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Abstract: Nanotechnology has revolutionized novel drug delivery strategies through establishing
nanoscale drug carriers, such as niosomes, liposomes, nanomicelles, dendrimers, polymeric micelles,
and nanoparticles (NPs). Owing to their desirable cancer-targeting efficacy and controlled release,
these nanotherapeutic modalities are broadly used in clinics to improve the efficacy of small-molecule
inhibitors. Poly(ADP-ribose) polymerase (PARP) family members engage in various intracellular
processes, including DNA repair, gene transcription, signal transduction, cell cycle regulation, cell
division, and antioxidant response. PARP inhibitors are synthetic small-molecules that have emerged
as one of the most successful innovative strategies for targeted therapy in cancer cells harboring
mutations in DNA repair genes. Despite these advances, drug resistance and unwanted side effects
are two significant drawbacks to using PARP inhibitors in the clinic. Recently, the development of
practical nanotechnology-based drug delivery systems has tremendously improved the efficacy of
PARP inhibitors. NPs can specifically accumulate in the leaky vasculature of the tumor and cancer
cells and release the chemotherapeutic moiety in the tumor microenvironment. On the contrary, NPs
are usually unable to permeate across the body’s normal organs and tissues; hence the toxicity is zero
to none. NPs can modify the release of encapsulated drugs based on the composition of the coating
substance. Delivering PARP inhibitors without modulation often leads to the toxic effect; therefore,
a delivery vehicle is essential to encapsulate them. Various nanocarriers have been exploited to
deliver PARP inhibitors in different cancers. Through this review, we hope to cast light on the most
innovative advances in applying PARP inhibitors for therapeutic purposes.

Keywords: nanotechnology; nanomaterials; DNA repair; Poly(ADP-ribose) polymerases; PARP
inhibitors; targeted treatment; drug resistance mechanism; toxicity

1. Introduction

Despite recent progress in cancer research, this multifactorial disease is responsible
for the death of millions of men and women worldwide, and many challenges must still
be tackled to increase patient survival [1,2]. In this respect, in the last decade, much effort
has been made to discover novel and effective therapies that can alleviate undesirable
effects induced by radiotherapy or conventional chemotherapeutic agents [1,3,4]. The
emergence of multidrug resistance (MDR) is another major obstacle towards the targeted
delivery of such therapeutics to malignant cells [5]. Different technologies have already
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been introduced to clinical practice to overcome these barriers or are presently being
investigated in clinical trials [1,6].

Over the past few years, there have been tremendous efforts to develop novel new
carriers for various cancer treatments [7–16]. The advent of nanotechnology and ma-
chine learning have helped to design novel alternative targeting strategies to circumvent
MDR [17–20]. As an innovative field with immense potential, nanomedicine allowed
biocompatible materials to be developed for various theranostic applications [1,21,22].
Having ushered in multiple established drug delivery platforms, nanostructures such as
niosomes [23], liposomes [24], nanomicelles [25], polymeric micelles [26], and nanoparticles
(NPs) [27–30] were broadly used in clinics to enhance the efficacy of anticancer agents for
single and combinatorial treatments. Due to their specific design, structural variety, pH-
sensitivity, excellent stability, biocompatibility, high drug loading, and simple elaboration,
these nano-sized materials have attracted much attention as a new reversal MDR tool in
cancer therapy [31,32].

Small-molecule inhibitors have revolutionized the treatment of cancer [33], and au-
toimmune [34], infectious [35], and metabolic [36,37] diseases. These selective inhibitors
can effectively target a wide range of signaling pathways in cancerous cells, such as protein
tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs) [38], mitogen-activated
protein kinase (MAPK) pathway [39], vascular endothelial growth factor (VEGF), epi-
dermal growth factor (EGF) and their receptors (VEGFR and EGFR) [40,41], hedgehog
signaling pathway [42], the activator of transcription-3 (Stat3) signaling pathway [43],
phosphoinositide 3-kinase (PI3K)/Akt and the mammalian target of Rapamycin signaling
network [44,45], Wnt/beta-catenin signaling [46], transforming growth factor β (TGFB)
signaling [47], insulinlike growth factor I receptor signaling [48], and DNA repair path-
ways [49–52].

The targeting of DNA repair pathways is among the different strategies to combat
MDR [53]. In this context, the Poly(ADP-ribose) polymerase (PARP) family members are
known to engage in various biological and cellular processes, such as DNA repair, gene
transcription, signaling cascades, regulation of the cell cycle, cell division, and intracellular
antioxidant response [54,55]. PARP inhibitors account for one of the most remarkable novel
strategies for targeted therapy against cancer cells [56]. These synthetic small-molecules
act through synthetic lethality in cancer cells having mutations in DNA repair genes [57].
Some of the PARP inhibitors have already been approved to treat cancers with germline
mutations in the BRCA1 and BRCA2 genes [58]. At the same time, druggable genomic
changes are varied and include a minority of patients with a specific cancer type, limiting
the examination of the efficacy of these inhibitors in clinical trials [2].

Drug resistance and unwanted side effects are two significant drawbacks to using
PARP inhibitors for cancer therapy [50,56]. Therefore, new formulations containing these
selective inhibitors were subsequently designed to overcome MDR. Through this review,
we hope to cast light on the most innovative progress made in applying PARP inhibitors
for therapeutic purposes.

2. PARP Inhibitors
2.1. Classification

There PARP family is comprised of 17 members out of which the primary nuclear
PARPs are of Poly(ADP-ribose) polymerase-1 (PARP-1), Poly(ADP-ribose) polymerase-2
(PARP-2), Poly(ADP-ribose) polymerase-3 (PARP-3), PARP-5a, PARP5b, and tankyrase
1 and 2 [54]. The small-molecules including olaparib (AZD-2281, TOPARP-A), veliparib
(ABT-888), talazoparib (BMN-673), rucaparib (AG014699, PF-01367338, CO338), nira-
parib (MK4827), BMN 763, AZD2461 (NCT01247168), E7016 (NCT01127178), INO-1001
(NCT00272415), EP9722 (NCT00920595) are potent submicromolar competitive nicoti-
namide adenine dinucleotide (NAD+) inhibitors of PARP-1 and PARP-2 enzymes [59,60].
Inhibition of PARP enzymes blocks PARylation reaction, through which ADP-ribose
residues transfer to target substrates via ADP-ribosyl transferase using NAD+ [61]. It
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has been established that PARP trapping is responsible for the anticancer potency of PARP
inhibitors [62]. Among all the PARP inhibitors in clinical development, talazoparib is the
most potent PARP inhibitor, whereas veliparib demonstrated the lowest PARP trapping
potency [60]. With less inhibitory effect than against PARP-1 and PARP-2, olaparib and
rucaparib can also inhibit PARP-3 in BRCA-mutated advanced cancers [61].

2.2. Molecular Mechanism of Action and Role of NPs

Endogenous and exogenous DNA damaging agents cause cellular stresses that result
in DNA damage [63]. These damages pose a threat to the genome and are routinely repaired
by different mechanisms, such as base excision repair (BER), nucleotide excision repair
(NER), mismatch repair (MMR), ataxia-telangiectasia mutated/ataxia-telangiectasia, and
Rad3-related (ATM/ATR)-mediated DNA damage response, nonhomologous end-joining
repair (NHEJ) and more importantly, homologous recombination (HR) pathways [64,65].
On the other hand, PARP enzymes contribute to these mechanisms by acting as proteins
that share enzymatic and scaffolding activities and have broad roles in overall DNA repair
mechanisms [54].

PARP1 consists of three domains that are involved in auto-modification, PARylation
(catalysis) and DNA-binding. In case of single-strand break (SSB) or double-strand break
(DSB) in DNA, PARP1 recruits to the damaged site and forms branched poly (ADP-ribose)
(PAR) chains. Other PARPs, including PARP2, PARP5a, and PARP5b, create long branching
PAR chains of up to 200 units in length [66]. The formed chain would protect DNA from
nuclease enzymes and facilitates the recruitment of DNA repair proteins involved in BER,
HR, and NHEJ pathways [54,67]. Later, the poly (ADP-ribose) glycohydrolase (PARG)
enzyme effectively hydrolyses poly ADP-ribose units [68]. PARP inhibitors entrap PARP
enzymes and destabilize replication forks at the damaged site of DNA [69]. This results
in inducing apoptotic cell death via replication-stress mitotic catastrophe, and therefore
suppresses tumor growth via suppressing the DNA damage repair pathway [70,71]. In
addition to PARP inhibitors, PARG inhibitors can exacerbate replication deficiencies and
be considered promising therapeutic modalities against cancer types with genomic insta-
bility [69]. Figure 1 demonstrates mechanisms of PARP-mediated PARylation following
DNA damage.

NPs serve as a unique platform of drug delivery and therefore they have been exten-
sively investigated for their potential use in anticancer drug delivery. NPs can be fabricated
in a variety of ways to increase the drug encapsulation capacity at the inner core, and
they can be also equipped with multiple functions on the outer core to improve the drug
activity in the target environment [72]. Besides, they have the potential to deliver poorly
water-soluble drugs and provide a sustained releasing profile to prolong the blood circu-
lation time. Thus, NPs offer far superior pharmacokinetics compared to small molecule
drugs [73]. Many promising drugs fail to pass clinical trials due to their short half-life and
high toxicity in vivo. Besides, orally administered drugs undergo extensive degradation in
the liver resulting in decreased optimum concentration of the drugs before reaching the
target site. However, if the drugs could be loaded in specially designed NPs for delivery,
the drugs would circulate for longer times in the blood, enabling sustained interaction with
the tumor and leading to increased tumor accumulation. NPs also serve as a sheath that
would shield the body from off-target toxicities of drugs, alter the cellular uptake of the
drugs and lessen the probability of the emergence of drug resistance. At present, many
NPs are being studied in clinical trials for a wide variety of medical treatments, and a
few of them have been clinically approved for chemotherapies [74]. For example, conven-
tional oral delivery of PARP inhibitors is hindered by limited bioavailability and off-target
toxicities [75]. On the other hand, due to complementary activity of PARP inhibitors, the
use of them during radiotherapy (RT) has yielded promising results. Unfortunately, this
approach is often hindered by toxicity and poor in vivo stability of the PARP inhibitors [76].
Additionally, the preclinical PARP inhibitors are limited by their rapid washout kinetics
and consequently modest pharmacological performances [77]. In several cases, these could
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be improved by loading the PARP into nanoparticulates, improving blood half-life, in vivo
uptake and overall pharmacodynamics [77,78]. For instance, olaparib has advanced the
treatment of ovarian cancer by providing patients with an effective and molecularly tar-
geted maintenance therapy. However, olaparib must undergo first-pass metabolism. A
nanoparticle delivery system has the advantage of administering olaparib directly into the
peritoneal cavity for local treatment [79].
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ligase III, etc. Auto-PARylation of PARP diminishes its affinity for DNA, and PARP enzymes dis-
sociate from DNA. As competitive inhibitors, PAPR inhibitors could bind to the pocket instead of 
NAD+, a situation generally referred to as PARP trapping. PARPs trapping at the replication fork 
leads to aggregation of unrepaired SSBs and double-strand breaks (DSBs) and ultimately induces 
cell death in cancer cells. Reprinted with permission from ref. [61]. Copyright 2020 MDPI, Basel, 
Switzerland, http://creativecommons.org/licenses/by/4.0/. 
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Figure 1. Mechanisms of PARP-mediated PARylation following the occurrence of a single-strand
break (SSB). PARP enzymes (specifically PARP-1) are promptly recruited to the damaged site with
the help of a zinc finger domain. By using NAD+ as substrate, PARylation enhances the recruitment
of DNA damage proteins, including X-ray repair cross complementing group 1 (XRCC1), DNA ligase
III, etc. Auto-PARylation of PARP diminishes its affinity for DNA, and PARP enzymes dissociate
from DNA. As competitive inhibitors, PAPR inhibitors could bind to the pocket instead of NAD+,
a situation generally referred to as PARP trapping. PARPs trapping at the replication fork leads to
aggregation of unrepaired SSBs and double-strand breaks (DSBs) and ultimately induces cell death
in cancer cells. Reprinted from ref. [61].
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2.3. Clinical Efficacy

PARP inhibitors were introduced as tools to protect from inflammatory diseases [80].
Later, these selective inhibitors were evaluated as nanotherapeutic agents in clinical tri-
als as targeted treatment strategies against solid tumors derived from ovarian, prostate,
breast, colorectal, and uterine tissues [54,81]. Although previous reports have estab-
lished that PARP inhibitors effectively treat BRCA1-deficient cancers and increase patients’
progression-free survival (PFS), new studies have suggested that HR-deficient cells may
also be vulnerable to PARP inhibition [82]. Moreover, PARP inhibitors in combination with
conventional chemotherapeutics or radiation have shown promising results in treating
different cancers [83,84]. We have previously shown that a combination of AZD2461 and
valproic acid, a histone deacetylase inhibitor, activates apoptotic cell death in phosphatase
and tensin homolog (PTEN)-deficient prostate cancer cells [85]. A phase II preclinical
study showed that rucaparib, combined with temozolomide, increased the PFS in patients
with invasive melanoma [86]. In a cohort study, de Bono et al. suggested olaparib to
treat metastatic castration-resistant prostate cancer in patients who have alterations in HR-
related genes [80]. Despite their efficacy in cancer treatment, some researchers have recently
proposed that inhibition of PARP can be considered an innovative approach for treating
metabolic disorders, cardiovascular diseases, testicular damage, and nephropathies [87–90].
More recently, Fritz et al. introduced emerging roles for PARP inhibitors in hematological
cancers, particularly acute leukemia [91].

3. Nanoformulations for Delivery of PARP Inhibitors to Cancer Cells

Nanotechnology remains a novel platform for cancer therapeutics. Nanomediated
drug and protein delivery have been widely investigated in cancer treatment [92–95].
There are certain limitations to the delivery of chemotherapeutics, such as encapsulation
of anticancer moiety, low water solubility, immediate drug release, short circulation life,
and low safety index. All these obstacles in cancer therapeutics can be easily resolved by
using nanotechnology [96]. Additionally, the choice of suitable nanovehicles and their core
composition greatly impacts pharmacokinetics and rational therapy. Recently, there has
been an increased significance of delivering PARP inhibitors using nanotechnology for
cancer therapeutics. Few such delivery vehicles have been studied and are being presented
in this review.

3.1. Liposomes

Nanotechnology has made tremendous advancements in the treatment of cancer. Lipo-
somal drug delivery holds potential in nanotherapeutics. The characteristics of liposomes
closely resemble the biological membrane and improve the permeation of both hydrophilic
and hydrophobic drugs. The leaky vasculature in the tumor and cancers allow the accumu-
lation of liposomes and hence the activity. A unique drug delivery system conjugated with
BMN 673 (talazoparib) was designed based on the successful phase I clinical trial related
to PARP inhibitor and cisplatin. BMN 673 is a PARP inhibitor and exhibits antitumor
activity. BMN 673 has presented safety and efficacy in phase I and phase II clinical trials
in both breast cancer and ovarian cancer. Cisplatin was conjugated with BMN 673 and
encapsulated in the liposomal vehicle developed with a layer-by-layer approach. Moreover,
HA was coated onto the liposomal vehicle to target CD44 receptors, overexpressed in
ovarian cancer. The poly(L-Lysine) (PLL) constituent modulated the release of the drug
at tumor pH. The drug and BMN 673 conjugated liposomal delivery system improved
the tumor treatment in the mice [97]. BMN-673 was also used in another study, and the
comparison was conducted with the nanoformulations containing olaparib to inhibit the
DNA gene repair. The injectable nanoformulations demonstrated that BMN-673 was a
more attractive choice as it inhibited the colony formation as a monotherapy in an efficient
way. Moreover, BMN-673 nanoformulation has an improved bioavailability profile as
compared to olaparib nanoformulation [98].
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Talazoparib was encapsulated in the liposomes in another approach for the BRCA-
mutated metastatic breast cancer therapy. As talazoparib suffers limitations such as anemia,
thrombocytopenia, and reduced bioavailability, it was incorporated into the nanodrug
delivery system. Liposomes were synthesized using the layer-by-layer technique. The
nanoliposomes were incorporated with talazoparib and were investigated for immunomod-
ulation in the BRCA-deficient mice [75]. There was a significant reduction in off-site toxicity
in the BRCA-deficient mice, leading to reduced signs of thrombocytopenia. Furthermore,
the survival time of the BRCA-deficient mice was improved on treatment with the lipo-
somes. DNA damage was induced in the tumor cells and inhibited their proliferation.

Liposomes improve the delivery of more than one drug simultaneously, which other-
wise poses therapeutic issues. This is possible due to enhanced pharmacokinetics, solubility,
and tissue distribution of the liposomes. The FDA-approved olaparib is the PARP inhibitor
for ovarian cancer and a breakthrough therapy status for metastatic castration-resistant
prostate cancer (mCRPC). The anticancer effect of carboplatin and olaparib can be enhanced
when used in combination using PEGylated liposomes. Olaparib is the PARP inhibitor
that induces DNA damage in cancer cells, and the therapeutic activity can be augmented
when combined with a chemotherapeutic agent. The liposomal NPs (OLICARB) were
fabricated using the different molar concentrations (1:1 and 2:1) of olaparib and carboplatin.
Liposomes were characterized by flameless atomic absorption spectrometry (FAAS). Im-
munofluorescence analysis presented the damage to DNA in cancerous cells by OLICARB
NPs. There was found to be a decrease in the growth of 3D mammospheres by the OLI-
CARB NPs. The antitumor activity of both the molar ratios of OLICARB NPs revealed that
the therapy could be an optimistic approach for treating tumors [99].

Radiotherapy has been investigated for many years for the treatment of cancer. Re-
cently, PARP inhibitors have been used in combination with radiotherapy to enhance DNA
damage in the tumor cells. Lipid formulation was developed using olaparib (NanoOlaparib)
to measure their efficacy in the prostate cancer cell lines. The activity of the NanoOlaparib
was investigated along with the focused beam of X-ray radiation in the Pten/Trp53-deficient
mouse model. The therapy elevated the DNA damage in the radiation-resistant cells. After
13 weeks of therapy with NanoOlaparib and radiation, the mice’s survival was prolonged.
Additionally, the NanoOlaparib accumulated in the cancer cells up to 19 folds. Altogether,
NanoOlaparib was found to be the optimistic delivery vehicle for improving the radiosen-
sitivity in prostate cancer [100]. Nanoformulation containing olaparib (NanoOlaparib) and
the nanoformulation with olaparib along with platinum conjugation (NnaoOlaparibPt)
were formulated and the activity was demonstrated against the ovarian cancer cell line.
The nanoformulations improved the pharmacokinetic and bioavailability profile. The
cytotoxicity as studied on the ovarian cancer cell line revealed that nanoformulations were
able to suppress cell proliferation. NanoOlaparib improved the therapeutic activity by
reducing tumor proliferation. An elevated response was shown by using NanoOlaparib
and NanoOlaparibPt on the MDR cell line SKOV-3. Additionally, the use of olaparib and
cisplatin in the nanoformulation was developed and found to significantly affect cancer
cell death [98].

Another lipid-based nanoformulation was designed for the delivery of olaparib. The
lipospheres were developed by the melt dispersion and nanosuspension by wet milling
and solvent evaporation. The pharmacokinetic profile and hematological toxicity were
compared for the olaparib lipospheres and nanosuspension. The drug was released in a
controlled and sustained fashion for up to 9 h. The average particle size was found to be
in the range of 53.11 to 126.71 nm with high stability. The NPs were distributed in the
tissues with high bioavailability and no toxicity. This simple yet innovative strategy can
enhance the activity of PARP inhibitors [101]. The liposomes containing doxorubicin and
olaparib were developed, and the studies were conducted on the 3D cell screening model,
i.e., 3D multicellular tumor spheroids (MCTS). The liposomes were effective when the
combination of anticancer drug along with PARP inhibitor was used. The combination
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therapy improved the drug accumulation in the MCTS, demonstrating a good delivery
carrier for ovarian cancer [102].

Chemotherapy often suffers chemoresistance, and therefore, using chemosensitizers
along with chemotherapy can improve cancer treatment. Many studies have been con-
ducted on the delivery of chemosensitizers with a broad range of activity for the tumors and
no negative impact on normal tissues. Lipid-based structures are the most widely studied
vehicles for encapsulating chemosensitizers. In an exciting approach, two chemosensitizers
were employed, Pi3 kinase inhibitor (wortmannin) and PARP inhibitor (olaparib). Both the
formulations reduced the tumor proliferation and growth in the lung cancer and breast
cancer mouse models compared to the native drugs. There were no traces of toxicity in the
other organs. So, it can be stated that there was an improvement in the therapeutic index
of chemotherapeutics following this approach [103].

Inhibition of DNA-dependent protein kinase (DNA-PK) is responsible for the cytotox-
icity in the myeloma cells. The combination therapy using PARP inhibitor and DNA-PK
can further improve tumor growth and regression. Olaparib was used in combination with
PI-103 DNA-PK inhibitor and encapsulated in the nanocarriers. PI-103 was used in the
form of a prodrug, which self-assembled into a phospholipid bilayer. This layer served
as the outer coat of the nanocarriers. Olaparib was encapsulated in the core later. The
average particle size was found to be 150 nm with high colloidal stability. The drug was
released over the time of 24 h in the tumor microenvironment. The lipid NPs exhibited
potent cytotoxic activity against the myeloma cells with high significance compared to the
monotherapy. More importantly, the new formulation did not affect the viability of the
normal cells [104].

Plectin is a protein that is mislocalized on the surface of ovarian cancer cells. Hence,
it can be considered as a therapeutic target for active drug delivery in cancer. A study
demonstrated this idea by developing the plectin-targeted peptide anchored to the NPs and
loaded with an AZ7379 PARP inhibitor. The plectin-targeted peptide conjugated liposomes
significantly decreased cell proliferation in the mice bearing OVCAR8 (epithelial ovarian
cancer). The findings affirmed the advantage of nanotechnology and active targeting in
improving cancer therapeutics [105].

Intraperitoneal liposomal preparations of PARP inhibitors have also been investi-
gated to treat metastatic ovarian cancer. The intraperitoneal administration improved the
chemotherapy as compared to intravenous administration. Olaparib was used as a PARP
inhibitor and was encapsulated in the lipid NPs. These NanoOlaparib presented high
cytotoxicity to the cancer cells (404 tumor cell line) compared to the free olaparib after
administration directly into the peritoneal cavity. NanoOlaparib accumulated in the cancer
tissues for up to 72 h after a single dose. Altogether, NanoOlaparib reduced tumor growth
with no toxicity to the normal cells [79].

3.2. Polymeric NPs

Nanomaterials comprised of polymers have high stability, biodegradation, and bio-
compatibility. The composition of the NPs can modulate the drug release and enhance the
targeting of the cancer cells.

3.2.1. Poly-(D,L-Lactide-Co-Glycolide) (PLGA)

The oral delivery of talazoparib has limitations such as organ toxicity and slow release
in the cancer tissues. Hence, developing the nanomediated delivery system can facilitate
the release at the tumor microenvironment and reduce off-site toxicity. Following this
approach, poly-(D,L-lactide-co-glycolide) (PLGA)-based implants were developed with
nanopores which modulated the slow and sustained release of PARP inhibitor over 28 days.
The drug delivery implant inhibited the tumor growth in the BRCA deficient mice following
intratumoral injection. Furthermore, the talazoparib implant demonstrated low weight loss
as compared to the free drug. Besides, talazoparib from the implants enhanced the DNA
damage and suppressed tumor cells’ proliferation [106]. Olaparib has been thoroughly
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investigated by using different nanomediated drug delivery vehicles. Combining olaparib
with other agents such as proto-oncogenic transcription factors can further improve the
treatment of aggressive cancers.

Photodynamic therapy (PDT) has been the most investigated alternate chemotherapy.
The use of PDT generates reactive oxygen species (ROS), resulting in cell damage and even-
tually cancer death [107]. PDT can be merged with nanotechnology for cancer therapeutics
by encapsulating the photosensitizers in the nanocarriers. The NPs have high circulation
life and are prone to accumulate in cancer cells with leaky vasculature. Alongside, the
toxicity resulting from traditional chemotherapy can be reduced by following this approach.
In the current research, methylene blue was coloaded with veliparib in the PLGA NPs.
The average particle size was found to be 90 nm with high colloidal stability. The use
of PLGA modulated the release of the encapsulated moieties to a controlled behavior.
The simultaneous encapsulation of the PARP inhibitor and methylene blue improved the
efficacy of the treatment. The photoactivity was found to increase by this encapsulation
approach. Overall, the results demonstrated that the cytotoxicity was enhanced by using
PDT therapy combined with PARP inhibitor [108].

One such strategy uses Forkhead Box M1 (FOXM1) small interfering RNA FOXM1-
siRNA to silicate tumorigenesis genes. FOXM1 is highly expressed in triple-negative breast
cancer cells (TNBCs) and hence can be explored as a target. By keeping this rationale
in mind, olaparib, along with FOXM1-siRNA, was incorporated into a nanoformulation.
PLGA NPs coated with chitosan were developed and loaded with a PARP inhibitor in
combination with FOXM1-siRNA. The NPs were successfully taken up by the MDA-MB-
231 breast cancer cells and presented cytotoxicity. Altogether, the polymeric NPs were
optimistic in the suppression of cancer cell proliferation [109].

3.2.2. Methoxy Poly(ethylene glycol)-poly(ε-caprolactone) (MPEG-PCL)

Similarly, other polymers, such as methoxy poly (ethylene glycol)-poly (e-caprolactone)
(MPEG-PCL), have also been utilized in the delivery of olaparib. MPEG-PCL has unique
micellar properties that can encapsulate the hydrophilic and hydrophobic drugs together.
Human non-small-cell lung cancer cells (NSCLCs) mice were targeted by employing MPEG-
PCL and loaded with olaparib. The NPs demonstrated photosensitization followed by
radiotherapy. The average particle size of the NPs was estimated to be 31.96 nm. MPEG-
PCL NPs loaded with olaparib exhibited an improvement in the survival time of mice and
inhibited tumor growth. Additionally, there was a significant increase in the sensitization
by using the MPEG-PCL NPs loaded with olaparib compared to free olaparib [110].

3.2.3. Poly(ε-caprolactone)-poly(ethylene glycol)-poly(ε-caprolactone) (PCEC)

Active targeting has also been utilized for delivering PARP inhibitors in cancer ther-
apeutics. Folate receptors are overexpressed in the various tumors and cancer cells, and
therefore, developing the folate conjugated NPs can be beneficial in cancer. The use of
olaparib improves the radiosensitivity of lung cancer xenografts in the cervical cancer
model. Poly (ε-caprolactone)-poly (ethylene glycol)-poly (ε-caprolactone) (PCEC) was
used to develop the NPs and were anchored with folate to deliver olaparib. These PCEC
NPs were investigated for antitumor activity combined with radiotherapy in the cervical
cancer xenografts model. There was found to be enhanced apoptosis and antitumor activity
along with high cytotoxicity, as shown by the apoptosis study, immunohistochemical assay,
and MTT assay. There was also pronounced DNA damage because of the use of PARP
inhibitor [111]. Talazoparib polymeric nanofromulation was developed to determine the
activity in the tumor cells. NanoTalazoparib (NanoTLZ) was administered by IV injec-
tion in the BRCA deficient mice compared with the free talazoparib. The life span was
significantly improved after the IV administration of NanoTLZ and reduced the tumor
growth up to 50% of original volume. Moreover, the therapy also maintained the weight,
and there was no side effect such as weight loss observed for the nanoformulation. Ad-
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ditionally, there was no off-site adverse effect in the BRCA deficient mice with improved
immunomodulation [112].

3.2.4. Pluronic F127

A very innovative drug delivery system was developed by using polymeric vehicles.
Bioadhesive hydrogel, pectin, and drug nanocrystals were coated with polylactic acid-
polyethylene glycol to be administered by spray device into the brain parenchyma for
treatment of glioblastoma. The NPs exhibited gelling at the calcium concentration in the
brain. PARP inhibitor olaparib and the drug etoposide were loaded synergistically in the
polymeric vehicle, and pluronic F127 was used during spray-drying. The drug was released
over the time of 120 h. The fluorescent imaging revealed that the NPs were accumulated
in the mammalian brain. The sprayable hydrogel presented a novel therapeutic platform
for malignant brain tumors [113]. Figure 2 represents the process of delivering a PARP
inhibitor to glioblastoma cells using a bioadhesive sprayable gel.
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3.3. Hybrid Nanosystems

The hybrid nanomediated delivery approaches have also been exploited in various
diseases. The hybrid system usually comprises more than one component different in
physical characteristics but acts in synergy to improve pharmacokinetics [114]. The hybrid
system usually uses a polymer and a lipid component or different biopolymers with unique
properties. A few examples are cited here for a better understanding.

3.3.1. Superparamagnetic Iron Oxide (IO)—Hyaluronic Acid (HA)

Although the different synthetic PARP inhibitors have been investigated using nan-
otechnology, there are concerns over the composition of compounds, including safety in the
long run. Therefore, many natural ingredients have also been studied as PARP and PARG
inhibitors, and investigation is underway for improved cancer therapeutics. In one inter-
esting work, quercetin (Q) was used as a PARP inhibitor of natural origin. Q induces the
cleavage of cellular DNA via the formation of metal ions, but it suffers low solubility and
poor bioavailability. To overcome this therapeutic hurdle, it was used in conjugation with
dextran-aldehyde (DA), and later Cu(II) was incorporated with the previously developed
amphiphilic QDA to form the CuQDA. The use of Cu(II) enhanced the DNA cleavage role.
To further improve the targeted delivery, CD44 receptor targeting and magnetic navigation
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were employed by using HA and superparamagnetic iron oxide (IO), respectively. The
conjugated system is hence comprised of CuQDA/IO@HA NPs with improved tumor
selectivity. Physicochemical characterization presented the optimal size distribution of
NPs. The CuQDA/IO@HA NPs posed toxicity to the BRCA-mutant cancer cells in the
in vitro studies and were biocompatible to the normal cells. The animal studies revealed
that the median survival of the BRCA-mutant mice was prolonged to 61 days compared to
34 days with unmodified Q treatment. This hybrid nanosystem was an exemplary study
that conjoined the natural elements with metallic ions to improve cancer cell targeting [115]
(Figure 3).
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3.3.2. Metal-Organic Frameworks (MOFs)—PEG

The latest approach used metal-organic frameworks (MOFs) as hybrid materials to
deliver PARP inhibitors. MOFs are the hybrid structures of metal ions and organic ligands
that can also be merged with nanotechnology. The nano-based MOFs (nMOFs) can be
exploited in oncology for increasing the radiation dose. nMOFs induces reactive oxygen
species upon irradiation and leads to cancer cell damage. A novel nMOFs was fabricated
that demonstrated DNA damage in the malignant cells. These nMOFs comprised of high-Z
element Hf and the ligand 1,4-dicarboxybenzene (Hf-BDC) and were encapsulated with
PARP inhibitors, talazoparib, and buparlisib, in conjugation with PEG (TB@Hf-BDC-PEG).
TB@Hf-BDC-PEG elevated DNA damage on irradiation. The therapy presented no toxicity
and was beneficial over the conventional MOFs [76].

3.4. Self-Assembled NPs

Likewise, self-assembled nanostructures have been exploited for the delivery of
PARP inhibitors.

3.4.1. Amphiphilic Peptides

The amphiphilic peptides are capable of self-assembly that can efficiently incorporate
PARP inhibitors for effective cancer therapy. To address the BRCA mutations in pancreatic
cancer, olaparib was delivered in conjugation with gemcitabine. The codelivery of the PARP
inhibitor along with the drug demonstrated synergistic activity in the tumor cells. GE11
peptide was self-assembled to form an amphiphilic nanoparticle (GENP) to treat BRCA
mutant pancreatic cancer. Moreover, GENP was functionalized with EGFR for improving
tumor targeting. These self-assembled GENPs improved the pharmacokinetic profile as
well as the accumulation of drugs in pancreatic cancer cells. There was a significant increase
in the tumor growth in the murine model of pancreatic cancer [116] (Figure 4).
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3.4.2. Poloxamer Micelles

Though PARP inhibitors have shown favorable efficacy in cancer treatment, most of
the compounds suffer solubility issues. Nevertheless, different delivery strategies have
been developed, and the most promising are the micellar formulations and self-assembled
systems. Talazoparib along with Pi3 kinase inhibitor (buparlisib), were incorporated
together in the mixed poloxamer micelle (MPM) formulation. MPM improved the ad-
ministration of both the agents and resulted in proficient breast cancer suppression in the
cancer model. Moreover, there was a significant elevation in the radiosensitivity with the
codelivery of talazoparib and buparlisib. No toxicity was exhibited in the normal tissues.
The biodistribution studies were found to be promising and resulted in reducing tumor
growth followed by DNA damage and apoptosis of malignant cells [117].

3.4.3. Tannic Acid-Docetaxel Self-Assemblies (DSAs)

Previously docetaxel has been exploited in the treatment of prostate cancer. However,
recently a self-assembled TA and docetaxel-based nanosystem was fabricated. TA was used
as a PARP inhibitor and to improve the chemosensitization. The nanoformulation of tannic
acid-docetaxel self-assemblies (DSAs) demonstrated high antitumor activity as compared
to free docetaxel. The chemotherapy stress usually induces cellular senescence and is exhib-
ited by high β-galactosidase activity. DSAs improved the chemotherapy, reduced the tumor
growth, and regulated the cellular senescence by modulation of TGFβR1/FOXO1/p21
signaling, as shown by immunoblot analysis. DSAs reduced β-galactosidase levels and
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induced apoptotic cell death in the pancreatic cell xenograft mouse model. The therapy im-
proved the delivery and targeting of docetaxel and resulted in regression of the tumor [118].

3.5. Novel Nanosystems
3.5.1. Protein-Based Nanovehicle

TNBCs have the highest tendency of recurrence, and therefore, there is an urgent
need to develop targeted therapy with low cytotoxicity [119]. Although PARP inhibitors
have been previously investigated, there is an ongoing trend of using novel delivery
carriers. One such finding focused on the use of olaparib by improving its bioavailability
profile [120]. Olaparib suffers low bioavailability due to the high expression of MDR in
TNBCs [121]. Therefore, a protein-based nanovehicle was fabricated using ferritin H-chain
(HFn). HFn has an affinity for the transferrin receptor-1 (TfR1) that is overexpressed in
TNBCs. Thus, the main purpose was to utilize the concept of active targeting without the
anchorage of extra ligand on the surface of the NPs. 24-mer of HFn self-assembled to form
the nanocargoes, showing high stability and unique surface topology. This HFn olaparib
nanoformulation (HOla) was assessed for the anticancer activity on the non-mutated and
BCRA-mutated TNBCs. HOla exhibited high cytotoxicity (1000-fold) as compared to free
olaparib. Altogether, HOla mediated the cleavage of PARP-1 along with improved delivery
of olaparib to the TNBCs and proved an optimistic nanodelivery vehicle.

3.5.2. Betacaryophyllene (BCP) Carrier

The natural constituent of copaiba oil, betacaryophyllene (BCP), has been investigated
to be antioxidant and anticancer. BCP was used as a PARP inhibitor delivery vehicle
to improve the antitumor activity. BCP was used because of its good solubility and
permeation profile. The research focused on the use of nanoemulsion of BCP as a carrier
of talazoparib. Talazoparib has low bioavailability that can be improved by developing
parenteral nanoemulsion. Talazoparib was used along with BCP as an oil phase, and
polysorbate 80 was used as an emulsifier. The fluorescent imaging revealed the higher
cellular uptake of the talazoparib in the cancer cells. Apoptosis and cytotoxicity studies
using CellTiter® Blue were found to be concentration-dependent with the sustained release
of talazoparib in the different cancer cell lines [122].

3.5.3. Lipids and Cholesterol Nanoemulsion

Certain phenolic constituents of plants possess chemosensitization property along
with anticancer property. One such compound is tannic acid (TA) which also exhibits
PARP inhibition characteristics. Surprisingly, due to its excellent solubility and biocom-
patibility, TA can also serve as a nanocarrier that can incorporate various compounds.
Paclitaxel has long been used as a chemotherapeutic drug in different cancer types, includ-
ing breast cancer. Previously, no such formulation was developed in which paclitaxel was
synergistically administered with PARP inhibitor/chemosensitizer. Nanoformulation was
produced by a simple self-assembly technique, which demonstrated an average particle
size of 102 nm. The intracellular uptake of the nanoformulation in the MDA-MB-231 cells
was found to be constant over the time of 6 h with 95.52% of release of paclitaxel. The
therapeutic profile of the developed TA NPs loaded with paclitaxel was determined by
Western blot and microarray analysis, and the results were promising. Additionally, the
TA NPs induced apoptosis in the breast cancer cells, followed by β-tubulin stabilization.
Additionally, the MDR-mediated drug efflux was reduced in the case of paclitaxel-loaded
TA NPs compared to the free paclitaxel [123]. Figure 5 shows a schematic illustration of the
abovementioned study.
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Another novel molecule, fluorescent PARP inhibitor (PARPi-FL), a fluorescently la-
beled sensor of olaparib was studied to target the cancer cells. Nanoformulation was
developed, which encapsulated the PARPi-FL. The encapsulation not only improved the
delivery of the agent to the cancer cells but also helped in the imaging [124]. The nanoemul-
sion was stabilized with lipids and cholesterol. The nanoemulsion improved permeation
followed by subsequent uptake by the PARP1-expressing small cell lung cancer (SCLC).
The PARPi-FL nanoemulsion was tested in the xenograft mouse models of SCLC and
exhibited good circulation. This nanoemulsion presented good imaging and targeting
possibilities [77].

3.5.4. Nano-SiO2

Forthwith, silicon dioxide with nanodimension (nano-SiO2) is gaining attention in
chemotherapeutics. Nano-SiO2 exhibits certain toxic effects on the DNA, and thus, this
property might be exploited to achieve useful results. However, extensive safety evalua-
tions of nano-SiO2 still have not been performed. So, the toxicity concerns should be kept
in mind while developing the nano-SiO2 based systems. One finding was focused on the
inhibition of PARP-1 (mRNA expression) by using nano-SiO2. The results demonstrated the
reduced PARP-1 expression with a subsequent increase in PARP-1 methylation. The impact
of epigenetic modification on this PARP-1 reduction by nano-SiO2 was studied using the
human epidermal keratinocyte cell line (HaCaT) with or without DNA methyltransferase
1 (DNMT1). The HaCaT cell line was incubated with the nano-SiO2 and treated with a
DNMT inhibitor to evaluate the epigenetic modification. The outcomes following the
real-time Q-PCR and Western blotting showed that methylation of PARP-1 was the major
event reasonable for the reduced PARP-1 expression after incubation with nano-SiO2 [125].

3.5.4.1. (IV) BZP NPs

A novel compound 1-(5-(3-(benzofuran-2-yl)-1-phenyl-1H-pyrazol-4-yl)-4,5-dihydro-
3-(1H-pyrrol-2-yl)pyrazol-1-yl)ethanone (IV) BZP was encapsulated in the NPs and eval-
uated for the anticancer activity against breast cancer cell line. (IV) BZP is a benzofuran-
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pyrazole derivative that exhibits cytotoxicity against several cell lines. In the study in
question, the cell lines MCF-7 and MDA-MB-231 were used to compare the activity of
(IV) BZP and (IV) BZP NPs. No toxicity was posed to the normal cells. (IV)BZP NPs
significantly improved the cytotoxicity against the MCF-7 and MDA-MB-231 cell lines.
Apoptosis was also confirmed by the increase in caspase-3 level and downregulation of
Bcl-2 protein expression [126]. Categorization of NP-based delivery of PARP inhibitors for
the treatment of different cancer types is summarized in Table 1.

Table 1. Categorization of NP-based delivery of PARP inhibitors for the treatment of different cancer types.

Nanocarrier Type Refs

Liposomes Phospholipids [75,79,97–105]

Polymeric NPs

Poly-(D,L-lactide-co-glycolide) (PLGA) [106,108]

Methoxy poly (ethylene glycol)-poly
(e-caprolac-304 tone) (MPEG-PCL) [110]

Poly (ε-caprolactone)-poly
(ethyleneglycol)-poly (ε-caprolactone) (PCEC) [111]

Pluronic F127 [113]

Hybrid Nanosystems
Quercetin (Q), dextran-aldehyde (DA), Cu(II)

and superparamagnetic iron oxide (IO) [115]

Metal-organic frameworks (MOFs) and PEG [76]

Self-Assembled NPs

Amphiphilic peptides [116]

Poloxamer micelle (MPM) [117]

Tannic acid-docetaxel self-assemblies [118]

Novel Nanosystems

Protein-based nanovehicle [121]

Betacaryophyllene (BCP) carrier [122]

Lipids and cholesterol nanoemulsion [77]

Nano-SiO2 [125]

4. Conclusions and Outlook

PARP inhibition has opened windows of opportunity to treat many diseases, specif-
ically solid tumors. Yet, drug resistance and unwanted side effects are two significant
drawbacks to using them for therapeutic purposes. These selective inhibitors have been
widely explored by formulating nanomedicine to reduce off-site toxicity or drug resistance.
The NPs loaded with PARP inhibitors have shown significant improvement in cancer
therapeutics. In addition, PARP inhibitors can be explored as diagnostic therapy along
with targeted delivery in cancers. There is still a gap between the laboratory findings
and clinical translation of these developed nanoformulations. Further investigations on
the tumor microenvironment and MDR mechanisms are needed to minimize or eliminate
the limitations of using these inhibitors. An extensive effort needs to be put into explor-
ing nanoformulations in terms of their safety, non-specific accumulation, tissue targeting,
and efficacy.
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