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Abstract

In the present study, an attempt was made to study the feasibility of nanoparticulate adsorbents in the presence of an absorption

enhancer, as a drug delivery tool for the administration of erythropoietin (EPO) to the small intestine. Liquid filled nano- and micro-

particles (LFNPS/LFMPS) were prepared using solid adsorbents such as porous silicon dioxide (Sylysia 550), carbon nanotubes

(CNTs), carbon nanohorns, fullerene, charcoal and bamboo charcoal. Surfactants such as a saturated polyglycolysed C8–C18

glyceride (Gelucire 44/14), PEG-8 capryl/caprylic acid glycerides (Labrasol) and polyoxyethylene hydrogenated castor oil derivative

(HCO-60) were used as an absorption enhancer at 50mg/kg along with casein/lactoferrin as enzyme inhibitors. The absorption of

EPO was studied by measuring serum EPO levels by an ELISA method after small intestinal administration of EPO-LFNPS

preparation to rats at the EPO dose level of 100 IU/kg. Among the adsorbents studied, CNTs showed the highest serum EPO level of

62.7711.6mIU/ml. In addition, with the use of casein, EPO absorption was improved, Cmax 143.1715.2mIU/ml. Labrasol showed

the highest absorption enhancing effect after intra-jejunum administration than Gelucire 44/14 and HCO-60, 25.673.2 and

22.273.6mIU/ml, respectively. Jejunum was found to be the best absorption site for the absorption of EPO from LFNPS. The use

of CNTs as LFNPS, improved the bioavailability of EPO to 11.5% following intra-small intestinal administration.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Erythropoietin (EPO) is a sialoglycoprotein hormone
produced primarily by the kidney [1,2]. EPO regulates
red blood cell production through stimulation of
erythropoiesis [3]. Since the innovation of recombinant
DNA technology, the pharmaceutical industry is cap-
able of producing highly purified therapeutic protein
and peptide drugs. However, their major route of
administration still remains to be the parenteral route.
e front matter r 2005 Elsevier Ltd. All rights reserved.
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With the use of recombinant DNA technology,
recombinant human EPO could be manufactured in
large quantities for therapeutic purposes [4,5]. Recom-
binant human EPO has a molecular weight of 30 kDa,
and is similar in structure, composition and biological
activity to those of natural EPO isolated from human
urine [6,7]. EPO is used in a number of clinical
circumstances to treat anemia due to renal failure,
cancer, bone marrow transplantation, AIDS, etc. [8–12].
Presently, EPO is administered either as an intravenous
or subcutaneous injection 2–3 times a week, depending
on the patient requirement. Except for these parenteral
routes of administration, no other patient friendly
routes are presently available, although studies on
various other routes have been carried out such as the
oral, rectal and intranasal [13–15].
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Fig. 1. Computer generated images of (a) carbon nanotube, (b) carbon

nanohorn structure and (c) fullerene (Bucky ball structure).
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Oral route is considered to be the most attractive and
convenient route of drug delivery including high patient
compliance. However, a series of barriers have to be
overcome in achieving a successful oral delivery. The
barrier includes, low oral bioavailability (BA), i.e. poor
membrane permeability and enzymatic degradation in
the GIT [16–18]. Several drug delivery systems have
been studied in the recent past years to achieve a
successful BA following their oral administration.
However, little success has been achieved in terms of
commercialization. Drug carrier systems studied in-
cludes liposomes [19], nanoparticles [20], micro-spheres
[21], hydrogels [22], mucoadhesive systems [23,24] and
micro-emulsions [25,26].

In our present study, we have made an attempt to
improve the absorption of EPO using porous adsorbents
such as carbon nanotubes (CNTs), Sylysia-550s,
charcoal, bamboo charcoal, fullerene and carbon
nanohorns as a drug carrier and Labrasols, Gelucires

44/14 and HCO-60s as absorption enhancers. Recently,
we have reported the usefulness of porous adsor-
bents for the oral delivery of lansoprazole [27]. CNTs
have gained attention since its discovery by Iijima [28]
for its various application [29]. However, no specific
report to our knowledge exists on the use of CNTs
for the purpose of oral drug delivery. CNTs are
finite carbon structure consisting of needle-like tubes.
These are produced using an arc-discharge evapo-
ration method similar to that used for fullerene
synthesis. The needles grow at the negative end of the
electrode used for the arc discharge [28]. CNTs can be
broadly classified into two categories, i.e. multi-walled
nanotubes (MWNTs) and single-walled nanotubes
(SWNTs). MWNTs comprises of carbon sheets co-
axially arranged in a cylindrical shape. The number of
co-axial tubes range from 2 to 50 and their diameter
ranges between 1.4 and 100 nm [28,30]. Unlike MWNTs,
SWNTs are formed in the gas phase [31]. SWNTs show
a diameter range from 0.4 to 3 nm [30]. Invariably, both
CNTs are capped at the ends. However, opening of
CNTs has been reported and has been shown to be
capable of obtaining capillarity-induced filling [32–34]
(Fig. 1a). In our present study, we have used SWNTs
that are open-ended.

Carbon nanohorns are composed of graphite carbon
atom structure similar to CNTs. The only difference is,
they have an irregular horn-like shape (graphitic cones)
(Fig. 1b). Each tube has a diameter of 2–3 nm. The
advantage of carbon nanohorns is that upon aggrega-
tion, they form a secondary particle (100–120 nm in
size), which provides an extremely large surface area and
is easy for the gas/liquid to penetrate inside [35–37]. The
use of CNTs conjugated to protein has been reported by
Kam et al. [38]. They have studied the uptake of
CNT–protein conjugate by HL-60 and human T cells.
Pantarotto et al. [39] have reported the usefulness of
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functionalized CNTs (f-CNTs) for the delivery of
plasmid DNA. The biomedical application of f-CNTs
has been well reviewed by Bianco et al. [40]. Recently,
Murakami et al. [41] have reported the usefulness of
carbon nanohorns for the purpose of sustained drug
delivery. In our present study, liquid filled nanoparticle
system (LFNPS) was studied as an oral protein delivery
system alongside with liquid filled micro-particle system
(LFMPS).
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2. Experimental

2.1. Materials

CNTs, fullerene (SES Research, Houston, USA), carbon

nanohorns (ARV, Aichi, Japan), charcoal (30–60 mesh,

Nacalai Tesque, Kyoto, Japan), bamboo charcoal (30–60

mesh, in-house preparation), porous silicon dioxide (Sylysia

550, Fuji Sylysia, Japan), Labrasols and Gelucires 44/14

(Gattefosse, Lyon, France), polyoxyethylene hydrogenated

castor oil derivative (HCO-60s) (Nikko Chemical, Tokyo,

Japan), sodium starch glycolate (Explotabs, Edward Mendell

Co. Inc., New York, USA) was obtained through Kimura

Sangyo Corporation Ltd. (Tokyo, Japan), lactoferrin (from

bovine milk) and casein (Wako Pure Chemical Industries,

Osaka, Japan) were also obtained. All other materials used

were of reagent grade and were used as received. A

commercially available erythropoietin injection (ESPOs

24,000 IU/0.5ml) marketed by Sankyo Corporation (Tokyo,

Japan) was used.
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2.2. Animals

Male Wistar rats used in the present study were obtained

from Nippon SLC (Hamamatsu, Japan) and standard solid

meal of commercial food (LabDiets) was purchased from

Nippon Nousan (Yokohama, Japan).
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2.3. Preparation of EPO-LFNPS

Adsorbent and absorption enhancer were weighed into a

bottle, and mixed well (in the case of Gelucire 44/14 and

HCO-60, after they were melted by warming them in a water

bath at 45 1C). To this mixture, Explotab was added and mixed

well using a micro-spatula so as to bring uniform distribution

of the contents. Finally, EPO solution was added to this

mixture and mixed. Formulation details are as described

in Table 1.
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2.4. Effect of enzyme inhibitor

To study the effect of enzyme inhibitor on the absorption of

EPO from the small intestine, casein and lactoferrin were

compared. Formulation was prepared as described under

Section 2.3 to which casein or lactoferrin were added (Table 1).
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2.5. Absorption studies of EPO following administration of

LFNPS to rat small intestine

Absorption studies were carried out with male Wistar

rats (380–400 g body weight). Rats were fasted 12–16 h with

access to water ad libitum. The rats were anaesthetized

by an intraperitoneal injection of sodium pentobarbital

(50mg/kg). The hairs on the abdominal region were shaved

and a 3 cm midline incision was made without damaging

other internal organs. The small intestine was exposed and

based on the site of administration; a small incision was

made in the duodenum/jejunum/ileum, where the blood

supply was sparse. Each rat was administered with LFNPS

containing EPO equivalent to an EPO dose of 100 IU/kg. The

incision was sutured and then sealed carefully, not to close the

intestinal flow using a synthetic adhesive, Aron alphas

(Sankyo Corporation, Tokyo, Japan). The sealed area was

checked for any bleeding and then placed back into the

abdominal cavity of the rat. The abdominal cavity was then

sutured. The body temperature of the rats was maintained at

37 1C by heating with a lamp over the animals. Blood samples

(0.35ml) were collected from the right jugular vein at 1, 2, 3, 4,

5 and 6 h after administration in the case of small intestinal

administration with LFNPS. In order to determine the BA,

EPO solution was injected into the left jugular vein, at a dose

of 50 IU/kg. Blood samples were collected from the right

jugular vein at 2, 20, 40, 60, 120, 180, 360 and 480min after

administration. A control study was carried out by direct

administration of EPO solution with and without absorption

enhancer to the jejunum. A blank blood sample was collected

prior to the administration of the formulation/i.v. injection.

The animals were kept anaesthetized throughout the experi-

ment. The collected blood samples were allowed to clot by

standing at room temperature for 30min and serum samples

were obtained by centrifugation at 12,000 rpm for 15min at

8 1C using Kubota 1700 centrifuge (Kubota, Tokyo, Japan).

The serum samples were collected and stored at –80 1C until

analysis. Experiment on animals was carried out in accordance

with the Guidelines for Animal Experimentation in Kyoto

Pharmaceutical University.
2.6. Serum EPO analysis by ELISA

The serum EPO level was determined by an ELISA method.

Twenty microlitre of the serum sample was used for analysis.

The method involved the use of a standard EPO ELISA kit

(Roche Diagnostics GmbH, Germany). The kit was slightly

modified in the case of calibration standard samples wherein

the use of ESPO at the concentration range as mentioned in

the standard assay kit was used. This was done in order to

overcome any difference between the supplied standard and

the EPO used in the absorption studies. Accuracy of the

standard concentrations was compared with the standard

concentration supplied along with the kit. Accuracy level was

found to be greater than 95%. All other reagents and

procedure were used/carried out as mentioned in the supply

manual. The ELISA plate was placed on a plate-shaker at

300 rpm/3 h/25 1C (Titramax 101, Heidolph Instruments,

Germany), and the ELISA plate was washed using a plate

washer, Dia-washer II (Dia-Iatron Co., Ltd., USA). Finally,
absorbance was measured at 450 nm using a micro-plate reader

(MTP-300 micro-plate reader, Corona Electric, Japan).

2.7. Pharmacokinetic analysis

Pharmacokinetic parameters were determined from the

serum EPO concentrations vs. time data by a non-compart-

mental pharmacokinetic analysis method using WinHAR-

MONY software developed by us [42]. The maximum drug

concentration (Cmax) and the time to reach maximum

concentration (Tmax) were determined from the authentic

serum concentration–time data. The area under the plasma

drug concentration vs. time curve (AUC) after oral adminis-

tration was calculated using the linear trapezoidal rule up to

the last measured drug concentration and the per cent BA was

calculated by using the following equation:

% BA ¼
AUCoral

AUCi:v:

� �
Dosei:v:

Doseoral

� �
� 100. (1)

2.8. Statistics

All values are expressed as their mean7standard error (SE).

Levels of significance were evaluated using ANOVA with

Fisher’s PLSD multiple range test.
3. Results

3.1. Effect of adsorbents on serum EPO levels

Porous adsorbents were used in the present study as a
drug carrier system for oral administration of EPO. The
efficiency of the drug carrier system along with absorption
enhancer was evaluated by determining the serum EPO
level vs. time curve. At first, different adsorbents were
studied in the presence of Labrasol as absorption
enhancer. The absorption enhancer and absorption site
were chosen based on a pilot study. The amount of
adsorbent varied in each formulation as their efficiency to
hold (adsorb) the absorption enhancer and drug solution
varied. The final formulation was solid mass, which could
be easily distributed with minimum amount of fluid
present in the small intestine. The formulation containing
EPO was administered to the jejunum part of the small
intestine and their serum EPO levels were measured (Fig.
2). CNTs (formulation B), when used as adsorbent,
showed the maximum serum EPO level, mean Cmax

62.7711.6mIU/ml followed by fullerene (formulation D),
charcoal (formulation E), bamboo charcoal (formulation
F), Sylysia 550 (formulation A) and carbon nanohorns
(formulation C) which showed mean Cmax of 50.0711.4,
40.4713.1, 34.177.5, 25.973.7 and 18.7575.3mIU/ml,
respectively. Table 2 shows the pharmacokinetic para-
meters of EPO calculated by non-compartmental pharma-
cokinetic analysis. The BA of EPO from various adsorbent
system studied were found to be 6.7%, 5.7%, 3.9%, 4.8%,
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5.3% and 4.0% for CNTs, fullerene, charcoal, bamboo
charcoal, Sylysia 550 and carbon nanohorns, respectively.
Since the highest BA was obtained with CNTs, all further
studies were carried out using CNTs as an adsorbent.

3.2. Effect of enzyme inhibitors

To help the increase of absorption of EPO from the
rat small intestine and to keep them protected from the
intestinal enzymes, we used two different enzyme
inhibitors: casein and lactoferrin. The mean serum
EPO Cmax obtained with the use of casein (formulation
G) as enzyme inhibitor was 143.1715.2mIU/ml while
with lactoferrin (formulation H) Cmax was
71.8714.9mIU/ml (Fig. 3). However, when CNTs was
0
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Fig. 2. Serum EPO level vs. time profiles after intra-jejunal adminis-

tration of EPO (100 IU/kg) solid preparations containing different

adsorbents with Labrasol as an absorption enhancer (50mg/kg) to

rats: (E) formulation A; (&) formulation B; (K) formulation C; (� )

formulation D; (’) formulation E; and (n) formulation F. Each point

represents the mean7SE (n ¼ 4).

Table 2

Pharmacokinetic parameters of EPO following administration of test prepar

Formulation code Cmax (mIU/ml) Tmax (

A 25.973.7 2.37
B 62.7711.6 4.07
C 18.775.3 2.57
D 50.0711.4 3.37
E 40.4713.1 3.27
F 34.177.5 1.67

G 143.1715.2 3.67
H 71.8714.9 4.37

I 25.673.2 3.87
J 22.272.6 4.07

K 22.672.2 0.57
L 3.172.0 1.047
M — —

apo0.05, formulation B is significantly different from formulations E and
bpo0.01, formulation B significantly different from formulation A.
cpo0.0001, formulation G is significantly different from formulations I an
used without any enzyme inhibitor (formulation B), the
Cmax was 62.7711.6. The BA was 7.4% and 11.5% for
lactoferrin and casein, respectively, while it was 6.7% in
the absence of an enzyme inhibitor. Henceforth, all
further studies were carried out using casein as enzyme
inhibitor in the formulation, irrespective of the absorp-
tion enhancer used.
3.3. Effect of absorption enhancer

The effect of absorption enhancer on the absorption
of EPO was studied using CNTs as the adsorbent, where
Labrasol, Gelucire 44/14 and HCO-60 were used as
absorption enhancer. Following the intra-jejunal admin-
istration of CNTs containing various absorption en-
hancers, the mean Cmax of EPO was 143.1715.2,
25.673.2 and 22.273.6mIU/ml with Labrasol (formu-
lation G), Gelucire 44/14 (formulation I) and HCO-60
(formulation J), respectively (Fig. 4). Labrasol as an
absorption enhancer showed the highest BA of 11.5%
while Gelucire 44/14 and HCO-60 showed 3.5% and
3.6% of BA, respectively (Table 2).
3.4. Effect of administration site

Duodenum, jejunum and ileum were chosen as the
administration site. The mean Cmax obtained following
administration of CNTs containing Labrasol as absorp-
tion enhancer in the case of duodenum was
28.572.2mIU/ml, while jejunum and ileum showed a
Cmax of 143.1715.2 and 25.673.2mIU/ml, respectively
(Fig. 5). The mean AUC0�N in the case of jejunum
administration was 256.379.7 while it was 123.774.2
ations to rat small intestine

h) AUC0�N (mIUh/ml) BA (%)

0.3 119.5740.6 5.3

0.0 160.176.7a,b 6.7

0.4 91.1711.6 4.0

0.3 128.3740.5 5.7

0.5 80.0711.7 3.9

0.3 111.3716.1 4.8

0.3 256.379.7 a,b,c 11.5

0.3 175.3726.6 7.4

0.3 74.477.5 3.5

0.5 75.7711.1 3.6

0.06 43.8715.7 1.9

0.1 13.979.1 0.6

1127.2728.7 100

F; formulation G is significantly different from formulations B and H.

d J.
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Fig. 3. Effect of enzyme inhibitor on serum EPO level vs. time profiles

after intra-jejunal administration of EPO (100 IU/kg) solid prepara-

tions containing carbon nanotubes as an adsorbent and Labrasol as an

absorption enhancer (50mg/kg) to rats: (&) formulation B; (’)

formulation G; and (� ) formulation H. Each point represents the

mean7SE (n ¼ 4).
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Fig. 4. Effect of absorption enhancer on serum EPO level vs. time

profiles after intra-jejunal administration of EPO (100 IU/kg) solid

preparations containing carbon nanotubes as an adsorbent and three

different absorption enhancers (50mg/kg) to rats: (’) formulation G;

(J) formulation I; and (m) formulation J. Each point represents the

mean7SE (n ¼ 4).
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Fig. 5. Effect of administration site on serum EPO level vs. time

profiles after intra-jejunal administration of EPO (100 IU/kg) solid

preparation G to rats: (+) duodenum; (’) jejunum; and (�) ileum.

Each point represents the mean7SE (n ¼ 4).
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and 108.675.8mIU h/ml with duodenum and ileum,
respectively (Table 3).

Administration of EPO–Labrasol solution increased
the absorption of EPO from the small intestine, mean
Cmax 16.273.6mIU/ml as compared to EPO solution
alone, mean Cmax 3.172.0mIU/ml (Fig. 6). However,
the mean Cmax was 143.1715.2mIU/ml in the presence
of an adsorbent (CNTs). This clearly indicates the need
for an adsorbent based delivery system.
4. Discussion

Successful delivery of a protein/peptide drug by the
oral route has several barriers such as degradation by
hydrolytic and proteolytic enzymes and low membrane
permeability. Like with many other protein and peptide
drugs, the drawback with EPO is the non-availability of
the oral route for effective administration of the protein.
EPO, like other protein drugs, on oral administration is
denatured by the harsh gastric conditions and enzymes
present there in. This makes it difficult for the oral
administration of EPO.

In our present study, we have made an attempt to
administer EPO to the small intestine of rats and their
serum EPO level was determined. The proposed system,
a liquid filled nanoparticulate system can be described as
a hollow nanoparticulate system capable of holding the
drug and absorption enhancer in the liquid form and
delivering them intact to the site of absorption (small
intestine in this case). For this purpose, we studied the
use of Sylysia 550, CNTs, carbon nanohorns, fullerene,
charcoal and bamboo charcoal as adsorbents.

Present study, was also aimed at identifying the
suitable absorption enhancer for oral EPO administra-
tion with the above-mentioned adsorbents. We studied
three different absorption enhancers Labrasol, Gelucire
44/14 and HCO-60. Labrasol and Gelucire 44/14 are
saturated polyglycolysed glycerides. Labrasol is predo-
minantly made of C8 and C10 alkyl chain lengths, while
Gelucire 44/14, is C8–C18 glyceride, with a predominant
C12 fatty acid chain. HCO-60 is 60mol hydrogenated
castor oil, a non-ionic surfactant. The selected absorp-
tion enhancers had an HLB value of 14. In our earlier
studies, Labrasol was used to improve the absorption of
a protein drug-insulin, a glycopeptide-vancomycin and a
poorly absorbable drug gentamicin [23,43–46]. Hence,
we first kept the absorption enhancer constant and tried
the use of various adsorbents. It was found that CNTs
gave the maximum serum EPO level as compared to
other adsorbents. In this system, the protein drug and
absorption enhancer are expected to be entrapped/
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Table 3

Pharmacokinetic parameters of EPO following administration of the test preparation G to different sites of the rat small intestine

Administration site Cmax (mIU/ml) Tmax (h) AUC0�N (mIUh/ml) BA (%)

Duodenum 28.572.2 3.070.5 123.774.2 5.7

Jejunum 143.1715.2 3.670.3 256.379.7a 11.5

Ileum 25.673.2 3.370.8 108.675.8 4.4

apo0.001, significantly different from duodenum and ileum.
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Fig. 6. Serum EPO levels vs. time profiles after the administration of

EPO solution (-’-) with and (-m-) without absorption enhancer,

Labrasol (94mg/kg), into the rat jejunum, EPO 100 IU/kg. Each point

represents the mean7SE (n ¼ 4).
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Fig. 7. Computer generated images of a bundle of carbon nanotubes

and schematic presentation of the spaces available for adsorption.
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bound within the porous adsorbent. The higher serum
EPO level obtained in the case of CNTs could be
attributed to their size and structure. One reason may be
due to the number of adsorption site available for the
drug and absorption enhancers to get themselves
adsorbed. As it could be see from Fig. 7, there is a pore
in individual tube, channels, formed at the contact of
three tubes in the bundle, the groove formed at the
contact between adjacent tubes on the outside of the
bundle, and the surface, which are available as adsorp-
tion site. A solution of EPO, which was added to this
system, makes the EPO to be filled along with the
absorption enhancer or to get adsorbed onto the
surface. In the case of CNTs, it is presumed that, when
the liquid filled nanoparticulate system comes in contact
with the intestinal fluid, there is a possibility for the
formation of micro-emulsion between Labrasol–
EPO–intestinal fluids, which subsequently helps in the
absorption of EPO from the small intestine. Though this
was the expected mechanism even with other adsor-
bents, we got the maximum serum EPO level with CNTs
as an adsorbent. Fullerene are graphite sheets rolled into
a ball (Bucky balls) and they have an average diameter
of 0.7 nm. Fullerene, which was found to be the second
best adsorbent in the present study, next to CNTs have a
closed structure as compared CNTs. In the case of
charcoal and bamboo charcoal, the particle size was
280–500 mm and hence their effectiveness as a delivery
system was far less than CNTs which was having a much
smaller size, giving more surface area and more pores
which might have acted as carrier space for the drug and
the absorption enhancer. On the other hand, carbon
nanohorns, which are said to possess more surface area
available for adsorption than CNTs [36,37] did not elicit
higher serum EPO level, this shows that not only the
adsorption space which was thought to be of importance
to act as an effective drug delivery tool, but also the
structure of the adsorbent is of importance. Sylysia 550
is comparatively having a larger particle size similar to
those of charcoal and bamboo charcoal, it was found to
act as a better drug delivery carrier in our earlier studies
where lansoprazole was the drug [27]. However, with a
macro-molecular drug like EPO, they did show a
comparable efficiency to that of CNTs. The structural
difference between adsorbents and their surface proper-
ties might be attributed to the difference in their action.
However, a detailed study in this direction is necessary
for confirmation.

The effect of enzyme inhibitor on the oral absorption
of EPO from jejunum was carried out with two different
enzyme inhibitors: casein and lactoferrin. Both casein
and lactoferrin are dietary constituent and hence they
are safe for use. The use of casein and lactoferrin as
enzyme inhibitors in gastrointestinal absorption studies
have been reported [47–49]. The increased serum EPO
level with casein may be attributed to their effective
inhibition activity of trypsin and chymotrypsin in the
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intestinal lumen and cathepsin B activity in lysosome
[45]. Since the mechanism of inhibition is said to be
competitive, the effect of casein must be reversible.

Gelucire 44/14, the two numbers in their names
corresponds to their melting point and HLB value,
respectively [50]. Gelucire 44/14 has been shown to
increase the BA of orally administered drugs [51–54].
Gelucire 44/14 is capable of forming sub-micron
emulsions when they come in contact with the physio-
logical fluids in the small intestine. The possible
mechanism by which both Labrasol and Gelucire 44/
14 could act is by changing the fluidity of the membrane
structure and thereby increasing the permeability of the
drug through passive diffusion. However, so far there is
no concrete evidence discussing the mechanism of action
of Labrasol or Gelucire 44/14.

In the present study, Labrasol containing formulation
was found to be more effective as an absorption
enhancer as compared to Gelucire 44/14 or HCO-60
containing formulations. Gelucire 44/14 and HCO-60
both being solid at room temperature, were added to the
nanoparticulate system after bringing them to a liquid
state by melting them. However, when the drug was
added to the nanoparticulate system containing the
adsorbent at room temperature, the absorption enhan-
cers had by then solidified, blocking the pores, giving
little space for the drug to enter into the nanospace
available within the nanoparticulate system. Thus, most
of the drug might have got adsorbed onto the surface of
the particulate system, leading to their quick release
when administered and their subsequent degradation by
the intestinal enzymes as they have little protection
against intestinal enzymes, when adsorbed onto the
surface, leading to poor absorption and less serum EPO
level.

Among the chosen site of administration within the
small intestine, jejunum was found to be better as
compared to duodenum and ileum. The decreased
absorption from duodenum may be attributed to the
increased flow of digestive fluid which might have lead
to the poor absorption from the site of administration.
The decreased absorption from the ileum may be
attributed to the less surface area available for diffusion
by the protein [55]. Another possible reason could be the
type of cells present in the ileum. In the case of jejunum,
the surface area available for the absorption of the
protein by diffusion into the intestinal layer is more [55].

EPO when administered as solution into the jejunum,
without any absorption enhancer, showed lower serum
EPO level. However, co-administration of EPO solution
along with Labrasol solution, showed higher serum EPO
level as compared to EPO solution itself. This clearly
suggests the need for an absorption enhancer. However,
the use of nanoparticulate system as adsorbent for
Labrasol was found to be effective than Labrasol alone.
This is evident from the maximum serum EPO level
achieved with EPO-CNTs system. EPO–Labrasol solu-
tion when administered to the jejunum is set to flow and
leads to dilution of both the drug and the absorption
enhancer. This also gives less time for the absorption
enhancer to act effectively and help the protein molecule
to diffuse into the systemic circulation. Dilution, in this
case, is brought about by the intestinal fluid, which may
also inactivate EPO and thereby decrease the serum
EPO level. There is also no protection for the drug from
the harsh intestinal enzymes, which might degrade the
drug on oral administration. Therefore, the usefulness of
nanoparticulate system for the oral delivery of protein
drug, EPO, has been confirmed through these studies.
5. Conclusion

The use of nanoparticulate system for the effective
administration of EPO could be achieved in combina-
tion with suitable absorption enhancer to appropriate
absorption site. It has been proved in this study that by
using the correct choice of absorption enhancer and
adsorbent, high BA, 11.5%, of EPO was obtained
following intra-jejunum administration to rats. It is also
possible to use a low dose of the drug effectively and
there by reducing the cost of medication. Studies related
to uptake, distribution and toxicity are presently being
carried out. Based on these results further pharmaco-
dynamic studies will be carried out.
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