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a b s t r a c t

Enoxaparin (ENX) is one of the most widely prescribed low molecular weight heparin in prophylaxis and
treatment of venous thromboembolism. In this study, Enoxaparin–PEG conjugate (P-ENX) was synthe-
sized from Enoxaparin and polyethylene glycol (PEG) and evaluated for its potential for extended dura-
tion of action. The esterification of the carboxyl groups of the drug moiety with the hydroxyl groups of
mPEG-2000 was done by employing carbodiimide coupling chemistry. P-ENX conjugate was purified
by dialysis and characterized by Fourier transform infrared spectroscopy (FTIR), Proton-Nuclear magnetic
resonance (1H NMR) and matrix-assisted laser desorption/ionization (MALDI) mass analysis techniques.
FTIR analysis revealed frequency of the carbonyl group in accord with ester linkage formation between
the drug and the PEG moiety. 1H NMR of the conjugate showed significant change in the chemical shift
further indicative of ENX and PEG chemical interaction. In MALDI spectra, small peaks at 12,907 and
16,137 m/z confirmed the probability of conjugation of ENX and PEG. P-ENX exhibited considerable
enhancement in anti-Xa activity (by three-folds) in comparison to free ENX. Further, an increase in
AUC (over four-folds) was observed in P-ENX. Thus, PEGylation of ENX is a novel approach for extended
and enhanced activity of ENX with a potential for decreased dosing frequency.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction recurrent VTE. A variety of drugs such as un-fractionated heparin
Venous thromboembolism (VTE) is a fatal blood coagulation
disorder leading to inappropriate blood clots formation, hence this
silent and potential lethal disease results in considerable morbidity
and mortality. VTE includes both deep-vein thrombosis (DVT) –
clots are formed in the deep veins of the body; and pulmonary
embolism (PE) – a clot enters the arteries of lungs [1,2]. Approxi-
mately; one-third of VTE patients develop PE while two thirds
develop DVT. There is an increase in incidence from 50 to 100 in
the young to over 500 per 100,000 in the elderly [2,3]. The most
common predisposing factors of VTE are malignancy (31%) and
post-operative status (30%) [4]. Ideally, prevention and immediate
treatment are of paramount importance in order to reduce the
number of deaths, hospitalizations, and the cost of therapy [5].
The initial aim of DVT treatment is to prevent thrombus formation
and PE, and the long-term goal is to decrease the incidence of
(UFH), low molecular weight heparins (LMWHs) and warfarin,
affecting coagulation cascade are being used to manage VTE.
Unfortunately, none of the existing anticoagulant therapies are
optimal with regard to ease of administration, safety, and efficacy.

Over the past few years, LMWHs have received widespread
acceptance as the drug of choice for the short-term treatment of
VTE [6] as they offer several advantages over un-fractionated
heparin, including a more predictable dose–response relationship,
lower risk of heparin-induced thrombocytopenia, and reduced
overall cost [7]. However, there are some important limitations
that preclude the use of LMWH as a maintenance therapy for the
disorder. Firstly, similar to un-fractionated heparin, LMWHs still
require painful subcutaneous administration. Secondly, LMWHs
have a relatively short duration of action, necessitating once or
twice daily injection. ENX is one of the most widely used LMWH
in the prophylaxis and treatment of VTE [8].

PEGylation is one of the most extensively used techniques for
enhancing the efficacy of pharmaceuticals. A variety of therapeutic
agents have been reinvented by PEGylation as markedly intensified
treatments with an extended circulating half-life, reduced
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immunogenicity, increased stability, and improved in vivo bioac-
tivity [9–16]. A long-acting LMWH via a noninvasive administra-
tion route as a replacement therapy in VTE would significantly
improve treatment compliance for patients.

In this study, with an aim to extend ENX’s duration of action,
thereby reducing its frequency of administration, conjugation with
medium molecular weight polyethylene glycol followed by confir-
mation of anti-Xa activity as compared to pure ENX has been re-
ported. An increase in the duration of its anti-Xa activity, thus
reflecting on enhancement of its half-life, has been observed [3].
2. Results and discussion

In this study, P-ENX was synthesized by the esterification of the
carboxyl groups of ENX moiety with the hydroxyl group of mPEG
at room temperature. A well-known water soluble carbodiimide,
EDAC was used as the coupling agent, with DMAP as a base cata-
lyst. EDAC is a versatile coupling agent to form amide, ester or
thioester bonds and thus, to cross-link proteins, nucleic acids
and/or to bind molecules to surfaces in aqueous or organic media.
EDAC was selected instead of dicyclohexylcarbodiimide (DCC) because
of the aqueous reaction conditions. EDAC exhibits enhanced solu-
bility in water (>200 g/L) and in organic solvents along with ease
of use. EDAC hydrochloride was preferred because of its long-term
stability, non-hygroscopicity and its resistance to hydrolysis [17].
DMAP is also a well-known catalyst for the esterification of alcohols
by acid anhydrides and other synthetically useful transformations
involving an acyl transfer. It is observed that addition of 3–10 mol%
DMAP accelerates the DCC or EDAC-activated esterification of
carboxylic acids with alcohols or thiols to such an extent that
formation of side products is suppressed and even sterically
demanding esters can be obtained at room temperature [18].

Firstly, the sodium salt of ENX was converted into its free acid
form. The by-product, sodium chloride was removed by dialysis.
Freeze drying of the solution gave the free acid form of ENX. Sec-
ondly, acidic ENX was conjugated with mPEG 2000 by formation
of an ester linkage using EDAC and catalytic amount of DMAP.
The crude was isolated containing the conjugate, un-reacted drug
and mPEG2000 along with by-products.

2.1. Purification

Dialysis was employed for purification of the above obtained
crude. The dialysis membrane (MWCO 2000) was selected because
the molecular weight (MW) of conjugate was above 2000 and
other contaminants such as EDAC. HCl (MW-191.74), DMAP
(MW-122.17) and by-product (MW-173) had lower MW. After
dialysis, the product was obtained, free from of low molecular
weight impurities. Un-reacted mPEG obtained was removed from
the reaction mixture by considering its solubility difference-mPEG
is soluble in DCM while the conjugate is sparingly soluble. The -
freeze-dried product was suspended in DCM. The conjugate re-
mained suspended and was isolated from ENX. This process was
repeated three times for complete removal of mPEG from P-ENX.
The product was concentrated on rotary evaporator, dissolved in
water and freeze dried to obtain P-ENX. As ENX is very polydis-
perse in nature having a range of molecular weights from less than
2000 to more than 8000, P-ENX will also be polydispersed. The
product subsequently was characterized by FTIR, 1H NMR and
MALDI spectroscopic methods.

2.2. Characterization

The characteristic peaks present in FTIR spectra (see Fig. 1) of
pure ENX at 3445 cm�1 corresponded to OAH stretching of
hydroxyl groups, 1622 cm�1 for C@O stretching of carboxyl group,
1240 cm�1 for S@O stretching of sulfate group and 995.21 cm�1 for
CAOAC stretching of ethereal linkage. FTIR spectra of mPEG 2000
contained apeak at 3422 cm�1 for OAH stretching, 2885 cm�1 for
CAH stretching of repeating ethylene groups. After esterification,
i.e., in P-ENX, the peak at 1622 cm�1 was expected to shift to high-
er frequency as ester’s exhibit enhanced C@O stretching than acids
due to increase in double bond character of the carbonyl group. The
C@O stretching peak had shifted to 1633 cm�1 indicating the
formation of ester bond in the conjugate. In addition, larger and
sharper aliphatic stretching band of CAH was appeared at
2889 cm�1, due to the possibly increased number of CAH bonds
by conjugation with mPEG.

1H NMR spectrum (see Fig. 2) of ENX exhibited characteristic
chemical shifts with a signal at 5.96 ppm corresponding to H-4 of
unsaturated nonsulfated uronic acid residue located at the non-
reducing end and a peak at 3.26 ppm for 1, 6-anhydro derivative
present in 15–25% molecules at the reducing end. In addition,
peaks at 5.55 and 4.6 ppm corresponded to H-2 and H-1 protons
of uronic acid residue, and peaks at 2.02 and 2.21 ppm corre-
sponded to N-acetyl and acetate group, respectively. Other signals
representing anomeric hydrolysis were at 5.43 and 5.49 ppm due
to the formation of 1–4 linkage between uronic acid and glucosa-
mine residues, and several other peaks were also present in 1H
NMR spectrum and individual peaks were difficult to be assigned
due to its complex nature. NMR spectrum of mPEG shows the sig-
nal at 3.6 and at 3.4 ppm corresponding to methylene protons and
methoxy protons, respectively. No peak was observed for hydroxyl
proton in D2O, but it was present at 4.66 ppm when the spectrum
was recorded in DMSO. P-ENX proton spectrum contained all the
peaks corresponding to ENX and mPEG, and no firm conclusion
can be drawn. The sole difference expected was the disappearance
of peak of the hydroxyl proton of mPEG and acidic protons of ENX,
due to conjugation. However, the hydroxyl protons were also ab-
sent, in the spectra of ENX and mPEG. Thus, NMR spectra could
not be relied upon as a direct evidence to confirm the conjugate’s
structure.

MALDI spectra of mPEG showed average molecular weight of
polymer to be 2000. Number average molecular weight (Mn),
weight average molecular weight (Mw), and the polydispersity in-
dex (PDI) was calculated from the following formulas:

Mn ¼
P

NiMi
P

Ni
; Mw ¼

P
NiMi2

P
NiMi

PDI

The Mn and Mw calculated for mPEG 2000 were 1984.925 and
2021.851 respectively, and PDI was 1.0186. The MALDI spectra, as
shown in Figs. 3 and 4 exhibited a difference of 44 units between
each peak representing the monomer unit of CH2CH2O. The num-
bers of monomer units present in mPEG were 30–60 with an aver-
age value of 45. MALDI analysis of ENX displayed no characteristic
peaks while mass analysis of P-ENX gave spectrum representing
mPEG. ENX, a large molecule with very high polarity, was difficult
to ionize through normal MALDI procedure, and the energy used
for ionization resulted in complete fragmentation of the molecule.
Therefore, no peaks were obtained in ENX, and the presence of
mPEG peaks in the conjugate is an indication of breakage of the es-
ter bond. This provides indirect evidence in favor of the expected
structure of P-ENX. A new mass analysis for ENX either MALDI or
any other method could potentially be developed in order to com-
plete the characterization of the conjugate.
2.3. Anti-Xa assay method

TECHNOCHROM� anti-Xa assay, a system of reagents for the
colorimetric determination of direct and indirect Xa inhibitors in



Fig. 1. FTIR spectra of Enoxaparin, mPEG 2000 and Enoxaparin–PEG conjugate.

Fig. 2. NMR spectra of Enoxaparin, mPEG 2000 and Enoxaparin–PEG conjugate.

Fig. 3. MALDI spectru
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citrated plasma, is the method of choice for measuring heparin and
their analogues in the plasma samples. The LMWH anti-Xa assay is
a two-step chromogenic method. In stage 1, there is an inhibition
of a constant amount of factor Xa by ENX in presence of exogenous
antithrombin (AT). In stage 2, there is hydrolysis of a factor Xa-spe-
cific chromogenic substrate by the factor Xa in excess leading to re-
lease of pNA (p-nitroaniline) from the substrate. The amount of
pNA released is proportional to residual factor Xa activity. Thus,
there is an inverse relationship between the concentration of hep-
arin and color development, which is measured at 405 nm. The
compositions of reagents are provided in Table 1.

� [Xa-Inhibitor] + Xa (excess)———[Xa-Inhibitor � Xa] + Xa
(residual).
� Xa (residual) + Substrate———pNA.
m of mPEG2000.



Fig. 4. MALDI spectra of Enoxaparin–PEG conjugate.

Table 1
Composition of reagents employed in determination of anti-Xa activity.

Volume (mL) Reagents Description

1 � 20 ml Reagent 1 (R1) TRIS-EDTA buffer; pH 8.4; contains sodium azide (<1 g/L) as a preservative
1 � 4 ml Reagent 2 (R2) Bovine Factor Xa, lyophilized; 1 vial; about 24 nkat
1 � 4 ml Reagent 3 (R3) Chromogenic substrate, lyophilized; 1 vial; 4.8 mg
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Calibration curve was prepared for the concentration range of
1 lg/ml (0.1 IU/ml) to 16 lg/ml (1.6 IU/ml) with a correlation coef-
ficient of 0.9653. Calibration data is provided in Table 2, and the
calibration graph is presented in Fig. 5.
Fig. 5. Calibration curve for anti-Xa assay.

Table 3
Pharmacokinetic parameters of Enoxaparin and the PEGylated Enoxaparin.

Pharmacokinetic parameters Enoxaparin Enoxaparin–PEG
2.4. Plasma profile and pharmacokinetic study

ENX (4 mg/kg) and P-ENX were administered subcutaneously,
and blood samples were collected at time intervals of 0, 0.5,
1.0, 1.5, 2, 4, 6, 12 and 24 h. The blood samples were centrifuged
at 2500 g for 15 min, and plasma was separated and stored
at �20 �C until analysis. The anti-Xa activity was deter-
mined in the plasma by Technochrom anti-Xa kit, and data was ex-
pressed in lg/ml. Pharsight WinNonlin software was employed in
calculating the pharmacokinetic parameters, and the results are
summarized in Table 3. Plasma concentration vs. time profile
of P-ENX and pure ENX is presented in Fig. 6. P-ENX exhibited a
three-fold enhancement (7.00 vs. 2.61 h) in half-life in comparison
to ENX alone. Its peak plasma concentration, Cmax, was 13.71 lg/ml
and Tmax was 2 h. In pure ENX; the Cmax was 14.04 lg/ml, and the
Tmax was 1 h. The area under the curve (AUC0–1) of P-ENX was sig-
nificantly higher than ENX (147.65 vs. 35.63 lg ml�1 h�1). The con-
jugate was detectable in plasma after 24 h. In contrast, pure ENX
Table 2
Calibration Parameters.

Parameter Specifications

Linearity range 1–16 lg/ml
R2 0.9653
Slope �0.0176
Intercept 0.5519
LOQ 0.5 lg/ml

t1/2 2.6051 h 7.0026 h
Cmax 14.0349 lg/ml 13.7151 lg/ml
Tmax 1 h 2 h
AUC0–1 35.6352 lg ml�1 h�1 147.6512 lg ml�1 h�1

Vz 0.09 L 0.0615 L
Cl 26.0051 ml/h 6.0852 ml/h
was undetectable after six hours. Thus, a significant and a consid-
erable increase in duration of action can be expected from P-ENX.
Furthermore, an increase in AUC also indicated the increase in



Fig. 6. Plasma concentration–time profiles of Enoxaparin and Enoxaparin–PEG
conjugate.

Fig. 7. Comparison of pharmacokinetic parameters of Enoxaparin and Enoxaparin–
PEG conjugate.
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overall bioavailability of the drug in the conjugate. The rate of
clearance and volume of distribution were decreased in P-ENX jus-
tifying its longer duration of action in comparison to ENX. Fig. 7
presents the pharmacokinetic parameters of ENX and its PEGylated
conjugate. Paired t-test showed a significant difference between
plasma concentration vs. time profiles of ENX and P-ENX with a
p-value of 0.0172. In addition, considerable difference was ob-
served in the plasma concentrations at each time point.
3. Methodology

3.1. Materials used

ENX sodium was a generous gift from Strides Arcolab Limited
(Bangalore, India). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiim-
ide hydrochloride (EDAC) was purchased from Himedia Laboratories
Pvt. Ltd. (Mumbai, India). Dialysis membrane (MWCO 2000), 4-
dimethylamino pyridine (DMAP) and poly (ethylene glycol) methyl
ether (mPEG 2000) were purchased from Sigma Aldrich (St. Louis,
USA). Dimethyl formamide (DMF) was purchased from Merck
(Mumbai, India). All other reagents used were of analytical grade,
commercially available, and were used without further purification.
3.2. Conversion of ENX Sodium to ENX Free Acid Form

To an aqueous solution of ENX sodium, 1 M HCl was added
drop wise until pH 3 was attained. After 5–10 min, sodium
chloride formed was removed by dialysis (MWCO 2000) for 24 h in
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de-mineralized water. The above solution was freeze-dried to ob-
tain free acid of ENX.

3.3. PEGylation of ENX

ENX was PEGylated with mPEG2000 by using a reported meth-
od in the literature [19]. To a solution of mPEG 2000 (2000 mg, one
mM) and EDAC (76.68 mg, 0.4 mM) in DMF, DMAP (12.2 mg,
0.1 mM) was added followed by ENX solution (0.2 mM). The ob-
tained mixture was refluxed for 12 h, followed by concentration on
a rotary evaporator (BUCHI, Switzerland) to remove DMF. The syn-
thesis of P-ENX conjugate is depicted in Fig. 8.

3.4. Purification of P-ENX

P-ENX was purified by dialysis. An aqueous solution of the
crude product, from the previous step, was subjected to dialysis
in water for over 48 h, and then freeze dried. The freeze-dried
product was again dissolved in dichloromethane to remove mPEG
and ENX from P-ENX conjugate.

3.5. Characterization

Infrared spectroscopy was performed by fabricating potassium
bromide pellets of ENX and P-ENX conjugate in FTIR (Perkin Elmer
Synthesis Monitoring System) equipped with Spectrum-1 soft-
ware. 1H NMR spectroscopy was recorded in D2O employing
ZH079807 Bruker 400 UltraShield™ spectrophotometer (with Bru-
ker B-ACS120 Autosampler and Topspin 2.7 software). The mass
distribution of drug, mPEG and the conjugate were obtained from
MALDI mass spectrometry. MALDI spectra were recorded on Ultra-
flex TOF/TOF instrument (Bruker Daltonics) equipped with Flax
control programme and analysis software. Reflectron mode analy-
sis was conducted at 25 kV in negative ion mode with di-hydroxy
benzoic acid (DHB) as the matrix.
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3.6. Pharmacokinetic study

Female Sprague Dawley (SD) rats (body weights of 160–180 g
and 5–6 weeks old) were supplied by the central animal facility
(CAF), National Institute of Pharmaceutical Education & Research
(NIPER), India. All the animal studies protocols were duly approved
by the Institutional Animal Ethics Committee (IAEC), NIPER, India.
Throughout the study, the animals were housed in laminar flow, at
temperature of 25 ± 2 �C and relative humidity of 50–60% under a
12 h light/dark conditions. Animals were divided into three groups.
Group I received P-ENX equivalent to 4 mg/kg of ENX subcutane-
ously while group II received a dose of 4 mg/kg of ENX. Group III
was kept as a control receiving normal saline. The animals were
fasted for 12 h before administration of drug and conjugate. The
blood samples were collected from retro-orbital Plexus puncture
in tubes containing 0.11 M sodium citrate (blood: citrate, 9:1) at
different time points and blood samples were centrifuged at
2500g for 15 min to separate the plasma. The ENX concentration
in the plasma was quantified by anti-Xa chromogenic assay as de-
scribed later in Section 3.7. The peak plasma concentration (Cmax)
and the time to reach maximum peak concentration (Tmax) were
obtained from the time vs. plasma concentration profile. The stan-
dard non-compartmental analysis was performed for estimation of
absorption profile (Pharsight WinNonlin Professional version 5.1).
AUC was estimated by the linear trapezoidal rule method. Paired
t-test was performed for comparing the results using GraphPad In-
Stat (Version 3.05).

3.7. Anti-Xa activity method

There are no reported methods for direct quantitative estima-
tion of ENX in blood samples other than the anti-Xa assay method
which measures anti-Xa activity of heparin and low molecular
weight heparins like ENX [17]. Anti-Xa activity of ENX in the blood
samples was measured using Technochrom anti-Xa assay kit
(Technoclone GmbH, Austria). A calibration curve was first devel-
oped employing the anti-Xa kit prior to conducting the assay. The
reagents were prepared as per label instructions. The standard
solutions of different concentrations of ENX were prepared by dilu-
tion with plasma. The solutions were further diluted with reagent
1 (Tris EDTA buffer) in a 9:1 ratio (reagent 1: standard solution).
All the reagents and samples were preheated to 37 �C before per-
forming experiments. Firstly, 50 ll of diluted sample was taken
in a 96 well plate and 50 ll of reagent 2 (Bovine Factor Xa) was
added to it, followed by mixing and incubating for 60 s at 37 �C,
then 50 ll of reagent 3 (chromogenic substrate) was added, mixed
and incubated for 30 s at 37 �C. Finally, 50 ll of 2% citric acid solu-
tion was added to stop the reaction, mixed thoroughly and the
absorbance was measured at 405 nm by a MultiSkan Thermo 96-
well plate reader. A blank sample was prepared by mixing the re-
agents in reverse order from that of the test procedure. Calibration
curve was obtained from a plot of absorbance vs. standard plasma
concentration.
4. Conclusion

In order to develop a long-acting formulation of ENX, PEGyla-
tion approach was employed. P-ENX was synthesized by conjuga-
tion of ENX with mPEG2000 via an ester linkage employing
carbodiimide chemistry, using EDAC as coupling agent and DMAP
as a base catalyst. The conjugate was purified by dialysis
membrane (MWCO 2000). FTIR, 1H NMR and MALDI analytical
techniques were employed for its characterization. FTIR analysis
provided direct evidence to P-ENX formation by revealing an in-
creased stretching frequency of carbonyl group indicating the for-
mation of an ester linkage between ENX and mPEG2000. However,
1H NMR spectrum of the conjugate did show changes in the values
of the chemical shift indicated interaction of ENX and mPEG2000
but was not conclusive. MALDI mass analysis displayed small
peaks at 12,907 and 16,137 m/z confirmed the probability of ENX
conjugation with mPEG 2000. It appears that on an average,
approximately four to six molecules of mPEG2000 have been
attached to a single molecule of ENX. The anti-Xa activity of the
P-ENX conjugate as compared to the drug, as a measure of its
in vivo bioavailability, showed a considerable increase in half-life
(by about three-folds). Similarly, an increase in the AUC of P-ENX
conjugate (four folds – 147.65 vs. 35.63 lg ml�1 h�1) in compari-
son to the pure ENX confirms P-ENX’s increased therapeutic poten-
tial. Thus, we can conclude that PEGylation of ENX can be adopted
for enhancement of its half life in order to develop a long-acting
formulation of ENX with a potential of decreased dosing frequency.
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