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Abstract

Precision drug delivery has great impact on the application of precision oncology for better patient 

care. Here we report a facile strategy for fine-tuning the stability, drug release and responsiveness 

of stimuli-responsive cross-linked nanoparticles towards precision drug delivery. A series of 

micellar nanoparticles with different levels of intramicellar disulfide crosslinkages could be 

conveniently produced with a mixed micelle approach. These micellar nanoparticles were all 

within a size range of 25–40 nm so that they could take full advantage of the enhanced 

permeability and retention (EPR) effect for tumor-targeted drug delivery. The properties of these 

nanoparticles such as critical micelle concentration (CMC), stability, drug release and 

responsiveness to reductive environment could be well correlated to the levels of crosslink (LOC). 

Compared to the micellar nanoparticles with a LOC at 0% that caused death of animals of two 

species (mouse and rat) due to the acute toxicity such as hemolysis, the nanoparticles at all other 

levels of crosslink were much safer to be administered into animals. The in vitro antitumor 

efficacy of micellar nanoparticles crosslinked at lower levels (20% & 50%) were much more 

effective than that of 100% crosslinked micellar nanoparticles in SKOV-3 ovarian cancer cells.
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A facile strategy is described to move the field of drug delivery a major step forward towards 

precision drug delivery.

Introduction

Precision medicine is “an emerging approach for disease treatment and prevention that takes 

into account individual variability in genes, environment, and lifestyle for each person1.” 

The near-term goal is to intensify efforts to apply precision medicine in cancer. It relies on 

three major approaches including gene sequencing, big data and biomedical analysis to 

identify best drugs based on their molecular mechanisms specifically for each individual 

cancer patient. However, many drugs selected for cancer treatment are too toxic for systemic 

administration. The development of precision drug delivery systems with precisely 

controlled stability and programmed drug release property has enormous potential to reduce 

the toxicity of the drugs and enhance their therapeutic efficacy. It will greatly facilitate the 

application of precision medicine in oncology for better care of cancer patients2.

Due to their superior biocompatibility, relatively smaller diameter (10–100 nm) and high 

capacity to encapsulate hydrophobic drugs, micellar nanoparticles are ideal candidates for 

the development of precision drug delivery systems2–21. Furthermore, recent advancement in 

materials sciences and nanotechnology has led to the creation of a new generation of such 

nanoparticles called stimuli-responsive cross-linked micellar nanoparticles (SCMNs). These 

smart SCMNs utilized a stimuli-responsive cross-linking strategy to control the release rate 

of the drug payloads in different environments (e.g. normal tissue versus tumor 

microenvironments)8, 18, 22–25. SCMNs exhibited minimal premature drug release in blood 

circulation due to their superior structural stability while they could release their drug 

payloads upon the stimulation in the local environment of the tumor24.

The concept of SCMNs appears to be very attractive in terms of reducing the systemic 

toxicity and increasing the antitumor efficacy. However, in many cases, excessively 

crosslinked micellar nanoparticles may prevent the drug from releasing to target sites 

effectively, thus reducing the therapeutic efficacy26. While free drug quickly spreads within 

the tumor tissue, crosslinked nanoparticles, even with a certain type of triggering 

mechanism, release their content at a relatively slow rate to tumor cells, once they deposit at 

the target tumor site. This slow release generates a low temporal and spatial concentration 

gradient of the drug, resulting in non-cytotoxic levels of the drug distal from these 

particles27. Therefore, it is very important to create new drug delivery systems that are 

Xiao et al. Page 2

Nanoscale. Author manuscript; available in PMC 2018 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



simultaneously resistant to drug leakage in blood and able to rapidly release their drug 

payloads in tumors to minimize the side-effects and further enhance the therapeutic index.

Recently our group developed two classes of SCMNs for programmable drug delivery. The 

first class of crosslinked micelle system is called “disulfide crosslinked micelles (DCMs)”. 

The disulfide crosslinks are cleaved inside the tumor cells under a reductive environment by 

glutathione (GSH) or on-demand with the administration of N-acetylcysteine (NAC, 

Mucomyst®)18, 24, 26, 28–30. The second crosslinked micelle system is called “boronate 

crosslinked micelles (BCMs)” 31. The boronate crosslinks can be cleaved in the acidic tumor 

extracellular environment and in the acidic cellular compartments upon uptake in target 

tumor cells, and/or by the administration of mannitol (Osmitrol®) as an on-demand 

triggering agent.

Here we show that the stability, drug release and responsiveness to reductive environment of 

DCMs could be further fine-tuned with a mixed micelle approach by varying the ratios of a 

thiol-free telodendrimer and a thiolated telodendrimer contained four cysteines (Fig.1). Such 

approach greatly enhanced the in vitro antitumor efficacy of DCMs while retained the 

micellar stability at an appropriate level to prevent the severe acute toxicity caused by the 

haemolytic nature of non-crosslinked micellar nanoparticles.

Results and discussion

A series of micellar nanoparticles with various levels of intra-micellar disulfide crosslinkage 

(Fig. 1) could be conveniently prepared by using a mixed micelle approach. It was achieved 

by adding different ratios of thiol-free telodendrimer (PEG5k-CA8)16 and thiolated 

telodendrimer (PEG5k-Cys4-L8-CA8)26 into organic solvents such as ethanol, followed by 

solvent-evaporation, rehydration with aqueous solution and then oxidation with hydrogen 

peroxide. The completion of oxidation of free thiol groups to form intramicellar disulfide 

bonds was monitored by quantitative Ellman test as described in our previous study26.

The level of crosslink (LOC) was defined as the molar ratios of PEG5k-Cys4-L8-CA8 

thiolated telodendrimer within the total telodendrimers. The morphology of the micellar 

nanoparticles at all LOCs was observed to be spherical by a TEM after staining with 

phosphotungstic acid (Fig. 2). The size of these micellar nanoparticles with LOCs ranging 

from 0% to 100% analyzed by TEM and DLS were within a range of 22–40 nm (Fig. 2, 

Table S1). Therefore, by using this mixed micelle approach we created an excellent micellar 

delivery system with similar sizes to investigate the effect of LOC on the properties of these 

nanoparticles.

The critical micelle concentration (CMC) is the minimum concentration of polymer required 

for micelles to form. The CMC is a fundamental parameter to characterize the 

thermodynamic stability of micelles32. Pyrene was used as a hydrophobic fluorescent probe 

to determine the CMC values of a series of disulfide crosslinked micellar nanoparticles with 

LOCs at 0%, 10%, 20%, 30%, 50% and 100%. The CMC value of non-crosslinked micellar 

nanoparticles (LOC = 0%) were 50.1 μg/mL (Fig. 3). At a LOC of 100%, there was 8 times 

decrease in the value of apparent CMC of micellar nanoparticles (to 6.5 μg/mL) (Fig. 3). The 
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dramatic decrease in CMC value indicated a significant increase in the thermodynamic 

stability of the micellar nanoparticles. Furthermore, the CMC value could be fine-tuned by 

the LOCs of micellar nanoparticles (Fig. 3), indicating the stability of these micellar 

assemblies were wellregulated based on the LOC.

The stability of micellar nanoparticles with a variety of LOCs were further investigated by 

the real-time measurements of their particle size in severe micelle-disrupting conditions in 

the presence of sodium dodecyl sulfate (SDS)26. Within 10 seconds, the particle size signal 

of non-crosslinked micellar nanoparticles (LOC = 0%) immediately disappeared as reported 

previously26, reflecting the distinct dynamic associationdissociation property of non-cross-

linked micelles. The constant particle size of the DCMs at all levels of crosslink under 

similar condition over time indicated that such crosslinked micelles remained intact (Fig. 4). 

The GSH concentration inside cells (~10 mM) is known to be substantially higher than the 

extracellular level26. In the presence of SDS plus the addition of GSH (10mM), the particle 

size of disulfide crosslinked micelle at all levels of crosslink (LOC= 10% to 100%) 

remained unchanged for a certain amount of time until it disappeared suddenly (Fig. 4), 

indicating that rapid dissociation of the micellar nanoparticles did occur when a critical 

number of sulfide bonds were reduced. Fig. 4 clearly demonstrated that the time-delay 

dissociation, with the addition of 10 mM of GSH, could be fine-tuned by varying the ratio of 

PEG5k-Cys4-L8-CA8 thiolated telodendrimer with thiol-free telodendrimer (PEG5k-CA8) 

(from 10%–100%). At the tumor site and particularly inside the tumor cells, where the GSH 

level is high and therefore the dissociation and subsequent drug release is expected to occur 

based on the levels of disulfide crosslinkages.

We have successfully encapsulated many types of chemotherapeutic drugs into our 

crosslinked micellar nanoparticles 18, 24, 26, 28–30. In some clinical situations, these 

nanoparticle drugs may have to be administrated at high dose if the drug itself is not very 

effective. Therefore, investigation of the toxicity of the empty nanocarriers at high dose will 

facilitate the versatile applications of these nanoparticle platforms. The in vivo toxicity 

profiles of micellar nanoparticles with a variety of LOCs were further evaluated in tumor 

free nude mice and rats via tail vein injection. At a single dose of 200 mg/kg, all the mice in 

non-crosslinked micellar nanoparticles (LOC = 0%) group showed significant body weight 

loss, and 1 of 4 mice and 2 of 4 rats died within 1 day post-injection (Table 1). All the mice 

and rats in these groups treated with a higher dose (400 mg/kg) of non-crosslinked micellar 

nanoparticles (LOC = 0%) died within 2 hrs postinjection due to acute toxicity (Table 2). 

Bloody urine was observed for most of the mice and rats, indicating the hemolytic potential 

caused by non-crosslinked micellar nanoparticles at high dosage. On the contrary, none of 

the mice and rats treated with crosslinked micellar nanoparticles (LOC ranging from 20 to 

100%) were dead at the single dose of 200 or 400 mg/kg (Table 1&2) and no obvious sign of 

toxicity was observed within two weeks post-injection. This important observation indicated 

that even with a LOC at 20%, the intramicellar crosslinkages could stabilize the micellar 

nanoparticles in blood, preventing them from interaction with the red blood cells and 

therefore avoiding the acute toxicity caused by hemolysis.

As described above, the size of these micellar nanoparticles was all within a size range of 

22–40 nm. Due to this relatively smaller size and enhanced stability, the disulfide 
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crosslinked micellar nanoparticles could take full advantage of the enhanced permeability 

and retention (EPR) effect for tumortargeted drug delivery. We demonstrated DiD and 

paclitaxel (PTX) co-loaded micellar nanoparticles at a LOC of 20% and 50% were able to 

preferentially accumulate in the tumor sites in nude mice bearing SKOV-3 ovarian 

carcinoma xenograft at 24 hrs post-injection (Fig.5 & Fig. S1, S2). The semiquantitative 

analysis from ex vivo images indicated that accumulation in tumor of both micellar 

nanoparticles (LOC= 20% and 50%) was 5 and 7 times higher than that in muscle at 24 and 

48 hrs post-injection, respectively (Fig. S3).

PTX, an important microtubule stabilizer for cancer treatment, was physically encapsulated 

into the micellar nanoparticles with a variety of LOCs as a model drug to investigate the 

release profiles of these particles by using the dialysis method. The particle size of these 

micellar nanoparticles after drug loading did not change significantly (Table S1). As shown 

in Fig.6 and Fig. S4 left panel, the release of the encapsulated PTX from the crosslinked 

micellar nanoparticles (LOC = 20%, 50% and 100%) was much slower than that of the non-

crosslinked counterparts. For the micellar nanoparticles with LOCs at 20%, 50% and 100%, 

it was noted that the PTX release was gradually facilitated as the GSH concentration 

increased up to the intracellular level (10 mM) (Fig.6 and Fig. S4 right panel). When GSH 

was added at the 5 hrs time point, there was a dramatically promoted drug release from the 

crosslinked micellar nanoparticles (LOC = 20%, 50% and 100%) but not from the non-

crosslinked ones (Fig.6 and Fig. S4 right panel). Furthermore, the release rate of PTX and 

responsiveness of these crosslinked micellar nanoparticles could be well-controlled by 

varying their LOCs (Fig.6 & Fig. S4), providing a tunable drug delivery system for different 

biological applications towards precision drug delivery.

As demonstrated above, the crosslinked micellar nanoparticles with LOCs at 20%, 25%, 

50% and 100% were much safer to be administrated into mice and rats via tail vein 

compared with their non-crosslinked counterparts. Next, we aimed to determine the LOCs of 

the micellar nanoparticles that can most effectively kill cancer cells. The in vitro anticancer 

activity of PTX encapsulated micellar nanoparticles (LOC=0%, 20%, 50% & 100%) was 

evaluated on SKOV-3 ovarian cancer cells. The SKOV-3 cells were incubated with different 

nanoformulations of PTX for 2 hrs, washed with PBS to remove the extracellular drugs and 

then further incubated for 22 and 46 hrs (total 24 and 48 hrs) respectively. The PTX loaded 

micellar nanoparticles with a LOC of 100% was less effective than that with all other LOCs 

at both time points (P < 0.05), which was expected due to the slower drug release from 

PTXencapsulated nanoparticles both in cell culture media and in cells after their cellular 

uptake (Fig.7). The PTX loaded micellar nanoparticles with LOCs at 20% and 50% 

exhibited a similar in vitro anticancer efficacy compared to that with a LOC at 0% at 48 hrs 

(Fig.7). As controlled groups, the corresponding empty micellar nanoparticles at all LOCs 

under identical total micelle concentration did not show obvious cytotoxicity against SKOV- 

3 cells (total incubation time: 48 hrs) (Fig. S5). The above result indicated that the relatively 

lower level of disulfide crosslinkage could be effectively cleaved by intracellular GSH, and 

facilitated intracellular drug release, which results in enhanced cytotoxicity compared to that 

crosslinked at 100%.
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Conclusions

In this report, we described a facile mixed micelle strategy for fine-tuning the stability, drug 

release and reductive stimuli responsiveness of disulfide crosslinked micellar nanoparticles. 

This is an effective approach to greatly enhance the antitumor efficacy of disulfide 

crosslinked micellar nanoparticles while retaining the micellar stability to minimize the 

severe acute toxicity. Conceptually, this approach moved the theory of controlled drug 

delivery a major step forward towards precision drug delivery. It shows great promise to be 

integrated into precision medicine to lower the toxicity and enhance the therapeutic efficacy 

in cancer treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of the micellar nanoparticles with tunable levels of crosslink (LOC) 

formed by oxidization of different ratios of thiol-free telodendrimer (PEG5k-CA8) and 

thiolated telodendrimer (PEG5k-Cys4-L8-CA8) after self-assemble.
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Figure 2. 
TEM images of the micellar nanoparticles with tunable levels of crosslink (LOC).
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Figure 3. 
Critical micelle concentrations (CMC) values of the micellar nanoparticles with different 

levels of crosslink (LOC) using pyrene as a probe.
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Figure 4. 
Stability of the micellar nanoparticles with different levels of crosslink (LOC) (presence of 

particle size measured by dynamic light scattering particle sizer) as a function of LOC, in 

the presence of 2.5 g/L SDS and after addition of 10 mM GSH at 3 hrs. It is clear from the 

dissociation curves that the higher the level of the crosslink, the longer it took for the 

micellar nanoparticles to dissociate.
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Figure 5. 
Representative ex vivo NIRF optical images of dissected organs and tumors from nude mice 

bearing SKOV-3 xenograft obtained with Kodak imaging system at 24 hrs after i.v. injection 

of DiD and PTX co-loaded micellar nanoparticles with a LOC at 50%; Injection volume: 

100 μL, DiD: 0.5 mg/mL, PTX: 2.0 mg/mL.
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Figure 6. 
Cumulative release of paclitaxel from of PTX encapsulated micellar nanoparticles with 

LOCs at 0%, 20%, 50% and 100% in PBS (pH 7.4) at 37°C, with triggered release at 5 hrs 

upon addition of 10 mM GSH.
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Figure 7. 
MTT assays showing the viability of SKOV-3 ovarian cancer cells after 2 hrs incubation 

with PTX-encapsulated micellar nanoparticles with LOCs at 0%, 20%, 50% and 100%, 

followed by washing three times with PBS and additional 22 hrs or 46 hrs incubation (total 

incubation time: 24 or 48 hrs). *: p < 0.05. Final concentration of PTX: 13.7 ng/mL.
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Table 1

The survival condition of mice treated with 200 and 400 mg/kg of the micellar nanoparticles with LOCs at 

0%, 20%, 50% and 100%, respectively. (n=4)

Dose 0% crosslink 20% crosslink 50% crosslink 100% crosslink

200 mg/kg Dead(1/4) Alive Alive Alive

400 mg/kg Dead Alive Alive Alive
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Table 2

The survival condition of rats treated with 200 and 400 mg/kg of the micellar nanoparticles with LOCs at 0%, 

20%, 50% and 100%, respectively. (n=4)

Dose 0% crosslink 20% crosslink 50% crosslink 100% crosslink

200 mg/kg Dead(2/4) Alive Alive Alive

400 mg/kg Dead Alive Alive Alive

Nanoscale. Author manuscript; available in PMC 2018 June 14.


	Abstract
	Graphical Abstract
	Introduction
	Results and discussion
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1
	Table 2



