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Abstract

Nanoparticle drug formulations have been extensively investigated, developed, and in some cases, 

approved by the Food and Drug Administration (FDA). Synergistic combinations of drugs having 

distinct tumor-inhibiting mechanisms and non-overlapping toxicity can circumvent the issue of 

treatment resistance and may be essential for effective anti-cancer therapy. At the same time, co-

delivery of a combined regimen by a single nanocarrier presents a challenge due to differences in 

solubility, molecular weight, functional groups and encapsulation conditions between the two 

drugs. This review discusses cellular and microenvironment mechanisms behind treatment 

resistance and nanotechnology-based solutions for effective anti-cancer therapy. Co-loading or 

cascade delivery of multiple drugs using of polymeric nanoparticles, polymer-drug conjugates and 

lipid nanoparticles will be discussed along with lipid-coated drug nanoparticles developed by our 

lab and perspectives on combination therapy.
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Introduction

In the past decade, nanotechnology has been extensively pursued and is now being applied 

in the field of pharmaceutics as a method to improve drug biodistribution and limit toxicity 

[1–4]. Additionally, nanotechnology offers promising potential to screen, formulate, and 

administer drugs whose use was previously limited due insolubility [5, 6]. Yet, the majority 

of nanomedicine applied for cancer therapy have failed to meet the Food and Drug 

Administration (FDA) approval, due to the development of drug resistance, tumor relapse 

and failure to elicit the enhanced anticancer efficacy [4, 7].

To overcome the issue of poor efficacy, synergistic combinations of different therapeutics are 

often applied in cancer therapy [2, 8–11]. Existing treatments generally consist of a 

combination of cytotoxic drugs such as cisplatin, paclitaxel (PTX), and doxorubicin (DOX) 

that nonspecifically kill all rapidly dividing cells [12–15]. Oftentimes, drugs that induce 

efficacy through unique mechanisms prove difficult to formulate by presenting different 

solubility, molecular weights, and other chemical or physical properties. While existing 

chemotherapy is designed to target malignant cells, an increasing body of evidence suggests 

the role of the tumor microenvironment (TME) in the progression of cancer and metastasis 

[16–18]. Specifically, the microenvironment limits the delivery and penetration of particles 

into the tumor. Abnormally elevated interstitial fluid pressure (IFP) within tumors hinders 

this process [19]. In the light of this issue, drugs designed to modulate the stroma such as 

anti-angiogenic drugs [20, 21], TGF-β inhibitors [22, 23] and hedgehog inhibitors, provide a 

new strategy to overcome this type of drug resistance and improve the anti-cancer therapy.
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Several approaches of drug co-loading are reviewed herein. Firstly, amphiphilic polymers 

can be synthesized to encapsulate multiple hydrophobic drugs through a nanoprecipitation 

technique [24]. To co-deliver nucleic acid with a hydrophobic drug, cationic, amphiphilic 

polymers are often used [25–27]. To control the molar ratio of combined drugs with diverse 

properties in a single formulation, a polymer-drug conjugate presents the best option [12]. 

Slow hydrolysis, however, can be one major drawback considering for drug conjugates. 

Secondly, liposomes can be used to deliver a combination of hydrophobic and hydrophilic 

drugs [28]. Our laboratory has previously developed lipid coated calcium phosphate cores 

and lipid coated cisplatin cores [6, 29]. A variety of therapeutics, such as siRNA, cisplatin, 

DNA, peptides and other chemo-drugs can be encapsulated and dispersed into nanocore with 

the outer leaflet of lipid on these NPs [30–32]. The same cores may also be precisely 

encapsulated into poly(lactic-co-glycolic acid) (PLGA) NPs [9, 33]. In addition to co-

delivery of drugs or genes in a same nano-carrier, delivery of drugs in separate particles 

targeting different stromal populations, or sequential/cascade delivery of a stroma-

modulating agent with a nano-chemotherapeutics has also been reviewed and summarized. 

By using one regimen to target the TME to inhibit angiogenesis, disrupt the extracellular 

matrix (ECM), normalize tumor-associated fibroblasts (TAFs), the penetration and 

distribution of simultaneously or sequentially delivered therapeutics can be significantly 

enhanced, leading to increased efficacy and greater therapeutic outcome. While the 

advantages are plentiful, the challenges and future directions of combination therapy are also 

discussed.

2. Rationales and significance of traditional combination therapy

Clinical cases and animal studies suggest that chemotherapy is most effective when multiple 

drugs are given in combination to achieve drug synergy [12, 24, 34]. The basic rationale for 

combinatory anti-tumor therapy is to simultaneously or sequentially deliver therapeutics that 

each utilizes unique molecular mechanisms [24]. This allows for decreased therapeutic doses 

while reducing the chance of multidrug resistance (MDR) and minimizing overlapping 

toxicity. The aforementioned advantages will be discussed in detail below:

2.1 Overcoming intrinsic or acquired multidrug resistance

2.1.1 Overcoming hindrance of efflux transporters—MDR is one of the major 

obstacles in the treatment of cancer. MDR refers to a state of resilience against functionally 

and structurally unrelated chemotherapeutic drugs, which can be intrinsic or acquired 

through exposure to chemotherapeutic agents [2, 35]. Many mechanisms are known to 

contribute to MDR, such as the presence of a multidrug efflux pump or efflux transporters. 

Drug efflux transporters are more prevalent in drug-resistant tumor cells, which actively 

pump chemotherapeutic drugs out of the cell [36]. Among them, P-glycoprotein (P-gp), 

encoded by the MDR1/ABCB1 gene in humans, is one of the most well characterized efflux 

ATP binding cassette (ABC) transporters that show broad substrate specificity [37, 38]. Its 

overexpression in cancer has been considered as one of the major hindrances in anticancer 

therapy. Pharmaceuticals that block or bypass the P-gp efflux are considered as P-gp 

inhibitors or P-gp modulators [39]. To this end, co-/concurrent treatment of chemotherapy 

with small-molecule P-gp inhibitors or siRNA against P-gp mRNA have become clinical 

Miao et al. Page 3

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



strategies to overcome MDR [40]. Recently, Hubensack et al. demonstrated increased levels 

of PTX accumulation in the brain of the nude mice when treated with elacridar or tariquidar 

(both are third-generation P-gp inhibitors) owing to the downregulation of P-gp expressed at 

the blood–brain barrier [41]. Other P-gp modulators, such as the first generation of P-gp 

inhibitor, verapamil [42], or the natural product extract, curcumin [43], can also inhibit P-gp 

pumps and sensitize cells to primary chemotherapeutic P-gp substrate, such as irinotecan 

[43], PTX [44], adriamycin [45, 46], and vinblastine[47]. In one such study, nano-delivery of 

curcumin was utilized to overcome P-gp mediated efflux of PTX in MDR ovarian cancer 

(SKOV3TR) [35, 48]. In another preclinical study, Meng et al. used a high throughput-

screening assay to identify P-gp siRNA as an optimal siRNA to overcome doxorubicin 

(DOX) resistance in the MCF-7/MDR cell line. Co-delivery of P-gp siRNA with DOX in a 

single multifunctional mesoporous silica nanoparticle (MSN) was used to overcome DOX 

resistance in an MDR human breast cancer xenograft [26, 49]. The concept of combining P-

gp inhibitors with chemotherapy has also been applied clinically. In a Phase I clinical trial, 

zosuquidar was co-delivered with daunorubicin and cytarabine to patients bearing acute 

myeloid leukemia. The combination therapy demonstrated enhanced anticancer activity [50].

Several other ABC transporters that are associated with MDR include multi-drug resistance 

protein 1 (MRP-1, ABCC1), breast cancer resistance protein (BCRP, ABCG2), the 

mitoxantrone resistance protein (MXR/BCRP, ABCG2) and ABCB4 (MDR3) [1, 35]. These 

efflux transport proteins alone, or in conjunction with several cell membrane pump proteins 

can also inhibit drug internalization and decrease intracellular drug concentrations. In 

addition to P-gp inhibitors, modulators of these efflux transporters have been administrated 

in combination with chemotherapy to reverse MDR. BCRP has been shown to acquire 

resistance to a series of anticancer agents such as 7-ethyl-10-hydroxycamptothecin (SN-38), 

topotecan, and mitoxantrone [1]. Yanase et al have indicated that gefitinib, a selective 

epidermal growth factor receptor tyrosine kinase inhibitor, sensitized human colon cancer 

HT-29 cells, which endogenously express BCRP, to SN-38 [51].

2.1.2 Modulating DNA repair systems—The acquired resistance of DNA alkylating 

agents (e.g. cisplatin) differs from other chemotherapy agents in that several cellular 

pathways are activated in response to their interaction with DNA. These pathways include 

those that modulate DNA repair mechanisms. DNA repair mechanisms consist of a complex 

network of proteins (e.g. ATM, ATR, Chk1/2, BRCA1 or p53) that able to identify DNA 

damage induced by the alkylating agent [35, 52], and also include enzymes that repair the 

damage using nucleotide excision repair (NER) and mismatch repair (MMR) [53, 54]. DNA 

repair mechanisms also include translesion DNA synthesis (TLS) by specialized DNA 

polymerases through repairing DNA damage [55]. The therapeutic agent is therefore unable 

to induce apoptosis in affected tumor cells. To this end, co-/concurrent delivery of agents 

that inhibit DNA repair with DNA alkylating agents (e.g. cisplatin) would be another 

promising combination strategy.

Indeed, overexpression of kinase-inactive ATR has been shown to increase sensitivity of 

cancer cells to cisplatin and ionizing radiation (IR) in tissue culture [56, 57]. Consistent with 

these data, ATR kinase inhibitors such as AZD6738 sensitized lung cancer to cisplatin and 

IR [58]. Another example regards the first-line treatment of bladder cancer: gemcitabine and 
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cisplatin [53]. Gemcitabine can potentiate the cytotoxicity of cisplatin and inhibit the repair 

of cisplatin-DNA damage by deregulation of ERCC1 and XPA, two major proteins in the 

NER system [53]. Therefore, the removal of platinum-DNA adducts can be inhibited [59]. A 

combination of gemcitabine monophosphate and cisplatin simultaneously in a single PLGA 

NP has demonstrated significant synergistic efficacy in treating aggressive bladder cancer 

xenografts [33]. Recent studies also showed that the suppression of gene products (e.g., 

REV1, REV3L) involved with the error-prone translesion DNA synthesis also sensitizes 

resistant tumors to chemotherapy and prevents drug resistance in relapsed tumors. For 

instance, the Rev1/Rev3L/Rev7-dependent error-prone TLS pathway has plays an important 

role in cisplatin-induced mutations. Suppression of error-prone TLS activity in mammalian 

cells by knocking down Rev1 or Rev3L has been shown to inhibit cisplatin-induced 

mutagenesis; thus relapsed tumors remain sensitive to subsequent treatment [55, 60].

2.1.3 Modulating other significant genes—Changes in survival/apoptotic pathways 

are another cause of multi-drug resistance [26]. Chemotherapy has been shown to induce 

overexpression of gene amplification or mutation of oncogenes (e.g. p53, Kras, c-Myc) [32, 

61–64], regulators of drug metabolism (e.g. pregnane X receptor, PXR) [65, 66], and anti-

apoptotic proteins (e.g. Bcl-2) [61, 67, 68], as well as inducing apoptosis by suppressing 

transcription factor nuclear factor kappa B (NF-κB) [69]. To this end, combination therapy 

involving a chemotherapeutic agent while inhibiting the aforementioned pathways can 

effectively treat tumor cells with acquired resistance [32, 62, 63, 67, 70–74].

2.2 Cancer stem cells and EMT

Cancer stem cells (CSCs) are distinguished from other cancer cells by hallmarks such as 

self–renewal, relative quiescence, low metabolic activity, resistance to drugs through 

protective apoptotic signaling pathways, active DNA-repair capacity and overexpression of 

several ABC drug efflux transporters [75]. There are two major scenarios that explain the 

origin of CSCs. The first happens by direct, malignant transformation of normal stem cells 

that accumulated in the oncogenic insults over time, an example being CD34+, CD38− 

leukemia initiating cells [76]. The second scenario involves dedifferentiation of terminally 

differentiated cells to a primitive stem cell-like state, similar to epithelial to mesenchymal 

transition (EMT). EMT not only increases the probability of metastasis, but also contributes 

to drug resistance. Tumor cells with mesenchymal features are more likely to achieve CSC 

features and multidrug resistant properties [77].

Many studies suggest that tumors are enriched with CSCs at the completion of primary 

therapy, and the remaining CSCs contribute to drug resistance and ultimately result in 

disease recurrence. Studies of EMT-related CSC suggest another strategy to overcome drug 

resistance. Sources of CSC origin could be decreased through inhibition of pathways 

involved in EMT transition, for example, rapamycin combined with other traditional chemo-

drugs can inhibit PI3K/PTEN/mTOR signaling and block activation of the TGF-β pathway 

and prevent CSC maintenance [77]. Aside from regulating the source of CSCs, another 

strategy may be to specifically target and kill existing CSCs based on antibody-directed 

recognition of unique molecular targets specific to CSCs. In this regard, several drug efflux 

transporters have been identified in CSCs, including P-gp, multidrug resistance-associated 
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proteins (MRP) and BCRP [43]. Along this approach, fumitremorgin C (FTC) has been used 

as an inhibitor of the ABCG2 transporter which has shown efficacy when combined with 

imatinib, which targets the leukemia stem cells [78]. Another strategy is to selectively target 

CSCs through high-throughput compound screening, such as using the antibiotic 

salinomycin and an HDAC inhibitor [77].

2.3 Synergistic effect of combinatory therapy

One of the prime benefits of combination therapies is the potential of providing synergistic 

effects. The term synergistic effect means that, the overall therapeutic benefits of the 

combinatory drugs were found to be greater than the sum of the effects of the drugs 

individually. These advantages have driven the efforts of drug discovery toward the search 

for combination therapies [24]. The optimal drug combination with maximal antitumor 

efficacy can be calculated using combinational drug effect/combination index (CI) 

isobologram analysis, an effective way to indicate that drugs are working synergistically [24, 

79]. The mechanism of synergistic effects following combinational drug treatment could be 

targeting multiple sites of several different pathways, leading to cumulative regulation of 

targeting activity and simultaneous enhancement of the positive effects or reduction of 

negative effects at comparatively lower doses [24]. Hence, in addition to combination of 

MDR modulators with chemotherapeutic reagents, synergistic effects can be observed 

between two chemotherapeutic agents targeting different pathways; for example a DNA 

damaging/intercalating agent in combined with an anti-mitotic microtubule stabilizing agent. 

An example illustrated here is the combination of DOX, the intercalating agent, and PTX, 

which is considered the first-line treatment of multiple malignancies in clinical trials [12]. In 

addition to DOX, cisplatin is often co/concurrently-delivered with PTX to achieve 

synergistic antitumor effect. Cisplatin is always combined with PTX in clinical and 

preclinical treatment of gynecological tumors, such as ovarian and cervical cancers [80]. 

Gemcitabine and PTX, also a combination of a DNA-damaging agent with a microtubule 

stabilizer, have shown synergistic effects in treating breast cancer xenografts when delivered 

in a single MSNP particle [81]. In addition, several investigations have reported that the 

combination treatment of PTX and combretastatin A4, two microtubule-associated 

inhibitors, displayed synergistic effects on tumor cells and tumor vasculature [80]. The 

antitumor effect of PTX could also be enhanced by tetrandrine, which increased the level of 

intracellular reactive oxygen species [82]. Recently, Chiang et al. elucidated the synergistic 

interaction of RAD001 (an mTOR inhibitor) with gemcitabine or PTX for anticancer 

treatment in a heterogeneous group of non-Hodgkin lymphoma (NHL) cell lines [83, 84].

Curcumin is another important component often used in combination with other 

chemotherapy drugs. Accordingly, the synergistic effects between curcumin and various 

anticancer agents have been previously explored. Curcumin has potential anticancer effects 

via multiple signaling pathways [85]. Increasing evidence demonstrates that curcumin 

reverses chemo-resistance and sensitizes cancer cells to chemotherapy in cancer cells [20]. 

The nanoformulation of curcumin is versatile. Free curcumin, polymeric, liposomal and 

other types of formulations of curcumin can be co/concurrently-delivered with 

chemotherapy, such as camptothecin (CPT) [86], etoposide [45, 87], platinum [88], PTX 

[48, 89] and DOX [90, 91] to induce synergy. One study utilized flaxseed oil nanoemulsion 

Miao et al. Page 6

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to effectively encapsulate PTX and curcumin to enhance the cytotoxicity against both wild-

type and resistant ovarian tumor cell line SKOV3[48]. Oral curcumin was able to enhance 

the oral bioavailability of etoposide due to the inhibition of the P-gp efflux pump [45]. A 

recent study also elucidated the synergy of platinum prodrug MPEG-b-P(LA-co-DHC/Pt) 

conjugates and curcumin [88].

2.4 Non-overlapping toxicity

Dose-dependent toxicity to other non-cancerous cells is among the largest hurdles 

encountered in cancer therapy. However, unlike single-agent therapy, synergistic 

combinations of two or more agents can overcome toxicity and other adverse effects 

associated with high doses of individual drugs by countering biological compensation and 

allowing reduced dosage of each compound [24]. Curcumin, a natural product with high 

biosafety, has again been chosen as a promising candidate. Sreekanth et al. co-administered 

curcumin or curcumin liposome with the cytotoxic anticancer drug PTX to reduce the dose-

limiting toxicity exerted by PTX upon systemic delivery. They demonstrated that 

combination therapy not only reduced the dose of PTX but also increased the anticancer 

cytotoxic activity compared with dosing PTX alone [89]. In addition to curcumin, other 

combinatory chemotherapies have also shown advantages of decreased toxicity. In another 

study, Dasanu et al. showed that the combination of two different drugs (i.e. carboplatin and 

gemcitabine) in a small group of patients with metastatic ovarian cancer resulted in 

significant antitumor activity with little hematological toxicity [92].

2.5 Current combination chemotherapy in clinical trials

As mentioned above, multiple mechanisms demonstrate the importance of combination 

chemotherapy, basically including non-overlapping toxicity, decreased resistance and 

increased tumor cell-killing efficacy. Therefore, combination chemotherapy has been applied 

widely in clinical trials for decades. Traditional anti-cancer drug combinations, as shown in 

some of examples described in earlier sections, could be classified into three groups: the 

anthracycline-based combinations, the methotrexate-based combinations, and paclitaxel 

(PTX)-based combinations [11, 12]. Anthracycline-based chemotherapeutics, including 

DOX, daunorubicin, epirubicin, idarubicin and valrubicin, are often combined with 5-

fluorouracyl (5-FU), gemcitabine and cyclophosphamide. 5-FU and gemcitabine functions 

as nucleoside analog that replaces the building blocks of nucleic acid during DNA 

replication, leading to the formation of “faulty” nucleoside, resulting in apoptosis, while 

cyclophosphamide acts as DNA alkylating agent to prevents the DNA replication by forming 

intrastrand and interstrand DNA crosslinking [93]. Methotrexate, an antimetabolite and 

antifolate drug, also plays vital roles when combined with 5-FU, gemcitabine and 

cyclophosphamide due to the capability of inhibiting the metabolism of folic acid [12]. 

PTX-based combinations are another commonly used traditional chemotherapy. PTX has 

been reported to be combined with cisplatin, DOX, combretastatin A4, gemcitabine and so 

on [12].
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3. Nanoformulation-mediated co-delivery of small-molecule chemotherapy

3.1 Rationale and advantages of nanoformulation-mediated co-delivery

An important factor that separates in vitro success of combination therapy from significant 

clinical benefit is the versatile pharmacokinetics of the combined regimens [12]. To achieve 

more effective combination therapy in the clinics, developing technologies for precise and 

controlled delivery of multiple drugs is of vital importance. Nevertheless, the effective 

administration and delivery of multiple drugs at an optimal dose ratio is complicated due to 

the dissimilar pharmacokinetics and biodistribution of drugs within the body. This is because 

that drugs often have different physical properties, and consequently disparate rates of 

metabolism. Nanoformulations can help avoid such limitations by carrying multiple 

therapeutic agents with different physico-chemical properties and pharmacological 

behaviors simultaneously in a single nanoparticle (NP). In particular, several current 

nanoformulations allow for the co-encapsulation of hydrophobic and hydrophilic drugs with 

adjustable ratiometric drug loading [33, 94]. NPs are able to maintain the optimized 

synergistic drug ratio in a single carrier from administration to the point of intracellular 

uptake within the target cancer cell. This ratio is difficult to maintain if separate carriers are 

used wherein each carrier encapsulates only a single drug. In addition to the design of 

ratiometric loading and delivery, NPs can also be designed for cascade, sequentially [95] or 

spatiotemporally controlled release [81, 94] and stimuli-responsive properties [80, 96–98] 

based on different therapeutic purposes.

The loading of drugs into the nano-carrier can be achieved via physical encapsulation, 

chemical conjugation, or a combination of both methods [12]. Partner drugs can also be 

covalently conjugated to the matrix or the carrier and subsequently attached on the surface 

of drug-loading nanoparticle to form the combinatory NPs. Additionally, electrostatic 

interactions can also be applied to assemble combination NPs utilizing ionic interactions to 

facilitate encapsulation of both drugs [35, 99]. Currently, this novel “two in one” approach is 

under preclinical and clinical investigation (Figure 1, Table 1) [99]. Liposomal formulations 

have been clinically utilized to simultaneously encapsulate multiple small-molecule drugs 

but the efficacy was limited by poor solubility, systemic toxicity and unsuitable 

pharmacokinetics. One example is the Phase III clinical trial regards CPX-351. CPX-351 is 

a liposomal NP developed to treat acute myeloid leukemia. CPX-351 simultaneously 

encapsulates daunorubicin and cytarabine in an optimized 5:1 molar ratio [99, 100]. Other 

combinations, such as CPX-1 (irinotecan/floxuridine), are also investigated in the 

preclinical/clinical studies [3, 99, 101].

3.2 Nanoparticle formulations utilized to co-deliver small-molecule chemotherapy

3.2.1 Polymeric nanoparticles and micelles—Poly (lactic-co-glycolic acid) (PLGA) 

is an FDA-approved biodegradable copolymer that can encapsulate hydrophobic drugs via 

hydrophobic interactions to form NPs with high efficiency [42]. Wang et al have loaded PTX 

and etoposide into PLGA NPs for enhanced cytotoxic effects [102]. However, pure PLGA 

polymeric particles suffer from low stability within the aqueous phase and have limited 

loading capacity. Amphiphilic copolymers, for example, PLGA-PEG, are able to self-

assemble into micellar NPs with a hydrophobic core and a hydrophilic corona, and with 
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increased solubility and stability [9]. The amphiphilic copolymers have also demonstrated 

better loading capacity for the encapsulated drugs. Mishra et al. have encapsulated PTX and 

rapamycin (RAPA) into PEG-b-PLA for synergistic antitumor therapy [103]. To increase the 

cellular uptake efficiency, chitosan was also used as a material for surface functionalization 

of NPs. The cationic chitosan functionalized NPs were able to load the hydrophobic plant 

alkaloid, CPT and the hydrophobic polyphenol curcumin with unified release profiles and 

enhanced synergy [86]. Microenvironment-simulative NPs were also designed for the co-

delivery of two hydrophobic drugs. To this end, PLGA NPs were further functionalized with 

pH sensitive moieties, such as a charge reversible pullan-based (CAPL) shell to facilitate the 

release of co-encapsulated PTX and combretastatin A4 [80]. Hydrogel based local delivery 

systems can also be designed to simultaneously delivery multiple moieties. Zhang et al have 

used mPEG-PCL doped gelatin hydrogels to co-deliver tetrandrine and PTX for synergistic 

antitumor efficacy [82]. Advances in polymer chemistry have facilitated the development of 

polymer-based combination therapy. Recently, Liao et al have used a convergent synthetic 

platform to precisely ratiometric load three chemo-drugs, including cisplatin, DOX and CPT. 

Based on the “brush-first” ring-opening metathesis polymerization (ROMP) method, 

nanoscopic brush-arm star polymers conjugated with DOX and CPT were developed, and 

further cross-linked with Pt(IV) diester derivative as a novel crosslinker [104].

3.2.2 Drug-drug interaction and polymer-drug conjugates—Carrier-free pure 

nanodrugs (PNDs) that are composed entirely of pharmaceutically active molecules are 

regarded as promising candidates for the next generation of drug combination formulations. 

The combinatory drugs are mainly formulated from supramolecular self-assembly of drug 

molecules [105]. For example, DOX has the characteristic structure of a surfactant with the 

unsaturated anthracycline rings acting as the hydrophobic part and the saturated end of the 

ring system as a hydrophilic part. Furthermore, DOX contains abundant hydroxyl groups 

adjacent to the amino sugar. HCPT molecules are also hydrophobic; therefore, Zhao et al 

have shown that DOX could potentially be used for solubilizing and nanosizing HCPT 

through hydrophobic-hydrophobic interaction. Indeed, the water-solubility of HCPT was 

improved 50-fold after co-assembly with DOX [105]. The intermolecular forces or 

hydrophobic interaction between combinatory drug moieties were not only observed in these 

carrier-free pure nanodrugs but also when loading simultaneously in one polymeric micelles 

or particles (formulations described in section 3.1) [9, 106]. These findings indicate that the 

interaction between two different drugs can allow enhanced loading of both therapeutics into 

a single NP.

Single or multiple drug-conjugated polymers exhibiting amphiphilic properties were also 

used to encapsulate small-molecule drugs for combination therapy based on the 

supramolecular interaction between drug-conjugated polymer carriers and the other drugs 

[90, 107–110]. For example, the platinum (IV) prodrug is conjugated to a PLA backbone via 

an ester bond to form the PLA-Pt(IV) conjugate [108, 109]. Docetaxel (Dtxl) was then 

encapsulated into PLA-Pt(IV) NPs due to the hydrophobic interaction between Pt(IV) 

prodrug and Dtxl. In addition, conjugation of hydrophilic drugs with hydrophobic polymeric 

or lipid chain enhances the hydrophobicity of the drugs, enabling the encapsulation of 

hydrophilic drugs into polymeric particles together with hydrophobic drugs, solving the 

Miao et al. Page 9

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



issue of ratiometric loading of drugs with different solubilities. To this end, Ma and the 

coworkers developed the core-matched nanoemulsions (NEs) functionalized by vitamin E 

(VE) and tocopherol poly(ethylene glycol)succinate (TPGS) to co-deliver hydrophobic PTX 

and hydrophilic 5-FU. The matching between VE and TPGS provides the basis of co-

loading. The core-matched NEs exhibited entrapment efficiency of >90% and advanced anti-

tumor efficacy against both PTX-sensitive and PTX-resistant human epidermal carcinoma 

[111]. Drugs can also be conjugated with peptide to form the peptide prodrug. The example 

regards the selective inhibitor of cancer stem cells (CSCs), Salinomycin (Sali) conjugated to 

immune-tolerant elastin-like polypeptides (iTEPs) through a pH-sensitive linker. The iTEP-

Sali-ABA conjugates were self-assembled into NPs, and simultaneously used to encapsulate 

PTX. These combinations not only inhibited tumor growth but also suppressed tumor 

metastasis [112]. Furthermore, multiple drugs can be separately or simultaneously 

covalently conjugated onto the same polymer to unify the physical property and facilitate co-

delivery. Cisplatin (IV) prodrug and paclitaxel were conjugated to the same biodegradable 

and amphiphilic block copolymer MPEG-b-P(LA-coMCC) respectively for combination 

therapy [106]. Usually, the releasing of drugs from the polymers would be one issue to 

tackle. This could be solved by linking polymer and drugs via environment-or enzyme-

sensitive linkers [113, 114].

Currently, more than fourteen polymer–drug conjugates have undergone clinical 

investigation and a polyglutamic acid (PGA)-paclitaxel conjugate (CT-2103, OPAXIO®, 

previously known as Xyotax®) is expected to be marketed in the future [115]. Clinical 

combination studies focus on combination of concurrent delivering polymer-drug conjugate 

separately with other small-molecule drugs. For example, a phase III study was carried out 

with advanced lung cancer testing the combination of PGA-paclitaxel with carboplatin 

[116]. To date, the co-delivery of drug-polymer conjugate with free drugs or drug-polymer 

in one single NP has not been explored clinically, despite the extensive exploration in 

preclinical studies.

3.2.3 Lipid nanoparticles—Liposomes are spherical vesicles consisting of amphiphilic 

phospholipid bilayers and an inner aqueous core, which are employed to load lipophilic and 

hydrophilic drugs. To co-deliver a hydrophobic drug and a hydrophilic small-molecule drug, 

Dai et al. loaded the antiangiogenic agent combretastatin A4 in the lipid bilayer and the 

anticancer drug DOX in the aqueous core of PEGylated liposomes [117]. In a separate study, 

vincristine (VCR) and topotecan (TPT) were co-loaded into a nanoliposome using the 

remote loading method (LipoViTo) [118]. Two hydrophilic drugs, cytarabine and 

Daunorubicin. HCl at a 5:1 molar ratio were also encapsulated into the aqueous space of 

bilayer liposomes [119].

Lipid and polymer can also be combined for the purpose of co-delivery. Recently, Li et al 

developed a layer-by-layer delivery system by using lipid-polymer hybrid to co-deliver two 

hydrophilic drugs Oxa and 5-FU and one hydrophobic drug CPT [120]. Within the hybrid 

NPs, 5-Fu was encapsulated into the hydrophilic core of the NPs, while CPT was loaded into 

the hydrophobic layer. In addition, Oxa was inserted in the interlayer of polymeric core and 

lipid bilayer [12].
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3.2.4 Other types of delivery systems—Many other NPs capable of delivering 

multiple drugs have been developed, such as gold nanoparticles (GNPs), iron oxide 

nanoparticles (IONPs) and mesoporous silica nanoparticles (MSNs) [121–124]. GNPs and 

IONPs can be readily modified with a layer of functional polymer and further used to 

conjugate small-molecule drugs or condense nucleic acid. For instance, Xiao et al have 

designed a gold (Au) nanorod-based carrier capable of co-delivering siRNA and DOX [125]. 

DOX was conjugated onto the surface of the nanorod; whereas, siRNA was electrostatically 

condensed with a cationic polymer that covalent linked to the nanorod. The advantages of 

using GNPs and IONPs as a combination vector are mostly attributed to their tunable size 

and shape. In addition, GNPs and IONPs also allow facile tracking and imaging of the 

systemic distribution of the combinatory regimens through X-ray computed tomography 

(CT) imaging and magnetic resonance imaging (MRI), respectively. However, the clinical 

translation of these two delivery systems are limited by their intrinsic instability and 

potential toxicity. Furthermore, the therapeutic agents are only encapsulated to the surface of 

the cargos with relatively low payloads [121–124]. Compared to GNPs and IONPs, drugs 

are loaded into the pores of MSNs or absorbed on the surface of MSNs [26]. Thus, drugs 

with various physicochemical properties can be loaded simultaneously to MSNs with high 

loading efficiency. Liu et al have reported the co-delivery of a hydrophobic small molecule 

and a hydrophilic peptide using MSNs [126].

4. Combination of siRNA/chemodrugs in a single carrier

4.1 Rationale and advantages of nanoformulation-mediated co-delivery

The combination of chemotherapy with RNAi is also a promising synergistic strategy for 

cancer treatment, mainly aiming to overcome the aforementioned tumor-specific MDR. 

Given the ability to target and silence nearly any gene of interest, specific siRNAs can be 

constructed to target genes encoding proteins involved in the MDR pathway (i.e., efflux 

transporters, DNA repair and apoptotic pathways) or oncogenes (c-Myc, Kras). Advantages 

of incorporating siRNA as compared to small-molecule drugs include (1) siRNA with 

known sequences can selectively seek out and degrade mRNA that is complementary to the 

antisense strand, allowing for specific and efficient knockdown of the genes of interest. (2) 

Meanwhile, siRNAs demonstrate lower toxicity compared to small-molecule drugs, which 

often have multiple off-target binding sites. (3) Although the functions of siRNA are 

versatile, the structure of all siRNAs is highly uniform and stable, as the similarity in siRNA 

structures enables formulations of different siRNA using similar methods, significantly 

easing manufacturing techniques.

While “naked”, chemically modified siRNA has shown efficacy in certain physiological 

settings such as the brain and the lung, an additional delivery system is still required to 

maintain the RNA stability, improve cellular uptake and facilitate transfection [40, 62]. 

Synthetic nanomaterials have demonstrated potentials as effective non-viral siRNA delivery 

carriers. These carriers can be further designed to facilitate co-delivery of siRNA with 

hydrophobic small-molecule drugs. Given the physical characteristics of siRNA, such as 

high molecular weight and negative charges, most materials designed to co-encapsulate 

siRNA with small-molecule drugs focus on utilizing electrostatic interactions. They are 
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basically amphiphilic materials involving hydrophilic, cationic moieties to bind siRNA and a 

hydrophilic pocket to load hydrophobic drugs. In addition, once entering the cytosol, siRNA 

should be incorporated into a protein complex called the RNA-induced silencing complex 

(RISC), to be cleaved and bind with target mRNA. Therefore, when designing an siRNA 

carrier, sufficient endosomal escape and cytosolic release, should be considered, and would 

be two prerequisites for efficient RNAi-mediated gene knockdown [143].

4.2 Nanoformulations utilized to co-deliver chemotherapy with siRNA

4.2.1 Polymeric nanoparticles—PLGA is an FDA approved carrier for small-molecule 

delivery. Yet, the lack of positive charges and slow drug release limit its application as a 

carrier for siRNA delivery. To facilitate co-delivery of siRNA with small-molecule drugs, an 

amphiphilic block copolymer composed of conventional monomethoxy (polyethylene 

glycol)-poly (D,L-lactide-co-glycolide)-poly (L-lysine) (mPEG-PLGA-b-PLL) was 

synthesized [144]. The functional side groups composed of PLL cationic polypeptide 

provide the ability to anchor siRNA through ionic interactions. mPEG-PLGA-b-PLL have 

been used to co-deliver adriamycin or DOX with Bcl-2 siRNA as a potential treatment 

strategy for lung cancer [70, 144]. Similarly, other cationic, amphiphilic copolymers have 

been synthesized to facilitate the loading of siRNA or DNA with other small-molecule 

drugs. Amphiphilic poly(ε-caprolactone)-graft-poly(2-(dimethylamino) ethyl methacrylate) 

(PCL-g-PDMAEMA) was able to load PTX and condense DNA/siRNA [145, 146]. It was 

found that the amphiphilic properties facilitate the cellular uptake of DNA and PCL-g-

PDMAEMA NPs/DNA polyplex to escape from the endosome. Other similar systems based 

on different cationic blocks (such as polyethyleneimine, polylysine and dendrimer) and 

hydrophobic copolymers were also synthesized for combination delivery of hydrophobic 

drugs and nucleic acids [147]. Further, Wang et al. developed a cationic core shell 

nanoparticle system using biodegradable amphiphilic copolymers for DNA/siRNA and PTX 

co-delivery [127]. The polymer namely, poly (N-methyldietheneamine sebacate)-co-

((cholesteryl oxocaronylamidoethyl) methyl bis(ethylene) ammonium bromide) sebacate 

formed self assembling core–shell NPs encapsulating the drug and gene payload. These 

core–shell NPs demonstrated superior tumor suppression both in the in vitro cell cultures 

and in vivo animal models [127]. Natural polymers such as dextran, chitosan, gelatin and 

hyaluronic acid have several advantages compared to synthetic polymers in terms of 

biological safety of the engineered nano-constructs. Along these lines, a novel lipid-

modified dextran-based self-assembling polymeric nanosystem was designed to encapsulate 

MDR-1 siRNA as well as anticancer drugs such as DOX [128,129].

4.2.2 Lipid and liposomal nanoparticles—Researchers from Minko’s group have also 

developed liposomal-based nano-carrier systems for the co-delivery of siRNA and DTX to 

treat MDR small cell lung cancer (SCLC)[130]. Series of lipid-like materials have been 

synthesized by Anderson’s lab using combinatory design [63, 141, 143]. These materials 

allow efficient delivery of siRNA systemically. Due to the liposomal structure of the 

particles, the lipidoid particles also have the potential to co-deliver siRNA with small-

molecule drugs for the purpose of chemotherapy sensitizing.
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4.2.3 Inorganic nanoparticles—Due to their unique structure and ease of surface 

functionalization, MSNs have also been applied for co-delivery of drugs with nucleic acid. 

Usually, cationic polyethylenimine (PEI) polymers were absorbed onto the surface of MSNs 

for condensation of DNA and siRNA. Meanwhile, the polymer attachment leaves the porous 

interior free for drug binding and delivery, thus establishing the rationale for simultaneous 

drug and nucleic acid delivery [26, 27]. Indeed, Meng et al have reported that MSN can be 

functionalized to effectively deliver the chemotherapeutic agent DOX together with anti-P-

gp siRNA to a drug-resistant cancer cell line (KB-V1 cells) to accomplish cell killing in an 

additive or synergistic fashion [49]

4.2.4 Drug/siRNA co-encapsulation considering the interaction—When 

designing drug/siRNA combinations, the interaction between small-molecule drugs and 

siRNA is of crucial importance (Figure 2). The mechanism of most DNA intercalating 

agents (e.g. cisplatin) functions through their non-reversible binding with nucleotides in the 

genomic DNA, interfering with cell division. Since siRNA also bears a nucleotide structure 

similar to that of DNA, unintended intercalation between the intercalating agent and 

therapeutic siRNA will diminish the efficacy of both. Recently, a polymeric NP platform 

composed of PLGA-PEG and formulated with a cationic, lipid-like structure, (G0-C14) was 

proposed for the co-encapsulation of siRNA with cisplatin [60]. Three major components 

define the structure of the novel platform: an aqueous inner core, a cationic and hydrophobic 

layer composed of PLGA and G0-C14, and a hydrophilic PEG corona. The G0-C14 

compound is synthesized with cationic head groups that can efficiently bind siRNA via 

electrostatic interactions and flexible hydrophobic tails for self-assembly with PLGA-PEG 

to form Pt(IV)-prodrug encapsulating NPs. No direct interaction exists between the siRNA 

and the Pt(IV)-prodrug. The prodrug was released before siRNA. By using this delivery 

system, it was demonstrated that a combination of the cisplatin prodrug with REV1/REV3L-

specific siRNAs, which suppress gene targets crucial to translesion synthesis (TLS) 

pathways, could synergistically result in tumor cell sensitization to cisplatin and tumor 

inhibition in a mouse model. The co-delivery of cisplatin and siRNA with minimal 

interactions was also achieved by our laboratory. We have developed lipid-coated calcium 

phosphate nanocores with efficient encapsulation of siRNA [30]. Separately, lipid-coated 

cisplatin nanocores were also formulated [9]. Inspired by the successful encapsulation of 

oleic acid-coated iron oxide NPs and quantum dots into PLGA NPs [148, 149], it was 

expected that these two lipid-coated, hydrophobic nanocores could be loaded simultaneously 

into PLGA NPs with minimal interaction between the two types of the cores. Thus, this 

formulation is expected to result in the minimal possible interaction between the 

encapsulated cisplatin and siRNA.

While interactions between cisplatin and siRNA result in diminished efficacy of both 

therapeutics, other drug/siRNA interactions prove beneficial to the encapsulation of both 

agents. Specifically, a DOX/siRNA liposome-polycation-DNA complex (LPD) reported this 

mutualistic relationship. Mechanistically, Chen et al. reported that DOX forms a physical 

complex with nucleic acids, further promoting incorporation into PEGylated liposomes to 

form LPD particles (Figure 3). The non-covalent intercalation between siRNA and DOX 
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furthered the co-encapsulation of both therapeutics. Additionally, therapy was augmented as 

well due to synergy between DOX and c-Myc siRNA [74, 150].

4.2.5 siRNA and drug as a carrier—Drugs with cationic properties can also be utilized 

as carriers to condense and deliver siRNA. For instance, our lab has recently developed 

polymerized metformin (PolyMet), which functions through a similar therapeutic 

mechanism to metformin. The cationic structure of PolyMet can also be utilized to deliver 

siRNA (e.g. VEGF and Bcl-2) [71]. Based on this, metformin has been further exploited to 

conjugate with hydrophobic lipid chains to form cationic lipid-like drugs, and thus co-

encapsulating siRNA or DNA for combinatory or synergistic purposes [135, 140] (Figure 4).

4.2.6 Co-delivery of siRNA with miRNA—In addition to combining with small-

molecule drugs, siRNA has also been applied together with microRNA (miRNA) to induce 

synergy. Two recent studies focused on restoring tumor suppressor genes and silencing of 

oncogenes. For example, lipidoid NPs 7C1 was formulated to encapsulate miR-34a and anti-

Kras siRNA in an equal molar ratio to treat lung adenocarcinoma since lung 

adenocarcinoma is often associated with mutations in Kras and p53 [63]. The targeted 

inhibition of Kras expression and the stimulation of p53 effector functions are attractive 

strategies for lung adenocarcinoma [63]. The direct targeting of Kras and p53 using small 

molecules are elusive, yet promising targets for small RNA-based therapy. The miR-34 

family of miRNAs are direct transcriptional targets of p53 and can stimulate the tumor 

suppressor pathway downstream of p53 [151]. Since most of the miRNA and siRNA have 

similar structures, the non-viral carrier forms complexes with miRNA/siRNA independent of 

nucleotide sequence, and thus the small RNA combination advances other therapy as a 

modular and flexible approach [61]. Another example is the combination of siEphA2, 

targeting the ovarian cancer oncogene siEphA2, with miR-520d-3p, as a tumor suppressor 

upstream of EphA2, using 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) 

liposomes. This combination showed synergistic antitumor efficiency and greater therapeutic 

efficacy than either of the mono-therapy alone [142]. Recently, a multiple siRNA/miRNA 

combination therapy has shown enhanced anti-cancer efficacy in the clinical trials [99, 152]. 

The combination of miRNA and siRNA technology is a significant step toward realizing the 

promising potential of small RNA therapies.

5. Lipid-coated, drug-loaded calcium phosphate nanoparticles for multi-

purpose combinatory delivery

The lipid-coated calcium phosphate NP (LCP) platform developed by our lab is a platform 

with the capability to deliver disparate modalities with high efficiency and efficacy. The 

versatility and broad applicability of this platform lends itself well to act as an ideal carrier 

for multi-purpose combinatory applications. The LCP formulations can be applied in mono- 

or co- delivery cases of macromolecules (e.g. DNA, siRNA, peptide), or small-molecule 

drugs (gemcitabine, cisplatin). The nanocores developed during the first step of LCP 

synthesis could be incorporated into PLGA NPs for further combination with hydrophobic 

drugs, providing a broader platform for combination therapy.
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5.1 Development of lipid-coated calcium phosphate nanoparticle platform

During the last two decades, calcium phosphate (CaP) has been widely used as a non-viral 

method for in vitro transfection of a wide variety of mammalian due to its biocompatibility, 

low cost, and easy preparation. CaP forms a complex with the nucleic acid backbone and 

imparts a stabilizing function to certain DNA structures. The complex can then be 

internalized into cells. However, the CaP/DNA complex suffers from instability due to the 

uncontrollable precipitation process, resulting in aggregation and rapid clearance from the 

blood by the reticuloendothelial system (RES) system.

We developed a nanoparticulate CaP/siRNA delivery system using a microemulsion system 

with controlled size and improved stability for use in vitro and in vivo [153]. Calcium 

chloride/siRNA and NaHPO4 were separately dispersed into a reverse water-in-oil 

microemulsion. After mixing two microemulsions, sodium citrate was added dropwise to the 

micro-emulsion. Sodium citrate will adsorb onto the surface of CaP/siRNA NPs and enable 

the NPs negatively charged for further modification and preventing aggregation during 

purification. CaP/siRNA NPs was further purified using silica column chromatography. For 

intravenous administration, CaP/siRNA NPs were then coated with a dense layer of lipid and 

PEG. After being taken up by the cell, the CaP composite is dissolved in the acidic 

environment of the endosome and the encapsulated nucleic acid is released into the 

cytoplasm. This was the LCP-I formulation [154].

Since CaP cores in LCP-I are highly polar and require an un-scalable column method for 

purification, dioleoylphosphatydic acid (DOPA), an amphiphilic anionic lipid with strong 

binding affinity to calcium is further adapted to stabilize CaP NPs in microemulsion [155]. 

DOPA coating enables CaP NPs to disperse after centrifugation and dissolve in CHCl3. 

DOPA coated CaP NPs (nanocore) are quite homogeneous and approximately 15 nm in size. 

A hydrophobic layer of DOPA not only furthers surface-functionalized with amphiphilic 

lipids to ensure successful evasion of RES and efficient tumor targeting, but also allows 

versatile coating and surface modification for a variety of purposes, in a manner similar to 

oleic acid coated inorganic nanoparticles [148]. To further disperse the hydrophobic DOPA-

coated CaP NPs into aqueous solution, additional lipids composed of DOTAP, cholesterol, 

DSPE-mPEG and DSPE-PEG-AA were used. These lipids self-assembled in water into the 

outer leaflet of the bilayer through a hydrophobic interaction with DOPA-coated CaP NPs to 

form LCP-II NPs, while the DOPA layer served as the inner leaflet of the asymmetric 

bilayer coating the CaP core (Figure 5).

5.2 Delivery of macromolecular drug

5.2.1 Delivery of nucleic acid (siRNA and DNA)—LCP NPs were designed and 

synthesized for the delivery of siRNA from the beginning. LCP-I NPs encapsulated siRNA 

was found to dissolve followed by rapid release of payload in the endosomes as detected by 

the concentration of calcium released into the cytoplasm via Fura-2 AM assay [153]. LCP-I 

NPs loaded with anti-luciferase siRNA and modified with targeting ligand showed increased 

silencing efficiency compared to LPD formulations and non-targeted LCP-I NPs in vitro. In 
vivo, silencing efficiency was further confirmed in an H460-luc subcutaneous xenograft 

tumor model. An LCP-II delivery system with DOPA as a CaP stabilizer was developed as 
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mentioned above [155]. Compared to LPD formulations loaded with anti-luc siRNA, LCP-II 

modified with the anisamide ligand showed significantly improved silencing efficiency.

To test the anticancer effects, LCP-II was evaluated in a subcutaneous, non-small cell lung 

cancer (NSCLC) model and a lung metastasis model [155, 156]. In the NSCLC model, LCP 

exhibited a 9-fold higher siRNA silencing efficiency compared to non-targeted LCP in vitro. 

To maximize anti-cancer effects, a combination of three siRNAs targeting HDM2, c-Myc 

and VEGF oncogenes was co-encapsulated into LCP-II NPs. LCP-II NPs efficiently silenced 

the target genes, significantly inhibiting tumor cell growth in A549 tumors. In the metastasis 

model, anti-luciferase siRNA formulated in LCP-II NP significantly decreased luciferase 

activity in metastatic B16F10 tumor-loaded lungs.

We also attempted to deliver plasmid DNA (pDNA) to hepatocytes using LCP-II NPs [31]. 

To enhance delivery of pDNA into hepatocytes and prolong circulation of NPs in blood, a 

dense layer of polyethylene glycol tethered to galactose was coated onto LCP-II NPs. It is 

demonstrated that 111In-labeled LCP distributed rapidly and primarily to liver. CaP itself is 

not very efficient in transfecting cells due to low efficiency of pDNA transport into the 

nucleus. To overcome this barrier, we included CaP cores, cysteine-flanked octaarginine 

peptides (Cys-(Arg)8-Cys, CR8C) which efficiently condensed pDNA. Inclusion of such 

peptides in LCP was sufficient to promote a high degree of nuclear translocation of pDNA. 

Notably, our results present a step toward the outperformance of hydrodynamic injection.

5.2.2 Co-delivery of phosphorylated peptide and ODN—Tyrosinase-related protein 

2 (Trp2) has been identified as a melanoma-associated antigen that is also expressed by 

normal melanocytes. To break immune tolerance and improve the efficiency of a Trp2 

peptide vaccine, our strategy is to co-deliver the antigen along with CpG ODN as a potent 

adjuvant [157]. To efficiently encapsulate the Trp2 peptide, we have introduced two 

phosphate groups into serine residues at the N-terminus. The encapsulation efficiency of the 

p-Trp2 peptide was ~50% and the efficiency of CpG ODN encapsulation was about 40%. 

Vaccination with LCP-II encapsulating p-Trp2 and CpG exhibited superior inhibition of 

tumor growth in both B16F10 subcutaneous and lung metastasis models [158].

5.2.3 Delivery of small-molecule drugs—To load small-molecule drugs using LCP-II 

NP, phosphorylation modification is a prerequisite for successful loading. Gemcitabine is a 

nucleoside analog prodrug and undergoes sequential phosphorylation to gemcitabine 

triphosphate (GTP) within cells and inhibits DNA synthesis. Taking advantage of this 

mechanism, gemcitabine was phosphorylated to GTP and encapsulated into LCP-II NPs 

with 25% efficiency [32]. Therapeutic studies showed that GTP-loaded LCPs triggered 

effective apoptosis of tumor cells and significant reduction of tumor cell proliferation, 

leading to dramatic inhibition of tumor growth with little toxicity. Similarly, another 

nucleoside analog, acyclovir, with phosphorylation modification has been successfully 

encapsulated into LCP-II NPs [159]. Remarkably, this anti-herpes simplex virus (HSV) 

drug, when loaded into LCP-II NPs, showed significant anticancer effect on H460 xenograft 

tumors.
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5.2.4 Co-delivery of a small-molecule drug and a macromolecular drug—
Gemcitabine monophosphate (GMP) and anti-c-Myc siRNA were co-encapsulated into 

single LCP-II NPs to treat aggressive non-small-cell lung cancer (NSCLC) [32, 160]. Anti-

c-Myc siRNA and GMP were encapsulated with 55% and 75% efficiency, respectively. The 

combination did not alter the encapsulation efficiency of either drug. In subcutaneous and 

orthotopic lung cancer models, (anti-c-Myc siRNA+GMP) loaded LCP NPs showed superior 

tumor inhibition to GMP-LCP, c-Myc-LCP-AA and their mixture. Similarly, anti-VEGF 

siRNA was co-encapsulated into LCP NPs with GMP to treat NSCLC and exhibited anti-

angiogenesis effects by decreasing the density of tumor microvessels (MVD) and showed 

potent anti-cancer effects on subcutaneous and orthotopic lung cancer models. These studies 

demonstrate the importance of formulating synergistic drug combinations into a single 

carrier, and LCPs show a great potential in this regard.

5.2.5 Lipid-coated platinum drug nanoparticle—Cisplatin is an inorganic compound 

widely used as first-line chemotherapy in the clinic. Poor aqueous solubility and insolubility 

in organic solvents complicate the development of nanoparticulate formulations to overcome 

these issues. Inspired by the synthesis of LCP-II NP and taking advantage of the poor 

aqueous solubility of cisplatin, lipid-coated cisplatin nanoparticles (LPC NP) were 

developed [161, 162]. Different from LCP-II NPs, the core of LPC NP is composed of pure 

cisplatin, synthesized by reacting a cisplatin precursor with potassium chloride in a 

microemulsion. Similar to the calcium ion, the platinum cation has a strong binding affinity 

for the phosphate groups of the lipid, DOPA. Therefore, DOPA is used to stabilize cisplatin 

cores during synthesis and purification. Drug loading of LPC NPs is 82 wt%. Hydrophobic 

DOPA-coated CDDP cores with a size of 12 nm were further coated with outer leaflet lipids 

to form LPC NPs. LPC NPs exhibited significant antitumor therapeutic activity without 

inducing nephrotoxicity. The flexibility of LPC NPs may allow for encapsulation of other 

insoluble drugs, such as etoposide[163].

5.3 Combination of diagnostic nanoparticles and drugs in PLGA NPs

Oleic acid-coated iron oxide nanoparticles (IONPs) and quantum dots (QDs) have been 

successfully loaded into PLGA NPs along with hydrophobic drugs for theranostic 

application [148, 164]. For example, Préat et al. co-encapsulated PTX and IONPs into 

PLGA NPs, which inhibited the growth of CT26 tumors [165]. In our lab, we have 

synthesized a series of DOPA coated drugs containing CaP cores and DOPA-coated CDDP 

cores (nanocores) [32, 155, 161]. Drugs encapsulated into CaP cores include siRNA, DNA, 

ODN, GTP, GMP and peptide. Inspired by the successful encapsulation of INOPs in PLGA 

NPs, we have showed that cisplatin nanocores and gemcitabine nanocores, or hydrophobic 

drugs (e.g. rapamycin) could be efficiently encapsulated into PLGA NPs with high 

efficiency[9, 33]. This provides an approach to load drugs with controlled ratio and another 

strategy to co-deliver hydrophilic drugs with hydrophobic drugs.
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6. Tumor microenvironment and sequential/cascade or separate anti-cancer 

therapy

6.1 Rationale and significance of targeting tumor microenvironment for combination 
therapy

The aforementioned traditional combination therapy (either small-molecule, or NP-based 

combination) mainly focuses on overcoming unicellular drug resistance, with limited cases 

solving the issues related with de novo drug resistance. However, recent studies have 

demonstrated that specific niches within the TME may provide a sanctuary for 

subpopulations of tumor cells, leading to a survival advantage following initial drug 

exposure and facilitating the acquisition of both innate and acquired drug resistance (Figure 

6) [16, 18, 166]. TME refers to non-malignant stroma cells that co-exist with the neoplastic 

epithelial cells, a diverse milieu of cytokines, growth factors, hormones and components of 

the ECM [18, 167]. The TME-induced drug resistance can be attributed to multiple reasons. 

Firstly, limited and compressed vasculatures impair blood supply, resulting in diffusion-

limited hypoxia and low interstitial pH within the tumor region, which further aids the 

progression and metastasis of remaining cells by inducing genetic instability, angiogenesis, 

inflammation, autophagy and altered metabolism [168–171]. Secondly, soluble factors 

within the TME, such as TGF-β, nitric oxide (NO), vascular endothelial growth factor 

(VEGF), etc, negatively regulate drug response [18]. In addition, the interaction among 

tumor, stroma cells and the ECM contribute to both the innate and acquired drug resistance. 

For example, the host environment provides a chemo-protective niche through cell adhesion 

to the ECM, which is known as cell adhesion mediated drug resistance (CAM-DR) [172, 

173]. This process is usually mediated though ECM-derived adhesive signals such as the 

integrin family to modulating the apoptosis and proliferating of tumor cells [174–176]. 

Furthermore, crosstalk between tumor cells and stroma cells, especially tumor-associated 

fibroblasts (TAFs) can induce acquired or innate resistance of tumor cells through paracrine 

secretion of survival factors such as CXCL12[177], Wnt16[178], HGF[171], FAK[179], and 

so on.

In addition to initiating multidrug resistance and supporting the tumorigenic process, a 

permissive microenvironment also acts as a physical barrier that limits the penetration of 

therapeutic agents, thus inhibiting anti-cancer efficacy [172]. While the perfusion of 

irregular and compressed tumor vasculature affects the vascular transport and trans-vascular 

delivery of drugs and therapeutic NPs, the organization and composition of the stroma cells 

and the ECM limits interstitial penetration of the extravasated drug or NPs [172]. The high 

IFP and increased solid stress further inhibits successful NP extravasation. Consequently, the 

limited NP perfusion within tumor compromises the therapeutic efficacy of the nanocarriers, 

leading to the ultimate failure of the treatment. Furthermore, non-specifically delivering 

chemotherapy to non-tumor stroma cells underlines the potential of inducing 

chemotherapeutic resistance due to their disparate response towards treatment [180].

Therefore, the complicated TME suggests that NP-based co-delivery of multiple agents for 

tumor cell-specific targeting and killing is not sufficient to overcome microenvironment 

barriers. Combination therapy with one regimen targeting the TME-associated drug 
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resistance and another regimen targeting the tumor holds higher promise to synergistically 

improve the therapeutic outcome of cancer treatment. To this end, the TME modulating 

agent can be a small-molecule agent with low systemic toxicity and greater intratumoral 

permission, or therapeutic NPs/monoclonal antibodies specifically targeting a particular 

subpopulation of stroma cells. To improve the efficiency of combination therapy, the pair of 

combinatory agents is often loaded in separate carriers with disparate properties and targets. 

Cascade or sequential delivery is also performed with the first administration designed to 

modulate or prime the TME for higher perfusion and lower resistance before administration 

of the second-wave to achieve more efficient cancer-specific killing [22].

6.2 Targeting blood vessels/endothelia and cascade/sequential/separate nanoparticle 
therapy

Vascular and trans-vascular transport are the initial steps for intratumoral delivery of small- 

molecule drugs or NPs. Unlike normal vessels, which are orderly, tumor vessels are tortuous 

and chaotic in their organization [19]. Blood perfusion in tumors is significantly lower than 

surrounding normal tissue due to the compression. The impaired and heterogeneous 

perfusion not only limits oxygen supply, resulting in a hypoxic TME, but also lowers the 

perfusion of systemic drugs and the infiltration of effector immune cells [173]. Therefore, 

modifying vessel diameter or permeability would be efficient strategy to achieve optimal 

drug perfusion, and is considered as a promising combination strategy. Stylianopoulos et al. 

summarized that in tumors with hypopermeable and compressed vessels (e.g., desmoplastic 

pancreatic ductal adenocarcinomas), solid stress alleviation is more beneficial (discussed 

later in the review) to achieve better NP penetration; whereas, vascular normalization is 

more effective for tumors with hyperpermeable but largely uncompressed vessels (e.g., 

glioblastomas) [181]. Proangiogenic molecules, including VEGF, fibroblast growth factor 

(FGF) and PDGF are often overexpressed in tumors and favor angiogenesis [172, 173]. In 

the meantime, the angiogenetic process is counterbalanced by antiangiogenic molecules, 

such as thrombospondins [182]. However, during cancer progression, this balance is tipped 

in favor of new vessel formation, but the resulting vessels are highly abnormal. Jain et al. 

proposed that through mopping up excess VEGF using mAb or blocking VEGF signaling, 

they could restore this balance [19]. For example, bevacizumab (Avastin), the first approved 

anti-angiogenic mAb, and its derivative, ranibizumab have been used in the treatment of 

metastatic colorectal cancer. VEGF receptor blocking antibody DC101 was also applied to 

prune immature vessels and resize the remaining vessels, leading to a normalized 

vasculature. We further hypothesized, that the normalized blood vessels with better function 

would enhance both the delivery and effectiveness of concurrent therapies, which was also 

supported by Jain’s preclinical and clinical study [21, 183]. For example, bevacizumab 

increased survival when used in conjunction with chemotherapy or immunotherapy for 

clinically metastatic lung, colorectal and kidney cancers [20, 184–187]. Furthermore, siRNA 

against VEGF has been loaded with chemotherapy (e.g. gemcitabine, PTX) simultaneously 

in one NPs for combinatory angiogenesis effect and antitumor efficacy. This co-delivery is 

reasonable to an extent that both tumor endothelial cells (TECs) and epithelial malignant 

tumor cells overexpressing VEGF could respond to the combinatory treatment 

simultaneously. However, recent study suggests that delivery of a chemotherapeutic agent 

within the blood vessel normalization window would be more beneficial for anticancer 
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treatment, providing the rationale for sequential or separate delivery of blood vessel 

remodeling agent together with chemotherapeutic NPs [19]. Normalization windows were 

analyzed to achieve the optimal combinatory effect [19].

During angiogenesis, the cytoskeletons of newly formed tumor vasculature are composed of 

microtubules. It has been hypothesized that when microtubule polymerization is inhibited by 

combretastatin A4 phosphate (CA4P), a microtubule inhibitor, the flat structure of TECs is 

compromised, causing them to occlude the lumen of the blood vessel [9]. Destruction of 

blood vessel integrity has been shown to cause hemorrhage and subsequent necrosis of the 

surrounding region. Recently, we have found that intratumoral hemorrhage induced by 

CA4P allows for an increased accumulation of NPs throughout the tumor, suggesting 

another potential of combination therapy by inducing vascular hemorrhage. Satterlee et al. 

observed that NPs dosed 3 h after CA4P treatment allows increased amount of particles 

penetrating into the tumor region due the initiation of vascular hemorrhage. In consistent 

with the hypothesis, sequential delivery of CA4P with 177Lutetium (177Lu)-loaded Lipid-

Calcium-Phosphate NPs (177Lu-LCP NPs) synergistically inhibited the progression of 

desmoplastic bladder cancer xenografts [188]. Based on the similar rationale, Sengupta et al 

have proposed a nanoshell drug delivery system for the sequential release of combretastatin 

A4 and anticancer drug DOX. The release of combretastatin A4 from the pegylated-lipid 

outer shell induced vascular hemorrhage, which facilitated the delivery and trapping of the 

cores containing DOX within the tumor [189].

TECs are therapeutic targets for both anti-angiogenic and vascular hemorrhage therapy. 

Under most circumstances, they also are one of the first stromal cells within TME that 

encounter systemic delivered therapeutic drugs and NPs. Akiyama et al. demonstrated that 

PTX treatment of TECs induced up-regulation of MDR1 in neighbored malignant cells, 

suggesting the role of TECs in contributing to MDR after a chemotherapy induced 

phenotypic shift. To this end, a combination of VEGFR kinase inhibitor, Ki8751, or a 

phosphatidylinositol 3-kinase–Akt inhibitor, LY294002 with PTX was utilized to block the 

MDR-related interaction between TECs and tumor cells, synthetizing tumor cells to PTX 

treatment [190].

Collectively, for the purpose of improving the penetration and efficacy of a sequentially 

delivered therapeutic drug or NPs, tumor blood vessels or TECs could be normalized using 

normalization agents, e.g. VEGFR inhibitors, or destroyed entirely using the small-molecule 

drugs such as CA4P and combretastatin A4. The normalization and destruction windows 

should be carefully monitored to achieve an optimal microenvironment for the additional 

agent. During the chemotherapy-mediated treatment, the effect of chemotherapy to TECs 

should also be evaluated in case of generating TECs-mediated acquired MDR.

6.3 Degradation of ECM proteins enhances nanoparticle and drug delivery

Biological and physical interactions exist between the ECM and cells. With the gradual 

secretion of ECM proteins, the physical tension between the cell and the ECM is increased. 

On one hand, increases in matrix stiffness are likely to induce transformation of mammary 

epithelial cells [17]. Epithelial cells sense force through mechanoreceptors and respond by 

clustering integrins, activating the Rho/Rock-dependent mechanical tension in their actin 
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cytoskeleton and furthering adhesions to ECM. These changes further drive the nuclear 

translocation of β-catenin, perturbing tissue polarity and ultimately lead to enhanced 

progression [175, 191]. The increased stiffness has also been implicated in the modulation of 

chemotherapeutic resistance [176]. Therefore, a decrease in tissue stiffness, such as utilizing 

selective ROCK inhibitor Y27632, or the inhibition of collagen crosslinking can 

synergistically prevent malignant growth when combining with chemotherapeutics [174, 

191].

Furthermore, the matrix stiffness also contributes to solid stress within the tumor mass, 

compressing the intratumoral vessels, producing hypoxia and limiting blood perfusion. 

Likewise, it also increases IFP, impairing the delivery of drug and NPs. As mentioned in the 

previous section, in hypo-vascular tumor with compressed blood vessels, degradation of the 

ECM is an optimal strategy to improve the perfusion of NPs. Since collagen is the major 

component of the ECM, cascade/sequential or concurrent delivery of collagenase alongside 

nano-therapeutics have been reported to enhance the intratumoral transport of NPs. For 

example, local intratumoral injection of bacterial collagenase with HSV vector enhanced the 

intratumoral distribution of the HSV vector in a melanoma xenograft [192]. In another case, 

intravenous injection of collagenase-I led to the enhanced gene expression of lipoplex in 

xenograft tumors, further demonstrating the synergy between collagen degradation and 

improved NP penetration [193]. However, systemic injection of collagenase suffers from fast 

clearance and immune-toxicity. Hormone relaxin was utilized as a substitute of bacterial 

collagenase for in vivo application due to the better safety and longer systemic circulation 

[172, 173]. Enhanced diffusion was observed by using hormone relaxin [194], due to the 

stimulation of collagenase synthesis and inhibition of collagen production [195, 196].

Similar to collagen, hyaluronan (HA) is also a key matrix element that induces vascular 

destruction [197]. In pancreatic ductal carcinoma (PDA), where HA constitutes 70% of the 

ECM, degradation of HA sensitizes tumors to chemotherapy [198]. In a genetically 

engineered mouse model of PDA, a PEGylated recombinant human PH20 hyaluronidase 

(PEG-PH20), significantly improved the vascular perfusion of small-molecule drugs, such as 

DOX and gemcitabine [198]. In another case, the perfusion of DOX was improved by almost 

4-fold when hyaluronidase was applied in a human osteosarcoma xenograft [172, 173, 199]. 

Therefore, degradation of HA is another promising combination strategy to sensitize the 

therapeutic efficacy of both small-molecule drugs and therapeutic NPs [198].

6.4 Targeting perivascular fibroblasts and adipocytes to improve the cascade/sequential/
separate nanoparticle therapy

Pericytes are a major constituent of non-tumor stroma cells covered microvessels. For 

hyperpermeable tumors with uncompressed vessels and low pericyte-coverage (e.g. 

melanoma, colon cancer and ovarian cancer), NP extravasation can be enhanced via 

decreasing the nonfunctional vessels while increasing the pericyte coverage of the functional 

vessels. VEGF-A is a negative regulator of pericyte function and vessel maturation. As 

expected, Kano et al showed that Sorafenib, a VEGF-A inhibitor, increased the extravasation 

of 2MDa dextran in a CT26 colon cancer model. The combination therapy also effectively 

enhanced the penetration and therapeutic efficacy of Doxil. For desmoplastic tumors with 
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extensively high coverage of pericytes (pancreatic, diffuse-type gastric cancer), low-dose 

TGF-β inhibitor inhibits pericyte proliferation, and thus improves the efficacy of Doxil. In 

another case, Meng et al. has used a two-wave therapy to treat BXPC3 pancreatic cancer. 

They showed that the first wave using TGF-β inhibitor LY364947 loaded MSN reduced the 

pericyte-coverage of blood vessels. And then, the second wave therapy with gemcitabine 

loaded MSN exhibited significant anticancer efficacy as compared to either facet of mono-

therapy [22].

Fibroblasts are another group of peri-vascular cells, especially in stroma-vessel desmoplastic 

tumors where blood vessels are embedded in the stroma area aligning the fibroblasts [200]. 

Due to the anatomical architecture and localization of fibroblasts in the stroma-vessel 

tumors, we demonstrated that fibroblasts are the major cell population that trap NPs that are 

extravasated from blood vessels [200]. This labels the fibroblast as a major binding site 

barrier for NP delivery. In addition, direct or paracrine interaction between TAFs and tumor 

cells also enhance cancer cell proliferation, invasion, and contribute to immune suppression 

and innate resistance to chemotherapy [201]. Therefore, direct elimination of fibroblasts was 

hypothesized to block the tumor-TAF interaction and increase the interstitial transport of 

NPs. In this light, the delivery of lipid coated cisplatin NP and docetaxel conjugates to 

fibroblast through the binding site barrier effected great therapeutic outcomes in the 

treatment of desmoplastic bladder and breast cancer xenografts through depletion of 

fibroblasts [202, 203]. Since TAFs are overexpressing the fibroblast activation protein (FAP) 

on the surface, the depleting of fibroblasts could also be achieved using FAP substrate 

conjugated drugs and FAP antibody conjugated immuno-liposomes [204, 205]. In a recent 

study, DNA vaccines targeting FAP are also developed to deplete TAFs [206].

However, recent investigations into desmoplastic cancers showed that depletion of 

fibroblasts led to tumor progression, indicating a paradoxical effect of TAF depletion [172, 

173, 207]. Depletion of fibroblasts runs the risk of eliminating key stromal components that 

secreted from TAFs and required for tissue homeostasis, and thus facilitating the outgrowth 

of tumor cells [172, 173]. Meanwhile, chronic exposure of fibroblasts to chemotherapy leads 

to acquired resistance, affecting the survival of neighboring tumor cells. A recent study by 

Girotti et al. supported this hypothesis [208]. Intravital imaging of BRAF-mutant melanoma 

cells containing an ERK/MAPK biosensor revealed the paradoxical activation of melanoma-

associated fibroblasts by a BRAF inhibitor, PLX4720. Their study suggested that PLX4720 

promoted matrix production and fibroblasts remodeling, leading to elevated integrin 

β1/FAK/Src signaling in melanoma cells owing to the crosstalk between melanoma and 

stroma cells. To this end, they proposed a combination of PLX4720 with either integrin β1 

or FAK depletion, to prevent ERK/MAPK re-activation, synergistically inducing efficient 

cell death [179, 208, 209]. Furthermore, the off-target distribution of DNA damaging agents 

to TAFs may facilitate paracrine secretion of survival factors such as Wnt16, eliciting drug 

resistance in neighboring cells [178, 210]. Consistent with this observation, we showed that 

a combination of siRNA against Wnt16 NPs with cisplatin NPs sensitized desmoplastic 

bladder cancer to cisplatin NPs treatment [210]. In addition, the novel concept of 

reprograming of TAFs to the quiescent state has become another promising strategy to 

improve the second-wave NP delivery [211, 212]. Recent studies by Diop-Frimpong et al. 

have utilized an angiotensin receptor inhibitor, Losartan, to block TGF-β and decrease the 
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synthesis of collagen I, and thus normalizing the TAFs to quiescent stage while improving 

the intratumoral delivery of small-molecule drugs and NPs [213]. The success of this 

formulation has led to a phase II clinical trial of Losartan together with FOLFIRINOX in 

patients [214, 215]. Another approach for fibroblast reprogramming is to target the Vitamin 

D Receptor (VDR). Sherman et al. demonstrated that the VDR ligand acts as a 

transcriptional regulator of fibroblasts to revert the stroma to quiescent state, reducing the 

ECM content and increasing vascular perfusion [211]. We have also combined the method of 

reprogramming TAFs with the engineering of TAFs. Recently, the binding site barrier effect 

of fibroblasts was used to deliver plasmids encoding secretable TNF-related apoptosis-

inducing ligand (TRAIL) to fibroblasts [216]. The anisamide targeted NP showed enhanced 

accumulation in fibroblasts due to overexpression of the sigma receptor. To this end, 

fibroblasts can be engineered to act as a reservoir for protein production. The TRAIL protein 

secreted from fibroblasts efficiently diminished neighboring tumor cells. Interestingly, the 

apoptotic tumor cells reciprocally reprogrammed TAFs to normal fibroblasts, further 

facilitating the delivery of second wave chemotherapy. On the basis of engineering 

fibroblasts for protein generation, future studies should focus on modifying fibroblasts to 

macrophage like cells, providing us hope for in situ engineering using NP delivered agents 

to convert fibroblasts into natural killers [217].

6.5 Combining nanoparticle-based cancer vaccines with TME modulating agents

6.5.1 Rationales and significance of combination therapy—The immune system 

plays a critical role in fighting against tumors. Cancer immunotherapy can be developed 

with more effective and safer engineering strategies using approaches based on NPs. 

Vaccines are one of the major strategies in cancer immunotherapy. Cancer vaccines stimulate 

cytotoxic T cells to kill malignancies overexpressing cancer-associated or related antigens 

while establishing immunologic memory of the antigens. The use of NPs in vaccine 

formulations allows not only improved antigen stability and immunogenicity, but also 

targeted delivery and slow release [218]. In addition to abnormal blood vessels and stroma 

cells, there are a variety of innate and adaptive immune cells within TME that constitute a 

vaccine suppressive microenvironment [17, 219]. Major immune-suppressive cells include 

regulatory T cells (Treg) and myeloid suppressor cells (MDSC) [29]. These cells function 

together to develop an immune-suppressive TME that limits the activity and penetration of 

effective T cells, compromising the efficacy of cancer vaccines. Thus, the combination of 

NP-based vaccines with TME modulating agents facilitates better penetration of NPs into 

the tumor site, infiltration of T cells through multiple barriers and ultimately stronger 

therapeutic outcome. With enhanced targeted delivery to lymphocytes as well as tumors, 

NPs offer the potential limit off-target toxicities often associated with immune modulators 

[220].

6.5.2 Combining NP-based cancer vaccines with TME modulating agents—
Antigen-presenting cells (APC), especially dendritic cells (DCs), play a crucial role in the 

response to vaccines. Specifically, they govern the activation of CD4+ and CD8+ T cells. In 

nano-vaccination, NPs deliver not only antigens of interest but also co-adjuvants, such as 

poly(I:C), CpG, and MPL, to act specifically on DC activation. The key application of 

vaccine NP encapsulating either peptides, mRNA or DNA is to modulate APC function. By 
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themselves, NPs may also work as intrinsic adjuvants, immune potentiators, or to promote 

multivalent receptor cross-linking through intracellular uptake. NP also functions for 

cytosolic processing and synergistic co-delivery of antigens and drugs. Through size-based 

delivery of vaccines to lymph nodes, more effective antigen presentation is achieved than 

through distal administration to peripheral tissues [220]. Moreover, NPs may also penetrate 

mucosal epithelial and skin barriers for vaccines and immunomodulation. In pre-clinical 

studies, our lab has co-delivered the melanoma-associated antigen Tyrosinase-related protein 

2 (Trp2) and CpG oligonucleotides (ODN) adjuvant as vaccine NPs [29]. Two phosphate 

groups were introduced into serine residues in the N-terminus of Trp2 peptide to achieve an 

encapsulation efficiency of over 50%. The LCP NPs were further modified with mannose to 

enhance and prolong cargo deposit into lymph nodes for antigen presenting post 

subcutaneous injection. Vaccination with LCP NPs encapsulating p-Trp2 and CpG exhibited 

superior inhibition of tumor growth in both B16F10 subcutaneous and lung metastasis 

models. However, poor tumor growth inhibition has been observed in more advanced models 

due to the development of an immune-suppressive TME. TME modulating agents, such as 

immunomodulatory antibodies, small-molecule drugs, and recombinant cytokines, could be 

used to block or remold negative regulatory factors within the tumor nest [221]. For 

instance, the use of immunomodulatory antibodies, or checkpoint blockade antibodies such 

as Programmed cell death protein 1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4), would block negative regulatory receptors on T cells, allowing stronger 

endogenous immune response against tumors brought up by therapeutic vaccines [222]. In 

achievement of synergistic therapy with Trp2 peptide vaccine, we have successfully co-

delivered: a) multi-target receptor tyrosine kinase inhibitor sunitinib base into polymeric 

micelles (SUNb-PM), [223] b) Anti-inflammatory triterpenoid methyl-2-cyano-3,12-

dioxooleana-1,9(11)-dien-28-oate (CDDO-Me) into PLGA NPs, [224] c) siRNA silencing 

immune-suppressive cytokines TGF-β into liposome-protamine-hyaluronic acid (LPH) NPs, 

[29] and d) Curcumin–polyethylene glycol conjugate into an amphiphilic micelle [225]. The 

targeted delivery of these TME modulating agents to tumors would enhance the therapeutic 

efficacy of the existing vaccine, leading to increased T cell activation and proliferation, 

decreased MDSCs and Tregs in the TME and shifted cytokine expression from the Th2 to 

Th1 type, thus achieving a more profound inhibitory effect on tumor growth and metastasis, 

improving overall survival. Recently, a plasmid DNA encoding engineered C-X-C Motif 

Chemokine Ligand 12 protein (CXCL12 trap) was engineered into LCP NPs for local and 

transient gene therapy of trapping pro-metastatic TME chemokine CXCL12, thus inhibit the 

metastasis of colorectal cancer the liver [226]. The “trapping” with high binding affinity 

would further boost vaccination, as well as evade systemic toxicity compared to 

conventional protein antibodies, thus facilitates immunotherapy. In addition to the co-

delivery of antigens and immune-modulators, modifying the surfaces of NPs can contribute 

to the delivery of antigens specifically to relevant immune cells [227]. For instance, 

Imiquimod (TLR7 agonist)-entrapped PLGA NPs coated with a chitosan derivative could 

improve the protective response generated by mucosal immunization [228]. Multifunctional 

NPs-based vaccines significantly increase the immune response generated by the target-

specific, effective, and stable delivery of an antigen [228]. In combination with targeted 

modification of TME, immunotherapy offers a flexible and powerful platform for both the 

mechanism study and clinical pharmaceutical applications.
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7. Light based combination therapy methods

Although NP-mediated co/concurrent or sequential/cascade delivery of multiple 

chemotherapeutic agents or genes have been extensively explored and summarized above, 

the NP-based combination therapy of chemotherapy with other modalities, such as 

photodynamic (PDT) or photothermal therapy (PTT) is still a burgeoning research area. 

PDT, a light-triggered therapeutic method, is an effective modality against multidrug 

resistant tumors. In PDT, the photosensitizer (PS) generates reactive oxygen species in 

response to light, inducing direct lipid and protein damage, leading to mitochondrial-induced 

apoptosis that bypasses classical MDR mechanisms. It also disrupts the membrane of endo-

lysosome, releasing trapped chemo-drug into cytoplasm, protecting them from enzyme-

induced drug degradation or elimination. PDT has been applied to clinical trials due to its 

specificity to malignancy [132, 229, 230]. Therefore, “PDT+chemotherapy” has been 

hypothesized and shown to be a powerful combination strategy in destroying cancer tissues. 

So far, versatile materials have been applied to encapsulate chemotherapy with 

photosensitizers, such as synthetic polymers [231], lipids, inorganic materials [136] or 

biomacromolecule scaffolds. However, due to the particular structure of photosensitizers (i.e. 

strong ππ stacking interaction), the drug loading capacities of such systems are 

comparatively low (typically less than 10 %), not only reducing effective drug accumulation, 

but also leading to undesirable effects due to overdose of the carrier. Interestingly, Zhang et 

al. reported a carrier-free photosensitizer doped Forster Resonance Energy Transfer (FRET) 

NP to achieve the desired function with high drug loading capacity. Curcumin constitutes the 

matrix of the NP with approximately 77.6% of loading. Curcumin is then doped with the 

hydrophobic photosensitizer H2TPyP together with perylene as a FRET pair [229]. High 

drug loading can also be achieved by covalently conjugating photosensitizers with the 

polymeric carrier to improve the hydrophobicity [230]. Chemotherapy can also be combined 

with PTT, which converts light energy into heat that kills the tumor. The FDA-approved 

drug, indocyanine green (ICG), is an attractive PTT agent to absorb near infrared light to 

generate heat. With the ability of photosensitizer, ICG allows the combination of PTT with 

PDT. ICG has been encapsulated into, or coated onto inorganic particles, polymeric micelles 

for multiple purposes [232]. Metals such as gold (Au) or silver (Ag) can also generate heat 

through the so-called “surface plasmon” phenomenon. Combining chemotherapy with the 

metal carriers have also been frequently investigated. Despite the more localized and lesser 

off-target toxic effect of PTT and PDT compared to the systemic delivery of chemotherapy, 

the low penetration depth of the light source is one major limitation of the application. So 

far, these two strategies are limited to topical application.

Carrier-mediated combination therapy is not only limited to two components (e.g. 

chemodrug/siRNA, chemodrug/chemodrug, chemodrug/PDT or PTT, chemodrug tumor 

microenvironment agent, vaccine/tumor microenvironment modulating agent, etc.). In a 

recent study, Conde and his co-workers have reported a local-triple combination of gene, 

drug and phototherapy (chemodrug/siRNA/PTT) through a prophylactic hydrogel patch 

leads (Figure 7) [233]. They have observed complete remission when applying patches to 

non-resected colorectal tumors.
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Summary and expectations

Despite these promising pre-clinical results of NP-mediated combination therapy, clinically 

applied NP-based combination therapy is still rare. Combined formulation of drugs with 

distinct chemical and physical properties remains a challenge. The capacity of NP 

formulations to penetrate the tumor is still limited by the TME, and this contributes to MDR 

in several ways. The heterogeneity within tumor and the microenvironment, the mutation of 

tumor during the process as well as the individual disparities are all overarching problems 

limiting the overall therapeutic performance and clinical application of the NP-mediated 

combination therapy. So far, there are no optimal ways to solve the aforementioned issues, 

thus tumor relapse and metastasis occurs after chronic combination therapy despite the 

latency time being longer than that of mono-therapy. The incorporation of cancer 

immunotherapy within the combination regimens still poses as one of the most promising 

approaches to improve the therapeutic outcome and prolong the patient survival. However, 

recent preclinical and clinical studies underline the potential of inducing immunogenicity or 

autoimmune diseases due to the application of cancer immunotherapy. In addition to 

treatment, another more plausible application of combination therapy is for efficient and 

high throughput screening of lead compounds or lead formulations. Combination of RNAs 

with different sequences, together with model drugs has the potential for screening of 

optimal drugs using the RNA as a specific barcode. This approach would very likely to offer 

a flexible and powerful platform for both mechanistic studies and clinical screening.
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Figure 1. Nanoformulations for combination therapy
A. Polymeric nanoparticles for two hydrophobic drug. B. Polymeric nanoparticles for one 

hydrophobic drug and one nucleic acid. C. polymer-drug conjugates. D. Liposomes for two 

hydrophilic drugs. E. Liposomes for one hydrophilic drug and one hydrophobic drug. F. 

Liposomes for two hydrophilic drugs.
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Figure 2. A novel platinum and siRNA combination formulation
A. Schematic illustration of PLGA-PEG/G0-C14 NPs. The NPs are composed of three 

components: (i) a PEG layer, (ii) a PLGA/G0-C14 layer that encapsulate the hydrophobic 

cisplatin prodrug and protect siRNA from retention in the NP core, preventing the release 

and interaction, (iii) an aqueous inner core loaded with siRNA. (B) Chemical structure of the 

hydrophobic platinum (IV) prodrug and the mechanism by which the active drug cisplatin is 

released intracellularly. C. The chemistry of G0-C14 core synthesis. D. Size distribution of 

the NPs containing both platinum prodrug and siRNA. E. TEM image of the NPs. (Scale bar, 

200 nm.). Copyright of PNAS [60].
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Figure 3. Illustration of preparation of LPD-PEG-NGR containing siRNA and DOX
DOX was intercalated with DNA and used to construct PEGylated LPD (liposome-

polycation-DNA) nanoparticle for siRNA delivery. Copyright 2010 Nature Group. [74]
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Figure 4. Metformin related drug carriers for gene delivery
A. Chemical structure of PolyMet as both a drug and a gene carrier. B. Schematic 

illustration of PolyMet NPs. Anionic HA and siRNA were condensed by cationic PolyMet 

into a negatively charged PolyMet/(HA.siRNA) complex. The complex was further coated 

with DOTAP/cholesterol cationic liposomes. DSPE-PEG and DSPE-PEG-anisamide (AA) 

were post-inserted onto the particles to form the LPH-PolyMet NPs. C. Chemical structures 

of DOTAP, metformin and DOBP. D. Schematic illustration of LPD-TRAIL NPs using 

metformin-lipid as a carrier for gene delivery. Copyright of 2016 Nature group [71] and 

Elsevier [140].
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Figure 5. Preparation of LCP-I (A) and LCP-II (B)
For LCP-I, phosphate salt (pH = 9.0) and siRNA are mixed and distributed in one emulsion, 

and sodium citrate was used to stabilize CaP cores; for LCP-II, calcium ion and siRNA are 

mixed and distributed in one emulsion, dioleoylphosphatydic acid (DOPA) was used to 

stabilize CaP cores. Copyright 2010 and 2012 Elsevier.
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Figure 6. Drug resistance mechanism
In original tumors, tumor cells remain intimately with surrounding microenvironment. High 

interstitial fluid pressure and compression of blood vessels limit penetration of drugs. Small 

subpopulation of CSCs serves as an intrinsic resistant component (A). Efficient 

chemotherapy leads to apoptosis of TAF and tumor cells and normalizing of tumor 

vasculature. However, elevated expression of efflux receptors, activated tumor cellular 

pathways and solute factors secreted from damaged fibroblast start to induce initial drug 

resistance (B). In late treatment, protective microenvironment facilitates development of 

acquired drug resistance through cell-ECM adhesion, cellular interaction, secreted factors or 

proteases. EMT and CSCs also add to the permanent resistance and failure of chemotherapy.
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Figure 7. 
Triple components loaded in implantable hydrogels for local treatment of colon cancer. A. 

scheme of the drug, gold nanorods and siRNA–gold nanospheres doped implantable 

hydrogels. b, Transmission electron micrographs of gold nanorods with an aspect ratio of 4.1 

and nanospheres. Copyright of 2016 Nature Group [233].
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