This article was downloaded by:

On: 24 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Design and Biocatalytic Synthesis of Pluronics-based Nanomicellar Self-

assembly Systems for Drug Encapsulation Applications

Mukesh K. Pandey?; Ke Yang”; Cao Pei; Pramod K. Sharma®; Joana Viola%; Roger Stromberg?; Jayant
Kumar®; Virinder S. Parmar®; Arthur C. Watterson?

2 Institute of Nano-science and Engineering Technology, University of Massachusetts, Lowell, MA,
USA ® Center for Advanced Materials and Department of Physics, University of Massachusetts, Lowell,
MA, USA © Bio-organic Laboratory, Department of Chemistry, University of Delhi, Delhi, India ¢
Karolinska Institutet, Departments of Laboratory Medicine (JV) & Biosciences and Nutrition (RS), Unit
for Bioorganic Chemistry, Novum, Huddinge, Sweden

Online publication date: 05 July 2010

To cite this Article Pandey, Mukesh K. , Yang, Ke , Pei, Cao , Sharma, Pramod K. , Viola, Joana , Stromberg, Roger ,
Kumar, Jayant , Parmar, Virinder S. and Watterson, Arthur C.(2010) Design and Biocatalytic Synthesis of Pluronics-
based Nanomicellar Self-assembly Systems for Drug Encapsulation Applications', Journal of Macromolecular Science,
Part A, 47: 8, 788 — 793

To link to this Article: DOI: 10.1080/10601325.2010.492036

URL: http://dx.doi.org/10.1080/10601325.2010.492036

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informworld. confterns-and-conditions-of-access. pdf

This article nmay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi ||l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/10601325.2010.492036
http://www.informaworld.com/terms-and-conditions-of-access.pdf

08:55 24 January 2011

Downl oaded At:

Journal of Macromolecular Science, Part A: Pure and Applied Chemistry (2010) 47, 788-793

Copyright © Taylor & Francis Group, LLC
ISSN: 1060-1325 print / 1520-5738 online
DOI: 10.1080/10601325.2010.492036

Taylor & Francis
Taylor & Francis Group

Design and Biocatalytic Synthesis of Pluronics-based
Nanomicellar Self-assembly Systems for Drug Encapsulation

Applications

MUKESH K. PANDEY!, KE YANG?, CAO PEI’, PRAMOD K. SHARMA!-3, JOANA VIOLA*, ROGER
STROMBERG*, JAYANT KUMAR?, VIRINDER S. PARMAR'"? and ARTHUR C. WATTERSON!*

Unstitute of Nano-science and Engineering Technology, University of Massachusetts, Lowell, MA, USA

2 Center for Advanced Materials and Department of Physics, University of Massachusetts, Lowell, MA, USA

3 Bio-organic Laboratory, Department of Chemistry, University of Delhi, Delhi, India

4Karolinska Institutet, Departments of Laboratory Medicine (JV) & Biosciences and Nutrition (RS ), Unit for Bioorganic

Chemistry, Novum, Huddinge, Sweden

Received, Accepted February 2010

Nano medicine is an emerging branch of pharmaceuticals, which is gaining considerable attention mainly due to its new and effective
way of drug delivery. Various modes of drug delivery are still in their adolescent stage, polymer-based drug delivery system is one among
these. In order to develop a novel and biocompatible nano-carrier for drug delivery through a “green” and, environmentally benign
approach, herein, we report the design, synthesis and characterization of four novel pluronic-based amphiphilic copolymers. Candida
antartica lipase was used to catalyze polymerization in the presence of molecular sieves under solventless conditions. The resulting
copolymers were also investigated for their supramolecular organization and drug encapsulation capacity for biomedical applications.

Keywords: Pluronics, Candida antarctica lipase, amphiphilic polymers, curcumin, encapsulation

1 Introduction

Recent advances in nano-medicine have opened new vistas
for pharmaceutical companies mainly due to drug delivery
applications. This form of drug delivery not only minimizes
the drug use but also enables targeted drug delivery for
faster and efficient mode of action. Drug delivery systems
need to be biocompatible and should also have an inter-
action with the drug to be delivered without affecting its
therapeutic properties. Drug delivery system may alter the
bio-distribution and pharmacokinetics of the associated
drug. Furthermore, problems arising due to low drug sol-
ubility, degradation, fast clearance rates, non-specific toxi-
city, inability to cross biological barriers, can be addressed
by appropriately designed drug delivery system or nano-
medicine (1).

Nano medicines mainly consist of polymer micelles,
polymer DNA complexes (polyplexes), nanogels and

*Address correspondence to: Arthur C. Watterson, Institute
of Nano-science and Engineering Technology, Department of
Chemistry, University of Massachusetts, Lowell, MA 01854,
USA. E-mail: Arthur_Watterson@uml.edu; mukesh5601@
gmail.com

liposomes. A promising example of such polymer nano ma-
terials is represented by pluronics, a family of poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-
PPO-PEO) triblock copolymers. The block copolymers
with different numbers of hydrophilic ethylene oxide and
hydrophobic propylene oxide units are characterized by
different hydrophilic-lipophilic balance. Due to their am-
phiphilic character, these copolymers display surfactant
properties including ability to interact with hydrophobic
surfaces and biological membranes. In aqueous solutions at
concentrations above critical micelle concentration (CMC),
these copolymers self-assemble into micelles. The core of
the micelles consists of hydrophobic PPO blocks that are
separated from the aqueous exterior by a shell of hydrated
hydrophilic PEO chains (2-5).

Overall, the challenge of increasing the therapeutic effect
of drugs, with a concurrent minimization of side effects,
can be tackled through proper design and engineering of
the drug delivery system (6, 7).

To address these issues, the design and development of
novel bio-catalytic approaches for the synthesis of a va-
riety of amphiphilic copolymers has been undertaken. By
varying the components, we have developed a wide vari-
ety of polymeric materials and explored their biomedical
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applications (8—11). The micelle based amphiphilic copoly-
mers confer enhanced solubility to the encapsulated mate-
rial in aqueous media, thereby increasing the bioavailability
of poorly soluble or insoluble drugs for therapeutic uses.
Herein we report the synthesis of pluronic-based na-
nomicellar self assembly system which may find application
as a novel nano carrier for drug delivery. For this purpose, a
low molecular weight pluronic (BASF Pluronic™ L44 NF,
Mn 2200) was enzymatically copolymerized with various
linkers to observe the effect of linkers on the encapsulation
properties of the pluronics. Immobilized Candida antarctica
lipase [also known as Novozyme 435 (CAL-B)] was used
as biocatalyst (12, 13) in the presence of molecular sieves
under solventless condition. The linkers used were 3-(2-
ethoxycarbonyl)ethyl-7-ethoxycarbonylmethoxy-4-methy-
Icoumarin or 3-(2-ethoxycarbonyl)ethyl-7-ethoxycarbony-
Imethoxy-4, 8-dimethylcoumarin and dimethyl 5-hydro
xyisophthalate or dimethyl S5-aminoisophthalate. This
methodology involves a “green” and environmentally
benign approach. The synthesized pluronic based am-
phiphilic copolymers were evaluated for particle formation
behavior, their hydrodynamic radius was measured by
dynamic light scattering. Moreover these copolymers have
the capacity to encapsulate various drugs and bioactive
molecules. The synthesized copolymers are novel and were
characterized by different spectroscopic techniques.

2 Experimental

2.1 Materials

Novozyme-435, an immobilized enzyme, was a gift
from Novozymes A/S, Denmark. Dimethyl 5-hydro-
xyisophthalate, dimethyl 5-aminoisophthalate, molecular
sieves (41&, beads, 8—12 mesh) and solvents were purchased
from Aldrich Corporation, USA. BASF Pluronic® L44 NF
(Average Mw 2200, PPO 1160 and PEO 520 x 2) was pur-
chased from BASF, Germany. All other chemicals and sol-
vents were of analytical grade and were used as received un-
less otherwise noted. Dialysis membranes were purchased
from Spectrum Laboratories Inc., CA.

2.2 Characterization

The 'H and '*C-NMR spectra were recorded on a Bruker
Instrument Inc. 500 MHz ARX spectrometer and 250
MHz spectrometer, respectively using TMS as an internal
standard. Gradient HSQC spectrum and DEPT spectrum
were recorded on Bruker 500 MHz instrument equipped
with inverse probe. Static light scattering data was acquired
by a laser light scattering photometer (Wyatt Technology
DAWN Model F) equipped with a 632 nm He-Ne laser as
the light source. Dynamic light scattering was performed
on these micellar solutions using a 50mW He-Ne Laser,
an avalanche photodiode detector BI-APD, a digital time
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correlator BI-9000 and software from Brookhaven Instru-
ments Corporation, and dynamic light scattering software
CONTIN and DOUBLE EXPONENTIAL. Infrared
spectra of neat samples were recorded on a Thermo Elec-
tron Corporation Nicolet 4700 Fourier Transform Infrared
(FT-IR) spectrometer. The UV spectra were recorded on a
Perkin-Elmer Lambda-9-UV-Vis spectrophotometer (Nor-
walk, CT). The detailed synthesis and characterization
of 3-(2-ethoxycarbonyl)ethyl-7-ethoxycarbonylmethoxy-
4-methylcoumarin ~ and  3-(2-ethoxycarbonyl)ethyl-7-
ethoxycarbonylmethoxy-4,8-dimethylcoumarin have been
reported earlier by us (8).

2.3 Synthesis of Polymers 1a-b and 2a-b

Pluronic (1 mol) and linker (1 mol) were placed in a round-
bottom flask with constant stirring followed by addition of
the immobilized enzyme (Novozyme 435, 10% by weight
wrt monomers) and molecular sieves (10% by weight wrt
monomers). The resultant reaction mixture was stirred at
90°C under vacuum (100 millitorr) for 48 h and the re-
action was quenched by adding chloroform. Enzyme and
molecular sieves were removed by filtration and the filtrate
was concentrated to obtain the product, which was dis-
solved in de-ionized water and dialyzed against water using
membrane (MWCO 6000-8000). The dialyzed solution was
freeze dried to obtain polymers 1a-b & 2a-b.

2.3.1. Polymer la

Synthesis of polymer la was achieved via reaction of
dimethyl 5-hydroxyisophthalate (1.0 g, 4.7 mmol), and
pluronic (9.5 g, 4.7 mmol) in the presence of molecular
sieves (1.0 g) and Novozyme-435 (1.0 g).

'H-NMR (8, CDCl): 1.14 (brs, CH; of PPO), 3.39—
3.67 (brs, OC Hhand OCH of PPO and OCH, of PEO),
3.83 (t, COOCH,CH,), 3.90 (s, end group OCHs), 4.47
(t, COOCH,CH;), 7.72 (brs, aromatic protons), 8.19 (s,
aromatic proton).

I3C-NMR Data (8§, CDCl3): 17.81 (CH3 of PPO), 52.61
(OCHj end group), 65.61, 68.89, 69.48, 70.91 — 76.57
(methylene carbons of PEO and PPO and CH carbons of
PPO), 121.45, 122.48, 132.02, 157.83 (q), 166.12, 166.71.

IR wvmax: 3400, 2969, 2866, 1723, 1598, 1449, 1372,
1333, 1297, 1238, 1092, 932, 844, 760, 505 cm~!. UV
Amax(MeOH): 310 nm

2.3.2. Polymer 1b

Synthesis of polymer 1b was achieved via reaction of
dimethyl 5-aminoisophthalate (1.0 g, 4.7 mmol), and
pluronic (9.5 g, 4.7 mmol) in the presence of molecular
sieves (1.0 g) and Novozyme-435 (1.0 g).

'H-NMR (8, CDCl3): 1.15 (brs, C H; of PPO), 2.20 (brs,
D, 0 exchangable N H,),

3.40-3.69 (brs, OC Hhband OCH of PPO and OCH, of
PEO ), 3.83 (t, COOCH,CH, ), 3.9 (s, end group OCHj),
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4.48 (t, COOC H,CH,), 7.53 (brs, aromatic protons), 8.04
(s, aromatic proton).

3C-NMR Data (8, CDCls): 19.09 (CH; of PPO), 53.77
(OCHj; end group), 65.84, 68.89, 69.53 (CH,), 70.95 -76.57
(methylene carbons of PEO and PPO and CH carbons of
PPO), 121.27, 121.35, 131.80, 148.51, 166.37, 166.92.

IR wvmax: 3357, 2969, 2866, 1720, 1603, 1452, 1372,
1346, 1235, 1091, 1012, 933, 863, 759, 722 cm~!. UV
Amax(MeOH): 343 nm.

2.3.3. Characterization of Polymer 2a

Synthesis of polymer 2a was achieved via reaction
of 3-(2-ethoxycarbonyl)ethyl-7-ethoxycarbonylmethoxy-4-
methylcoumarin (1.00 g, 2.7 mmol), and pluronic (5.5 g,
2.7 mmol) in the presence of molecular sieves (0.65 g) and
Novozyme-435 (0.65 g).

'H-NMR (8, CDCl3): 1.15 (brs, C H; of PPO), 1.26 (t,
OCH,CHj3 end group), 2.43 (s, 3H, -CH3), 2.63 (t, 2H,
CH,), 2.94 (t, CHy), 3.39-3.65 (brs, OCH, and OCH of
PPO and OCH, of PEO ), 3.78 (t, COOCH,CH, ), 4.16
(9, OCH,CHj; end group), 4.20 (t, COOCH,CH;), 4.57 (s,
OCH,CO0), 6.76 (brs, CH), 6.91 (brs, CH), 7.55 (brs, CH).

3C NMR Data (8, CDCl3): 14.38 (CH; end group),
15.29 (CH»), 17.69 (CH3), 23.49 (CH>), 32.90 (CH»), 57.70
(OCH; end group), 61.73 (CH,), 64.03 (CH>), 68.86 (CH,x
2), 69.40 (CH,), 70.64-75.95 (methylene carbons of PEO
and PPO and CH carbons of PPO), 103.40 (CH), 113.75
(CH), 121.45, 125.93 (CH) 148.20, 153.96, 162.02, 162.32
(q), 173.13, 175.50.

IR vmax: 2969, 2866, 1710, 1609, 1452, 1372, 1347, 1295,
1246, 1089, 933, 846 cm ™!

UV Anmax(MeOH): 323, 278 nm.

2.3.4. Characterization of Polymer 2b

Synthesis of polymer 2b was achieved via reaction of
3-(2-ethoxycarbonyl)ethyl-7-ethoxycarbonylmethoxy-4, 8-
dimethylcoumarin (1.00 g, 2.6 mmol), and pluronic
(5.3 g, 2.6 mmol) in the presence of molecular sieves (0.63
g) and Novozyme-435 (0.63 g).

'H-NMR (8, CDCl3): 1.15 (brs, C H; of PPO), 1.26 (t,
OCH,CHj; end group), 2.31 (s, 3H, —CH3), 2.41 (CHj3),
2.65 (t, CHy), 3.01 (t, CH»), 3.41-3.67 (brs, OCH, and
OCH of PPO and OCH, of PEO ), 3.77 (t, COOCH,C H,
), 4.14 (q, OCH,CHj; end group), 4.20 (t, COOCH,CH,),
4.61 (s, OCH,CO), 6.77 (brs, CH), 7.33 (brs, CH).

BC-NMR Data (8, CDCl;): 14.38 (CH;3 end group),
14.58 (CHj3), 15.29 (CH,), 17.69 (CH3), 23.58 (CH>), 33.09
(CH,), 58.78 (OCH; end group), 61.89 (CH,), 64.03 (CH»),
68.86 (CH»), 69.40 (CH,), 70.64-75.95 (methylene carbons
of PEO and PPO and CH carbons of PPO), 100.01 (CH),
115.50 (q), 122.32 (q), 122.87 (CH), 147.64 (q), 158.17(q),
162.08 (q), 168.87 (q), 173.29, 175.50.

IR vpax: 2969, 2866, 1706, 1668, 1601, 1451, 1373,
1347, 1280, 1248, 1093, 935, 844, 779, 529 cm~!. UV
Amax(MeOH): 323, 278 nm.

Pandey et al.
3 Results and Discussion

3.1 Synthesis and Characterization

The Novozyme - 435 (immobilized Candida antarctica
lipase B) catalyzed condensation of dimethyl ester of 5-
amino/5-hydroxy isophthalate or 3-(2-ethoxycarbonyl)
ethyl-7-ethoxycarbonylmethoxy-4-methylcoumarin/3-(2-
ethoxycarbonyl)ethyl-7-ethoxycarbonylmethoxy-4,8-dime
thylcoumarin and pluronic (M,2200) under solventless
conditions gave the polymers 1a-b and 2a-b in 80% isolated
yields (Sch.1(a, b)). The

4-methylcoumarin monomers were synthesized by the
condensation of resorcinol/2-methylresorcinol with diethyl
2-acetylglutarate using polyphosphoric acid as the con-
densing reagent (8). The polymers 1a and 1b were char-
acterized by the presence of a peak at § 4.47 and 4.48 ppm
(Fig. 1), respectively due to the trans esterification between
the hydroxyl group of the pluronic and isophthalate. For-
mation of the ester bond was supported by 3C-resonances
at § 65.61 and 65.84 ppm, respectively for polymer 1a and
1b. This observation was further supported by correlation
of the 'H-resonance at § 4.47 ppm with the '3C-resonance
at § 65.84 ppm in the gradient HSQC NMR of polymer 1b.
The UV, IR, 'H - 'H COSY and DEPT-135 carbon NMR
also supported the above characterization.

The structures of the polymers 2a-b were also similarly
established. The proton NMR spectrum of polymer 2a dis-
played a resonance at § 4.20 ppm due to the formation of
new ester bond (Fig. 2). This was supported by the carbon
NMR spectrum which showed a resonance at 64.03. Both
these resonances correlated with each other in the gradient
HSQC NMR of polymer 2a. The DEPT-135 carbon NMR
of polymer 2a showed three aromatic CH carbons at §
103.40, 113.75 and 125.93 ppm along with other CH, CH,
and CHj3 carbons. Molecular weights of these polymers
were determined by GPC and also by end group analysis
and came out in the range of 10 KD.

3.2 Supramolecular Organization

The supramolecular organization of polymers 1a-b and2a-
b in aqueous and organic media was studied by static light
scattering (SLS) and dynamic light scattering (DLS). SLS
showed radius of gyration (R,) in the range of 55.5 to
57.1 nm in the case of isophthalate based polymers la—
b and 49.0 to 50.8 nm in the case of coumarin polymers
2a-b. The hydrodynamic radius obtained from DLS mea-
surements showed a smaller size, in the range of 23.2 to
25.9 nm, for all four polymers. This difference can be at-
tributed to the higher influence of unmicellized polymers
in SLS than DLS measurements (14). Typically for a solid
colloidal particle the radius of gyration is smaller than the
hydrodynamic radius. However, if the micelle formed has
a smaller condensed core behaving as a solid particle and
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Fig. 1. 'H-NMR spectrum of copolymer Ib.
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a long coronal region is mobile in the solvent, Ry can be
smaller than R,.

Also, we studied the drug encapsulation potential of
our novel polymeric systems by attempting the encapsu-
lation of antitumor hydrophobic drug “curcumin” (Fig. 3).
The copolymers 1a—b/2a-b and the hydrophobic drug cur-
cumin were dissolved in acetonitrile, in a 1:2 drug/polymer
w/w ratio, and mixed for 15 min. The organic solvent
was then evaporated under vacuum. The viscous mix-
ture of drug and polymer was then dissolved in wa-
ter with extensive vortexing. Non-incorporated curcumin
was filtered off the nanoparticle suspension through a
0.2 pum filter (curcumin cannot pass through the filter
unless the drug is solubilized in nanoparticles). As seen
by UV-spectroscopy, the polymers have no absorption
above 400 nm while curcumin has an absorbance max
at 425 nm. The concentration of curcumin in the fil-
trate could then be estimated by measuring absorbance
at 425 nm and using a calibration curve for curcumin in

Encapsulation of Curcumin

I
[N}

Free curcumin

5
o
o

——— Blank polymer 2a"

Blank polymer 1a

Absorbance
o

N\
%)
V4

Enca. curcumin in
polymer 1a"
------- Enca. Curcumin in
275 325 375 425 475 525 polymer 2a

Wave length

Fig. 3. UV-spectra of polmers 1a and 2a before and after en-
capsulation of the hydrophobic anti-tumor drug curcumin, using
methanol as a solvent.

methanol. The percentage solubilization/encapsulation of
curcumin was found to be in the range of 2.7-5.7% wrt
the weight of the different polymers (Table 1). Thus, it
can be concluded that changing the linker on pluronics
based polymer changes the percentage of encapsulation of
curcumin.

Table 1. Radius of gyration, hydrodynamic radius and molecular wt. of copolymers 1a-b and 2a-b

Radius of Hydrodynamic Percentage of encapsulation — Average molecular Concentration used for
Polymer  gyration (Ry) radius (Ry) of curcumin (by wt%) wt. (by NMR) measurements of Rg and Ry
la 5714+ 8.7nm  24.6 4+ 0.03 nm 5.7% 10 KD 2.9 mg/mL
1b 5554+9.7nm  24.6 +0.03 nm 4.2% 10 KD 2.9 mg/mL
2a 50.8 4+6.3nm 259+ 0.17 nm 3.3% 10 KD 2.9 mg/mL
2b 49.0+27nm  23.240.50 nm 2.7% 10 KD 3.4 mg/mL
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4 Conclusions

An environmentally benign approach has been designed
and developed to make novel materials by using a low
molecular wt. pluronic and different aromatic linkers. Our
methodology follows greener approach and utilizes the
properties of both pluronic and aromatic linkers for drug
encapsulation. The potential applications of the synthe-
sized polymeric materials were touched upon and it was
demonstrated that these new copolymers may potentially
be useful in biomedical applications. The developed poly-
meric materials are capable of solubilizing/encapsulating
the hydrophobic drug curcumin.
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