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Abstract
Background: Enoxaparin is low-molecular-weight heparin administered by subcutaneous/
intravenous injection. The oral bioavailability of enoxaparin is restricted by its low absorption 
through the intestine. In this study cell-penetrating peptide-surface functionalized liposomes 
(CPPs-L) were prepared to improve the intestinal absorption of enoxaparin.
Methods: Liposomal formulations were prepared by the ethanol injection method and the 
intestinal absorption of the formulation was evaluated using the single-pass intestinal perfusion 
(SPIP) technique in rats. Meanwhile, the human fraction dose absorbed value (Fa (human)) of the 
formulations was predicted based on the calculated effective intestinal permeability (P effect (rat)) 
values obtained from the SPIP study.
Results: Liposomal enoxaparin revealed an increased intestinal absorption by ten-time compared 
with the free drug solution. Meanwhile, CPPs-L formulation revealed an enhanced intestinal 
absorption compared with the un-modified liposomal formulation. Regarding Fa (human), it is 
predicted that liposomal formulations could have the potential to improve the fraction dose 
absorbed of enoxaparin from low to intermediate levels.
Conclusion: Overall, the liposomal formulation can be considered as a mighty drug carrier for 
the oral delivery of enoxaparin.
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Introduction
Enoxaparin is low-molecular-weight heparin used as 
an anticoagulant drug used for the prevention and 
treatment of venous thrombo-embolism by subcutaneous/
intravenous injection. Low intestinal absorption is the 
main obstacle for oral delivery of enoxaparin, which is 
attributed to its physicochemical properties such as large 
molecular weight, highly negative charged structure, and 
hydrophilicity. Meanwhile, the structure of enoxaparin 
is vulnerable to degradation in the acidic fluid of the 
stomach. To improve the oral bioavailability of enoxaparin, 
a variety of strategies, e.g., co-delivery with permeation 
enhancers, tight junction modifiers, and lyophilization 
of the drug have been evaluated.1-4 Besides, nano-drug 
delivery systems (NDDSs) have been considered as drug 
carriers for THE oral delivery of enoxaparin. NDDSs own 
the capability to protect enoxaparin from in vivo acid and 
enzymatic degradation in the gastrointestinal (GI) tract 
and to increase the intestinal absorption of the drug.

Different types of NDDSs have been studied to improve 
the oral bioavailability of enoxaparin. For example, the 
study of Zupančič and colleagues3 revealed a boosted-
therapeutic activity for enoxaparin-introduced self-

emulsifying drug delivery system compared to the 
aqueous drug solution. In another study, NE. Eleraky et al.5 

incorporated enoxaparin-loaded poly (lactic-co-glycolic 
acid) nanoparticles (PLGA NPs). Based on the in vitro 
permeation study enoxaparin-loaded PLGA NPs revealed 
three-fold increased cell permeability in comparison with 
free enoxaparin solution.

Taking the advantages of NDDSs to improve the 
oral bioavailability of enoxaparin, it is proved that the 
surface chemistry of NDDSs may potentially impact the 
bioavailability aspect of the drug.6,7 Recently, the study of 
Lavanya and co-workers8 revealed that Eudragit-coated 
liposomes significantly improve the oral bioavailability of 
enoxaparin in rats compared to the plain drug solution. 
In addition, ex vivo permeation studies showed a five-
time increased intestinal absorption of enoxaparin with 
Eudragit-coated liposomes compared to uncoated 
liposomes.

Recently cell-penetrating peptides (CPPs) are considered 
as a mighty strategy for peptide-drug conjugated delivery 
strategy or as a functional moiety for surface modification 
of NDDSs.9-11 In general, CPPs are short peptide sequences 
of usually less than 30 amino acids, which can be classified 
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as polycationic or amphipathic peptides. In addition, CPPs 
may be subdivided as naturally occurring fragments, 
synthetic peptides, or chimeras ones.12,13 By chemically 
hybridizing of CPPs with drugs or surface functionalizing 
of drug-loaded nanoparticles, CPPs demonstrated a 
potential to promote the oral absorption of different types 
of therapeutics. Firstly, in 2005 the potential of CPPs to 
increase the intestinal permeability of therapeutics was 
demonstrated followed by covalent conjugation of Tat to 
the insulin. Since then, novel drug delivery systems are 
emerged using CPPs to improve the oral bioavailability 
of medicines.14-16 For instance, Chen et al.17 investigated 
the intestinal absorption of CPP-coated tripterine-loaded 
nanostructured-lipid carriers (CPP-T-NLCs) using in 
situ intestinal technique (SPIP) in rats. The data indicated 
significantly higher duodenal and jejunal absorption levels 
for CPP-surface functionalized NLCs compared to un-
coated NLCs and the free drug solution.

Taking into consideration of the mentioned details about 
the impact of NDDSs and CPPs on the intestinal absorption 
of the therapeutics, this study aimed to investigate the 
impact of the different synthetic moieties of CPPs on the 
intestinal absorption of enoxaparin-loaded liposomes. 
In this study, liposomal enoxaparin was prepared using 
the ethanol injection method and then the surface of the 
liposomal formulation was modified with two types of 
CPPs; W-K (WKWKWKWK) and W-R (WRWRWRWR), 
which W, K, and R represent tryptophan, lysine, and 
arginine amino asides. The intestinal absorption of the 
formulations was evaluated using the SPIP technique in 
rats.

Materials and Methods
Animals
Male Wistar rats weighing 180-250 g were used for in 
vivo intestinal permeability studies. The animal study was 
directed according to the “Guide to the care and use of 
experimental animals” approved by Canadian the Council 
on Animal Care.18

Materials
Enoxaparin sodium was provided from Merck (Darmstadt, 
Germany). Phenol red was obtained from Sigma-Aldrich 
(St.Louis, MO, USA). Sodium pentobarbital was obtained 
from Kela (Hoogstraten, Belgium). Azure II was obtained 
from Elder Pharmaceutical LTD (India). FMOC-Rink-
Amide AM resin and amino acid derivatives were 
purchased from AAPPTec (Louisville, KY). Coupling 
agents (TBTU and DIEPA), scavengers (ethanedithiol, 
phenol, and TIPS), and cleavage reagents (piperidine and 
TFA) were provided from Sigma (St. Louis, MO). Other 
reagents including HPLC-grade ethanol, egg lecithin, 
cholesterol, NaCl, NaH2PO4.2H2O, and Na2HPO4 were 
supplied from Merck (Darmstadt, Germany). Double 
distilled water was used during the study. 

CPPs synthesis 
Solid-phase peptide synthesis method was used for 
preparing the CPPs as reported recently.19 At first, Rink-
Amide AM resin was swelled in a fritted glass vessel in 
anhydrous DMF for 30 min under nitrogen flow. Then 
FMOC deprotection of the resin was done using two 
milliliters of piperidine solution (20% v/v, DMF) for 30 
min. In the next step, FMOC-Trp (Pbf)-OH (0.14 mmol) 
was coupled to the resin in the presence of TBTU (0.12 
mmol) and DIPEA (50 µL) in DMF for two hours. After 
that, the reaction solution was removed and the resin was 
washed with DMF (four times) and then with DCM (four 
times). Following the coupling of all amino acids, the resin 
was dried using a vacuum desiccator for 24 h. In the end, 
three milliliters of the cleavage cocktail reagent B (TFA/
TIPS/phenol/water 88:2:5:5 v/v/v/v), was added to the 
resin for side-chain deprotection and the final cleavage of 
the synthesized CPPs from the solid support follow shaking 
for two hours at room temperature. Finally, the resin was 
collected by filtration and washed with two milliliters of 
cleavage cocktail. The crude CPPs was precipitated by 
adding diethyl ether (100 mL) and centrifuged at 4000 rpm 
for 5 min and then lyophilized for the next studies.

Preparation of plain/CPP-surface modified liposomal 
enoxaparin
Liposomal enoxaparin was prepared as reported recently.20 

Briefly, 300 mg egg lecithin and 40 mg cholesterol were 
dissolved in 10 mL ethanol and heated at 60°C while 
stirring magnetically and considered as the organic phase. 
The drug aqueous phase was prepared by dissolving 20 
mg enoxaparin in 40 mL distilled water (70°C) and then 
the organic phase was added by a syringe rapidly into the 
aqueous phase while stirring magnetically)1200 rpm (at 
70°C for 5 min. After that, ethanol was extracted completely 
using the rotary evaporator (Laborta 4010, Heidolph, 
Germany) at 40°C and followed 5 min sonicated using prob 
sonication (CT-chromtech, Taiwan). Then the sample was 
passed through a syringe filter (Millipore, cutoff 0.2 µm) 
five-time and then put in an ice bath to obtain the liposomal 
drug solution. To separate unloaded drugs, the sample was 
centrifuged at 60000 rpm for 1 h using OPTIMA PLX-
ultracentrifuge instrument (Bechman, USA) and the final 
sample was considered as plain liposomes.
To surface modification of liposomes, 50 µg of each type 
of CPPs was added to the aqueous phase with the same 
preparation procedure of the plain liposomes. 

Entrapment efficacy (EE) 
To evaluate the EE (%) of the formulations, the unloaded 
enoxaparin was separated using ultracentrifugation 
technique at 60000 rpm and then the free drug 
concentration was assessed using spectrophotometry (UV-
1800, Shimadzu, Japan) at 513 nm. The EE (%) value was 
calculated using the following equation:
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Particle size and zeta potential analysis
Mean diameter and zeta potential values of the liposomes 
were characterized by Malvern dynamic light scattering 
instruments (Worcestershire, UK) without any dilution.

Preparation of perfusion solutions 
At first, the perfusion buffer (PBS, pH 7.2) was prepared 
by using NaCl (7 g/L), NaH2PO4.2H2O (4.08 g/L), and 
Na2HPO4 (5.77 g/L) as reagents.21 Then perfusion solutions 
of free/liposomal enoxaparin with a final concentration of 
10 mg/mL were prepared by diluting the drug stock solution 
(100 mg/mL) and liposome solution into the perfusion 
buffer. In this study, phenol red with a final concentration 
of 50 µg/mL was added to all perfusion solutions as a non-
absorbable marker to correct the effect of water flux on the 
outlet concentration of the drug. 

In situ single-pass intestinal perfusion (SPIP)
In vivo intestinal absorption of enoxaparin was evaluated 
by the SPIP technique as reported previously.22 Briefly, 
male Wistar rats fasted 12 h before the experiment with 
free access to water. Animals were anesthetized following 
the intraperitoneal injection of sodium pentobarbital (60 
mg/kg) and placed over the heating pad. The abdomen of 
animals was opened following creating a middle incision 
and a region of proximal jejunum with a length of ~10 cm 
was selected by considering the Trietz ligament and cecum 
as landmarks. The start point of the selected segment was 
connected to the syringe pump (SP-500, Palmer, UK) by a 
plastic tube (3 mm o.d.) and the endpoint was calculated 
to the plastic tube, which was used to collect the outlet 
solution. Then, the jejunal segment was washed with the 
perfusion solution (37°C) at a flow rate of 12 mL/h for 10 
min to take away the debris and provide a steady state of 
drug concentration through the intestinal wall. Afterward 
the outlet solution was collected over 10 min intervals. 
The surgical area was covered with a wetted-gauze and 
parafilm to keep the moisture of the area and finally, the 
length of the selected segment was measured at the end of 
the experiment. 

Determination of the rat intestinal absorption of free/
liposomal enoxaparin 
The outlet concentration of the drug can be affected 
by water absorption/secretion in the selected intestinal 
segment. For this reason, phenol red as a non-absorbable 
marker was added to the perfusion solution to correct the 
effect of water flux which was done using the following 
equation: 
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The effective jejunal permeability (Peff (rat), cm/sec) of the 

drug was calculated based on the inlet and corrected-outlet 
concentration of the perfused drug using the following 
equation:
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The perfusion rate (Q) was considered as 0.2 mL/min, R 
represents the radius of the rat intestine (0.18 cm), and L is 
the length of the intestinal segment (cm).

The intestinal net water flux (NWF)
NWF (µL/h/cm) was calculated according to the following 
equation:
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where Ph.red (in) and Ph.red (out) are the inlet and outlet 
concentrations of the non-absorbable water flux marker 
phenol red, Q is the perfusion rate (0.2 mL/min), and L 
is the length of the intestinal segment (cm). A negative 
net water flux indicates loss of fluid from the mucosal side 
(lumen) to the serosal side (blood). A positive net water 
flux indicates the secretion of fluid into the segment.23

Predicting fraction of dose absorbed of enoxaparin and 
liposomal enoxaparin in humans
The fraction of dose absorbed of enoxaparin and the 
liposomal formulation in humans (Fa(human), %) were 
predicted using the following equation, which shows the 
correlation between Fa(human) and Peff(rat) values obtained 
from SPIP studies:21

( )   -38450
( ) 1- eff ratP

a humanF e=                                              (5)
                             
Spectrophotometry analysis
The drug concentration in the perfused solutions was 
quantified using the AzurrII method. At first, a working 
solution of AzurrII with a final concentration of 10 µg/mL 
was prepared in distilled water. Then the perfused solutions 
were diluted 100 times and a volume of 50 µL of each 
sample was added to one milliliter of the working solution 
of AzurrII. After that, the absorbance was analyzed using 
Shimadzu spectrophotometry (UV-1800, Japan) at the 
wavelength of 513 nm. In the case of liposomal enoxaparin, 
firstly the liposomes were decomposed by adding an equal 
volume of chloroform to the samples then the water 
was extracted. Afterward the samples were analyzed as 
explained above. In order to quantify the concentration of 
phenol red in the samples, the absorbance was analyzed at 
a wavelength of 560 nm by spectrophotometry.

Data analysis 
A one-way ANOVA test was used to statistically analysis of 
the data. All data were obtained from n = 4 repetitions for 
animal study and n = 3 repetitions for the rest experiments.

Results and Discussion
In this study, enoxaparin-loaded liposomes were prepared 
using the ethanol injection method. The mean particle 
size of the liposomes was obtained 50 ± 0.3 (±PDI) and 
a surface charge of -31 ± 7 (±SD) mV was determined 
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Formulation P eff (rat) (cm/sec, ×10-6) Fa (human) (%)

Enoxaparin (free drug) 2.2 8

L-Enoxaparin 21.9 57

(W-R)-L-Enoxaparin 26.5 64

(W-K)-L-Enoxaparin 27.3 65

Table 2. The Fa (human) value of free/liposomal enoxaparin predicted based on the P eff (rat) values of the formulations.

for the liposomes. The EE (%) value of the formulation 
was obtained 25% ± 4. The determined NWF values for 
the perfused samples are summarized in Table 1 which 
indicates the water flux can impact the outlet concentration 
of the samples. Therefore, the outlet concentrations were 
corrected based on the outlet and inlet concentrations 
on phenol red. Figure 1 compares the effective intestinal 
absorption of free/liposomal-enoxaparin obtained from 
SPIP studies in rats. It can clearly be seen that liposomal 
formulations significantly increased the intestinal 
absorption of enoxaparin. Besides, CPPs-modified 
liposomal formulations showed higher Peff values compared 
to plain-liposomal formulations.

Table 2 shows the Fa (human) values of free/liposomal 
enoxaparin, which were predicted based on the Peff (rat) 
values of the formulations. The main idea extracted 
from the table is that liposomal formulations remarkably 
boosted the Fa value of the drug.

Enoxaparin is a highly sulfated and acidic 
glycosaminoglycan composed of chains of alternating 
residues of d-glucosamine and uronic acid. The oral 
bioavailability of enoxaparin is restricted mainly due to its 

low intestinal absorption because of; a) acidic or enzymatic 
degradation of enoxaparin, b) a limited absorption across 
the mucus of the gastrointestinal tract because of its large 
size and high negative charge density, and c) restricted 
transition through the epithelial wall as a consequence 
of its hydrophilicity and ionic repulsion from negatively 
charged epithelial tissue.1-3 In 1982, Ueno et al.24 prepared 
a liposomal formulation of heparin using egg lecithin and 
stearyl amine for oral administration to beagle dogs. In 
comparison with the free heparin solution, the liposomal 
formulation revealed an increased heparin activity in the 
blood. This finding could be due to the drug protection 
from digestive degradation or the enhanced intestinal 
absorption of liposomes from the gastrointestinal tract. 
In this study, we evaluated the impact of liposomes on 
the intestinal absorption of enoxaparin using the SPIP 
technique. The result of our study revealed a dramatically 
increased intestinal absorption for the liposome-entrapped 
enoxaparin compared with the solution of free drug. The 
absorption enhancing effect of liposomal formulation 
could be explained by; a) the decreased electrostatic 
interaction of enoxaparin with the mucin may be as a result 

Figure 1. Effective intestinal permeability of enoxaparin-loaded liposomes compared to the free drug solution. A P value of <0.05 was 
considered statistically significant.

Table 1. The mean water fluxes of the perfused samples.

Sample Average SD

Enoxaparin (free drug) -0.025 0.06

Liposome 0.042 0.23

Liposome + CPP (W-R) -0.191 0.55

Liposome + CPP (W-K) 0.019 0.60

CPP: cell penetrating peptide; W-K: WKWKWKWK and W-R: WRWRWRWR, which W, K, and R represent tryptophan, lysine, and arginine 
amino asides.

W-K: WKWKWKWK and W-R: WRWRWRWR, which W, K, and R represent tryptophan, lysine, and arginine amino asides.
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of the shielding effect of liposomes. the mucus layer is a 
hydrogel composed of glycoproteins posing a net negative 
charge, mucin being its main component. To reach the 
epithelium, enoxaparin must overcome the mucus barrier 
to ensure sufficient drug levels in the systemic circulation. 
Due to the lipophilic nature of liposomes, their interaction 
with the mucus layer is presumably low,2,3 b) a promoted 
intestinal absorption of entrapped heparin into liposomes 
by membrane fusion between the intestinal cell membrane 
and liposomal membrane,24 c) decreased ionic repulsion 
between the negatively charged epithelial tissue and the 
surface of enoxaparin. 

In contrast to our finding, Chia-Ming et al.25 reported 
that liposomal entrapment of drugs fails to facilitate 
the transport of non-absorbable drugs and prevents the 
transport of absorbable ones.25 They evaluated the impact 
of L-α-cy-phosphatidylcholine distearoyl/cholesterol 
liposomes on the intestinal absorption of nano-absorbable 
markers using two in vitro methods; the diffusion cell and 
intestinal everted-sac experiments, and in situ permeation 
study using the modified Doluisio technique. The data 
indicated that the intestinal absorption of nano-absorbable 
markers had no changes compared with the liposomal 
formulations. This difference may be attributed to the 
composition of liposomes. As Kimura et al.26 reported that 
egg lecithin liposomes are endocytosed by epithelial cells 
while L-cy-phosphatidylcholine distearoyl liposomes are 
not.

In regards to the CPPs-modified liposomes (CPP-L), our 
results revealed a slightly higher absorption for CPPs-L 
compared with unmodified liposomes. The improved 
absorption of CPPs-L formulation compared to the un-
modified liposomes could be due to the internalization 
efficiency of the CPPs due to the facilitates endocytosis 
and direct penetration into the epithelium via an energy-
dependent pathway.17 Similarly, an improved intestinal 
absorption was reported for several CPP-surface modified 
NPs such as chitosan nanoparticles,27 PLGA NPs,28 
NLCs,17 and porous silicon NPs,29 which induce a better 
pharmacokinetic property, an improved oral bioavailability, 
and boost the therapeutic efficacy of medicines. 

From the point of the fraction of dose absorbed of 
enoxaparin in humans, Fa (human) values of 8%, 57%, and 
near 65% were predicted for the free drug solution, 
plain liposomes, and CPP-surface modified liposomes, 
respectively. Three different classes of in vivo absorption 
is defined in man; (a) poor (0-30%), (b) intermediate (30-
90%), and (c) complete (90-100%).21,30 Therefore, liposomal 
formulations are predicted to have a mighty potential 
to boost the fraction of dose absorbed of enoxaparin in 
humans. 

Conclusion
In this work, liposomal formulations were developed 
to enhance the intestinal absorption of enoxaparin. All 
liposomal formulations revealed a dramatically improved 
intestinal absorption compared with free enoxaparin 

solution. CPPs-modified liposomes showed a slightly 
increased intestinal absorption compared with un-
modified liposomes. In conclusion, liposomes showed a 
mighty potential for the oral delivery of enoxaparin.
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