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Abstract

In rabbit nasal mucosa, polypeptides and polypeptide-coated nanospheres are actively transported from lumen to blood by
M-cells present in specialized transport areas of the epithelium. The largest transport is shown here to occur when some
molecules of the polypeptides coating the nanospheres, after adsorption, are bound to the specific anti-polypeptide IgG, e.g.
when insulin is bound to the anti-insulin IgG. The transport kinetics of nanospheres coated by insulin bound to its antibody,
as a function of bead concentration or of the antibody/insulin coating ratio, have been analyzed. On this basis it was possible
to assess the maximal transport capacity of the epithelium and to calculate the percentage of M-cells involved. ß 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

The respiratory mucosa of the upper nasal concha
and septum of the rabbit has been shown to trans-
port polypeptides or polypeptide-coated nanospheres
actively by receptor-mediated endocytosis. The trans-
port regards mini-quantities of material, occurs for a
short time, through M-cells, and is strictly correlated
to subepithelial lymphoid aggregates; it seems to dis-
play the physiological function of sampling antigens,

so that immune responses can be prepared against
possibly harmful external agents [1^7].

M-cells of intestinal Peyer's patches, which display
the same function, seem to recognize antibodies
(IgM, IgA, IgG) better than other polypeptides and
to transport them at a greater rate; moreover, nano-
spheres coated with poorly transported polypeptides
are transferred at the same rate as nanospheres
coated with antibodies, provided that a few of the
adsorbed polypeptides are bound to antibodies spe-
ci¢cally raised against them [8^11].

On this basis, the aim of this paper is : (i) to exam-
ine whether M-cells of nasal mucosa display similar
preferential selectivity for antibodies, and (ii) to
study the maximal transport capacity of this epithe-
lium.
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2. Materials and methods

Male New Zealand rabbits (weighing approxi-
mately 3 kg) were killed by cervical dislocation and
the nasal mucosae from the roof of both nostrils
were mechanically excised, washed with Krebs-Hen-
seleit saline at room temperature and mounted on
frames between two te£on chambers, with the muco-
sa corresponding to that covering the upper concha
exposed in the window (area: 0.3 cm2). The two
chambers were ¢lled with 1 ml Krebs-Henseleit saline
and bubbled with pre-humidi¢ed 95% O2+5% CO2

to oxygenate the tissue, maintain the pH at 7.4 and
stir the solution. The experiments were carried out at
a monitored temperature of 27 þ 1³C; at this temper-
ature the short-circuit current, index of ion trans-
ports, and the polypeptide transports are half those
measured at 37³C, but the isolated mucosa is stable
and viable for hours [6,12]; moreover the nostril tem-
perature is lower than 37³C. The viability of the ep-
ithelium was checked at the beginning, during and at
the end of each experiment by measuring the trans-
epithelial potential di¡erence, as previously reported
[1,12].

2.1. Flux measurements

The unidirectional mucosa^submucosa and oppo-
site transports of polypeptide-coated latex nano-
spheres were determined for 2 h, one on the right
and the other on the left mucosa from the same
animal (with random combinations), using the
protocol previously described [3]. The transports
were expressed as £uxes (nanospheres transported
cm32 h31 : nan cm32 h31). Both £uxes were con-
sidered unidirectional, since the maximal concen-
tration of nanospheres reached in the £ux cham-
ber was 1034^1035 compared with that applied
in the opposite donor chamber. The bead concen-
tration in the donor chamber, measured on 10 Wl
samples taken at the beginning (1 min after
contact with the tissue) and at the end of the
2 h experiment, was not signi¢cantly di¡erent (ini-
tial concentration: 3.28 þ 0.01W1011 nanospheres/ml,
n = 220; ¢nal concentration: 3.16 þ 0.08W1011 nano-
spheres/ml, n = 220).

The latex nanoparticles were `polybead polystyrene
microspheres' (nominal diameter: 0.5 Wm; actual di-

ameter of the lots used: 0.480^0.499 Wm) produced
by Polysciences (Warrington, PA, USA). A Lambda
5 spectrophotometer (Perkin Elmer, Norwalk, CT,
USA) was used for the concentration measurements
(wavelength = 600 nm). To prepare the calibration
straight line, the reference bead concentrations were
predetermined by a Burker's chamber after adequate
dilution. The nanospheres transported in the 2 h ex-
periment were measured exclusively by a Burker's
chamber due to their very low concentration. All
the determinations in Burker's chamber were per-
formed under observation with an Eclipse E600
dark-¢eld microscope (Nikon Europe, Badhoeve-
dorp, The Netherlands) at a 400U magni¢cation,
taking advantage of Tyndall's e¡ect. With a Burker's
chamber, obtained in a 1.5 mm thick glass slide, the
ratio between the measured and nominal value of the
nanosphere number was 1.

The polypeptides were adsorbed on nanoparticles
by a method previously set up [3,10]. The polypep-
tide concentration in the medium used for the ad-
sorption process was 6.5W1036 M. Still unbound sur-
face sites were completely blocked with bovine serum
albumin (BSA) [3,10]. When a double coating of the
nanospheres with antibodies was necessary, a ¢rst
coating by adsorption with 6.5W1036 M BSA or in-
sulin was performed, after which the still unbound
sites were blocked with BSA (as above); the nano-
spheres were then resuspended in Krebs-Henseleit sa-
line containing anti-BSA or anti-insulin IgG at a
concentration 6.5W1038 M, namely 1:100 compared
with that of BSA or insulin; the suspension was in-
cubated at 4³C for 16 h on an orbital shaker, then
spun down at 11 000 rpm (7260 g) for 10 min; the
precipitate was resuspended in Krebs-Henseleit sa-
line. In both cases (mono-coating or double coating),
the ¢nal nanosphere concentration was adjusted to
3.3W1011 nan/ml. The variations in insulin, anti-insulin
IgG and nanosphere concentrations are reported in
Section 3.

2.2. Materials and salines

BSA, murine monoclonal anti-human insulin im-
munoglobulin G1 (anti-ins IgG or IgGins), murine
monoclonal anti-BSA immunoglobulin G2a (anti-
BSA IgG or IgGBSA) and rabbit polyclonal anti-
BSA immunoglobulin G were supplied by Sigma
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(ST. Louis, MO, USA); bovine Na^insulin was sup-
plied by Calbiochem (AG Luzern, Switzerland).

The Krebs-Henseleit solution had the following
composition (mM): 142.9 Na�, 5.9 K�, 2.5 Ca2�,
1.2 Mg2�, 127.7 Cl3, 24.9 HCO3

3 , 1.2 SO23
4 , 1.2

H2PO3
4 , 5.5 glucose; pH 7.4. The polypeptide con-

centration was molal.

2.3. Statistics

The results are expressed as means þ standard er-
rors (S.E.M.). Student's t-test for unpaired or, when
possible, for paired data was used for the statistical
analysis. Interpolating straight lines and sigmoidal
curves were calculated by linear and non-linear re-
gressions.

3. Results

3.1. Transports of BSA, insulin and antibodies

Table 1 reports the measured unidirectional £uxes
of nanospheres coated with di¡erent polypeptides,
whereas Fig. 1 summarizes the corresponding calcu-
lated net £uxes, indicating the statistical signi¢cance

of the increases in Jnet, obtained with the di¡erent
bead coatings, and the relative values of Jnet with
respect to BSA Jnet.

The nanospheres coated by incubation with
6.5W1036 M BSA were actually completely covered
with BSA, since four washings with 5% BSA fol-
lowed this incubation, in order to block all the un-
bound surface sites of the nanosphere. In spite of this
fact, the BSA Jnet was signi¢cantly di¡erent from
zero, but very low (Fig. 1), as previously observed
[6]. Conversely net transport was signi¢cantly
(P6 0.01) higher 6^8W106 nan cm32 h31 when the
nanospheres were coated in the presence of bovine
insulin or antibodies (anti-BSA or anti-insulin IgG)
at the concentration of 6.5W1036 M (Fig. 1). It is
noteworthy that under these conditions the nano-
sphere surface speci¢cally coated is approx. 6%,
whereas more than 90% is covered by BSA [6]. After
adsorption with BSA or insulin on the nanosphere
surface, when these polypeptides were in part (1:100)
bound to the corresponding antibodies (incubation
with 6.5W1038 M anti-BSA or anti-insulin IgG), the
net nanosphere transport increased in both cases.
The values reached were signi¢cantly larger than
those observed for nanospheres coated with BSA or
insulin only, or only with the antibodies directly ad-

Table 1
Transepithelial £uxes of nanospheres coated with BSA, insulin, anti-BSA IgG, anti-insulin IgG, BSA bound to anti-BSA IgG or insu-
lin bound to anti-insulin IgG

Experiment conditions n Jms Jsm

A. Coating with:
1. BSA 11 6.0 þ 0.6** 4.1 þ 0.3
2. Anti-BSA IgG (monoclonal) 6 10.1 þ 1.2** 4.1 þ 0.3
3. BSA+anti-BSA IgG (monoclonal) 11 13.6 þ 1.3** 4.0 þ 0.2
4. BSA+anti-BSA IgG (polyclonal) 6 13.6 þ 1.4** 3.5 þ 0.4

B. Coating with:
1. Insulin 17 10.2 þ 0.6** 3.1 þ 0.2
2. Anti-insulin IgG 7 12.0 þ 1.8** 4.0 þ 0.5
3. Insulin+anti-insulin IgG (monoclonal) 22 64.3 þ 5.0** 5.2 þ 0.3

C. MIA+DNP (coating with insulin+anti-insulin IgG) 7 7.7 þ 2.2 7.4 þ 2.3

After 30 min preincubation, 3.3W1011/ml polypeptide-coated nanospheres (polystyrene, 0.5 Wm diameter) were added to the mucosal or
submucosal compartment; the corresponding total unidirectional transports during a 2 h period were determined by a Burker chamber
and expressed as equivalent £uxes (Jms, Jsm ; 106 nan cm32 h31). Bead coating was carried out by incubating the nanospheres with the
6.5W1036 M polypeptide at 37³C for 90 min (mono-coating with BSA, insulin or the respective antibodies alone); when a double coat-
ing was required, after the ¢rst incubation with BSA or insulin a second subsequent incubation was performed with 6.5W1038 M anti-
BSA or anti-insulin IgG at 4³C overnight. Monoiodoacetate (MIA, 3W1033 M) and dinitrophenol (DNP, 1034 M), when added, were
present on both sides of the tissue during the 2 h measuring period. The results are presented as means þ S.E.M.; n, number of experi-
ments. **, P6 0.01 compared with the corresponding Jsm.
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sorbed on the nanospheres by incubation at a
hundred times higher concentration (6.5W1036 M)
(Fig. 1). Although qualitatively similar e¡ects were
obtained with anti-BSA or anti-insulin IgG, quanti-
tatively the increase in transport was much more
substantial with anti-insulin IgG (net transport in-
creased to 59W106 nan cm32 h31 with anti-insulin
IgG vs. 10W106 nan cm32 h31 with anti-BSA IgG).
The large net transport so measured with anti-insulin
IgG coating was an actual active transport, since
monoiodoacetate (3W1033 M) plus dinitrophenol
(1034 M), added on both sides of the epithelium
during the 2 h experiment, abolished it (Table 1).
When the anti-BSA IgG was changed from mono-
clonal to polyclonal form, the result did not change
(net transport approx. 10W106 nan cm32 h31 in both
cases: Fig. 1).

Fig. 1 also reports the relative values of Jnet. It
increases signi¢cantly by 3^4 times when nano-
spheres are partially coated with insulin or antibodies
instead of BSA only; it rises by more than 5 times
with BSA bound to mono- or polyclonal anti-BSA

IgG, and by 31 times with insulin bound to anti-
insulin IgG. With this latter coating the increase
was 8.3 and 7.4 times compared with the Jnet ob-
tained with insulin or anti-ins IgG coating respec-
tively.

As previously observed [6], the unidirectional sub-
mucosa^mucosa £ux (passive £ux) displayed values
which ranged between approx. 3^5W106 nan cm32

h31, relatively independently of the nanosphere coat-
ing, in agreement with non-speci¢c paracellular per-
meation through nanolesions of the epithelium,
caused for example by simple cell death or edge dam-
age (Table 1). Only after treatment with metabolic
inhibitors Jsm tended to increase moderately, but the
standard error was so large that the increase was not
statistically signi¢cant. The transepithelial potential
di¡erence (Vsm) was abolished in parallel (Vsm before
treatment: 4.6 þ 0.6 mV; Vsm after treatment:
0.0 þ 0.0 mV).

Finally, it is to emphasize that the transepithelial
potential di¡erence was not a¡ected by the transport
of the di¡erently coated beads.

Fig. 1. Net £uxes (Jnet) of polypeptide-coated nanospheres (histograms) and their ratios to the net £ux of BSA-coated nanospheres,
taken as a reference. The histograms represent the mean þ S.E.M. (number of experiments in brackets). **: P6 0.01 compared with
zero; w, 6 , I : not signi¢cantly di¡erent, P6 0.05, P6 0.01 compared with the preceding histogram.
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3.2. Net transport of nanospheres as a function of
nanosphere concentration

After the usual loading with insulin (6.5W1036 M)
plus anti-insulin IgG (6.5W1038 M) at the usual bead
concentration (3.3W1011 nan/ml), nanospheres were di-
luted or concentrated in Krebs-Henseleit saline and
so presented to the mucosa at di¡erent concentra-
tions, but with the same loading per nanosphere;
thus the kinetics of the two unidirectional (Jsm, Jms)
£uxes could be measured as a function of bead con-
centration. Fig. 2 shows that Jsm does not display
any dependence on bead concentration, at least
over 0.02W1011 nan/ml; in fact its data points are in-
terpolated at the best by a straight line (J = aS+b ;
r2 = 0.602, P6 0.05), parallel to the abscissa
(a = 0.0 þ 0.0 cm h31, b = 4.5 þ 0.2W106 nan cm32

h31). Conversely, Jms becomes signi¢cantly di¡erent
from Jsm over a 0.02W1011 nan/ml concentration and
increases signi¢cantly as a function of bead concen-
tration, with sigmoidal kinetics (r2 = 0.996;
P6 0.01); the half-maximal concentration (S0:5) is
3.2 þ 0.1W1011 nan/ml, Jmax 112.0 þ 9.5W106 nan cm32

h31, Hill number (nH) 1.7. As a consequence, over
the same threshold of concentration the net £ux (Jnet,

not reported) becomes signi¢cantly di¡erent from
zero and increases sigmoidally with concentration
(r2 = 0.998, P6 0.01); S0:5 is 3.2 þ 0.1W1011 nan/ml,
Jmax 110.0 þ 17.7W106 nan cm32 h31 and nH 1.5.

3.3. Di¡erent loadings with insulin plus anti-insulin
IgG

Nanospheres (3.3W1011 nan/ml) were coated by in-
cubating with 470W1036 M insulin (the maximal
reachable concentration of soluble bovine insulin).
At this concentration approx. 86% of the nanosphere
surface is covered by insulin [6]. After four washings
with BSA, the nanospheres were incubated with anti-
insulin IgG at di¡erent concentrations (1:10000 to
1:1000 compared with insulin). Fig. 3a shows that
the passive £ux Jsm is independent of anti-insulin
IgG concentration in the concentration range tested.
Conversely, Jms and Jnet (Fig. 3a and b) are not sig-
ni¢cantly di¡erent from those measured with a coat-
ing of 470W1036 M insulin only, when the double
coating is performed with 4.7W1038 M anti-insulin
IgG (anti-ins IgG/insulin ratio = 1:10000), but they
increase by approx. 8 times (Jnetw68.5W106 nan
cm32 h31) when the double coating is performed

Fig. 2. Unidirectional (Jms, Jsm) £uxes of nanospheres, coated with insulin+anti-insulin IgG, as a function of nanosphere concentra-
tion. Semilogarithmic scale. Nanospheres (3.3W1011 nan/ml) were pre-coated with insulin (incubation with 6.5W1036 M insulin for 90
min at 37³C), then washed with 5% BSA (to cover all the unbound sites on the nanosphere surface) and ¢nally incubated with
6.5W1038 M anti-insulin IgG, for 16 h at 4³C, to speci¢cally bind antibodies to part of the insulin adsorbed. The nanospheres were
then diluted or concentrated as required. The results are presented as means þ S.E.M. (n = 6 for each data point). �� : P6 0.01 com-
pared with Jsm.
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with 6.5W1038 M antibody (anti-ins IgG/insulin ra-
tio = 1:7185). This Jnet value is not signi¢cantly dif-
ferent from that obtained by subsequent incubations
with 6.5W1036 M insulin and 6.5W1038 M antibody
(Fig. 1). With increasing concentrations of antibody
over 6.5W1038 M to 47W1038 M (antibody/insulin ra-
tio = 1:1000) Jms and Jnet apparently decrease (Fig.
3a and b), but they are underestimated owing to the
formation of many aggregates of the nanospheres
transported.

4. Discussion

4.1. Transcytosis stimulation by antibodies

In intestinal Peyer's patches, IgM-, IgA- or IgG-
coated nanospheres or virus^antibody complexes
have been shown to be much more readily absorbed
than nanospheres coated with other polypeptides or
than virus alone in M-cells of follicle-associated ep-
ithelium; moreover, nanospheres coated with poorly
absorbable polypeptides are transported as well as
antibody-coated nanospheres if some molecules of
the adsorbed polypeptide are bound to a speci¢c
anti-polypeptide antibody [8^11]. Thus a non-isotype
speci¢c common immunoglobulin domain seems to
facilitate bead binding and uptake [11].

In a previous paper we showed that M-cells,
present in the nasal respiratory mucosa of the rabbit
[7], equally transcytose IgA- or IgG-coated nano-
spheres more readily than nanospheres coated with
other polypeptides, such as BSA or enkephalin; how-
ever, they transfer carbocalcitonin- or insulin-coated
nanoparticles just as fast [6]. The present paper con-
¢rms that insulin-coated beads are transported at the
same rate as IgG-coated beads. Thus either the same
domain recognized by receptors in antibodies is also
present in other kinds of polypeptides, or in nasal
mucosa di¡erent receptors recognize di¡erent amino
acid sequences with similar polypeptide receptor af-
¢nities.

We have already emphasized that the observed
a¤nities of insulin or antibodies for receptors can
only be the apparent a¤nities of the polypeptides
adsorbed on the bead [6]. In fact, the adsorption of
the polypeptide on the nanoparticle forces the mole-
cule into positions that do not necessarily represent
the best orientation for easy binding to receptors;
hence these apparent a¤nities do not necessarily cor-
respond to the actual a¤nities of the free polypep-
tides.

In line with the importance of molecule orientation
on the bead surface, we show here that anti-BSA or
anti-insulin IgG, bound 1:100 with their Fab to the
adsorbed BSA or insulin molecules (and thus with
their Fc oriented free in the medium), enhance trans-
ports of the nanoparticles so coated to levels not
merely equal to (as in intestine), but signi¢cantly
larger (anti-BSA IgG: 1.6U) or even much larger

Fig. 3. (a) Unidirectional (Jms, Jsm) £uxes of nanospheres
coated by subsequent incubations with 470W1036 M insulin and
anti-insulin IgG at di¡erent concentrations (range: 4.7W1038 to
47W1038 M). (b) Corresponding calculated net £uxes (Jnet) of
nanospheres as a function of the antibody/insulin coating ratio.
Nanosphere concentration: 3.3W1011 nan/ml. The results are pre-
sented as means þ S.E.M. (n = 5 for each data point) ; n = 6 for
the net £ux of nanospheres coated with 470W1036 M insulin
only (ratio = 0); �� : P6 0.01 compared with Jsm.
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(anti-insulin IgG: 7.4U) than those achieved with
beads directly coated with the corresponding anti-
bodies alone, at 100 times larger concentrations.

These results demonstrate that: (i) the e¡ect of the
double coating with bound antibodies is much more
substantial in nasal mucosa than in Peyer's patches,
(ii) hence orientation and free Fc exposure seem to be
more essential to bind antibodies to nasal mucosa
receptors, (iii) the non-isotype speci¢c common bind-
ing domain in antibodies seems to be located in Fc.

The double coating with monoclonal anti-BSA
IgG produced qualitative results similar to those ob-
tained with the double coating with monoclonal anti-
insulin IgG; however, the stimulation obtained was
much lower, rather than equal, as might have been
expected of a common binding domain. The avail-
able murine monoclonal anti-BSA and anti-insulin
IgG were IgG2a and IgG1 respectively (see Section
2.2), so the two Fc were di¡erent; however, with
rabbit polyclonal anti-BSA IgG the result was the
same as that obtained with murine monoclonal
anti-BSA IgG2a. On this basis, the Fc is likely to be
better oriented towards the medium in the bound
anti-insulin than anti-BSA IgG, probably depend-
ently on the location of the insulin^antibody binding
site on the insulin molecule.

4.2. Maximal transport capacity in the mucosa of the
upper concha

The fact remains that the maximal transport ob-
served was obtained by coating beads with insulin
plus its antibody. By using this coating we tried to
assess the maximal transport capacity of the nasal
epithelium in the upper concha: (i) with the standard
double bead coating (incubation with 6.5W1036 M in-
sulin and then with 6.5W1038 M anti-insulin IgG)
£uxes were measured as a function of bead concen-
tration, (ii) with the standard bead concentration
(3.3W1011 nan/ml) £uxes were measured as a function
of constant insulin at its maximal degree of coating
(incubation with 470W1036 M insulin) plus variable
antibody coating (incubation with 4.7 to 47W1038 M
anti-insulin IgG).

In the ¢rst case the net £ux kinetics proved sigmoi-
dal, the half-maximal concentration (S0:5) was ap-
prox. equal to the standard bead concentration usu-
ally used (3.3W1011 nan/ml), and the calculated Jmax

was 110W106 nan cm32 h31, obtained at the calculated
concentration of about 1013 nan/ml. Actually the
maximal bead concentration which could be used,
avoiding large changes in saline viscosity, was
9.8W1011 nan/ml, namely only about 3 times the
standard concentration; the corresponding net £ux
was approx. 90W106 nan cm32 h31.

In the second case, the maximal measured net
transport (w70W106 nan cm32 h31) was obtained at
the standard antibody coating concentration
(6.5W1038 M), in spite of the increase in insulin coat-
ing concentration from 6.5W1036 to 470W1036 M
(which enhances the insulin covering of the nano-
sphere from 6 to 86% [6]) and the consequent reduc-
tion in the antibody/insulin ratio from 1:100 to
1:7185. On the other hand, 6% bead coating with
insulin produces 70^80% of the maximal transport
which can be obtained with insulin [6], so that an
increase in insulin coating is almost useless for the
purpose of stimulating transport. Equally, an in-
crease in bound antibody coating, using coating con-
centrations larger than 6.5W1038 M, only seems to
produce a transfer saturation with bead aggregation,
probably owing to the bead crowding in the narrow
intercellular spaces with cross-linking phenomena be-
tween the nanoparticles. Transport abruptly drops
with coatings obtained with antibody concentrations
just a little smaller than 6.5W1038 M: at 4.7W1038 M
IgG, the transport stimulation induced by the pres-
ence of the antibody is abolished. Thus an antibody
concentration just a little larger than 6.5W1038 M and
less than 7.8W1038 M (at which saturation and aggre-
gation are already observed) can probably produce
the maximal measurable transport, which should
therefore be higher than the measured 70W106 nan
cm32 h31.

In conclusion, the theoretical maximal capacity of
transcytosis is approximately represented by the cal-
culated transport of 110W106 nan cm32 h31, but some
external factors (viscosity of the donor saline and
crowding of nanospheres in intercellular spaces) re-
duce the actual capacity to about 70^90W106 and
more probably to 90W106 nan cm32 h31. All this is
summarized in Fig. 4.

This maximal transport is unlikely to be much
modi¢ed by the in vivo temperature (about 30^
31³C in the nose air and probably 34³C in the epi-
thelium, compared with the experiment temperature
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here used, namely 27³C). The Van 't Ho¡ coe¤cient
(Q10), measured between 27 and 37³C, is 2.2 [6] so
that per se the transport at 34³C would increase to
about 156W106 nan cm32 h31. However, the observed
crowding and aggregation of nanospheres, suggesting
saturation of the exits from the epithelium, makes
this increase unlikely, at least to this extent.

Finally, it is to emphasize that this maximal trans-
port is a mean transfer per hour based on the overall
transport measured over 2 h. We have previously
shown that a transport peak occurs during the ¢rst
30 min, followed by a slow decrease during the sub-
sequent 90 min [1].

4.3. Percentage of polypeptide-transporting cells in
the upper concha epithelium

On this basis it is possible to calculate the percent-
age of polypeptide-transporting cells in the upper
concha epithelium.

It can reasonably be assumed that: (i) transcytotic
cycle length, included the time of release into the

submucosal medium, is about 1.5 min, (ii) one trans-
porting cell concomitantly handles about 10 beads
per cycle, as a mean for the cycles occurring in an
hour under maximal transport conditions.

As for statement (i), in a previous paper [1] we
showed that in nasal mucosa, if active polypeptide
transport is measured every 15 min, the maximal
transport is already achieved during the ¢rst 15
min period. In intestinal Peyer's patches, where
transport was measured every 5 min, the maximal
transport was already present during the ¢rst 5 min
period [11]. Thus the transcytotic cycle in all these
epithelial cells should last much less than 5 min, say
1^2 min. Consistently with this estimate, the matter
entering the cell by endocytosis is known generally to
be internalized and found in early endosomes in 20 s;
the subsequent part of the process lasts for di¡erent
periods, depending on the cells and the di¡erent steps
required by the function performed by endocytosis
[13]. In a transcytosis, after the formation of the
endocytic carrier vesicles (ECV) from early endo-
somes, a rapid movement of ECV along the micro-
tubules is the only step required before basolateral
exocytosis ; the ECV movement rate can be 5 Wm s31.
Therefore, even if the length of the cytoplasm to be
crossed corresponds to the entire transporting epithe-
lium length (45 Wm: [7]), the time required would be
9 s. Taking into account the time for the exocytotic
process and di¡usion out of the cell along unstirred
layers, 1.5 min is a su¤ciently reliable value.

As for statement (ii), in nasal mucosa approx. 20
nanospheres were bound on the apical membrane of
M-cells [7]. Since the uptake/binding ratio is about
0.5 in intestinal M-cells [10], about 10 beads are
likely to be transported per nasal M-cell.

If so, each transporting cell can perform about 40
cycles and handle 400 nanoparticles per hour. Hence,
considering 90W106 nan cm32 h31 as the actual max-
imal transport capacity, the number of transporting
cells should be 225W103 cm32. On the basis of unpub-
lished data accumulated during the preparation of
previous histo-physiological papers [5,7], we can state
that: (i) the mean cell diameter in the upper concha
epithelium is 5 Wm, so that the surface area per cell is
approx. 20 Wm2, (ii) owing to small plications the
actual epithelial area is 1.3U the apparent area.
Thus 6.5W106 cells are present per cm2 of apparent
area, and the transporting cells under maximal trans-

Fig. 4. Maximal transport capacity of the endocytotic process
reached by stimulating the transport of insulin-coated nano-
spheres with anti-insulin IgG: net £ux stimulation obtained
under di¡erent conditions. The results are presented as mean-
s þ S.E.M. (number of experiment in brackets).
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port conditions correspond to about 3.5%. Appar-
ently this value is in agreement with the lowest values
reported for the follicle-associated epithelium (FAE)
of mouse Peyer's patches, where M-cells represent
1.6^10.9% of cells (depending on FAE region) in
germ-free animals, and increase to 5.4^21.0% in anti-
gen-stimulated animals [14]. However, the calculated
value of 3.5% transporting cells in nasal mucosa re-
fers to the overall epithelium as opposed to areas
specializing in this transport only; thus it may even
seem rather high. Nevertheless, it must be empha-
sized that: (i) in rabbit FAE, M-cells reach much
higher percentages than in mouse FAE (M.W. Smith,
personal communication), (ii) the animals examined
for this paper were not germ- or pathogen-free ani-
mals, but exposed to the mean antigen charge of a
normal animal house.

The calculated value of transporting cells cannot
be a¡ected by the in vivo higher temperature of the
epithelium, as the increase in maximal transport
across the tissue (which however is unlikely, for the
reasons reported above) is due to an increase in
transport per cell.

Finally, it is to emphasize that all the calculations
reported above are on mean values of transport per
cell, independently of possible di¡erences in e¤ciency
of the transporting cells.

4.4. Kinetics of active and passive £uxes

The net (active) transport as a function of bead
concentration (with constant coating) follows sigmoi-
dal kinetics, with a low Hill number (1.5). Sigmoidal
kinetics with a high Hill number (3.3) has previously
been found for transport of carbocalcitonin-coated
beads as a function of carbocalcitonin coating [6] ;
in this case the easy interpretation was that the for-
mation of binding between nanoparticle and receptor
facilitates two more bindings of the same nanopar-
ticle with other two receptors of the same coated pit,
thus strengthening the probability of transport; of
course, the probability of involvement of many bind-
ings increases with the extent of coating per nano-
sphere [6]. Conversely, in the experiments reported
here increasing bead concentration creates competi-
tion, not cooperation for the pit. Then, the sigmoidal
kinetics here shown can be related either to the pres-
ence and recruitment of many di¡erent receptors

with di¡erent a¤nities for IgG (and di¡erent cross-
a¤nities for other polypeptides) or to di¡erent a¤n-
ities (frequent with a random distribution) between
IgG and the same type of receptor; the di¡erent
a¤nities may be related to the possible slightly di¡er-
ent orientations of the IgG molecules bound to the
adsorbed insulin molecules.

The passive £ux Jsm already displays saturation
with a 2W109 nan/ml concentration. Thus it is not
only independent of bead coating and so crosses
the epithelium through non-speci¢c pathways, but
also moves by restricted, probably single-¢le di¡u-
sion. Hence the nanolesions involved have probable
diameters of about 500 nm; in any event there must
be very few of them to permit the low Jsm observed
and the maintenance of a substantial transepithelial
potential di¡erence.

4.5. Final comments

On the background that nasal application of poly-
peptide hormones and related active principles is a
therapeutical strategy one might speculate that con-
jugation of these polypeptides to antibodies might
increase the absorption and thus bioavailability of
these substances.
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