
Surface energy

The different energy state between bulk phase and surface phase

The surface is always higher energy than the bulk.
The surface is only a few molecular layer thick (or thin).



So, surface phase is more unstable than bulk phase.

Not only bacterial adhesion but physical adsorption is the 
spontaneous process in an aspect of energy state. 

<high energy state> <low energy state>

※ Unit of surface energy

mJ/m2,  mN/m,  dynes/cm



Contact angle

Contact angle

large contact angle
poor wettabilitypoor wettability

small contact angle
good wettability



Young-Dupre equation

Relation between contact angle and wettability



Contact angle

Static contact angle

Dynamic contact angle

Receding contact angle

Advancing contact angle



The hydrophobicity of surfaces is reflected in static contact angle, but other 
properties like surface roughness are contained in the concept of dynamic 
contact angle.  

※ CAH (contact angle  hysteresis)

~ Difference bewteen advancing contact angel and receding contact angle

~ It provide the thermodynamic stability of surfaces.

~ CAH is increased with decreasing stability of surfaces.~ CAH is increased with decreasing stability of surfaces.

Contact angle on hydrogels made by crossliking three-arm PEG 
acrylate of different PEG MWs

Drumheller and Hubbell, J. Bioed. Mater. Res. 29, 207 (1995)



Measuring contact angle

Goniometer  for measuring contact angle



Measuring dynamic contact angle

<Captive drop method> <Tilting method>



Critical surface tension by Zisman plot

~ A concept developed in the 1960`s by Walter Zisman

~ The surface tension of a liquid that would completely wet the solid of

interest.

~ Surface energy of surface can be expressed by critical surface tension. 

~ Low critical surface tension means that the surface has a low energy.

~ Measure         on one surface for a series of liquids varying in surface tension

Plot cos vs.     

Extrapolate to cos = 1.0 (        = 0˚ )

Define       =       at cos = 1.0 (        = 0˚ )

advθ

advθ lvγ
advθ advθ

cγ lvγ advθ advθ



The determination of the critical surface 
tension of a solid by Zisman’s contact angle 
measurement approach (U.Ulusoy, M. Yekeler, 
2004)

<surface tension of liquids used to determine CSTs>



Bacterial adhesion vs. surface energy

“Bacterial adhesion might be minimum on the surface which has

20-30 mN/m of surface energy.”                  Theta surface 

R. E. Baier  (1970’s)

Baier curve (Q.Zhao et al., 2005)



Experimental support of Baier curve

Effect of surface energy on E. coli attachment Total interaction energy vs surface energy Effect of surface energy on E. coli attachment 
(Y. Liu et al., 2005)

Total interaction energy vs surface energy 
(Y. Liu et al., 2005)

Effect of surface free energy on E. coli adhesion 
(Q. Zhao et al., 2007)



※ Limitation of Baier curve

~ Experiments of Baier was performed in biological condition like  
blood vessel, calf serum system where the formation of 
conditioning film could be occurred.

~ Unclear theoritical (physico-chemical) explanation.

~ Surface energy of the substratum used in experiment was a ~ Surface energy of the substratum used in experiment was a 
range of 20-50 mN/m. Experimental results of substratum which
have 0-20 mN/m (superhydrophobic) will be needed.



Surface roughness

“ A measure of the texture of a surface ”

Surface roughness curve 
http://www.ustech.hs.kr/wbi2/grapic1/UnitK/UnitK1.asp



Surface energy could be influenced by surface roughness

“As the surface roughness increase, the surface energy increase as well”

Variation of the critical surface tension with the Ra value for calcite, barite mineral
(U. Ulusoy, M. Yekeler, 2004)



Bacterial adhesion vs. surface roughness

Small surface roughness inhibit the bacterial adhesion.

AFM images of the modified DLC coatings at 
(a) 1% N-doped DLC, (b) 2% N-doped DLC, (c) 6% Si-
doped DLC, (d) 8% Si-doped DLC and (e) pure DLC. (C. 
Liu et al., 2008)

Bacterial adhesion vs surface roughness of the DLC coating 
(C. Liu et al., 2008)



What is the DLVO theory?

DLVO (Deryaguin, Landau, Verwey, and Overbeek) theory: theory of colloid 

stability

~ Stability of colloidal particle can be explained by balance of attractive    

force induced by van derWaals and repulsive force induced by electric 

double layer.double layer.

~ the stability of colloid particles is determined by their electrostatic interaction 

and long-range van derWaals force 

Extended DLVO theory: hydrophobic interaction is added!

particle-particle interaction and coagulation, sedimentation and filtration, 

being applied to explain the cell adhesion! A cell is treated as a colloid particle!





(irreversible bacterial adhesion)

Schematic diagram of the variation of free energy with particle separation at 
higher salt concentrations showing the possibility of a secondary minimum. 
(www.malven.com)

(reversible bacterial adhesion)



DLVO Theory

ELLWTOT ∆G∆G∆G +=
TOT∆G
LW∆G

(Net interaction)

(van der Waals interaction)

“The harmony between attraction and repulsion results in adsorption.”

AV

∆G
EL∆G

(van der Waals interaction)

(Electrical double layer interaction)

(www.malven.com) 

(Particle)

(Electrical double layer)

RV



Extended DLVO Theory

“Classical DLVO theory + acid/base interaction = Extended DLVO theory”

ABELLWTOT ∆G∆G∆G∆G ++=
AB∆G (acid/base interaction;  electron donating and electron accepting interaction 

in aqueous solutions,  attractive hydrophobic interaction, repulsive hydration effect)

Repulsive hydration effect

(hydrophobic particle)

(hydrophilic hydration shell)

Attractive hydrophobic interaction



Example: Microbial adhesion to surface
Water or liquid

Question: Calculate             of the microbial adhesion to surface A, B, C 

using extended DLVO theory! 
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Zeta potential (1: bacteria , 2: surface) 

ε Permittivity of medium (water) :  80 

2,1ζ

1−κ Double-layer thickness : 1000

Table 1. Contact angles and zeta potentials of microbe and solids
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A Hamaker constant related to the properties of the interacting materials

a Radius of sphere of microbial cell : 8.72*10-7 m in this study

d The distance between the sphere and the plate

LW

mws∆GπdΑ 2

012−=

d The distance of closest approach between the sphere and the plate : 0.157 nm0d The distance of closest approach between the sphere and the plate : 0.157 nm
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Surface tensions between two phases

Van Oss`s acid-base approach



Van Oss`s acid-base approach
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Van Oss`s acid-base approach

Combination of two equations

Table 2. Surface energy component of the liquids in the measurement of contact angles

We can obtain parameters of solid substrate;                        , for three types of liquid.
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Table 1. Contact angles and zeta potentials of microbe and solids

Case 1. Microbe - Solid A  

Solvent 1 : water

Solvent 2 : diiodomethane

Solvent 3 : ethylene glycol 
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Table 3. Calculation results of solid surface component

Table 4. Calculation results of free energy change of adsoption



Energy unit : kT (1 kT= 4 * 10-21 J)

Table 5. Calculation results of free energy change of adsoption by extended DLVO theory

Energy unit : kT (1 kT= 4 * 10 J)

【 The meaning of these results 】

Reference: FEMS Microbiology Reviews 23 (1999) 179-230 

Calculation of Gibbs free energy change(   

Prediction of microbial adhesion extent (Solid A < Solid B < Solid C)  

ATOT∆G , BTOT∆G , CTOT∆G ,

< <

The most relevant surface

)


