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Redox-sensitive polymeric nanoparticles for drug deliveryw
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Bioresponsive polymeric nanoparticles have been extensively pursued

for the development of tumor-targeted drug delivery. A novel redox-

sensitive biodegradable polymer with ‘‘trimethyl-locked’’ benzoqui-

none was synthesized for the preparation of paclitaxel-incorporated

nanoparticles. The synthesized redox-sensitive nanoparticles released

paclitaxel in response to chemically triggered reduction.

Multifunctional polymeric nanoparticles have been widely adopted

for cancer-targeted drug delivery with their potential therapeutic

benefit to minimize the dose-limiting systemic toxicity by

preferential accumulation in tumors via the enhanced permeability

and retention (EPR) effect.1 These types of nanoparticles have

frequently been modified to respond to the signals stemming from

tumor microenvironments so that they can release incorporated

drugs selectively in tumor sites.2 Thus far, various bioresponsive

materials that are sensitive to external stimuli, such as pH,3

temperature,4 enzymes,5 and light,6 have been intensively

considered for targeted drug delivery to cancer.

Since redox changes associated with tumor hypoxia have been

identified as a viable biomarker for tumor progression and cancer

drug resistance, reductive enzymes overexpressed in tumor

microenvironments, such as 12- to 18-fold overexpression of

DT-diaphorase (EC 1.6.99.2) in lung cancer,7 provide an

important strategy for selective tumor targeting. Various bioreduc-

tive prodrugs have been reported and some of them are currently

under clinical trials.8 However, the prodrug approach to target

tumors may be complicated with ubiquitous expression of various

reductive enzymes in normal cells.9

Trimethyl-locked benzoquinone (TMBQ) is known to be

chemically or enzymatically transformed into lactone via intra-

molecular cyclization triggered by two-electron reduction.10,11

Prodrugs and bio-imaging probes have been based on the

bioreductive cleavage of TMBQ by reductive enzymes and

suggested for solid tumor-selective drug delivery and imaging

based on redox changes occurring in tumor hypoxia.10 As

demonstrated with a bioreductive TMBQ-based aniline mustard

prodrug, tested on T47D cells, the active drug resulted in

cytotoxicity after the reductive activation by oxidoreductases at a

low oxygen concentration.10a Even redox-triggered liposomes that

electrochemically release chemicals have been designed with the

TMBQ chemistry.11e Chemical reduction-induced shedding of

TMBQ from the liposome surface resulted in the structural change

of the supramolecular assemblies, which later destabilized the

redox-sensitive liposomes to electrochemically release a hydrophilic

fluorescent dye, calcein.11e However, the TMBQ-based redox-

chemistry has never been applied for a polymeric drug delivery

system thus far. The approach to use TMBQ-based redox-sensitive

polymeric nanoparticles is advantageous over the TMBQ-based

prodrugs or liposomes to target the redox stress in solid tumors.

Polymeric nanoparticles can be easily modified with the ligands

that selectively interact with the molecules expressed on cancer

cells to achieve active targeting. In addition, the nanoparticles

may be more flexible than the above-mentioned liposome for the

formulation of hydrophobic cancer drugs since they may disrupt

exquisitely balanced non-covalent interactions of TMBQ at the

liposome surface. Furthermore, the nanoparticles can easily

achieve prolonged circulation in blood and preferred accumula-

tion in tumor by poly(ethylene glycol) (PEG) coupling.12

In this article, we describe a proof-of-concept novel redox-

sensitive polymer containing amino groups protected by TMBQ.

The polymer is intended to release lactone and unmask free

amino groups under a simulated redox stress with sodium

dithionite. Thus, its nanoparticle would be able to release

incorporated drugs upon increased polymer hydration and

subsequent nanoparticle swelling with the protonation of free

amino groups at physiological pH (Scheme 1).11 We primarily

focused to test the feasibility of novel TMBQ-based redox-

sensitive polymer nanoparticles as a bioresponsive drug delivery

system using a simple in vitro drug release study.

A redox-sensitive polymer was designed and synthesized

from a monomer containing TMBQ. Initially, benzoquinone

carboxylic acid (b,b,2,4,5-pentamethyl-3,6-dioxo-1,4-cyclo-

hexadiene-1-propanoic acid) activated with N-hydroxysuccimide

Scheme 1 Chemical reduction of the redox-sensitive polymers based

on trimethyl-locked benzoquinone.
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was synthesized according to the previously reported procedure.11a

The activated compound was coupled with serinol (2-amino-1,3-

propanediol) to yield a redox-sensitive diol monomer (ESIw).
Serinol was selected for the polymer synthesis because of its

proven biocompatibility as a monomer for biodegradable

polyesters.13 A coupling reaction between TMBQ-succinimidyl

ester and serinol consequently yielded a diol with a pendant

TMBQ (compound 1). Synthesized serinol monomer was

successfully confirmed by 1H and 13C NMR spectroscopy and

elemental analysis. The serinol monomer was polymerized by

the reaction described in Scheme 2. The isolated yield of the

synthesized redox-sensitive polyester was found to be 85% after

purification with precipitation in ether. The number-average

polymer molecular weight (Mn) and PDI were determined to be

9800 Da and 1.51, respectively, by gel permeation chromato-

graphy (GPC) with polystyrene standards.

The proton NMR of polymer 2 in CDCl3 showed all the

characteristic peaks and splitting (ESIw), which indicated

successful polymer synthesis. The chemical shift of 4 protons,

which are located in adjacent carbonyls in adipoyl groups

appeared at d = 2.33 ppm indicating polyester backbone

formation. Additionally, the trimethyl group in benzoquinone

ring and dimethyl groups in the serinol monomer were shown

at d = 2.12, 1.95, and 1.41 ppm, respectively. The proton

peaks of the monomer were broadened after the polymeriza-

tion. It is worthwhile to note that this synthetic reaction is also

amenable to further PEG modification at the redox-sensitive

polymer chain ends by the treatment of adipoyl chloride to

secure terminal carboxyl groups that can be exploited for the

esterification with methoxy-capped PEG. Even cancer selective

cyclic RGD can be modified to the end carboxyl groups.

Redox-sensitive polymeric nanoparticles were prepared from

the synthesized polymer by an emulsion method.14 Tween 80 was

used as a surfactant to form emulsion instead of poly(vinyl

alcohol) partially because of a low polymer molecular weight of

the redox polymer. The final polymeric nanoparticles resulted in a

yellowish fluffy powder. Particle size determined by dynamic light

scattering (DLS) using a Zetasizer (Malvern Instruments, UK)

revealed successful nanoparticle preparation with a Z-averaged

hydrodynamic diameter of 180 nm (PDI = 0.138) (Fig. 1) which

would allow tumor site accumulation by EPR.1 A TEM image

of the nanoparticles showed that the morphology of the nano-

particles was spherical with the particle size qualitatively compar-

able to that determined by DLS (Fig. 1), indicating that the

nanoparticle preparation via an emulsion was reliable.

The effect of redox stress on the nanoparticles was tested

with a chemical reductant, sodium dithionite (Na2S2O4). It

was expected that sodium dithionite would reduce TMBQ to

leave free amine groups on the polymer, which would result in

physico-chemical changes in nanoparticles that would induce

nanoparticle swelling or dissolution at pH 7.4. Sodium dithionite-

induced reduction dramatically increased the hydrodynamic

diameter of the nanoparticles from 178 nm in a turbid solution

to 29.3 mm in a transparent solution, a size beyond the measurable

limit by the Zetasizer as shown in Fig. 2. The size changes might

have resulted from the protonation of free amine groups in serinol

of which pKa is around 9.15.

A hydrophobic anticancer drug, paclitaxel, was loaded into the

redox-sensitive polymeric nanoparticles of which the particle size

was determined to be 267 nm (PDI = 0.21). The slight size

increase from 180 nm to 267 nm upon paclitaxel incorporation

might be attributed to the hydrophobicity of paclitaxel.15 As

reported with amphiphilic polymer micelles, hydrophobic inter-

action between paclitaxel and redox-sensitive polymer could

expand the particles.15 However, the morphology of drug-loaded

nanoparticles observed by TEM was similar to that of blank

nanoparticles and spherical (ESIw). The paclitaxel loading

efficiency in the nanoparticles was determined to be 77.9%

when a drug to polymer ratio of 1 : 10 was used.

Redox-triggered drug release from the nanoparticles was

tested by an in vitro release study using a medium containing

sodium dithionite. At a 200 molar excess of sodium dithionite

to the molar amount of benzoquinone, the release of paclitaxel

and lactone was dramatically increased over 36 h as shown in

Fig. 3. The amount of sodium dithionite used in the experiment

might exceed the redox stress occurring in tumors. The primary

purpose of using an excess amount of sodium dithionite was to

test the feasibility of the nanoparticles as a novel redox-sensitive

drug delivery system. Further investigation with DT-diaphorase

and NADPH mimicking tumor microenvironments would

better evaluate the TMBQ-based polymer nanoparticles.

The inclusion of sodium salicylate at a concentration of 80 mM

maintained sink conditions during the release study. It has

been known that sodium salicylate is able to increase paclitaxel

Scheme 2 Synthesis of redox-sensitive polymer with adipoyl chloride

under basic conditions.

Fig. 1 TEM image and size distribution of polymeric nanoparticles by a

dynamic light scattering method (DLS). Scale bar is 500 nm in length.

Fig. 2 Change in nanoparticle size in the presence of sodium dithionite

determined by DLS.
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solubility in aqueous solution without affecting physical properties

of paclitaxel.16 As shown in Fig. 3, about 52% of encapsulated

paclitaxel was released within 3 h in the presence of sodium

dithionite while 13% of paclitaxel was released over 12 h in the

absence of the reducing agent. An achieved cumulative paclitaxel

release over 36 h was 79% in the presence of the reducing agent.

However, only 17% of incorporated paclitaxel was released from

the redox-sensitive nanoparticles without the chemical reductant.

Lactone release from the paclitaxel-loaded nanoparticles was also

consistent with the paclitaxel release. Cumulative lactone release

lasted for 12 h to reach 66.8% while no lactone was released

without reduction (Fig. 3b). Therefore, lactone release upon

nanoparticle reduction indicates that property change occurred

in the redox-sensitive nanoparticles was indeed mediated by

the two-electron reduction of TMBQ moiety. Furthermore, the

consequent size change occurred to nanoparticles might be trans-

lated into increased paclitaxel release.

We also challenged the nanoparticles with the reducing agent

after incubating them in PBS for 48 h. An addition of sodium

dithionite immediately increased drug release, which peaked within

24 h (Fig. 3c). The percentage release of paclitaxel within initial

48 h was only 20%. However, paclitaxel release increased to a

cumulative release of 90%within 24 h after the addition of sodium

dithionite. Taken together, the results indicated that paclitaxel

could be released from the TMBQ-based redox-sensitive polymer

nanoparticles in response to redox changes. Although a gap needs

to be filled with better simulation of the redox stress using tumor-

related reductive enzymes that are able to reduce TMBQ, the

TMBQ-based nanoparticles would be useful for targeting solid

tumors.

Novel redox-sensitive polymeric nanoparticles were prepared

from a synthesized monomer containing TMBQ as a redox

sensitive group. A hydrophobic cancer drug, paclitaxel, was

incorporated into the polymeric nanoparticles and released by

sodium dithionite-mediated reduction in a triggered manner. Since

the polymeric nanoparticles are able to release incorporated drugs

in response to a simulated redox stress, these nanoparticles

would be useful for targeted drug delivery to solid tumors.
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Fig. 3 In vitro release profiles of (a) paclitaxel and (b) lactone in the

presence of sodium dithionite (’) and without sodium dithionite (m)

in PBS. Triggered paclitaxel release was tested with an alternating

addition of sodium dithionite (c). Significant increase (*) in cumulative

paclitaxel release (P o 0.05) was noted during the release study. Data

represent the mean � SD (n = 3).
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