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Morphine, a potent narcotic analgesic used for the treatment of acute and chronic pain, was chemically incor-
porated into a poly(anhydride-ester) backbone. The polymer termed “PolyMorphine”, was designed to de-
grade hydrolytically releasing morphine in a controlled manner to ultimately provide analgesia for an
extended time period. PolyMorphine was synthesized via melt-condensation polymerization and its struc-
ture was characterized using proton and carbon nuclear magnetic resonance spectroscopies, and infrared
spectroscopy. The weight-average molecular weight and the thermal properties were determined. The hy-
drolytic degradation pathway of the polymer was determined by in vitro studies, showing that free morphine
is released. In vitro cytocompatibility studies demonstrated that PolyMorphine is non-cytotoxic towards fi-
broblasts. In vivo studies using mice showed that PolyMorphine provides analgesia for 3 days, 20 times the
analgesic window of free morphine. The animals retained full responsiveness to morphine after being
subjected to an acute morphine challenge.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Morphine is a potent narcotic analgesic used for the treatment of
acute and chronic pain, providing reliable analgesia [1–6]. However,
morphine has a half-life in plasma of 2–4 h, requiring repeated ad-
ministration to maintain the drug at therapeutic levels for an extend-
ed time period [5–7]. Repeated administration affects patient comfort
because the daily activities of the patient will be interrupted in order
to take the medication, which can lead to low compliance [6–9]. In
addition, morphine use is accompanied by the development of toler-
ance and dependence, leading to an increase in dosing (i.e., amount
and frequency) [1,10]. Other side effects that can result from mor-
phine use are respiratory depression, somnolence, and gastrointesti-
nal effects (e.g., nausea, vomiting, and constipation) [4,5].

Controlled-release morphine formulations can prolong the anal-
gesic effect of the drug and prevent accidental withdrawals due to
missed doses [4,7]. In recent years, the formulation of morphine de-
livery systems for controlled-release has increased. Various delivery
systems that use enteral and parenteral administration are commer-
cially available. Among the different administration routes, enteral
is the most frequently used. Among commercially available morphine
delivery systems (tablets or capsules) are Kadian®, [6,10] Avinza®,
[2,5] and MS Contin® [7] that can release morphine for 12–24 h.
Even though these tablets and capsules are successful at maintaining
and Chemical Biology, Rutgers,
Piscataway, NJ 08854, United

rights reserved.
long-term benefits of the drug without dose escalation, these tablets
and capsules are also sensitive to physical alterations that affect their re-
lease mechanism [10,11]. When the tablet or capsule is crushed,
chewed, or dissolved it increases the risk of administration of a fatal
dose [11]. Because these formulations contain a large dose that can be
easily separated (by crushing or breaking the tablet/capsule), they
also increase the potential for recreational use [6].

Other formulations have been extensively explored including
lipid-based carriers, [9,12–14] drug encapsulation within polymers,
[15–18] and polymer–drug complexes [19–21]. Previously, morphine
was chemically incorporated into a polyurethane backbone (as a pen-
dant group); however, polyurethanes are resistant to biodegradation
under physiological conditions and are of limited biological potential
[22]. The major drawbacks of these formulations are low drug loading
and/or rapid drug release, as usually evidenced by a burst release.

The chemical incorporation of drugs into poly(anhydride-ester)
(PAE) backbones could solve most of the drawbacks associated with
the controlled-release formulations mentioned above. In the last de-
cade multiple non-steroidal anti-inflammatory drugs (e.g., salicylic
acid and other salicylates) and antiseptics/antioxidants (e.g., cate-
chol) have been chemically incorporated into PAE backbones
[23–31]. These new classes of polymers are capable of achieving
high drug loading (50–80%) in a reproducible manner. The drug is
chemically incorporated in each repeat unit through a “linker” mole-
cule. These PAEs release the drug in a near zero-order fashion without
a burst [32–34]. Drug release can be controlled by altering the chem-
ical composition of the polymer (i.e., “linker” molecule or making co-
polymers) [26,34–36]. These PAEs are also advantageous because
they can be formulated into different geometries depending on the
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intended administration route. For example, they can be formulated
into microspheres for injectable administration [37,38].

Based upon our previous experience of incorporating drugs into PAE
backbones, a morphine-based PAE was designed to control morphine
release to achieve prolonged analgesia. This work presents the synthe-
sis and characterization of this morphine-based PAE (termed
“PolyMorphine”). The polymer was synthesized by melt-condensation
polymerization and the chemical structure characterization was
performed using proton and carbon nuclear magnetic resonance (1H
and 13C NMR) spectroscopies, and infrared (IR) spectroscopy. The
weight-average molecular weight (Mw) was determined by gel perme-
ation chromatography (GPC), and the thermal properties were assessed
using differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). Furthermore, in vitro studies were performed to study
polymer degradation and drug release in buffered media mimicking
physiological conditions, and cytocompatibility towards fibroblasts. In
vivo studies of analgesia in micewere performed using tail-flick latency
(TFL) tests.
2. Materials and methods

2.1. Chemical and reagents

Morphine was kindly provided by Noramco Inc. (Athens, GA). Un-
less otherwise specified, all other chemicals and reagents were pur-
chased from Sigma–Aldrich (Milwaukee, WI).
2.2. 1H NMR and 13C NMR and IR spectroscopies

1H and 13CNMR spectrawere obtained using a Varian 500 MHz spec-
trometer. Samples were dissolved (~5 mg/mL for 1H NMR and~20 mg/
mL for 13C NMR) in deuterated dimethyl sulfoxide (DMSO-d6), which
was used as an internal reference. Each spectrum was an average of 16
and 250 scans, respectively.

Fourier transform infrared (FT-IR) spectra were obtained using a
Thermo Nicolet/Avatar 360 FT-IR spectrometer. Samples (1 wt.%) were
groundwithKBr and compressed into a disk (13 mmdiameter×0.5 mm
thick) using a hydraulic press (Carver model M) applying pressure
(10,000 psi) for 1 min or solvent-cast onto NaCl plates using
dichloromethane (DCM). Each spectrum was an average of 32 scans.
Scheme 1. Synthesis of PolyMorphine 5 from the reaction of morphine 1 and glutaric
anhydride via ring-opening, followed by acetylation of the diacid 3 and polymerization
of the monomer 4 by melt-condensation.
2.3. Molecular weight

Mass spectrometry [39] was used to determine the molecular
weights (MW) of polymer intermediates. A Finnigan LCQ-DUO
equipped with Xcalibur software and an adjustable Atmospheric
Pressure ionization Electrospray Ion Source (API-ESI) was used. Sam-
ples were dissolved in methanol and diluted to 10 μg/mL before injec-
tion using a glass syringe. Pressure during the experiments was
0.8×10−5 Torr and the API temperature was 150 °C.

GPC was used to determine the Mw of the polymer. A
Perkin-Elmer LC system consisting of a Series 200 refractive index de-
tector, a Series 200 LC pump, and an ISS 200 advanced sample proces-
sor was used. A Dell OptiPlex GX110 computer running Perkin-Elmer
TurboChrom 4 software was utilized for data collection and control.
The connection between the LC system and the computer was made
using a Perkin-Elmer Nelson 900 Series Interface and 600 Series
Link. Samples were dissolved in DCM (10 mg/mL) and filtered
through 0.45 μm polytetrafluoroethylene syringe filters (Fisher)
prior to elution through a Jordi divinylbenzene mixed-bed GPC col-
umn (7.8×300 mm) (Alltech Associates, Deerfield, IL) at a rate of
1 mL/min for a total run time of 30 min. Weight-average molecular
weights and polydispersity indexes (PDIs) were calculated relative
to narrow Mw polystyrene standards (Polysciences, Dorval, Canada).
2.4. Thermal analysis

Thermal analysis was performed using DSC to obtain the glass tran-
sition (Tg) and melting (Tm) temperatures. DSC was performed using a
Thermal Advantage (TA) DSC Q200 running on an IBM ThinkCentre
computer equipped with TA Instrument Explorer software for data col-
lection and control. Samples (4–8 mg) were heated under nitrogen
from −10 °C to 200 °C at a heating rate of 10 °C/min. A minimum of
two heating/cooling cycles were used for each sample set. TA
Universal Analysis 2000, version 4.5A was used to analyze the
data.

TGA was used to obtain the decomposition temperatures (Td).
TGA analysis was performed using a Perkin-Elmer TGA7 analyzer
with TAC7/DX controller equipped with a Dell OptiPlex Gx 110 com-
puter running Perkin-Elmer Pyris software. Samples (~10 mg) were
heated under nitrogen at a rate of 10 °C/min from 25 to 400 °C. Td
was defined as the onset of decomposition and is represented by
the beginning of a sharp slope on the thermogram.

2.5. Diacid synthesis (3 in Scheme 1)

Morphine (1 in Scheme 1, 1.00 g, 1 eq) was dissolved in anhydrous
pyridine under argon and stirred for 5 min. Glutaric anhydride (2,
3.97 g, 10 eq) was slowly added manually. The reaction mixture was
heated to 60 °C and stirred overnight. Pyridine was azeotropically re-
moved using toluene. The brown paste obtained was washed
10×50 mLwith DCM to remove the excess glutaric acid. The final prod-
uct was dried under vacuum at room temperature. Yield: 0.95 g (95%)
beige foam. 1H NMR (500 MHz, DMSO-d6, δ): 6.73 (d, 1H, ArH), 6.58
(d, 1H, ArH), 5.50 (dq, 2H, CH and CH), 5.15 (s, 1H, CH), 5.05 (d, 1H,
CH), 3.37 (s, 1H, CH2), 2.98 (d, 1H, CH), 2.75 (s, 1H, CH), 2.40-2.15
(comp, 14H, CH2, CH2, CH2, CH2, CH2, and CH3), 2.08 (t, 1H, CH2),
1.86–1.68 (comp, 4H, CH2 and CH2), 1.65 (d, 1H, CH2). 13C NMR
(500 MHz, DMSO-d6, δ): 174.1 (2C), 171.9 (1C), 170.5 (1C), 149.1
(1C), 131.5 (1C), 130.5 (1C), 130.3 (1C), 129.2 (1C), 127.8 (1C), 122.5
(1C), 119.7 (1C), 87.9 (1C), 67.4 (1C), 58.8 (1C), 45.8 (1C), 41.4 (1C),
40.8 (1C), 36.6 (1C), 32.9 (1C), 32.8 (1C), 32.6 (3C), 32.3 (1C), 32.9
(1C), 20.0 (1C). IR (KBr pellet): 3550 cm−1 (OH, acid), 1732 cm−1

(C_O, ester), 1712 cm−1 (C_O, acid). MS: 514 [M+1]. Td=227 °C.

2.6. Monomer synthesis (4 in Scheme 1)

Morphine-based diacid (3, 0.18 g) was acetylated by reacting with
an excess of acetic anhydride (36 mL, Fisher, Fair Lawn, NJ). The reac-
tion mixture was stirred overnight at room temperature. The excess
acetic anhydride was removed under reduced pressure. Yield:
0.16 g (89%), orange paste. 1H NMR (500 MHz, DMSO-d6, δ): 6.74
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(d, 1H, ArH), 6.59 (d, 1H, ArH), 5.50 (dq, 2H, CH and CH), 5.18 (s, 1H,
CH), 5.05 (1H, CH), 5.05 (d, 1H, CH), 3.30 (s, 1H, CH2), 2.97 (d, 1H,
CH), 2.78-2.12 (comp, 20H, CH, 5CH2 and 3CH3), 2.05 (t, 1H, CH2),
1.96–1.77 (comp, 4H, CH2 and CH2), 1.62 (d, 1H, CH2). 13C NMR
(500 MHz, DMSO-d6, δ): 172.2 (2C), 170.8 (2C), 169.2 (1C), 168.8
(1C), 145.0 (1C), 132.5 (1C), 132.3 (1C), 131.2 (1C), 131.1 (1C),
128.4 (1C), 122.3 (1C), 119.8 (1C), 89.7 (1C), 69.2 (1C), 58.4 (1C),
46.5 (1C), 43.4 (1C), 43.3 (1C), 35.4 (1C), 34.3 (1C), 34.2 (1C), 32.9
(3C), 32.5 (1C), 32.0 (1C), 30.0 (2C), 20.0 (1C). IR (solvent-casted
DCM): 1809 cm−1 and 1761 cm−1 (C_O, anhydride), 1732 cm−1

(C_O, ester). MS: 598 [M+1]. Tm=164 °C. Td=297 °C.

2.7. Polymer synthesis (5 in Scheme 1)

Morphine-based monomer (4, 1.00 g) was polymerized by
melt-condensation polymerization at 170 °C, under constant vacuum
(b2 mmHg), and constant stirring (100 rpm) using an overhead me-
chanical stirrer (T-line laboratory stirrer, Talboys Engineering Corp.,
Montrose, PA). Polymerization continued until the mixture solidified
(~30 min). The product was cooled to room temperature and
dissolved in DCM (2 mL). The polymer was precipitated dropwise
over excess diethyl ether (50 mL) and isolated by vacuum filtration.
The product was dried under vacuum at room temperature overnight.
Yield: 0.70 g (70%), tan solid. 1H NMR (500 MHz, DMSO-d6, δ): 6.71
(br, 1H, ArH), 6.55 (br, 1H, ArH), 5.50 (br, 2H, CH and CH), 5.15 (br,
1H, CH), 5.05 (br, 1H, CH), 3.29 (br, 1H, CH2), 2.93 (br, 1H, CH),
2.76–2.17 (br, 15 H, CH2, CH2, CH2, CH2, CH2, CH2, and CH3), 2.00
(br, 1H, CH2), 1.93–1.67 (br, 4H, CH2 and CH2), 1.68 (br, 1H, CH2).
13C NMR (500 MHz, DMSO-d6, δ): 175.1 (1C), 172.8 (1C), 172.6
(1C), 171.2 (1C), 149.9 (1C), 133.5 (1C), 132.4 (1C), 131.9 (1C),
130.8 (1C), 129.0 (1C), 122.5 (1C), 120.0 (1C), 89.3 (1C), 68.8 (1C),
58.8 (1C), 46.8 (1C), 43.5 (1C), 43.1 (1C), 35.4 (1C), 33.8 (1C), 33.5
(1C), 33.1 (3C), 32.9 (1C), 20.9 (1C). IR (solvent-casted DCM):
1818 cm−1 and 1761 cm−1 (C_O, anhydride), 1734 cm−1 (C_O,
ester). Mw=26,100 Da, PDI=1.14. Tg=120 °C. Td=185 °C.

2.8. In vitro degradation studies

Diacid 3 (5.0 mg, triplicate) was placed into scintillation vials and
20.00 mL phosphate buffered saline (PBS) pH 7.4 added. Samples
were incubated at 37 °C under constant shaking (60 rpm) in an
Excella E25 Incubator Shaker (New Brunswick Scientific). PBS
(1.00 mL) was removed at predetermined time points (2 h, 5 h,
10 h, and daily starting on day 1 for 30 days) and replaced with
fresh PBS (1.00 mL). The pH was checked using an Accumet® Re-
search AR15 pH meter (Fisher Scientific) and adjusted to 7.4 using
0.50 M NaOH when needed. Samples were immediately analyzed by
HPLC.

For the polymer degradation studies, polymer 5 (5.0 mg, tripli-
cate) was placed into scintillation vials and 20.00 mL phosphate buff-
ered saline (PBS) pH 7.4 added. Samples were incubated at 37 °C
under constant shaking (60 rpm) in an Excella E25 Incubator Shaker
(New Brunswick Scientific). PBS (20.00 mL) was removed daily and
replaced with fresh PBS. The pH was checked using an Accumet® Re-
search AR15 pH meter (Fisher Scientific). Samples were immediately
analyzed by HPLC.

2.9. High-performance liquid chromatography (HPLC)

Quantitative analysis of the in vitro degradation products was
performed via HPLC using an XTerra® RP18 5 μm 4.6×150 mm col-
umn (Waters, Milford, MA) on a Waters 2695 Separations Module
equipped with a Waters 2487 Dual λ Absorbance Detector. The sys-
tem was connected to a Dell computer running Empower software.
Samples were filtered using 0.22 μm poly(vinylidine fluoride) syringe
filters (Fisher). The HPLC method was adapted from previously
published methods.[40,41] The mobile phase used was composed of
50 mM KH2PO4, 2.5 mM sodium dodecyl sulfate, 25% acetonitrile,
and 75% water at pH 3. Samples (20 μL) were run at 35 °C at a flow
rate of 1 mL/min. Absorbance was monitored at λ=210 nm. The in-
strument was calibrated using standard morphine 1 and diacid 3 so-
lutions of known concentrations.
2.10. Cell cytocompatibility studies

Cytocompatibility was evaluated by culturing 3T3 fibroblasts cells
(NIH 3T3 fibroblast cell line) in diacid- and/or polymer-containing
medium at concentrations of 0.10 and 0.01 mg/mL. Cell culture medi-
um consisted of Dulbecco's modified Eagle's medium (DMEM),
10 vol.% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA),
1% l-glutamate, and 1% penicillin/streptomycin. Fibroblasts were
seeded at a density of 2000 cells/well in 96 well plates containing
150 μL of culture medium. The positive control consisted of fibro-
blasts with cell culture media only and the negative control consisted
of fibroblasts with cell culture media and 5% 200-proof ethanol
(PHARMCO-AAPER). Cells were incubated at 37 °C and 5% CO2 for
24, 48 and 72 h. Cell viability was determined using Calcein AM and
ethidium homodimer-1 staining (Molecular Probes) according to
the manufacturer's protocol and the results normalized to the posi-
tive control. For each of the three time points (24, 48 and 72 h), a
student's t-test was performed to assess for statistical significance be-
tween the positive control and experimental conditions. Experiments
were performed in quadruplicate.
2.11. In vivo animal studies

Adult male C57Bl/6J mice were obtained from Charles River
(Kingston, NY). Animals were approximately 10 weeks old and
weighed between 19.5 and 27.7 g at the beginning of the study. Ani-
mals were housed in climate-controlled rooms with a 12:12 hour
light/dark cycle, with food and water available ad libitum. All animal
procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at Rutgers University, and consistent with the
Guide for the Care and Use of Laboratory Animals (National Institutes
of Health, 2011). Animals were pre-handled twice a day for 3 days
prior to the experiment.

Polymer 5 (200.0 mg powder) was suspended in 10 mL of 5%
Cremophor EL in saline by vortex and stirred for 15 min. Diacid 3
(50.0 mg foam) and morphine HCl (10 mg) were each dissolved in
10 mL of 5% Cremophor EL in saline. A 5% Cremophor EL saline solution
was used as the vehicle control. All administrationswere by intraperito-
neal (i.p.) injection. Drug dosing was as follows: free morphine (mor-
phine HCl) at 10 mg/kg, 3 at 50 mg/kg, and 5 at 200 mg/kg.

Nociception in mice wasmeasuredwith the TFL test. Animals were
wrapped loosely in soft cloth, where each cage of animals had its own
cloth to minimize cross-cage olfactory sensory stimulation. TFL was
tested by immersing the distal third of the animal's tail in a water
bath at 49 °C, and the TFL time was recorded with a 30 s cutoff time
to avoid tissue damage. Animals were only tested one time at each
time point.

There were 30 animals in each group at the beginning of the study.
TFL was measured at the following time points after the drug admin-
istration: 30 min, 1 h, 2 h, 4 h, 8 h, 1 d, 2 d, 3 d, 7 d, 9 d, and 14 d. On
day 3, 15 animals from each group (including the vehicle control
group) were tested for morphine sensitivity using the TFL test after
by being subjected to an acute morphine dose (10 mg/kg of free mor-
phine in 5% Cremphor EL in saline). The remaining 15 animals contin-
ued to be tested as scheduled. On day 14, after being tested for TFL, all
animals received an acute dose of morphine (10 mg/kg of free mor-
phine) and tested for morphine sensitivity using the TFL test.



Fig. 2. Infrared spectra of (blue) PolyMorphine 5, (red) diacid 3, and (green) morphine
1, key stretch bands for OH acid, C_O acid, C_O ester, and C_O anhydride are
indicated.
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3. Results and discussion

3.1. Synthesis and physicochemical characterization of PolyMorphine

In an effort to overcome the limitations of commercially available
morphine delivery systems and based upon our experience with the
chemical incorporation of drugs into biodegradable polymer backbones,
a morphine-based PAE, described herein as PolyMorphine (5 in
Scheme 1),was developed and evaluated. The synthesis of this polymer-
ic prodrug consists of three steps as outlined in Scheme 1: esterification
of morphine to yield the diacid (3), which is then activated via acetyla-
tion to form the monomer (4) that undergoes melt-condensation poly-
merization to yield the polymer (5). All compounds synthesized were
characterized to assess their physical and chemical properties. Their
chemical structures were assessed using 1H and 13C NMR, and FT-IR
spectroscopy. MS andGPCwere used to determine theMWandMw, re-
spectively. The thermal properties were evaluated using DSC and TGA.

To synthesize 3, various reaction conditions were explored by
changing the solvent and the base catalyst. Among the conditions
tested, the reaction carried out neat in pyridine yielded the best re-
sults (i.e., full conversion into product and easy product isolation).
Because the allylic hydroxyl group of morphine is less reactive than
the phenolic alcohol, the complete conversion of both alcohols takes
3 days at room temperature. When heated to 60 °C, esterification of
the phenolic and allylic alcohols is completed within 24 h. The isola-
tion of the product was performed by azeotropic removal of pyridine
with toluene to reproducibly afford 3 in high yields (95%). Fig. 1
shows the 13C NMR of 1, 3, and 5; the key peaks for the
nitrogen-containing ring and the cyclic ether are indicated. As
shown in Fig. 1, the structure of the drug was preserved after synthe-
sizing 3. The IR spectrum of 3 (Fig. 2, red) shows the attachment of
glutaric linkers by the formation of the ester bonds by the presence
of the ester carbonyl (C_O) at 1732 cm−1 and the presence of termi-
nal carboxylic acids C_O at 1712 cm−1 and O\H at 3350 cm−1. Com-
pared to the IR spectrum of morphine (Fig. 2, green), the alcohols O\H
at 3200 cm−1 disappear and the C_O peaks appear. The MW of 3 was
determined as 514 by MS, which corresponds to the MW of 3 (513.54)
plus a proton. The thermal analysis of 3 showed that it decomposes at
227 °C and did not display a Tm.

Two different polymerization methods were investigated to prepare
PolyMorphine. Due to the concern that morphine intermediates might
be thermally unstable, solution polymerization was first evaluated.
Fig. 1. 13C NMR spectra of morphine 1, diacid 3, and PolyMorphine 5, showing the pres-
ervation of the chemical integrity of the drug; key peaks for the nitrogen-containing
ring and the cyclic ether are indicated.
This method used triphosgene (which forms phosgene in situ) as the
coupling agent in the presence of triethylamine [42]. However, this po-
lymerization method not only resulted in low Mw polymer and low
yields, but the pure polymer could not be isolated. As a result,
melt-condensation polymerization was attempted [42]. Monomer 4
was prepared by the acetylation of 3 in excess acetic anhydride at
room temperature. Characterization of 4 was performed with the same
methods used to characterize 3; the NMR and IR spectra confirmed the
formation of 4. Monomer 4 decomposes at 297 °C and melts at 164 °C.
This high Td of 4 and itsmoderate Tmmademelt-condensation polymer-
ization possible because it was thermally stable.

Melt-condensation polymerization of activated 4 at 170 °C in vacuo
yielded 5 with reasonably high Mw (26,000 Da), low PDI (1.14) and
high yields (70%). Fig. 1 also shows the 13C NMR spectrum of 5, as
seen on the figure the structure of the drug was preserved. The IR spec-
trum of 5 (Fig. 2, blue) shows the formation of the anhydride bonds by
the presence of the anhydride C_O at 1818 and 1761 cm−1, the pres-
ervation of the ester bonds by the presence of the ester C_O at
1734 cm−1, and the disappearance of terminal carboxylic acid C_O at
1712 cm−1. PolyMorphine 5 decomposes at 185 °C, does not have a
Tm, and its Tg is 120 °C. Having such a high Tg is a positive attribute
for in vivo applications (body temperature is 37 °C) because the poly-
mer will not deform once implanted in the body.

3.2. In vitro degradation and drug release

Given that 5 was designed to degrade and release free morphine,
in vitro hydrolysis studies were performed to characterize polymer
degradation (Fig. 3). Since the hydrolytic cleavage of the anhydride
bonds is faster than the ester bonds, [43,44] the degradation of 3
was expected to be the rate-determining step in the degradation of
5. In addition, the two ester bonds in compound 3 are not equivalent
and would likely degrade at different rates. Diacid 3 is an important
intermediate; if it does not degrade to release free morphine, then
polymer 5 will not degrade into free morphine.

Mimicking physiological conditions (37 °C and pH 7.4 buffer), the
hydrolytic degradation of 3was analyzed by HPLC where three distinc-
tive peaks were detected throughout the experiment: 3 (Rt=
28.5 min), 6 (Rt=16.2 min), and 1 (Rt=6.5 min). Fig. 3 (bottom)
shows representative chromatograms for the degradation of 3 into the
intermediate 6 and 1. Diacid 3 completely hydrolyzes into a monoacid
(Fig. 3 top, 6) during the first day. The monoacid then hydrolyzed into
free morphine (that started to be detected on day 2) and was still pres-
ent after 30 days (Fig. 3 bottom). The formation of 6 during degradation
was confirmed by the analysis of the chemically synthesized monoacid
7 (supplementary data, Fig. 1S). The retention time of 7 was 18.1 min,
which is different from that of 6. When both monoacids were analyzed
simultaneously, a peak with two maximums was observed; the low

image of Fig.�1
image of Fig.�2


Fig. 3. [14] Hydrolytic degradation scheme of PolyMorphine (5). (Bottom) Chromato-
grams showing the in vitro degradation of diacid (3) into monoacid (6) and free mor-
phine (1) at different time points (2 h, 10 h, 1 d, 5 d, 10 d, 15 d, 20 d, 25 d, and 30 d).

Fig. 4. In vitro cell cytocompatibility of diacid (3) and PolyMorphine (5). (A) Cell viabil-
ity of the positive control (fibroblasts with cell culture media only), 3 (at 0.10 mg/mL),
and 5 (at 0.10 mg/mL), no statistical differences at 95% confidence level between the
samples containing 3 and 5 and the positive control; fluorescent microscopy images
(green=viable cell and red=dead cells) of: (B) positive control, (C) negative control
(fibroblasts with cell culture media and 5% ethanol), (D) diacid 3, and (E) 5.
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resolution suggests the presence of two similar compounds. This degra-
dation pathway is supported by previous studies on the hydrolysis of
heroin into 6-monoacetylmorphine and ultimately into morphine [45].

Following analysis of 3, the hydrolytic degradation of 5 was stud-
ied under similar conditions. The HPLC results indicated that the poly-
mer degrades via hydrolytic cleavage of the anhydride bonds to
generate 3, which is then hydrolyzed into 6, which further hydrolyzes
into 1 (Fig. 3 top).

3.3. In vitro cytocompatibility

Investigating the potential toxicity of these novel materials is crit-
ical to understanding the potential in vivo use of this prodrug. The cy-
totoxicity of 3 and 5 towards fibroblasts was studied in vitro.
Fibroblasts were used for this study because they are the most fre-
quently used cells for initial cytotoxicity testing of biomaterials [46].
Cytocompatibility was evaluated by culturing 3T3 fibroblasts cells in
medium containing 3 and 5 (separately) at concentrations of 0.10
and 0.01 mg/mL. These concentrations were chosen because they
are well above the concentrations seen in vitro (10–100 times
higher) and can be used to determine a possible dose dependent tox-
icity. Studies were performed evaluating cell viability at 24, 48, and
72 h, to evaluate early and late degradation stages. To quantify cell
viability, representative fluorescence microscopy images of each
condition were taken to determine the total number of cells (live
and dead). Statistical analysis showed no significant differences
with a 95% confidence level between the samples containing 3 and
5 and the positive control for both concentrations used at all time
points. Comparison between the diacid- and polymer-containing
samples and the media control indicate normal to higher cell
viability, suggesting that both 3 and 5 are non-cytotoxic (Fig. 4A).
Fig. 4(B, D) shows representative fluorescence microscopy images
of the positive control (fibroblasts with cell culture media), the neg-
ative control (fibroblasts with cell culture media and 5% ethanol),
cell culture media containing 3 (0.10 mg/mL at 48 h), and cell cul-
ture media containing 5 (0.10 mg/mL at 48 h). Green fluorescence
indicates viable cells whereas red indicates dead cells. These results
show no significant cytotoxicity caused by 5 or 3.

3.4. In vivo evaluation of analgesic effect

As indicated above, a key impetus of this work was to develop a
prodrug form of morphine (PolyMorphine), which, when adminis-
tered in vivo, would hydrolytically degrade in a controlled fashion
to provide extended analgesia. To determine whether 5 would
meet this objective, mice were administered systemically with a
drug or control solution by i.p. injection, and their nociception was
measured using the TFL test. TFL test was performed by immersing
the distal third of the animal's tail in a water bath at 49 °C and mea-
suring pain threshold by the time it takes for the animal to flick its
tail. Four treatment groups were used: vehicle control, free
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morphine (at 10 mg/kg), 3 (at 50 mg/kg), and 5 (at 200 mg/kg).
Doses were chosen after a pilot dose–response experiment. Doses
do not contain the same amount of morphine, however, higher con-
centration of morphine after a single administration does not result
in an extended analgesic effect [47]. At various time points post ad-
ministration (starting after 30 min), TFL was measured.

As shown in Fig. 5, free morphine provided strong analgesia,
peaking at 30 min post-administration (Fig. 5A, filled diamonds).
The analgesic effect of free morphine diminished with time; by the
4 h time point, the analgesic effect was completely gone. This time
course of analgesia has been well-established for free morphine, as
the drug is metabolized in vivo and plasma drug level drops off [8]. Di-
acid (3) showed a similar time course of analgesic effect as free mor-
phine (Fig. 5A, filled triangles).

Systemic administration of PolyMorphine (5) also resulted in strong
analgesia, reaching a peak effect at the 1 h time point (Fig. 5A, filled
squares). Different from free morphine, however, is the noticeably ex-
tended time course of the analgesic effect from PolyMorphine. Analge-
sia was sustained throughout the 24 h time frame post drug
administration with gradual decline (Fig. 5A), with the analgesic effect
still detectable 3 days post-administration (Fig. 5B). These results clear-
ly indicate that PolyMorphine, when administered in vivo, provides ex-
tended pain relief. The fact that analgesia was detectable 3 days
post-administration was note-worthy; this study is the first example
of a single dose, systemically administered morphine formulation that
displayed analgesia for over 24 h.

Compared to the in vitro drug release studies, hydrolysis of the
polymer seems to be faster in vivo. As morphine, monoacid 6, and di-
acid 3 are detected during in vitro degradation studies, it is possible
that the analgesic effect comes from all compounds. It was already
shown that administration of 3 results in analgesia. Therefore, further
Fig. 5. PolyMorphine provided extended analgesia in mice. (A) TFL test results at 0.5–
24 h post-administration. (B) TFL results from day 1 through day 14 (vertical arrows
indicate the days that animals received acute morphine challenge to evaluate mor-
phine tolerance development). PolyMorphine provides extended analgesia compared
with free morphine. Data are shown as mean±standard error of mean. N=30 for
each time point prior to and including day 3. N=15 after day 3.
studies are needed to determine the concentration in blood of each
degradation product at each time point.

In opioid biology, a well-known effect of the extended use of mor-
phine (and related opioid alkaloids with strong analgesic properties),
both in rodent and human, is tolerance development with repeated ex-
posure [39,48,49]. As a preliminary evaluation of animals' sensitivity to
acute morphine, two time points were chosen at which the animals' re-
sponsiveness to an acute morphine challenge was tested. If animals be-
came morphine-tolerant, they would be less responsive to a morphine
challenge (administration of 10 mg/kg of morphine). The first time
point was 3 days post-drug administration, as this was the time when
PolyMorphine's analgesic effect has decreased substantially toward the
baseline level. Half of the mice from each drug group were subjected
to acute morphine challenge on day 3. The second time point was on
day 14, when the remaining half of the mice from each experimental
group were subjected to acute morphine challenges. Mice in every
group showed full responsiveness to acute morphine challenge, at
both day 3 and day 14, reaching the 30 s cutoff time in TFL test. It should
be noted that, although this preliminary assessment suggested an ab-
sence of overt morphine tolerance, more extensive work is needed to
fully evaluate the issue of morphine tolerance.

4. Conclusion

This study reports the preparation and evaluation of PolyMorphine,
a polymer version of morphine that provides extended analgesia while
potentially reducing tolerance development. PolyMorphine was syn-
thesized viamelt-condensation polymerization and its physicochemical
properties were fully characterized to confirm the preservation of
morphine's structural integrity. In vitro studies were performed to de-
termine the degradation pathway of the polymer and a key intermedi-
ate, showing that PolyMorphine hydrolyzes into free morphine. In vitro
cytocompatibility studies showed that PolyMorphine is non-cytotoxic
towards fibroblasts. When administered in vivo, PolyMorphine provid-
ed sustained pain relief for up to 3 days,more than 20 times the analge-
sic time window of free morphine. These results demonstrated, for the
first time, a systemically administered prodrug that yields such a
long-lasting analgesic effect. Furthermore, based on a preliminary test
of sensitivity to an acute morphine challenge, no overt signs of mor-
phine tolerance development were observed in PolyMorphine-
administered animals. In consideration of the abuse liability of many
controlled release formulations of opioid analgesics, PolyMorphine
may offer a desirable option as a long-acting, low abuse liability alterna-
tive to conventional opioid analgesics. Clearly, these potential promises
warrant further investigation.
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