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Abstract

A new type of degradable, nanoscopic polymer assembly containing ultra-high levels of drug

loading via covalent attachment within amphiphilic core-shell nanoparticle morphology has been

generated as a potentially effective and safe anti-cancer agent. Poly(ethylene oxide)-block-

polyphosphoester-based paclitaxel drug conjugates (PEO-b-PPE-g-PTX) were synthesized by

rapid, scalable and versatile approach that involves only two steps: organocatalyst-promoted ring-

opening-polymerization followed by click reaction-based conjugation of a PTX prodrug.

Variations in the polymer-to-PTX stoichiometries allowed for optimization of the conjugation

efficiency, the PTX drug loading and the resulting water solubilities of the entire polymer and the

PTX content. The PEO-b-PPE-g-PTX formed well-defined micelles in aqueous solution, with a

PTX loading capacity as high as 65 wt%, and a maximum PTX concentration of 6.2 mg/mL in

water, which is 25000-fold higher than the aqueous solubility of free PTX. The positive cell-

killing activity of PEO-b-PPE-g-PTX against several cancer cell lines is demonstrated, and the

presence of pendant reactive functionality provides a powerful platform for future work to involve

conjugation of multiple drugs and imaging agents to achieve chemotherapy and bioimaging.

Paclitaxel (PTX), a microtubule-interfering agent, has demonstrated a broad spectrum of

antitumor activity against various cancers including breast, lung and advanced ovarian
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cancers,1, 2 however, there are several challenges with its formulation that remain unmet.

The low solubility of PTX and the difficulty of achieving sufficiently high concentration in

solution that is suitable for in vivo administration and clinical applications have led to the

development of various strategies to increase its bioavailability, which utilize low molecular

weight surfactants (Taxol®),3 coat the drug with albumin (Abraxane®),4 or conjugate it to

water-soluble polymers (PTX poliglumex, OPAXIO™, CT-2103, Xyotax®).5 Toxicity and

hypersensitivity reactions associated with the vehicles (e.g. Cremophor-EL, polyethoxylated

castor oil) and the non-selectivity of these formulations calls for the development of

degradable nanoparticle carriers that can achieve high loading of the drug, exhibit low

toxicity, are capable of extended circulation in vivo, and have a possibility of versatile

chemical modifications, for instance, for conjugation of imaging agents and targeting

ligands.6, 7 Poly-(L)-glutamic acid (PGA) offers carboxylic acid side chain substituents for

conjugation of PTX and other moieties, and PGA-PTX conjugates have entered clinical

evaluation under the brand name OPAXIO™. Although PGA-PTX gave significantly

enhanced water solubility and antitumor activity, with lower toxicity, than the free drug in

preclinical studies,5, 8–10 conjugation of the 2'-hydroxyl of PTX by ester linkage to the γ-

carboxylic acid side chains of PGA proceeds without control over the placement of the PTX

along the backbone of the polymer, resulting in ill-defined multi-molecular aggregates. With

the statistical distribution of PTX along the PGA chain, only relatively low loadings could

be tolerated, 37 wt% PTX loading by weight, to maintain dispersibility of the PGA-PTX,

which provides a maximum PTX concentration in water of 2.6 mg/mL.9 A number of

degradable and non-degradable drug conjugate systems11 have been used as components of

medical devices in PTX delivery, for instance, PTX-conjugated polyvalent DNA-

functionalized gold nanoparticles,12 polylactide(PLA)-PTX conjugated nanoparticles13 and

PTX cross-linked PLA based nanocomposites.14 It still remains challenging to obtain high

PTX loadings for polymer drug conjugates (PDCs) and also maintain high water solubility

to be suitable for in vivo administration and clinical applications. Therefore, we have taken

advantage of current state-of-the-art synthetic polymer chemistry and orthogonal

conjugation chemistries15, 16 to produce, through a rapid, versatile and scalable two-step

approach, unique degradable diblock copolymers of poly(ethylene oxide) and functional

polyphosphoesters that allow for click conjugation of PTX onto a selective region of the

amphiphilic diblock copolymer, thereby, allowing ultra-high PTX loading within nanoscopic

carriers in water.

Based upon an interest to incorporate a non-reactive, water-soluble polymer chain segment,

to mediate the supramolecular assembly process in water and provide a shell layer that

imparts serum stability, together with a highly- and selectively-reactive chain segment for

high-loading conjugation of PTX, a new type of poly(ethylene oxide)-b-polyphosphoester

(PEO-b-PPE)-based polymer drug conjugate for PTX delivery was designed. Surface

modification of nanoparticles with PEO moieties have the benefits of prolonged blood

circulation and enhanced accumulation in the tumor tissues via the enhanced permeability

and retention (EPR) effect.17 The PPE portion of the system was constructed based upon our

recent development of a new type of degradable and water-soluble polyphosphoester bearing

alkynyl functionalities by using organocatalyst-promoted ring opening polymerization

(ROP).18, 19 The alkynyl groups on the side chain have been shown to undergo high-
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efficiency reactions in “click”-type azide-alkyne Huisgen cycloaddition. Therefore, an

azide-functionalized PTX was synthesized by esterification, in which the most reactive 2'-

hydroxyl group of PTX reacted with 6-azidohexanoic acid to form an ester linkage, and then

this azide-functionalized PTX was further conjugated onto the PPE backbone through click

reaction, resulting in PEO-b-PPE-g-PTX drug conjugates that assembled in water into

nanoscopic micelles with up to 65 wt% PTX loading. To our best knowledge, this drug

loading capacity is the highest, compared to the reported polymer-PTX conjugates. The high

content of PTX in the drug conjugates is important to increase potency, decrease the total

amount of polymers required to deliver a particular amount of the drug, and reduce any

potential toxicities that might be associated with the delivery vehicle. Taking advantage of

the high solubility of the PPE backbone and the PEO shielding, the solubility of PTX could

reach 6.2 mg/mL. The potency of the resulting PEO-b-PPE-g-PTX drug conjugates was also

tested against multiple cancer cell lines. Though PEO-b-PPE-g-PTX micelles were one-to-

two orders of magnitude less potent than free PTX, their cell killing ability was better than

or equal to the performance of PGA-PTX. Residual alkynyl groups were decorated with

fluorescent dyes to track the cellular uptake of the PEO-b-PPE-g-PTX conjugates in vitro.

The PEO-b-(PPE-g-PTX) conjugates were synthesized as illustrated in Figure 1. PEO

(average Mn ~2,000 Da) (1) was used to initiate the ROP of butynyl phospholane (BYP), 2,

which yielded the well-defined diblock copolymer, PEO44-b-PBYP30, 3. This controlled

organocatalyzed ROP of the cyclic phospholane monomer gave quantitative conversion in

only 4 min, and was highly reproducible. With a 1:30 stoichiometry of PEO:BYP, 3 was

produced having Mn = 7200 Da, in agreement with the theoretical degrees of

polymerization, as determined by 1H NMR spectroscopy, and narrow molecular weight

distribution, Mw/Mn = 1.17, as determined by gel permeation chromatography (GPC) (for

full characterization data, see supporting information).

To equip PTX with a functionality for coupling to PEO-b-PPE, the C-2'-OH position of PTX

was functionalized with an azido group through an ester linkage, by reaction with 6-

azidohexanoic acid and employing a slight excess of PTX (1.2 eq), in the presence of N,N'-

dicyclohexylcarbodiimide and 4-(dimethylamino)pyridine in CH2Cl2 heated at reflux for 3 d

to afford PTX C2'-ester 4 as the predominant product. Automated high performance flash

chromatography with prepacked fine spherical silica gel (20–40 µm) was used to isolate 4 in

78% yield. According to the literature, by using DCC/DMAP promoted condensation, only

the 2’-OH of PTX is active.20 The selective condensation between 2’-OH and 6-

azidohexanoic acid was confirmed by 1H NMR spectroscopy. The 2’(CH)-OH on PTX in

CDCl3 resonates at 4.78 ppm. In the 1H NMR of azido-PTX, no peak was observed between

4.6–4.9 ppm (see supporting information). In contrast, no significant chemical shift change

was observed for the (C-7)-CH-OH signal (at 4.40 ppm) before and after esterification.

Azide-alkyne Huisgen cycloaddition (CuAAC) was employed to attach 4 onto the backbone

of 3 and afford PEO-b-(PPE-g-PTX), 5. PEO-b-(PPE-g-PTX) conjugates were synthesized

with a range of feed ratios of azido-PTX to PEO-b-PPE alkyne (20%, 50% and 100%). As

shown in Figure S1, even though the conjugation efficiency decreased as the feed ratio

increased, the click reaction showed higher conjugation efficiency than that observed for

esterification-based conjugation of sterically-bulky PTX onto polymers.14, 21, 22 The highest
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PTX loading capacity, 65 wt%, was reached when the feed ratio was 100%, however, this

polymer had a poor solubility in water (lower than 0.5 mg/mL). The optimal polymer had

conjugation efficiency as high as 90%, PTX loading capacity of 55 wt%, and high water

solubility (11.3 mg/mL) when the feeding ratio of 4 to 3 was 15 to 1 (feed ratio of azido-

PTX to alkyne was 50%). Unreacted 4 was removed by repeated precipitation from acetone

into diethyl ether 3 times, because PTX and azido-PTX were well soluble in diethyl ether.

Complete removal of the unreacted 4 was confirmed by 1H NMR, GPC and HPLC (Figure

S2 shows the comparison of 5 and PTX) analysis of the product.

The PEO-b-(PPE-g-PTX) drug conjugates, 5, were further purified and supramolecularly

assembled in water by being dissolved in acetone and dialyzed against nanopure water

containing Chelex 100 resin (100–200 mesh) for 2 d, to remove copper and other potential

ion contaminants, and also to trigger self assembly. The resulting micelle solution was

obtained and then passed through a 450 nm polypropylene filter to remove dust and large

aggregates. The micelle solution was lyophilized to give a faint yellow powder with an

overall yield above 90%. The lyophilized PEO-b-(PPE-g-PTX) conjugates could be easily

dissolved into water at a concentration as high as 11.3 mg/mL (equivalent PTX

concentration of 6.2 mg/mL) by applying sonication for 3 min (see supporting information

for the solubility test). Dynamic light scattering (DLS) analysis indicated the number-

average hydrodynamic diameter of the micelles was 26 ± 7 nm, and transmission electron

microscopy (TEM) images confirmed that the PEO-b-(PPE-g-PTX) nanoassemblies were

well-dispersed in water in the form of micellar nanoparticles with a narrow size distribution

Dav = 24 ± 6 nm (Figure 2).

Click reactions have been shown to be highly efficient when coupling large-sized anticancer

drugs.20, 23, 24 Here, click chemistry provided a highly-efficient strategy to load PTX onto

reactive polymer backbones in high coupling conversion and PTX loading capacity. PEO-b-

(PPE-g-PTX) drug conjugates, 5, were dissolved in water at the equivalent PTX

concentration of 6.2 mg/mL, exhibiting significantly enhanced solubility, ca. 25,000-fold, as

compared to the free drug, and 2.4-fold higher than that reported for the PTX conjugates

with PGA.9

The lyophilized, powder-like PEO-b-(PPE-g-PTX) conjugates showed no evidence of

degradation of structure or properties over 3 months when stored under nitrogen at −20°C.

The GPC profile and DLS analysis confirmed that the chemical compositions of the

polymer-drug conjugates and the particle sizes of the micelles did not change after 3 months

of storage (data shown in Figure S3). Hence, the powder form of the conjugates might

provide a promising platform for clinical applications, due to the ease by which it can be

stored, transported and re-suspended prior to use.

An important aspect of the PEO-b-(PPE-g-PTX) nanoparticle system is an ability to undergo

hydrolytic degradation to release the PTX and allow it to perform its chemotherapeutic

activity, while also eliminating the polymer nanoparticle structure. Aqueous solution-state

hydrolysis studies were, therefore, conducted by observing breakdown of the

polyphosphoester backbone by 31P NMR spectroscopy as a function of time and pH, using

the PEO-b-PPE block copolymer 3 as a model system, dissolved in D2O at different pH
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values (see Figure S4). At neutral pH, the polyphosphoester was fully stable over the entire

period of measurement, >150 h. The rate and extent of hydrolysis increased with increasing

pH. As the pH was reduced to acidic values, complications occurred with aggregation and

precipitation events preventing accurate determination of the extent of hydrolysis, however,

there was a general trend of increased hydrolysis, relative to neutral pH. A full study of the

hydrolytic characteristics of these highly interesting polyphosphoester block copolymer

nanoassemblies, as a function of composition and structure, is receiving further attention as

a full, separate study. The hydrolytic release of PTX from PPE-PTX conjugates were

measured by HPLC. However, only 5 % of PTX was released from PPE-PTX micelles after

4 days incubation in 20 mM acetate buffer at pH = 6.0. The lower release of PTX may be

due to the inaccessibility of 2’ PTX-ester in the hydrophobic core. To improve the release

rate of PTX from PPE-PTX conjugates, next generations of PPE-PTX drug conjugates with

acid-labile and redox-labile linkages are currently under development.

The PEO-b-(PPE-g-PTX) nanoparticle system (55 wt% PTX loading) was studied for its

cytotoxic effect against several cancer cell lines. Both the Cremophor-EL/ethanol (1:1 v/v)

and PEO-b-PPE polymers (control polymer 8, see Figure S5 for the chemical structure) were

not cytotoxic to the cells at the concentrations that were tested for the delivery of PTX (data

not shown). The PTX conjugated onto the nanoparticles showed 8-to-63-fold lower

cytotoxicity than the commercial PTX, depending on the sensitivity of the tested cell line to

the drug (Table 1). The reduced cytotoxicity is explained by the time required for

dissociation of the conjugated drug from the PEO-b-PPE backbone, followed by the physical

release from the nanoparticles, in contrast to the drug that is physically loaded into the low

molecular weight surfactant, Cremophor-EL. Lower cytotoxicities of PTX-polymeric drug

conjugates, due to the slow in vitro release kinetics, have been previously reported in the

literature. For instance, PGA-PTX conjugates exhibited 6-to-180-fold lower cytotoxicity

than PTX, depending on the cell line utilized.25 A contributing explanation could be the low

cellular entry of the nanoparticles versus the possibility of the instantaneous release of PTX

from the Cremophor-EL low molecular weight surfactant in the cell culture media, which

can then passively diffuse into the cells and induce cytotoxicity.

To investigate the cell internalization of the PEO-b-(PPE-g-PTX) conjugates, a portion of

the residual alkynyl groups were labeled with azido-functionalized fluorescein (Figures S6

and S7). The cellular uptake of the fluorescein-labeled PEO-b-(PPE-g-PTX) nanoparticles

into OVCAR-3 cells and RAW 264.7 mouse macrophages was tested at different

concentrations. After 5-h incubation (low cell viability was observed after longer incubation

time.) and at PTX concentration of 15 µM, the nanoparticles could be visualized (green) in

the cytoplasm of the RAW 264.7 cells surrounding the nucleus (blue) (Figure 3). In addition,

morphological changes in the nucleus are observed, which may be due to apoptosis, induced

by the released PTX (red arrows on Figure 3).26 Lower concentrations on the same cell line

(3 µM) or on OVCAR-3 (lower concentration (0.5 µM) is used due to the high sensitivity of

this cell line to PTX, Table 1) could not observe the cellular uptake of the nanoparticles

(Figure S8, supporting information). Even in the absence of visible nanoparticle uptake,

nuclear fragmentation due to the released PTX was observed, however, to a lesser extent
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(indicated also by the red arrows in Figure S8). Control-untreated cells or cells treated with

PEO-b-PPE lacking PTX did not show any morphological changes in the nuclei.

In conclusion, we have developed a novel PEO-b-(PPE-g-PTX) drug conjugate system.

Click chemistry was employed to attach bulky PTX molecules covalently and densely onto a

select portion of the amphiphilic block copolymer backbone, and to label the resulting PEO-

b-PPE-g-PTX system with fluorescein. In addition, residual alkynes provide possibilities of

further post-chemical modifications (e.g. crosslinking, radio-labeling, decoration with

targeting ligands), as opposed to the limited functionalizability of Taxol or Abraxane. Also

in contrast to other promising PTX-based nanoparticle systems, the partitioning of separate

PEO and PTX-functionalized PPE constituents within different regions along the block

copolymer structure allows for placement of the components and their functions within

different regions of the resulting nanoparticulate block copolymer micelle framework. The

PEO-b-(PPE-g-PTX) achieved a PTX loading capacity as high as 65 wt% and, by balancing

PTX loading capacity and polymer solubility, a water solubility at equivalent PTX

concentration of 6.2 mg/mL was obtained (at 55 wt% PTX loading). Visualization of

fluorescein-labeled PEO-b-(PPE-g-PTX) in cells by confocal fluorescence microscopy

demonstrated the successful cellular internalization. Although the cell-killing activity of the

covalently-conjugated PTX of PEO-b-(PPE-g-PTX) was reduced, relative to the physically-

associated PTX of the Cremophor-EL and ethanol formulation, against several cancer cell

lines, the lower cytotoxicity of the conjugates might be advantageous by providing increased

safety for in vivo applications. For instance, the PEO-b-(PPE-g-PTX) nanoparticle micelle

system could provide stability during blood circulation and allow release primarily after

high accumulation in tumor tissues via the enhanced permeability and retention effect. The

observation that accelerated hydrolytic degradation occurred for the polyphosphoester

backbone at acidic pH is further promising for selective release in tumor cell environments,

with a potential also for enzymatic catalysis. This PEO-b-(PPE-g-PTX) system provides a

powerful platform for combinational therapy and bioimaging. Plans are underway for in vivo

studies.
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Fig. 1.
Schematic representation of the synthesis of PEO-b-(PTX-g-PBYP). GPC traces of PEO,

PEO-b-PBYP and PEO-b-(PTX-g-PBYP) are inserted.
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Fig. 2.
Micelles of 5 w/55 wt% PTX: a, TEM image, Dav = 24 ± 6 nm (scale bar: 100 nm); b, DLS

in water.
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Fig. 3.
Laser scanning confocal microscopy analysis of the cellular uptake of fluorescein-labeled

PPE-PTX nanoparticles (green panel) into RAW 264.7 mouse macrophages. Two- and

three-dimensional images were collected for both the control-untreated cells (A and B) and

the cells treated with the PTX-loaded nanoparticles (15 µM, C and D). The nuclei were

stained with DRAQ5 nuclear stain (blue panel), whereas the fluorescein appears in green.

The transmitted light-images and merged images are also indicated. The changes in the
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nuclear morphology due to the treatment with the nanoparticles are demonstrated by the red

arrows.
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Table 1

Comparison of the IC50 values of PTX (as a Taxol®-mimicking formulation; Cremophor-EL and ethanol, 1:1

v/v with OVCAR-3 and RAW 264.7 cells, and free PTX with KB and A549 cell lines) and PTX conjugate, 5,

having 55 wt% PTX loading, incubated for 72 h.

Formulation IC50 (µM)

OVCAR-3 RAW
264.7

KB cells A549
cells

PTX 0.007 0.044 0.004 0.287

5 0.119 2.829 0.039 1.471
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