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Abstract

In this study the possibility to deliver the acid-sensitive enzyme alkaline phosphatase (AP) from calf intestine (CIAP) to the
intestinal system by oral administration was investigated. Tablets were prepared and in vitro evaluated. Final proof of concept
studies were performed in rats. This acid labile enzyme is potentially useful in the treatment of sepsis, a serious condition during
which endotoxins can migrate into the blood stream. The CIAP was freeze-dried with inulin and subsequently compacted into
round biconvex tablets with a diameter of 4 mm and a weight of 25-30 mg per tablet. The tablets were coated with an enteric
coating in order to ensure their survival in the stomach.

Invitro evaluation of tablets containing alkaline phosphatase from bovine intestine (BIAP) was the first step in the development.
It was found that tablets without enteric coating dissolved rapidly in 0.10 M HCI with total loss of enzymatic activity of the
alkaline phosphatase. Tablets that were coated were stable for at least 2 h in 0.10 M HCI, but dissolved rapidly when the pH was
increased to 6.8. Furthermore, it was shown that the enzymatic activity of the released BIAP was fully preserved.

The in vivo test clearly showed that the oral administration of enteric coated tablets resulted in the release of enzymatically
active CIAP in the intestinal lumen of rats. The location of the enhanced enzymatic activity of AP in the intestines varied with
the time that had passed between the administration of the tablets and the sacrificing of the rats. Also, the level of enzymatic
activity increased with an increasing number of tablets that were administered.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Sugar glass; Proteins; Oral administration

1. Introduction were available until the eighties. Since that time rapid
developments in molecular biology resulted in a fast

Pharmaceutically active proteins have been applied increase in the number of such proteins. Currently,
for decades. However, not many therapeutic proteins the FDA has approved over 30 different recombinant
DNA-derived proteins, e.g. erythropoietin, interferon

"+ Corresponding author. Tel31-50-3633096: alpha-2a/b, somat_ropin, and follitropin beta and many

fax: 431-50-3632500. more are already in a far stage of development. This
E-mail address: j.c.eriksson@farm.rug.nl (H.J.C. Eriksson). fast growth calls for the development of formulations
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that provide stability of the drug during manufacturing

H.J.C. Eriksson et al./International Journal of Pharmaceutics 257 (2003) 273-281

when a patient is already suffering from sepsis, the

and subsequent storage and that also provide patientoral delivery of AP may still be quite relevant. Even

friendly administration.

when no endotoxin is present in the blood stream the

Proteins are usually administered by subcutaneouspresence of cytokines in the blood leads to increased

injection, e.g. insulin and recombinant human growth
hormone. The reason for this is the poor bioavailabil-
ity of such drugs after oral administratio€léland

et al., 200). However, if the therapeutic protein has
its target in the intestinal tract it would be advanta-
geous if it could be administered orally. One way to
achieve this is to freeze-dry a solution of the protein

with sugar and then compact the product into tablets.

Inclusion of the protein in the sugar glass protects it
from degradation during further processing (e.g. com-

vascular permeability in the intestinal wall, which ul-
timately might lead to a second wave of endotoxins
entering the bloodstream. Moreover, reperfusion is-
chemia induced by the septic shock may damage the
intestinal wall too, again leading to leakage of macro-
molecules from the intestinal lumen into the blood.
This might be prevented by the administration of AP
to the intestines.

In this study the possibility to deliver AP to the in-
testinal lumen via the oral route was investigated by

paction) and storage. Furthermore, the tablets need tothe combination of a number of well-established tech-

be covered with an enteric coating in order to protect
the active substance from the acidic environment in
the stomach with its high enzymatic activity.

In previous studies it has been found that the dis-

nigues, such as freeze-drying, compaction and appli-
cation of enteric coating.

accharide trehalose is a good stabiliser for proteins 2. Experimental

during freeze-drying and subsequent stordggrfona

et al., 1997; Colaco et al., 1994; Crowe et al., 1996;
Ford and Dawson, 1993; Hatley and Blair, 1999;
Mazzobre et al., 1997; Schebor et al., 1997; Xie and
Timasheff, 199Y. Recently, we showed that inulin,

2.1. Materials

Inulin with a number/weight average degree of poly-
merisation (DR/DP,,) of 23/26 was a gift from Sensus

an oligosaccharide, is a good alternative for trehalose (Rosendaal, The Netherlands), alkaline phosphatase

(Hinrichs et al., 2001
It was shown that inulin-stabilised protein could be

from calf intestine (CIAP) with a specific activity of
5937 U/mg was purchased from PharmAAware (Bun-

processed into tablets of sufficient mechanical strength nik, The Netherlands). Alkaline phosphatase from

and low friability without any loss of enzymatic activ-
ity of the incorporated proteirEfiksson et al., 2002
Furthermore, it was found that both the stabilising ca-
pacity and the compaction behaviour of inulin were
superior to trehalose.

In previous studies it was found that alkaline phos-

bovine intestine (BIAP) para-nitrophenylphosphate
(PNPP) and  2-amino-2-methyl-1,3-propanediol
(ammediol) were purchased from Sigma-Aldrich
(Steinheim, Germany). Triethyl citrate (citroflex) was
from Fluka (Buchs, Switzerland). Sodium potassium
tartrate and Folin reagent were purchased from Merck

phatase (AP) is a highly promising therapeutic agent (Darmstadt, Germany). Copper sulfate was from Gen-

for the treatment of sepsis, which is caused by endo-

toxins produced by Gram-negative bactefoélstra

et al., 1997; Bentala et al., 200Zndotoxins can be
detoxified by AP by the removal of a phosphate group
from the lipid A moiety of the lipopolysaccharides. In

farma BV (Maarssen, The Netherlands) and bovine
serum albumin (BSA) was from ICN Biochemi-

cals (Aurora, OH, USA). Talc was from Genfarma
(Zzaandam, The Netherlands). Silicon antifoam sus-
pension was from Boom (Meppel, The Netherlands).

case of sepsis the intestinal wall becomes more per- Eudragit L100-55 was from Réhm (Darmstadt, Ger-

meable, which leads to the translocation of endotox-
ins from the intestinal lumen into the blood stream.
This may further deteriorate the condition of the pa-

many). A Slide-A-Lyzer with a molecular weight
cut-off at Mw = 3500 was from Pierce (Rockford,
IL, USA). Sodium starch glycolate USP-NF (Primo-

tient. Increasing the local AP activity may therefore jel) was from AVEBE (Veendam, The Netherlands).

be highly relevant to detoxify luminal endotoxin and
prevent their translocation into the bloodstream. Also

All other chemicals were purchased from commercial
suppliers.
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2.2. Dialysis

The CIAP was retrieved as a solution that con-
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(4-nitrophenol) at 405 nm was taken 18450 I/molcm
(Craig et al., 1998

tained glycerol. Since this substance strongly de- 2.5. Freeze-drying

presses the glass transition temperature of inulin it

was removed by dialysis. A Slide-A-Lyzer (molec-
ular weight cut-off: MW 3500) was filled with the

Solutions of 10% (w/v) of inulin, 10% (w/v) in-
ulin/BIAP 19/1 (w/w) and 10% (w/v) inulin/CIAP (ap-

sample solution (1 ml). Subsequently, dialysis was proximately 110 units/mg inulin), all in 0.05 M amme-

performed against 11 of 5mM Tris, 5mM MggQ
pH 8.6 at 4 C for two days, during which the dialysis

medium was refreshed twice. The dialysed sample

diol pH 9.8, were freeze-dried as described previously
(Eriksson et al., 2002

was then transferred to an Eppendorf tube and stored2.6. Tablet production

in a refrigerator at 4C until use.
2.3. Determination of protein content

After dialysis the total protein concentration of the

Freeze-dried material (inulin or AP/inulin) was
ground to a fine powder and stored at°2J0%
relative humidity (RH) for at least three days. Sub-
sequently, the material was stored at*@045% RH

sample was determined according to the method of for at least two days. If primojel (5%, w/w) was in-

Lowry (Lowry et al., 195). A calibration curve was
produced in the concentration range O+%@ml using
BSA. Solution D was prepared by mixing 9.6 ml of
solution A (8 mg/ml sodium hydroxide and 40 mg/mi
sodium carbonate in water) with 0.2 ml of solution B
(20 mg/ml copper sulfate in water) and 0.2 ml of solu-
tion C (20 mg/ml sodium potassium tartrate in water).
To 500pl of sample, 50Qul of solution D was added.
After 10 min, 10Qul of Folin reagent (diluted 1:1 with

corporated in the tablets, this was mixed with pestle
and mortar followed by mixing with a Turbula mixer
(Willy A. Bachofen AG Maschinenfabrik, Basel,
Switzerland) for 30 min.

Round biconvex tablets with a diameter of 4 mm
and a weight of about 25-30 mg per tablet were com-
pacted. An automated hydraulic press from ESH Hy-
dro Mooi (Appingedam, The Netherlands) was used
to employ a compaction pressure of about 110 MPa.

water) was added to the mixture. The samples were After compaction the tablets were stored in the vac-
then stored for 1 h in darkness. Subsequently, the ab-uum desiccator at room temperature. The compaction
sorbance of the samples at 700 nm was measured ushehaviour of freeze-dried inulin has been described in
ing a Philips UV 2100 spectrophotometer (Eindhoven, an earlier publicationHEriksson et al., 2002
The Netherlands).
2.7. Coating procedure

2.4. Activity assay of alkaline phosphatase

Tablets were coated with poly(methacrylic acid-co-
methylmethacrylate) (Eudra§it_100-55). The acidic
groups are protonated at acidic pH, which leads to in-
solubility of the material. When the pH is increased the
solubility increases due to deprotonation of the poly-
prepared by measuring the activity of BIAP in the mer. A 30% (w/w) suspension of Eudragit L100-55
range 0-5@Q.g/ml in 0.05 M ammediol buffer pH 9.8.  was prepared in 0.14 M NaOH. 2.5g of this suspen-
For the samples of the in vitro dissolution test the stan- sion was mixed with isopropanol (2 g), talc (0.3759),
dard curve was prepared using the dissolution testing citroflex (0.075 g) and silicon antifoam (0.05g). This
medium as solvent. The activity of the CIAP was de- suspension was used for the application of the first
termined using the same assay, but the activity was ex- coating layer, which was performed by adding small
pressed in units (U): 1 U corresponds to the conversion drops (ca. 1@ul) of the liquid to each tablet. Each in-
of 1 wmol of substrate per min at 3C. In these calcu-  dividual tablet was then rolled under a stream of warm
lations the molar absorption coefficient of the product air until the isopropanol had evaporated. Following

The activity of BIAP was determined by follow-
ing the enzymatic conversion of the substaltdPP to
para-nitrophenol according to a previously published
method Hinrichs et al., 2001l A standard curve was
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the first layer, nine additional layers of coating were of administration of the tablet(s) until sacrifice, rats
applied to a total coating weight of about 7mg. The were refrained from food. In the case of the 7.5 and
suspension for these layers was made in a similar way, 12.5 h time-interval studies, rats were also fasting dur-
except that water instead of isopropanol was used asing the night period prior to the experiment. Just prior
solvent. After the coating procedure was complete the to the administration of the tablets, rats were anaes-
tablets were stored in a vacuum desiccator at room thetised with isofluran/@JN-O and the tablet(s) were
temperature until used for other experiments. placed in the back of the throat by a pair of tweezers
and gently forced into the upper part of the esopha-
gus by a bended, blunt probe. During recovery from
anaethesia, rats were stimulated to swallow by gentle
The in vitro tests were performed in dissolution test- throat massage.
ing baths from Prolabo (Rowa Techniek B.V., Leider-
dorp, The Netherlands). The dissolution behaviour of 2.9.2. Determination of the AP activity in the
the tablets was evaluated first in 750ml 0.10 M HCI intestines
at 37°C and a rotation speed of 100 rpm for 120 min After a fixed time rats were again anaesthetised with
to test the acid resistance of the tablets. Subsequently,isofluran/GQ/N,O and sacrificed. The stomach and in-
250ml 0.20M NaPOy (preheated to a temperature testine without the cecum were removed and faeces,
of 37°C) was added to the dissolution vessel to in- if produced during the observation period, was col-
crease the pH to 6.8 (tablets without coating were lected. The small intestine (duodenum plus ileum) was
only exposed to the acid stage). Throughout the test, cut in six equal fragments of about 150 mm whereas
1.0 ml samples were taken at different time intervals. the large intestine (colon plus rectum) was analysed as
Each experiment was performed in triplicate. Immedi- one fragment of about 80 mm to obtain a profile of AP
ately after being taken samples for the determination activity from the whole intestine. Fragments (longitu-
of enzymatic activity were diluted to 10ml in 0.05M dinally cut open) and faeces were incubated for 1 h at
ammediol pH 9.8 in order to stop the acid induced 4°C in avolume of 2ml of 50 mM Tris/HCI pH 7.8 on
degradation. a Denley 5 spiramix. After incubation, samples were
The amount of dissolved inulin was determined by vortexed briefly and centrifuged for 30 s to spin down
using the anthron reactiors¢ott and Melvin, 1958 large fragments and debris. The supernatant was then
To 1 ml of standard or sample 2ml of a solution of diluted 10-fold and assayed for alkaline phosphate ac-
anthron in concentrated sulfuric acid (0.10%, w/w) tivity as described above.
was added. Immediately after addition of the anthron
solution the samples were mixed using a vortex. Af-
ter 10 min the samples were placed in a water bath 3. Results and discussion
of 20°C to cool the samples to room temperature.
The absorbance at 625 nm of the samples was then3.1. Effect of dialysis and freeze-drying on the
measured using a Philips UV 2100 spectrophotometer activity of calf intestinal alkaline phosphatase
(Eindhoven, The Netherlands).

2.8. In vitro dissolution of tablets

In Table 1the influence of various processes on the
activity of BIAP incorporated in inulin sugar glass is
given. As can be seen, the activity is not significantly
affected by any of the processes. Table 2the ac-

2.9. Invivo test

2.9.1. Oral administration of CIAP tablets to rats

Animal experiments were conducted according to
the guidelines provided by the Dutch Animal Pro-
tection Act, and were approved by the Committee
for Animal Experimentation (DEC) of the University
of Groningen. For all experiments male Wistar rats,
190-200g on arrival were allowed to adapt for one
week. During the experiment, i.e. from the time point

tivity of the CIAP before and after dialysis is given.
The dialysis had no detrimental effect on the CIAP.
It even seems that the specific activity increased after
dialysis, but this is probably due to the precision of the
analytical methods used to determine the protein con-
tent and enzymatic activity. Also ifable 2 the activ-

ity of the dialysed CIAP incorporated in inulin sugar
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Table 1
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Remaining relative enzymatic activity of BIAP incorporated in inulin sugar glass after various processes

Freeze-drying (%) Grinding (%)

Pre-conditioning (%)

Compaction (%) Coating (%)

108.9+ 0.4 110.3+ 0.3 103.8+ 1.1

99.5+ 2.8 106.6+ 2.3

glass before and after compaction is given. As can be
seen, only about 45% of the activity remains after the
freeze-drying process. In previous studies this consid-
erable loss of activity due to freeze-drying of AP with
inulin has not been observedlifrichs et al., 2001;
Eriksson et al., 2002However, in those studies rather
impure BIAP was used while in the present study
highly purified CIAP was employed. It is quite pos-
sible that the impurities present in that BIAP-sample
also contributed to the stabilisation of the protein dur-
ing freeze-drying. It was for instance found by Ford
and Allahiary that AP that was freeze-dried with serum
albumin had 70% activity left after the process, while
AP that was freeze-dried without albumin only had
5% activity remainingftord and Allahiary, 1998 1n a
study by Millgvist-Fureby et al., it was shown that the
activity of pepsin after freeze-drying was better pre-
served when the concentration of the enzyme was in-
creasedilillgvist-Fureby et al., 1999 A similar trend

1h as shown irFig. 1. However, no enzymatic activ-

ity of BIAP was found in any of the samples, which
was expected since alkaline phosphatase rapidly loses
its activity below pH 3.5 Butterworth, 1968; Eriksson

et al., 2001; Scutt and Moss, 1968 his result also
demonstrates the need for a protective coating of the
tablets that ensures their resistance against the acidic
environment of the stomach.

Tablets prepared from freeze-dried inulin that were
provided with an enteric coating did not dissolve dur-
ing the 2-h exposure to 0.10 M HCI, but when the
pH was increased to 6.8, which is the pH of the in-
testines, the tablets immediately started to dissolve.
Dissolution, as measured from the inulin concentra-
tions, was completed within 1 lirig. 1). The dissolu-
tion profile of tablets containing BIAP was similar to
the dissolution profile of tablets that did not contain
BIAP (Fig. 1). The protective function of the coating
was also demonstrated by the fact that the activity of

was also found earlier by lzutsu et al., who found that the BIAP was fully maintained, which shows that this
for B-galactosidase the activity loss was smaller when approach enables the oral delivery of AP to the in-
the enzyme was freeze-dried from more concentrated testines. The dissolution curve of enzymatically active
enzyme solutionslfutsu et al., 1998 BIAP is shown inFig. 2 It is clear that the release of
BIAP matches the release of sugar from the tablets.
The dissolution profile of the tablets containing the
disintegrant primojel is given ifrig. 1 As expected,

Since the highly purified CIAP was only available the addition of this substance increased the dissolution
in limited quantities the initial tests were performed rate of the inulin tablets. The tablet dissolved within
using tablets containing the readily available BIAP. 15min after the pH of the dissolution medium was
The dissolution behaviour of non-coated tablets made increased to 6.8. Since the tablets that did not con-
of freeze-dried inulin/BIAP (19/1, w/w) was investi- tain any primojel already had a satisfactory dissolu-
gated as described above in 0.10 M HCI to simulate tion profile a decision was made not to use primojel
the stomach. The tablets dissolved completely within for the in vivo studies.

3.2. Dissolution of tablets

Table 2
Remaining enzymatic activity of CIAP after various processes

Process step Protein content Activity Specific activity (U/mg)
Before dialysis 5.59 mg/ml 33186 U/ml 5937
After dialysis 5.34mg/ml 32949 U/ml 6170
After freeze-drying 1.74% (wiw) 47.3U/mg product 2720
In tablet$ 1.74% (wiw) 1276 U per tablet 2720

2 Incorporated in inulin sugar glass.
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Fig. 1. In-vitro dissolution testing of tablets measured as dissolved inu@);igulin/BIAP (19/1, w/w), non-coated;l) inulin, coated,;
(O) inulin/BIAP (19/1, wiw), coated; @) inulin/primojel (95/5, w/w), coated. The pH was increased to 6.8 after 2h.
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Fig. 2. Amount of enzymatic activity that was found in the dissolution test of inulin/BIAP (19/1, w/w), coated tablets. The pH was increased
to 6.8 after 2h; 100% activity is defined as the level of activity that is expected based on the amount of BIAP present in the tablet.
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Fig. 3. Results of the in-vivo tests. The enzymatic activity found after administration of (a) the placebo tablet, rat sacrificed after 16 h; (b)
one tablet with CIAP, rat sacrificed after 7.5 h; (c) one tablet with CIAP, rat sacrificed after 12.5 h; (d) one tablet with CIAP, rat sacrificed
after 16 h; (e) two tablets with CIAP, rat sacrificed after 16 h.
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From these tests it was concluded that the appli- was found in the enzymatic activity assays. This can
cation of the enteric coating provided the necessary be explained by the presence of trypsin and other di-
protection of the alkaline phosphatase from the acidic gestive enzymes in the intestine, which most likely di-
environment in the stomach. During the 2-h exposure gested a substantial part of the administered AP. It is
to acidic pH no inulin could be detected in the 0.10 M also possible that part of the active site of the AP was
HCI. Moreover, the activity of the BIAP was fully  occupied by free inorganic phosphate and/or endotox-
maintained, confirming that no leakage of the medium ins that inevitably are present in the samples. These
into the tablet occurred. With these results in mind, substances are known to attenuate the AP activity. In
tablets that contained CIAP were prepared for use in addition, phosphorylcholine, which also has been re-

the in vivo experiments. ported to act as a susbstrate for intestinal alkaline phos-
phatasel(ino et al., 1994, might have influenced the
3.3. Administration of inulin/CIAP tablets to rats enzymatic activity of AP. These results indicate that if

substantially less than 1200 units of CIAP is adminis-
Since the concentration of AP is already quite high trated it is likely that no activity at all will be found

in the intestines a very high dose of AP has to be ad- back in the enzymatic activity assay.
ministrated. Therefore, tablets containing highly puri-
fied and therefore highly active AP had to be prepared.
AP with the purity and activity necessary was only 4. Conclusions
available in limited amounts, which means that only
a limited number of experiments could be carried out.  Even though each technique used in this study is
With the experiments that were done at least a proof not new the combination of them is. The present study
of concept study could be performed. The results of describes a combination of in vitro and in vivo studies,
the in vivo tests are given iRig. 3. After administra- although the latter only provides a proof of concept.
tion of a placebo tablet to the rat only the endogeneous For the in vivo studies very pure enzyme preparations
activity of alkaline phosphatase is found in samples with very high specific activity was needed. These
from intestinal segments={g. 39. The differences in  pure enzyme preparations can only be obtained in low
AP activity in the different samples reflect the natural yield, thus limiting the number of in vivo experiments.
profile in the intestine. First, the effect of time between |t was shown that the inclusion in a sugar glass by
the administration of the tablets and the sacrificing of freeze-drying, compaction to tablets and enteric coat-
the rats was investigated. After 7.5h a considerable ing, enable the intestinal delivery of inulin-stabilised
increase in enzymatic activity was found in the first AP to rats via the oral route. The successful delivery of
fragment of the small intesting=ig. 3b), and after  this highly acid-sensitive enzyme opens the possibil-
12.5h Fig. 39 this increase was evident in the last ity to deliver other therapeutically interesting proteins
fragment of the small intestine but, most strikingly, to the intestines, where a local therapeutical effect can
the enzymatic activity was very large in the faeces that be achieved.
had been produced by this rat. This was the only rat
that produced faeces. With a time-interval of 16 h be-
tween administration of tablets and sacrifiegy( 39, Acknowledgements
all the increase in enzymatic activity was found in the

colon. Finally, the effect of two tablets on local AP The authors would like to thank Anne-Miek van

aCtiVity in the intestine was exammEd, 16 h after oral Loenen-Weemaes for her he]pfu| assistance in the per-
application of the tablets. In this case the increase in fgrmance of the in vivo tests.

enzymatic activity was also found in the last fragment
of the small intestine and in the coloRig. 39. It was
also found that the increase was considerably higher References
compared to the one tablet administration E&§. 3d).
Even though each tablet contained approximately gentala, H., Verwei, W.R. Huizinga-van der Via, A., van
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