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Summary 

This work evaluates the bioadhesive properties of isohexylcyanoacrylate nanocapsules coated with poloxamers 407, 238, 403 and 
9oloxamine 908 compared to nanoparticles coated with poloxamer 407. Nanocapsules (oil droplets surrounded by a polymeric wall) 
md nanoparticles (plain polymeric spheres) were prepared, labelled with covalently linked with tetraiodinated 125I-phthalocyanine- 
Ln and laid on the rat ileal segment in vitro. After 0 and 10 rain following transfer of nanospheres, a liquid flow was started. In all 
:ases studied, a fraction of the nanospheres was not adherent when perfusion was initiated and was recovered in the first fraction. 
Fhe other fraction, representing approx. 45% of the nanospheres, adhered firmly and was removed very slowly by the liquid flow. 
In addition, when nanocapsules were coated with poloxamers 238 and 407, the percentage adhesion increased between 0 and 10 
rain. Our results demonstrate that the greatest extent of mucoadhesion was achieved with poloxamers possessing a short central 
polyoxypropylene (POP) chain and long polyoxyethylene (POE) side chains. The results are discussed on the basis of diffusion of 
the POE groups into the mucin network and creation of secondary chemical adhesive bonds (Van der Waals type) between the 
nanosphere coating and mucus. 

Introduction 

Several approaches have been proposed for 
the use of bioadhesive drug delivery systems 
(BDDS) in nasal, ocular, and gastro-intestinal 
applications. Their prolonged residence time and 

Correspondence: V. Lenaerts, Facult(~ de Pharmacie, Univer- 
sit6 de Montr6al, C.P. 6128, Succursale A, Montr6al, Qu6bec 
H3C 3J7, Canada. 

controlled release characteristics can improve 
drug bioavailability and increase the duration of 
contact with the mucosal surface (Park and 
Robinson, 1984). Peptides or orally administered 
drugs with poor bioavailability and presystemic 
metabolism could benefit from their use. The 
work currently in progress in our laboratory is 
aimed at identifying the mechanism of mucoad- 
hesion of isohexylcyanoacrylate nanocapsules with 
different poloxamer (407, 238, 403) and poloxam- 
ine (908) coatings in comparison with nanoparti- 



cles coated with poloxamer 407. Thus, the bioad- 
hesive properties of these nanospheres on rat 
ileal segments under liquid flow in vitro were 
studied as a function of the degree of hydrophilic- 
ity and molecular weight of the poloxamer and 
poloxamine coatings. 

Materials and Methods 

Chemicals 
Isohexylcyanoacrylate was generously donated 

by Dr H. Vranckx (SOPAR n.y., Zelzate, Bel- 
gium). Sulphur dioxide (Liquid Carbonic, 
Montr6al, Canada) was dissolved in the monomer 
up to saturation at room temperature. Miglyol 
829 (caprylic/capric diglyceride succinate) was 
purchased from Huls Troisdorf GmbH (Trois- 
doff, Germany). Cremophor (castor oil shorten- 
ing) was purchased from Sigma Chemical Co. (St. 
Louis, MO, U.S.A.). Pure ethanol was acquired 
from Consolidated Alcohols Ltd (Toronto, 
Canada). Poloxamers are ABA block copolymers 
of oxyethylene (A) and oxypropylene (B) whereas 
poloxamines are N,N',N",N"-tetra[(oxyethyl- 
ene)A-(oxypropylene) B] diaminoethylenes (Fig. 1). 
The following derivatives were received from 
BASF Canada Inc. (Montr6al, Canada): polox- 
amer 407 (oxyethylene, 74.5%; MW, 11500; A = 

(a) 

CH 3 
I 

HO(CH2CH20).~(CH2CHO)B(CH2CH20),~H 

(b) 

H(OCH2CH2)A(OC3Hs)e (C3H60)s(CH2CH20)^H 
\ / 

NCH2CH2N 
/ \ 

H(OCH2CH2)A(OC3H6) B (C3HeO)s(CH2CH20)AH 

Fig. 1. (a) Poloxamer structure: ABA block copolymers with a 
central hydrophobic polyoxypropylene (POP) block and hy- 
drophilic polyoxyethylene (POE) side chains. (b) Poloxamine 
structure: N,N',N",N'-tetral(oxyethylene)A(oxypropylene) B] 

diaminoethylenes. 

98, B = 67), poloxamer 238 (oxyethylenc, 83.3%; 
MW, 10800; A =97, B = 39), poloxamer 403 
(oxyethylene, 38.5%; MW, 5750; A = 21, B = 67), 
poloxamine 908 (oxyethylene, 80%; MW, 25 000; 
A = 122, B = 22). Tetraiodinated ]25I-phthalo- 
cyanine-Zn complex was a generous gift from Dr. 
J. Van Lier (MRC Group in the Radiation Sci- 
ences, Centre Hospitalier de l'Universit6 de 
Sherbrooke, Canada). All other chemicals were 
of analytical grade. 

Preparation and purification of nanospheres 
Nanocapsules were obtained by interracial 

polymerization of isohexylcyanoacrylate in an oil- 
in-water emulsion according to the method of 
Chouinard et al. (1991). The oily phase consisted 
of 5% cremophor, 2% Miglyol, 0.5% monomer 
and 5 × 105 Bq/ml tetraiodinated ~25I-phthalo- 
cyanine-Zn complex (ZnPC-125I 4) in ethanol and 
was added with stirring at a 1:2 ratio to the 
aqueous phase which consisted of 0.25% polox- 
amer or poloxamine in double-distilled water. 
The rate of addition was maintained at 0.5 
ml/min using a peristaltic pump (Masterflex, 
Cole-Parmer Instrument Co., Chicago, IL, 
U.S.A.). Phthalocyanines were used as radiotrac- 
ers owing to their very stable binding to polyiso- 
hexylcyanoacrylate nanospheres (Labib et al., 
1991). Nanocapsules prepared according to this 
method appear as oily cores surrounded by a 
polymeric wall (Chouinard et al., 1991). 

Nanoparticles coated with poloxamer 407 were 
prepared using a similar procedure but replacing 
the oily phase by a 0.5% monomer solution in 
ethanol (without addition of cremophor and 
Miglyol). Nanoparticles prepared according to this 
process appear as plain polymeric spheres. 

Prior to bioadhesion experiments, the nano- 
spheres were washed twice by centrifugation at 
55 000 × g for 1 h and resuspended successively 
in water and sterile glucose (5%). During this 
process nanospheres were concentrated by resus- 
pension to smaller volumes. The respective con- 
centration rates were 5- and 15-fold for nanocap- 
sules and nanoparticles. Binding rate of the radi- 
olabeled ZnPC-~25I 4 was determined at each step 
during purification by gamma scintigraphy 
(Gamma Master 1277, LKB Wallac, Turku, Fin- 



TABLE 1 

Encapsulation rate (%) of radiolabeled ZnPC-12514 during 
washing by repeated centrifugation / redispersion, and size of 
nanoparticles (NP) and nanocapsules coated with different 
poloxamers and poloxamine 

First centrifugation Second centrifugation 

Encapsulation Size___SD Encapsulation Size_+SD 
rate (%) (nm) rate (%) SD (nm) 

NP 26.61 101+ 8 80.76 102_+ 9 
407 78.29 197_+33 97.09 179_+ 19 
238 82.10 179_+ 15 97.54 172+ 18 
403 55.10 187+26 97.03 184-+21 
908 77.88 185_+ 23 98.58 185_+ 23 

land) of the supernatant and the sediment. Bind- 
ing percentages, as calculated from the first su- 
pernatant and sediment, are summarized in Table 
1. During the second purification process, no 
drug was released from nanospheres. The size of 
the nanospheres was determined by photon cor- 
relation spectroscopy before and after purifica- 
tion using an N4SD nanosizer (Coulter Electron- 
ics Ltd, Hialeah, FL, U.S.A.). The results listed in 
Table 1 show that the purif icat ion/concentrat ion 
process did not modify the size of the 
nanospheres. 

Bioadhesion 
Bioadhesion of nanospheres in vitro was evalu- 

ated according to a published method (Pimienta 
et al., 1990). Our goal was to study the influence 
of poloxamer chain lengths on in vitro adhesion 
of nanospheres to mucus. We observed that up- 
per intestine offers good reproducibility and is a 
suitable tissue for the purpose of our study. Seg- 
ments of ileum (8 cm long) from male Sprague- 
Dawley rats (350-400 g) were removed under 
diethyl ether anaesthesia and washed by 3 min 
perfusion with 5% glucose at 37°C.  The seg- 
ments were cut lengthwise, clipped on the upper 
part of an inclined (12 °) silanized glass tube (1.9 
cm i.d., cut lengthwise), and perfusion was initi- 
ated 7.5 cm from the lower end. The ileum was 
stabilized for 2 min without perfusion. A sample 
of nanospheres (10/xl) was laid on the upper part 
of the ileal segment. After different time intervals 
following the transfer of nanospheres onto the 

ileal segment, nanospheres were eluted with 5% 
glucose at a flow rate of 0.5 ml /min  using a 
peristaltic pump. The liquid was collected in frac- 
tions every 60 s. The whole system was placed in 
a controlled environment maintained at 37°C  
throughout the experiment. Radioactivity of the 
collected samples was measured by gamma 
scintigraphy. After completion of the experi- 
ments, radioactivity remaining on the ileal seg- 
ments was determined. In all experiments, the 
total radioactivity recovered in the eluates and 
the ileal segment was within 95-105% of the 
initial amount. All experiments were performed 
at least in triplicate using two ileal segments from 
each animal. Data were analyzed by Student's 
t-test for pairwise comparison. Multiple treat- 
ment comparisons were studied using both one- 
way analysis of variance (ANOVA) and Bonfer- 
roni's method. Bonferroni's method is a correc- 
tion applied when several groups are compared 
to a control, in which t-distribution tables are 
used with a significance level of p/m, where m is 
the number of comparisons of interest (Wallen- 
stein et al., 1980). 

Results 

The elution profiles of nanospheres with dif- 
ferent poloxamer coatings were determined at 
intervals of 0 and 10 min between the transfer of 
nanospheres to the ileum and the onset of liquid 
flow. 

With immediate perfusion, no difference was 
noted between the different profiles (Fig. 2). A 
fraction of approx. 55% of the nanospheres was 
eluted immediately, corresponding to non-adher- 
ent nanospheres (Table 2). The rest was eluted at 
a much slower rate and after 15 rain only 75% of 
the nanospheres were washed out. This result 
indicates that a fraction of the nanospheres (ap- 
prox. 45%) adhered to the mucus immediately 
and was released quite slowly under liquid flow. 

In the case of a 10 min interval, the same type 
of behaviour was observed (Fig. 3): an initial 
release of free-flowing nanospheres followed by a 
much slower wash-out of adhering nanospheres. 
Significant differences were observed between the 
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Fig. 2. Elution rate of nanocapsules and nanoparticules (NP) 
from rat ileal segment in vitro under liquid flow started 0 min 
following transfer of the nanospheres. (D) NP, (©) 407, (e) 

238, ( • ) 403, ( zx ) 908. 

var ious  groups.  I ndeed ,  a g r ea t e r  f rac t ion  of  
nanocapsu l e s  coa ted  with po loxamer  238 a d h e r e d  
to the  mucus  as c o m p a r e d  to nanopa r t i c l e s  coa t ed  
with po loxamer  407 and to nanocapsu l e s  coa t ed  
with po loxamine  908 (Fig.  3 and  Tab le  3). W h e n  
nanopa r t i c l e s  and  nanocapsu l e s  with the  same  
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Fig .  3. E l u t i o n  r a t e  o f  n a n o c a p s u l e s  a n d  n a n o p a r t i c l e s  ( N P )  

from rat ileal segment in vitro under liquid flow started 10 
rain following transfer of the nanospheres. (t~) NP, (o) 407, 
(e) 238, ( • )  403, (zx) 908. * Significant differences between 
elution profiles of nanocapsules coated with (e) 238 vs (n) 
NP. ** Significant differences between elution profiles of 
nanocapsules coated with (e) 238 vs (zx) 908. Determined by 
Bonferroni's method ( p <  0.05) applied to the analysis of 

variance. 
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Fig. 4. Elution rate of nanocapsules coated with poloxamer 
407 from rat ileal segment in vitro under liquid flow started at 
0, 5, and 10 min following transfer of the nanocapsules. (o) 0 
min, ( • ) 5 min, (m) 10 min. * Significant differences between 
elution profiles of nanocapsules coated with poloxamer 407 
after (o) 0 vs (v )  5 rain. ** Significant differences between 
elution profiles of nanocapsules coated with poloxamer 407 
after (o) 0 vs (D) 10 min. Determined by Bonferroni's method 

(p < 0.05) applied to the analysis of variance. 

coa t ing  (po loxamer  407) were  compared ,  no dif- 
f e rence  was observed.  

W h e n  the  resul ts  be tween  0 and 10-min in ter -  
vals were  c o m p a r e d  for each  coat ing,  s ignif icant  
d i f fe rences  (S tuden t ' s  t- test ,  p < 0.05) were  no ted  
for  po loxamer  238 and po loxamer  407, a l a rger  
adhe r ing  f rac t ion be ing  no ted  for the  longer  in- 
terval .  In  the  case of  po loxamer  407, the  same 
observa t ion  was also valid when  0 and 5-min 
intervals  were  c o m p a r e d  (Fig.  4 and  Tab le  4). 

Discussion 

In all expe r imen t s  pe r fo rme d ,  it was obse rved  
that  a f rac t ion of  the  n a n o s p h e r e s  was washed  
away immedia te ly ,  whe reas  the  rest  was res is tan t  
to the  l iquid flow. Loose ly  b o u n d  ma te r i a l  is 
r e l eased  f rom the  mucus  dur ing  the  3 min wash-  
ing p reced ing  ins ta l la t ion  of  the  nanospheres .  Al-  
though  subsequen t  re lease  is not  excluded,  this 
should  not  have a very s ignif icant  effect  on  our  
prof i les ,  s ince u n b o u n d  n a n o s p h e r e s  a re  r e l eased  
immed ia t e ly  whereas  b o u n d  n a n o s p h e r e s  a re  not  
washed  away even af te r  20 min o f  e lut ion.  In  view 
of  this  f inding,  one  can  assume tha t  at  ce r ta in  



times a fraction of the nanospheres adhered to 
the ileum whereas the remainder was loosely 
bound. In an earlier study, we showed that in- 
creasing the liquid flow rate to the limit where 
laminar flow cannot be maintained did not signif- 
icantly modify the elution profile of nanospheres 
(Pimienta et al., 1990). Therefore,  it is not possi- 
ble to compare the different formulations in terms 
of adhesive bond strength. A comparison based 
on the percentage of nanospheres adhering to the 
ileum at given times appears more reliable. 

The adhesion of polymers has been explained 
as the consequence of diffusion of polymer chains 
across the interface above the glass transition 
temperature according to the model introduced 
by Voyutskii (1963). Later developments of this 
model have described the time dependency of the 
fracture energy (DeGennes,  1980; Prager et al., 
1981). This analysis is based on a model in which 
polymer chains occupy a portion of space assimi- 
lated to a tube and diffuses out of this tube by 
reptation across one extremity. 

In the case of poloxamers which are used for 
coating nanospheres, the POE side chain points 
freely into the solution whereas the central POP 
chain anchors the molecule to the surface of the 
nanospheres (Kayes et al., 1979; Klaus et al., 
1990) (Fig. 5). Since POE chains are not rigid, 
contact with the surface of the mucus is possible 
without the need for the polymer to penetrate 

[NANOSPHEREJ 

Fig. 5. Schematic representation of nanospheres coated by 
poloxamers, with the central POP attached to the nanosphere 
surface and the POE side chains pointing into the aqueous 

medium. 

into the mucus. It is therefore likely that the 
immediate adhesion of the nanospheres to ileal 
mucus results from the development of interac- 
tions known collectively as 'secondary' forces (Van 
der Waals forces, hydrogen bonds, etc.), in agree- 
ment with the theory of Mikos and Peppas (1990). 

Recently, Mikos and Peppas (1988) described 
the molecular-weight dependency of polymer 
fracture properties. Their work had the merit to 
extend previous theoretical models to polymers in 
swollen gels and to differentiate between fracture 
by chain rupture and chain pull-out. In our c~se, 
it appears that poloxamers with long POE chains 
are responsible for the time-dependency of the 
percentage of nanospheres adhering to the mu- 
cus. In other words, when long POE chains are 
used, a certain fraction of initially loosely bound 
nanospheres develop bonds with the mucus over 
a 10 min period. 

Such a time dependency is consistent with 
theories of polymer adhesion by diffusion. Fur- 
thermore, the molecular weight dependency is 
also consistent with the theory of Mikos and 
Peppas (1989) for polymer fracture by chain pull- 
out. It is therefore assumed that the POE chains 
of poloxamers are able to diffuse into mucus and 
to undergo molecular interactions resulting in 
adhesion to the nanospheres on which they are 
anchored by the POP fragment. For short POE 
chains, such diffusion does not significantly mod- 
ify adhesion as evaluated through our experimen- 
tal technique. In contrast, for longer chains, dif- 
fusion-dependent adhesion is demonstrated by 
this methodology. 

A greater fraction of nanospheres adhered 
when coated by poloxamer 238 as compared to 
poloxamer 407. Since poloxamer 238 has a shorter 
central chain than poloxamer 407, it is assumed 
that a greater number of molecules are able to 
adsorb per unit surface area of nanospheres, thus 
explaining the greater degree of adhesion of 
nanospheres coated with poloxamer 238 as com- 
pared to 407. Poloxamine 908, although possess- 
ing long POE chains and leading to thick coatings 
(Klaus et al., 1990), has a different structural 
formula from those of poloxamers and its POE 
chains could have limited flexibility in solution 
and be subject to restricted diffusion into the 



mucin  ne twork .  This  is somewha t  d i f fe ren t  f rom 
the p ro tec t ive  effect  of  po loxamers  and poloxa-  
mine  agains t  phagocytos i s  by Kupf fe r  cells in 
vitro.  Indeed ,  in this case both  po loxamer  407 
and po loxamine  908 cause  the  g rea tes t  r educ t ion  
in up take  by the liver af ter  in t ravenous  adminis-  
t ra t ion  to rabbi t s  ( I l ium et al., 1987a). 

Nanopa r t i c l e s  and  nanocapsu le s  with ident ica l  
coa t ings  fol lowed the same e lut ion kinetics.  The  
surface charge ,  dens i t ies  and  size of  these  
n a n o s p h e r e s  exhib i ted  d i f fe rences  which might  
have resu l ted  in d i f fe ren t  e lu t ion kinetics,  the reby  
be ing  factors  having a s ignif icant  inf luence  on the 
adhes ion  of  the  n a n o s p h e r e s  to mucosa .  This  
observa t ion  is in a g r e e m e n t  with the  p r o m i n e n t  
role  of  po loxamer  coat ings  in n a n o s p h e r e  adhe-  
sion assumed  above. 

Conclusion 

N a n o s p h e r e s  have been  tes ted  as drug  car r ie rs  
for pe ro r a l  del ivery  of  poor ly  abso rbed  drug,  in- 
c luding insulin (Damg6  et al., 1988). O t h e r  au- 
thors  ( I l lum et al., 1987b) have sugges ted  the i r  
use for the  nasal  del ivery  of  drugs.  In all these  
cases,  good  adhes ion  to mucus  is des i rable .  O u r  
resul ts  show that  coa t ing  n a n o s p h e r e s  with polox- 
amers  possess ing a shor t  cen t ra l  P O P  chain  and 
long P O E  side chains  al lows g r ea t e r  m u c o a d h e -  
sion to be achieved.  I m m e d i a t e  adhes ion  is ob- 
served p robab ly  because  of  the  d e v e l o p m e n t  of  
s econdary  chemica l  in te rac t ions  be tween  mucus 
and po loxamer ,  fol lowed by a t i m e - d e p e n d e n t  
increase  in the  n u m b e r  of  adhe r ing  nanocapsu le s  
as a resul t  of  the  diffusion of  po loxamer  P O E  
chains  into the  mucin network.  However ,  mu-  
coadhes ion  resul t ing  f rom po loxamer  coat ing  de-  
pends  upon  the type of  n a n o s p h e r e s  used.  The re -  
fore,  the  resul ts  of  this s tudy cannot  be used  to 
p red ic t  the  mucoadhes ive  behav iour  of  o the r  
n a n o s p h e r e s  coa t ed  with the  same compounds .  
O t h e r  phys ico-chemica l  factors  (charge ,  size, etc.) 
must  be t aken  into account  as well as the  extent  
and  stabil i ty of  p o l o x a m e r - n a n o s p h e r e  binding.  
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