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a b s t r a c t 

Self-assembling prodrugs represents a robust and effective nanotherapeutic approach for delivering poorly 

soluble anticancer drugs. With numerous intrinsic advantages, self-assembling prodrugs possess the max- 

imum drug loading capacity, controlled drug release kinetics, prolonged blood circulation, and preferential 

tumor accumulation based on the enhanced permeability and retention (EPR) effect. These prodrug conju- 

gates allow for efficient self-assembly into nanodrugs with the potential of encapsulating other therapeu- 

tic agents that have different molecular targets, enabling simultaneous temporal-spatial release of drugs 

for synergistic antitumor efficacy with reduced systemic side effects. The aim of this review is to sum- 

marize the recent progress of self-assembling prodrug cancer nanotherapeutics that are made through 

conjugating therapeutically active agents to Polyethylene glycol, Vitamin E, or drugs with different physic- 

ochemical properties via rational design, for synergistic tumor targeted drug delivery. 

Statement of Significance 

All current FDA-approved nanomedicines use inert biomaterials as drug delivery carriers. These biomate- 

rials lack any therapeutic potential, contributing not only to the cost, but may also elicit severe unfavor- 

able adverse effects. Despite the reduction in toxicity associated with the payload, these nanotherapeutics 

have been met with limited clinical success, likely due to the monotherapy regimen. The self-assembling 

prodrug (SAP) has been emerging as a powerful platform for enhancing efficacy through co-delivering 

other therapeutic modalities with distinct molecular targets. Herein, we opportunely present a compre- 

hensive review article summarizing three unique approaches of making SAP for synergistic drug delivery: 

pegylation, vitamin E-derivatization, and drug-drug conjugation. These SAPs may inevitably pave the way 

for developing more efficacious, clinically translatable, combination cancer nanotherapies. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Clinical application of small molecule drugs such as chemother-

apeutics are greatly impeded by their poor solubility in aqueous

solutions, short blood circulation times, inadequate efficacy, lack

of tissue-specificity and severe systemic adverse effects [1–4] .

Tremendous efforts have been made to develop various drug

delivery systems to address these limitations and strengthen
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umor targeted delivery with an aim to enhance therapeutic

fficacy while improving drug tolerance [5–7] . Over the past

everal decades, the self-assembling prodrugs (SAP) approach has

merged as a powerful therapeutic platform for enhancing tumor

argeted therapy [8–44] . Compared to free drugs, well-designed

AP nanotherapeutics (SAPN S ) are equipped with a number of

dvantages in addressing these unmet clinic needs: 1) strength-

ned physicochemical properties such as enhanced solubility and

hemical stability, 2) improved pharmacodynamic profiles and at-

enuated side effects by favorably altering their pharmacokinetics

PK) and tumor uptake and 3) as effective carriers for delivering

oorly water-soluble drugs in vivo in addition to ameliorating their

ystemic non-specific toxicities as well as boosting their tumor
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argeted accumulation for more efficacious combination cancer

herapy [45 , 46] . By improving the aqueous solubility, promoting

he formation of pertinent nano-sized therapeutics and control-

ing the release at the same time, the conjugated prodrug and

ts encapsulated payloads can passively target and enhance the

ccumulation at tumor sites via the EPR effect [47–49] . 

Most of the existing carriers from conventional drug deliv-

ry systems utilize “inert” excipients which have no pharmaco-

ogical activity, but impose additional safety concerns and add to

he overall cost [50–52] . Conversely, synergistic or additive anti-

ancer effects have been discovered between the therapeutic pro-

rug nanocarriers and delivered anticancer drugs following the in-

racellular uptake of the drug-laden SAP and the release of the bi-

logically functional therapeutics from the conjugates [7 , 53–55 ]. 

The SAP can be divided into several categories, including

olymer-drug, lipid-drug, or drug-drug conjugates [56] . Owing

o its high hydrophilicity, ease of formulation, low potential

or toxicity, and biocompatibility, polyethylene glycol (PEG), has

een extensively used as the hydrophilic segment for conju-

ation to lipophilic drugs (Embelin: EB; Vitamin E: VE; trans-

arnesylthiosalicylic acid: FTS) to address solubility issues and

ioavailability [57 , 58] . Moreover, these PEG-derived prodrugs

re not only able to self-assemble to nanoparticles e.g. poly-

eric nanomicelles, but can also co-deliver other water-insoluble

hemotherapeutics in their hydrophobic core for synergistic anti-

ancer activity [1 , 59 , 60] . Because of the steric hindrance provided

y PEG hydrophilic corona, PEG-drug conjugates significantly im-

rove a drug’s PK with prolonged half-life during blood circulation

y avoiding the opsonization effect [61 , 62] . Furthermore, the PEG-

rug nanotherapeutics revealed significantly improved tumor tar-

eting efficiency through the leaky vasculature and impaired lym-

hatic drainage system via the EPR effect [5 , 61 , 63] . 

Recently, lipid-dativization appears to be another robust strat-

gy for formulating hard-to-formulate drugs and addressing their

ntrinsic instability issues through facilitating their self-assembly

nto nanoparticles of various shapes [64–66] . It has been demon-

trated that the doxorubicin (DOX)-derivatized α- d -tocopherol suc-

inate prodrug (N-DOX-TOS) can readily form a 250 nm nano-

ssembly in aqueous solution upon stabilization by d -a-tocopherol

oly(ethylene glycol) 20 0 0 succinate and showed greater antitu-

or efficacy than free unmodified DOX [67] . Our own research

as also shown that camptothecin-drived VE can form a nanofiber

anomedicine upon stabilization by a VE-based PEG carrier [9] . 

In addition, it has been reported that, through rational de-

ign based on the unique physicochemical properties of different

rugs, amphiphilic hydrophobic drug-hydrophilic drug conjugates 

an self-assemble into nanotherapeutics with enhanced bioavail-

bility, improved PK and enhanced antitumor efficacy [68] . The

erit of this design is that instead of physically loading other

rugs inside various nanocarriers for combination cancer therapy,

he drug-drug conjugate already contains two distinctly pharma-

eutically active agents. Additionally, this amphiphilic drug-drug

onjugation approach circumvents the nonuniform biodistribution

f individual anticancer agents delivered through cocktail adminis-

ration and ensures well-controlled temporal and spatial dual drug

elivery vital for synergistic cancer elimination [45 , 46 , 69 , 70] . 

In this review, we will emphasize the progress regarding the

EG-drug, VE-drug, and drug-drug-based SAP conjugates for tar-

eted drug delivery for combination cancer therapy. 

. PEG-derived SAP nanocarriers for synergistic drug delivery 

Most of the nanocarrier components used in various drug de-

ivery systems utilize “inert” excipients lacking any therapeutic ac-

ivity [46 , 71] . The presence of large amounts of carrier materials

ot only increases the overall therapy cost, but also gives rise to
nwanted side effects [72] . One of the most sophisticated designs

f drug delivery systems is that the components forming the car-

iers can also have therapeutic potential. Following the intracellu-

ar delivery, the bioactive component of the delivery carriers can

e liberated and cooperate with co-delivered drugs for improved

ynergistic cancer therapy [10] . Combination therapy with two or

ore drugs in a single nanocarrier working simultaneously at dif-

erent molecular signaling pathways can not only maximize the

nticancer efficacy, but can also be conducive to overcome drug re-

istance and counteract the side effects developed by monotherapy.

erein, some of the recently developed SAP amphiphilic nanocarri-

rs with hydrophobic backbone composed of lipophilic anticancer

herapeutics are discussed. 

.1. PEG-based embelin SAP as a dual functional nanocarrier for 

ombination cancer therapy 

Embelin (EB) ( Fig. 1 A) is a naturally occurring alkyl-substituted

ydroxyl benzoquinone compound and a major constituent of Em-

elia ribes BURM. It has been shown to possess hepatoprotec-

ive, anti-inflammatory, and antidiabetic effects [73] . In addition,

B also exhibits notable antitumor activity in various types of can-

ers by inhibiting the activity of X-linked inhibitor of apoptosis

rotein (XIAP) [74 , 75] . EB has negligible toxicity in normal cells

nd thereby presents a good safety profile, as XIAP is particularly

verexpressed in various drug-resistant cancer cells with a mini-

al role in healthy cells. Hence, XIAP has been shown to be an

ffective tar get for selectively inhibiting cancer cell growth [76 , 77] .

dditionally through suppressing the NF- κB pathway, EB also has

ffects of downregulating the expression of several significant can-

er promoting factors, such as XIAP, IAP1/2, survivin, cFLIP, TRAF1,

cl-2 and Bcl-L [75] . However, owing to its long lipophilic acyl

hain, EB is extremely hydrophobic, which renders poor aqueous

olubility/bioavailability, unfavorable PK and unsatisfactory efficacy. 

To address the limitations associated with EB, we developed a

eries of PEG-dativized EB conjugates, which differ in PEG length

nd amount of EB, bridging through the aspartic acid-mediated

abile ester bond ( Fig. 1 A). Upon pegylation, the solubility of EB

as been drastically increased from less than 1 mg/mL to more

han 750 mg/mL. Equally important, PEG-EB conjugates retain sim-

lar cytotoxicity as the unmodified EB in three breast and prostate

ancer cell lines. This effect is unlikely due to the polymer-drug

onjugate surface activity as PEG-EB showed negligible hemoly-

is against red blood cells. More strikingly, PEG-EB prodrug not

nly self-assembles into spherical nanomicelles (~20 nm) in aque-

us medium, but can also efficiently encapsulate other hydropho-

ic drugs such as PTX ( Fig. 1 B) within its hydrophobic pocket

o achieve synergistic cancer cell killing effect in four different

reast and prostate cancer cell lines. This could be attributed to

he efficient EB release from the conjugate following intracellu-

ar delivery, and consequently synergizing antitumor activity with

TX, which stabilizes the microtubes during mitosis. Moreover, we

ave demonstrated that the prodrug with two EB molecules and

 longer PEG chain is markedly more effective for encapsulating

TX than the counterpart with a 1:1 PEG/EB molar ratio and a

horter PEG chain [6 , 58] . This is upheld by the fact that PEG 5K -EB 2 

0.35 μM) had a much lower critical micelle concentration (CMC)

hat of PEG 3.5K -EB 2 (4.9 μM) and at the same carrier/PTX molar

atios, PEG 5K -EB 2 showed smaller particle size with lower poly-

ispersity, higher drug loading, and improved formulation stability

han PEG 3.5K -EB 2 . The strengthened formulation stability and drug

oading in PEG 5K -EB 2 micelles is likely due to the improved PEG

tealth effect, which exhibits greater steric hindrance. This pre-

ents the ester linkage from being hydrolyzed under aqueous con-

itions, resulting in further stabilized micellar nanotherapeutics.

ompared to the clinical PTX formulation, Taxol R ©, the PTX/PEG -
5K 
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Fig. 1. (A) Chemical structures of Embelin (EB), PEG 3.5K -EB 2 , and PEG 5K -EB 2 . (B) Schematic illustration of self-assembling PEG-EB 2 prodrug conjugate with Paclitaxel loaded 

inside. (C) In vivo NIRF optical imaging of CL1 lung tumor-bearing SCID mice after intravenous (IV) injection of free DiR dye and DiR-loaded PEG 5K -EB 2 micelles. (D) Improved 

anticancer efficacy of PTX formulated in PEG 5K -EB 2 micelles in nude mice-bearing PC-3 prostate tumors. A week after injecting 2 × 10 6 cells/mouse subcutaneously, mice 

were IV administered with different treatments on days 1, 3, 7, 10, 13, 24, and 28, and relative tumor volume was plotted ( N = 6). P < 0.005 (20 mg/kg PTX/PEG 5K -EB 2 
vs. Taxol), P < 0.01(10 mg/kg PTX/PEG 5K -EB 2 vs. Taxol), P < 0.05 (20 mg/kg PTX/PEG 5K -EB 2 VS 10 mg/kg PTX/PEG 5K -EB 2 ). Reproduced with permission from [6 , 10 , 58 ] . (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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EB 2 micellar formulation displayed a much slower and controlled

PTX release as evidenced by the T 1/2 = 34.1 h vs T 1/2 = 6.57 h

in Taxol R ©. This delayed and more sustained PTX release from

PEG 5K -EB 2 could be attributed to the strong interaction between

the carriers and PTX. Additionally, EB has a benzoquinone ring

and a long alkyl chain, which can form π- π stacking interactions

and hydrogen bonding with PTX in addition to hydrophobic in-

teractions, rendering enhanced overall carrier/PTX interaction. The

close proximity of two EB lipidic chain in PEG 5K -EB 2 conjugate

can facilitate the interaction of the carrier with PTX. Furthermore,

PTX/PEG 5K -EB 2 presented a considerably higher maximum toler-

ated dose (MTD) as compared to Taxol (100 mg/kg vs 15 mg/kg),

which is linked to slow release kinetics for PTX, lower nonspe-

cific uptake by healthy organs, as well as the remarkable safety

profile, in addition to the selectivity, anti-inflammatory and hep-

atoprotective activity of EB [6] . The increased MTD and enhanced

safety allowed for maximal therapeutic efficacy to be achieved.

In addition, PEG 5K -EB 2 was found to be capable of overcoming

multi-drug resistance in NCI/ADR-RES cells through inhibiting the

p-glycoprotein (P-gp) efflux pump [10] . Furthermore, near-infrared

fluorescence (NIRF) imaging in prostate and lung cancer xenograft-

bearing mice showed preferential tumor targeting for PEG 5K -EB 2 

micelles ( Fig. 1 C) [6 , 10] . Most importantly, when compared to

Taxol R ©, the co-delivery of PTX by SAP PEG 5K -EB 2 micelles signif-

icantly enhanced tumor reduction in murine models of breast and

prostate cancers with no noticeable systemic toxicities ( Fig. 1 D).

Consistent to literature [64 , 78 , 79] , through anchoring the folic acid

(FA), a tumor specific targeting ligand, onto the surface of PEG 5K -

EB 2 nanomicelles, the intratumoral accumulation was greatly en-

hanced, which led to further boosted tumor growth suppression

[10] . 

2.2. PEG-based vitamin E SAP for synergistic drug delivery 

The pegylated vitamin E (VE, Fig. 2 A), d -a-tocopheryl polyethy-

lene glycol 10 0 0 (PEG 1K ) succinate (TPGS) system is another ex-

ample of a dual functional nanocarrier [80–82] . VE, a lipophilic
olecule with a long alkyl tail, is conjugated to PEG 1K through a

iodegradable ester bond, allowing it to self-assemble into micelles

ith a hydrophobic pocket where water-insoluble drugs can be in-

orporated. It has been demonstrated that VE has an antitumor ef-

ect against a wide spectrum of cancers via various mechanisms

ncluding induction of apoptosis, inhibition of tumor cell prolifera-

ion and differentiation, suppression of nuclear factor-kappa B (NF-

B) activation, and so forth [76 , 82–85 ]. Due to its laudable func-

ions as an emulsifier, solubilizer as well as a permeability and ab-

orption enhancer, TPGS has been approved by the FDA as a safe

harmaceutical adjuvant for drug formulation [81 , 84 , 86 , 87] . Addi-

ionally, based on its ability to inhibit P-glycoprotein (P-gp) drug

fflux pumps, formulations with TPGS can reverse multidrug resis-

ance (MDR) and improve the bioavailability of anticancer nanocar-

iers [80 , 82 , 83 , 88] . Moreover, TPGS-based nanoformulations deliv-

ring PTX or other therapeutics exhibited potentiated antitumor

ctivity in several animal cancer models [81 , 82] . 

Nevertheless, the high CMC value (0.2 mg/mL), renders it un-

table in vivo , and unable to serve as an effective nanocarrier to

ncapsulate therapeutics [85] . In order to improve this drug de-

ivery system, we have developed a number of improved TPGS

onjugates by varying the PEG length and altering the ratio of

EG and VE ( Fig. 2 A). Systemic structure and activity relation-

hip study (SAR) demonstrated that all of the optimized pro-

rugs (PEG 2K -VE, PEG 2K -VE 2 , PEG 5K -VE, and PEG 5K -VE 2 ) retained

he intrinsic activity of TPGS in inhibiting P-gp drug efflux pump

80] . Interestingly, PEG 5K -VE 2 outperformed other conjugates in

erms of PTX drug loading and formulation stability, leading to

he highest level of delaying tumor growth even in comparison

o Taxol R © (FDA-approved PTX formulation). While PEG 5K -VE 2 per-

ormed best among the four systems, the drug loading capacity

DLC) is still not adequate and within a single digit. To further op-

imize this SAP system, a fluorenylmethyloxycarbonyl (Fmoc) drug-

nteractive motif was installed at the interfacial region of PEG 5K -

E 2 [7] . Fmoc has been shown to provide strong π−π stacking

nd hydrophobic interactions with other aromatic moieties, includ-

ng itself ( Fig. 2 B) [89–92] . To test this hypothesis, Doxorubicin
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Fig. 2. (A) Chemical structures of Vitamin E (VE), TPGS, PEG 2K -VE, PEG 2K -VE 2 , and PEG 5K -VE 2 , PEG 5K -Fmoc-VE 2 . (B) Inhibition on verapamil-stimulated P-gp ATPase activity 

for PEG-derived VE conjugates. ∗p < 0.05 and ∗∗p < 0.001 (vs TPGS of equivalent concentration). (C) The tumor images excised at the completion of the anticancer efficacy 

study in 4T1.2 breast tumor-bearing mice ( n = 5), which were IV treated with various PEG-VE/PTX nanomicelles. P < 0.02 (PEG 5K –VE 2 /PTX vs Taxol PEG 2K –VE/PTX or 

FEG 2K –VE 2 /PTX). Reproduced with permission from [7] . 

Fig. 3. Chemical structures of Salirasib (FTS), PEG 5K -FTS 2 (L, labile), and PEG 5K -FTS 2 (S, Stable). Reproduced with permission from [98] . 
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DOX) was chosen as the model drug since it has several aro-

atic rings. Upon Fmoc addition, PEG 5K -Fmoc-VE 2 can physically

ntrap up to 39.9% DOX, which was a drastic increase over the

.9% DOX DLC for the PEG 5K -VE 2 , and also higher than most of

he existing DOX nanoformulations [7 , 10 , 60] . Because of reinforced

arrier/carrier and drug/carrier interactions, the Fmoc-embedded

ormulation improved the PK and MTD when delivering DOX in

ivo through controlled and sustained drug release, resulting in a

rominently increased tumor growth reduction over DOX/PEG 5K -

E 2 and Doxil R © (FDA-approved DOX nanoformulation) in breast,

rostate, and drug-resistant murine cancer models ( Fig. 2 C). 

.3. PEG-derived S-trans Trans-farnesylthiosalicylic acid SAP micellar 

arrier 

In addition to EB and VE-based PEG SAP nanotherapeutic car-

iers, PEG-derived trans-farnesylthiosalicylic acid (FTS, Fig. 3 ) has

een developed. FTS is a synthetic first-in-class direct Ras antago-

ist designed to inhibit overactive cell growth in cancers by inter-

ering the anchorage of Ras on cell membrane [93 , 94] . Nearly one-

hird of human cancers have constitutive Ras expression [95 , 96] .

y targeting Ras, FTS has shown a noticeable antitumor effect with

igh selectivity in a wide range of cancers [97] . Similar to EB and

E, FTS contains a long lipophilic acyl chain that gives rise to poor

ater-solubility/bioavailability. Pegylation not only greatly amelio-

ates FTS’ aqueous solubility, but also enables the formation of
anomicelles that are capable of encapsulating other hydrophobic

rugs, allowing for synergistic antitumor efficacy [98] . 

. Vitamin E-based SAP cancer nanotherapeutics 

Most of the current approaches are centered on improving

he nanocarriers in order to augment their compatibility with the

herapeutic payloads. These strategies cannot accommodate some

gents with complex chemical structures, such as camptothecin

CPT), despite working well for a number of anticancer drugs

hat have relatively simple structures. CPT, a potent chemothera-

eutic, showed remarkable antineoplastic activity against a wide

rray of cancers by suppressing the topoisomerase I in the S-

hase of the cell cycle during DNA replication [99] . However, ow-

ng to its extremely poor solubility, intrinsic instability (under

hysiologic conditions due to the involuntary conversion of the

ctive lactone form to the inactive carboxylate form) and sys-

emic toxicities, its clinical application has not been granted. More-

ver, few of the existing nanocarriers can be formulated with this

rug. Polymer derivatization strategy has been attempted to ad-

ress these shortcomings, but have been met with limited suc-

ess. This is likely attributed to ineffective drug release because of

he considerable steric hindrance posed by macromolecular poly-

er [100 , 101] . Instead of optimizing the nanocarrier component,

e derivatized CPT with one molecule of VE, using either an es-

er bond or a disulfide linkage ( Fig. 4 A). Surprisingly, both CPT-
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Fig. 4. (A) Mechanistic representation of self-assembly of CPT-VE or CPT-S-S-VE to nanofibers upon stabilization by PEG 5K -Fmoc-VE 2 . Cryo-electron microscopy (cryoEM) 

imaging of PEG 5K -Fmoc-VE 2 /CPT-S-S-VE (B) and PEG 5K -Fmoc-VE 2 /CPT-VE (C). (D) Intracellular release of CPT in 4T1.2 cells treated with CPT-VE and CPT-S-S-VE (100 ng/mL 

in terms of CPT) for 24 h. (E) The cytotoxicity of different CPT formulations in 4T1.2 cancer cells treated with indicated concentrations for 72 h and was then assessed 

by MTT assay. (F) Tissue biodistribution of PEG 5K -Fmoc-VE 2 /CPT-VE and PEG 5K -Fmoc-VE 2 /CPT-S-S-VE (5 mg CPT/kg) in 4T1.2-tumor bearing mice. ∗p < 0.001, compared to 

PEG 5K -Fmoc-VE 2 /CPT-VE. (G) In vivo therapeutic efficacy of various VE-derived CPT prodrug nanotherapeutics in breast tumor mouse model ( n = 5). Arrows stand for the 

IV injection. ∗p < 0.01, compared to PEG 5K -Fmoc-VE 2 /CPT-S-S-VE (5 mg/kg); αp < 0.001, compared to PEG 5K -Fmoc-VE 2 /CPT-VE (5 mg/kg) and CPT (5 mg/kg); β p < 0.001, 

compared to saline. Reproduced with permission from [9 ] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 
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E and CPT-S-S- VE prodrugs enabled efficient self-assembly into

nanofibers with the stabilization of the PEG 5K -Fmoc-VE 2 -based na-

nomicellar carrier ( Figs. 4 B and 4 C). The formation of nanofibers of

PEG 5K -Fmoc-VE 2 /CPT-VE and PEG 5K -Fmoc-VE 2 /CPT-S-S-VE, as com-

pared to the spherical structures for PEG 5K -VE 2 /CPT, PEG 5K -Fmoc-

E 2 /CPT, PEG 5K -VE 2 /CPT-VE, PEG 5K -VE 2 /CPT-S-S-VE, and spherical

shapes of the self-assembling prodrug described above, are likely

due to strong π- π stacking interaction arisen from Fmoc moi-

eties among carriers, Fmoc and aromatic rings in CPT and VE, and

hydrophobic interactions between alkane chains among VEs be-

tween/among carriers and/or prodrugs as evidenced by the fluo-

rescence quenching, UV absorbance, FT-IR, and NMR analysis [9] . 

CPT-S-S-VE showed significantly higher intracellular ( Fig. 4 D)

and intratumoral drug release ( Fig. 4 F) as compared to ester-

bonded prodrug (CPT-VE) due to the high glutathione levels inside

cancer cells and tumor tissue [9 , 46 , 71 , 102] , which led to the higher

anticancer activity both in vitro ( Fig. 4 E) and in vivo ( Fig. 4 G). Both

CPT prodrug nanofibers demonstrated greater efficacy over free

CPT in curbing breast tumor development in the syngeneic mouse

cancer models ( Fig. 4 G). While the DLC for free CPT was only 0.65%

when using the PEG 5K -Fmoc-VE 2 carrier, it was markedly increased

to 9.2% for CPT-S-S-VE with improved formulation stability. This

could be due to the fact that: 1) VE in prodrugs can function as

a lipid anchor to facilitate its insertion/incorporation into the hy-

drophobic pocket formed by VE chains in nanocarrier; 2) the in-

creased drug/carrier interactions such as π−π stacking between

the Fmoc motif and the aromatic rings of CPT [9] . 

The VE-derivation has also been investigated for improving the

compatibility of other common difficult-to-load drugs with exist-

ing carriers. It has been shown that DOX conjugated with d -a-

tocopherol succinate (NDOX-TOS) formed a nanoassembly in aque-

ous solution after mixing with d -a-tocopherol poly(ethylene glycol)

20 0 0 succinate with a much higher DOX DLC (34%) and led to su-

perior tumor growth delay to free DOX [67] . Moreover, a recent

discovery has demonstrated that PTX-conjugated VE, bridged via a

disulfide linkage, led to spherical nanoparticles with improved PK

and enhanced tumor killing effect in vivo as compared to Taxol R ©
[103] . This approach was realized by the hypothesis that the in-
ertion of a single disulfide bond into hydrophobic molecules can

alance the competition between intermolecular forces, resulting

n the consequent nanotherapeutic self-assembly. 

. Drug-Drug self-assembling nanomedicines for combination 

ancer therapy 

In another approach to enhance the delivery of anticancer

gents to tumor sites in the form of self-assembled nanotherapeu-

ics, amphiphilic drug-drug conjugates (ADDCs) have been devel-

ped by conjugating a hydrophilic drug and a hydrophobic drug

ith labile linkage [27 , 68 , 104-107 ]. The advantages of this ADDC

esign is multi-faceted: 1) with coupling of a hydrophilic drug

olecule, the hydrophobic drug solubility issue will be addressed;

) since the conjugates are solely composed of drugs, ADDC al-

eviates the limited drug loading seen in traditional nanocarri-

rs; 3) self-assembling ADDC can prolong the blood circulation

f free drugs that are normally prone to rapid clearance medi-

ted by opsonization;[108] 4) improved tumor targeted accumu-

ation with reduced non-specific toxicity to normal tissues based

n the EPR effect; 5) decreased safety concern frequently encoun-

ered through the use of synthetic nanomaterials; [109] 6) can re-

ease drugs that have different molecular targets in a simultane-

usly temporal-spatial controlled fashion for synergistic anticancer

ctivity; 7) can bypass drug efflux-pump-mediated drug resistance

eg., P-gp), as ADCC SAPs are taken up by cells via endocyto-

is, which is independent of the transporter-facilitated intracellular

elivery. 

Huang P. et al. constructed an ADDC using the water-soluble

rug, Irinotecan (Ir) and the water insoluble drug, Chlorambucil

Cb) that self-assembled into spherical nanoparticle ( Figs. 5 A and

 B). The authors demonstrated that the release of free Ir and free

b was accelerated at weakly acidic environment, indicating po-

ential hydrolysis in the tumor microenvironment. It was shown

hat the in vitro cytotoxicity of Ir-Cb ADCC was dependent on the

ritical aggregation concentration (CAC). When the concentration

f Ir-Cb ADCC was lower than CAC, it did not produce any sig-

ificant cytotoxicity. However, at concentration higher than CAC,
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Fig. 5. (A) Synthetic route of Irinotecan-Chlorambucil (Ir-Cb) amphiphilic drug-drug conjugates (ADDC). (B) The Ir–Cb ADDC self-assembles into spherical nanoparticles. (C) 

Representative plasma concentration–time profiles of free Cb, Ir, and Ir–Cb ADDC after IV injection into rats (a dose of 8 mg/kg) ( n = 4). (D) Tissue distribution of Cb, 

Ir, and Ir–Cb ADDC after IV administration of free Cb (3.5 mg/kg), Ir (6.7 mg/kg), and Ir–Cb ADDC nanoparticles (10 mg/kg) in MCF-7 tumor-bearing nude mice ( n = 4). 

(E) Changes of tumor volume post IV injection of PBS, Cb, Ir, Ir/Cb mixture, and Ir–Cb ADDC nanoparticles in MCF-7 tumor-bearing nude mice ( n = 6). (F) Representative 

tumors separated from animals after IV injection of PBS, Cb, Ir, Ir/Cb mixture, and Ir–Cb ADDC nanoparticles. Data are represented as average ± standard error. Statistical 

significance: ∗∗P < 0.005; ∗∗∗P < 0.001. Reproduced with permission from [27] . 
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r-Cb ADCC could produce significantly higher cytotoxicity com-

ared to free Ir and free Cb. The authors attributed this obser-

ation to higher uptake of nanoparticles by the cells and subse-

uent intracellular release of Ir and Cb elicited synergistic effect.

he Ir-Cb ADCC nanoparticles were also shown to accumulate to

 greater extent in drug-resistant MCF-7/ADR cells by overcom-

ng P-gp efflux pump. The blood retention time and biodistribu-

ion studies demonstrated that Ir-Cb ADCC nanoparticle could cir-

ulate for longer time in blood and achieved higher tumor accu-

ulation via EPR effect compared to Ir and Cb ( Figs. 5 C and 5 D).

he in vivo antitumor efficacy study in MCF-7 tumor bearing nude

ice showed that Ir-Cb ADCC nanoparticles produce highest reduc-

ion in tumor volume in comparison to Cb, Ir and Cb/Ir mixture

 Figs. 5 E and 5 F) [27] . In addition, Liang et al. reported a Janus

PT-floxuridine (FUDR, a hydrophilic chemotherapeutics) conju- 

ate (JCFC) where two molecules of CPT were conjugated with

wo molecules of FUDR to produce a liposome-like nanocapsules

JCFC 

–NCs) around 115 nm in size with spherical morphology [68] .

he CPT and FUDR were efficiently released at acidic pH and in the

resence of esterase. JCFC 

–NCs can be internalized into a prostate

arcinoma cell line rapidly with a significantly higher antiprolifer-

tive effect than free drugs. Moreover, when compared with free

rugs and CPT and FUDR mixtures, JCFC 

–NCs elicited longer blood

irculation time, increased tumor uptake, as well as enhanced tu-

or growth inhibition in prostate cancer [68] . In addition, Xu

t al., has developed a supramolecular cisplatin-vorinostat nan-

drug that can overcome drug resistance in synergistic cancer ther-

py [105] . Furthermore, Chlorambucil-Gemcitabine, Methotrexate- 

PT, and CPT-Cytarabine ADDC self-assembling nanotherapeutics

ave been reported for efficacious combination cancer therapy

106-108] . 

. Concluding remarks 

A prodrug approach, particularly when they can self-assemble

o form nano-sized drug delivery systems, is equipped with many

dvantages over parental drugs, such as 1) improved aqueous

olubility that is more suitable for systemic administration; 2)

nhanced intrinsic chemical stability through proper functional-

zation; 3) ameliorated bioavailability and pharmacokinetics; 4)
oosted therapeutic efficacy (eg., anticancer activity); 5) reduced

on-specific systemic toxicities to healthy tissues. In addition, since

 considerable portion of if not all the nanocarrier materials are

omprised of therapeutically active prodrugs, SAP can constitu-

ionally and drastically augment drug loading capacity and mini-

ize the potential long-term adverse effects that could have been

aused by using conventional nanomaterials. Furthermore, with

he ability to concurrently encapsulate other therapeutic modali-

ies, SAP can fulfill the precise and simultaneous temporal-spatial

rug release, enabling the synergistic efficacy in combatting can-

ers. Rather than improving the nanocarrier system for better drug

ackaging efficiency and formulation stability, SAP addresses for-

ulation issues by having the drug anchored in carrier molecules

uring spontaneous self-assembly process. Moreover, by making

rugs into SAP, they are able to circumvent the multi-drug resis-

ance that often encountered by many free drugs, as which can be

eadily pumped out of cells by drug exporting transporters (e.g.,

-gp), through nanoparticle-mediated endocytosis cellular uptake 

echanism which can bypass the drug efflux transporters. Ow-

ng to these merits, a wide variety of SAPs have been developed,

hich has revolutionized the cancer treatment paradigm in the re-

ent decades. Noteworthily, several aspects that are still needed

o be taken into consideration when taking advantage of the SAP

ystems. First, prodrugs are not biologically active unless the ac-

ive parent drugs are released. To boost the drug release, conjuga-

ion chemistry to anchor suitable linkers (e.g., ester bonds, disul-

de linkages, and hydrazone bonds, etc.) should be carefully con-

idered in order to utilize the distinct microenvironment in tumors

e.h., high hydrolase and glutathione levels, and low pH) [67 , 110] .

dditionally, the anticancer agents that either physically or cova-

ently encapsulated to SAP systems ought to have different cancer

olecular targets than those of the SAP’s in order to realize the

ynergistic anticancer activity. Last but not least, to allow the ef-

cient self-assembly into nanodrugs, the constructed prodrug con-

ugates must be amphiphilic. Apart from chemotherapeutic agents,

he SAP platform can also be applied to other therapeutic modal-

ties that have similar functional groups, such as tyrosine kinase

nhibitors, corticosteroids, anti-inflammatory agents, immunomod- 

lators, and drugs that target infectious diseases for improved ther-

peutic efficacy and reduced side effects. 
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