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Abstract

Combination chemotherapy is widely exploited for enhanced cancer treatment in clinic. However,
the traditional cocktail administration of combination regimens often suffers from varying
pharmacokinetics among different drugs. The emergence of nanotechnology offers an unparalleled
opportunity for developing advanced combination drug delivery strategies with the ability to
encapsulate various drugs simultaneously and unify the pharmacokinetics of each drug. This
review surveys the most recent advances in combination delivery of multiple small molecule
chemotherapeutics using nanocarriers. The mechanisms underlying combination chemotherapy,
including the synergistic, additive and potentiation effects, are also discussed with typical
examples. We further highlight the sequential and site-specific co-delivery strategies, which
provide new guidelines for development of programmable combination drug delivery systems.
Clinical outlook and challenges are also discussed in the end.
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1. Introduction

Cancer is the prominent cause of death worldwide and treatment for cancer remains one of
the most challenging problems[1-6]. Current cancer treatments in clinic mainly rely on
surgical intervention, radiation therapy and chemotherapy[7, 8]. Surgery remains the main
treatment for cancer in which the bulk of the tumor is removed but the peripheral part cannot
be completely eradicated due to the poor cellular differentiation in most of tumors[9-12]. In
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addition, surgery-induced acceleration of tumor and metastatic growth has been concerned,
probably caused by inflammatory response during wound healing[13]. On the other hand,
Chemotherapy provides an essential auxiliary treatment, while the efficacy is far from
satisfaction mainly due to the drug delivery problems, including various types of
physiological barriers as well as drug resistance[14-18]. Additionally, traditional
chemotherapeutic drugs often harm healthy cells and cause toxicity to the patient[19-25].

The drug delivery systems (DDS) are expected to achieve easy drug administration,
enhanced drug accumulation at tumor site, minimized side effects and optimized therapeutic
efficacy[1, 26-30]. By taking advantage of profound understanding of cellular and molecular
complexity of cancer and the availability of versatile materials, including synthetic
polymers[31-34], lipids[35-39], inorganic materials[40-43], and biomacromolecule
scaffolds[44-49], the DDS capable of delivering chemotherapeutics to tumor site have been
developed enormously[50-54]. The emergence of nanotechnology has made profound
impact on combination drug delivery and nanoparticles have been introduced as the drug
carriers to achieve efficient chemotherapeutics delivery for decades. Compared with the
direct administration of free drugs, encapsulation of drugs in nanocarriers provides distinct
advantages, including better drug solubility[55-57], improved pharmacokinetic[58, 59] and
pharmacodynamic properties[60, 61], prolonged circulation time[62, 63], minimized side
effects[64], and sustained drug release kinetics[65, 66]. Furthermore, nanocarriers can
protect a drug from quick clearance by evading the reticuloendothelial system; thus a high
blood circulation profile enables transport through biological barriers and increases the
availability of drug at the targeted disease site[28]. To date, an impressive library of
nanoscaled DDS has been designed with varying sizes, architecture and surface
physicochemical properties[67-71]. Typical nanocarriers in combination chemotherapy
include polymeric nanoparticles[72, 73], liposomes[74, 75] and inorganic nanoparticles[76,
77].

Due to the physiological complexity of the tumor, a single drug or even a stand-alone
therapy strategy may not be sufficient for effective treatment[78, 79]. Combination
chemotherapy, referring to the simultaneous administration of two or multiple therapeutic
agents[80-83], is becoming increasingly important for achieving long-term prognosis and
decreasing unwanted side effects[84-86]. Unlike monotherapy, combination chemotherapy
can modulate different signaling pathways in cancer cells, cause synergetic responses,
maximize the therapeutic effect and overcome drug resistance[87, 88]. As shown in Fig. 1A,
the combination chemotherapy often achieves favorable outcomes through various
mechanisms including synergistic effects, additive effects and potentiation effects. The
discovery of new drug combinations and the development of novel drug combination
systems can be facilitated when the specific mechanisms underlying activities have been
fully elucidated. To fulfill effective delivery of multiple chemotherapeutics, the combination
DDS can be designed through a variety of strategies (Fig. 1B) (Table 1). Loading of drugs
into the nanoparticulate DDS can be achieved v7a the chemical conjugation, physical
encapsulation or the combination of both methods. Partner drug can be covalently
conjugated to the matrix and subsequently attached on the surface of drug-loading
nanoparticle to form the combination DDS. Additionally, electrostatic interaction can also be
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applied to assemble combination DDS by taking advantage of opposed charged partner
drugs and drugs-loading nanoparticles.

In this review, nanocarrier-based combination delivery of cocktail small-molecular
chemotherapeutics will be surveyed. The mechanisms underlying actions and co-delivery
strategies for combination therapy, including synergistic combination effects, additive
combination effects, and potentiation combination effects, will be summarized in details. We
will further introduce the sequential and site-specific co-delivery strategies, which provide
new insights for development of programmable combination drug delivery systems. Finally,
the future opportunities and challenges of delivery of cocktail chemotherapeutics will be
discussed.

2. Chemotherapy and combination chemotherapy in cancer

Cancer chemotherapy refers to using chemical substances to treat tumor[9, 89]. The history
of chemotherapy could be traced back to 1940s when nitrogen mustards and antifolate drugs
were first introduced[90, 91]. Since then, chemotherapy has played a vital role in the
auxiliary treatment of cancer and gained extensive development. However, it is generally
accepted that cancer is usually the result of a combination of interconnected disease
pathways that may not be treated effectively with a single therapeutic agent or
strategy[92-95]. The emergence of drug resistance and tumor recurrence is often associated
with the single drug based cancer chemotherapy, mainly due to pathway overlapping[96],
cross-talk[97] and neutralizing response[98, 99] that commonly occur with cancer
monotherapy. Nowadays, the well-established combination therapy for cancer treatment
provides effective solutions for the dilemma.

The combination chemotherapy has evolved into a reasonably scientific clinical treatment
from the preliminary trials. Several important principles are involved in the combination
chemotherapy, including non-overlapping toxicity, non-cross resistance and enhancement of
tumor cell killing efficacy[100]. Traditional drug combinations for cancer therapy include
methotrexate-based combinations, anthracyline-based combinations and paclitaxel (PTX)-
based combinations[101, 102]. Methotrexate, an antimetabolite and antifolate drug, is often
combined with cyclophosphamide and 5-fluorouracyl (5-FU) for traditional combination
chemotherapy due to the capability of inhibiting the metabolism of folic acid[103, 104].
Anthracyline-based chemotherapeutics, including daunorubicin, doxorubicin (Dox),
epirubicin, idarubicin and valrubicin, plays a vital role in combination with
cyclophosphamide and 5-FU. Cyclophosphamide inhibits the DNA replication by forming
intrastrand and interstrand DNA crosslinking[105], while 5-FU acts as a thymidylate
synthase inhibitor to prevent DNA replication[106]. PTX-based combinations are another
commonly used traditional chemotherapy. For example, PTX and cisplatin (Pt) were
combined for advanced ovarian cancer therapy and PTX was also combined with carboplatin
for advanced non-small cell lung cancer (NSCLC) in clinic[107-109]. Currently, new multi-
drug combination chemotherapies or modifications of established regimes are being
clinically tested and variations of the administration strategies are also explored to improve
therapeutic efficacy with minimized side effects[110-112].
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In addition to these clinical studies, exciting preclinical studies aiming at exploring new
combinations strategies and improving combination effect have been developed. These new
combination strategies provide new insights into the molecular and cellular mechanisms
underlying the effects of combination treatments. For example, Dox and rapamycin co-
delivery could effectively reverse chematherapeutic drug resistance and re-establish growth
and death patterns that are often misregulated in tumor cells. The tumor bearing animals
treated with such combination chemotherapy exhibited a complete tumor remission, while
the animals treated with rapamycin or Dox alone did not show any evidence of complete
remission[113]. Additionally, with the development of nanotechnology, researchers recruited
the nanoparticles for combination chemotherapy with the merits of co-encapsulation of
hydrophobic and hydrophilic drugs[73], adjustable ratiometric drug loading,
spatiotemporally controlled release behavior[114] and stimuli-responsive properties[115].

3. Mechanism underlying combination chemotherapy

Understanding of the molecular and cellular mechanisms of combination chemotherapy
provides guidelines to assist the discovery of new combination candidates and new
combination strategies. Multiple chemotherapeutics can function in the same or different
pathways, and their regulation results into different effects via drug-targets interaction,
target-target overlapping, pathway-pathway crosstalk and drug-drug interaction[116]. In
addition, the treatment efficacy can be compromised if negative regulation of drug
combination and neutralizing responses happen, leading to drug resistance[101, 117]. Thus,
specific mechanisms of action of partner drug and combination chemotherapy strategies
need to be fully elucidated for the rational design to achieve optimal efficacy.

When two drugs are administrated simultaneously, the combination of their therapeutic
effects can generate the combinatorial effect with higher, equal to or lower than the summed
effects of the partner drugs. The combination is pharmacodynamically synergistic when the
effect is greater than the summed effect of the individual drugs and the target of the each
drug is located at the different sites or different pathways; the combination effect is additive
when the effect is greater than or equal to the summed effect of the partner drugs and each
individual drug takes effects at the same target or the same pathway; potentiation effects can
be produced on the circumstance that the therapeutic effect/activity of one drug is enhanced
or the side effect is reduced by another drug via regulation of its absorption, distribution,
metabolism and excretion (ADME)[101, 118].

The synergistic, addictive and potentiation drug combinations have been particularly
explored through “nanomedicine” to achieve a variety of favorable outcomes, including
decreased dosage of partner drugs, enhanced efficacy, prevention of the development of drug
resistance, and reduction of unwanted side effects. In this part, these three typical
combination effects mechanisms underlying the co-delivery strategies are summarized in the
light of recent developments.

3.1. Synergistic combination effects

The synergistic combination effects refer to the complementary actions of drug combination
by targeting multiple sites of a pathway or different pathways, resulting in collective
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regulation of targeting activity and simultaneous enhancement of the positive effects or
reduction of negative effects[119]. To fully demonstrate the synergistic effects underlying
combination chemotherapy, the most widely used small-molecular drugs—Dox and PTX are
selected as model chemotherapeutics to illustrate the synergistic mechanism.

Dox, a member of the anthracycline-based chemotherapeutics, is one of the first
chemotherapeutics for cancer treatment and utilized in treatment of a variety of cancers,
including breast cancer, myeloma, lung cancer, glioma, leukemias, and lymphoma[120,
121]. However, Dox is known to cause a well-described severe cardiotoxicity, which is dose-
dependent[122, 123]. The combination drug delivery strategies have therefore attracted
broad attentions and achieved enormous developments in combination with other
chemotherapeutics for synergetic effect to reduce unwanted severe side effects associated
with Dox[124, 125]. Sun et al. reported an approach to co-deliver all-trans-retinoic acid
(ATRA) and Dox for cancer therapy, especially for synergetic inhibition of cancer stem cells
(CSCs) (Fig. 2)[126]. ATRA, a powerful differentiating agent, inhibits multiple signaling
pathways that are critical for stem cell maintenance. However, ATRA does not present
obvious cytotoxicity and tumor inhibition capability when administrated alone. In their
study, it was demonstrated that co-delivery of ATRA and Dox could differentiate and inhibit
the proliferation of tumor cells by delivering chemotherapeutics to both non-CSCs and
CSCs. Meanwhile, a decreased systemic toxicity was achieved, which was enabled by the
reduction of the concentration of required Dox at equal therapeutic efficacy. By taking
advantage of this combination DDS, the accumulation of chemotherapeutics was
significantly enhanced in tumor tissues and CSCs, resulting in remarkable suppression of
tumor growth while reducing the incidence of CSCs in a synergistic manner. Additionally, it
was found that the percentage of the CSCs population in ATRA-Dox-NP-treated group
(1.7%) significantly decreased when compared with that of groups treated with Dox-NP
(8.1%) and ATRA-NP (2.8%), indicating the synergistic effects in CSCs inhibition.

Another emerging implementation to decrease Dox-associated side effect via synergistic
combination effect is to combine traditional Dox-based chemotherapy with anti-
angiogenesis agents that inhibit tumor blood vessel growth and cut the supply of nutrition
and oxygen to tumor. For example, Sengupta et a/. developed a nanocell drug delivery
system, which was comprised of a core nanoparticle protected by an pegylated-lipid-based
shell[127]. Two drugs—Combretastatin A4 and Dox were co-encapsulated in the nanocell
and released out sequentially. The release of Combretastatin A4 from the outer shell could
shut down the vascularization of tumor. The core of the nanoparticle, which was trapped
inside the tumor, then released Dox. A synergistic combination effect with a rapid collapse
of tumor blood vessels and inhibition of proliferation of tumor cells both /n vitroand in vivo
was achieved viathe nanocell-based co-delivery system.

PTX, extracted from the bark of the western yew tree—Taxus brevifolia[128], is another
widely used chemotherapeutic. The mechanism underlying the action of PTX relies on the
interference with the normal breakdown of microtubules during the cell division[129-131].
PTX has been approved by FDA for treating a number of different tumors, including breast
cancer, lung cancer, head and neck cancer, gastrointestinal cancer, and ovarian cancer[132].
Small-molecular PTX has limited aqueous solubility. To improve solubility and realize in
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vivo delivery, PTX was initially formulated as a Cremophor/ethanol-based solution
(marketed as Taxol)[133, 134]. The major drawback of Cremophor/ethanol-based PTX
solution is the potential induction of an acute hypersensitivity reaction, resulting in severe
allergic responses[135, 136]. Nanocarriers for the delivery of PTX have drawn increasing
interest for their ability to deliver PTX in the optimal dose with enhanced solubility.
However, the monotherapy often results in the drug resistance of cancer cells, which plays a
vital role in the failure of clinical cancer treatment. Nowadays, the interest of using PTX as
the therapeutic agent has shifted to the combination with other anticancer
chemotherapeutics[137, 138]. For example, a nanoparticulate DDS comprised of an
amphiphilic methoxy poly(ethylene glycol)-4-poly(L-glutamic acid)-4-poly(L-lysine)
triblock copolymer and deoxycholate (MPEsG-6-PLG-6-PLL/DOCA) decoration was
developed to co-deliver anticancer drugs—PTX and Dox[124]. The micelle nanoparticles
self-assembled from the amphiphilic copolymers provided three different domains with
distinct functions: prolonged circulation time enabled by PEG chain, encapsulation of Dox
via electrostatic interactions, and loading of PTX in hydrophobic deoxycholate modified
copolymer. The synergistic effect in the induction of A549 human lung adenocarcinoma cell
apoptosis was achieved by the co-delivery formulation and evidenced by /n vitro cytotoxicity
assays. Ex vivo fluorescence imaging revealed that co-delivery DDS selectively targeted and
efficiently accumulated at the tumor site /7 vivo. Furthermore, Wang et al. reported a core-
shell nanoparticle co-encapsulated with PTX and Dox, which were doubly emulsified from
an amphiphilic copolymer methoxy poly(ethylene glycol)-poly(lactide-coglycolide) (MPEG-
PLGA)[125]. Enhanced uptake of both drugs by cancer cells and simultaneously promoted
drug release was obtained in /n vitro cellular experiments. Additionally, the co-delivery DDS
suppressed tumor cells growth more efficiently than the single delivery of either Dox or PTX
at the same concentrations, which was evidenced by the reduced tumor size that was 3.2-
fold, 6.3-fold and 2.4-fold smaller than that treated with Dox, PTX and combination of free
Dox and PTX, respectively.

In addition to Dox, Pt is often co-delivered with PTX to achieve synergistic antitumor effect.
Pt, one of the most potent antitumor agents, causes DNA damage by the interaction with
DNA to form intrastrand crosslinked DNA adducts[139]. Pt has always been combined with
PTX in clinical and preclinical treatment of gynecological tumors, such as ovarian and
cervical cancers[140, 141]. For example, Xiao et a/. co-encapsulated the Pt prodrug and
PTX in a nanomicelle (Fig. 3)[142], which could selectively release Pt upon redox and PTX
vig acid hydrolysis after endocytosis by cancer cells. /n vitro 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay showed that the ICsq of Pt alone and PTX
alone were 27.2 UM and 58.3 UM, respectively, whereas the ICs of Pt and PTX in the co-
delivery system were 16.7 uM and 1.67 pM against SKOV-3 cells. The decreased drug
concentrations of Pt and PTX in combination therapy indicated a synergistic effect.
Additionally, /n vivo study displayed that Pt prodrug and PTX co-encapsulated DDS
displayed more efficacious inhibition of U14 tumor growth and reduced systemic toxicity
compared to small-molecular drug combinations. In another study, Cai et a/. developed a
telodendrimer-based nanocarrier for co-delivery of PTX and Pt to treat ovarian cancer[143].
In their system, a three-layered linear-dendritic telodendrimer micelle (TM) was synthesized
by introducing carboxylic acid groups in the adjacent layer for Pt complexation and
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conjugating cholic acids in the interior layer of telodendrimer for PTX encapsulation. A
strong synergistic anticancer effect was gained with decreased 1Csq values of PTX and Pt
(loading ratio of 1:2), respectively. After administration in the ovarian cancer SKOV-3
xenografted nude mice, the clearance rate of PTX/Pt-TM was about 20-fold lower than that
of free drugs and the accumulation of PTX/Pt-TM was 4-fold higher than that of free drug
Pt, which resulted in enhanced antitumor efficacy compared to the free drug combination or
nanoparticle loaded with a single drug.

Gemcitabine (GEM), which is phosphorylated by deoxycytidine kinase to interfere DNA
synthesis after endocytosis[144, 145], is frequently used as the first-line therapy in clinical
treatment for pancreatic cancer. However, the rapid emergence of drug resistance
significantly limited the application of GEM. It was found that PTX could improve the
sensitivity of tumor cell when used in combination with GEM. In a phase 1-2 trial, GEM
was co-administrated with albumin-bound PTX (nab-PTX) to patients with advanced
pancreatic cancer. The results showed that the overall survival, progression-free survival, and
response rate had been significantly improved in combination therapy. Furthermore, PTX
and GEM combination therapy showed extensive potential when integrated with
nanotechnology in preclinical studies. Meng et al. proposed a lipid-coated mesoporous silica
nanoparticle (LB-MSNP) for co-delivering PTX and GEM to pancreatic cancer[146]. The
LB-MSNP was comprised of a supported lipid bilayer (LB) and MSNP carrier. The
attachment of LB provided the high loading capacity of GEM in MSNP as well as efficient
co-entrapment of hydrophobic drug PTX (Fig. 4A). The resulting LB-MSNP displayed a
uniform coating with an intact LB on the surface of MSNP, which was essential for
encapsulation and controlled release of drugs (Fig. 4B). The LB-MSNP was demonstrated to
show a sustained release profile with 22.9% cumulative release of GEM within 48 h. The
administration of GEM-PTX-LB-MSNP was able to increase active GEM concentration at
tumor site by 15-fold, resulting in effective inhibition of primary tumor growth (Fig. 4C),
which was evidenced by increased the terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) positive cells in tumor tissue (36% for GEM-PTX-LB-MSNP, 16% for
free GEM, 17% for GEM + 1 x dose of Abraxane and 23% for GEM-LB-MSNP).

In addition to these commonly used chemotherapeutics, a variety of other drugs have also
been paired. For instance, Huang et a/. developed a nanoparticle self-assembled from an
amphiphilic drug-drug conjugate with the co-encapsulation of the hydrophilic anticancer
drug irinotecan (Ir) and the hydrophobic anticancer drug chlorambucil (Cb) using a
hydrolyzable ester linkage[147]. Ir prevents the replication and transcription of DNA viathe
inhibition of topoisomerase 1[148], While Cb functions as alkylating agent to crosslink
macromolecules[149]. The co-delivery nanoparticulate DDS exhibited longer blood
circulation time, increased cellular uptake and enhanced accumulation at tumor site
compared to the free drugs. In addition, the co-delivery system exhibited a stronger
apoptosis inducing capability with the apoptosis rate of 76.78% when compared to the free
drug combination and individual drugs. Additionally, tamoxifen (Tmx) and quercetin (QT)
were paired in a PLGA nanoparticle with 67.16% = 1.24% encapsulation efficiency for Tmx
and 68.60 + 1.58% for QT[150]. Tmx is the gold standard in the clinic for the endocrine
treatment of the estrogen receptor positive breast cancer[151, 152]. QT acts as the
antiproliferative agent to induce apoptosis via caspase activation and to inhibit the enzyme
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that is response for activating carcinogens[153]. It was found that the cytotoxicity of Tmx-
QT-NP was 34.13-, 33.3-, and 24.74-fold stronger than that of free Tmx, free QT, and free
drug combination, respectively. /n vivo antitumor growth study showed that the tumor size
decreased to 32.36% (compared to original size at day 0) with the treatment of Tmx-QT-NP,
which was significantly smaller than that treated with free Tmx citrate + QT (56.62%) and
saline (149.18%). Their findings demonstrated the superiority of combination chemotherapy
in the nanoparticle delivery system. The involvement of these small-molecular drugs can
further broaden the design flexibility and scope of applications by endowing the
combination system with a vast drug library.

3.2. Additive combination effects

The additive combinations effect, different from synergistic effect, results from equivalent or
overlapping actions, which involves the direct or indirect regulations or interactions with the
targets at the same site, different sites at the same pathway or crosstalk pathway[101, 154].
For example, the retinoic acid and trichostatin A combination provides an additive effect to
inhibit cancer cell proliferation by combining effects of upregulating retinoic acid receptor g
and reactivating of the mRNA expression[155]. In addition, the independent actions at
different sites of the same target or pathway can also be defined as additive combination
effects. For instance, Dox and Pt produce an additive anticancer effect v/a equivalent action
of DNA intercalation and distinct interference in DNA activity. Both drugs bind to DNA in a
non-interfering manner[156]. Dox, which prefers GC regions, intercalates into DNA to
inhibit the macromolecular biosysthesis and the bioactivity of topoisomerase Il (TOP2A)
[120], and Pt prefers binding to guanine and subsequently forms the crosslinking of
DNA[157]. The better exploration of additive effects could also facilitate the development
and design of synergistic drug combination.

Nucleus serves as the ideal target for drug combination with additive effects, since DNA
provides abundant targets for drugs to generate the overlapping actions or equivalent actions
at the same pathway or cross-talk pathway[158]. As the repository of the hereditary material
of the cell, nucleus coordinates all sorts of cellular activities, which include growth, cellular
metabolism, protein synthesis, and cell division[159, 160]. Thus, nucleus serves as the most
important target for the additive combination therapy due to its vital role in the cancer cell
proliferation and progression[161].

Dox is the most employed small-molecular model chemotherapeutics that is developed to
target nucleus in combination of other drugs for the additive anticancer efficacy. Two
strategies are often utilized to load Dox into the delivery system: physical encapsulation and
chemical conjugation. Physical encapsulation of Dox results in quicker drug release
compared to chemical conjugation of Dox to the polymer backbone; while the sustained and
spatiotemporally controlled release behavior can be achieved by chemical conjugation of
Dox, with the potential of responsiveness to various physiological signals. To date,
researchers have developed various delivery systems to encapsulate Dox. For example, Lee
et al. exploited a polymer-caged nanobin to co-deliver Pt and Dox (Fig. 5)[162]. In their
system, Dox was loaded into a liposomal core, which was further protected by a pH-
responsive Pt prodrug-loaded polymer shell. Besides, the polymer-caged nanobin held the
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potential to tune drug encapsulation ratio and surface charge potentials. In ovarian cancer
cell, Pt/Dox-nanobin at a Pt/Dox molar ratio of 5.9 showed increased cytotoxicity with lower
doses of Pt and Dox (ICsg Dox = 0.9 uM, ICsq Pt = 7.1 pM) compared to free Dox and Pt
(IC50 Dox = 1.24 uM, ICsq Pt = 66.1 pM), which was contributed to an additive mechanism
of combination therapy.

Bae et al. took a different approach to encapsulate Dox and wortmannin (WOR), which is
phosphatidylinositol-3 kinase inhibitor involving in DNA repair. In the study, Dox and WOR
were chemically conjugated to the poly(ethylene glycol)-poly(aspartate hydrazide) block
copolymer(Fig. 6) [163]. This amphiphilic copolymer conjugated with drugs could self-
assemble into micelle structure with precisely control of Dox/WOR ratio. Additionally, the
facile control of Dox and WOR release was achieved via the acid-sensitive hydrazine linker.
It was demonstrated that the proliferation of MCF-7 cells exposed to Dox/WOR co-
encapsulated micelle was effectively inhibited. Of note, the partner drug concentration at the
same treatment efficacy was significantly reduced by co-delivering Dox and WOR in the
micelle when compared to the individual drug mixture. Zhang et al. encapsulated the small
molecule hydrophobic drug—docetaxel (Dtxl) and the hydrophilic drug—Dox in a
nanoparticle delivery system[56]. The novel DDS was comprised of 1) aptamers with the
ability to promote the release of Dox and target cancer cell on the surface, and 2) polymeric
nanoparticle core that served as the container for Dtxl. The aptamers provided the preferred
binding site for Dox, which were further conjugated on the surface of Dtxl-encapsulated
polymeric nanoparticles. The cumulative release ratios of Dtxl were about 50% and 80% at
the first 6 and 25 h, respectively. In contrast, a fast release profile was observed for Dox
loading into the aptamer, with 50% and 80% cumulative release within 4 and 6 h,
respectively. The difference in the release behaviors of Dtxl and Dox could be explained by
the distinct loading mechanisms. The release of Dox, which was loaded into aptamers via
the intercalation into GC regions, was accelerated by exposure to outside aqueous solution.
Additionally, the cell viability assay showed that Dtxl/Dox co-delivery nanoparticle
displayed the enhanced cytotoxicity against LNCaP cells compared to Dtxl or Dox-loaded
nanoparticle at the same dose of drugs. Furthermore, Chen et a/. designed an inorganic
mesoporous silica nanocapsules (IMNCs) to mimic organic nanoliposome for co-
encapsulating and co-delivering hydrophobic drug (CPT) and hydrophilic drug (Dox)
simultaneously[164]. The IMNCs were comprised of the hollow core part that acted as
container for hydrophobic agents, and the hydrophilic mesoporous shell that functioned as
the reservoirs for hydrophilic drugs and increased the stability of the nanocarriers. In
comparison to drug-IMNCs and free drugs, the CPT-Dox-IMNCs effectively overcome the
drug resistance of MCF-7 cells via additive combination effects. After incubation for 48 h,
the anticancer efficiency was 62.8% for CPT-Dox-IMNCs, much higher than that of 21.7 %
for free Dox and 47.3 % for Dox-IMNCs.

Our group has reported a co-delivery system in a bio-inspired manner [165]. For this
formulation, CPT was conjugated into the glutamic acid A-carboxyanhydride and then
grafted on the PEG backbone chain viaring opening polymerization, which maximized the
drug loading efficiency and reduced the polymer heterogeneity with 100% CPT conjugation.
Dox was directly encapsulated in the core of nanocarrier during the self-folding process as a
result of the amphiphilic nature of the copolymer (Fig. 7). More than 20% of CPT
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(percentage of CPT weight compared to polymer) and as much as 30% of Dox could be
encapsulated into the nanocarrier. /n vitro drug release study showed the PEG shell could
effectively prevent premature drug release, as evidenced by less than 10% of CPT released
from nanocarrier in the presence of the mouse serum within 6 days. However, the release of
Dox was triggered and accelerated by the acidic environment, which was beneficial for
cytotoxicity. The controlled release behavior with coordinated doses of CPT and Dox
resulted in potent /n vitro cytotoxicity against a panel of 9 cancer cell lines. Moreover,
CPT/Dox co-delivery nanocarrier presented 1.5- to 60-fold enhancement in cytotoxicity
when compared to single drug-loaded formulations, which suggested improved therapeutic
efficiency and additive effects. /n vivo study showed the co-delivery of CPT and Dox in the
graft-folded polymeric nanocarriers displayed higher tumor growth inhibition than single
drug based monotherapy.

Other small molecular chemotherapeutics that function at nucleus site have also been
exploited for additive combination therapy. For example, Miao et al. applied a nanoparticle
delivery system to co-encapsulate GEM monophosphate and Pt for the treatment of bladder
cancer (Fig. 8)[166]. GEM is widely used as chemotherapeutic in combination with Pt for
the treatment of bladder cancer. A solvent displacement method was utilized to
proportionally load gemcitabine monophosphate and 3, 4-dihydroxyphenylalanine (DOPA)
coated Pt-precipitated nanocore into the same PLGA nanoparticles. /n vitro results showed
that GEM-NP resulted in a much lower 1Cgy of 17.8 pM compared to GEM free drug (ICsq
of 34.8 uM). Using the isobologram equation of Chou-Talalay[167], the overall combination
index (CI) was < 1 at drugs molar ratio of 5.3:1 (GEM : Pt). After administration, this single
NP with well-controlled optimal drugs ratio exhibited more significant additive antitumor
efficacy compared with individual drug-loaded NP /n vivo. In another study, Kolishetti et al.
engineered self-assembled nanoparticle for co-delivery of Pt(1V) prodrug and DtxI[73]. To
prepare the nanoparticle, Pt(1V) prodrug was first conjugated onto the pendant hydroxyl
group of the polylactide (PLA) backbone. Thereafter, the PLA-Pt(1V) was mixed with
poly(D,L-lactic-co-glycolic acid)-block-poly(ethylene glycol) copolymer and Dtxl. After
extruding through microfluidic channels, the nanoparticulate co-delivery system with size of
100 nm was prepared. The controlled release profile of both drugs over a period of 48-72 h
was achieved by co-delivery system. After decoration of A10 aptamer, nanoparticles were
internalized by LNCaP cells viaendocytosis and generated the cytotoxicity via intercalating
into nuclear DNA. Comparison of ICgq values, it was found that a 2-fold increase in
cytotoxicity of Pt-DtxI-NP was achieved in LNCaP cells when compared to Pt-NP and DtxI-
NP, suggesting an additive effect.

In exploring the maximum additive combination effects in cancer chemotherapy, multiple
drugs were often packaged together in one nanocarrier for combination therapy. For
instance, Ashley et al. developed a nanoporous particle-supported lipid bilayer to deliver
multiple chemotherapeutic agents simultaneously, including Dox, 5-FU and Pt[168].
Furthermore, equipped with the targeting modality, the co-delivery system loaded with three
drugs achieved 108-fold improvement in inhibition of cell proliferation compared to partner
drug-loaded liposomes against the drug-resistant human hepatocellular carcinoma cell. In
another example, Li et al. synthesized a multiple layer-by-layer lipid-polymer hybrid
nanoparticle for co-delivery of two hydrophilic drugs 5-Fu and Oxa, and one hydrophaobic
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drug CPT (Fig. 9A, B)[169]. In the hybrid nanoparticles system, 5-Fu was loaded into the
hydrophilic core of the nanoparticles, while CPT was inserted into the hydrophobic layer.
Additionally, Oxa was encapsulated in the interlayer of polymeric core and lipid bilayer. The
results demonstrated that the encapsulation of the three antitumor drugs together could
enormously increase therapeutic efficacy by co-delivering the chemotherapeutics to their
most active destinations. Furthermore, Liao et a/. developed a convergent single nanoparticle
platform for combination delivery of Pt, Dox, and CPT (Fig. 10)[170]. The “brush-first”
ring-opening metathesis polymerization method was employed to synthesize the nanoscopic
brush-arm star polymers (BASPs). Moreover, two macromonomers (MMs), CPT-MM and
Dox-MM with the responsiveness to cell physiological condition and long-wavelength
ultraviolet (UV) light, Pt-conjugated crosslinker were synthesized for the development of
combination delivery system. The resulted co-encapsulated nanoparticle was evidenced to
release each drug upon each distinct trigger, leading to enhanced cytotoxicity and additive
antitumor effects /n vitro.

3.3. Potentiation combination effects

The potentiation drug combinations refer to the regulation of partner drug internalization,
accumulation, distribution and metabolism. The potentiation regulation of drug
internalization can enhance intracellular drug concentration through bypassing, permeation,
disruption of transport barrier, or inhibition of drug efflux. The potentiation regulation of
drug distribution or accumulation increases drug concentration in specific site via active-
targeting strategy or spatiotemporally controlled release of the drug. The potentiation
modulation of drug metabolism can decrease undesirable drug-drug interaction and
maximize the efficacy of partner drug[101].

The typical potentiation effects can be illustrated by two kinds of co-delivery strategies. One
is delivering modulator of chemoresistance or drug transporters with chemotherapeutic agent
to enhance the anticancer effects. For example, Barui ef a/. used liposome to co-deliver
curcumin and Dox[171]. Curcumin, which holds potential to inhibit activation of
transcription factor linked to drug resistance, is now being co-administered with various
potent anticancer drugs for combination chemotherapy[172, 173]. The results showed that
the curcumin and Dox co-encapsulated liposome exhibited potentiation effect in inhibiting
proliferation, invasion and migration of both tumor and endothelial cells. The mechanism
underlying this result might rely on the inhibition of proliferation and metastasis related
genes both at mMRNA and protein levels. Remarkable tumor growth inhibition was observed
on mice treated with co-delivery system. A 2-3 folds increase in tumor growth inhibition
was found in combination therapy compared to curcumin or Dox monotherapy. In another
study, Duan et a/. developed a pH-sensitive polymeric micelle for effective combination
delivery of Dox and disulfiram (DSF)[174]. DSF is a P-glycoprotein (P-gp) inhibitor that
can inactivate P-gp and inhibit the efflux of chemotherapeutic drug[175, 176]. P-gp is
overexpressed in cancer cells in response to a number of chemotherapeutic agents[177].
Overexpressed P-gp can result in drug resistance and contribute to the formation of a drug
efflux pump that inhibits the intracellular accumulation of chemotherapeutic agents[178].
The results showed that DSF could significantly enhance the cytotoxicity of Dox, induce cell
apoptosis and change cell cycle. Importantly, the co-delivery system showed high tumor
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accumulation and superior antitumor effect in multi-drug resistance (MDR) tumors with low
systemic toxicity.

Another strategy is to co-deliver nucleic acids and chemotherapeutics to tumor site for
potentiation combination effect. For example, co-delivery of siRNA could achieve the
restoration of drug sensitivity in cancer cells by knocking down genes involved in the
resistance to one or more chemotherapeutic agents[15, 81, 179, 180]. Meng et al. developed
mesoporous silica nanoparticle (MSNP) to deliver Dox and P-gp siRNA to overcome drug
resistance[181]. The results demonstrated that the intracellular concentration of Dox was
significantly increased in the presence of siRNA when compared to free Dox or Dox
delivered by MSNP or PEI-MSNP without siRNA. Xiong et a/. designed a traceable
multifunctional micellar nanocarrier for co-delivering MDR-1 siRNA and Dox[182]. This
multifunctional polymeric micellar system was shown to be capable of delivering Dox and
SiRNA to their intracellular targets, leading to the inhibition of P-gp-mediated Dox
resistance /n vitro and increased intracellular Dox concentration. Additionally, Xu ef a/.
developed a versatile nanoparticle platform to deliver a DNA damaging Pt prodrug and
REV1/REV3L-specific siRNA simultaneously to the same tumor cells for treating patients
with malignancies[183]. The siRNA contained in nanoparticles could knock down target
genes for error-prone DNA synthesis. The results revealed a remarkable enhancement on
tumor inhibition in a human lymph node carcinoma than Pt monotherapy.

Recently, Morton ef a/. have inspired the advancement of potentiation drug combinations
using the liposomal system with a unique time-staggered release of the encapsulated drugs
(Fig. 11)[184, 185]. The implementation of new combination approach was built upon the
hydrophobic and hydrophilic compartments of liposomes. Erlotinib (epidermal growth factor
receptor inhibitor) was loaded in the hydrophobic layer and Dox was encapsulated in the
hydrophilic core. Differential release profile was achieved for the combination DDS, due to
the quicker release of erlotinib than Dox. The first release of erlotinib effectively rewired
signaling networks through persistent EGFR inhibition and subsequently generated the
sensitization and potentiation effect, which was beneficial for Dox. The sensitized cancer
cell would unmask a caspase-8-dependent cell death pathway that was utilized by Dox to
maximize the treatment efficacy.

4. Sequential delivery of multiple chemotherapeutics

Combination therapy has been validated to be more effective than monotherapy in cancer
treatment[186, 187]. However, the traditional administration of drug “cocktails”-based
combination therapy often suffers from distinct pharmacokinetic profiles of partner
therapeutics, leading to an inconsistent /7 vivo pharmacokinetics and biodistribution and
therefore an inefficient therapy[188]. Even though nanocarriers can transport the multiple
chemotherapeutics to intracellular destination, how to differentiate different active targets of
each chemotherapeutics still remains difficult. A co-delivery system capable of
differentiating the extracellular and intracellular targets or differentiating subcellular targets
will achieve stronger combination effect compared to conventional co-delivery system[83].
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Our group has developed a sequential delivery system for site-specific delivery of tumor
necrosis factor-related apoptosis inducing ligand (TRAIL) and Dox. A core-shell
nanocarrier (Gel-liposome) comprised of a liposomal core and a crosslinked-gel shell was
developed to co-encapsulate TRAIL and Dox (Fig. 12)[189]. The cell penetrating peptide—
R8H3 was conjugated on the surface of Dox-loaded liposome. Subsequently, TRAIL was
attached on the outside of negative charged liposome via electrostatic interaction. Finally, a
layer of modified hyaluronic acid (HA) was crosslinked to form a shell to protect the TRAIL
from denaturation. When the co-delivery DDS accumulated at the tumor microenvironment,
HA-based shell was enzymatically degraded by hyaluronidase (HAase) overexpressed in the
tumor microenvironment. The released TRAIL then bound to the death receptors on the cell
membrane and triggered the caspase-3 signaling pathway to induce apoptosis of cancer cell.
Simultaneously, the exposed cell penetrating peptide facilitated the endocytosis of Dox-
loaded liposome, accompanied by the release of Dox from endosome and accumulation in
the nuclei. /n vitro cytotoxicity assay showed that the 1Cgy of TRAIL/Dox-Gelipo against
human breast cancer (MDA-MB-231) cell lines was 83 ng/mL, which was significantly
higher than that of Dox-Gelipo (569 ng/mL). The significant increase in cytotoxicity
indicated remarkable synergistic combination effect. Furthermore, by taking advantage of
the site-specific delivery manner, the TRAIL/Dox-Gelipo could effectively inhibit the tumor
growth in the MDA-MB-231 xenograft tumor animal model.

Further, a graphene-based system (TRAIL/Dox-fGO) has also been developed for the
sequential and site-specific delivery of TRAIL and Dox in cancer cells (Fig. 13)[190]. The
biofunctional amino- and azide-modified PEG linker was conjugated on the graphene oxide
nanosheet. Subsequently, a furin-cleavable peptide was decorated on the PEG through a
click reaction with the N3 terminus. TRAIL was then conjugated with the peptide via
cysteine groups using an amine-to-sulfhydryl linker. Dox was loaded on the graphene oxide
through the 7—r stacking interaction between graphene oxide and Dox with high loading
capacity. At the tumor site, the peptide linker was cleaved by the overexpressed furin,
promoting the release and the interaction of TRAIL toward cell membrane to trigger
downstream apoptosis signals. After the digestion, the Dox-loaded graphene oxide
nanosheet underwent endocytosis with the subsequent release of Dox inside the cell
triggered by the acidity of endosome and accumulation in the nuclei. A 8.5- and 3.6-fold
increase in cytotoxicity against A549 cells was achieved by TRAIL/Dox-fGO when
compared to TRAIL-fGO and Dox-fGO, respectively. /n vivo antitumor efficacy was
investigated on the A549 tumor-bearing nude mice, which showed stronger tumor inhibition
capability of TRAIL/Dox-fGO when compared to TRAIL-fGO and Dox-fGO. Collectively,
both /n vitroand /n vivo results showed the synergistic anticancer effects of the co-
encapsulated chemotherapeutics delivered in a site-specific manner. Most recently, we have
proposed a platelet-mimicking nanovehicle (PM-NV) platform with capability of
sequentially and site-specifically delivering TRAIL and Dox into tumor cells. In this
biomimetic delivery system, the natural platelet membrane was wrapped onto the synthetic
nanovehicle to load TRAIL on the surface and Dox within the nanovehicle core[191]. By
taking advantage of highly selective affinity between platelet and cancer cells, the PM-NV
could aggregate on the surface of cancer cells to promote the interaction of TRAIL and
death receptors, triggering programmed cell death. Moreover, equipped with pH-responsive
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modality, the PM-NV could release Dox in lysosome upon the cleavage of degradable
matrix. The synergistic effect of the site-specific delivery of drugs in the PM-NV was
established in mice models by the significant inhibition of primary tumor growth as well as
efficient elimination of circulating tumor cells.

5. Conclusion and Outlook

Combination chemotherapy has long been adopted as the standard for cancer treatment. It is
acknowledged that the proper drug combinations can promote combinatorial actions,
improve target selectivity, and inhibit the development of cancer drug resistance. In
particular, the emergence and rapid development of nanotechnology have offered
unprecedented opportunities for combination chemotherapy. The various pharmacokinetics
among different drugs in cocktail chemotherapy, which lead to distinctive physiological fates
and non-uniform distribution, are the main cause of the poor outcome of clinical cancer
treatment; while the nanocarrier-assisted combination chemotherapy can unify the /n vivo
pharmacokinetics of various chemotherapeutics through co-encapsulating multiple drugs
inside.

Although nanotechnology has accelerated the development of combination chemotherapy;,
there exist multiple challenges in design of effective combination chemotherapy system for
anticancer treatment. First, it is necessary to perform thorough biological evaluation, which
must be supported by a well understanding of the molecular and cellular mechanisms
involved. Understanding the mechanisms underlying combination effects of drug
combinations could facilitate the discovery of novel efficacious combination chemotherapy
and avoid potential unwanted side effects. Second, the optimal mass ratio of each
chemotherapeutic within the combination drug delivery system needs to be precisely tuned,
according to individual's pharmacokinetics and efficacy. The ratio of the combinatorial
chemotherapeutics has been validated to play a vital role in the efficacy of combination
treatment[192]. Additionally, the ratio of each individual drug holds high potential to
determine the possibility of synergism and antagonism of a combination set. Moreover, the
sequential and site-specific delivery system could be further extended into combination
chemotherapy for achieving maximum treatment efficacy. Finally, side effects or toxicity of
nanoparticles in nanocarrier-mediated combination chemotherapy need to be fully
elucidated. In addition to general evaluation of the toxicity on major organs, the interaction
between nanocarrier and endothelial cells of blood vessels should be taken into account due
to intravenous injection is the most popular route of drug administration[193]. To minimize
the systemic toxicity as well as preservation of treatment efficacy of nancarrier-based
combination delivery system, several design principles need to be complied, such as rational
design of the size and surface physicochemical property, carefully selecting and tailoring the
composition materials. Finally, functionalize the nanocarrier with the targeting ligands to
increase the drug accumulation at the interested disease site offers a promising strategy to
reduce the side effect and enhance the treatment efficacy[51]. The ability to actively target
specific cells/tissues makes ligand-conjugated nanocarrier-based combination delivery
system outperform conventional drug delivery system. For cancer treatment, the presence of
targeting ligand can enhance the intracellular drug concentration at tumor site v/a receptor-
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mediated endocytosis and decrease the systemic distribution to reduce the unwanted side
effects.

Furthermore, as discussed, nanotechnology-assisted combination chemotherapy offers the
superiority of using chemotherapeutics at lower dose, reducing systemic toxicity and
enhancing therapeutic efficacy. However, translation of nanocarrier-based combination
therapy into the clinic remains challenging[194]. Significant efforts are needed to be
undertaken to elucidate the synergistic effect achieved by the combination therapy, which is
attributed to the advanced drug delivery strategies rather than the simply summed effect of
partner drugs. It is important to validate that the combination of multiple therapeutic agents
in a single delivery system provides advantages over simple administration of combined free
drugs. Importantly, side effects, especially long-term toxicity, should be carefully and
thoroughly evaluated. Although, different chemotherapeutic agents with various modes of
actions can be combined in a single delivery system to maximize the therapeutic efficacy, the
systemic toxicity of combination chemotherapy might be significantly enhanced due to the
sum of side effects of separated drugs, which will enormously limit the effectiveness of
combination therapy in clinic. Additionally, in order to fulfill the translation of nanocarrier-
based combination chemotherapy, the pharmacokinetics and biodistribution of delivery
systems must be carefully studied to guarantee the sufficient drug concentration at tumor site
and subsequently enhance treatment efficacy.
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Fig. 1.

A.g Schematic illustration of the mechanisms underlying combination chemotherapy,
including synergistic effects, additive effects and potentiation effects. B. Popular
implementations of co-encapsulating small molecular drugs in combination delivery
systems. Drugs can be loaded into the co-delivery system through different implementations,
including physical encapsulation + physical encapsulation, chemical conjugation + chemical
conjugation, physical encapsulation + chemical conjugation, physical encapsulation +
absorbance on the surface of formulation, physical encapsulation + conjugation on the
surface of formulation (from top to down). The loading matrices/materials (in blue and red)
can be either different or identical.
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Fig. 2.
Schematic of the co-delivery of ATRA and Dox to eliminate both CSCs and non-CSCs.

Reprinted with permission from [126].
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Fig. 3.
Preparation of the PTX and Pt co-delivery micelle and the anti-cancer mechanism

underlying the combination effects. Reprinted with permission from [142].
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A. Schematic illustration of the preparation of PTX and GEM co-encapsulated LB-MSNP.

B. TEM and cryoTEM images of PTX-GEM-LB-MSNP at the ratio of 10:1 (PTX:GEM). C.
In vivo antitumor efficacy evaluation after treatment with various drug formulations.
Reprinted with permission from [146].
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Preparation of platinum-conjugated, Dox-loaded polymer-caged nanobin. Reprinted with

permission from [162].
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Fig. 6.
A. Schematic illustration of micelle self-assembled from Dox and WOR conjugated

poly(ethylene glycol)-poly(aspartate hydrazide) block copolymer. B. Advantages of the Dox
and WOR co-encapsulated micelle DDS compared with free drugs mixture. Reprinted with
permission from [163].
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co-delivery nanocarrier

Schematic of synthesis of graft copolymer and formation of stealth nanocarriers. The
nanocarriers encapsulated with Dox was self-assembled from graft copolymer with pendant
CPT segments. Reprinted with permission from [165].
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A. Preparation of GMP and Pt co-encapsulated PLGA nanoparticles. B. Ratiometrical
delivery of GMP and Pt to tumor site and strong additive anti-tumor efficacy. Reprinted with
permission from [166].
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A.g Scheme of multiple layer-by-layer structured hybrid nanoparticles co-encapsulated with
Oxa, CPT and 5-Fu. B. The accumulation of co-delivery system at the tumor site with a
combination of passive and active targeting. I. prolonged circulation time. I1. selectively
target to tumor cells. I11. Endocytosis of co-delivery system. 1V. the release of loaded drug.
Reprinted with permission from [169].
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Fig. 10.

Synthesis of drug-conjugated monomers and preparation of three-drug-loaded co-delivery
system. The release of individual drug release is responsive to three distinct triggers.

Reprinted with permission from [170].
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A. Schematic of co-encapsulation of erlotinib and Dox in the liposomal delivery system. B.

Rewiring of signaling network enabled by time-staggered release of combination drugs
maximizes the potentiation effects of combination chemotherapy. Reprinted with permission
from [184, 185].
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Schematic design of TRAIL/Dox-Gelipo for sequential and site-specific drug delivery. The
Gelipo is comprised of Dox-loaded liposome core and HA-based out shell. After intravenous
injection, the Gelipo will accumulate at tumor site and the HA shell will be cleaved by
overexpressed HAase readily. The exposed TRAIL will bind to the death receptor and
trigger downstream apoptosis signal. The encapsulated Dox will be triggered to release by
the vacidity of lysosome and accumulate at the nuclei. Reprinted with permission from
[189].
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Schematic design of enzyme-responsive graphene oxide-based sequential delivery system.

The TRAIL is conjugated on the graphene oxide through a furin-cleavable peptide linker and
Dox was loaded on the graphene via m—m stacking interaction. After accumulation at tumor
site, the overexpressed furin will cleave the peptide linker and promote the exposition of
TRAIL toward death receptors. The Dox-loaded graphene oxide nanosheet will be
internalized and Dox will release and accumulate at nuclei with the assistance of acidity of
lysosome. Reprinted with permission from [190].
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Summary of recently reported combination nanoparticulate drug delivery systems covered in this review.

Table 1

Page 38

Implementation types Nanocarrier approaches Encapsulated drugs Cancer types Ref
Physical encapsulation + physical PLA nanoparticle All-trans-retinoic acid Breast tumors 126
encapsulation (ATRA) + Dox
Mesoporous silica nanoparticle PTX + GEM Pancreatic cancer 146
PLGA nanoparticle Tamoxifen (Tmx) + Breast cancer 150
quercetin (QT)
Polymer-caged liposome nanobin Pt + Dox Ovarian cancer 162
Mesoporous silica nanocapsule CPT + Dox Breast cancer 164
PLGA nanoparticle GEM + Pt Bladder cancer 166
Lipid bilayer coated silica Dox + 5-FU + Pt Liver cancer 168
nanoparticle
Lipid-polymer hybrid nanoparticle 5-Fu + Oxa + CPT Pancreatic carcinoma 169
Liposome Dox + curcumin Melanoma 171
Mesoporous Silica Nanoparticle Dox + siRNA Breast cancer 181
Liposome Erlotinib + Dox Breast cancer and non— 184
small cell lung cancer
Physical encapsulation + chemical ~ PLGA nanoparticle Dox + Dtx| Prostate cancer 56
conjugation i
PLA nanoparticle Pt(1V)] prodrug +DtxI Prostate cancer 73
Nanocell composed of PLGA Dox + Combretastatin A4 Melanoma 127
nanoparticle
Telodendrimer nanoparticle Pt + PTX Ovarian cancer 143
Dextran nanoparticle Pt + Dox Non-small cell lung 156
cancer
Polymeric nanoparticle CPT + Dox Non-small cell lung 165
cancer
Micelle Dox + disulfiram (DSF) Breast cancer 174
Micelle Dox + siRNA Breast cancer 182
PLGA nanoparticle Pt prodrug + siRNA Prostate Carcinoma 183
Graphene TRAIL + Dox Non-small cell lung 190
cancer
Chemical conjugation + chemical Micelle Pt(IV) + PTX Ovarian cancer, cervical 142
conjugation cancer
Self-assembled nanoparticle Chlorambucil (Cb) + Breast cancer 147
irinotecan (Ir)
Polymeric nanoparticle Dox + wortmannin (WOR)  Breast cancer 163
Polymeric nanoparticle Pt + Dox + CPT Ovarian carcinoma 170
Physical encapsulation + Micelle PTX + Dox Non-small cell lung 124
electrostatic absorbance cancer
Gel-liposome TRAIL + Dox Breast cancer 189
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