsis and tested bXXonferronil§ post-test BIX 0.05K
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of ABR maintained a sustained plasma concentration of ART compared to free-drug
treatment. Sustained drug release and predominantly slower elimination of the drug
from the nanoparticle caused enhanced plasma half-life of the drug. The overall observa-
tion suggests that Apt-ABR-NP had a better pharmacokinetic profile among the experi-
mental formulations for ABR therapy. Aptamer-conjugation on the surface might have
improved the aqueous microenvironment on the nanoparticle surface, which might
deter drug release further to provide a more sustained drug release profile and improve
the pharmacokinetic parameters for Apt-ABR-NP studied here.

Niodistribution study and KammakXintiXraXhy imaXinX

The distribution of **™Tc-radiolabeled nanoparticles in different organs of prostate can-
cer-bearing Swiss Albino mice is mentioned in Table 2. Data suggest that nanoparticles
remained in the blood for a longer time in blood circulation. In contrast, the free drug
(ABR) was eliminated rapidly. The majority of the radiolabeled nanoparticles was elimi-
nated through urine. **™Tc-ABR-NP and *™Tc-Apt-ABR-NP accumulated significantly
in the liver, which is common in the nanoparticulated drug delivery system due to the

1h 2h Sh

MY Biodistribution study of radiolabelled nanoparticles in various organs using gamma scintigraphic
imaging. Radiolabelled nanoparticles *™Tc-ABR-NP and M TcApt-ABR-NP) were injected into mice via tail
vein, and gamma scintigraphic images were acquired at different time points (1, 2, and 5 h post-injection)
using a gamma camera. Arrows indicate the prostate region in the mice

ABR-NP

Apt-ABR-NP
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reticuloendothelial entrapment system (RES) of the liver (Yang et al. 2022). Apart from
the liver, the accumulation of nanoparticles in the kidney and intestine was also con-
siderable. Accumulation of **™Tc-Apt-ABR-NP in our target organ prostate was much
higher than **™Tc-ABR-NP in a time-dependent manner (e.g., 3.14% vs. 2.25% at 5 h),
suggesting enhanced tumor uptake for aptamer conjugated prostate cancer therapy.
Gamma-scintigraphy images (Fig. 9) revealed deposition of Apt-ABR-NP in the pros-
tate region with the progress of post-injection time. Although urine contained most
radioactivity and the bladder covers a wide region, distinguishing the prostate from the
bladder was difficult in the scintigraphy images. Signals from other organs, such as the
liver, kidney, lungs, intestine, etc., were correlated well with quantitative measurements
obtained from the biodistribution study. Gamma-scintigraphy imaging of the prostate
cancer animal model following injection of radiolabeled nanoparticles provided in vivo

HE 10X HE 40 Ki67 10X  Ki67 40X

S e R -,

Prostate Prostate Normal
cancer cancer

pt-ABR- ABR-NP ABR
NP Treated Treated Treated

MKXK Antitumor el cacy of ABR, ABR-NP, and Apt-ABR-NP in prostate cancer (PCa) tissues. Histological
examination of prostate cancer tissues and normal prostate tissues was performed using hematoxylin

and eosin (HE) staining. Representative images of prostate cancer tissues and normal prostate tissues are
shown. The expression of Kil, a marker of cell proliferation, in prostate cancer tissues and in the normal
prostate tissue sections were analyzed by immunohistochemistry. The staining/immunohistochemistry and
magnification of the photographs done are mentioned above each column
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assessment of experimentally generated nanoparticles (Yin et al. 2017). Radiolabeled
PSMA-targeted Apt-ABR-NP signaling was observed to increase the prostate and sur-
rounding area in experimental mice with prostate cancer in a time-dependent manner,
ensuring the target specificity of conjugated aptamer toward prostate cancer (Hazra
et al. 2021; Shah et al. 2021).

Antitumor altivity study

The microscopic images of normal mouse prostate sections showed the glandular struc-
ture of the prostate gland lined with cuboidal epithelial cells arranged in a distinct
convoluted pattern (Fig. 10, panel ‘Normal’). The lumen of the glands was lined with
cuboidal epithelial cells with small nuclei, and the stroma consisted of a thin fibromus-
cular matrix containing blood vessels and poorly defined smooth muscles. In the ‘carcin-
ogen with testosterone’-treated prostate cancer group (panel cancer), the epithelial cells
of the glands were transformed into large columnar-like cells that caused shrinkage of
the lumen, increased the scalloping of the lumen, and created large intraglandular vacu-
oles. The thickness of the stroma was increased. Fibromuscular striation was formed in
the stroma, representing stromal atrophy (Fig. 10, panel ‘Cancer’). In the prostates of
‘Cancer’ group, glandular hyperplasia and nuclear atypia (large nucleus with distinctively
prominent nucleolus) were also observed. According to the Gleason grading system
(Munjal and Leslie 2023), the cancers of the MNU with testosterone-treated prostates
were found to have pattern 3 carcinomas (i.e., they have recognizable glands with small
number of infiltrating invasive cells in the surrounding tissues) and pattern 4 carcinomas
(i.e., they have recognizable, glomeruloid glands with a large number of invasive cells
in the surrounding tissues forming neoplastic clumps). Hence, they were considered to
have either Gleason 7 or Gleason 8 score representing a moderately differentiated to
poorly differentiated carcinoma. Treatment with ABR and its formulations ameliorated
the prostate’s morphological atrophy caused by MNU and testosterone. Treatment with
ABR improved the stromal fibromuscular structure but did not completely restore the
epithelial convolution pattern similar to the normal prostate. The Gleason grading sys-
tem of the ABR-treated prostates showed pattern 2 carcinomas (i.e., they have loosely
arranged oval-shaped glands with minimal invasion) and pattern 1 carcinoma (i.e., they
are very similar to normal prostate tissues with closely packed glands), which gives a
Gleason score of 2 or 3 in this case. This represented that treatment with ABR amelio-
rated the invasiveness of the cancer tissues and helped in restoration of tissue architec-
ture. Treatment with ABR-NP and Apt-ABR-NP further reduced stromal atrophy and
restored the epithelial lining convolution comparable to the normal prostate. In ABR-NP
and Apt-ABR-NP treated groups, prostate morphology was very similar to normal pros-
tates and Gleason scoring was not determinable. On overall observation, Apt-ABR-NP
performed much better in restoring the overall morphological structure of carcinogen
with testosterone-treated prostate carcinogenesis group compared to those of ABR and
ABR-NP treated groups of animals.

Ki67 is a cell proliferative marker and is considered one of the most important
immunohistochemical biomarkers for tumor prognosis (Berlin et al. 2017). Although
the grading system in prostate cancer is primarily based on tissue architecture and
does not consider the proliferation rate of cells (which is common in grading of many
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other cancer), but Ki67 staining provides significant correlation in the clinical esti-
mation of disease prognosis through needle biopsies, transurethral resections, and
prostatectomy. In our study, we used Ki67 immunohistochemical staining of mouse
prostates to identify any prognostic correlation between the percentage of proliferat-
ing cells and disease stage, with or without treatment of ABR and its formulations.
The Ki67 staining of ‘Normal’ prostates showed <3% Ki67(+) cells and was consid-
ered as negative (Fig. 10, panel ‘Normal’). Prostates from MNU + testosterone treated
groups (Fig. 10, the ‘Cancer’ groups) showed 30-50% Ki67(+) cells (counted in areas
with 40 x magnifications) and the Gleason score was considered as 2+. In combina-
tion with Gleason scores 7 and 8, they represent moderate to poorly differentiated
carcinomas with an intermediate proliferation rate. Treatment with ABR, ABR-NP,
and Apt-ABR-NP in carcinogenic mice reduced the population of Ki67(+) cells to
154+2%, 10+2%, and 5+1.5%, respectively (representative images are shown in
Fig. 10, panels ‘ABR} ‘ABR-NP; and ‘Apt-ABR-NP’). This represented ABR and its nan-
oformulations significantly reduced invasiveness of prostate tumors, and this effect
was highest in the case of Apt-ABR-NP. Combined analysis of morphological resto-
ration, inhibition of stromal degeneration, and proliferation-inhibition suggests that
Apt-ABR-NP could be a good candidate to treat hormone-resistant prostate adeno-
carcinoma. The findings demand further investigations on it.

EX KaKy oXAXtXAKRMNP on LNCaP tumor s¥heroid model

To support the findings of carcinogen-induced prostate cancer mouse model in a
more informative and conclusive manner, an additional pharmacodynamic experi-
ment was performed on LNCaP 3D tumor spheroid model. Tumor spheroid is a 3D
model with accurate physicochemical environment that is comparable to in vivo con-
ditions (Adamiecki et al. 2022; Volpatti and Yetisen 2014).

Cy5-loaded Apt-ABR-NP formulation was used in its IC;, dose on two approxi-
mately equal size of LNCaP tumor spheroids. The spheroid was treated with Apt-
ABR-NP for once in a day for 3 consecutive days. After 72 h Apt-ABR-NP-treated
spheroid reduced its size by nearly 60% (Additional file 1: Figure S3). Cancer con-
trol spheroid (without treatment) showed the expression of the DAPI throughout the
body, whereas DAPI expression was more peripheral for the Apt-ABR-NP treated
spheroid, suggesting less live proliferative cells compared to the cancer control sphe-
roid. Thus the experiment showed predominant role of the Apt-ABR-NP in reducing
LNCaP cell tumor.

HematoloXiXal evaluation

The CBC profile and CRP level of animals from different groups (A-F) are repre-
sented in Additional file 1: Table S4. In the case of “Cancer” control group (Group
B), lower RBC count and higher WBC count were observed than normal animals.
Lowered lymphocyte count and enhanced neutrophil count were also noticed as a
mark of higher inflammatory activities in cancer-bearing animals (Group B). Treat-
ment with ABR, ABR-NP, and Apt-ABR-NP treatment increased blood lymphocyte
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count and reduced neutrophil count compared to “Cancer” group, suggesting better
immunogenic response to treatment. The “Cancer” group of animals also showed a
lower platelet count compared to “Normal” group animals. No significant changes
were observed in hematocrit volume and hemoglobin content after treatment with
ABR, ABR-NP, and Apt-NP in normal mice. Overall observation suggests that treat-
ment with ABR, ABR-NP, and Apt-ABR-NP reduced inflammatory response element
(CRP), increased immunogenic response, and subsequently tried to restore CBC pro-
file close to normal. Upon treatment of normal animals with best represented formu-
lation, Apt-ABR-NP (Group F), no significant anomaly was observed in CBC profile,
suggesting its biocompatible and non-hemotoxic nature. PSMA analysis showed a
high amount of PSMA in blood in cancer-bearing animals (25 £ 1.6 ng/ml) compared
to normal animals (5.2£0.6 ng/ml). Treatment with ABR, ABR-NP, and Apt-ABR-
NP significantly reduced PSMA content in blood (15.1 +£1.2,12.3+0.9, 7+ 0.5 ng/ml,
respectively). CRP data showed higher level of it in cancer-bearing animals suggesting
development of inflammatory conditions. Treating with the experimental nanoparti-
cles resulted lowering of the CRP levels in the blood.

Estimation oXserumXXeXiXX toXikity markers

The levels of serum AST, ALT, and ALP often reveal whether the liver is healthy or dis-
eased (Dhara et al. 2023). In this case, compared to the normal mice, mice exposed to
carcinogen had higher serum levels of AST, ALT, and ALT. Carcinogen-treated mice,
after the treatment with ABR, ABR-NP, and Apt-ABR-NP, the levels of the enzymes,
creatinine and BUN were variably reduced. Additional file 1: Table-S5 reveals that Gr E
animals (carcinogenic animals treated with Apt-ABR-NP) had improved to the greatest
extent. Additionally, there were no appreciable modifications in Apt-ABR-NP-treated
normal mice (Gr F animals) with normal serum AST, ALT, and ALP values. When cre-
atinine and BUN levels in blood serum were measured, the results observed were similar.

The data suggest that the treatment of ABR, ABR-NP and Apt-ABR-NP improved the
hepatic and nephrotic toxicity of mice treated with carcinogen. Among the ABR treat-
ment groups Apt-ABR-NP-treated mice showed maximum improvement of the enzyme
levels and creatinine and BUN towards the normal values. Normal mice did not show
any significant differences in the enzyme levels and concentrations of the creatinine and
BUN compared to the normal mice received Apt-ABR-NP treatment. Thus, it suggests
Apt-ABR-NP did not show any toxicity in liver and kidneys of normal animals.

The existing therapies, including hormone therapy, surgery, radiation therapy, chemo-
therapy, etc., have some disadvantages. One such disadvantage is the lack of targeted
treatment, i.e., off-target toxicity. Aptamers are called synthetic monoclonal antibodies
for their target specificity, but without the toxicity problem. In our research, we have tar-
geted prostate-specific membrane antigen (PSMA) that overexpresses in prostate cancer
cells. The anti-PSMA aptamer conjugated formulation specifically binds to the overex-
pressed PSMA in the cancer cells for the target specific delivery of the drug. So, our
designed nanoparticles could be a promising approach for treating prostate cancer and
have an edge over the existing formulations.
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CXncisMn

A recently discovered aptamer (APSap4#5) was conjugated with ABR-NP (Apt-ABR-
NP) that predominantly accumulated to PSMA overexpressed prostate cancer. This is
the first study in which this aptamer was considered for prostate cancer treatment. Apt-
ABR-NP showed better cellular internalization than the non-conjugated formulation.
Apt-ABR-NP ensured successful site-specific drug delivery to PSMA-overexpressed
prostate cancer cells, Apt-ABR-NP exhibited prolonged blood retention, sustained drug
release, and tumor tissue-specific accumulation. The findings presented the aptamer-
coupled nanoparticulated therapeutic technique that demonstrated the maximum
in vitro and in vivo therapeutic effectiveness of Apt-ABR-NP. We anticipate for a hope of
translation of the promising aptamer functionalized nanoparticle toward achieving suc-
cessful human clinical trials in near future as a possible targeted treatment for prostate
cancer. Further studies are warranted.
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Apt-ABR-NP  Aptamer conjugated abiraterone acetate nanoparticles

ABR Abiraterone acetate

PLGA Poly(p,.-lactide-co-glycolide)
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FESEM Field emission scanning electron microscopy
HR-TEM High-resolution transmission electron microscopy
AFM Atomic force microscopy

XPS R-ray photoelectron spectroscopy
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AXC Area under the curve
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Phosphorothioated amino-AS1411 aptamer @

functionalized stealth nanoliposome accelerates
bio-therapeutic threshold of apigenin
in neoplastic rat liver: a mechanistic approach
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Abstract

Hepatocellular carcinoma (HCC) is a leading cause of death globally. Even though the progressive invention of some
very potent therapeutics has been seen, the success is limited due to the chemotherapeutic resistance and recur-
rence in HCC. Advanced targeted treatment options like immunotherapy, molecular therapy or surface-engineered
nanotherapeutics could offer the benefits here owing to drug resistance over tumor heterogenicity. We have devel-
oped tumor-sensing phosphorothioate and amino-modified aptamer (AS1411)-conjugated stealth nanoliposomes,
encapsulating with apigenin for precise and significant biodistribution of apigenin into the target tumor to exploit
maximum bio-therapeutic assistances. The stable aptamer functionalized PEGylated nanoliposomes (Apt-NLCs) had
an average vesicle size of 100-150 nm, a smooth surface, and an intact lamellarity, as ensured by DLS, FESEM, AFM,
and Cryo-TEM. This study has specified in vitro process of optimum drug (apigenin) extrusion into the cancer cells
by nucleolin receptor-mediated cellular internalization when delivered through modified AS1411 functionalized
PEGylated nanoliposomes and ensured irreversible DNA damage in HCC. Significant improvement in cancer cell
apoptosis in animal models, due to reduced clearance and higher intratumor drug accumulation along with almost
nominal toxic effect in liver, strongly supports the therapeutic potential of aptamer-conjugated PEGylated nanoli-
posomes compared to the nonconjugated formulations in HCC. The study has established a robust superiority of
modified AS1411 functionalized PEGylated nanoliposomes as an alternative drug delivery approach with momentous
reduction of HCC tumor incidences.

Keywords Aptamer, Apigenin, Stealth nanoliposomes, Intratumor drug accumulation, Apoptosis, Pharmacokinetics
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Abstract

An effort was made to administer paracetamol drug through transdermal patch, as no such
formulation of this drug has been developed yet. The primary cause for the lack of such
formulations is paracetamol’s poor aqueous solubility. As a result, the current research
concentrated on preparing nanomedicines, or drug-loaded nanoparticles, for delivery via
transdermal formulations. Nanoparticles can improve the solubility of weakly aqueous sol-
uble or even aqueous insoluble drugs by changing the crystalline structure of loaded medi-
cines to an amorphous state and serving as drug permeation boosters. Silica nanoparticles
(SNPs) were synthesized through sol-gel technique to achieve the aforementioned goal.
DLS data revealed that the average particle size was around 100-200 nm, which was suf-
ficient to penetrate the skin barrier. XRD analysis showed that the SNPs were amorphous,
and the drug molecules lost their crystallinity after encapsulation into the nanoparticles,
causing the enhancement of dissolution of drug molecules in physiological pH (pH—7.4).
Different kinetic models were employed for the ex vivo dissolution data to evaluate the
suitable kinetic model followed by the drug release in both burst and sustained phase.
In vivo analgesic study was executed on mice applying each of the transdermal formula-
tions to examine the performances of the patches.

Keywords Silica nanoparticles - Transdermal patch - Sustained release - Skin permeation -
Analgesic activity
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Cetuximab-conjugated PLGA nanoparticles as a prospective targeting
therapeutics for non-small cell lung cancer
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ABSTRACT ARTICLE HISTORY
Non-small cell lung cancer (NSCLC) is one of the most prevalent cancers diagnosed worldwide, yet ~ Received 13 January 2023
managing it is still challenging. The epidermal growth factor receptor (EGFR) exhibits aberrant signalling ~ Revised 20 March 2023

in a wide range of human cancers, and it is reported to overexpress in most NSCLC cases. The  Accepted 27 March 2023
monoclonal antibody [Cetuximab (Cet)] was conjugated onto the surface of the poly (lactide-co-glycolide) KEYWORDS

(PLGA) nanoparticles which were loaded with docetaxel (DTX) for the development of targeted therapy Non-small cell lung cancer;
against lung cancer. This site-specific delivery system exhibited an enhanced cellular uptake in lung epithelial growth factor
cancer cells which overexpress EGFR (A549 and NCI-H23). The nanoparticles also showed better ~ receptor; PLGA nanoparticles;
therapeutic effectiveness against NSCLC cells, as evidenced by reduced IC,, values, cell cycle arrest at docetaxel; site-specific

the G2/M phase, and increased apoptosis. The improved efficacy and in vivo tolerance of Cet-DTX NPs ~ targeting

were demonstrated in benzo(a)pyrene (BaP)-induced lung cancer mice model. Histopathological analysis

showed that intravenous injection of Cet-DTX NP to mice carrying lung cancer greatly reduced tumour

development and proliferation. Comparing Cet-DTX NP to free drug and unconjugated nanoparticles,

it also had negligible side effects and improved survival rates. Therefore, Cet-DTX NPs present a promising

active targeting carrier for lung tumour-NSCLC-selective treatment.
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Introduction in patients, limiting the therapeutic efficacy [2]. Platinum drugs,
taxanes including paclitaxel (PTX) and docetaxel (DTX),
albumin-bound PTX, and other types of chemotherapy are all

fatality globally. NSCLC is responsible for approximately a quarter sugge.sted for N.SCLC' Among the taxane groups, DTX is quite
of all cancer fatalities, outnumbering colon, breast, and prostate effective for a wide spectrum of cancers. It has been shown to
cancers [1]. Treatment of NSCLC patients with surgery and che- block microtubule depolymerisation of free tubulin in preclinical
motherapy is hampered by late diagnosis. Furthermore, the lack ~ €xperiments in a range of murine malignancies and human tumour
of tumour selectivity in these techniques leads to increased toxicity ~ Xenografts, including NSCLC [3].

Non-small cell lung cancer (NSCLC), which makes up more than
80% of all lung cancer cases, is still the most common cancer-related
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Abstract Kombucha-derived bacterial cellulose
(KBC) is a unique natural polysaccharide that has
gained increasing interest in biomedical and other
applications. However, the relatively low bioactiv-
ity of the product has limited its practical applica-
tions. In this work, KBC and silk nonwoven fabric
(SNF) were integrated to produce a sandwich mem-
brane through in situ growth of KBC in the presence
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contains supplementary material available at https://doi.
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of SNF. Scanning electron microscopy (SEM) showed
that KBC grew not only on the surface of SNF but also
within the fiber network of SNF. The strength and mod-
ulus of SNF were significantly increased after the inte-
gration of KBC. The KBC/SNF sandwich membrane
was further impregnated with silk sericin (SS) through
simple solution absorption to impart strong UV shield-
ing property to the material, which was demonstrated
by the near zero UV transmittance of the new KBC/
SNF-SS membrane. SEM, Fourier transform infrared
spectrometry, and X-ray diffraction results indicated
the interactions between the three components. DPPH
(2,2-Diphenyl-1-picrylhydrazl) radical scavenging test
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ARTICLE INFO ABSTRACT

Keywords: To evaluate the chemotherapeutic efficacy of J591 fabricated poly(d,l)-lactic-co-glycolic acid (PLGA) nano-
Poly(lactide-co-glycolide) nanoparticles particles containing paclitaxel (Ab-PTX-NP) in vitro in PSMA (prostate specific membrane antigen) expressing
Paclitaxel

prostate cancer cells, increase the solubility, bioavailability, circulation time, and limit systemic toxicity to
achieve the maximum curative effect accompanied by controlled dosing, we formulated Ab-PTX-NP. Physico-
chemical characterizations such as Field emission scanning electron microscopy, Transmission electron micro-
scopy, and Atomic force microscopy revealed that the particles were smooth-surfaced, with homogeneous
distribution of drug within the particles and size were in the nano range. The encapsulation efficiency of Ab-PTX-
NP was found to be 70.85%. This study acknowledges the effectiveness of Ab-PTX-NP in vitro, which displays
elevated cellular cytotoxicity and internalization, maximum apoptosis (74.1%) in PSMA-abundant LNCaP cells,
in comparison to PSMA negative PC3 cells. Pharmacokinetic data revealed the bioavailability of paclitaxel upon
i.v. administration in the systemic circulation of male Balb/c mice. Herein, J591 was maneuvered in a neoteric

Surface modification
Prostate-specific membrane antigen (PSMA)
Prostate cancer

way to carry the prepared chemotherapeutic nanoparticles directly to the affected prostate cancer cells.

1. Introduction

Prostate cancer is a common and recurrent cancer type in males
globally, with a growing incidence of mortality [1]. International
management of prostate cancer is still obscure and remains a global
challenge to manage in spite of our perceptive of its biology and growth
regulation. Recent treatments include surgical elimination of the pros-
tate, radiation and androgen ablation (early stage), and chemotherapy
(secondary treatment). Normally, androgen regulates the prostate and
most of its malignancies, development, growth, and function [2,3]. Our
study will utilize the ubiquitous overexpression of the prostate-specific
membrane-antigen PSMA on cancerous prostate cells. PSMA plays an
imperative role in diagnosis, managing as well as treating prostate
cancer. The aggrandized PSMA glutamate carboxypeptidase II, having a
molecular weight of about 100 kDa, is enhanced and progressively
elevated in prostate adenocarcinoma and in the neovasculature of solid
tumors and positively correlates with tumor progression or metastasis in
prostate cancer tissue, thus, differentiating benign tumors from

malignant disease [4,5]. More crucially, the presence of internalization
motif in the cytoplasmic tail of PSMA might suggest that the
ligand-attached nanotherapeutics may get internalised into the cell [6].

J591, an anti-PSMA monoclonal antibody (Ab), has already been
developed to target PSMA and has been demonstrated in cellular
internalization [7,8]. The absence of the majority of extra-prostatic
expression of PSMA on normal vasculature endothelium makes it
target-specific. Paclitaxel (PTX) is the best microtubule stabilized drug
licensed by the United States Food and Drug Administration (USFDA) for
the therapeutic treatment of a range of malignancies, including prostate
cancer. PTX inhibits mitosis and is effective in eradicating cancer cells
during the interphase of the cell cycle [9]. It can be hypothesized that
delivering paclitaxel (PTX) as a chemotherapeutic payload by encap-
sulating it in a designed PLGA (USFDA approved biodegradable polymer
for human use by i.v. route) nanoparticle (PTX-NP), and further conju-
gating it with J591 Ab (Ab-PTX-NP), aids in the higher cellular inter-
nalization of PTX to PSMA expressed prostate cancer cells.

Elevated cellular uptake of PTX by the prostate cancer cells was
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Abstract

Novel coronavirus, 2019-nCoV is a danger to the world and is spreading rapidly. Very little structural information about
2019-nCoV make this situation more difficult for drug designing. Benzylidenechromanones, naturally occurring oxygen
heterocyclic compounds, having capability to inhibit various protein and receptors, have been designed here to block
mutant variety of coronavirus main protease enzyme (SARC-CoV-2 MP™) isolated from 2019-nCoV with the assistance
of molecular docking, bioinformatics and molecular electrostatic potential. (Z)-3-(4'-chlorobenzylidene)-thiochroman-4-
one showed highest binding affinity to the protein. Binding of a compound to this protein actually inhibits the replication
and transcription of the virus and, ultimately, stop the virus multiplication. Incorporation of any functional groups to the
basic benzylidenechromanones enhances their binding ability. Chloro and bromo substitutions amplify the binding
affinity. ADME studies of all these compounds indicate they are lipophilic, high gastro intestine absorbable and
blood-brain barrier permeable. The outcome reveals that the investigated benzylidenechromanones can be examined in
the case of 2019-nCoV as potent inhibitory drug of SARC-CoV-2 MP™, for their strong inhibition ability, high reactivity
and effective pharmacological properties.

Keywords Novel coronavirus - SARC-CoV-2 MP™ . Benzylidenechromanones - ADME - DFT - Docking

Introduction

In this time, the entire world is facing a threat of a new coro-

Electronic supplementary material The online version of this article navirus, 2019-nCoV. It first appeared in the Wuhan province
(https://doi.org/10.1007/s11224-020-01537-5) contains supplementary of China and spread rapidly in the different parts of the world.
material, which is available to authorized users. According to WHO, there is 1,133,758 confirmed cases of

) 2019-nCoV infection with 82,061 new case and 62,784 deaths
>4 Nayim Sepay found around the globe, as of 5th April 2020 [1]. Only 9096

nayimsepay @yahoo.com . . ..
patients were recovered and the rate of infection is much

higher than that of recovery. At this moment, instigation for
effective, safe and easy synthesisable therapeutics is in high
demand [2, 3].

The virus 2019-nCoV, a mutant variety of lineage B
betacoronavirus, uses angiotensin-converting enzyme?2
(ACE2) of human cell as a receptor during infection like other
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Abstract: Background: The development of a specific curative drug or prophylactic and vaccine
is urgently required to cure COVID-19. Sulfonamide and its derivatives are famous for their multi-
faceted antibiotic and antiviral activities against verities of a pathogen.

Objective: The objective of this study is to find new potential molecules for COVID-19 treatment.
We tested some sulfonamide molecules (including antiviral compounds) as SARS CoV-2 M™ in-
hibitors.

Methods: In this study, the Density Functional Theory (DFT) and Docking study have been util-
ized for protein-small molecule affinity prediction. The SwissADME server was used for pharma-
cokinetics and drug-like likeness prediction, and the Pred-hERG server was employed for cardio-
toxicity prediction.

Results: In this study, sixteen sulfonamides have been investigated in silico, with a perspective to
obtaining a potential anti-covid compound. The sulfonamides have been subjected to molecular
docking with SARS CoV-2 M™, mainly responsible for viral infection and replication. We discov-
er the molecular flexibility and charge distribution profoundly affecting the binding of the com-
pounds to the protein. Moderately flexible (six rotatable bond) and less polar (sufficient hydropho-
bic) sulfonamide are favorable for strong binding with the enzyme. Here, the bioavailability proper-
ties like adsorption, distribution, metabolism, excretion, pharmacokinetics, and potential toxicity of
these compounds have also been checked.

Conclusion: Low cardio-toxicity and high bioavailability make these sulfonamides a good anti-
COVID-19 drug option. The sulfonamide 16 was found to be the best.

Keywords: Sulfonamides, COVID-19, SARS CoV-2 M™, molecular docking, ADME, cardio-toxicity.

1. INTRODUCTION

In the last seven months, the world is facing the most sig-
nificant challenge as COVID-19 [1]. The number of
COVID-19 infections and deaths caused by it is very high
and still increasing with time around the globe. To slow
down the virus spreading, the worldwide lockdown of coun-
tries was obeyed. However, the longtime lockdown has pro-
foundly affected the global economy [2]. Therefore, the pre-
paration of curative or prophylactic drugs or vaccines is the
last and only option to survive the pandemic and revive the
failing economy. In this context, 4-hydroxychloroquine,
remdesivir, ritonavir, and lopinavir with appropriate combi-
nations were tested, with aspiration, in opposition to the
virus, but high toxicity low success rate is the challenge now
[3, 4]. Remdesivir is an antiviral treatment for several virus-
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es. It was first developed about ten years ago to treat hepati-
tis C and cold virus, the respiratory syncytial virus (RSV).
Remdesivir was not an efficient disease therapy. But the
pledge against other viruses has been demonstrated. Remde-
sivir is an intravenous nucleotide prodrug of an adenosine
analog. Remdesivir binds to RNA polymerase, which pre-
vents viral replication by preventing premature termination
of RNA transcription. The in-vitro activity has been demons-
trated against severe acute coronavirus respiratory syndrome
2 (SARS-CoV-2). Remdesivir is approved for the treatment
of COVID-19 in hospitalized patients, adults, and pediatric
patients by the Food and Drug Administration (FDA).
Remdesivir may be provided in a hospital or a health center
that can give a patient's hospital a comparable healthcare
quality. Vaccine development for the virus is also becoming
tough and time-consuming day by day [5]. At this point, we
need to try all the alternative drug options.

The COVID-19 is a mutant variety of coronavirus. With
~ 26-32 kilobases, it is the most extensive positive-stranded
RNA that contains a virus. The genetic material has two

© 2022 Bentham Science Publishers
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APOPTOSIS-ASSOCIATED MARKERS:
POTENTIAL TARGETS TO DEVELOP
CANCER THERAPY
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Abstract

Apoptosis is a specialized mechanism that results in planned cell death by
activating an intracellular pathway preserved throughout evolution and
causes pathognomonic cellular alterations unique from cellular necrosis.
One of the most important criteria for a chemotherapeutic agent to be used
effectively in cancer treatment is its capacity to trigger apoptosis. Cancer
cells can undergo apoptosis in response to chemotherapy through a variety
of mechanisms, including oxidative stress-induced apoptosis that follows
the intrinsic pathway of apoptosis, death ligand-mediated apoptosis that
involves the FasR/Fasl. system, and granzyme B/perforin-mediated
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TARGETED NANOTHERAPEUTICS:
PROMISING THERAPEUTIC ARSENAL AGAINST
HEPATOCELLULAR CARCINOMA
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Abstract

Hepatocellular carcinoma (HCC) is one of the most complex types of
cancer. Standard therapies, including surgical removal, radiation, and
chemotherapy, have a poor prognosis for patients due to their variety of
adverse effects. Targeted delivery of the active ingredient can be used to
specifically target different proteins or genes of the HCC tumor
microenvironment, which can lessen the drug's off-target side effects.
Signal transduction inhibitors, hormone therapies, gene expression
modulators, angiogenesis inhibitors, apoptosis inducers, immunotherapies,
toxin delivery molecules, and other types of targeted therapy have all been
thoroughly studied in recent years. This chapter provides an overview of
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Abstract

Hepatocellular carcinoma (HCC) is one most complex type of cancer, and standard therapies, including
surgical removal, radiation, and chemotherapy, have a poor prognosis for patients due to their variety of
adverse effects. Targeted therapy of the active ingredient can be used to specifically target different proteins
or genes of the HCC tumor microenvironment, which can lessen the drug's off-target side effects. Signal
transduction inhibitors, hormone therapies, gene expression modulators, angiogenesis inhibitors, apoptosis
inducers, immunotherapies, toxin delivery molecules, and other types of targeted therapy have all been
thoroughly studied in recent years. This chapter provides an overview of targeted nanotherapy for HCC and
new studies on the subject that are still undergoing preclinical testing.

1 Introduction:

Liver cancer is one most common and complicated type of cancer worldwide, with an estimated annual case of
around one million, and is recognized as the third leading cause of cancer death (Sung, Ferlay, Siegel, Laversanne et
al. 2021, 209). Hepatocellular carcinoma (HCC) is the most common type of liver cancer, and it is deadlier than the
other types of liver cancer as it is often diagnosed in later stages and appears surgically nonresectable (Mintz and
Leblanc 2021, 1). The conventional treatments for HCC are surgical resection, chemotherapy, and radiotherapy
(Daher, Massarwa, Benson, and Khoury 2018, 71). Chemotherapy in HCC involves the infusion of
chemotherapeutic agents into the hepatic artery, which reduces the side effects of the drug on the normal cells, while
radiotherapy involves the radiation-assisted killing of liver tumors. However, to avoid the severe side effects of
conventional chemotherapy and radiotherapy, researchers have focused on the development of targeted drug
delivery systems based on the different receptors and molecules present in HCC involved in tumor growth or
maintaining tumor homeostasis (Daher, Massarwa, Benson and Khoury 2018, 71). These include kinase inhibitors
which inhibit tumor angiogenesis or tumor progression, and immunotherapeutic agents, which modulate the immune
response against tumor growth and alter the tumor microenvironment to reduce its progress (Greten and Sangro
2018, 157-159). The first US-FDA-approved kinase inhibitors as the first-line choice for treating HCC were
sorafenib and lenvatinib (Rimini, Shimose, Lonardi, Tada et al. 2021, 1229). Several nanomaterials have been
explored for targeted delivery of active chemotherapeutic agents such as conventional chemotherapeutics (e.g.,
taxol, paclitaxel, docetaxel), new synthetic drugs (e.g., tegafur-uracil), monoclonal antibodies (e.g., bevacizumab,
ramucirumab), kinase inhibitors (e.g., sorafenib, regorafenib), etc., for their site-specfic delivery towards HCC.
Nanomaterials involve a large variety of drug delivery systems which include inorganic nanoparticles, polymeric
nanoparticles, lipid nanoparticles, carbon dots, liposomes, micelles, metal-organic frameworks, Janus nanoparticles,
nanocrystals, etc., but not limited to those mentioned above (Mintz and Leblanc 2021, 2). Nanomaterials could be of
different shapes, such as spheres, rods, tubes, fibers, sheets, nanostars, etc., but in general, any material which is less
than 100 nm in at least one dimension can be considered a nanomaterial (Auffan, Rose, Bottero, Lowry et al. 2009,
634-636). Nanomaterials are good carriers for delivering therapeutic entities and sometimes, they have their
therapeutic actions In this chapter, we have discussed different nanotherapeutics developed so far with the aim of
selective drug delivery to HCC, recent patents obtained in the relevant field, and the possible future direction of
developing nanotherapeutics for the treatment of HCC.
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CHAPTER 12

Future Direction of Nanotherapy in the
Management of Hepatocellular Carcinoma
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* Department of Molecular and Human Genetics, Baylor College of Medicine,Houston, Texas
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Abstract: Worldwide, hepatocellular carcinoma (HCC) is one of the leading causes of
cancer-related deaths among humans. Several conventional therapies, including
surgical and non-surgical methods such as liver transplantation, radiation, and
chemotherapy, have been explored to combat this disease and improve the patients'
quality of life. However, due to poor diagnosis of the disease, drug toxicity issues, and
difficulties related to liver transplantation, scientists search for novel techniques to treat
HCC that ensure targeted drug delivery and help in diagnosing the disease.
Nanotherapeutics are a new trend in drug discovery and medicine which deals with
nano-sized formulations loaded with various types of materials such as drugs,
antibodies, aptamers, genes, viruses, efc., and targeted delivery. Moreover, controlled
release of the materials can be achieved through modifying their external and internal
structures as per requirement. Drug delivery through nano theranostics has taken a new
turn as the diagnostic tools tagged with the nano-architectures ensure diagnosis and
treatment simultaneously. Nanotheranostics have significant application in the
identification of cancer progression through continuous monitoring and treatment of
cancer. In this review, we will discuss different beneficial effects and applications of
nanotherapeutics against HCC. Along with that, different upcoming strategies, such as
personalized medicine, layer-by-layer technologies, implant theory, 3D printing
technology, nanorobots, nanocrystals, nano-chips, efc., will be discussed here, which
may pave the path towards successful diagnosis and treatment of HCC to improve the
health of the patients.
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Transdermal Nanomedicines for Reduction
of Dose and Site-Specific Drug Delivery

Biswajit Mukherjee, Soma Sengupta, Soumyabrata Banerjee,
Moumita Dhara, Ashique Al Hoque, Leena Kumari, Manisheeta Ray,
Iman Ehsan, and Alankar Mukherjee

Abstract

The emergence of new technologies provides unique opportunities to exploit
novel approaches in drug delivery. Transdermal drug delivery systems (TDDS)
are one of the imperative technologies of increasing interest with the benefits of
sustained/controlled drug delivery leading to patient convenience and compli-
ance. By definition, TDDS are topically administered medications, for example,
patches or semisolids, which permeate the active ingredient through the intact
skin for systemic effects in a sustained manner. Transdermal drug deliveries,
therefore, are the noninvasive administration of active ingredients from the skin
surface across its layers, to the systemic circulation. Nanomedicinal approaches
through TDDS can be utilized for site-specific delivery of drugs which can lead to
the reduction of dose, too. We have reported here TDDS providing
nanomedicinal strategies to deliver drug(s) to the target tissues.

Keywords

Skin - Transdermal delivery - Nanomedicine - Dose - Site-specific delivery

8.1 Introduction

Skin, being the largest organ of our body, protects us as a physiological barrier from
different infections, environmental stress, such as heat or cold, and permeates the
sensation with the help of nerve endings residing beneath the skin. Certain active
ingredients having the potency to cross this physiological barrier can even reach the
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Nanoformulated Drug Delivery

of Potential Betulinic Acid Derivatives:
A Promising Approach Toward Cancer
Therapy

Biswajit Mukherjee, Ashique Al Hoque, Debasmita Dutta,
Brahamacharry Paul, Alankar Mukherjee,
and Sahajit Mallick

1 Introduction

In last few decades, there has been a tremendous interest worldwide in the design of
analogue libraries based on plant-derived product for anticancer drug development.
The main objective in cancer drug development is to find new drugs that are cyto-
toxic to cancer cells but not to healthy cells. However, adverse side effects to normal
cells, drug resistance property of conventional chemotherapeutic drugs, and non-
specific tissue distribution are the primary obstacles to combat the disease. So
potential plant-derived natural products are in search as an alternative to toxic drugs.
This approach has received a positive response obtained from some natural products
due to the efficacious anticancer properties and minimum side effects toward nor-
mal cells. It is worthy to mention here that around 50% of the currently used anti-
cancer drugs suggested were either natural products or natural product-based
conjugates [1].

An increasing number of triterpenoids, naturally occurring terpenes having
potential for the neoplastic disease prevention and treatment properties, are ubiqui-
tously distributed throughout the plant kingdom. Many of them have been reported
to exhibit cytotoxicity against a variety of cancer cells without manifesting consid-
erable toxicity toward normal cells [1]. Notable among them is the pentacyclic
lupane type of triterpenoids that represent a very important class of natural prod-
ucts. Betulinic acid [3p-hydroxy-lup-20(29)-en-28-oic acid] and its reduced conge-
ner betulin [lup-20(29)-en-3p, 28-diol] belonging to this class are widely distributed
in the plant kingdom. Betulinic acid was found to show significant antiproliferative
activity on a broad panel of cancer cells [2, 3], and it was found to cause cancer cell
death by induction of apoptosis involving caspases with no toxic effects [4]. The
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Chapter 3

Recent developments in cancer
vaccines: where are we?
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University, Mount Pleasant, MI, United States; >East West College of Pharmacy, Bengaluru,
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1. Introduction

Cancer, a life-threatening disease, is a critical health issue globally and
requires new approaches and treatment modalities for optimizing patient
outcomes. Colorectal, lung, and prostate cancers are generally familiar in men,
and on the other hand, lung, colorectal, and breast cancers are prevalent among
women [1,2]. In the current cancer-related scenario, about 50% of new cases
are due to lung and bronchus, breast, colorectal and prostate cancers which are
the reason for approximately 50% of all deaths among people in the United
States. In 2020, almost 1.8 million new cases and 606,520 deaths due to cancer
were projected to happen in the United States [3]. In cancer progression,
immune surveillance and immune escape are considered important issues for
which immunotherapy development has become a new era in the cancer
research field compared to surgery, radiotherapy, or chemotherapy [4]. During
these circumstances, attractive and potentially effective cancer treatment is
immunotherapy which can be classified as “passive” and “active.” “Passive” or
“adaptive” means ex-vivo administration of antibodies or cells, whereas
“active” epitomizes through vaccines to produce a particular immune response
against various types of antigens such as tumor-specific antigens, virus-
associated antigens, cancer germline antigens, and tumor-associated antigens
(TAAs). As per the theoretical concept, a cancer vaccine can either cure the
tumor or maintain cancer in a controlled manner by supporting the immune
system [5—7]. The exciting advances in multidisciplinary cancer treatments
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