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Unit 3

Physical Properties of Biomaterials - Surface (vs. Bulk) 

Structure and Properties, Surface Energy, Wettability, 

Roughness, Crystallinity, Charge, Adsorption, Segregation, 

and Reconstruction at Surfaces 



• The biomaterial success for a certain application is related 

to its physical, chemical, and mechanical properties.



Surface vs Bulk Properties

• Surface properties are determined by atoms within a few 

angstroms of the surface 

• At micro and nanoscale, surface properties are much 

more important relatively than bulk properties than with 

other materials because surface/volume ratio is so high

• Bulk vs. Surface 

• Example - Scotch Tape 

• Surface Property: Adhesion - Scotch tape sticks to things 

• Bulk Property: Strength - How much force does it take to pull 

scotch tape apart?



Bulk Properties

• Mechanical strength 

• Stiffness and flexibility 

• Electrical and thermal conductivity

• Density



Surface/Physical Properties

• The physical properties of the biomaterial are 

fundamental for its interaction with a biological tissue, 

e.g. the response of cell adhesion. 

• When cells adhere to the biomaterial surface physical 

chemical reactions between cell and biomaterial occur.

• These reactions are influenced by factors such as cell 

behavior, biomaterial surface properties, and 

environmental factors. 



Surface/Physical Properties

• Wettability

• Roughness

• Surface free energy

• Crystallinity

• Composition

• Charge



Wettability

• Wettability(hydrophobicity/hydrophilicity) affects 

the biological response of the biomaterial and 

describes the balance between the solid surface 

intermolecular interactions with a liquid. Among 

the affected properties are protein adsorption, 

platelet adhesion/activation, blood coagulation, and 

cellular and bacterial adhesion.

• Hydrophobic surfaces are, generally, considered as 

more protein-adsorbent than hydrophilic surfaces 

due to the hydrophobic interactions occurring at the 

surface. 



Hydrophillic/Hydrophobic



Hydrophillic/Hydrophobic



Hydrophillic/Hydrophobic

• The more hydrophobic cells adhere more strongly to hydrophobic surfaces, 

while hydrophilic cells strongly adhere to hydrophilic surfaces

• Medical implants such as catheters, mechanical heart valves or pacemakers 

are constructed from hydrophobic materials (silicon, stainless steel, teflon, 

etc.), so hydrophobic microorganisms easily adhere to them. 

• One strategy of preventing surfaces from bacterial colonization is the 

modification of surfaces by coating them with less hyrdophobic materials 

e.g noble metals, i.e., silver nanoparticles. 



Superhydrophobicity



Cohesive and Adhesive 

Forces

• Cohesion is the intermolecular attraction between like 

molecules. Example H-bonding in water.

• Adhesion is the intermolecular attraction between unlike 

molecules. It binds a substance to a surface.

• Liquids with high surface tensions have strong cohesion 

forces, and they are poor wetting liquid due to low 

adhesion forces. 

• A detergent or wetting agent is a substance that increases 

the adhesion force between two different materials.



Cohesive and Adhesive 

Forces



Gibb’s Free Energy

• Entropy is a measure of the randomness of a system.

• Enthalpy is a measure of the overall amount of energy in 

the system.

• Gibb’s free energy is the energy of the system available to 

do useful work



Surface Free Energy

• The work expended in order to increase the size of the 

surface of a phase is referred to as the surface free energy. 

• As energy per unit area, the surface free energy has the 

unit J/m2 or N/m. The symbol used in formula is σ (lower 

case sigma).

• The term surface free energy is normally used for solid 

surfaces. When a liquid phase is concerned, surface 

tension is used.



Surface Free Energy

• Molecules in the bulk of a material (e.g. crystal lattice) have a low relative energy state due to nearest 
neighbor interactions (e.g. bonding).

• Performing sufficient work on the system to create an interface can disrupt this harmony.



Surface Free Energy

• Molecules at a surface are in a state of higher free energy than 
those in the bulk. This is in large part due to the lack of nearest 
neighbor interactions at a surface.



Surface Free Energy

Systems move toward lowering their free energy

Surfaces do so by:

Geometric changes (if possible)

Bonding (strong and weak interactions)

Dynamic rearrangement
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Surface Free Energy



Surface Tension

• Surface tension is defined as the energy required to 

increase the surface area of a liquid by a specific amount. 

• Surface tension is measured as energy per unit area, such 

as joules per square meter (J/m2)



Surface Tension

• Surface tension results from 

the net inward force 

experienced by the molecules 

on the surface of a liquid. 

• It causes water to “bead up” 

when in contact with nonpolar 

surfaces. 

• Those forces are called the 

surface tension.



Capillary Forces

• The rise of liquids up 
narrow tubes is called 
capillary action. 

• Adhesive forces attract 
the liquid to the wall of 
the tube. 

• Cohesive forces attract 
the liquid to itself. 

• Water has stronger 
adhesive forces with 
glass; mercury has 
stronger cohesive forces 
with itself.



Roughness

• The roughness of the biomaterial also plays an important 

role in the adhesion and cellular behavior and exerts 

direct influence both in vitro and in vivo. 

• Smooth surface and rough surface have different contact 

areas with molecules and cells and this difference in 

contact influences the kind of biological units’ links and 

therefore, conformation and function. 



Roughness

• In most of the cases cells prefer rough surface to smooth 

ones, due to the fact that rough surfaces favor 

proliferation

• For low friction applications, such as in implants of 

orthopedic joints, biomaterials with mirrored finishes are 

preferred. And when tissue-implant integration is desired, 

as is the case of endobone implants, high roughness is 

preferred



Roughness



Crystalinity

• Crystallinity: Repeating or periodic array over large 

atomic distances. 3-D pattern in which each atom is 

bonded to its nearest neighbors 

• Crystal structure: the manner in which atoms, ions, or 

molecules are spatially arranged.

• Unit cell: small repeating entity of the atomic structure. 

The basic building block of the crystal structure. It 

defines the entire crystal structure with the atom positions 

within.



Atomic Packing
https://firstyearengineer.com/material-science/introduction/crystal-structure/



Atomic Packing – Simple 

Cubic
https://firstyearengineer.com/material-science/introduction/crystal-structure/



Atomic Packing – Face 

Centered Cubic
https://firstyearengineer.com/material-science/introduction/crystal-structure/

Examples:

copper, aluminum, 

gold and silver 

(Ductile metals).



Atomic Packing - Body 

Centered Cubic
https://firstyearengineer.com/material-science/introduction/crystal-structure/

Example: 

chromium, iron, 

tungsten 

(Ductile-Brittle 

transition)



Atomic Packing



Chemical Composition

• The physical properties, composition, and chemical properties also influence the kind of cell bond and 
determine the biomaterial chemical stability and reactivity. 

• The corporeal ambience is harsh and may cause corrosion of biomaterials. Thus the biomaterials’ chemical 
stability becomes a relevant factor as regards biocompatibility.

• Corrosion products may cause adverse reactions to the implant neighborhood. Body fluids are in balance 
with specific ions under normal physiological conditions. 

• When a biomaterial is implanted the concentration of these ions increases significantly around it and may 
cause swelling and pain, besides the fact that the corrosion wastes may migrate to other parts of the body 
and cause undesirable reactions, both for the tissues and the implant. 

• Corrosion of biomaterials alters not only chemical stability, but also affects the mechanical integrity, with 
possible premature failure of the material. As with corrosion, the corporeal ambience may cause and/or 
accelerate the biomaterial degradation. 

• Degradation can also be influenced by sterilization processes to which materials are submitted. When the 
biomaterial is degraded, modifications occur at the material structure and, consequently, modifications in 
its properties. 

• Surface functional groups can also influence the biomaterial response, since the surface chemical 
functionality affects adsorbed protein and cell/protein interactions. Commonly investigated functionalities 
as relates biomaterials are carboxyl (–COOH), hydroxyl (–OH), amino (–NH2), and methyl (–CH3) groups.



Chemical 

Composition/Charge

Effect of surface functionality on protein adsorption, cell behavior and tissue responses

Thevenot et al., (2008), Curr Top Med Chem., 8(4); 270-280



Chemical 

Composition/Charge
Thevenot et al., (2008), Curr Top Med Chem., 8(4); 270-280



Adsorption

• Adsorption is defined as the 

deposition of molecular 

species onto the surface. 

The molecular species that 

gets adsorbed on the surface 

is known as adsorbate and 

the surface on which 

adsorption occurs is known 

as adsorbent. 



Adsorption



Adsorption



Adsorption

Mechanism of Adsorption

• The amount of heat evolved when one mole of the adsorbate is 

adsorbed on adsorbent is called enthalpy of adsorption. 

• Adsorption is an exothermic process and enthalpy change is 

always negative. 

• When adsorbate molecules are adsorbed on the surface, 

freedom of movement of molecules become restricted and this 

results in decrease in entropy. 

• Adsorption is a spontaneous process at constant pressure and 

temperature, thus Gibb’s free energy is also decreased.



Adsorption

Types of Adsorption

• Physical Adsorption or Physisorption

• Chemical Adsorption or Chemisorption



Adsorption

Physical Adsorption

• It involves adsorption of a molecules on solid or liquid surface via weak van der 
Waal’s forces.

Characteristics of Physical Adsorption

• There is no specificity in case of physical adsorption. Every gas is adsorbed on 
the surface of the solid.

• Physical adsorption is reversible in nature. If pressure is increased volume of gas 
decreases as a result more gas is adsorbed. So, by decreasing the pressure, gas can 
be removed from the solid surface. Low temperature promotes physical 
adsorption and high temperature decreases the rate of adsorption.

• More surface area more is the rate of adsorption. Porous substances and finely 
divided metals are good adsorbents.

• Physical adsorption is an exothermic process.

• No activation energy is needed.



Adsorption

Chemical Adsorption or Chemisorption

• When the molecules or atoms are held to the solid or liquid surface via chemical 
bonds, this type of adsorption is chemical adsorption or chemisorption.

Characteristics of Chemical Adsorption

• This type of adsorption is specific as compared to physical adsorption. 

• Adsorption occurs only if there is formation of chemical bonds between the 
adsorbate and adsorbent.

• Chemical adsorption is irreversible. It is an exothermic process but the process 
occurs slowly at low temperature. Chemisorption is accompanied by increase in 
temperature. High pressure promotes chemisorption.

• Chemisorption increases with increase in surface area.

• Due to chemical bond formation enthalpy of chemisorption is high.

• Activation energy is needed.

• It results in unimolecular layer.



Strategies for Inhibiting 

Protein Adhesion

• Ultra-hydrophobic systems - Proteins adsorb but do not adhere

• Ultra-hydrophilic systems - Proteins don’t adsorb 



Segregation

• Segregation refers to the enrichment 

of atoms, ions, or molecules at a 

microscopic region in a materials 

system.

• It is an interfacial adsorption 

phenomenon.

• Surface energy decreases

• Surface segregation applications

• Toxicity

• Corrosion resistance

• Modified protein/cell adhesivity



Surface Reconstruction

• Atomic or molecular rearrangement at the surface to 

reduce surface interfacial tension.


