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Abstract

We report here that a simple, well-defined, and easy-to-scale up nanocarrier, PEG5000-lysyl-(α-

Fmoc-ε-t-Boc-lysine)2 conjugate (PEG-Fmoc), provides high loading capacity, excellent

formulation stability and low systemic toxicity for paclitaxel (PTX), a first-line chemotherapeutic

agent for various types of cancers. 9-Fluorenylmethoxycarbonyl (Fmoc) was incorporated into the

nanocarrier as a functional building block to interact with drug molecules. PEG-Fmoc was

synthesized via a three-step synthetic route, and it readily interacted with PTX to form mixed

nanomicelles of small particle size (25–30 nm). The PTX loading capacity was about 36%, which

stands well among the reported micellar systems. PTX entrapment in this micellar system is

achieved largely via an Fmoc/PTX π-π stacking interaction, which was demonstrated by

fluorescence quenching studies and 13C-NMR. PTX formulated in PEG-Fmoc micelles

demonstrated sustained release kinetics, and in vivo distribution study via near infrared

fluorescence imaging demonstrated an effective delivery of Cy5.5-labled PTX to tumor sites. The

maximal tolerated dose for PTX/PEG-Fmoc (MTD > 120 mg PTX/kg) is higher than those for

most reported PTX formulations, and in vivo therapeutic study exhibited a significantly improved

antitumor activity than Taxol, a clinically used formulation of PTX. Our system may hold promise

as a simple, safe, and effective delivery system for PTX with a potential for rapid translation into

clinical study.
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1. Introduction

Nanomedicine has been shown to dramatically improve the in vivo performance of various

anticancer agents through modifying their physiochemical properties, pharmacokinetics, and

distribution profiles [1–6]. To date, a variety of polymer- and lipid-based systems have been

developed and a few of them are currently being used in the clinic [7–11]. However, it

remains a challenge to develop a simple, easy-to-scale up system that provides excellent

drug loading capacity and formulation stability.

As a well-developed delivery system, micelles are attractive due to the ease of preparation,

and small sizes that can contribute to a reduced rate of elimination from circulation and

enhanced accumulation at solid tumors with leaky vasculature based on the enhanced

penetration and retention (EPR) effect [12, 13]. Most of the current micellar systems are

composed of two distinct domains, one being hydrophilic and the other hydrophobic, and

drug loading is solely based on the interactions of their hydrophobic domains with the

poorly water-soluble drugs [14–16]. While working well for highly hydrophobic/lipophilic

agents, these systems exhibit limited effectiveness for drugs with moderate hydrophobicity

due to limited drug-carrier compatibility.

Recent studies have highlighted the benefits of introducing other drug-interactive domains

into the conventional micellar systems to improve the drug loading capacity and formulation

stability through introduction of additional mechanisms of carrier/drug interactions. For

example, some studies have demonstrated that inclusion of a hydrotropic domain or entire

drug molecule such as doxorubicin can effectively improve the performance of several

polymeric systems with respect to drug loading capacity and colloidal stability of drug-

loaded micelles [17–21].

We have recently developed a new concept that introduction of a drug-interactive domain at

the interfacial region represents an effective strategy to improve the compatibility between

lipid-core micelles and the hydrophobic drugs. Among several drug-interactive domains

tested, 9-Fluorenylmethoxycarbonyl (Fmoc) was shown to have an unusual propensity in

interacting with many types of agents of diverse structure and water solubility [22]. After

interfacially modified with Fmoc groups, polyethylene glycol (PEG)-lipopeptides are active

in formulating a panel of dissimilar drugs, ranging from paclitaxel (PTX), steroids,

xanthene- and porphyrin-based photodynamic agents, to hydrophobic peptide drugs, with

significant improvements in both drug loading capacity and drug retention [23]. These data

strongly suggest that Fmoc qualifies as a “formulation chemophor”, exhibiting a potent

activity in interacting with various pharmaceutical agents and thus a capability of improving

carrier-drug compatibility.
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In general, it is believed that a large hydrophobic domain such as a lipid chain or

hydrophobic polymer is necessary to construct micelle-forming surfactants, and indeed,

Fmoc-containing PEG-lipid conjugates were more effective than the counterparts without a

lipid motif in formulating a number of hydrophobic agents. Interestingly, a PEG-Fmoc

conjugate without a lipid motif, PEG5000-lysyl-(α-Fmoc-ε-t-Boc-lysine)2 (PEG-Fmoc), was

found to be highly effective in solubilizing PTX. More surprising is the finding that PEG-

Fmoc was significantly more effective than the counterpart with a lipid motif in formulating

PTX. This study is focused on characterization of PEG-Fmoc as a simple and effective

micellar formulation for PTX. The potential mechanism involved in the drug/carrier

interaction between PEG-Fmoc and PTX is also investigated, which may shed insights into

the future development of further improved nanocarrier for therapeutic agents.

2. Materials and methods

2.1. Reagents

Paclitaxel (PTX, >99%) was purchased from TSZ Chem (MA, USA). Docetaxel (DTX,

>99%) was obtained from LC Laboratories (MA, USA). α-Fmoc-ε-Boc-lysine, di-Boc-

lysine, N, N′-dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS),

trifluoroacetic acid (TFA), and triethylamine (TEA) were obtained from Acros Organic (NJ,

USA). Monomethoxy PEG5000, monomethoxy PEG550, cholesterol (CHOL), 4-

dimethylaminopyridine (DMAP), ninhydrin, and other unspecified chemicals were all

purchased from Sigma-Aldrich (MO, USA). Dulbecco’s phosphate buffered saline (DPBS),

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), 100X penicillin-

streptomycin solution were all purchased from Invitrogen (NY, USA). All solvents used in

this study were HPLC grade.

2.2 Synthesis of PEG5000-lysyl-(α-Fmoc-ε-t-Boc-lysine)2 (PEG-Fmoc)

PEG-Fmoc was synthesized largely following our published method [23]. Briefly, 1 equiv.

of monomethoxy PEG5000 was mixed with excess amount of di-Boc-lysine and DCC in

dichloromethane (DCM) with addition of DMAP, and the reaction was allowed at room

temperature for 48 h. The mixture was filtered and precipitated in ice-cold ether, followed

by washes with cold ethanol and ether to obtain purified PEG5000-di-Boc-lysine. The PEG

derivative was then treated with DCM/TFA (1:1, v/v) for 2 h at room temperature, followed

by removal of the solvent, precipitation in cold ether, and washes with cold ethanol and

ether. Finally, the deprotected PEG5000-lysine-NH2 was mixed with excess amount of α-

Fmoc-ε-Boc-lysine that was pre-activated with NHS, DCC, and small amount of DMAP in

DCM at 37°C for 4 h. The reaction was allowed at 37 °C till the ninhydrin test became

negative, indicating the absence of free amino groups. The reaction mixture was filtered and

precipitated by ice-cold ether, followed by washes with cold ethanol and ether. The obtained

material was dissolved in water and filtered through a 450 nm filter, followed by

lyophilization to yield the powder of purified PEG5000-lysyl-(α-Fmoc-ε-t-Boc-lysine)2.

2.3 Preparation and biophysical characterization of PTX/PEG-Fmoc mixed micelles

Thin-film hydration method was utilized for preparation of PTX/PEG-Fmoc mixed

nanomicelles. PEG-Fmoc and PTX in chloroform were well mixed in a glass tube at
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designated molar ratios. A thin film of carrier/drug mixture was generated through removal

of the organic solvent by a gentle stream of nitrogen. The trace amount of solvent was

further removed via vacuum for 2 h. Then the film was hydrated and suspended in DPBS by

vortex to obtain a clear solution of PTX/PEG-Fmoc mixed nanomicelles. Any non-

entrapped drug was removed by filtration through 450 nm PVDF syringe filter.

The size distribution of PTX/PEG-Fmoc mixed nanomicelles was examined by dynamic

light scattering (DLS), and the zeta potential was measured via a Malvern Zeta Nanosizer.

The morphology was observed by transmission electron microscopy (TEM) after negative

staining. The CMC measurement was performed as reported before with pyrene as a

fluorescence probe [23]. To quantify PTX in the micelles, PTX was extracted by methanol,

and detected by Waters Alliance 2695–2998 high-performance liquid chromatography

(HPLC) system with a RP-18 column (250 mm × 4.6 mm) equipped with a UV detector at

227 nm at room temperature. A mixture of methanol/water (80:20, v/v) was used as mobile

phase at a flow rate at 0.8 mL/min. The drug loading capacity (DLC) and efficiency (DLE)

were calculated using the formula:

2.4 Effect of lyophilization/reconstitution on particle sizes

One mL of PTX/PEG-Fmoc in DPBS was prepared as described above and the PTX

concentration was kept at 1 mg/mL. The clear solution was frozen and lyophilized overnight

to obtain white powder. The powder was then reconstituted with 1 mL of distilled water to

obtain a clear solution. Particle sizes of the PTX-loaded micelles before and after

lyophilization/reconstitution were recorded via DLS using a Zetasizer.

2.5 Differential scanning calorimetry (DSC) analysis

A Mettler Toledo DSC was used for DSC analysis. Samples (PTX, PEG-Fmoc/PTX, and

drug-free PEG-Fmoc) were accurately weighed and placed in aluminum crucibles, which

were sealed using a Mettler Toledo sealer. An empty crucible was used as a reference. The

temperature range was set from 25 °C to 285 °C with a rate at 10 °C/min using nitrogen (50

mL/min) as segment gas.

2.6 Fluorescence quenching

PEG5000-lysyl-(α-Fmoc-ε-oleic acid-lysine)2 (PEG-Fmoc-OA) was synthesized as reported

[23]. PTX/PEG-Fmoc and PTX/PEG-Fmoc-OA mixed micelles of various PTX/carrier

molar ratios were prepared in DPBS as described above, and the molar concentrations of

PEG-Fmoc and PEG-Fmoc-OA carrier were kept constant for comparison. The samples

were placed into a 96-well plate, and examined for the fluorescence intensity at the

excitation wavelength of 270 nm and emission wavelength of 300–460 nm using a Synergy

H1 Hybrid Multi-Mode Microplate Reader.
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2.7 In vitro drug release kinetics

Two mL of PTX/PEG-Fmoc mixed micelles in DPBS (PH = 7.4) (1 mg PTX/mL) was

prepared and placed into a dialysis bag (MWCO 12 kDa, Spectrum Laboratories) that was

incubated in a tank containing 200 mL of DPBS with 0.5% (w/v) Tween 80 under gentle

shaking at 37 °C. At scheduled time points (0, 1, 2, 4, 8, 24, 48, and 72 h), the concentration

of PTX remaining in the dialysis bag was measured by HPLC as described above. Taxol

formulation (6 mg PTX/mL in Cremophor EL/ethanol, 1:1, v/v) was diluted with DPBS to a

final PTX concentration of 1 mg/mL and utilized as a control.

2.8 Cell culture

4T1-2 is a mouse metastatic breast cancer cell line. PC-3 and DU145 are two androgen-

independent human prostate cancer cell lines. They were all cultured at 37 °C in DMEM

containing 10% FBS and 1% penicillin-streptomycin in a humidified environment with 5%

CO2.

2.9 In vitro cytotoxicity study

Mouse metastatic breast cancer cell line 4T1.2, and two human prostate cancer cell lines

PC-3 and DU145 were utilized to evaluate the in vitro cytotoxicity of PTX/PEG-Fmoc.

Cells were seeded in 96-well plates at 1000 (4T1.2), 2000 (DU145) and 3000 (PC-3) cells

per well. Twenty-four h later, cells were treated with PTX/PEG-Fmoc or Taxol with PTX

concentrations ranging from 6.25 to 200 ng/mL. Seventy-two h later, 20 μL of 3-(4, 5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT, 5 mg/mL) was added into

each well. Following incubation for 4 h, the medium was removed and 150 μL of DMSO

was added to each well to solubilize the formazan crystal. The absorbance of each well was

detected at 550 nm with a reference wavelength at 630 nm using a microplate reader, and

cell viability was calculated based on the formula below. Untreated cells were included as a

control.

2.10 Animals

Female BALB/c mice (6 to 8 weeks) were purchased from Charles River (Davis, CA), and

male nude mice (6 to 8 weeks) were purchased from Harlan (Livermore, CA). All animals

were housed under pathogen-free conditions according to AAALAC guidelines. All animal-

related experiments were performed in full compliance with institutional guidelines and

approved by the Animal Use and Care Administrative Advisory Committee at the University

of Pittsburgh.

2.11 Maximum tolerated dose (MTD) study

BALB/c mice were randomly divided into seven groups (n=4) and i.v. administered with

PTX/PEG-Fmoc (30, 50, 75, 100, and 120 mg PTX/kg) or Taxol (15, 20, and 25 mg PTX/

kg). Mice were then followed for 10 days for survival and changes in body weight. The

MTD was determined at a maximal dose of PTX that leads to neither animal death nor
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significant changes in the general appearance or greater than 15% of body weight loss over

the entire experimental period.

2.12 Fluorescence optical imaging

Near infrared (NIR) fluorescence imaging was performed to investigate the in vivo

biodistribution of PTX/PEG-Fmoc mixed nanomicelles using PTX labeled with Cy5.5, a

near infrared fluorescence dye. Two hundred μL of PTX-Cy5.5/PEG-Fmoc mixed

nanomicelles (0.2 PTX-Cy5.5 mg/mL) were i.v. injected into SCID mice bearing PC-3

xenografts. At scheduled time points, the mice were anesthetized and scanned with a

Carestream Molecular Imaging’s In-Vivo Imaging FX Pro, using a 60 sec exposure time

with the excitation at 630 nm and the emission at 700 nm. At the end of the imaging study,

all the mice were sacrificed and the major organs and tumors were excised for ex vivo

imaging.

2.13 In vivo therapeutic efficacy

A syngeneic mouse breast cancer model (4T1.2) was established via s.c. inoculation of 2

×105 of 4T1.2 cells into the right flank of female BALB/c mice, and the treatments were

initiated when the tumor size reached ~ 50 mm3. Mice were divided randomly into five

groups (n=5) and received i.v. injection of saline, Taxol (10 mg PTX/kg), and PTX/PEG-

Fmoc (10, 20, and 40 mg PTX/kg), respectively. Tumor volumes were measured by a

caliper and calculated based on the formula: , where L is the longest and W is

the shortest tumor diameters (mm). The data were presented as relative tumor volume (RTV,

the tumor volume at a given time point divided by the tumor volume prior to first treatment).

Mice were sacrificed when tumors developed ulceration. Changes in body weights of all

mice were also monitored during the entire course of treatment to evaluate the potential

toxicity of the formulations. Tumors were harvested at the completion of the experiment and

tumor weights were measured. Tumor growth inhibition rate (IR) was calculated as: 1−

(mean tumor weight of PTX treated group/mean tumor weight of saline treated group) *

100%.

2.14 Statistical analysis

Statistical analysis was performed with two-tailed Student’s t-test between two groups. p <

0.05 was considered statistically significant, and p < 0.01 was considered highly statistically

significant. One-way ANOVA was conducted to assess significance among multiple groups,

followed by two-tailed Student’s t-test if p < 0.05.

3. Results and discussion

3.1 Design, preparation, and characterization of PEG-Fmoc/PTX mixed micelles

We previously developed a new lipid surfactant, PEG5000-lysyl-(α-Fmoc-ε-oleic acid-

lysine)2 (PEG-Fmoc-OA), and examined its utility in formulating a number of therapeutic

agents of diverse structure including PTX [23]. Our data showed that PEG-Fmoc-OA was

much more effective than the counterpart without Fmoc motifs (PEG5000-di-oleoyl lysine,

PEG-OA) with respect to both drug loading capacity and formulation stability. However,

little was known about the molecular basis of carrier-drug interaction for our new micellar
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system. Particularly, a mode of interaction between Fmoc/PTX and its contribution to the

overall performance of the new lipidic vector is largely unknown.

To clearly address this issue, we have synthesized a PEG-Fmoc conjugate without OA

motifs to rule out any influence from lipid motifs whose interaction with drug also

contributes to the overall performance of the new lipidic surfactant. PEG-Fmoc was readily

synthesized via three steps as depicted in Fig. 1A. 1H-NMR spectrum of PEG-Fmoc shows

signals at 3.63 ppm attributed to the methylene protons of PEG backbone, the multiple Fmoc

proton signals between 7.3–7.8 ppm, and the t-Boc signals at 1.44 ppm (Fig. S1). The

molecular weight from MALDI-TOF MS is similar to the theoretical value (6030) (Fig. S2),

indicating the successful synthesis of PEG-Fmoc conjugate.

PEG-Fmoc readily formed small-sized (25~30 nm) micelles in aqueous solution. Negative-

staining EM showed homogeneously distributed spherical particles (Fig. S3). This is

different from PEG-Fmoc-OA that showed tubular morphology on EM, suggesting

formation of filamentous micelles. PEG-OA was known to form spherical micelles [23].

Taken together, these data suggest that both Fmoc and lipid motifs contribute to the

formation of the unique filamentous structure of PEG-Fmoc-OA.

PEG-Fmoc readily formed mixed micelles with PTX and loading of PTX had minimal effect

on the size of the particles as determined by DLS (Fig. 2A). The small size and

homogeneous distribution of the particles were further confirmed by negative-staining TEM

as shown in Fig. 2B. Fig. 2C shows that the CMC value of PEG-Fmoc conjugate was 0.996

μmol/L. And 1H-NMR spectrum analysis showed that the signals from both PEG-Fmoc and

PTX were clearly detected when they were mixed in CDCl3 (Fig. 3A). In contrast, all of the

proton signals of Fmoc and PTX were drastically suppressed in deuterated water, indicating

a complete encapsulation of PTX inside the core area of the self-assembled particles in

aqueous solution (Fig. 3B).

Table 1 shows the drug loading capacity (DLC) at various PEG-Fmoc/PTX molar ratios.

PEG-Fmoc/PTX mixed micelles could be prepared at a carrier/drug molar ratio as low as

0.25/1. At this ratio, the PTX loading capacity was ~36%, which stands well among the

reported PTX micellar formulations. Increasing the carrier/drug ratio was associated with an

increase in drug loading efficiency (DLE) and an improvement in the colloidal stability of

the mixed micelles in 50% FBS/PBS. Surprisingly, PEG-Fmoc was significantly more active

than PEG-Fmoc-OA that has a highest PTX loading capacity of 15.2% [23]. This is in

contrast to solubilization and loading of several other drugs for which PEG-Fmoc-OA was

more active than PEG-Fmoc.

3.2 Mechanism of carrier/drug interactions

Fmoc is known to have strong π-π stacking interaction with other molecules bearing

aromatic rings [24–26], which is normally stronger than the van der Waals interaction. Fmoc

is likely to promote the formation of stable PEG-Fmoc micelles through the Fmoc/Fmoc

interaction. The fact that PTX could be loaded into PEG-Fmoc micelles at a high loading

capacity suggests that Fmoc effectively interacts with PTX. An absence of PTX endothermic

melting peak in PEG-Fmoc/PTX micelles was observed in differential scanning calorimetry
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(DSC) analysis, which indicated a loss of PTX crystallinity caused by a strong carrier-PTX

interaction in PEG-Fmoc/PTX micelles (Fig. 4). To further gain insight into the mechanism

of drug-carrier interaction, fluorescence quenching study was conducted. As depicted in Fig.

5A, a fluorescence maxima of PEG-Fmoc alone was recorded at 305 nm at an excitation

wavelength of 270 nm. However, a dramatic fluorescence quenching was observed when

PTX was loaded into the micelles, and the extent of decrease in fluorescence intensity was

correlated to the amount of PTX loaded in micelles. This fluorescence quenching in the

presence of PTX is likely due to the energy transfer caused by the intermolecular π-π

stacking interaction [27] between Fmoc motifs and the aromatic rings of PTX, which may

represent the major mechanism of carrier/drug interaction in PEG-Fmoc/PTX (Fig. 1B). As

a control, PTX alone did not show any fluorescence at the wavelength range examined.

To further demonstrate that π-π stacking plays a key role in the Fmoc/PTX interaction, the

fluorescence quenching study was similarly conducted with two other hydrophobic

molecules, DTX and CHOL (Fig. S4). As depicted in Fig. S5, DTX, an analog of PTX with

one fewer aromatic ring, caused slightly less fluorescence quenching, which may be due to a

relatively weaker π-π stacking interaction between DTX and Fmoc. In addition, no

significant fluorescence quenching was observed in the hydrophobic interaction between

PEG-Fmoc and CHOL, a highly hydrophobic molecule that does not bear aromatic rings.

Taking together, these data suggest π-π stacking as a major mechanism in the PTX/Fmoc

interaction. However, hydrophobic interaction and hydrogen bonding may also contribute to

the overall interaction between Fmoc and PTX.

Interestingly, PEG-Fmoc-OA exhibited remarkably reduced fluorescence intensity

compared to its lipid-free counterpart, PEG-Fmoc, on equal molar basis (Fig. 5B). This

severe self-quenching is likely due to the extremely strong carrier-carrier π-π interaction.

Incorporation of lipid chains brought changes to packing parameter and molecular

arrangement of PEG-Fmoc-OA assemblies. Unlike PEG-Fmoc that forms spherical micelles,

PEG-Fmoc-OA forms filamentous micelles of tubular structures [23]. This morphology

alteration may facilitate an overwhelming Fmoc/Fmoc interaction between carriers, leading

to an impaired π-π interaction between Fmoc and PTX. Loading of PTX into PEG-Fmoc-

OA micelles may be largely mediated by hydrophobic/hydrophobic interaction. This is in

agreement with the finding that loading of PTX into PEG-Fmoc-OA micelles is not

associated with dramatic quenching of Fmoc fluorescence. The different modes of drug/

carrier interactions might play a major role in the drastic difference in PTX loading capacity

between the two systems (PEG-Fmoc vs PEG-Fmoc-OA).

We further studied the Fmoc/PTX interaction via NMR. Shifts in 13C-NMR spectra of PTX

were recorded in the presence of varying concentrations of PEG-Fmoc. As shown in Fig. 6,

PEG-Fmoc caused significant signal shifts in all of the three aromatic rings of PTX, and

these signal shifts occurred in an Fmoc concentration-dependent manner. It was also

apparent that more dramatic shifts were observed in rings A and B than in ring C as

indicated by the average shift index △ that represents the average absolute value of the

signal shifts of all the six carbon atoms in one aromatic ring. In general, a signal shift of

greater than 0.02 in 13C-NMR spectrum is believed to be significant and suggestive of

intermolecular interaction. These data suggest a strong interaction between Fmoc and the
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aromatic rings of PTX, particularly rings A and B. A stronger interaction between Fmoc and

rings A and B of PTX may be attributed to a higher flexibility of the two rings and a less

steric hindrance imposed by the bulky core of PTX. The interaction of Fmoc with PTX was

similarly demonstrated by NMR with a more simplified system, Fmoc-Lys (Boc)-OH as

shown in Fig. S6. The above data shed some insight into the molecular interaction of PEG-

Fmoc with PTX. However, more studies are needed to better understand the mechanism

involved in the drastic difference between PEG-Fmoc-OA and PEG-Fmoc with respect to

PTX loading capacity.

3.3 Effect of lyophilization/reconstitution on PEG-Fmoc/PTX mixed micelles

The preliminary data suggest that PEG-Fmoc may represent as a simple and effective

micellar system for delivery of PTX. Therefore, we went on to further characterize PEG-

Fmoc/PTX mixed micelles with respect to their biophysical and biological properties. We

first examined the effect of freezing and lyophilization on PEG-Fmoc/PTX mixed micelles

since lyophilization is an important procedure for long-term storage in clinical practice. Our

results showed that PEG-Fmoc/PTX mixed micelles could be lyophilized and then readily

reconstituted in water without any addition of cryo-protectants. In addition, there were no

major changes in size distribution following lyophilization and reconstitution (Fig. 7). This

property may help to facilitate the clinical investigation of this simple delivery system.

3.4 Release kinetics of PTX from PEG-Fmoc/PTX mixed micelles

As an important indicator of formulation stability, release kinetics of PTX from PEG-

Fmoc/PTX was evaluated via a dialysis method, and Taxol, a clinically used PTX

formulation [28, 29] was employed as a comparison. As depicted in Fig. 8, PEG-Fmoc/PTX

mixed micelles exhibited a sustained release profile in PBS, pH 7.4 at 37 °C. After first 24

h, only 19.3% of entrapped PTX was released from PEG-Fmoc/PTX mixed micelles. Even

after 72 h, only 23.5% of PTX was released from PEG-Fmoc/PTX mixed micelles. This

compared favorably to Taxol formulation in which 40.4% of PTX was released during the

1st 24 h. The slow kinetics of PTX release is likely due to a strong carrier/drug interaction,

which may help to facilitate the PTX delivery through minimizing its premature release

from PEG-Fmoc/PTX mixed micelles before they reach the tumor site.

3.5 In vitro cytotoxicity of PEG-Fmoc/PTX

In vitro cytotoxicity of PEG-Fmoc/PTX was evaluated with several tumor cell lines

including mouse metastatic breast cancer cell line, 4T1.2, and two human prostate cancer

cell lines, PC-3 and DU145. As shown in Fig. 9, PEG-Fmoc/PTX mixed micelles exhibited

more potent cytotoxicity than Taxol in all the 3 cancer cell lines tested. The carrier alone did

not show any significant toxicity to cells under the concentrations tested. This increased

cytotoxicity may be attributed to a facilitated entry of PTX into tumor cells. It has been

reported that nano-scale delivery systems enter cells through endocytosis [30–32]. This

could help to bypass the efflux mediated by drug transporters such as P-glycoprotein,

resulting in increased intracellular drug accumulation and improved cytotoxicity.
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3.6 Biodistribution of PEG-Fmoc/PTX micelles through NIR fluorescent optical imaging

To investigate the in vivo fate of PEG-Fmoc/PTX, NIR fluorescence imaging was utilized to

track the biodistribution of PTX in tumor-bearing mice after i.v. injection of PEG-Fmoc/

PTX. Cy5.5, a near infrared fluorescent probe, was conjugated to PTX and SCID mice

bearing human prostate cancer PC-3 xenografts were used. As shown in Fig. 10, Cy5.5-PTX

was largely found at tumor sites 24 h after i.v. administration of PEG-Fmoc/Cy5.5-PTX and

substantial amounts of signal remained at tumor sites even 96 h later. Intravenous

administration of free Cy5.5-PTX led to accumulation of the signals largely at the site of

kidneys (data not shown). This is largely due to the increased hydrophilicity of PTX

following conjugation with Cy5.5, which led to its clearance from the kidneys. After

completion of the whole body imaging study at 96 h post-injection, major organs and tumors

were excised, and ex vivo imaging was performed. Strong NIR fluorescence signals of

Cy5.5-PTX were found in tumor tissues. Moderate levels of signals were also found in lung

and liver, which was due to the nonspecific uptake of nanoparticles by these organs, albeit at

relatively low levels [33]. We also noticed significant levels of NIR signals in kidneys,

which might be due to the clearance of the Cy5.5-PTX that became dissociated from PEG-

Fmoc/Cy5.5-PTX mixed micelles. Very low NIR levels were found in heart and muscle. It

should be noted that coupling of Cy5.5 to PTX led to significant changes in the overall size

and other biophysical properties of PTX as reflected by both reduced loading capacity and

slightly increased sizes for PEG-Fmoc/Cy5.5-PTX mixed micelles (data not shown). Thus,

the targeting efficiency of PEG-Fmoc/PTX might be underestimated with the Cy5.5-PTX-

based NIR imaging. The PK/PD study is currently ongoing to directly examine the

distribution of PTX in tumors and other major organs/tissues. As a control, Cy5.5-PTX

formulated in Cremophor EL yielded poor imaging of the tumor-bearing mice (Fig. S7).

3.7 Maximum tolerated dose (MTD) study

The maximum tolerated dose (MTD) of PEG-Fmoc/PTX was examined in tumor-free mice

and compared to Taxol formulation. Five different doses of PEG-Fmoc/PTX and three doses

of Taxol were tested in BALB/c mice through i.v. injection, followed by monitoring of body

weight and other signs of toxicity of these animals. As shown in Table 2, Taxol could be

tolerated at a maximum PTX dosage of 20 mg/kg. At this dose, no animal death occurred

although several abnormal signs such as convulsion and retarded motion were noticed in

most of the treated mice immediately after injection. Compared with Taxol, PEG-Fmoc/PTX

exhibited a significantly improved safety profile. Even at a dosage as high as 120 mg

PTX/kg (6-fold higher than the MTD of Taxol), neither animal death nor significant weight

loss was observed over the entire experiment period. The high MTD of PEG-Fmoc/PTX

compares favorably to most of the reported PTX micellar formulations, and is consistent

with its excellent formulation stability, slow release profile, and less tendency to accumulate

in major organs as illustrated above, which shall provide a much broader therapeutic dosage

window for enhanced therapeutic efficacy.

3.8 In vivo therapeutic efficacy of PEG-Fmoc/PTX

The in vivo therapeutic efficacy of PEG-Fmoc/PTX was examined in a syngeneic mouse

breast cancer model (4T1.2). 4T1.2 is known as a highly metastatic cancer cell line, and as
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demonstrated in Fig. 11A, rapid tumor growth was observed in saline-treated group. Taxol

showed a modest effect in inhibiting the tumor growth at a PTX dose of 10 mg/kg. At the

same dosage, PEG-Fmoc/PTX was significantly more effective than Taxol in inhibiting the

tumor growth (p<0.05). Increasing the PTX dosage was associated with a further

enhancement in antitumor activity. At the PTX dosage of 20 and 40 mg/kg, the tumor

growth inhibition rate (IR) was 60.6 and 69.7%, respectively (Fig. 11B). All of the

treatments were well tolerated except for a slight decrease of body weight (7–8%) that

occurred following consecutive injections of PEG-Fmoc/PTX at the PTX dose of 40 mg/kg

(Fig. S8). The significantly enhanced antitumor activity and the excellent safety of PEG-

Fmoc/PTX are consistent with its excellent biophysical properties and tumor-selective

delivery.

4. Conclusions

In summary, a study of Fmoc/PTX molecular interaction has led to the discovery of PEG-

Fmoc conjugate as an effective nanocarrier for PTX. This conjugate can be easily

synthesized through a simple three-step route, and it readily forms small-sized (25–30 nm)

micelles with PTX. A strong Fmoc/PTX π-π stacking interaction provides an excellent drug/

carrier compatibility with a loading capacity (~36%) that stands well among the reported

micellar formulations. PEG-Fmoc/PTX nanomicelles effectively and selectively

accumulated at solid tumors and demonstrated an excellent safety profile with a MTD

greater than 120 mg PTX/kg. Finally, PEG-Fmoc/PTX effectively inhibited the tumor

growth in a murine breast cancer model, much more effectively than Taxol. Our PEG-Fmoc

may hold promise as a simple, safe, and effective delivery system for PTX with a potential

for rapid translation into clinical study.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Synthetic route of PEG-Fmoc (A), and schematic representation of self-assembled PEG-

Fmoc/PTX mixed micelle based on carrier/drug intermolecular π-π stacking (B).
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Fig. 2.
Biophysical characterization of PEG-Fmoc nanomicelles. (A) Particle size distribution of

PEG-Fmoc/PTX nanomicelles at 1 mg PTX/mL in DPBS with a carrier/drug ratio of 0.75:1

(m/m) via DLS measurement; (B) TEM image of PEG-Fmoc/PTX nano-micelles with PTX

concentration at 1 mg/mL using negative staining; (C) Critical micelle concentration (CMC)

measurement of PEG-Fmoc using pyrene as a fluorescence probe.
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Fig. 3.
1H-NMR spectra of PEG-Fmoc/PTX in CDCl3 and D2O. The suppressed proton signals of

Fmoc motifs and PTX in D2O indicated the self-assembly of PEG-Fmoc micelles in aqueous

solution and entrapment of PTX into the interior core of PEG-Fmoc micelles.
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Fig. 4.
DSC thermograms of PTX alone, PEG-Fmoc/PTX mixed micelles, and drug-free PEG-

Fmoc micelles.
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Fig. 5.
Fluorescence quenching study. Fluorescence intensity of PEG-Fmoc (A) at 300– 460 nm

was recorded with an excitation wavelength at 270 nm, and compared with its lipid-bearing

counterpart PEG-Fmoc-OA (B). Both PEG-Fmoc and PEG-Fmoc-OA were kept at 0.88 mM

for comparison, and all carrier/drug ratios were reported as molar ratios.
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Fig. 6.
13C-NMR of carrier-mixed (A & B) and carrier-free PTX (C) in CDCl3. PTX was mixed

with PEG550-α-Fmoc-ε-t-Boc-lysine (see Supplementary data) at a drug/carrier molar ratio

of 1:10 (A) and1:3 (B), respectively. Average shift index (△) was calculated as the average

absolute value of chemical shift changes of all the six carbon atoms on the same aromatic

ring compared with free PTX (C).
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Fig. 7.
Size distribution of PEG-Fmoc/PTX mixed micelles with PTX concentration at 1 mg/mL

before (A) and after (B) lyophilization/reconstitution.
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Fig. 8.
PTX release kinetics of PEG-Fmoc/PTX examined via a dialysis method. PTX

concentrations in PEG-Fmoc/PTX and Taxol were kept at 1 mg/mL, and DPBS containing

0.5% (w/v) Tween 80 was utilized as release medium. PTX concentration was analyzed at 0,

1, 2, 4, 8, 24, 48 and 72 h using HPLC at 227 nm.
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Fig. 9.
In vitro cytotoxicity of PEG-Fmoc/PTX. 4T1.2 mouse breast cancer cell line (A), human

prostate cancer cell lines PC-3 (B), and DU145 (C) were treated with PEG-Fmoc/PTX,

drug-free PEG-Fmoc and Taxol for 72 h, and tumor cell inhibition was determined by MTT

assay. * P < 0.05 or ** P < 0.01 (PEG-Fmoc/PTX vs Taxol).
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Fig. 10.
Biodistribution of PEG-Fmoc/Cy5.5-PTX in tumor-bearing mouse as examined by NIR

fluorescence imaging. Mouse bearing PC-3 cancer xenograft was scanned at 0.2 h, 24 h, 48

h, 72 h, and 96 h after i.v. injection of PEG-Fmoc/Cy5.5-PTX; and ex vivo imaging of

tumors and major organs was performed 96 h after injection.
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Fig. 11.
In Vivo therapeutic efficacy of PEG-Fmoc/PTX. Groups of 5 BALB/c mice bearing 4T1.2

murine breast cancer grafts were injected with PEG-Fmoc/PTX (10, 20, or 40 mg PTX/kg

body weight), Taxol (10 mg PTX/kg body weight) and saline on days 0, 2, 4, 7, 10 and 12,

respectively. Tumor growth was monitored and plotted as relative tumor volume (A). *P <

0.05; **P < 0.01 (vs Taxol). Tumor weights were measured after excision and plotted as

average tumor weight, and tumor growth inhibition rate (IR) was calculated (B).
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Table 2

Maximum tolerated dose of PEG-Fmoc/PTX and Taxol

Formulation Does (mg PTX/kg) Mice death Weight loss (%)

Taxol 15 0/4 0.49

20 0/4 −4.96

25 1/4 −4.35

PEG-Fmoc/PTX 30 0/4 −2.77

50 0/4 −2.82

75 0/4 −5.99

100 0/4 −5.12

120 0/4 −9.49
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