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Abstract: Prostate cancer (PCa) is the most common malignancy in men and the leading cause of
death for men all over the world. Early diagnosis is the key to start treatment at an early stage of
PCa and to reduce the death toll. Generally, PCa expresses characteristic morphologic features and
serum biomarkers; however, early diagnosis is challenging due to its heterogeneity and long-term
indolent phase in the early stage. Following positive diagnosis, PCa patients receive conventional
treatments including surgery, radiation therapy, androgen deprivation therapy, focal therapy, and
chemotherapy to enhance survival time and alleviate PCa-related complications. However, these
treatment strategies have both short and long-term side effects, notably impotence, urinary inconti-
nence, erectile dysfunctions, and recurrence of cancer. These limitations warrant the quest for novel
PCa theranostic agents with robust diagnostic and therapeutic potentials to lessen the burden of
PCa-related suffering. Iron oxide nanoparticles (IONPs) have recently drawn attention for their
symmetrical usage in the diagnosis and treatment of several cancer types. Here, we performed a
systematic search in four popular online databases (PubMed, Google Scholar, Scopus, and Web of
Science) for the articles regarding PCa and IONPs. Published literature confirmed that the surface
modification of IONPs with biopolymers and diagnostic biomarkers improved the early diagnosis of
PCa, even in the metastatic stage with reliable accuracy and sensitivity. Furthermore, fine-tuning of
IONPs with biopolymers, nucleic acids, anticancer drugs, and bioactive compounds can improve the
therapeutic efficacy of these anticancer agents against PCa. This review covers the symmetrical use
of IONPs in the diagnosis and treatment of PCa, investigates their biocompatibility, and examines
their potential as PCa theranostic agents.

Keywords: prostate cancer; iron oxide nanoparticles; early diagnosis; treatment; theranostics; bio-
compatibility

1. Introduction

Cancer symmetry theories are pertinent to loss of homeostasis in cancer and to its
origin, spread, treatment, and resistance. Symmetry as well as symmetry breaking could
offer a novel approach to deal with the cancer problem. Prostate cancer (PCa) is the second
most commonly diagnosed and the leading cause of death in men all over the world [1,2].
According to the American Chemical Society, over 0.6 million men died of PCa while
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approximately 1.8 million men were diagnosed in 2020 [3]. It is predicted that the number
of new cases and deaths associated with PCa will be approximately 2.3 and 0.74 million
globally, respectively by 2040 [4]. To combat this deadly disease, early diagnosis and potent
therapeutic agents are urgently needed to enhance the survival of PCa patients [5,6].

Early diagnosis is the key to assure PCa specific treatment [6]. However, being highly
heterogenic and asymptomatic, PCa is hardly diagnosed at an early stage [7,8]. Conven-
tional methods such as transrectal ultrasonographically guided biopsies, multiparametric-
magnetic resonance imaging (mp-MRI), digital rectal inspection (DRE), and marker-based
detection methods are routinely used in the clinical diagnosis of PCa [9–11]. However, these
common methods are unable to detect PCa in the early stages and have other limitations.
For instance, the common limitations of biopsy are missed cancer diagnosis, substantial-
grade misclassification, upgrading, and downgrading of cancer. As a result, overtreatment
of low-grade PCa and inadequate treatment of upgraded PCa increases the rate of death
in patients [10]. Among the conventional methods of diagnosis, a biopsy is an invasive
process and may also cause subsequent infection, erectile dysfunction, and urinary incon-
tinence [12]. Additionally, mp-MRI using gadolinium (Gd) could detect transition zone
and peripheral lesions of PCa [11]. However, Gd was found to be nephrotoxic and could
not be used in liver-transplanted patients [13]. Furthermore, DRE is frequently used for
the diagnosis of PCa; however, this method frequently provides false positive results [14].
Therefore, DRE is not reliable in routine screening of PCa [15]. Marker-based detection
(e.g., PSA) of PCa screening was always under great debate due to lack of accuracy (i.e.,
specificity around 33% and sensitivity around 86%), identification of clinically insignif-
icant diseases, and false diagnosis in the indolent phase [16]. After diagnosis, surgery
(radical prostatectomy), radiation therapy (external beam radiation therapy, interstitial
radiation implants also known as brachytherapy), cryoablation, androgen deprivation
therapy (ADT), focal therapy, and chemotherapy have been frequently used to treat PCa for
a long time [17]. However, these conventional treatment procedures often result in some
short and long-term complications including impotence, urinary incontinence, erectile
dysfunctions, bowel urgency, gynecomastia, osteoporosis, metabolic syndrome, depres-
sion, recurrence of cancer, lowering the longevity of life etc. [18–21]. Therefore, it is really
necessary to advance specific methods for early detection and treatment.

The frontiers of cancer research are currently focusing on developing methods for
early detection of PCa and on finding strategies that have fewer or no side effects [22]. Iron
oxide nanoparticles (IONPs) have magnetic properties and belong to the ferromagnetic
family. IONPs have drawn attention to diagnosis, prognosis, and treatment of PCa due to
special properties such as stability, dispersibility in desired solvents, biocompatibility, large
surface-to-volume ratio, and more [23,24]. Upon surface modifications, a multifunctional
IONP with symmetrical functions both as a chemotherapeutic (hyperthermic) and a T2
MRI contrast agent with enhanced imaging capacity can be developed [25]. For being
target-specific, multifunctional nanoplatforms deliver drugs specifically to the malignant
cells rather than affecting normal cells and reduce the side effects [22,25]. Therefore, the
disease diagnosis and therapeutic potential of IONPs make them suitable theranostic
agents against PCa [26–28].

In this review, we have summarized the PCa theranostic potential of different types of
IONPs in conjugation with other polymers, antibodies, nucleic acids, and ligands/receptors
along with their mechanism of actions, pitfalls, challenges, and biocompatibility.

2. Materials and Methods

This systematic review was performed to assess the role of synthesized IONPs as PCa
theranostics. We considered published original research articles in different international
journals on PCa diagnosis and treatment by IONPs.
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2.1. Search Strategy

Online international databases including Google Scholar, PubMed, Scopus, and Web of
Science were used to collect the relevant and specific articles systematically. The systematic
search was performed on 21 December 2020 irrespective of publication date. The keywords
for search comprised “iron oxide”, and “prostate cancer”. The flow chart shows the search
strategy of articles for primary studies (Figure 1).
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Figure 1. PRISMA flow diagram of study design. Articles were searched with the keywords “iron
oxide”, and “prostate cancer” from PubMed, Google Scholar, Web of Science, and Scopus; 34 articles
were included finally.

2.2. Study Selection

We screened the article title, abstract, and full texts to evaluate their eligibility for the
present study. To avoid any bias or error, two authors searched, reviewed, and selected the
manuscripts independently.

2.3. Inclusion Criteria

We considered original research papers, papers written in the English language,
published, and/or in press papers, papers that reported PCa diagnosis and treatment using
IONPs.

2.4. Exclusion Criteria

Duplicated research papers, original research papers written in languages other than
English, review articles, papers with abstract only, and letters that showed the application
of IONPs in diagnosis or treatment of PCa were excluded in the present study.

3. Prostate Cancer

PCa is a heterogeneous malignant disease that arises from several molecular modi-
fications leading to variable clinical complications [29]. Common molecular alterations
that have been observed in PCa are hypermethylation, loss of heterozygosity, inactivation
of tumor suppressor genes, and gene mutations [30]. PCa can be classified into 5 main
types: (i) glandular neoplasm (ii) urothelial carcinoma (iii) squamous neoplasm (iv) basal
cell carcinoma, and (v) neuroendocrine tumor according to 2016 WHO classification [29].
Furthermore, the cBioportal (https://www.cbioportal.org/, accessed on 15 March 2021)
database [31,32] calculated the published data on PCa from 15 studies with 2325 patients

https://www.cbioportal.org/
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and found a total of 2317 mutations in the gene responsible for developing 4 categories of
PCa [33–47] (Table 1).

Table 1. Types of prostate cancer based on cBioportal database [48].

Serial Number Prostate Cancer Types Frequency Frequently Mutated Top 3 Genes Age (Years)

1 Prostate Adenocarcinoma 94.9% TP53 (26.5%), SPOP (9.6%), FOXA1 (8.5%) 61–65
2 Castration-Resistant Prostate Cancer 2.7% TP53 (17.1%), TTN (15.7%), SPOP (15.7%) NR
3 Prostate Neuroendocrine Carcinoma 2.1% TP53 (33.3%), FOXA1 (16.7%), RB1 (16.7%) NR
4 Prostate Small Cell Carcinoma 0.3% RB1 (57.1%), APC (42.9%), BRCA2 (42.9%) NR

TP53: Tumor Protein P53; SPOP: Speckle-type pox virus and zinc finger protein; FOXA1: Forkhead box protein A1; TTN: Titin; RB1:
Retinoblastoma; APC: Adenomatous polyposis coli; BRCA2: Breast cancer 2; NR: Not reported.

Whole-genome sequencing of 292 PCa patients found the maximum mutation in the
TP53 gene [33]. On the other hand, whole-exome sequencing showed that the MUC4 gene
was found to be mostly mutated (40%) in metastatic PCa [37]. Among the four types, the
most frequently occurred type is prostate adenocarcinoma [40–43,45]. In metastatic prostate
adenocarcinoma, the survival rate of the patients was only 11% where TP3, RYR3, and TTN
are the most frequently mutated genes [35]. The pattern of mutations is directly linked with
the survival of patients [36]. Overall, the short survival time is linked with the late diagnosis
of PCa due to heterogeneity and long latent phase [49,50]. Conventional methods are
unable to detect PCa in the early stage and have some major limitations [10]. Furthermore,
numerous treatment strategies e.g., hormone therapy, prostatectomy, chemotherapy, and
radiation therapy were applied to treat the metastatic PCa results in a lower survival
rate (11–12%) of patients [35]. Thus, for early diagnosis and effective treatment of PCa,
advanced methods and theranostic agents were in demand to increase the survival rate
of patients.

4. Diagnosis and Detection of Prostate Tumor Cells

Magnetic nanoparticles including IONPs-based cancer diagnosis strategies have
shown promises in diagnosis of early to metastatic stages of PCa [51,52]. The IONPs
modified with aptamers, antibodies, biocompatible polymers, and ligands for cell surface
receptors have already displayed promise in microscopy, enzyme-linked immunosorbent
assay (ELISA), or MRI-based diagnosis of PCa with reliable accuracy, specificity, sensitivity,
and reproducibility (Table 2).

4.1. Detection of Overexpressed Receptors

Luteinizing hormone-releasing hormone receptor ((LHRH-R) and urokinase-type
plasminogen activator receptor (uPAR) are widely expressed cell surface proteins on PCa
cells. About 86% of PCa patients express LHRH receptor mRNA [53,54]. Therefore, both
of the receptor proteins act as a potential biomarker for PCa detection [53]. A multifunc-
tional double-receptor-targeting IONPs, LHRH-AE105-IONPs were developed to target
both receptors (LHRH-R and uPAR) on PC-3 cells. This drug delivery system bound,
accumulated, and internalized more efficiently than non-targeted IONPs into the human
prostate carcinoma PC-3 cells confirmed by Prussian blue staining and T2 MRI contrast
effects. T2 values of LHRH-AE105-IONPs were significantly decreased about 4 times in
LHRH-AE105-IONPs internalized PC-3 cells than single-targeted IONPs accumulated
PC-3 cells [26]. Similarly, gastrin-releasing peptide (GRP) receptors belong to a family of
seven transmembrane domains [55]. Overexpression of GRP receptors is also found on
PCa cells that provided targets for imaging to detect PCa in the early stage [56]. Martin
et al. developed a magnetic resonance imaging probe for PCa diagnosis [56]. The probes
were conjugated with pan-bombesin analog [b-Ala11, Phe13, Nle14] bombesin-(7–14) and
dye-functionalized superparamagnetic IONPs. These peptide-functionalized IONPs were
specifically bound and selectively taken up by PC-3 cells through GRP receptors. As a
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result, it can be used not only for the diagnosis of PCa but also as an effective carrier for
the drug delivery system [56].

Folate receptors are membrane-associated glycoproteins that are uncommon or rarely
expressed in normal cell surfaces [57]. However, the overexpression of folate receptors is
reported in a variety of cancers including PCa [57–59]. Therefore, folic acid (FA) conjugated
IONPs could be used to diagnose PCa. Previously, FA coated IONPs have been reported
in targeting of PCa metastases in lymph nodes. Additionally, prostate-specific membrane
antigens (PSMA) are usually expressed on the surface of some PCa cell lines, e.g., 22Rv.1
(low expression) and LnCaP (high expression) while RWPE-1 and PC3 cells are well known
as PSMA-negative PCa cell lines. FA can enter these PSMA-positive cell lines via PSMA
receptors [60]. Thus, the surface charge (negative) and hydrodynamic size (approximately
100 nm) of FA-IONPs made it suitable to enter and retained inside of PSMA-positive PCa
cells in large amounts including lymph node metastases for MRI detection. The R2 value of
FA-IONPs was two times lower and R2/R1 ratio was found to be 60% higher compared to
uncoated IONPs. An additional advantage of FA-IONPs is that they can be used to detect,
target, and treat other cancer cells expressing folic acid receptors (FAR) on their surface.
However, cell lines such as RWPE-1 that do not express PSMA have been found to uptake
a small amount of FA-IONPs [60]. Similarly, flavin mononucleotide coated ultrasmall
superparamagnetic iron oxide nanoparticles (FLUSPION) specifically targeted riboflavin
receptors and accumulated into PCa cells at a significantly higher rate than ultrasmall
superparamagnetic iron oxide nanoparticles (USPION) after subcutaneous administration
into LnCap tumor xenografts [61]. The R2 relaxation rate of FLUSPION accumulated
cells was higher (11.29 ± 1.64 s−1) than USPION accumulated PCa cells. FLUSPION also
accumulated in tumor endothelial cells and tumor-associated macrophages. Therefore, it is
an efficient approach to diagnose and treat PCa. However, the accumulation of FLUSPION
in the liver, spleen, lung, and skin are the major concerns in their clinical applications [61].

4.2. Antibody and Polypeptide-Based Detection

Prostate stem cell antigen (PSCA) is an anchored cell surface protein belonging to the
Thy-1/Ly-6 family composed of glycosylphosphatidylinositol (GPI) [62]. In 90% of primary
PCa, PSCA overexpression was detected. It was essential for clinical staging and marking
of invasion area e.g., seminal vesicle, prostate capsule, respectively [62,63]. Farahani et al.
developed an antibody-binding nanoparticle against PSCA for PCa diagnosis [64]. The
major challenge was maintaining the ability of antibodies to bind with antigens. Shahrab
and colleagues conjugated dextran (dex) superparamagnetic iron oxide nanoparticles
(SPION) with anti-PSCA antibodies to produce an anti-PSCA antibody-dex-SPION for PCa
biomarker detection. The labeled PC-3 cells produced strong blue color after anti-PSCA
antibody-dex-SPION binding. The intensity of the blue color (resolution) was observed to
be higher with a smaller size (20 nm in diameter) of dex-SPION than a larger one (100 nm).
The color intensity verified the efficient binding of anti-PSCA antibody-dex-SPION (20 nm)
on the cell surface with improved imaging and targeting ability than dexSPION [64].

Similarly, PSMA can be a suitable choice that is expressed in the prostate 100 times
higher than normal tissues. The specificity of PSMA is higher than prostate-specific antigen
(PSA) [65,66]. It is also expressed in different stages and grades about 10-fold in PCa pa-
tients [66,67]. Deimmunized mouse monoclonal antibody (J591) can target PCa including
metastases with high sensitivity and specificity, non-immunogenicity, compatibility, mini-
mum level of nonspecific organ targeting [68,69]. Thus, deimmunized mouse monoclonal
antibody (J591) can be a suitable choice for effective detection and therapeutic tool for
targeting PSMA-positive PCa cells [70]. Molday ION Rhodamine-B Carboxyl (MIRB), a
commercially available IONPs, conjugated with muJ591 antibody (murine derived) for
targeting PSMA expressed PCa. The muJ591: MIRB complex inhibited the proliferation
and adhesion of PSMA-positive LNCaP cells. Therefore, muJ591: MIRB could be used
to target and MR contrast agent to diagnose PSMA-positive PCa cells [71]. Furthermore,
Abdolahi et al. constructed specific MR molecular imaging probes using J591 monoclonal
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antibody to diagnose PCa in the early stage [72]. J591-antibody was conjugated with
SPION to form J591-SPION. J591-SPION binds specifically to the extracellular domain of
PSMA of LNCaP. J591-SPION binding increased the imaging quality with high sensitivity
and stability. It also reduced the image intensity by 95% in PSMA-positive LNCaP cells
compared to the 14% reduction in DU145 cells (PSMA-negative) with the same Fe concen-
tration (80 µg/mL). These findings confirmed the potentiality of J591-SPION as an MR
contrast agent in PCa diagnosis [72]. Another PSMA-targeting magnetic nanoparticles
(MNPs) MNPs was formulated by the conjugation of biocompatible iron oxide magnetic
nanoparticles and J591 to construct J591-MNP. J591-MNP was injected intravenously to
mice with severe combined immunodeficiency (SCID) mice that were specifically bound to
the PSMA without affecting PCa cell viability and increased magnetic resonance contrast of
tumors to detect/localize PCa [73]. Zhu and his colleagues conjugated a PSMA-targeting
CQKHHNYLC polypeptide with SPION to produce PSMA-targeting molecular MRI con-
trast agents [74]. The polypeptide-SPION increased MRI signal significantly at 6 h of
post-injection in tumor-bearing mice. According to this study, the concentration of Fe3O4
was 0.240 mg/mL that was subcutaneously administered to the xenograft model. It het-
erogeneously deposited inside of the tumor cells both in vivo and in vitro that provided
contrast image in MRI scan. However, PSMA-targeting polypeptide-SPION deposited
in the spleen and slightly entered the liver but were not observed in the kidney or other
organs (Figure 2) [74]. Moreover, SPON (50 nm) were conjugated with a water-soluble graft
copolymer, methoxyl polyethylene glycol (mPEG-OH) grafted onto polyethyleneimine
(hy-PEI) to construct a nano complex called mPEI-g-PEG-SPION [75]. Following graft-
ing, a single-chain monoclonal antibody against prostate stem cell antigen (PSCA) was
coated with mPEI-g-PEG-SPION to form a single-chain antibody functionalized nanoprobe
(scAbPSCA-PEI-g-PEG-SPION). This small nanoprobe specifically entered the PCa cells
in vitro and reduced the T2 MRI signal intensity to 44.76% that showed the efficiency of
this MRI nanoprobe to detect PCa in its early stage. scAbPSCA-PEI-g-PEG-SPION was
found to be advantageous showed some advantages over naked SPION such as lower level
of toxicity, higher transfection rate, and enhanced imaging effects, respectively [75].
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An electroconductive interface was developed by Farshchi et al. in order to amplify
the signal of the substrate during antigen–antibody binding in the electrochemical analysis
for PCa early diagnosis [76]. First, spherical iron oxide magnetic nanoparticles (Fe3O4)
were combined with biotinylated-anti-prostate-specific antigen (PSA) antibody on a glassy
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carbon electrode (GCE). Bovine serum albumin (BSA) was combined with the nanoparticle–
antibody complex to prevent any nonspecific binding. Secondly, HRP-conjugated antibody,
HRP-Ab2 (secondary antibody) coated on gold nanoparticles (AuNPs). PSA was sand-
wiched by the immunoreaction of primary (Ab1) and secondary antibody (Ab2) and emitted
light. This emission of signals from the substrates was captured by the immunosensor
by transmission electron microscopy. It should be noted that the immunosensor showed
higher sensitivity (0.001 to 1 µg/L of PSA) due to excellent electrical conductivity, fast
electron transfer, good catalysis properties, and desirable biocompatibility of the substrate.
This magneto-immunosensor-based bioassay created a new possibility to detect multiple
proteins at a time using multiple inorganic metal nanoparticle tracers in early PCa diag-
nosis [76]. Another antibody-based PCa identification method was developed by Zhang
and colleagues. [77]. IONPs were fabricated with anti-PSA antibody followed by the probe
immobilization on gap-fingered electrode sensing surface. During this experiment, spiking
of PSA in human serum continued and the interaction between PSA and anti-PSA antibody
was unaffected. This continuous antigen–antibody binding represented the efficiency and
sensitivity (1.9 pg/mL of PSA in human serum) of this method for early PCa diagnosis [77].

4.3. Detection of Physiological Metabolite

Sarcosine (N-methyl glycine; CH3NHCH2COOH) is a regular physiological metabolite
and a non-protein amino acid enzymatically synthesized from dimethylglycine. Normally,
the concentration of sarcosine in human (men) blood serum is 1.4 ± 0.6 µM. However, in
diseased conditions (e.g., sarcosinemia, PCa) sarcosine level is elevated [78,79]. Sarcosine
acts as a prospective mediator in PCa development [80]. Uhlirova et al. developed chitosan
(CS), and sarcosine oxidase (SOX) modified SPION to detect the level of sarcosine for PCa
diagnosis [81]. Three types of modified SPION were formulated and characterized, SPION-
AuNPs (100–300 nm), SPION-CS-AuNPs (300–700 nm), and SPION-CS-SOX-AuNPs (600–
1500 nm), respectively. After formulation, toxicity was tested in yeast (S. cerevisiae) and
microorganisms (E. coli and S. aureus). Half maximal inhibitory concentration (IC50) of
SPION-AuNPs was 5.1 to 7.6 mg/mL for each of the models where IC50 of AuNP was
shown to be 15 µg/mL. Moreover, CS and SOX modified SPION demonstrated IC50 value
in yeast 17.9 and 36.1 mg/mL, respectively. Additionally, SPION-CS-SOX-AuNPs exhibited
five times lower toxicity to human erythrocytes than non-modified SPION-AuNPs. Here,
pseudo-peroxidase activity of SPION-AuNPs was used to increase the sensitivity. This
procedure could be used to detect sarcosine at a very low (micromolar) and monitor the
progress of PCa. This technique is also cheap, simple, affordable, and convenient for
screening tests and telemedicine applications [81].

4.4. Detection of Metastases

PCa metastasis can be graded based on their spread in the lymph nodes [82,83].
Alexander et al. used a handheld magnetometer with SPION to detect SLNs in PCa [84].
It was the first magnetometer-guided sLND study conducted to detect PCa by SPION.
Intraprostatic SPION were injected in 20 patients of both intermediate and high-risk
PCa one day earlier of magnetometer-guided sentinel lymphadenectomy (sPLND) and
extended pelvic lymph node dissection (ePLND) in association with radical prostatectomy.
The detection rate was almost 94%. Though it was proved to be advantageous for its
simplicity, safety (non-radioactive hazards), and reliability, a limited number of patients
were included in this study without MRI and the detection rate was also below 95% [84].
However, MRI-based techniques provided extra benefits to detect and characterize PCa
in the early stage [27]. In 2018, Alexander and his team carried out another study by
magnetometer-guided sLND using SPION to diagnose PCa [85]. This time, 50 patients
(both intermediate and high-risk PCa) were included following the same procedure, but the
lymph nodes selected for magnetometer-guided sLND were also visualized by MRI. The
detection rate and accuracy were approximately 100% with the minimum concentration
of PSA ≥ 10 ng/mL. It was also successfully applied to detect breast cancer and to defeat
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the limitations of the radioisotope-based sentinel procedure. This study also confirmed
the efficiency of imaging techniques especially MRI for PCa diagnosis [85]. Previously, Li,
Chao-Shiang et al. used USPION as a contrast agent in MRI to detect PCa in the primary
stage [86]. In this study, 60 patients were included where central zones (CZ) and peripheral
zones (PZ) of prostate were assayed by T2- and T2*-weighted MRI in association with
USPION-enhanced MRI. As the signal-to-noise ratios (SNRs) decreased significantly in CZ
than PZ and it was concluded that USPION administered prostate gland may be associated
with primary PCa [86].

Triantafyllou et al. investigated the accuracy of USPION in MRI-based diagnosis of
PCa metastases [87]. After the intravenous administration of USPION in 48 PCa patients,
the lymph nodes (LNs) were examined with two similar pelvic MRI scans. MRI scans
demonstrated the efficiency diagnosis (accuracy 77.3%) of PCa and facilitated the specifica-
tion of PCa treatment strategies. However, it was eligible only to detect metastatic LNs with
a minimum diameter of ≥5 mm and were unable to diagnose <3 mm. Furthermore, some
adverse effects e.g., urticarial, hot flashes, hypertension, headache, swelling of neck and
nose, and diarrhea was observed in 11% of patients [87]. Similarly, diagnosis of lymph node
metastases in the early stage was also done by USPION-contrast MRI since it showed higher
sensitivity than positron emission tomography (PET) [88]. After the collection of patient
history, a simultaneous/sequential boost to USPION (+) nodes were provided in patients
who received androgen deprivation therapy for >6 months in association with external
beam radiation to integrated nodal basins. Results showed that all the patients (n = 69, me-
dian age = 62) had USPION in their lymph nodes and received USPION-guided radiation
beam therapy. This study confirmed that USPION-based radiation therapy was feasible
and well-tolerated in patients (n = 69) with predominantly recurrent PCa [88]. Sterenczak
and colleagues examined SPION and manganese chloride (MnCl2) as MRI contrast agents
to diagnose PCa [27]. CT1258 cells (PCa cells) and CT1258 tumor-bearing NOD-SCID mice
were used for in vitro and in vivo studies, respectively. In vitro and in vivo experimenta-
tions were carried out using 1 T MRI and 7 T MRI, respectively after labeling with the MRI
contrast agents. In vitro detection limit was 105 CT1258 cells while in vivo detection limit
was 103 and 104 cells for SPION and MnCl2, respectively. Interestingly, MnCl2 labeled
cells in NOD-SCID mice were detectable for longer period of time (4–16 days) than SPION
labeled cells (until 4 days). This method also allows measurement of actual volume of
tumor at different time points, hence these contrast agents could be used to monitor the
prognosis of PCa [27]. Poly-l-lysine (PLL) is a transfection agent. Previously, an in vitro
study was conducted where SPION were used in the presence or absence of poly-l-lysine
(PLL) for PCa diagnosis [89]. MRI study confirmed that 42–126 µg/mL of PLL conjugated
SPION could label human PCa cells following 12–24 h incubation. Though PLL-coated
SPION showed no toxicity with their simplicity, and efficiently labeled tumorigenic PCa
cells in vitro, but in vivo study is still needed to confirm these activities [89]. Figure 3
shows a representative image of IONPs mediated PCa diagnosis.
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4.5. Others

The R11 peptide is a poly (11)-arginine that displayed organ-specific uptake in bladder
and prostate tissues. Hence, it was used as a suitable drug delivery vehicle for bladder
and PCa diagnosis and therapies [90]. Wadajkar et al. assembled IONPs (average diameter
of 100 nm) with thermo-responsive poly-N-isopropyl acrylamide-acrylamide-allylamine
and conjugated with R11 peptides [91]. After 24 h of incubation in vitro with normal PCa
cells, R11-conjugated PMNPs (R11-PMNPs) showed compatibility with a concentration
up to 500 mg/mL and a higher level of accumulation in PCa cells (e.g., PC-3 and LNCaP)
than non-conjugated PMNPs. In vivo studies also showed that R11-PMNPs deposition
in tumors was higher than other major organs and demonstrated to be suitable for PCa
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detection and treatment process. Additionally, both the R11 peptide and R11-PMNPs were
found to be safe for normal cells that raised their potentiality as a PCa specific drug delivery
system [91].

Table 2. Prostate cancer diagnosis using iron oxide nanoparticles.

Types of
IONPs

Coating/Hybridizing
Material Test Specimen Target Receptor Imaging

Technique
Detection (Lower)

Limit Ref.

IONP PTX, LHRH peptide,
AE105 peptide

RC77T/E and
RC77N/E

LHRH-R and
uPAR MRI NR [26]

SPION PBA PC-3 GRP-R MRI 103 cells [56]

IONP FA RWPE-1 and PC-3 FA-R MRI NR [60]

FLUSPION FM
LnCap tumor

xenografts,
HUVEC

Rf-R MRI 2 × 106 cells [61]

SPION anti-PSCA Ab PC-3 cells PSCA-R ELISA and WB 70 µg/mL [64]

IONP muJ591-Ab LNCaP and
DU145 PSMA MRI NR [71]

SPION J591-Ab LNCaP, DU145 PSMA MRI NR [72]

IONP J591-Ab
LNCaP, PC-3,

DU145, and SCID
mice

PSMA MRI NR [73]

SPION CQKHHNYLC

LNCaP, PC-3 and
LNCaP

tumor-bearing
mice

PSMA MRI 0.240 mg/mL [74]

SPION scAbPSCA-PEI-g-PEG PC-3, PC3M, and
NIH3T3 PSCA MRI 40 µg/mL [75]

IONP Anti-PSA Ab Human Serum PSA-R TEM 0.001 µg/L PSA [76]

IONP Anti-PSA Ab Human Serum PSA-R IDE surface 1.9 pg/mL (PSA) [77]

SPION CS, SOX Yeast cell, RBCs NR SEM NR [81]

SPION NR 20 PCa patients SLN MRI 9.84 ng/mL (PSA) [84]

SPION NR 50 PCa patients SLN MRI >10 ng/mL (PSA) [85]

USPION NR NR PSA MRI 18.8 ± 30.5 ng/mL
(PSA) [86]

USPION NR NR PLN MRI 2.6 mg iron/kg body
weight of USPION [87]

USPION NR NR Lymph
nodes/PSA MRI NR [88]

SPION NR CT1258 NR MRI 103 and 104 cells per
tube

[27]

SPION Cdex, PLL PC-3 NR NR 2 × 105 cells/mL [89]

IONP PIAA PC-3 and LNCaP R11-R MRI 5000 cells/well [91]

PCa: Prostate cancer; IONP: Iron oxide nanoparticle; PBAB: Pan-bombesin analog [b-Ala11, Phe13, Nle14] bombesin-(7–14); FM: Flavin
mononucleotide; RF-R: riboflavin receptors; SPION: Superparamagnetic iron oxide nanoparticle; SLN: Sentinel lymph node; MRI: Magnetic
resonance imaging; Ab: Antibody; WB: Western Blotting; PSA: Prostate-specific antigen; CT1258: Canine prostate cell line; SPION:
Superparamagnetic iron oxide nanoparticles; SPIO-PLL: Superparamagnetic iron oxide-poly-l-lysine; PC3: Human prostate cancer cell
lines; TEM: Transmission electron microscopy; CS: Chitosan, SOX: Sarcosine oxidase; RBCs: Red blood cells; LHRH-R: Luteinizing
hormone-releasing hormone receptor; uPAR: Urokinase-type plasminogen activator receptor; RC77T/E and RC77N/E: Immortalized
prostate cancer cell lines; CQKHHNYLC: PSMA-targeting polypeptide; LNCaP: PSMA-positive prostate cancer cell lines; SEM: Scanning
electron microscopy; PSMA: Prostate-specific membrane antigen; PSCA: Prostate stem cell antigen; USPION: Ultrasmall superparamagnetic
iron oxide nanoparticles; PLN: Pelvic lymph nodes; Cdex: Carboxydextran; ELISA: Enzyme-linked immunosorbent assay; GRPR: GRP
receptor; FA: Folic acid; FAR: Folic acid receptor; PIAA: Poly-N-isopropyl acrylamide-acrylamide-allylamine; LNM: Lymph node metastases
prostate cancer cells; HUVEC: Human umbilical vein endothelial cells; NR: Not reported.
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5. IONP-Based Treatment of Prostate Cancer

IONPs are conjugated with drugs, phytochemicals (natural anticancer agents), other
polymers, and ligands that made them suitable for PCa treatment where many resis-
tant drugs e.g., Docetaxel (DTX) became functional. IONP-based treatment approaches
including photothermal therapy [92], radiotherapy [93], chemotherapy [26], bioactive
compounds-based nanotherapy [94], and hyperthermia [60] can be used as an alternative
to conventional therapy (Table 3 and Figure 3).

5.1. Photothermal Therapy

Photothermal therapy (PTT) uses near-infrared light for efficient heat production
(hyperthermia) in tumor cells resulting in cancer cell death by irreversible apoptosis [95].
IONPs mediated PTT has become a reliable window for PCa treatment [92]. Herein et al.
conducted a comparative study between magnetite/maghemite nanospheres and nanoflow-
ers to find out the efficiency of IONPs in PCa treatment by PTT and magnetic hyperthermia
(MHT) [92]. PC3 human PCa cells were incubated for 30 min with the four magnetic
nanoparticle formulations (magnetite nanospheres, maghemite nanospheres, magnetite
nanoflowers, and maghemite nanoflowers). Magnetite nanoflowers of IONPs internalized
with a higher concentration (5 to 6 times more than nanospheres) resulting in 60% PC3 cell
death by necrosis and 20% by apoptosis at a lower dose (36 mg Fe/L). Furthermore, the
magnetite nanoflowers reduced cell viability close to zero where more than 60% viable
cells were present at the same concentration of maghemite nanoflowers. However, a higher
concentration is needed to reach saturation in PTT, therefore if a higher temperature is
needed magnetic nanoparticle-based hyperthermia could be a good option than PTT [92].

5.2. Radiotherapy

In radiotherapy (RT), fractionated focal irradiation is used to treat cancer patients [96].
Normally, for cancers with low and intermediate-risk, RT is used as an alternative ther-
apeutic tool to control locally advanced cancer instead of surgery [97] or PCa patients
who received radical prostatectomy [98]. 5-fluorouracil (5-FU) is an analog of uracil and
is also used as a potent anticancer agent. 5-FU can be converted into fluorodeoxyuridine
monophosphate that irreversibly inhibits thymidylate synthase in mammalian cells. An-
other study revealed that 5-FU can be misincorporated into the DNA and ribonucleic
acid (RNA) thus inhibits the expression of cancer-causing mRNA and protein [99]. The
combination of 5-FU with other conjugates made it more efficient to penetrate the target
cell for cytotoxic and apoptotic induction [100]. Hajikarimi et al. formulated magnetic
poly lactic-co-glycolic acid (PLGA)-coated IONPs as a carrier of 5-FU. Both the 5-FU and
5-FU loaded nanoparticles were applied on DU 145 cells for 24 h [93]. Cellular uptake
of nanoparticles was recorded by atomic absorption spectroscopy (AAS) that showed
an increment of the cellular uptake of 5-FU loaded nanoparticles. This entry resulted in
an alleviation of the proliferation capacity of DU 145 cells. Similarly, a combination of
5-FU loaded nanoparticles with 2Gy of megavoltage X-ray radiation decreased the colony
number much more efficiently (two times) than free 5-FU [93].

5.3. Chemotherapy

Chemotherapy (CT) is a common treatment option for PCa; however, lack of specificity,
drug-induced side effects, and resistance of drugs are the prominent drawbacks of this
therapeutic approach [101]. Patients receiving CT with metastatic castration-resistant
prostate cancer (mCRPC) have also been demonstrated to prolong life span [102].

Recently, docetaxel (DTX), cabazitaxel, paclitaxel (PTX), and doxorubicin are widely
used as chemotherapeutic agents [102–104]. However, many side effects of CT such as
detrimental effects on hair follicles, immune system gastrointestinal tracts, and major
body organs as well as hemorrhage and drug resistance are the major concerns [105,106].
Recently, magnetic nanoparticles (e.g., IONPs) coated with biocompatible polymers and
targeted drugs have opened a new era in cancer therapeutics to overcome these side
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effects [26,104]. For instance, IONP was encapsulated with PTX. This encapsulation pre-
vents PTX from degradation in the blood circulation that increased the pharmacokinetic
efficiency and better patient outcome with a limited level of toxicity in the circulatory
system. Furthermore, LHRH peptide and AE105 peptide-coated IONPs specifically target
PC3 cells, which facilitates internalization and accumulation of LHRH-AE105-IONPs-PTX
more efficiently, therefore enhancing PC3 cells cytotoxicity by two times compared to
non-targeted IONPs. This phenomenon also reduced the use of PTX amount by 10 times to
achieve similar cytotoxic effects produced by the free drugs to the PC-3 cancer cells. Finally,
this nanoformulation provided a substitute for PCa therapeutics with a better quality of
life and longevity of patients [26].

DTX is another anticancer drug approved by Food and Drug Administration (FDA)
used to treat several cancers, including PCa [107]. However, DTX becomes resistant in
clinical oncology [108]. As a result, it was essential to find out a drug delivery system
to make it functional again to its site of action. To pursue the target, a (DTX) loaded
PSMA targeted superparamagnetic iron oxide nanoparticle (J591-SPION-DTX) was formu-
lated [109]. J591-SPION-DTX efficiently binds with β-tubulin and inhibited the expression
of chemo-resistance-associated proteins (MDR1). Conversely, expression of apoptosis-
associated proteins (Bax, Bad, cleaved poly (ADP-ribose) polymerase (PARP), caspase 3)
increased in PSMA-positive cells than PSMA-negative cells [109]. Furthermore, microRNA
(miRNA)-based diagnosis and treatment of PCa has already been demonstrated in its
theranostic approach to overcome the limitation of DTX resistance [110]. A nanocomplex
(MPEI-PEG NPs) was developed by Nagesh et al. through the conjugation of an iron oxide
core with polyethyleneimine-polyethylene glycol (PEI-PEG) and subsequent binding to the
miR-205. Efficient cellular uptake of miR-205-NPs in C4-2 and PC-3 cells showed growth
retardation of PCa [107]. Studies showed that miR-205 inhibits the antiapoptotic protein
BCL-xL and down-regulates Bcl-w proteins and induces apoptosis of PCa cells [111]. PCa
cells overexpressing miR-205 also restored the anticancer activity of DTX by inactivating
MDR1 protein. Therefore, DTX became chemosensitized again. In colony formation assay,
a combination of DTX with miR-205-NPs demonstrated greater efficiency to decline the
number of C4-2 and PC-3 cell colonies by approximately 40% compared to the non-treated
and DTX alone. This combination also inhibited metastatic PCa cells. miR-205-NPs is
biocompatible and caused negligible hemolysis (5% hemolysis at the highest concentration,
50 µg) during in vitro analysis. To recapitulate the study, this nanoplatform (a combination
of miR-205-MPEI-PEG and DTX) with superior transfection e7fficiency, superior anticancer
properties, and chemosensitization can be a better option for chemotherapeutic treatment
of PCa than DTX alone [107].

Again, a nanovector for anticancer drugs e.g., doxocurbin (DOX) and DTX was de-
veloped for targeted PCa treatment. Singh et al. loaded DOX and DTX on a glutathione
disulfide (GSSG) conjugated polydopamine (pDA)-modified IONPs (pDA-IONPs) which
can easily penetrate the cells because of their hydrophobic nature [104]. MTS and apoptosis
assays confirmed that free drugs were more cytotoxic (IC50, 1200 nM) to the PC-3 cells
than drug-loaded nanoparticles in a lower concentration (IC50, 3400 nM). However, free
drugs also created some detrimental effects e.g., weakening of the immune system that
leads the human body vulnerable to microbial infection, fatigue, slow healing process,
etc. However, drug-loaded nanoparticles bound specifically to the PC-3 cancer cells and
destroyed them [104].

5.4. Hyperthermia

Hyperthermia (also known as thermal therapy) is one of the potent therapeutic options
for several cancers, including PCa. Hyperthermia-based therapy kills tumors/malignant
cells by elevated temperature ranges from 39 ◦C to 45 ◦C [112]. However, organ damage
by imbalanced overheating, bleeding is the common drawbacks of conventional hyper-
thermia [113]. IONP-based hyperthermia is an alternative and novel approach for the
safe treatment of cancers, including PCa. A novel nanocluster (ZnMn-IONPs) based on a
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systematically delivered magnetic hyperthermic study was conducted [114] to overcome
the limitation of intra-tumoral administration of nanoparticles to the PCa site. First, the
metal dopants e.g., Zn, Mn were fabricated into the IONPs that increased their efficiency
of heating upon exposure to an alternating magnetic field (AMF). For in vitro analysis,
human PCa cells (DU145) and non-malignant human embryonic kidney cells (HEK-293)
were allowed to incubate for 24 h with different concentrations of ZnMn-IONPs (50–250 µg
of Fe/mL). Efficient accumulation of the nanoclusters was observed in tumors after intra-
venous injection into the mice carrying PCa grafts via passive targeting. ZnMn-IONPs
elevated the temperature above 42 ◦C. It significantly killed more than 90% PCa cells safely
without noticeable toxicity to normal cells. However, long-term effects are still needed to
be explored. On the other hand, naked IONPs mediated treatment killed only 60% of PCa
cells applying the same condition. [114].

Bioaggregation of IONPs is one of the major challenges to overcome in PCa ther-
anostic [115]. It can cause lower biodistribution, declining heating ability, interrupting
visualization and quantification [116]. To overcome aggregation, first, IONPs were coated
successfully with an aggregation-resistant mesoporous silica shell. After characteriza-
tion, IONPs and ms-IONPs were tested both in vitro (a monolayer of PCa cells, LNCaP-
Pro5 with 1.0 mg Fe/mL IONPs or ms-IONPs for the heating experiment) and in vivo
(subcutaneously injected on the hind limb of 20–25 g male nude mice with a tumor of
average 8 to 10 mm diameter). It was found that ms-IONPs provided efficient heating capa-
bility with strong signal increment in MRI in vivo. Additionally, mesoporous silica-coating
provided a protective layer to minimize the toxic effects of nanoparticles towards HDFn
human skin fibroblasts as well as smooth surface function, efficient drug loading, and
release. This infers that less aggregation of nanoparticles can increase heating efficiency
and imaging performance of nanoparticles and ms-IONPs is a new approach to do so in
PCa theranostic [116].

5.5. Phytochemical-Based Therapy

Phytochemicals are mainly secondary metabolites of plants. Phytochemicals have
been found to play an important role in the prevention of PCa by regulating many stress-
mediated signaling pathways [117]. Chemoprevention of PCa by phytochemicals was
found to modulate cell proliferation and apoptosis of the target cell. However, low solubil-
ity, poor penetration into cells, high hepatic disposition, and narrow therapeutic index are
some limitations of phytochemicals to be used as anticancer agents [113,118]. Therefore, a
drug delivery system was needed as a carrier of these phytochemicals to function more
precisely and efficiently to their target site [118]. Eupatorin (a flavonoid) has a range of phy-
tomedical, tumor suppression, and apoptosis induction activity in multiple cancer cell lines
including in the treatment of PCa. Tousi and his collegues developed poly(ethylene glycol)
methyl ether-block-poly-lactide-co-glycolide (mPEG-b-PLGA) coated IONPs to act as a
carrier for this phytochemical to increase its efficacy [94]. There was a sustainable release
of eupatorin over 200 h with 100 µM (DU-145) and 75 µM (LNCaP) of IC50 concentration.
Eupatorin loaded Fe3O4@mPEG-b-PLGA nanoparticles demonstrated a significant reduc-
tion of DU-145 and LNCaP cell growth through apoptosis by up-regulating Bax/Bcl2 ratio
and the cleaved-caspase3 level with an entrapment efficacy of 90.99% ± 2.1%. In terms of
safety, both free and IONP-conjugated eupatorin were found to be almost safe (displayed
negligible toxicity) against HUVECs as normal cells [94].

5.6. Others

In castration-resistant prostate cancer (CRPC), disease progression and level of prostate-
specific antigen (PSA) continue to increase regardless of androgen deprivation therapy
(ADT) [119]. To prevent the continuation of cancer cells even in metastatic conditions, DTX
was the next option. However, DTX became resistant to cancer therapeutics, as mentioned
earlier [108]. Both of these limitations can be removed by a nanoscopic therapeutic system
through the formulation of Wy5a-DTX-SPION [120]. In this nanoformulation, SPION were
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encapsulated by DTX and Wy5a aptamer directed the transport of nanoparticles to the
targeted cancer cells. PC-3 cells were incubated with both DTX and DYX-encapsulated
nanoparticles, where (DTX-encapsulated) Wy5a-DTX-SPION was significantly more cy-
totoxic at lower IC50 (1.42-fold and 1.27-fold) than those of non-targeted nanoparticles
and DTX, respectively. Xenograft model for in vivo analysis also showed inhibitory effect
against tumor with normal level of white blood cell (WBC) count. So this nanoformulation
showed enhanced efficacy of CRPC theranostic and low toxicity to the circulation both
in vivo and in vitro that make it promising drug delivery system for the efficient treatment
of CRPC [120].

You Ling et al. formulated a dual DTX-SPION loaded nanoparticles for the theranostic
applications of PCa [121]. DTX-SPION then fabricated with active tumor-targeting single-
chain prostate stem cell antigen antibodies (scAbPSCA) to form a multifunctional complex
nanoparticle, scAbPSCA-DTX-SPION. This multifunctional nano complex-mediated the
entry of NPs and showed antiproliferative activity against PC-3 cell lines in a time and
dose-dependent manner. scAbPSCA-DTX-SPION showed the highest antiproliferative
activity compared to the DTX at 1.46 and 1.57-fold lower IC50 concentration. This nanofor-
mulation also acts as an MRI contrast agent via PSCA receptors with a high clustering
effect. Therefore, it can be used as a multifunctional nano complex to diagnose, treat, and
monitor the therapeutic effect of human PCa at a time [121].

It is also known that increased vasculature is obligatory for the metastatic growth of
a cancer cell. Thus, a suitable anti-angiogenic therapy can be a great paradigm to inhibit
the growth of cancer cells. Though androgen deprivation therapy (ADT) alleviated the
suffering of many patients with advanced PCa for 80% of cases. Montecinos et al. showed
that human re-hydrated lyophilized platelet (hRL-P) conjugated SPION inhibited angiogen-
esis in PCa cells [122]. hRL-P was conjugated with thrombin- and ADP-activated human
umbilical vein endothelial cells (HUVEC) following the addition of SPION. hRL-P, and
hRL-P loaded with SPION were systematically administered into the primary xenografts
of human prostate tissue. It selectively bound to the primary xenografts of human prostate
tissue on ADT-damaged human microvasculature that inhibited the angiogenesis to the
PCa cells. Thus, it provided us a new approach to treat PCa [122].

Yu and his team developed an image-guided PCa therapy where thermally cross-
linked SPION (TCL-SPION) were coated with (CGA) 7-elongated PSMA aptamers to
enhance Dox loading capacity [123]. Dox intercalated into the GC-rich duplex of PSMA
aptamer and non-covalently interacts via electrostatic interactions onto the polymeric
shell of TCL-SPION to form Dox@Apt–hybr–TCL-SPION. Dox@Apt–hybr–TCL-SPION
were specifically internalized to the targeted LNCaP (PSMA-positive) cells by receptor-
mediated endocytosis. The increase in tumor size was significantly reduced in Dox@Apt–
hybr–TCL-SPION treated LNCap by 3.4 ± 0.6-fold than that of control (6.4 ± 0.8-fold),
Dox@scrApt–hybr–TCL-SPION (5.2 ± 0.6-fold), free Dox (5.0 ± 0.4-fold) in vivo (xenograft
mouse model). Therefore, the selective drug delivery efficacy (54% higher than control) of
Apt–hybr–TCL-SPION and active tumor-targeting ability of Dox@Apt–hybr–TCL-SPION
made them suitable for PCa diagnosis and treatment. It also created a nanoplatform for
therapeutic modalities (e.g., siRNAs, decoy ONTs containing an A 10 spacer and a 5′–(TCG)
7–3′ complementary sequence) in the era of cancer theranostic [123].
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Table 3. Iron oxide nanoparticles-based treatment of prostate cancer.

Treatment IONPs
Shape Size Coating

Materials
Drug/Radiation
Therapy Used Cell Line In

Vivo
Treatment

Period Comments Ref.

PTT Nano
flower 27 ± 4 nm NR NR PC-3 NR 30 min

Induced
apoptosis and

necrosis for
PC-3 cell

destruction

[92]

RT Nanocapsule 67 nm PLGA 5-FU and x-ray
Radiation DU145 NR 24 h

An effective
drug delivery

vehicle for
5-FU that can
penetrate the

cells

[93]

CT

Nanosphere 15.74 ±
0.44 nm

PTX,
LHRH

peptide,
AE105 pep-

tide

PTX
RC77T/E

and
RC77N/E

NR NR

Reduced the
viability of

PC-3 cells two
times, lowers
the toxicity of
PTX, enhances
pharmacoki-

netic efficiency
with better

patient
outcomes

[26]

Nanosphere 8–10 nm DTX and
J591 DTX C4-2 and

PC-3 NR NR

Reduced the
levels of

MDR1 proteins
that help to

reduce
chemoresis-

tance of
drugs

[109]

NR ~100 nm miRNA DTX C4-2 and
PC-3 NR 8 h

The number of
C4-2 and
PC-3 cell
colonies

declined by
approximately
40% compared

to the
non-treated

and DTX alone

[107]

core-shell 9.0 ±
4.0 nm GSH-pDA NR PC-3 NR 24 h

In response to
the pH and

chemicals, the
drug is released

to the site of
action

[104]

HT

Hexagonal 13.97 ±
3.63 nm Zn and Mn NR DU145 and

HEK-293

Mouse
Model

of
human

PCa

24 h

ZnMn-IONPs
killed more
than 90% of

PCa cells safely
without

noticeable
toxicity

[114]

Irregular
shape ~12 nm ms-silica

shell Silica LNCaP-
Pro5

Male
nude
mice

24 h

Efficient
heating

capability
made it

suitable for
PCa theranostic

[116]
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Table 3. Cont.

Treatment IONPs
Shape Size Coating

Materials
Drug/Radiation
Therapy Used Cell Line In

Vivo
Treatment

Period Comments Ref.

PTC-Based Regular
spherical

58.5 ±
4 nm

mPEG-b-
PLGA Eu

DU-145,
LNCaP,

and
HUVECs

NR 200 h

Induced
apoptosis and
decreased the

rate of necrosis
at a lower dose

[94]

Others

Core-shell 154.3 nm
Wy5a

aptamer
(Apt)

DTX PC-3 Mice
Model 4 weeks

Found
enhanced
efficacy of

CRPC
theranostic and
low toxicity to
the circulation
both in vivo
and in vitro

[120]

Spherical
shape

146.9 ±
8.6 nm scAbPSCA DTX PC-3 NR 24, 48, and

72 h

Showed an-
tiproliferative

activity against
PC3 as well as
MRI contrast

agent

[121]

NR ~5-nm Dextran NR HUVEC

Xenografts
of

human
prostate
tissue

30 days

Bound to the
primary

xenografts of
human prostate

tissue on
ADT-damaged

human mi-
crovasculature
and prevention
of angiogenesis
to the PCa cells

[122]

NR ~65 ±
12 nm

PSMA
conjugated

TCL
DOX LNCaP

Male
nude

athymic
mice

50 h

Selectively
deliver

anticancer
drugs and

monitor the
therapeutic

response

[123]

PTT: Photothermal therapy; RT: Radiotherapy; CT: Chemotherapy; HT: Hyperthermia; PhC: Phytochemical; PSMA: prostate-specific
membrane antigen; 5-FU: 5-Fluorouracil TCL-SPION: Thermally cross-linked superparamagnetic iron oxide nanoparticles; LNCaP: Prostate
cancer cell lines; Aminosilane—APTES: N(2-aminoethyl)-3-aminopropyltriethoxysilane; BPH1: benign prostate hyperplastic epithelial cell;
PC3: prostate cancer epithelial cell; mPEG: Polyethylene glycol; PLGA: Poly (lactic-co-glycolic) acid; DU-145: Human prostate cancer cell
lines; Zn: Zinc; Mn: Manganese; Ms-silica: Mesoporus-Silica; Eu: Eupatorin; PTX: Paclitaxel; DTX: Docetaxel; FA: Folic Acid; IONP: Iron
oxide nanoparticle; HUVEC: Human umbilical vein endothelial cells; ADT: Androgen deprivation therapy; CRPC: Castration-resistant
prostate cancer; NR: Not reported.

6. Toxicity

IONPs and their surface-modified nanovectors have shown promise in cancer thera-
nostic due to their target-specific binding, drug delivery efficiency, improved imaging, low
cost, simplicity, affordability, convenience, telemedicine applications, high sensitivity to
metastatic PCa, higher detection rate, and accuracy. However, the toxicity of IONPs is a
controversial issue that depends on some factors e.g., size, surface chemistry, composition,
and route of administration [93,124,125].

6.1. In Vitro Toxicity

Biocompatibility of IONPs is one of the major concern to be used it in PCa theranostic.
Previously, many different cell lines (PCa cell lines and normal/healthy cell lines) were
used by the researchers to find out its safety and killing efficiency of PCa cells [26,60,61,81].
Besides the highly enhanced capability of double-receptor-targeting IONPs (LHRH-AE105-
IONPs-PTX) to kill PC-3 cells (PCa cell line), it did not display noticeable toxicity to
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normal prostate epithelial cells (RC77N/E) at a concentration of 10 ng/mL, even the
concentration doubled to 20 ng/mL [26]. Similarly, Eupatorin loaded Fe3O4@mPEG-b-
PLGA nanoparticles demonstrated a significant reduction of growth of cancer cell lines
e.g., DU-145 and LNCaP cell through apoptosis but found to be safe almost safe (displayed
negligible toxicity) against HUVECs as normal cells [94]. Furthermore, ZnMn-IONPs
significantly killed more than 90% PCa cells safely without noticeable toxicity to normal
cells (non-malignant human embryonic kidney cells, HEK-293) [114]. However, Bonvin
et al. found that both coated (FA-IONP) and uncoated IONP (at a concentration of 100 µg
Fe/mL) can be accumulated into the healthy prostate cells (RWPE-1) in a negligible amount
than primary cancer cells (22Rv.1, +PSMA), early metastatic cells isolated from lymph
nodes (LnCaP, +PSMA), and late metastatic cells isolated from bones (PC-3 cells) and found
to be safe for biomedical applications [60]. Moreover, the composition of SPION also came
as a deep concern. Chitosan (CS), and sarcosine oxidase (SOX) coated SPION were tested
to be less toxic than non-modified SPION and found to be approximately seven times less
toxic in S. cerevisiae and 5 times less hemolytic [81]. On the other hand, R11-PMNPs showed
the death of 16% normal prostate epithelial cells (PZ-HPV-7) at the highest concentration
(500 mg/mL) after 24 h of incubation. However, R11-PMNPs also did not exhibit toxic
effects at 6 h of incubation period for both human dermal fibroblasts (HDFs) and normal
prostate epithelial cells (PZ-HPV-7) [91].

6.2. In Vivo Toxicity

The interaction and biodistribution with various organs, normal cells, and systemic cir-
culation were found to be so complicated. Among different factors size, surface chemistry,
and route of administration became the major concern [93,124,125]. Feng et al. observed
that 10 nm-sized PEGylated IONPs were entered into the cell more frequently and showed
a little cytotoxicity than 30 nm ones with high concentration [124]. Subcutaneous injection
of FLUSPION (900 µmol Fe/kg) into BALB/c male nude mice showed accumulation into
the liver, spleen, lung, and skin are the major consequences to use this nanoparticle in
PCa theranostic [61]. On the contrary, direct injection of mesoporous silica-coated IONPs
(ms-IONPs) into LNCaP PCa tumors in nude mice was found to be minimally toxic to-
wards HDFn human skin fibroblasts [116]. Furthermore, subcutaneous administration of
CQKHHNYLC conjugated SPION (concentration of Fe3O4 was 0.240 mg/mL) showed to
be accumulated into spleen and liver in LNCaP tumor-bearing mice [74]. Conversely, intra-
venous administration of USPION (2.6 mg iron/kg) into 48 of PCa patients showed some
adverse effects e.g., urticarial, hot flashes, hypertension, headache, swelling of neck and
nose, and diarrhea in 11% of patients [87]. Another study showed that thermo-responsive
poly(N-isopropyl acrylamide-acrylamide-allylamine)-coated magnetic nanoparticles (PM-
NPs) were accumulated in a higher concentration than conjugated PMNPs (R-11 PMNPs)
in the spleen, liver, prostate, and kidney after intravenous injection [91].

7. Conclusions and Future Prospective

The indolent phase of PCa cells, drug resistance, and metastatic condition make them
difficult for early diagnosis and proper treatment. IONPs have shown promises in the early
diagnosis and treatment, especially by acting as MRI contrast agent and targeted drug
delivery system. Surface tuned IONPs displayed promise in PCa diagnosis with accuracy,
reliability, and reproducibility in cell line model to clinical samples. Additionally, IONPs
can effectively be used as a carrier to deliver photothermal agents, chemotherapeutic drugs,
bioactive phytochemicals, and other therapeutic polymers or ligands. The surface-modified
IONPs improved the therapeutic potential of resistant conventional drugs, reduced cyto-
toxicity, and therefore improved the therapeutic window against PCa cells. Recently, it has
been reported that Ferumoxytol (FTX), an FDA-approved IONP, conjugated heptamethine
(HPT) carbocyanine visualized PCa tumor margin via near-infrared fluorescence imaging.
The IONP-based complex also acts as an anticancer drug carrier. Therefore, this thera-
nostic FTX-HPT nanocomplex could be used in image guide PCa surgery [126]. IONPs
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have demonstrated antiproliferative activity both in the in vitro and in vivo models with
minimal side effects. However, fewer preclinical studies have been conducted so far to
evaluate the theranostic potential of IONPs. Furthermore, some research groups confirmed
the cytotoxic activity, systemic toxicity, and long-term accumulation into vital organs such
as the liver, spleen, lung, and skin. As the biocompatibility of IONPs is still a controversial
issue [28,127], extensive preclinical trials should be performed to assure safety prior to
clinical application as a PCa theranostic agent.
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