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Abstract
A series of block copolymers based on 2-methacryloyloxyethyl phosphorylcholine (MPC) were
synthesized by reversible addition fragmentation chain transfer (RAFT) polymerization.
Incorporation of dihydrolipoic acid (DHLA) into the hydrophobic block led to formation of block
copolymer micelles in water. The micelles were between 15 and 30 nm in diameter, as
characterized by dynamic light scattering (DLS), with some size control achieved by adjusting the
hydrophobic/hydrophilic balance. Cross-linked micelles were prepared by disulfide formation, and
observed to be stable in solution for weeks. The micelles proved amenable to disassembly when
treated with a reducing agent, such as dithiothreitol (DTT), and represent a potential delivery
platform for chemotherapeutic agents. As a proof-of-concept, camptothecin (CPT) was conjugated
to the polymer scaffold through a disulfide linkage, and release of the drug from the micelle was
monitored by fluorescence spectroscopy. These CPT-loaded prodrug micelles showed a reduction
in release rate compared to physically encapsulated CPT. The use of disulfide conjugation
facilitated drug release under reducing conditions, with a half-life (t1/2) of 5.5 hours in the
presence of 3 mM DTT, compared to 28 hours in PBS. The toxicity of the micellar prodrugs was
evaluated in cell culture against human breast (MCF7) and colorectal (COLO205) cancer cell
lines.

Keywords
Polymer-drug conjugate; polymer pro-drug; poly(methacryloyloxyethyl phosphorylcholine);
cancer drugs camptothecin; drug delivery; polymer micelle

Introduction
Recent advances in polymer therapeutics provide opportunities for improving
pharmaceutical administration and delivery methods, including advances in experimental
approaches to chemotherapy.1,2,3 Covalently conjugating a small molecule drug to a water-
soluble polymer scaffold affords pro-drugs with massively improved aqueous solubility,
longer in vivo circulation time (t1/2), and reduced side effects.1 The use of macromolecular
scaffolds affords increased hydrodynamic size compared to the drug alone, resulting in
slower renal clearance, and increased uptake in tumor tissue by the enhanced permeability
and retention (EPR) effect.4 The EPR effect exploits preferential uptake of large molecules
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due to the porous vasculature of tumor tissue, and subsequent retention as a result of poor
lymphatic drainage relative to healthy tissue.

Effective polymer pro-drugs employ water-soluble, biocompatible polymers that introduce
potent cancer drugs (which are often hydrophobic compounds) effectively into the
bloodstream. Examples of hydrophilic polymers suitable for cancer drug delivery include
poly(ethylene glycol) (PEG),5 poly-N-(2-hydroxypropyl)methacrylamide (HPMA),6–9

cyclodextrin-based polymers,10,11 and more recently poly(methacryloyloxyethyl
phosphorylcholine) (MPC).12,13 In addition to conventional linear polymer-drug conjugates,
alternative architectures have been used with impressive results, including branched
structures, such as a dendritic PEG-polyester doxorubicin (DOX) conjugate,14,15 as well as
numerous reports of encapsulated drugs in micelle and liposomal systems.16–18 Polymer
micelles are enabling materials in nanoscale therapeutics, generally prepared from
amphiphilic block copolymers where, in water, the hydrophobic block sequesters drug
within the core, and the hydrophilic block serves as an encapsulating corona, imparting both
water solubility and stealth properties to the micelles.19–22 The ease with which drug-loaded
micelles can be prepared (usually by dialysis or dilution) makes these nanostructures
attractive for injectable therapeutics. However, their use can be problematic as they tend to
suffer from “burst release” kinetics, where a large percentage of the payload is released very
quickly.23 Dilution upon injection is also a concern: self-assembled polymer micelles are
dynamic structures with equilibrium between free and associated polymer chains. Though
polymeric micelles often have low critical micelle concentrations (CMC), extreme dilution
arising from intravenous injection shifts the equilibrium toward free polymer, resulting in
disassociation of the micelles and liberation of the payload.23 An effective method to
overcome these challenges is to stabilize polymer micelles by covalent cross-linking.

Both shell and core cross-linked micelles have been prepared from a variety of different
chemistries, including cross-linking with bi-functional additives,24,25 free radical
polymerization,26,27 and photo-cross-linking.28,29 Reversing the cross-linking with an
environmental trigger is an area of great interest, and examples of pH cleavable and redox
reducible cross-links have been reported.20–33 Cross-linking with disulfides may be
particularly important for drug delivery due to their triggered bond breakage under
physiologically-relevant and intracellular-specific conditions, since the intracellular
environment is up to 1000 times more reducing than extracellular fluids.34 Several recent
reports utilized disulfide cross-linked micelles as drug delivery vehicles. Thiols have been
introduced to polymers by post-polymerization modification, for example by thiol
functionalization of PEGylated poly(lysine) with N-succinimidyl 3-(2-pyridyldithio)-
propionate.35 Following micellization, oxidation led to core cross-linking, and treatment
with dithiothreitol (DTT) resulted in micelle dissociation. In another example, a random
copolymer of methacryloyloxyethyl phosphorylcholine (MPC), glycidyl methacrylate, and
stearyl methacrylate formed micelles ~100 nm in diameter, with disulfide cross-linking
achieved by reaction of the epoxide with cystamine.36 The micelles were responsive to
DTT, and biocompatible. Disulfide cross-linked polymer micelles have been reported as
carriers for chemotherapeutic agents including doxorubicin (DOX)37,38 camptothecin
(CPT),39 and paclitaxel (PTX).40,41 A recent example employed a block copolymer of PEG
and HPMA, where a percentage of the HPMA block was coupled to lipoic acid. Micelles
from this polymer were loaded with DOX, and cross-linked using DTT.42 However, this
post-polymerization modification lacked control over, and characterization of, the degree of
substitution, and the block copolymers were water insoluble.

Here we report the synthesis of novel block copolymers based on polyMPC, where the
second block is prepared from a lipoic acid-based methacrylate. This synthesis precludes the
need for post-polymerization modification to introduce thiols, and ensures the presence of a
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functional hydrophobic block with known and easily tunable thiol content. These MPC-
based block copolymers proved water soluble, even with high percentages of the lipoic acid-
containing block, and self-assembled readily into nanoscale micelles. The micelles were
characterized by dynamic light scattering (DLS) and transmission electron microscopy
(TEM), and cross-linked by oxidation to disulfides. We describe these structures as carriers
for CPT, in which a pyridyldithio-functionalized CPT39 was conjugated to the DHLA block,
thus sequestering CPT to the micelle core. The disulfide linkages allow for controlled CPT
release upon exposure to reducing conditions, as would be found upon cellular
internalization. This environmental stimulus, coupled with the passive targeting of the EPR
effect inherent to polymer-based drug delivery systems, is of interest for improving the
outcome of polymer-based drug delivery.

Materials and Methods
4-(dimethylamino)pyridine (DMAP), N-(3-Dimethylaminopropyl)-N´-ethylcarbodiimide
hydrochloride (EDC), lipoic acid, 3-mercaptopropionic acid, 2,2'-dithiodipyridine, 4-
cyano-4-(phenylcarbonothioylthio)pentanoic acid, 4,4'-azobis(4-cyanovaleric acid) (ACVA),
2-methacryloyloxyethyl phosphorylcholine (MPC), 2-hydroxyethylmethacrylate (HEMA),
methanol (anhydrous), and dimethyl sulfoxide (DMSO, anhydrous) were purchased from
Sigma Aldrich. HEMA was purified by Kugelrohr distillation prior to use. Camptothecin
(CPT) was purchased from 21CEC. Dichloromethane was distilled over calcium hydride.
Dialysis cassettes (MWCO 3,500; total volume 0.5–3 mL) were purchased from Fisher
Scientific and hydrated in water prior to use. Human colorectal (COLO205) and breast
(MCF7) adenocarcinoma cells were purchased from American Type Culture Collection
(ATCC). RPMI 1640 and MEM cell culture media were purchased from Life Technologies
and Mediatech, respectively. Fetal bovine serum (FBS) was purchased from Atlanta
Biologicals and bovine insulin from Aldrich. Cell viability was measured using CellTiter-
Glo luminescent cell viability assay from Promega.

Instrumentation
Nuclear magnetic resonance (NMR) spectroscopy was performed on a Brüker Spectrospin
DPX300. Aqueous GPC was performed in 0.1 M sodium nitrate and 0.02 weight percent
sodium azide buffer against poly(ethylene oxide) calibration standards, operating at 1.0 mL/
min with three Waters Ultrahydrogel columns (7.8 × 300 mm) equipped with RI and UV/Vis
detectors. GPC in 1,1,1-trifluoroethanol (TFE) (with 0.2 M sodium trifluoroacetate) was
performed against poly(methyl methacrylate) (PMMA) standards, operating at 0.75 mL/min
at 40 °C with three Agilent PL HFIPgel columns (300 × 7.5 mm) equipped with RI and UV/
Vis detectors. UV/Visible spectroscopy was performed on a Perkin-Elmer Lambda 25
spectrometer. Fluorescence measurements were taken on a Perkin-Elmer LS 55 fluorimeter.
Dynamic light scattering was performed on a Malvern Zetasizer Nano-ZS. Transmission
electron microscopy (TEM) was performed using a TEM JEOL 2000FX with samples
prepared on carbon-coated copper grids purchased from Electron Microscopy Sciences.

Synthesis of HEMA-LA (1)
Lipoic acid (4.00 g, 19.4 mmol) and 2-hydroxyethyl methacrylate (2.50 g, 19.4 mmol) were
dissolved in 60 mL of anhydrous dichloromethane in a dry round bottom flask. The stirring
solution was cooled to 0 °C, and EDC (7.40 g, 38.8 mmol) and DMAP (2.40 g, 19.4 mmol)
were added as solids. The reaction mixture was warmed to room temperature, and stirred for
18 hours. The reaction was diluted with dichloromethane, and washed with 1 M HCl
(aqueous), saturated NaHCO3 (aqueous), and brine solutions. The organic layers were dried
over MgSO4, filtered, and concentrated by rotary evaporation, to give monomer 1 as a
yellow oil (4.9 g, 80 % yield). 1H NMR (300 MHz, CDCl3): δ = 6.06 (s, 1H), 5.36 (s, 1H),
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4.26 (s, 4H), 3.5 (m, 1 H), 3.11 (m, 2H), 2.40 (m, 1H), 2.3 (t, 2H), 1.87 (s, 3H), 1.35–1.70
(m, 8H). 13C NMR (75 MHz, CDCl3): δ = 18.31, 24.60, 28.70, 33.87, 34.58, 38.49, 40.21,
56.29, 61.99, 62.43, 126.10, 135.89, 167.08, 173.22.

Synthesis of poly(MPC-block-HEMA-DHLA) by RAFT (2, 3)
MPC (1.00 g, 3.37 mmol), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (19 mg,
0.067 mmol), and 4,4'-azobis(4-cyanovaleric acid) (ACVA) (4.0 mg, 0.014 mmol) were
added to a dry round bottom flask. Methanol (3 mL) and dimethylsulfoxide (DMSO) (2 mL)
were added and the solution was degassed for 20 minutes by bubbling with dry nitrogen gas.
The reaction mixture was placed in a preheated oil bath at 70 °C and stirred for 6 hours. In a
separate vial, HEMA-LA 1 (212 mg, 0.67 mmol) was dissolved in DMSO (1 mL) and
degassed for 30 minutes. The solution of 1 was added rapidly to the reaction flask by
syringe, and stirring was continued for 12 hours. Propagation was terminated by placing the
solution in liquid nitrogen, then allowing the mixture to warm while open to air. The
solution was then passed through a short plug of silica gel, eluting with methanol, then
precipitated into THF to afford polymer 2 as a pink solid. This solid was dissolved in 20 mL
of degassed water, and stirred at 0 ° C. Sodium borohydride (102 mg, 2.68 mmol) was added
under a stream of nitrogen. The reaction mixture was stirred at 0 °C for 1 hour, then at 25 °C
for 1 hour. HClconc was added to adjust the pH to ~3, and the polymer was purified by
dialysis (MWCO 1,000) against methanol and water at 4 °C. Lyophilization afforded the
desired block copolymer 3 in 80% yield as white solids. 1H NMR (300 MHz, MeOD/
CDCl3): δ = 4.32 (2H, br), 4.22 (2H, br), 4.07 (2H, br), 3.75 (2H, br), 2.95 (2H, br), 2.71
(2H, br), 2.45 (2H, br), 1.37–2.28 (H, br), 0.52, 1.23 (3H, br). 13C NMR (175 MHz, MeOD/
CDCl3): δ = 16.91, 18.59, 21.81, 24.45, 26.31, 33.78, 38.43, 39.01, 42.70, 44.70, 45.10,
53.76, 59.09, 64.70, 66.09, 173.44, 176.79, 177.60, 177.87. GPC (TFE + 0.2 M Na
trifluoroacetate, 1 eq DTT, PMMA standards): Mn, 26,900; PDI 1.24.

Synthesis of 3-(2-pyridyldithio)-propionic acid (5)
2,2'-Dithiodipyridine (500 mg, 2.27 mmol) was dissolved in ethyl acetate (2.5 mL) with
stirring in a roundbottom flask. Separately, 3-mercaptopropionic acid (160 mg, 1.51 mmol)
was dissolved in ethyl acetate (1.5 mL), and added dropwise to the stirring solution, which
gradually became yellow. One drop of boron trifluoride diethyl etherate was added. After 7
hours, the reaction mixture was concentrated by rotary evaporation and purified by column
chromatography on silica gel, eluting with methanol/dichloromethane mixtures to give the
desired product as a yellow oil in 95 % yield (307 mg). 1H NMR (300 MHz, CDCl3): δ =
12.8 (s, 1H), 8.4 (br, 1H), 7.6 (br, 2H), 7.1 (br, 1H), 3.04 (tr, 2H), 2.8 (tr, 2H). 13C NMR (75
MHz, CDCl3): δ = 33.71, 34.01, 114.32, 121.19, 134.00, 138.06, 149.93, 176.16.

Synthesis of Camptothecin-pyridyl disulfide (6)
Compound 5 (232 mg, 1.07 mmol) was dissolved in anhydrous dichloromethane (30 mL) in
a roundbottom flask. Camptothecin (250 mg, 0.718 mmol) was added to form a pale yellow
suspension. EDC (276 mg, 1.44 mmol) and DMAP (175 mg, 1.44 mmol) were added. The
mixture was stirred for 24 hours, then diluted with dichloromethane, and washed with 1M
HCl (aq), brine, and water. The organic layer was dried over MgSO4, filtered, and
concentrated by rotary evaporation. The residue was further purified by column
chromatography on silica gel, eluting with methanol/dichloromethane to give the desired
product as a yellow solid in 50 % yield (195 mg). 1H NMR (300 MHz, DMSO): δ = 8.71 (s,
1H), 8.48 (d, 1H), 8.14 (m, 2H), 7.62–7.83 (m, 3H), 7.36 (d, 1H), 7.11–7.2 (m, 2H), 5.51 (s,
2H), 5.31 (s, 2H), 3.34 (m, 2H), 2.96 (m, 2H), 2.15 (m, 2H), 0.90 (tr, 3H). 13C NMR (175
MHz, DMSO): δ = 171.01, 167.57, 157.61, 156.96, 153.82, 150.01, 148.33, 146.37, 145.73,
137.10, 132.00, 130.90, 130.25, 129.29, 129.00, 128.42, 128.14, 122.75, 120.40, 119.28,
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95.66, 76.56, 66.72, 50.66, 34.25, 30.65, 29.36, 7.99. HRMS-FAB [M+H]: calculated:
546.115, found: 546.113 g/mole.

Determination of critical micelle concentration (CMC)
CMC was determined using a pyrene fluorescence probe. Briefly, a stock solution of pyrene
in acetone (1.2 × 10−4 M) was prepared. Polymers 3A–C were dissolved in PBS, and diluted
from 5 mg/ml to 1.25 µg/mL, with each solution having a total volume of 1 mL. 5 µL of
pyrene solution was added to each for a final pyrene concentration of 6 × 10−7 M. The
polymer solutions were kept at 18 °C for 18 hours. An excitation spectrum was recorded of
each solution from 300–360 nm at a scan rate of 100 nm/s, with emission set to 394 nm.
CMC was determined by plotting log(concentration) vs. the ratio of the intensities at 339
and 334 nm.

Preparation of poly(MPC-block-DHLA) micelles
Micelles were prepared by dissolution of polymer into phosphate buffered saline (PBS) at a
concentration above the CMC (generally 1 mg/mL). To facilitate cross-linking through
disulfide formation, the solutions were continuously bubbled with air for 48 hours, and loss
of free thiol was monitored using Ellman's test.43

Preparation of CPT-loaded poly(MPC-block-DHLA) micelles
Polymer 3C (50 mg, 0.064 mmol DHLA) and camptothecin-pyridyl disulfide (16 mg, 0.029
mmol) were dissolved in methanol/DMSO (5 mL). The solution was stirred vigorously at 37
°C for 72 hours, then dialyzed against methanol to remove unconjugated camptothecin. The
polymer solution was dialyzed against water to induce micelle formation, and bubbled with
air to promote disulfide formation from residual thiols. Micelle solutions were passed
through 0.45 µm filters to remove any free CPT, and lyophilized to produce off-white solids
which were re-dissolved in water or methanol for characterization. CPT loading, as a weight
percent, was determined using UV/Vis spectroscopy, comparing to a sample of known
concentration.

CPT release from cross-linked polymer micelles
Release of CPT from the polymer micelles was monitored by dialysis. Briefly, lyophilized
polymer micelles containing CPT were dissolved in PBS (1 mL). The solution was
transferred to a dialysis cassette (MWCO 3500) by syringe. The cassette was suspended in a
sealed container with 300 mL of PB, or PBS containing 3 mM DTT. Containers were kept in
a water bath at 37 °C, and at select time points 1 mL aliquots were removed from the
external media and replaced with fresh buffer. The fluorescence intensity at 440 nm
(λex=370 nm) was monitored, and the experiments were carried out until a plateau was
reached.

Size determination by dynamic light scattering (DLS)
DLS was performed on samples of polymer micelles to determine the size of the structures
formed in PBS at a concentration of 1 mg/mL. Three measurements were performed, each
consisting of 10 runs for 10 seconds. All experiments were performed at 25 ° C, and
equilibrated for 3 minutes. Prior to analysis, samples were passed through a 0.45 µm filter.

Transmission electron microscope (TEM) imaging
Solutions of polymer micelles were diluted to 0.25 mg/ml in water, and drop cast, then
allowed to dry at room temperature for 24 hours.
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Cell culture
COLO205 cancer cells were cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS), while MCF7 cells were cultured in MEM medium supplemented with
10% FBS and 0.01 mg/mL bovine insulin. All cells were grown in 5% CO2 incubators at 37
°C. For in vitro cytotoxicity assays, cells were seeded in 96 well plates, and after reaching
about 40% cell density were incubated for 72 hours with varying camptothecin equivalent
concentrations of prodrug micelles, as well as control samples, including polymer only and
polymer micelles (physically entrapped CPT). Cell viability post-treatment was measured
using CellTiter-Glo luminescence cell viability assay (Promega) following the manufacturer
instructions on a FLUOstar OPTIMA plate reader (BMG LABTECH). The CPT-mediated
toxicity was calculated with respect to untreated cells, and graphed to give dose-response
curves. IC50 values for each treatment were then calculated using GraphPad Prism4
statistical analysis software.

Results and Discussion
PolyMPC-DHLA block copolymers were synthesized by RAFT polymerization, employing
sequential monomer addition to form the block copolymers shown as 3 in Figure 1.
Monomer 1 was prepared in 80% yield by carbodiimide coupling of 2- hydroxyethyl
methacrylate and lipoic acid.44 The monomer was isolated as a yellow oil, and stored as a
CH2Cl2 solution at −80 °C to prevent disulfide exchange. Stored in this way, monomer 1
was stable for months.

PolyMPC-DHLA diblock copolymers were prepared by first polymerizing MPC using 4-
cyano-4-(phenylcarbonothioylthio)pentanoic acid and 4,4'-azobis(4-cyanovaleric acid)
(ACVA) as the chain transfer agent and initiator, respectively, at 70 °C in MeOH/DMSO
solution. Following conversion of MPC to polymer, a DMSO solution of 1 was introduced
under inert atmosphere, and the mixture was stirred at 70 °C for 12 hours. The
polymerization was terminated by immersing the flask in liquid nitrogen, then allowing the
mixture to warm while open to air. The polymerizations were generally taken to >90 %
conversion, as judged by 1H NMR spectroscopy, comparing vinyl protons of the monomer
(5.5 and 6.0 ppm) to methyl protons on the polymer backbone (1.0 ppm). Polymer 2 was
isolated as a pink solid following purification by passage through a short plug of silica gel,
and precipitation into THF.

Block copolymer 2 was reduced to the free thiol form with NaBH4 (4 molar equivalents
relative to lipoic acid). The reaction was complete in 2 hours, at which point concentrated
HCl was added to adjust the solution pH to ~3. The polymer solution was dialyzed against
methanol, then water, at 4 °C (MWCO 1,000). Lyophilization gave polyMPC-DHLA (3) as
a white solid. Polymer 3 was characterized by NMR spectroscopy (Figures S1–S2), and
GPC (eluting with 0.1 M aqueous sodium nitrate + 0.02% (wt) sodium azide or
trifluoroethanol (TFE) (0.2 M sodium trifluoroacetate), against linear PEO or PMMA
calibration standards, respectively) (Table 1). The extent of DHLA incorporation was
determined by 1H NMR spectroscopy in 1:1 CDCl3:MeOD, comparing the DHLA
methylene signal at 2.5 ppm with the methyl protons of the polymer backbone at 1.0 ppm.
This showed the DHLA content to be well-controlled by adjusting monomer feed ratios.
GPC in TFE revealed a well-defined (monomodal) polymer signal, with PDI ~ 1.2. In water,
a high molecular weight signal was also seen, attributed to copolymer micellization in
solution. Interestingly, aggregation of this sort was not observed in our characterization of
random copolymers of similar composition and molecular weight (Figure S2). We
hypothesize that this behavior arises from (1) the distinct amphiphilicity of these diblock
copolymers that leads to rapid solution assembly, and (2) the dense concentration of thiols in
the DHLA block that provides additional stability to the micelles through disulfide
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formation. We note that these diblock copolymers maintained excellent water solubility (to
the eye), even at the highest DHLA incorporation of 41 mole percent (sample 3C).

The critical micelle concentration (CMC) of block copolymers 3A–C was examined using a
pyrene fluorescence probe. Briefly, serial dilutions of polymer were prepared in PBS, and 5
µL of pyrene solution in acetone was added to each, giving a pyrene concentration of 0.6
µM. The samples were equilibrated at room temperature for 18 hours. Pyrene exhibits a shift
in peak fluorescence intensity as it transitions from a hydrophilic (334 nm) to hydrophobic
environment (339 nm), and CMC is determined by plotting peak intensity against the log of
the polymer concentration, as shown for polymer 3C in Figure 2A. The onset of the sharp
change in slope of the line is taken as the CMC. Dynamic light scattering (DLS) analysis of
the same series of samples/concentrations shows a non-linear relationship between the
scattering intensity and concentration, confirming the presence of nanoscale micelles above
CMC (Figure 2B). CMC varied among the polymer samples, with an observed dependence
on hydrophobic content; as expected, the CMC for polymer 3C was lowest due its higher
DHLA content (41 mole %). DLS measurements of block copolymers 3A, B and C showed
an increase in size with hydrophobic block length, with hydrodynamic diameters of 15, 18
and 28 nm, respectively, measured at 1 mg/mL in PBS.

Thiol-containing micelles can self-cross-link by disulfide formation, while continually
purging the system with air. The extent of disulfide formation was monitored using Ellman's
test,43 performed on polymer dissolved in PBS above the CMC and agitated by bubbling a
slow stream of air through the mixture. At various time points, 10 uL aliquots were removed
and added to a buffered solution of Ellman's reagent, resulting in a decrease in intensity of
the UV absorption at 412 nm as the free thiol converted to disulfide (Figure 3). This
provides a spectroscopic handle to monitor cross-linking efficiency. Samples generally
reached 85% conversion in 48 hours. Solutions simply left open to air, without bubbling,
gave significantly lower conversion (~20% after two days).

Cross-linked micelles were characterized by DLS and TEM (Figure 4). DLS of cross-linked
micelles formed from polymer solutions at 1 mg/mL showed no difference from the uncross-
linked samples, suggesting that cross-linking neither disrupts the structure of the micelles
nor promotes inter-micelle cross-linking. 0.25 mg/mL aqueous solutions of cross-linked
micelles were cast on copper grids and imaged by TEM. Micelles observed by TEM
supported DLS data, with an average micelle diameter of 26 ± 4 nm (Figure 4A). The
micelles imaged by TEM appeared as spherical structures and were dispersed cleanly on the
substrate.

Cross-linked micelle solutions were stable, as characterized by DLS, well below the CMC
(0.01 mg/mL). However when treated with 5 mM dithiothreitol (DTT) at 37 °C, then cooled
to room temperature and analyzed again by DLS, no signal was detected (as for the uncross-
linked polymer at the same concentration) indicating complete dissolution of the polymer
micelle by disruption of the disulfide cross-links (Figure 4B).

These redox-sensitive core cross-linked PC polymer micelles comprise a potentially suitable
delivery platform for therapeutics, in which a triggered release can enable selective and
targeted delivery of a drug, as the cytosol and nucleus are known to have a significantly
higher reducing potential (mM) than the extracellular fluids (µM). We use CPT as the
chemotherapeutic, specifically a pyridyl disulfide-functionalized CPT derivative, prepared
similarly as reported in the literature,39 to facilitate conjugation to the polymer by disulfide
formation. Briefly, 3-(2-pyridyldithio)-propionic acid (5) was prepared by reaction of 2,2'-
dithiodipyridine with 3-mercaptopropionic acid in ethyl acetate, and purified by column
chromatography on silica gel to yield the desired product in 95 % yield.45 Carbodiimide
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coupling of camptothecin (4) and linker 5 was achieved in anhydrous methylene chloride39

(Figure 6). Following purification by column chromatography on silica gel, eluting with
methanol/methylene chloride mixtures, camptothecin derivative 6 was obtained as a yellow
solid in ~50% yield. The structure was confirmed by NMR spectroscopy (Figure S3) and
high resolution mass spectrometry (calculated, 546.115; found, 546.113).

CPT-pyridyl disulfide 6 was conjugated to polyMPC-DHLA by stirring in a 2:3 mixture of
MeOH/DMSO for 72 hours at 37 °C. The solution was dialyzed against methanol (MWCO
1,000) to remove unreacted 6, then against water to induce micelle formation. After
complete removal of the organic solvents, the aqueous solution was transferred to a vial and
purged with air to form CPT-loaded core-cross-linked polymer micelles, as depicted in
Figure 6. CPT loading was characterized by UV/Vis spectroscopy, comparing absorbance at
370 nm with a CPT solution of known concentration. Polymer-CPT prodrugs prepared in
this way achieved from 5 to 10 wt % CPT-loading as determined by UV/Vis spectroscopy
(Figures S5). CPT release from the polymer micelles was monitored by dialysis, where 1
mL of micelle solution was transferred to a cassette (MWCO 3,500), and dialyzed against
PBS, or PBS + 3 mM DTT (300 mL), in a closed container at 37 °C. At select time points,
aliquots were removed from the external medium, and replaced with fresh buffer, while
monitoring fluorescence intensity at 440 nm over time (λex = 370 nm).

Free CPT was dialyzed against PBS to demonstrate that diffusion out of the dialysis cassette
is not a limiting factor, and to establish a benchmark for assessing the performance of the
micelle-based systems. CPT (without encapsulation) diffused through the cassette within 6
hours, with 90% released in the first 2 hours (Figure 7). For further comparison, polymer
micelles were prepared containing CPT simply encapsulated in the core (i.e. having no
disulfide linkage). Physically encapsulated systems showed little difference from CPT alone,
with an initial burst release of 75% in 4 hours, followed by slow release of the remaining
drug over two days. In contrast, the disulfide-conjugated CPT prodrug micelles showed
much different release profiles. In PBS containing DTT (3 mM), CPT release was fast, with
50% release in 5.5 hours, and complete release in 2 days. In PBS at pH 7.4, CPT release was
slow (85 % over 5 days), presumably due to slow hydrolysis of the ester linkage, with a half-
life (t1/2) of 28 hours. These results suggest these polyMPC-CPT prodrug micelles as a
potential drug delivery system that is relatively stable in a neutral environment, and can
exploit the redox characteristics of the intracellular environment.

The cytotoxicity of poly(MPC-b-DHLA)-CPT conjugates was tested in vitro against human
breast cancer (MCF7) and colorectal (COLO205) adenocarcinoma cells. This was done by
incubating CPT-equivalent concentrations of poly(MPC-b-DHLA)-CPT conjugates with
these cells for 72 hours, followed by cell viability measurements using a luminescence plate
reader. Dose response curves (Figure 8) showed that micellar conjugates (with CPT loadings
of 2 and 5 weight percent) were potent against the cancer cell lines tested. The observed
cytotoxicity arises from released CPT (a result of ester bond cleavage), and the polymer
itself exhibits no toxicity even at extremely high concentrations (Figure S6).

The half-maximal inhibitory concentration (IC50) values of poly(MPC-b-DHLA)-CPT
prodrug micelles were in the range of 3–9 µM, as shown in Table 2, where the comparable
IC50 values for both poly(MPC-b-DHLA)-CPT conjugates originate from their similar
release rates. The data shows poly(MPC-b-DHLA) micelles containing CPT conjugated by
disulfide linkage induce toxicity at higher concentrations than CPT alone. This is expected
for polymer prodrugs, and is a key feature that allows higher maximum tolerated dose
(MTD) of prodrugs in vivo.46,47 Interestingly, CPT that was physically encapsulated within
the micelles (i.e. no covalent linkage) showed nearly identical toxicity to native CPT. This is
likely due to the fast release observed for these structures, as compared to the gradual
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release of CPT from the prodrugs. The combination of redox triggered release and the cell
culture data presented here will be beneficial for controlling drug release in vivo, while
exploiting the very high water solubility arising from the phosphorylcholine-substituted
polymer.

Conclusion
In summary we have demonstrated the synthesis of novel diblock copolymers and micelles
based on phosphorylcholine and dihydrolipoic acid-containing methacrylates, and shown
their potential utility as a drug delivery platform. Use of DHLA as the hydrophobic block
allows for post-polymerization conjugation and cross-linking reactions by disulfide
formation. Camptothecin was successfully conjugated to the DHLA block, then released in a
controlled manner in buffer, with the benefit of a trigger in a reducing environment. The
CPT-loaded micelles demonstrated cytotoxicity at higher CPT concentrations than with the
drug alone, as expected for polymer prodrugs due to the covalent connection of CPT to the
backbone. The combination of robust, highly water soluble micelles and stimuli-responsive
drug release yields a system that is promising for overcoming challenges faced by micellar
delivery vehicles, including in vivo stability and fast, non-specific release of their contents.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Synthesis of polyMPC-DHLA block copolymer 3. Lower left: GPC trace of purified block
copolymer 3A, eluting in TFE.
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Figure 2.
Summary of micelle characterization: (A) CMC determination using pyrene fluorescence for
block copolymer 3C; (B) scattering intensity vs. concentration from dynamic light scattering
for block copolymer 3C; (C) size (diameter) of micelles from copolymers 3A–C.
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Figure 3.
Percent decline of free thiol over time for micelles prepared from copolymer 3B.
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Figure 4.
(A) TEM of cross-linked micelles formed from polymer 3B; (B) DLS of cross-linked
polymer micelles from copolymer 3A below the CMC (0.01 mg/mL) (left), and DLS of the
same sample after treatment with DTT (right); DTT cleavage of disulfide linkages gives free
polymer in solution (below CMC).
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Figure 6.
Synthesis of CPT-pyridyl disulfide (6), conjugation to poly(MPC-b-(HEMA-DHLA)), and
cross-linked micelle formation.
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Figure 7.
Release profiles of CPT, encapsulated CPT, conjugated CPT in PBS, and conjugated CPT in
PBS + 3 mM DTT.
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Figure 8.
In vitro cytotoxicity of poly(MPC-b-DHLA) micelles loaded with CPT in cell culture of (A)
human breast (MCF7) and (B) colorectal (COLO205) adenocarcinoma cells. Error bars
represent ± standard deviation.
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Table 2

IC50 values (µM) of poly(MPC-b-DHLA)-CPT micelles in MCF7 and COLO205 cancer cell lines.

IC50[µM] MCF7 COLO205

CPT 0.51 ± 0.05 0.43 ± 0.1

Poly(MPC-DHLA)-CPT (encapsulated) 0.48 ± 0.01 0.44 ± 0.1

Poly(MPC-DHLA)-CPT (2 wt %) 3.0 ± 1.8 8.3 ±0.8

Poly(MPC-DHLA)-CPT (5 wt %) 3.6 ± 0.8 4.7 ± 0.3
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