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Water is the majority molecule in any biological mixture, constituting more than 70% of most living 
organisms

It is the principle constituent of the interstitial fluid that surrounds tissues

Water is the first molecule to contact biomaterials in any clinical application

The behavior of water near surfaces and its role in biology are very important subjects in biomaterials 
science

The primary role of water in biomaterials is a solvent 
system:

It dissolves inorganic salts
It dissolves organic micro and macromolecules such as 
proteins or carbohydrates
It suspends living cells and transports them (as in blood)
It enables diffusion of ions as another transport 
mechanism



Water is a small, agile and active molecule

It self-associates

Tendency to self-associate gives water its unique properties 
and its activity

Hydrogen bonds in water are relatively weak associations 
with little directionality

The energy transferred from one water molecule to 
another by collisions at room temperature is approximately 
the same as the energy of a hydrogen bond.

So hydrogen bonds in water are transient in nature and 
persist for a fraction of a picosecond.



Modern molecular simulations suggest that more than 75% of liquid water molecules have a three 
dimensional network structure consisting of repeat units of 3-4 associated molecules.

Water molecule is amphoteric, i.e. it can simultaneously share and donate electron density both as an 
acid and a base

Hydrogen atoms on one or more neighboring water molecules can accept electron density from the 
unshared electron pairs on the oxygen atom of another water molecule.



If the self-associated network is less complete than a reference state, there are more unmatched acid-
base pairings.

The unmatched pairings in less associated water are readily available to participate in other chemical 
reactions such as dissolving a solute or hydrating a contacting surface.

Therefore less-associated water is a stronger solvent with a greater potential 
to react with other molecules or atoms.

On the other hand, a more complete 3D network of hydrogen bonded water 
molecules must be less dense (greater partial molar volume) because formation 
of linearly directed hydrogen bonds takes up space.

The same is observed in water ice with a complete crystalline network: It is less dense than liquid water.



Recent simulation and experimental studies suggest that water expands and contracts in molar volume 
with resultant changes in chemical potential to accommodate presence of imposed solutes and 
surfaces.

Imposed material interferes with water self-association in some way
Water molecules must reorient themselves when the solute or surface gets in the way to maintain as 
many hydrogen bonded neighbors as possible

Understanding self-association effects near surfaces is a key to understanding water properties in 
contact with biomaterials

Extent of water self-

association

Density Partial molar volume Chemical potential

More Less More Less

Less More Less More



Water may not be able to maintain an extensive network in certain cases like in the presence of 
hydrophilic solutes and surfaces.

This has important and measurable effects on water solvency

Hydrophilic materials typically exhibit acid or base strength comparable to or exceeding that of water so 
that it is energetically favorable for water to donate or accept electron density to/from materials in 
competition with other water molecules.

In contrast a hydrophobic material does not exhibit acid or basicity, i.e. there is no chemistry or other 
energetic reason for water to bond with it (Only dispersion forces)
Generally, free energies of hydrophilic hydration are greater than that of hydrophobic hydration



Hydrocarbons , the structural elements of life, are sparingly soluble in water because of the strong self-
association of water

Water surrounding small solutes such as methane may be viewed as spatially constrained due to a 
conformational effect, i.e. they lack orientational freedom.

The ΔS of hydrophobic hydration is highly negative (-20 e.u.) which makes the hydration non-
spontaneous at room temperature
The ΔS of hydrophilic hydration is not high but the ΔH is highly negative due to the energy of the 
hydrogen bond attractions

Water around hydrophobic material maximizes as many hydrogen-bonded neighbors as possible due to 
the constraint.
So there exists an ordered water network structure around hydrophobic materials that may continue 
into the bulk of water for a distance of 5nm (20 molecular layers)



The hydrophobic effect may also induce the hydrophobic surface to bond with itself as in protein folding

In the case large hydrophobic molecules like some proteins, water molecules have no orientational
freedom to prevent separation of neighbors.

A water-driven mechanism called protein folding occurs where hydrophobic patches on the protein 
aggragate, exclude water and bond hydrophobically.

Proteins carry most of their activity in the folded state and unfolding or denaturation of proteins 
adsorbed on the biomaterial surface is essential in bioactivity



Not all surfaces are biocompatible

Water adsorption is the first step in the interaction of body with a biomaterial

Then proteins and cells interact with the resulting hydrated interface towards the biomaterial surface

The water layer bound to the surface may have different ionic composition than that of bulk water

Water near hydrophilic surfaces are preferentially concentrated in highly hydrated divalent cations like 
Ca2+ and Mg2+

Water near hydrophobic surfaces are concentrated in less hydrated ions like Na+ and K+

The ionic composition of water layer that is bound to the surface accounts for differences in the 
biological response to hydrophilic and hydrophobic materials on the basis that divalent ions have 
positive effects on enzyme reactions and participate in cell adhesion through divalent ion bridging.



Cations or anions are hydrophilic solutes which are surrounded by a hydration sphere of water 

Water structuring near ions is induced by a strong electric
field surrounding the ion that orients water dipole moments 
depending on ionic size and extent of hydration.

There are more local order in water surrounding some ions 
than distant from the ion due to the hydrophobic effect.

Ca2+ , Mg2+ , HPO4
2-, Na+, K+, Cl-, HCO3

- are hydrophilic solutes 
of biomedical significance 

Some ions are more hydrated in the order of the Hofmesiter
series (ions to the left are less hydrated, increase water structuring around and the hydrophobic effect)

Highly hydrated ions have less associated water molecules around with more available hydrogen bonds 
for solvation.
This is important for protein dissolution reactions near surfaces.



Water structuring and the resulting biological interaction at the hydrophilic surfaces is more complex 
than hydration of hydrophilic solutes.

Each hydrophilic surface is a unique combination of both type and 
surface concentration of acid-base groups like amine, carboxyl, 
ether, hydroxyl.

Also the dispersion forces around hydrophilic surfaces due to the 
rapid fluctuations of electron density within the orbitals of the 
surface atoms are higher than single solute ion

In addition counterions in addition to water molecules are present around a surface, which decreases 
the concentration of water temporarily. Water molecules realign in response to counterions around a 
hydrophilic surface to increase their density (less partial volume, less structure) 



What’s more the surface may be heterogeneous on a microscopic scale (roughness, pits, etc)

These differences between a surface and a single solute increase the number of possible water 
interactions and configurations on a hydrophilic surface.

In general hydrophilic surfaces are hydrated by denser water layer than bulk water. The thickness of the 
denser layer depends on the concentration of surface acid-base sites



Overall it can be said that water solvent properties near surfaces are some sort of spectrum

At one end of the spectrum is the perfectly hydrophobic  surface with no acid or base sites. Water 
interacts with the surface only through dispersion forces

At the other end of the spectrum, surfaces have a sufficient surface concentration of acid-base sites to 
completely disrupt bulk water structure through a competition for hydrogen bonds, leading to complete 
water wetting.

Structure of water in contact with surfaces between these extremes must exhibit some kind of gradient 
associated with the graded wettability observed with contact angles



Practical biomaterial surfaces are generally rough relative to the dimensions of water.

At the 0.25 nm scale water structure near a hydrophobic surface 
should be envisioned as water hydrating molecular scale domains 
at the protrusions from a hill-shaped surface rather than a sea of 
close-pasked groups on an infinitely flat plane. 

Surfaces of functionalized polymer or crystallized calcium 
phosphate cement would be even more complex.

Both surface topography and composition will play a role in water structure near biomaterial surfaces.



Biomaterial surfaces

There are three parameters we are concerned in design of biomedical device and biomaterials:

• Function – In order to function, the implant must have the appropriate bulk properties like 
mechanical strength, permeability or elasticity

• Durability – The degradation of a biomaterial in a biological environment depends on both bulk and 
surface properties like solubility in water, fatigue, creep, cell-mediated resorption

• Biocompatibility – A biomaterial can direct or influence the response of proteins, cells and the 
organism by having a specific surface structural make-up. The body reads the surface structure and 
responds.



The outermost surface of a biomaterial drives many of the biological reactions that occur in response:

Protein adsorption

Cell adhesion

Cell growth

Blood compatibility (clotting)

The surface region of a material has unique reactivity due to high energy of the surface compared to the 
bulk

This reactivity leads to biological interactions, surface oxidation and other chemical reactions.



The surface of a material is completely different from the bulk.

The traditional techniques used to analyze the bulk structure of materials are not suitable for surface 
determination because they do not have the sensitivity to observe the small amount material making up 
the unique surface chemistry/structure.

For example – The oxide layer surrounding a 1cm3 sample of titanium cube is in the same proportion as 
a 2m wide beach at Akyaka to the distance from Mugla to Agri.

There is not much total mass of material at a surface

Surfaces readily contaminate at atmospheric pressure with components from the vapor phase like 
hydrocarbons, silicones, iodine

It is important to make biomaterials with controlled and acceptable levels of contamination and avoid 
undesirable contaminants so that the device is dependable and has a reasonable shelf life



The surface structure of a material is mobile

The movement of atoms and molecules near the surface in response to the outside environment is 
highly significant.

The interfacial energy of a material tends to decrease

For example – A material in contact with an aqueous environment responds by migration of hydrophilic 
groups outward to the surface to interact with polar water molecules

Similarly in response to a hydrophobic environment like air, more hydrophobic components may migrate 
to the surface

For metal alloys one metal tends to be alone at the surface 
(silver in silver-gold, chromium in stainless steel)



Surface is defined as the zone where the structure and composition that are influenced by the interface, 
differs from the bulk composition and structure.

The size of molecules or atoms making up the surface is the often the size of the surface

For example – gold has 5 atomic layers (0.5-1 nm) of surface after 
which the composition becomes uniform. The organization of gold 
atoms at the surface (and their reactivity) is significantly different 
from the organization in the bulk

The unique surface zone for a polymer may extend from 10 to 100 nm depending on the polymeric 
system and the chain molecular weight.

Interface is defined as the transition between two phases in an infinitely thin separation plane

An interphase is the unique compositional zone between two phases

Gold in air always has a contaminant overlayer, mostly hydrocarbon, that may be roughly 2 nm thick. So 
the interphase between gold and air is 3nm thick (2nm+gold surface)



Surfaces are utilized for electron and energy transfer in catalysis and microelectronics

The same principles of surface reactivity apply to biology

Most reactions in biology occur, not in solution, but at interfaces. 

Typical interfaces of biological importance include 

the cell surface/synthetic biomaterial 

extracellular matrix/biomolecule, 

extracellular matrix/cell, 

hydrated tissue/air (lung) 

mineral/protein (bone)



The differences between biological and chemical applications of surfaces are that

The molecules of biology are immensely more complex than the inorganic systems used for 
semiconductors and catalysts

Biological systems only function normally in aqueous media

Many important biological processes occur at relatively deeply buried interfaces. 



Nature utilizes surfaces to do its work effectively

Surfaces provide high accessibility for reaction: 

The low energy barrier to mobility in the plane of the surface can be used to facilitate complex reactions 
such as clustering, conformational changes, exposure and burial in membranes.

Epitaxy-like phenomena can be readily exploited at surfaces: 
High surface area geometries can be created to enhance reaction 
turnover rates.

Self assembly of unique organics in the plane of the interface can be used to orient and space molecules 
with precision. 

Surface energy minimization can orient specific structures to interfaces.

Molecular recognition, related to both geometry and chemistry, is possible at surfaces



Surfaces are utilized extensively in medical and biological technology as well

Some of the surface technology applied to biological problems:

implant biomaterials,
blood oxygenators, 
hemodialysis, 
affinity chromatography,
surface diagnostics, 
cell culture surfaces
biosensors

Research in biology on blood compatibility and cell culture significantly broadened the applications of 
surfaces technology

As a result it was realized that proteins in aqueous solution rapidly adsorb as monolayers on surfaces. 
The thickness of the adsorbed protein monolayer is around 1–10 nm which is within the limits of surface 
characterization techniques



The ultimate goal for the biological surface science is to provide an understanding of how the surface 
chemistry and structure of a material can be used to control the biological reactivity of a cell interacting 
with that surface 

To accomplish this goal requires understanding the cell reactivity and characterizing a complex, protein-
covered surface.


