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Abstract

Feasibility to use probiotic bacteria as a living protein delivery system through oral route was assessed in vitro.Lactococcus
lactis transformed with a plasmid to express and secret�-lactamase was used to deliver�-lactamase through Caco-2 monolayer,
an intestine epithelium. Transport of�-lactamase through Caco-2 monolayer was carried out in the transwells. The viability and
integrity of the cell monolayers co-cultured withL. lactiswas examined by trypan blue exclusion method and by measuring the
transport of mannitol and propranolol as well as the transepithelial electrical resistance (TEER). Results show that it is feasible
to use cell culture technique to evaluate the drug delivery by normal flora. The transport rate of�-lactamase when delivered by
L. lactiswas 2.0± 0.1× 10−2 h−1 (n = 9) and through free solution form was 1.0± 0.1× 10−2 h−1. When co-cultured withL.
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actis, Caco-2 cell viability decreased to 98, 96, and 94% at 6, 8, and 10 h, respectively. Transport of mannitol throug
ell monolayer was significantly increased and the transport of propranolol through Caco-2 cell monolayer was sig
ecreased in the presence ofL. lactis. Increase in the amount of protein delivered is probably due to the concentrate of the
y L. lactison the monolayer (absorption surface) and the opening of the tight junction of Caco-2 monolayer byL. lactis.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Oral delivery of protein drugs is always a problem
s: (1) proteins are extensively degraded in the digestive

ract; (2) proteins are poorly absorbed due to their large
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sizes and polar nature. These two problems are
encountered in most of the other non-invasive rou
So far non-invasive delivery system for proteins tha
highly efficient, easy to administer and patient frien
is still not available. Studies have shown that adeq
absorption could be achieved if a large amount of
tein is present right at the site of absorption with
without the help of absorption enhancers. For exam
when insulin was given orally together with enzy
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inhibitors and absorption enhancers, its bioavailabil-
ity was significantly increased (Piard, 1998). However,
idea of using enzyme inhibitors does not appear prac-
tical due to their adverse effects. For the same reason,
the amount of absorption enhancers that can be used is
also a concern.

We have thought that the normal flora existing in
the open alimentary tracts of the human body may
be utilized for protein delivery to overcome the prob-
lems associated with the non-invasive administration
of the protein drugs. The normal flora can be genet-
ically modified to synthesize and secrete the protein
drugs. Their natural tendency to adhere tightly to the
epithelial cell surface of the channels where they nor-
mally reside will result in delivering large amount of
protein at the site of absorption and will also minimize
the enzymatic and bacterial degradation of the protein
drugs (Ouwehand et al., 1999). In addition, due to their
interaction with the epithelial cells, the normal flora
may open the tight junctions of the epithelial cells to
a certain degree, which will facilitate the protein drug
absorption. Therefore, we have hypothesized that the
utilization of normal flora as a novel delivery system
will overcome the two major problems associated with
the oral protein delivery, namely, extensive degradation
and poor absorption.

In the present study,Lactococcus lactis(L. lactis)
is used as a delivery system for�-lactamase, a model
protein.L. lactis is a probiotic and considered as the
safest strain in the genera of lactic acid bacteria (LAB),
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been used extensively by the pharmaceutical industry
for the prediction of in vivo intestinal drug absorption.
The use of this cell line is based essentially on the
following observations: (i) Caco-2 cells differentiate
into enterocytes and form polarized monolayers thus
having distinct apical and basolateral sides when cul-
tured on permeable membrane; (ii) the apical side has
well-developed microvilli (brush border) with trans-
port systems, ion channels and tight junctions similar
to those found in the intestinal epithelial cells (Pinto et
al., 1983).

The objectives of the present study are to explore
the possibility of usingL. lactis as the vehicle in the
in vitro absorption studies on drug transport through
the Caco-2 cell monolayer; to study the transport of�-
lactamase through Caco-2 monolayer delivered byL.
lactis, to study the mechanism for the increased deliv-
ery efficiency byL. lactis, and to access the safety of
L. lactis in the in vitro cell culture studies.

2. Material and methods

2.1. Materials

Caco-2 cell line (passage no. 28) was purchased
from ATCC (Rockville; MD, USA).L. lactis subsp.
lactis, transformed with plasmid ss80 containing the
gene of�-lactamase was generously provided by Dr.
Soile Tynkleynen (Valio Ltd., Helsinki, Finland). Dul-
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hich are usually regarded as generally recogni
s-safe (GRAS) (Salminen et al., 1998). Use of LAB
ates back to the time immemorial, this group c
rises of a remarkably diverse and heterologus g
f gram-positive bacteria. Lactobacillus strains h
een administered to cure diarrhea and other intes
isorders. The mechanism of action is not very cle

s probably because they may interfere with the col
ation ofHelicobacter pyloriand of enteropathogen
icroorganisms (Sullivan and Nord, 2002). There hav
een some studies on the probiotic activity ofLacto-
occusstrains. In a study, nine strains of the ge
actococcuswere examined for their probiotic prop

ies, such as adherence to human enterocyte-like C
cells and tolerance to acid and bile (Kimoto et al.,

999).
Caco-2, an epithelial cell line isolated from a

an colon adenocarcinoma (Fogh et al., 1977) has
ecco’s Modified Eagle Medium (DMEM), tryps
.25% with EDTA, fetal bovine serum (FBS), sodi
yruvate (100 U/ml) and non-essential amino a
ere obtained from Hyclone (Logan, UT); Transwe®

nserts, tissue culture treated (0.4�m pore size, 4.7 cm2

urface area), and culture flasks (growth area
nd 75 cm2) were purchased from Costar Corpo

ion (Cambridge, MA); Bacto M17 broth and Bac
gar were purchased from Becton Dickinson (Spa
D). d-Mannitol-[1-3H(N)] (20 Ci/mmol) and dl-
ropranolol-[4-3H] hydrochloride (33 Ci/mmol) wer
btained from Sigma Chemical Co. (St. Louis, MO

.2. Assay methods

.2.1. Bacteria viability assay
Viable count ofL. lactis in suspension culture w

arried out by plating serial dilutions of the bacte
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culture onto the agar plates, and incubated at 30±
2◦C for 24 h. The bacteria density in the culture was
also assayed by measuring the optical density (OD) at
600 nm wavelength.

2.2.2. �-Lactamase assay
Fluorimetry was used to quantitatively analyze�-

lactamase (Baker, 1999). Briefly, 0.2 ml of�-lactamase
sample (in culture media) was mixed with 0.8 ml of
6.25 mM ampicillin at 25◦C. The reaction was allowed
to last for exact 10 min and then 0.1 ml of 8% trichloro
acetic acid at 4◦C was immediately added to cease
the reaction. This solution was diluted to 5 ml with
0.5 M acetate buffer at pH 4 and then heated at 100◦C
for 30 min. After cooling to room temperature, 0.1 ml
of each sample was placed in 96 well plates and the
fluorescence was read by a microplate reader at an
excitation wavelength of 340 nm and an emission wave-
length of 465 nm. The activity of�-lactamase was then
calculated according to the standard curves. Pure cell
culture media was used as the blank control. The super-
natant of the culture of Caco-2 cell line without the ad-
dition of the bacteria or�-lactamase solution, were also
tested for any�-lactamase like activity in order to de-
termine the potential interference on the assay from the
culture supernatant. This assay method was validated
in terms of within-day variation, day-to-day variation,
precision, and fluorescent stability over the storage at
4◦C in dark.
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cpm and concentration was generated from these stan-
dard solutions.

2.3. Selection of the media for co-culture of L.
lactis and Caco-2 cells

L. lactiswas cultured in M17 broth, DMEM supple-
mented with 10% (v/v) fetal bovine serum, 100 IU/ml
penicillin-100�g/ml streptomycin, sodium pyruvate
(100 U/ml) and 1% (v/v) non-essential amino acids (s-
DMEM) or thes-DMEM without antibiotics at 37◦C,
5% CO2, and relative high humidity. At predetermined
time points, samples were taken for the measurement
of the bacterial growth and the�-lactamase activity in
the culture media. Caco-2 cells were grown in M17
broth ors-DMEM at 37◦C, 5% CO2, and relative high
humidity. Cell growth was monitored at predetermined
times.

2.4. Culture of Caco-2 cells in transwells

Caco-2 cells cultivated in 75 cm2 flasks ins-DMEM
were harvested by the treatment of 0.25% trypsin with
EDTA and then seeded onto the polycarbonate filters
of the transwells at a density of 0.3× 105 cells/cm2

and further incubated under normal cell culture con-
ditions. The growth media was replaced every other
day and TEER was monitored periodically by using a
Millicell ® ERS meter (Millipore, Bedford, MA), con-
nected to a pair of chopstick Ag/AgCl electrodes. The
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.2.3. Tumor cell viability assay
The Caco-2 cell monolayer in the transwell w

insed twice with phosphate buffer saline (PBS)
ution and then treated with 500�l of trypsin 0.25%
ith EDTA solution and neutralized after 5–10 m
ith 500�l of s-DMEM. Fifty microliters of this so

ution was diluted with equal volume of 0.4% tryp
lue dye (Sigma). Then the cell viability was coun

n a Neubauer chamber under the microscope.

.2.4. Assay on radio-labelled mannitol and
ropranolol

Samples containing the radio-labelled mannito
ropranolol (100�l) were placed in the scintillatio
ials and 10 ml of scintillation cocktail (Sigma) w
dded. These samples were counted for total co
er minute (cpm) on a Packard Tricarb LSC. A se
tandard solutions were made. A standard curve o
onolayer became confluent and ready for trans
tudies after about 21–24 days when TEER rea
eached a plateau.

.5. Effect of L. lactis on the viability and the
ntegrity of the Caco-2 monolayer

.5.1. Effect on the viability
After the Caco-2 cells formed confluent monola

n the transwells, the culture media was removed
he cells were washed twice with PBS. Then 2.6 m
-DMEM without antibiotics was added to the api
ide. An amount of 1.5 ml freshly madeL. lactis sus-
ension in antibiotic-frees-DMEM was added to th
pical side (∼4 × 107 bacterial cells/well). The pla
as centrifuged at 45× g for 5 min (Beckman GPR
entrifuge) and was placed inside the incubation ch
er. The Caco-2 cell viability was determined ri
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before the addition ofL. lactis (0 h) and at 6, 8, and
10 h after the addition. This study was repeated thrice
in total nine wells for each time point.

2.5.2. Effect on the integrity
The confluent Caco-2 monolayers on the transwells

were washed twice with PBS. To the basolateral side
2.6 ml of antibiotic-frees-DMEM was added, and to the
apical side, 1.5 ml of the freshly madeL. lactissuspen-
sion (∼4 × 107 bacterial cells/well) in antibiotic-free
s-DMEM containing either 35.5 nMd-mannitol-[1-
3H(N)] or 20.0 nMdl-propranolol-[4-3H] hydrochlo-
ride was added. At each time interval, 100�l of the
media was taken from the basolateral side and replaced
with equal amount of fresh media. Samples were with-
drawn to 10 h. At the end of this experiment, 100�l
of sample was also taken from the apical side. All the
samples were assayed for radioactivity. TEER was also
monitored during the study.

2.6. Transport of�-lactamase through the Caco-2
monolayer

After the Caco-2 monolayer became confluent in the
transwells, the basal media was replaced by 2.6 ml of
freshs-DMEM without antibiotics in all six wells of
each plate. The apical media in half of the wells was
replaced by 1.5 ml of freshly madeL. lactis suspen-
sion in antibiotic-frees-DMEM (∼4 × 107 bacterial
cells/well), while to the other half of the wells, the
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TEER was monitored throughout the absorption
studies. At the end of this study Caco-2 cell viability
was also analyzed. This transport study was repeated
thrice using one plate every time. In each plate, three
wells were used as the control and three wells forL.
lactis.

2.7. Data analysis

Studentt-test was used to compare the difference
between the data of interest. Wherever possible, the
data is presented as mean± standard deviation.

3. Results and discussion

3.1. Selection of the media for co-culture of
Caco-2 cells and L. lactis

In order to cultureL. lactis and Caco-2 cells to-
gether, selection of a common media in which bothL.
lactis and Caco-2 cells can grow well is very impor-
tant. Regular media for Caco-2 cells andL. lactis are
s-DMEM and M17, respectively. The viability ofL.
lactis in s-DMEM was significantly reduced because
of the presence of the antibiotics. When the antibiotics
were deleted from thes-DMEM media, the growth of
L. lactis was very comparable to its growth in M17.
The Caco-2 viability reduced to 60% when cultured in
M17 for 6 h. Therefore, the antibiotic-frees-DMEM
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pical media was replaced by 1.5 ml antibiotic-fres-
MEM containing 1000 mU of�-lactamase. The pla
as centrifuged at 45× g for 5 min and cultured at no
al cell culture conditions. At the predetermined t
eriods, 50 and 200�l samples were taken from t
pical and the basal sides for�-lactamase assay a
ere replaced by equal volume of the freshs-DMEM
ithout antibiotics. The samples were withdrawn

o 10 h. The AUC0–10 h under the�-lactamase tota
mount-time curve at the apical side was calcul
y the linear trapezoid method to determine the t
-lactamase exposure to the monolayer at the a
ide. The transport of�-lactamase was normalized
he AUC because the concentration at the apical
s not the same for all the wells. In order to mak
omparison on the transport rate of�-lactamase in dif
erent wells, AUC was used as a representative o
otal drug exposure to the apical side.
as selected for the co-culture ofL. lactisand Caco-2
ells.

.2. Characterization of L. lactis growth and
-lactamase secretion

The �-lactamase secretion profile byL. lactis was
imilar in M17 broth and antibiotic-frees-DMEM. As
hown inFig. 1, the growth ofL. lactis and secretio
f �-lactamase correlated with each other: the am
f �-lactamase in the culture media increased a

nitial log-growth phase, then reached a plateau a
tationary growth phase and then decreased at th
line phase. It has been shown in the previous s
es that some proteases are secreted byL. lactis that

ay metabolize�-lactamase resulting in decrease
he amount of protein in the media at the decline p
Foucaud-Scheunemann and Poquet, 2003).
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Fig. 1. Growth and�-lactamase secretion byL. lactis in s-DMEM
without antibiotics.L. lactis were cultured ins-DMEM without an-
tibiotics at 37± 2◦C. At the predetermined time points, optical
density at wavelength 600 nm was observed, and the�-lactamase in
the culture supernatant was measured by fluorometry (n = 3).

3.3. Effect of L. lactis on the viability of the
Caco-2 monolayers

The cell viability was monitored by trypan blue ex-
clusion method. The results are shown inFig. 2. The
cell viability decreased to 98, 96, and 94% at 6, 8, and
10 h, respectively. This is probably due to the large
amount of bacteria competing with the Caco-2 cells for
the limited amount of nutrients. There was no statisti-
cal significant difference (P > 0.05) in the cell viability
between the control wells (absence ofL. lactis) and the
wells containingL. lactis.

Fig. 2. Caco-2 cell viability when co-cultured withL. lactis in s-
DMEM without antibiotics.L. lactissuspension ins-DMEM without
antibiotics was added to the confluent Caco-2 cell monolayer in each
well (4 × 107 bacterial cells/well) at time zero. To the control wells,
only the medium was added. The plates were briefly centrifuged and
then incubated at normal cell culture conditions. Caco-2 cell viability
was examined at the predetermined time points, and standardized
a

3.4. Effect of L. lactis on the integrity of the
Caco-2 monolayer

The effect ofL. lactison the Caco-2 monolayer was
further investigated by using both paracellular trans-
port marker (d-mannitol-[1-3H(N)]) and transcellular
transport marker (dl-propranolol-[4-3H] hydrochlo-
ride). In these studies, 1.5 ml of the bacteria suspension
added into the apical side containing either 35.5 nMd-
mannitol-[1-3H(N)] or 20 nM dl-propranolol-[4-3H]
hydrochloride. The results are shown inFigs. 3 and 4.
It is very obvious that after 4 h the transport of manni-
tol from the Caco-2 cell monolayer was significantly
increased at the presence ofL. lactis. On the con-
trast, the transport of propranolol through Caco-2 cell
monolayer was significantly decreased at the presence
of L. lactis. Mannitol has logP (partition coefficient)
value and molecular weight as−2.50 and 182.2, re-
spectively. Since mannitol is transported through para-
cellular route (Cogburn et al., 1991), the increase of
its transport indicates the opening of the tight junction
of the Caco-2 cells byL. lactis. The opening of tight
junction is desired for protein drug as well as other
hydrophilic drug delivery, because these drugs can-
not diffuse through cell membranes and they usually
take paracelluar route through the junctions between
the cells. Propranolol is a lipophilic compound with a
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gainst the viability at time zero (mean± S.D.,n = 9).
ig. 3. Accumulated mannitol concentration at the basolatera
f the Caco-2 monolayer. An amount of 1.5 ml ofL. lactis suspen
ion in the radiolabelled mannitol solution (35.5 nM) was adde
he apical side of three wells (4× 107 bacterial cells/well) at th
eginning. To the other three wells (the control), only the rad
elled mannitol solution (withoutL. lactis) was added. The plat
ere briefly centrifuged and then incubated at normal cell cu
onditions. Samples (100�l) were withdrawn from the basal side
ifferent time points (mean± S.D.,n = 9).
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Fig. 4. Accumulated concentration of propranolol at the basolateral
side of the Caco-2 monolayer. An amount of 1.5 ml ofL. lactissus-
pension in the radiolabelled propranolol solution (20 nM) was added
to the apical side of three wells (4× 107 bacterial cells/well) at the
beginning. To the other three wells (the control) only the radiola-
belled propranolol solution (withoutL. lactis) was added. The plates
were briefly centrifuged and then incubated at normal cell culture
conditions. Samples (100�l) were withdrawn from the basal side at
different time points (mean± S.D.,n = 9).

logP value of 2.53 and molecular weight of 259.3. It
undergoes passive transcellular transport (Cogburn et
al., 1991). The decreased transport rate of propranolol
at the presence ofL. lactis compared with the control
wells (withoutL. lactis) indicates that the Caco-2 cell
monolayer integrity was maintained well (if the mono-
layer had been disrupted, then the transport of pro-
pranolol would have been increased). The decreased
transport of propranolol is probably because of the ad-
hesion ofL. lactis on the monolayer hindered the dif-
fusion of propranolol through the cells. Based on the
above studies, we can conclude that even thoughL.
lactis might slightly decrease the Caco-2 viability, the
Caco-2 monolayers were well maintained throughout
the experiment period (10 h) andL. lactis was able to
open the tight junctions between the Caco-2 cells which
is desired for protein drug delivery.

Table 1
Recovery of mannitol and propranolol from the transwells in the cell m

Mannitol

No L. lactis L. lac

Caco-2 monolayer 99.88 (1.14) 97.3
No Caco-2 monolayer 101.2 (1.9) 98.8 (

a % Recovery, calculated by the sum of the total radioactivity in the a dioactivity
given at time zero. Values are expressed as mean (S.D.) of nine wells

Previous studies have shown thatL. lactishas good
adhesion properties to the cell monolayers. Many stud-
ies have been carried out to elucidate the interaction
betweenL. lactis and the cell layer. It is believed that
the structure, chemical composition, and physicochem-
ical properties of the surface of bacteria are important
factors. However, the true mechanism for the opening
of the tight junction is still unknown.

At the end of the transport study, both apical and
basal media were taken and analyzed to calculate the
total radioactivity. The results are shown inTable 1
and it is very clear that the addition ofL. lactis to the
monolayer just very slightly reduced the recovery of
the radioactivity (only additional 2.5 and 2.0% loss
for mannitol and propranolol, respectively). Thus the
transport studies of mannitol and propranolol did not
understate the amount of the marker going to the basal
side due to the loss of radioactivity to the cell mono-
layer or adsorption to the transwell surface. This study
also shows that in transwells alone, without any Caco-2
monolayer, the loss of radioactivity was more for pro-
pranolol than for mannitol. This loss may be due to the
adsorption of propranolol by the transwells because of
the lipophilic nature of propranolol, thus the total ra-
dioactivity reduced to 96.8%.

3.5. Transport of�-lactamase through Caco-2
monolayers

The results are presented inFig. 5. The area under
t
a lcu-
l total
� pical
s h the
C
T
1

onolayer integrity studiesa

Propranolol

tisadded NoL. lactis L. lactisadded

(1.1) 94.0 (1.6) 92.1 (0.9)
1.5) 96.8 (2.4) 93.3 (1.8)

pical and basal media at the end of the study against the total ra
.

he �-lactamase total amount-time curve (AUC0–10 h)
t the apical side from beginning to 10 h was ca

ated by linear trapezoid method to determine the
-lactamase exposure to the monolayer at the a
ide. The accumulated amount transported throug
aco-2 monolayer was normalized by this AUC0–10 h.
he normalized transport rate was 2.0± 0.1 ×
0−2 h−1 (n= 9) and 1.0± 0.1× 10−2 h−1 (n= 9) when
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Fig. 5. Transport of�-lactamase through the Caco-2 monolayer.�-
Lactamase solution (around 1000 mU/well) ins-DMEM without an-
tibiotics or L. lactis suspension (∼4 × 107 bacterial cells/well) in
s-DMEM without antibiotics was added to the apical side of each
well. The plates were briefly centrifuged and then incubated at nor-
mal cell culture conditions. Samples were taken both from the apical
side (50�l) and basal side (200�l) of the transwell for the assay of
�-lactamase by fluorometry (mean± S.D.,n = 9).

delivered byL. lactisor the free solution form, respec-
tively. The delivery byL. lactiswas almost the double
of that by the solution form (P < 0.01), demonstrating
the high efficiency by this living delivery system. This
enhanced delivery is probably due to the concentrate of
�-lactamase on the absorption surface (the monolayer
surface) and the opening of the tight junction between
the Caco-2 cells byL. lactis.

3.6. TEER value

At the end of this study, tumor cell viability was also
analyzed and was found to be the same as shown in

Fig. 6. Transepithelial electric resistance of the Caco-2 cell mono-
layer in the transwells during the�-lactamase transport study (mean
± S.D.,n = 9).

Fig. 2. The transepithelial electric resistance (TEER)
was monitored throughout the transportation studies
and is shown inFig. 6. The results indicate again that
the monolayer integrity did not compromise for the
whole period of the study. It was seen that the TEER
value increased to a large extent whenL. lactis was
added to the cell culture media. This increase might be
due to adhesion of bacteria to Caco-2 cell monolayer,
which hindered flow of current through the monolayer.
No clear correlation can be drawn between the absorp-
tion and TEER value. Our previous studies have shown
that TEER values cannot be used alone to ensure the
integrity of the monolayer (Mukherjee et al., 2004).
Thus, mannitol and propranolol were also used for the
same purpose.

4. Conclusion

The present studies have demonstrated that probi-
otics such asL. lactis when transformed by special
plasmid can be a living source for protein drugs. In vitro
studies have shown thatL. lactis can significantly in-
crease the transportation of�-lactamase through Caco-
2 monolayer and almost double the transportation rate
as compared to the solution form. This increase is prob-
ably due to the concentrate of�-lactamase byL. lactis
on the monolayer (absorption surface) and the opening
of the tight junction of Caco-2 monolayer byL. lactis.
The present results also have proven that it is feasible to
u very
b le
a er
w

A

lio
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i

R

B use
and

C odel
rrier.
se cell culture technique to evaluate the drug deli
y normal flora.L. lactis do not have any appreciab
ffect on the viability of the Caco-2 cell monolay
ithin a sufficient period of time.

cknowledgement

We would like to thank Dr. Soile Tynkleynen, Va
td., R&D (Helsinki, Finland) for generously provi

ng the strainLactococcus lactissubsp.lactis (ss80).

eferences

aker, W.L., 1999. Fluorimetric determination of ampicillin by
of non-toxic catalysts. Estimation of beta-lactamase activity
parameters. J. Pharm. Pharmacol. 51, 1461–1466.

ogburn, J.N., Donovan, M.G., Schasteen, C.S., 1991. A m
of human small intestinal absorptive cells. 1. Transport ba
Pharm. Res. 8, 210–216.



124 J. Shao, G. Kaushal / International Journal of Pharmaceutics 286 (2004) 117–124

Fogh, J., Fogh, J.M., Orfeo, T., 1977. One hundred and twenty-seven
cultured human tumor cell lines producing tumors in nude mice.
J. Natl. Cancer Inst. 59, 221–226.

Foucaud-Scheunemann, C., Poquet, I., 2003. HtrA is a key factor in
the response to specific stress conditions inLactococcus lactis.
FEMS Microbiol. Lett. 224, 53–59.

Kimoto, H., Kurisaki, J., Tsuji, N.M., Ohmomo, S., Okamoto,
T., 1999. Lactococci as probiotic strains: adhesion to human
enterocyte-like Caco-2 cells and tolerance to low pH and bile.
Lett. Appl. Microbiol. 29, 313–316.

Mukherjee, T., Squillante, E., Gillespie, M., Shao, J., 2004. Transep-
ithelial electrical resistance (TEER) is not a reliable measurement
of the Caco-2 monolayer integrity in Transwell. J. Drug Del. 11,
11–18.

Ouwehand, A.C., Kirjavainen, P.V., Gronlund, M.-M., Isolauri, E.,
Salminen, S., 1999. Adhesion of probiotic micro-organisms to
intestinal mucus. Int. Dairy J. 9, 623–630.

Piard, J.-C., 1998. Lactic acid bacteria in live vaccine development:
designing tools to target antigens to a defined cell compartment.
Res. Immunol. 149, 101–102.

Pinto, M., Robine-Leon, S., Appay, M.-D., Kedinger, M., Tri-
adou, N., Dussaulx, E., Lacroix, B., Simon-Assmann, P.,
Haffen, K., Fogh, J., Zweibaum, A., 1983. Enterocyte-like
differentiation and polarization of the human colon carci-
noma cell line Caco-2 in culture. Biol. Cell. 47, 323–
330.

Salminen, S., von Wright, A., Morelli, L., Marteau, P., Brassart, D.,
de Vos, W.M., Fonden, R., Saxelin, M., Collins, K., Mogensen,
G., Birkeland, S.E., Mattila-Sandholm, T., 1998. Demonstration
of safety of probiotics – a review.Int. J. Food Microbiol. 44,
93–106.

Sullivan, A., Nord, C.E., 2002. The place of probiotics in hu-
man intestinal infections. Int. J. Antimicrob. Agents 20, 313–
319.


	Normal flora: living vehicles for non-invasive protein drug delivery
	Introduction
	Material and methods
	Materials
	Assay methods
	Bacteria viability assay
	beta-Lactamase assay
	Tumor cell viability assay
	Assay on radio-labelled mannitol and propranolol

	Selection of the media for co-culture of L. lactis and Caco-2 cells
	Culture of Caco-2 cells in transwells
	Effect of L. lactis on the viability and the integrity of the Caco-2 monolayer
	Effect on the viability
	Effect on the integrity

	Transport of beta-lactamase through the Caco-2 monolayer
	Data analysis

	Results and discussion
	Selection of the media for co-culture of Caco-2 cells and L. lactis
	Characterization of L. lactis growth and beta-lactamase secretion
	Effect of L. lactis on the viability of the Caco-2 monolayers
	Effect of L. lactis on the integrity of the Caco-2 monolayer
	Transport of beta-lactamase through Caco-2 monolayers
	TEER value

	Conclusion
	Acknowledgement
	References


