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Summary. A possible thermodynamic  mechanism for the 
inhibit ion of  bacterial adhesion to the epithelial bladder 
surface was investigated in rabbits. Contact  angles of  aque- 
ous polymeric droplets were measured to assess the relative 
hydra t ion  and surface-free energy, of  normal and mucin- 
free bladder surfaces. We measured an angle of  91.2 -+ 1.2 ° 
(SEM), n = 37 for the intact mucin surface and an angle o f  
120.5 -+ 1.2 °, n = 46 for the epithelium after the mucin was 
removed with acid. These results indicate that  mucin makes 
the epithelial surface significantly more hydrophil ic  and so 
produces a very low free energy interface with the urine en- 
vironment.  Such a low energy surface would inhibi t  bacteri- 
al adhesion because the surface already exists at its free 
energy minimum. 
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In t roduct ion 

Epithelial surface-mucin appears to  play an impor t an t  role 
in preventing bladder infections. Edebo et  al. [2] suggest 
that  mucin acts by  excluding antigen from the underlying 
host  tissue, rather tllan by  destroying microbes which have 
penetrated into the tissue. The mechanism involved remains 
unknown. While a number  o f  authors have searched for spe- 
cific antiadherence factors such as immunoglobulin A and 
glycoproteins [11, 4], Parsons and MulhoUand [5] have 
shown that  the mucin surface o f  the bladder  is a nonspecif- 
ic inhibitor o f  adhesion for a wide variety o f  bacterial  spe- 
cies, whether they are alive or dead. They proposed that  the 
strongly hydrophil ic  glycosaminoglycans in mucin create a 
"hydra t ion  barrier" to macromolecular interactions on the 
cell surface and so inhibit the adhesion of  microbes [7, 6]. 
A new contact-angle technique recently developed in our 
laboratory  [8] allows us to  test i f  this hypothesis  is thermo- 
dynamical ly valid. 

The hydrat ion o f  a tissue directly affects its surface-free 
energy, and free-energy changes determine whether physical 
adhesion will or will not  occur [3]. In this report  we present 
evidence that  mucin may prevent microbe at tachment  b y  
forming a low free-energy interface with the urine environ- 
ment,  making bacterial adhesion thermodynamical ly  unfa- 
vourable. 

Materials and Methods 

Polymeric Test System 

A solution of aqueous polymers consisting of 4% polyethylene glycol 
(PEG) MW: 20,000 (Fisher Scientific)/4% dextran MW: 2,000,000 
(Pharmacia)in Hepes'buffered physiological saline solution (pH = 7.4) 
was prepared and allowed to equilibrate overnight. The solution se- 
parates into two distinct equilibrium phases: a PEG-rich upper phase 
which was decanted off and used as the tissue-bathing medium, and 
a dextran-rich bottom phase which provided the test-fluid droplets. 

Animals and Tissue Preparation 

Five male New Zealand White rabbits (2-3 kg) were killed with an 
overdose of intravenous sodium pentobarbital. The bladder of each 
animal was distended by injecting 10 ml of physiological saline solu- 
tion and the outer surface was glued in situ to a small brass mount- 
ing bar with cyanoacrylate adhesive (Loctite Adhesives). After re- 
moving the bladder from the animal, we split the tissue open and 
washed it by rinsing it gently in physiological saline for 5 min. The 
entire preparation was transferred to a small viewing chamber filled 
with the PEG bathing medium. 

Testing Procedure 

We used a micromanipulator fitted with a micropipette to place 
small droplets (diameter ~ 0.1-0.2 ram) of the dextran phase at 
random locations over the tissue surface. By illuminating the pre- 
paration from behind with polarised light, the droplet profiles could 
be observed through a dissecting microscope and photographed. 
Advancing contact angles of droplets resting on the mucosal surface 
were measured from these photographs. After testing the intact sur- 
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Fig. 1. Dextran  droplets  resting on the  bladder surface before  (top) 
and after (bottom) mucin  removal. 01 is 89 ° and 02 = 119 °. Both 
droplets  are approx imate ly  0.1 m m  in diameter  

Table 1. Summary  of  contact  angle measurements  on bladder sur- 
faces 

Normal  Treated 
(Mucin intact) (Mucin removed) 

Mean -+ SEM (in degrees) 91.2 -+ 1.2 120.5 -+ 1.2 
N u m b e r  of  observat ions 37 46 
Number  o f  animals 5 5 

face o f  the  fresh tissue, the  mucin  layer was removed with 0.3 M. HC1 
solut ion for 60 s, as originally described b y  Parsons and Mulholland 
[5]. Following this t r ea tment  the  tissue was tested again in the  same 
m a n n e r  as described previously. 

Results 

Figure 1 shows typical examples of our observations for the 
mucin surface, and the epithelial surface denuded of mucin. 
The contact angle measurements are summarised in Table 1. 
For reasons described elsewhere [3] we have chosen Young's 
equation to study bladder/bathing medium interracial-free 
e u e r g i e s "  

COS 0 = "/bladder/droplet - -  3`bladder/batlaing medium 

')'droplet / bathing medium 

where 3' is the free energy per unit area at the given interface 
and 0 is the angle of  contact the droplet makes at the sur. 
face. Although the absolute values of the substrate (bladder) 
interfacial-free energies are not obtainable experimentally, 
this equation does establish a direct relationship with the 
cosine of the contact angle. An unpaired Student's t-test 
performed on the cosines of the measured contact angles 
indicated that a significant difference existed between the 
mean angles measured for the two test groups (p < 0.001). 

Discussion 

Since dextran is a long polymer of  sugar it is more hydro- 
philic than the adjacent PEG bathing phase [1 ]. An average 
contact angle of 120.5 + 1.2 ° (SEM) or beading of the dex- 
tran droplet indicates that the mucin-free surface repels the 
hydrophilic test fluid. This implies that the mucin-free epi- 
thelial surface is hydrophobic relative to the dextran drop- 
let. However, when the mucin layer is intact, the droplet 
spreads to a greater extent over the surface (contact angle: 
91.2 + 1.2 ° (SEM)) indicating that the mucin layer is more 
highly hydrated. These results establish that the mucin 
layer is more hydrophilic than the epithelial surface denuded 
of  mucin. This may explain how mucin might act as a non. 
specific inhibitor of bacterial adhesion. 

The mucosal surface of  the bladder faces a natural en- 
vironment that is very hydrophilic because of the high water 
content of urine. When the mucin layer is intact, the two ad- 
jacent hydrophilic phases meet at an interface of extremely 
low free energy. This low energy surface would inhibit bac- 
terial adhesion because it is unlikely that such adhesion 
could further reduce the free energy of the system, since it 
is already small. However, if the mucin layer is removed, a 
more hydrophobic surface of higher energy is exposed. A 
surface in this state would favour bacterial adhesion be- 
cause covering a high energy surface with a lower one (i.e. 
the bacterial surface) could reduce the system's total free 
energy, which is most desirable thermodynamically. This 
mechanism may explain the 10-fold increase in bacterial 
adhesion observed by Parsons and Mulholland [5] when 
bladder surface-mucin was removed. 

The theory assumes that the interfacial energy between 
the bacterial surface and urine is smaller titan that between 
the denuded epithelium and urine. Suthefland [9] has re- 
ported many bacterial species which are able to produce 
polysaccharides on the outer surface of the cell wall. Such 
a polysaccharide coating would produce a hydrophilic, low 
energy interface with the urine environment. Mucin would, 
however, fail to inhibit the adhesion of bacteria with a 
more highly hydrated surface than the epithelial mucin 
layer. In this situation adhesion would be favoured because 
an even lower energy state could be achieved. Van Oss's ob- 
servation that virulent bacteria tend to have more hydro- 



philic surfaces than nonvirulent types, supports this theory 

[10]. 
While the thermodynamic theory of  adhesion may be an 

oversimplification for biological systems, it agrees well with 

experimental observations and is consistent with physical 
theory. Similar results have been found in the vascular sys- 
tem where platelet adhesion is an important event in throm- 
bosis and atherogenesis 1 . The theory is valuable as a predic- 
tive model and may be useful in helping our understanding 
of other forms of pathological cellular adhesion. 
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