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A	
  biomaterial	
   is	
  a	
  material	
  designed	
  
to	
  interfere	
  with	
  biological	
  materials	
  
to	
   evaluate,	
   treat,	
   augment	
   or	
  
replace	
   any	
   body	
   =ssue,	
   organ	
   or	
  
func=on	
  (Chester	
  1991)	
  



Other	
  proper)es	
  

•  Biocompa=ble	
  
•  Bioadsorbable,	
  bioerodible,	
  bioresorbable	
  

Biocompa)bility	
  
Ability	
   of	
   a	
   material,	
   device	
   or	
   system	
   to	
  
perform	
   its	
   func=on,	
   without	
   a	
   significant	
  
clinical	
   response	
   of	
   the	
   host,	
   within	
   a	
   specific	
  
applica=on.	
  



Haemocompa)bility	
  
It	
  is	
  essen=ally	
  described	
  by	
  the	
  following	
  
phenomena:	
  
1-­‐	
  platelet	
  adhesion	
  (evaluated,	
  for	
  example,	
  by	
  
platelet	
  counts)	
  
2-­‐	
  ac=va=on	
  of	
  the	
  coagula=on	
  system	
  
(evaluated	
  for	
  example	
  by	
  determining	
  the	
  
Thrombin/An=Thrombin	
  complex)	
  
3-­‐	
  ac=va=on	
  of	
  the	
  complement	
  system	
  
(evaluated	
  eg	
  by	
  measuring	
  the	
  ra=o	
  C3a	
  /	
  C5a)	
  



Classifica)on	
  

•  Biopolymers:	
  -­‐	
  synthe=c	
  
	
   	
   	
   	
   	
   	
  -­‐	
  natural	
  

	
  
•  Metals	
  
	
  
•  Ceramics	
  

•  Composites	
  



Synthe)c	
  Biomaterials	
  
•  Polymerisa=on	
  process	
  
poly-­‐addi=on	
   (chain	
   reac=on),	
   when	
   the	
  
monomer	
   has	
   double	
   or	
   triple	
   bonds	
   between	
  
carbon	
  atoms	
  
	
  
	
  	
  



Synthe)c	
  Biomaterials	
  
Polymerisa=on	
  process	
  
•  	
  poly-­‐condensa=on	
  (steps	
  reac=on)	
  it	
  is	
  
composed	
  by	
  three	
  phase	
  

•  Ini=al	
  phase	
  	
  

•  Growing	
  phase	
  

•  End	
  phase	
  	
  

R• +M → RM •

RMn+1M
• + R•→ RMn+1R

RMn+1M
• + RH→ RMn+1H + R•

RMn+1M
• + RMmM

•→ RMn+1 + RM

RM • +M → RMM •

RMM • + nM → RMn+1M
•



In	
   polyaddi=on	
   reac=on	
   there	
   are	
   no	
   different	
  
reac=on	
  products	
  from	
  the	
  ini=al	
  molecules	
  and	
  
the	
  final	
  polymers	
  
	
  
In	
   polycondensa=on	
   reac=on	
   there	
   are	
   other	
  
reac=on	
   products	
   such	
   as	
   water,	
   NaCl,	
  
methanol,	
  HCl,	
  etc.	
  



Typical	
  polymers	
  obtained	
  for	
  polyaddi=on	
  
Polyethylene	
  (PE)	
   Polypropylene	
  (PP)	
   Poly(methyl	
  methacrylate)	
  (PMMA)	
  

Polystyrene	
  (PS)	
   •  Polyvinylclorure	
  (PVC)	
  
Polyethylenterephtalat	
  (PTFE)	
  

	
  Polyacrylonitrile	
  (PAN)	
   Polyoxymethylene	
  (POM)	
  



Typical	
  polymers	
  obtained	
  for	
  polycondensa=on	
  

Polyesters	
  

Polyamides	
  

Polyurethanes	
  

	
  Polysiloxanes	
  



Features	
  of	
  synthe=c	
  polymers	
  
Molecular	
  weight	
  



Features	
  of	
  synthe=c	
  polymers	
  

Chain	
  structure	
  



•  Cristallinity	
  

Features	
  of	
  synthe=c	
  polymers	
  



Different	
  thermal	
  proper=es	
  

Features	
  of	
  synthe=c	
  polymers	
  



Different	
  thermal	
  proper=es	
  







Features	
  of	
  synthe=c	
  polymers	
  
Different	
  mechanical	
  proper=es	
  





Principal	
  classes	
  of	
  synthe=c	
  biomaterials	
  

•  Biodegradable	
   linear	
   alipha=c	
   polyesters	
   (e.g.,	
   polyglycolide,	
  
polylac=de,	
   polycaprolactone,	
   polyhydroxybutyrate)	
   and	
   their	
  
copolymers	
  

•  Biodegradable	
   copolymers	
   between	
   linear	
   alipha=c	
   polyesters	
   in	
  
(1)	
   and	
   monomers	
   other	
   than	
   linear	
   alipha=c	
   polyesters	
   like,	
  
poly(glycolide-­‐trimethylene	
   carbonate)	
   copolymer,	
   poly(L-­‐lac=c	
  
acid-­‐L-­‐lysine)	
  copolymer,	
  polycarbonates,etc;	
  

•  Polyanhydrides;	
  	
  
•  Poly(orthoesters);	
  
•  Poly(ester-­‐ethers)	
  like	
  poly-­‐p-­‐dioxanone;	
  	
  
•  Biodegradable	
   polysaccharides	
   like	
   hyaluronic	
   acid,	
   chi=n	
   and	
  

chitosan;	
  
•  	
  Polyamino	
  acids	
  like	
  poly-­‐L-­‐	
  glutamic	
  acid	
  and	
  poly-­‐L-­‐lysine;	
  
•  	
  Inorganic	
  biodegradable	
  polymers	
  like	
  polyphosphazene.	
  



Degrada=on	
  

Principal	
   role	
   in	
   the	
   degrada=on	
   is	
   due	
   to	
   free	
  
radicals,	
  that	
  induce	
  change	
  in	
  the	
  PH	
  and	
  in	
  the	
  
binding	
  forces	
  between	
  the	
  different	
  monomers	
  



Natural	
  biopolymers	
  

•  Collagen	
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42.1 Structure and Properties of Collagen 

 

and Collagen-Rich Tissues

 

Structure of Collagen

 

Collagen is a multifunctional family of proteins of unique structural characteristics. It is the most
abundant and ubiquitous protein in the body, its functions ranging from serving crucial biomechanical
functions in bone, skin, tendon, and ligament to controlling cellular gene expressions in development
[Nimni & Harkness, 1988]. Collagen molecules like all proteins are formed 

 

in vivo

 

 by enzymatic regulated
step-wise polymerization reaction between amino and carboxyl groups of amino acids, where R is a side
group of an amino acid residue.

O H H

 

|| | |

 

(–C–N–C–)

 

n

 

(42.1)

 

|

 

R

The simplest amino acid is 

 

glycine

 

 (Gly) (R = H), where a hypothetical flat sheet organization of
polyglycine molecules can form and be stabilized by intermolecular hydrogen bonds (Fig. 42.1

 

a

 

). How-
ever, when R is a large group as in most other amino acids, the stereochemical constraints frequently
force the 

 

polypeptide

 

 chain to adapt a less constraining conformation by rotating the bulky R groups
away from the crowded interactions, forming a helix, where the large R groups are directed toward the
surface of the helix (Fig. 42.1

 

b

 

). The hydrogen bonds are allowed to form within a helix between the

 

Shu-Tung Li
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hydrogen attached to nitrogen in one amino acid residue and the oxygen attached to a second amino
acid residue. Thus, the final conformation of a protein, which is directly related to its function, is governed
primarily by the amino acid sequence of the particular protein.

Collagen is a protein comprised of three polypeptides (

 

α

 

 chains), each having a general amino acid
sequence of (-Gly-

 

X

 

-

 

Y

 

-)

 

n

 

, where 

 

X

 

 is any other amino acid and is frequently 

 

proline

 

 (Pro) and 

 

Y

 

 is any
other amino acid and is frequently 

 

hydroxyproline

 

 (Hyp). A typical amino acid composition of collagen
is shown in Table 42.1. The application of helical diffraction theory to high-angle collagen x-ray diffrac-
tion pattern [Rich and Crick, 1961] and the stereochemical constraints from the unusual amino acid
composition [Eastoe, 1967] led to the initial triple-helical model and subsequent modified triple helix
of the collagen molecule. Thus, collagen can be broadly defined as a protein which has a typical triple
helix extending over the major part of the molecule. Within the triple helix, glycine must be present as
every third amino acid, and proline and hydroxyproline are required to form and stabilize the triple helix.

To date, 19 proteins can be classified as collagen [Fukai et al., 1994]. Among the various collagens,
type I collagen is the most abundant and is the major constituent of bone, skin, ligament, and tendon.
Due to the abundance and ready accessibility of these tissues, they have been frequently used as a source
for the preparation of collagen. This chapter will not review the details of the structure of the different
collagens. The readers are referred to recent reviews for a more in-depth discussion of this subject [Nimni,
1988; van der Rest et al., 1990; Fukai et al., 1994; Brodsky and Ramshaw, 1997]. It is, however, of particular
relevance to review some salient structural features of the type I collagen in order to facilitate the
subsequent discussions of properties and its relation to biomedical applications.

 

FIGURE 42.1

 

(

 

a

 

) Hypothetical flat sheet structure of a protein. (

 

b

 

) Helical arrangement of a protein chain.

 

TABLE 42.1

 

Amino Acid Content of Collagen

 

Amino Acids Content, residues/1000 residues*

 

Gly 334
Pro 122
Hyp 96
Acid polar (Asp, Glu, Asn) 124
Basic polar (Lys, Arg, His) 91
Other 233

 

* Reported values are average values of 10 different determi-
nations for tendon tissue.

 

Source:

 

Eastoe [1967].



 

© 2000 by CRC Press LLC

 

A type I collagen molecule (also referred to as 

 

tropocollagen

 

) isolated from various tissues has a
molecular weight of about 283,000 daltons. It is comprised of three left-handed helical polypeptide chains
(Figure 42.2

 

a

 

) which are intertwined forming a right-handed helix around a central molecular axis
(Figure 42.2

 

b

 

). Two of the polypeptide chains are identical (

 

α

 

1

 

) having 1056 amino acid residues, and
the third polypeptide chain (

 

α

 

2

 

) has 1029 amino acid residues [Miller, 1984]. The triple-helical structure
has a rise per residue of 0.286 nm and a unit twist of 108°, with 10 residues in three turns and a helical
pitch (repeating distance within a single chain) of 30 residues or 8.68 nm [Fraser et al., 1983]. Over 95%
of the amino acids have the sequence of Gly-

 

X-Y.

 

 The remaining 5% of the molecule does not have the
sequence of Gly-

 

X-Y

 

 and is therefore not triple-helical. These nonhelical portions of the molecule are
located at the N- and C-terminal ends and are referred to as 

 

telopeptides

 

 (9~26 residues) [Miller, 1984].
The whole molecule has a length of about 280 nm and a diameter of about 1.5 nm and has a conformation
similar to a rigid rod (Fig. 42.2

 

c

 

).
The triple-helical structure of a collagen molecule is stabilized by several factors (Fig. 42.3): (1) a tight

fit of the amino acids within the triple-helix—this geometrical stabilization factor can be appreciated
from a space-filling model constructed from a triple helix with (Gly-Pro-Hyp) sequence (Fig. 42.3);
(2) the interchain hydrogen bond formation between the backbone carbonyl and amino hydrogen inter-
actions; and (3) the contribution of water molecules to the interchain hydrogen bond formation.

The telopeptides are regions where 

 

intermolecular crosslinks

 

 are formed 

 

in vivo

 

. A common intermo-
lecular crosslinks is formed between an 

 

allysine

 

 (the 

 

ε

 

-amino group of lysine or hydroxy-lysine has been
converted to an aldehyde) of one telopeptide of one molecule and an 

 

ε

 

-amino group of a lysine or
hydroxylysine in the triple helix or a second molecule (42.2). Thus the method commonly used to
solubilize the collagen molecules from crosslinked fibrils with 

 

proteolytic enzymes

 

 such as 

 

pepsin

 

 removes
the telopeptides (cleaves the intermolecular crosslinks) from the collagen molecule. The pepsin solubilized
collagen is occasionally referred to as 

 

atelocollagen

 

 [Stenzl, 1974].

 

FIGURE 42.2

 

Diagram depicting the formation of collagen, which can be visualized as taking place in several steps:
(

 

a

 

) single chain left-handed helix; (

 

b

 

) three single chains intertwined into a triple stranded helix; (

 

c

 

) a collagen
(tropocollagen) molecule; (

 

d

 

) collagen molecules aligned in 

 

D

 

 staggered fashion in a fibril producing overlap and
hole regions.
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(a)

(b) (c)

 

FIGURE 42.4

 

(

 

a

 

) Scanning electron micrograph of the surface of an adult rabbit bone matrix, showing how the
collagen fibrils branch and interconnect in an intricate, woven pattern (

 

×

 

4800) [Tiffit, 1980]. (

 

b

 

) Transmission
electron micrographs of (

 

×

 

24,000) parallel collagen fibrils in tendon [Fung, 1992]. (

 

c

 

) Transmission electron micro-
graphs of (

 

×

 

24,000) mesh work of fibrils in skin [Fung, 1993].
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One interesting and important structural aspect of collagen is its approximate equal number of acidic
(

 

aspartic

 

 and 

 

glutamic

 

 acids) and basic (lysines and 

 

arginines

 

) side groups. Since these groups are charged
under physiological conditions, the collagen is essentially electrically neutral [Li and Katz, 1976]. The
packing of collagen molecules with a 

 

D

 

 staggering results in clusters of regions where the charged groups
are located [Hofmann and Kuhn, 1981]. These groups therefore are in close proximity to form intra-
and intermolecular hydrogen-bonded 

 

salt-linkages

 

 of the form (Pr-COO

 

–

 

 

 

+

 

H

 

3

 

N-Pr) [Li et al., 1975]. In
addition, the side groups of many amino acids are nonpolar [

 

alanine

 

 (Ala), 

 

valine

 

 (Val), 

 

leucine

 

 (Leu),

 

isoleucine

 

 (Ile), 

 

proline

 

 (Pro), and 

 

phenolalanine

 

 (Phe)] in character and hence 

 

hydrophobic;

 

 therefore,
chains with these amino acids avoid contact with water molecules and seek interactions with the nonpolar
chains of amino acids. In fact, the result of molecular packing of collagen in a fibril is such that the
nonpolar groups are also clustered, forming hydrophobic regions within collagen fibrils [Hofmann and
Kuhn, 1981]. Indeed, the packing of the collagen molecules in various tissues is believed to be a result
of intermolecular interactions involving both the electrostatic and hydrophobic interactions [Hofmann
and Kuhn, 1981; Katz and Li, 1981; Li et al., 1975].

The three-dimensional organization of type I collagen molecules within a fibril has been the subject
of extensive research over the past 40 years [Fraser et al., 1983; Katz and Li, 1972, 1973

 

a

 

, 1973

 

b

 

, 1981;
Miller, 1976; Ramachandran, 1967; Yamuchi et al., 1986]. Many structural models have been proposed
based on an analysis of equatorial and off-equatorial x-ray diffraction patterns of rat-tail-tendon collagen
[Miller, 1976; North et al., 1954], 

 

intrafibrillar volume

 

 determination of various collagenous tissues [Katz
and Li, 1972, 1973

 

a

 

, 1973

 

b

 

], intermolecular side chain interactions [Hofmann and Kuhn, 1981; Katz and
Li, 1981; Li et al., 1981], and intermolecular crosslinking patterns studies [Yamuchi et al., 1986]. The
general understanding of the three-dimensional molecular packing in type I collagen fibrils is that the
collagen molecules are arranged in hexagonal or near hexagonal arrays [Katz and Li, 1972, 1981; Miller,
1976]. Depending on the tissue, the intermolecular distance varies from about 0.15 nm in rat tail tendon
to as large as 0.18 nm in bone and dentin [Katz and Li, 1973

 

b

 

]. The axial staggering of the molecules by
1~4

 

D

 

 with respect to one another is tissue-specific and has not yet been fully elucidated.

 

FIGURE 42.5

 

Diagram showing the collagen fibers of the connective tissue in general which are composed of unit
collagen fibrils.
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which form a gel in which the collagen-rich molecules entangled. They can affect the mechanical
properties of the collagen by hindering the movements through the interstices of the collagenous matrix
network.

 

FIGURE 42.6

 

A typical stress-strain curve for tendon [Rigby et al., 1959].

 

TABLE 42.3

 

Elastic Properties of Collagen and 

 

Elastic Fibers

 

Modulus of Tensile Ultimate
Elasticity, Strength, Elongation,

Fibers MPa MPa %

 

Collagen 1000 50–100 10
Elastin 0.6 1 100

 

Source:

 

Park and Lakes [1992].

 

FIGURE 42.7

 

Stress-strain curves of human abdominal skin [Daly, 1966].



Glysoaminoglycans	
  
Glycosaminoglycans	
   (GAGs),	
  which	
  consist	
  of	
   repea=ng	
  disaccharide	
  units	
   in	
   linear	
  
arrangement,	
  usually	
  include	
  a	
  uronic	
  acid	
  component	
  (such	
  as	
  glucuronic	
  acid)	
  and	
  
a	
  hexosamine	
  component	
  (such	
  as	
  n-­‐acetyl-­‐d-­‐glucosamine).	
  The	
  predominant	
  types	
  
of	
   GAGs	
   a[ached	
   to	
   naturally	
   occurring	
   core	
   proteins	
   of	
   proteoglycans	
   include	
  
chondroi=n	
   sulfate,	
   dermatan	
   sulfate,	
   keratan	
   sulfate,	
   and	
   heparan	
   sulfate	
  
(Heinegard	
  and	
  Paulson,	
  1980;	
  Naeme	
  and	
  Barry,	
  1993).	
  The	
  GAGs	
  are	
  a[ached	
  to	
  
the	
   core	
   protein	
   by	
   specific	
   carbohydrate	
   sequences	
   containing	
   three	
   or	
   four	
  
monosaccharides.	
  
The	
  largest	
  GAG	
  is	
  hyaluronic	
  acid	
  (hyaluronan),with	
  unbranched	
  units	
  ranging	
  from	
  
500	
  to	
  several	
  thousand.	
  Hyaluronic	
  acid	
  can	
  be	
  isolated	
  from	
  natural	
  sources	
  (e.g.,	
  
rooster	
   combs)	
  or	
   via	
  microbial	
   fermenta=on	
   (Balazs,	
  1983).	
  Because	
  of	
   its	
  water-­‐
binding	
  capacity,	
  dilute	
  solu=ons	
  of	
  hyaluronic	
  acid	
  form	
  viscous	
  solu=ons.	
  
Hyaluronic	
   acid	
   can	
   be	
   cross-­‐linked	
   to	
   form	
   molecular	
   weight	
   complexes	
   in	
   the	
  
range	
  8	
  to	
  24	
  ×	
  106	
  or	
  to	
  form	
  an	
  infinite	
  molecular	
  network	
  (gels).	
  In	
  one	
  method,	
  
hyaluronic	
   acid	
   is	
   cross-­‐	
   linked	
   using	
   aldehydes	
   and	
   small	
   proteins	
   to	
   form	
  bonds	
  
between	
  the	
  C—OH	
  groups	
  of	
  the	
  polysaccharide	
  and	
  the	
  amino	
  or	
  imino	
  groups	
  of	
  
the	
  protein,	
  thus	
  yielding	
  high-­‐	
  molecular-­‐weight	
  complexes	
  (Balazs	
  and	
  Leshchiner,	
  
1986).	
  Other	
  cross-­‐linking	
  techniques	
  include	
  the	
  use	
  of	
  vinyl	
  sulfone,	
  which	
  reacts	
  
to	
   form	
   an	
   infinite	
   network	
   through	
   sulfonyl-­‐bis-­‐ethyl	
   cross-­‐links	
   (Balazs	
   and	
  
Leshchiner,	
  1985).	
  



Chitosan	
  

Chitosan	
  is	
  a	
  biosynthe=c	
  polysaccharide	
  that	
  is	
  
the	
   deacylated	
   deriva=ve	
   of	
   chi=n.	
   Chi=n	
   is	
   a	
  
naturally	
   occurring	
   polysaccharide	
   that	
   can	
   be	
  
extracted	
   from	
   crustacean	
   exoskeletons	
   or	
  
generated	
  via	
  fungal	
  fermenta=on	
  processes.	
  	
  



Polyhydroxyalkanoates	
  	
  
	
  Polyhydroxyalkanoate	
  (PHA)	
  polyesters	
  are	
  degradable,	
  biocompa=ble,	
  thermoplas=c	
  

materials	
  made	
  by	
  several	
  microorganisms	
  (Miller	
  and	
  Williams,	
  1987;	
  Gogolewski	
  et	
  
al.,	
   1993).	
   They	
   are	
   intracellular	
   storage	
   polymers	
   whose	
   func=on	
   is	
   to	
   provide	
   a	
  
reserve	
   of	
   carbon	
   and	
   energy	
   (Dawes	
   and	
   Senior,	
   1973).	
   Depending	
   on	
   growth	
  
condi=ons,	
   bacterial	
   strain,	
   and	
   carbon	
   source,	
   the	
   molecular	
   weights	
   of	
   these	
  
polyesters	
  can	
  range	
  from	
  tens	
  into	
  the	
  hundreds	
  of	
  thousands	
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1991). For example, chitosan fi lms and fi bers can be formed 
utilizing cross-linking chemistries, adapted techniques for 
altering from other polysaccharides, such as treatment of 
amylose with epichlorohydrin (Wei et al., 1977). Like hyal-
uronic acid, chitosan is not antigenic and is a well-tolerated 
implanted material (Malette et al., 1986).

Chitosan has been formed into membranes and matri-
ces suitable for several tissue-engineering applications 
(Hirano, 1989; Sandford, 1989; Byrom, 1991; Madihally and 
Matthew, 1999; Shalaby et al., 2004) as well as conduits for 
guided nerve regeneration (Huang et al., 2005; Bini et al., 
2005). Chitosan matrix manipulation can be accomplished 
using the inherent electrostatic properties of the molecule. 
At low ionic strength, the chitosan chains are extended via 
the electrostatic interaction between amine groups, where-
upon orientation occurs. As ionic strength is increased, and 
chain–chain spacing diminished, the consequent increase 
in the junction zone and stiffness of the matrix result in 
increased average pore size. Chitosan gels, powders, fi lms, 
and fi bers have been formed and tested for such applica-
tions as encapsulation, membrane barriers, contact lens 
materials, cell culture, and inhibitors of blood coagulations 
(East et al., 1989).

Polyhydroxyalkanoates
Polyhydroxyalkanoate (PHA) polyesters are degradable, 

biocompatible, thermoplastic materials made by several 
microorganisms (Miller and Williams, 1987; Gogolewski et 
al., 1993). They are intracellular storage polymers whose 
function is to provide a reserve of carbon and energy (Dawes 
and Senior, 1973). Depending on growth conditions, bacte-
rial strain, and carbon source, the molecular weights of 
these polyesters can range from tens into the hundreds of 
thousands. Although the structures of PHA can contain a 
variety of n-alkyl side-chain substituents (see Structure 
23.1), the most extensively studied PHA is the simplest: 
poly(3-hydroxyburtyrate) (PHB).

ICI developed a biosynthetic process for the manufac-
ture of PHB, based on the fermentation of sugars by the 
bacterium Alcaligenes eutrophus. PHB homopolymer, like 

all other PHA homopolymers, is highly crystalline, extremely 
brittle, and relatively hydrophobic. Consequently, the PHA 
homopolymers have degradation times in vivo on the order 
of years (Holland et al., 1987; Miller and Williams, 1987). The 
copolymers of PHB with hydroxyvaleric acid are less crystal-
line, more fl exible, and more readily processible, but they 
suffer from the same disadvantage of being too hydrolyti-
cally stable to be useful in short-term applications when 
resorption of the degradable polymer within less than one 
year is desirable.

PHB and its copolymers with up to 30% of 3-hydroxyva-
leric acid are now commercially available under the trade 
name Biopol. It was found previously that a PHA copolymer 
of 3-hydroxybutyrate and 3-hydroxyvalerate, with a 3-
hydroxyvalerate content of about 11%, may have an opti-
mum balance of strength and toughness for a wide range 
of possible applications. PHB has been found to have low 
toxicity, in part due to the fact that it degrades in vivo to d-3-
hydroxybutyric acid, a normal constituent of human blood. 
Applications of these polymers previously tested or now 
under development include controlled drug release, artifi cial 
skin, and heart valves as well as such industrial applications 
as paramedical disposables (Yasin et al., 1989; Doi et al., 
1990; Sodian et al., 2000). Sutures are the main usage for 
polyhydroxyalkanonates, although a number of clinical 
applications and trials are ongoing (Ueda and Tabata, 2003).

Experimental Biologically 
Derived Bioresorbables

Synthetic biomolecules are beginning to fi nd a place in 
the repertoire of biomaterials for medical applications. 
Model synthetic proteins structurally similar to elastin have 
been formulated by Urry and coworkers (Nicol et al., 1992; 
Urry, 1995). Using a combination of solid-phase peptide 
chemistry and genetically engineered bacteria, they synthe-
sized several polymers having homologies to the elastin 
repeat sequences of valine-proline-glycine-valine-glycine 
repeat (VPGVG). The constructed amino acid polymers were 
formed into fi lms and then cross-linked. The resultant fi lms 
have intriguing mechanical responses, such as a reverse 
phase transition. When a fi lm is heated, its internal order 
increases, translating into substantial contraction with 
increasing temperature (Urry, 1995). The fi lms can be 
mechanically cycled many times, and the phase transition 
of the polymers can be varied by amino acid substitution. 
Copolymers of VPGVG and VPGXG have been constructed 
(where X is the substitution) that show a wide range of 
transition temperatures (Urry, 1995). Several medical 
applications are under consideration for this system, in-
cluding musculoskeletal repair mechanisms, ophthalmic 
devices, and mechanical and/or electrically stimulated drug 
delivery.

Other investigators, notably Tirrell and Cappello, have 
combined techniques from molecular and fermentation 
biology to create novel protein-based biomaterials 
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STRUCTURE 23.1. Poly(b-hyroxybutyrate) and copolymers with hydroxyva-
leric acid. For a homopolymer of HB, Y = 0; commonly used copolymer ratios 
are 7, 11, or 22 mole percent of hydroxyvaleric acid.
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Biomaterial	
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Contact	
  angle	
  measurement	
  



•  The	
  measurement	
  is	
  based	
  on	
  the	
  following	
  principles:	
  	
  
1. 	
   the	
   solid	
   surface	
   is	
   rigid,	
   unmoveable,	
   and	
   non-­‐deformable.	
   In	
  
prac=ce,	
  it	
  means	
  that	
  elas=c	
  modulus	
  of	
  surface	
  must	
  be	
  greater	
  than	
  
3.5	
  N/cm2;	
  
2. 	
   the	
   solid	
   surface	
   is	
   almost	
   smooth,	
   so	
   it	
   is	
   possible	
   ignore	
   the	
  
hysteris	
  effects	
  associated	
  with	
  the	
  roughness	
  of	
  material;	
  
3. 	
  the	
  solid	
  surface	
  is	
  uniform	
  and	
  homogenous;	
  
4. 	
   the	
  surface	
   tension	
  of	
   the	
   liquid	
   is	
  well	
  known	
  and	
  constant	
  and	
  
does	
  not	
  change	
  during	
  the	
  experiment;	
  
5. 	
  the	
  solid	
  surface	
  does	
  not	
  interact	
  with	
  the	
  liquid,	
  even	
  during	
  the	
  
equilibrium	
  between	
  the	
  three	
  liquid-­‐solid-­‐aeroform	
  phases;	
  
6. 	
   the	
  diffusion	
  pressure	
  of	
   the	
   liquid	
  on	
   the	
  solid	
   is	
   zero.	
   It	
  means	
  
that	
  the	
   liquid	
  vapours	
  are	
  not	
  absorbed	
  by	
  the	
  solid	
  and	
  so	
  they	
  do	
  
not	
  alter	
  it;	
  
7.	
   	
   	
   	
   the	
  solid	
  surface	
   is	
  so	
  rigid	
  and	
  unmoveable	
  that	
  the	
  superficial	
  
groups	
   cannot	
   direct	
   or	
   equilibrate	
   themselves	
   aeer	
   environmental	
  
changes.	
  



The	
  contact	
  angle	
  gives	
  some	
  informa=on	
  on	
  the	
  affinity	
  
between	
   solid	
   and	
   liquid	
   and	
   air.	
   The	
   rela=onship	
  
between	
  contact	
  angle	
  and	
  interfacial	
  tensing	
  is:	
  
	
  
	
  
	
  
	
  
	
  
	
  
•  γs/a=	
  interfacial	
  solid-­‐air	
  tension	
  
•  γs/l=	
  interfacial	
  solid-­‐liquid	
  tension	
  
•  γl/a=	
  interfacial	
  liquid-­‐air	
  tension	
  
•  If	
  the	
  contact	
  angle	
  is	
  small	
  (the	
  drop	
  is	
  very	
  flat),	
  cosθ	
  
⇒1,and	
  so	
  γs/a-­‐γs/l	
  =	
  γl/a.	
  

	
  



The	
  three	
  principal	
  causes	
  of	
  hysteresis	
  are:	
  
1)  the	
  contamina=on	
  of	
  liquid	
  or	
  of	
  the	
  surface;	
  
2)  the	
  presence	
  of	
  high	
  roughness	
  of	
  material,	
  that	
  

traps	
  small	
  quan==es	
  of	
  air,	
  altering	
  the	
  contact	
  
surface;	
  

3)  the	
   rigidity	
  of	
   surface	
   for	
  which	
   the	
  posi=oning	
  
of	
  bubble	
  on	
  the	
  surface	
  is	
  difficult.	
  

For	
   these	
   reasons,	
   the	
   measurements	
   are	
   not	
  
highly	
   reproducible	
   and	
   there	
   are	
   varia=ons	
   in	
  
measured	
   contact	
   angle	
   at	
   different	
   points	
   on	
   a	
  
surface.	
  	
  



Ellipsometry	
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Ellipsometry	
   is	
  a	
  highly	
   sensi=ve	
  op=cal	
   technique,	
  useful	
   for	
   the	
  
thickness	
  and	
  op=cal	
  density	
  of	
  a	
  thin	
  film	
  	
  



Ellipsometry	
   is	
  defined	
  as	
   the	
  measurement	
  of	
   the	
  Polarisa=on	
  State	
  
of	
  a	
  wave	
  vector.	
  From	
  the	
  state	
  of	
  polarisa=on	
  aeer	
  reflec=on	
  at	
  an	
  
interface	
   it	
   is	
   possible	
   to	
   obtain	
   informa=on	
   on	
   to	
   the	
   op=cal	
  
constants	
  of	
   the	
   system	
   that	
   interacted	
  with	
   light	
   ray	
  modula=ng	
   its	
  
polarisa=on.	
  
The	
   ellipsometric	
   parameters	
   measured	
   are	
   the	
   complex	
   ra=o	
  
between	
  the	
  reflec=on	
  coefficients	
  rela=ve	
  to	
  wave	
  vectors	
  polarised	
  
parallel	
   and	
   perpendicular	
   to	
   the	
   plane	
   of	
   incidence.	
   The	
  
electromagne=c	
   theory	
   of	
   light	
   allows	
   the	
   interpreta=on	
   of	
   the	
  
ellipsometric	
   data	
   obtained,	
   giving	
   equa=on	
   that	
   relate	
   the	
   complex	
  
amplitudes	
   of	
   reflec=ons	
   coefficients	
   to	
   the	
   macroscopic	
   proper=es	
  
that	
  characterise	
  the	
  structure	
  under	
  examina=on.	
  	
  
Making	
  measurements	
   in	
   different	
   points	
   of	
   a	
   surface,	
   it	
   is	
   possible	
  
evaluate	
  the	
  uniformity	
  of	
  the	
  layer.	
  The	
  lowest	
  value	
  of	
  thickness	
  that	
  
can	
  be	
  measured	
  with	
  this	
  technique	
  is	
  almost	
  an	
  order	
  of	
  amplitude	
  
inferior	
  than	
  that	
  measured	
  with	
   interferometric	
  techniques,	
  about	
  1	
  
Angstrom.	
  	
  



The	
  incident	
  light	
  can	
  be	
  separated	
  into	
  two	
  components:	
  one	
  parallel	
  
and	
  the	
  other	
  perpendicular	
  to	
  the	
  plane	
  of	
   incidence.	
  The	
  reflec=on	
  
process	
   introduces	
   a	
   phase	
  difference	
  Δ	
   between	
   these	
   components	
  
and	
  the	
  varia=ons	
  in	
  the	
  ra=o	
  between	
  their	
  amplitudes,	
  according	
  to	
  
the	
  law	
  	
  
	
  
	
  
	
  
where	
   tanψ	
   represents	
   a	
   measure	
   of	
   the	
   absorp=ons	
   of	
   the	
   two	
  
components.	
   For	
   this	
   reason,	
   the	
   ra=o	
   between	
   the	
   reflec=on	
  
coefficient	
  of	
  polarised	
   light	
   in	
  the	
  plane	
  of	
   incidence	
  and	
  that	
   in	
  the	
  
plane	
  of	
  the	
  surface	
  is	
  given	
  by:	
  
	
  
	
  
	
  
	
  
where	
  ρ	
  is	
  the	
  ra=o	
  between	
  the	
  reflec=on	
  coefficients,	
  	
  
while	
  ψ	
   e	
   Δ	
   are	
   func=ons	
   of	
   op=cal	
   constants	
   of	
   surface,	
   in	
   other	
  
words	
   of	
   the	
   wavelength	
   of	
   used	
   light,	
   the	
   angle	
   of	
   incidence,	
  
thickness	
  and	
  refrac=ve	
  index	
  of	
  the	
  film.	
  
	
  

Rp
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Kelvin	
  Probe	
  technique	
  
It	
   is	
   well	
   none	
   that	
   cells,	
   owing	
   to	
   the	
   nature	
   of	
   the	
   cytoplasmic	
   lipid	
  
membrane,	
  present	
  a	
   small	
  nega=ve	
  external	
  electrical	
   charge.	
   Interac=on	
  
with	
   posi=ve	
   surface	
   are	
   thus	
   favoured.	
   Cells	
   are	
   known	
   to	
   make	
   a	
  
con=nuous	
   contact	
   with	
   posi=vely	
   charged	
   substrata,	
   whereas	
   in	
   general,	
  
they	
   present	
   only	
   discon=nuous	
   focal	
   contacts	
   with	
   nega=vely	
   charged	
  
substrata.	
  
The	
  measurement	
  of	
  the	
  surface	
  charge	
  of	
  a	
  biopolymeric	
  surface	
  is	
  hence	
  
an	
   important	
   in	
   useful	
   indicator	
   of	
   posi=ve	
   all-­‐surface	
   interac=on.	
   The	
  
measurement	
  of	
   the	
   surface	
  poten=al	
  of	
  polymer	
  films	
  was	
  obtained	
  with	
  
the	
  Kelvin-­‐probe	
  technique.	
  The	
  Kelvin	
  method	
  was	
  first	
  postulated	
  by	
  the	
  
renowned	
   Scojsh	
   scien=st	
  W.	
   Thompson,	
   later	
   Lord	
   Kelvin,	
   in	
   1861.	
   This	
  
method	
  is	
  based	
  on	
  the	
  measurement	
  of	
  the	
  poten=al	
  difference	
  between	
  a	
  
fixed	
  steel	
  and	
  vibra=ng	
  plate,	
  with	
  and	
  without	
  a	
  dielectric,	
  posi=oning	
  the	
  
two	
  plates	
  at	
   a	
  distance	
  of	
   a	
   few	
  millimetres.	
   The	
  difference	
  between	
   the	
  
two	
  plates	
  gives	
  a	
  measure	
  of	
  surface	
  poten=al	
  of	
  the	
  polymer.	
  	
  



Kelvin	
  Probe	
  technique	
  
The	
   Kelvin	
   Method	
   is	
   also	
   an	
   indirect	
   technique	
   for	
   the	
   measuring	
   work	
  
func=on	
   of	
   a	
   surface.	
   The	
   work	
   func=on	
   is	
   the	
   least	
   amount	
   of	
   energy	
  
required	
  to	
  remove	
  an	
  electron	
  from	
  the	
  surface	
  of	
  a	
  conduc=ng	
  material,	
  
to	
  a	
  point	
   just	
  outside	
  the	
  metal,	
  with	
  zero	
  kine=c	
  energy.	
  As	
  the	
  electron	
  
has	
   to	
   move	
   through	
   the	
   surface	
   region,	
   it’s	
   energy	
   is	
   influenced	
   by	
   the	
  
op=cal,	
   electric	
   and	
   mechanical	
   characteris=cs	
   of	
   the	
   region.	
   Hence,	
   the	
  
work	
  func=on	
  is	
  an	
  extremely	
  sensi=ve	
  indicator	
  of	
  surface	
  condi=on	
  and	
  is	
  
affected	
  by	
  absorbed	
  or	
  evaporated	
   layers,	
   surface	
   reconstruc=on,	
   surface	
  
charging,	
  oxide	
  layer	
  imperfec=ons,	
  surface	
  and	
  bulk	
  contamina=on	
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Saybolt	
  Viscometer	
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The	
  flow	
  behaviour	
  of	
  polymer	
  melts	
  is	
  oeen	
  a	
  very	
  important	
  parameter	
  
in	
  industrial	
  processes	
  and	
  is	
  par=cularly	
  relevant	
  to	
  injec=on	
  moulding.	
  
The	
  viscosity	
  of	
  the	
  melt	
  is	
  the	
  single	
  most	
  important	
  characteris=c	
  to	
  be	
  
considered	
   when	
   designing	
   polymer	
   systems	
   for	
   ease	
   of	
   injec=on	
  
moulding.	
  In	
  shear	
  flow	
  of	
  a	
  Newtonian	
  liquid	
  the	
  shear	
  stress	
  is	
  directly	
  
propor=onal	
  to	
  the	
  shear	
  strain	
  rate	
  and	
  viscosity	
  is	
  independent	
  of	
  the	
  
shear	
   rate,	
   but	
   several	
   responses	
   are	
   possible	
   for	
   a	
   polymer,	
   as	
  
illustrated	
  in	
  figure.	
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For	
   two	
   of	
   the	
   four	
   types	
   of	
   viscosity	
   behaviour	
   illustrated	
   stress	
   is	
  
propor=onal	
   to	
   shear	
   rate	
   -­‐	
   these	
   are	
   the	
   standard	
   Newtonian	
   (N)	
   and	
  
Newtonian	
   aeer	
   a	
   cri=cal	
   yield	
   stress	
   has	
   been	
   exceeded	
   (A).	
   The	
  
behaviour	
  characterised	
  by	
  B	
  and	
  C	
  is	
  shear-­‐rate	
  thinning	
  or	
  pseudo	
  plas=c	
  
(B)	
   and	
   shear	
   rate	
   thickening	
   or	
   dilatent	
   (C);	
   several	
   other	
   types	
   are	
  
possible	
  	
  

Saybolt	
  Viscometer	
  



Saybolt	
  Viscometer	
  
the	
   Saybolt	
   viscometer.	
   It	
   consists	
   of	
   a	
   cylindrical	
   container	
   for	
   the	
  
polymer	
   solu=on	
   under	
   examina=on	
   with	
   a	
   receiving	
   flask	
   under	
   it	
   to	
  
catch	
  and	
  measure	
  polymer	
   solu=on	
  discharged	
   from	
   the	
  container.	
  At	
  
the	
  bo[om	
  of	
  the	
  container	
  is	
  an	
  orifice	
  of	
  specified	
  dimensions	
  through	
  
which	
  the	
  polymer	
  flows.	
  The	
  container	
  is	
  jacketed	
  with	
  a	
  water	
  bath	
  to	
  
facilitate	
   maintenance	
   of	
   a	
   constant	
   temperature.	
   Two	
   thermometers	
  
check	
   temperatures,	
  one	
   in	
   the	
  polymer	
   solu=on	
  and	
  one	
   in	
   the	
  water	
  
bath.	
  To	
  adjust	
  the	
  temperature,	
  an	
  external	
  source	
  of	
  heat	
  is	
  applied	
  to	
  
the	
  bath.	
  Flow	
  of	
  polymer	
  solu=on	
  into	
  the	
  receiver	
  is	
  =med	
  with	
  a	
  stop	
  
watch	
  or	
  equivalent	
  device.	
  The	
  =me	
  of	
  flow	
  is	
  taken	
  to	
  be	
  propor=onal	
  
to	
  the	
  viscosity	
  of	
  the	
  fluid.	
  
Viscosity	
   is	
  a	
   linear	
  func=on	
  of	
  temperature	
  and	
  it	
   is	
  possible	
  express	
   it	
  
as:	
  
	
  µ=aT+b.	
  
	
  	
  



Scanning	
  electrical	
  Microscopy	
  
Scanning	
   electronic	
   microscopy	
   allows	
   the	
   use	
   of	
   a	
   wide	
   range	
   of	
  
magnifica=ons,	
  between	
  15	
  un=l	
  500000,	
  and	
  has	
  a	
  high	
  depth	
  of	
  field,	
   in	
  
other	
   terms	
   the	
   difference	
   between	
   maximum	
   and	
   minimum	
   focusing	
  
posi=ons,	
   which	
   enables	
   surfaces	
   with	
   high	
   topographic	
   varia=ons	
   to	
   be	
  
well	
   focused.	
   In	
  SEM	
  the	
  different	
  points	
  of	
  a	
  sample	
  are	
  explored	
  with	
  a	
  
high	
   power	
   thin	
   electronic	
   beam,	
   produced	
   by	
   an	
   electronic	
   gun,	
   and	
  
focused	
   with	
   a	
   magne=c	
   lens	
   system.	
   Appropriate	
   devices	
   allow	
   either	
  
mo=ons	
  of	
  beam,	
   that	
  allow	
  exploring	
  a	
   li[le	
   square	
  area,	
  on	
  mo=ons	
  of	
  
the	
  sample	
  rela=ve	
  to	
  the	
  beam,	
  that	
  allow	
  varying	
  not	
  only	
  the	
  area	
  under	
  
examina=on	
  but	
  also	
  the	
  inclina=on	
  of	
  the	
  sample	
  rela=ve	
  to	
  the	
  beam	
  .	
  



Scanning	
  electrical	
  Microscopy	
  
When	
   a	
   beam	
  of	
   electrons	
   hits	
   the	
   surface	
   of	
   a	
  material	
   a	
   part	
   of	
   these	
  
incident	
  electrons,	
  called	
  primary	
  electrons,	
  preserve	
  their	
  energy	
  and	
  are	
  
reflected,	
  (retrodiffusive	
  electrons)	
  (e	
  in	
  figure),	
  while	
  the	
  other	
  loose	
  their	
  
energy	
   by	
   transferring	
   it	
   to	
   the	
   electrons	
   of	
   the	
   solid,	
   (a,	
   c	
   in	
   figure).	
   A	
  
frac=on	
  of	
  electrons	
  are	
  then	
  emi[ed	
  with	
  lower	
  energy	
  (f,	
  d	
  in	
  figure).	
  	
  



Scanning	
  electrical	
  Microscopy	
  
The	
  incident	
  electrons	
  have	
  high	
  energy;	
  they	
  are	
  able	
  to	
  ionise	
  the	
  interior	
  
energy	
  levels	
  of	
  atoms	
  of	
  the	
  material	
  then	
  go	
  back	
  to	
  the	
  fundamental	
  
state	
  with	
  photon	
  emission.	
  The	
  X	
  rays	
  produced	
  have	
  energies	
  that	
  are	
  
characteris=c	
  of	
  the	
  atoms	
  that	
  emit	
  them,	
  and	
  so	
  they	
  can	
  be	
  u=lised	
  to	
  
obtain	
  informa=on	
  on	
  the	
  chemical	
  composi=on	
  of	
  the	
  sample.	
  With	
  an	
  X-­‐
ray	
  spectrum	
  analyser,	
  it	
  is	
  possibly	
  have	
  a	
  spectrum	
  that	
  gives	
  the	
  rela=ve	
  
peaks	
  of	
  the	
  different	
  elements.	
  The	
  intensity	
  of	
  characteris=c	
  line	
  of	
  one	
  
element	
  is	
  directly	
  propor=onal	
  to	
  its	
  concentra=on.	
  	
  



Scanning	
  electrical	
  Microscopy	
  



Atomic	
  Force	
  Microscopy	
  
Binnig,	
  Quate	
  and	
  Gerber	
  invented	
  the	
  atomic	
  force	
  microscope	
  (AFM)	
  or	
  
scanning	
   force	
  microscope	
   (SFM)	
   in	
   1986.	
   Like	
   all	
   other	
   scanning	
   probe	
  
microscopes,	
  the	
  AFM	
  u=lises	
  a	
  sharp	
  probe	
  moving	
  over	
  the	
  surface	
  of	
  a	
  
sample	
  in	
  a	
  raster	
  scan.	
  In	
  the	
  case	
  of	
  the	
  AFM,	
  the	
  probe	
  is	
  a	
  =p	
  on	
  the	
  
end	
  of	
  a	
  can=lever,	
  which	
  bends	
  in	
  response	
  to	
  the	
  force	
  between	
  the	
  =p	
  
and	
  the	
  sample	
  	
  



Atomic	
  Force	
  Microscopy	
  

The	
   figure	
   illustrates	
   how	
   this	
   works;	
   as	
   the	
   can=lever	
   flexes,	
   the	
   light	
  
from	
  the	
   laser	
   is	
  reflected	
  onto	
  the	
  split	
  photo-­‐diode.	
  By	
  measuring	
  the	
  
difference	
   signal	
   (A-­‐B),	
   changes	
   in	
   the	
  bending	
  of	
   the	
   can=lever	
   can	
  be	
  
measured.	
   Since	
   the	
   Can=lever	
   obeys	
   Hooke's	
   Law	
   for	
   small	
  
displacements,	
  the	
  interac=on	
  force	
  between	
  the	
  =p	
  and	
  the	
  sample	
  can	
  
be	
   found.	
   An	
   extremely	
   precise	
   posi=oning	
   device	
   made	
   from	
  
piezoelectric	
  ceramics,	
  most	
  oeen	
  in	
  the	
  form	
  of	
  a	
  tube	
  scanner	
  performs	
  
the	
   movement	
   of	
   the	
   =p	
   or	
   sample.	
   The	
   scanner	
   is	
   capable	
   of	
   sub-­‐
angstrom	
  resolu=on	
  in	
  x-­‐,	
  y-­‐	
  and	
  z-­‐direc=ons.	
  The	
  z-­‐axis	
  is	
  conven=onally	
  
perpendicular	
  to	
  the	
  sample.	
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The	
  AFM	
  can	
  be	
  operated	
  in	
  two	
  principal	
  modes	
  	
  
with	
  feedback	
  control	
  	
  
without	
  feedback	
  control	
  	
  
If	
   the	
  electronic	
   feedback	
   is	
  switched	
  on,	
   then	
  the	
  posi=oning	
  piezo	
  which	
   is	
  
moving	
  the	
  sample	
  (or	
  =p)	
  up	
  and	
  down	
  can	
  respond	
  to	
  any	
  changes	
  in	
  force	
  
which	
  are	
  detected,	
  and	
  alter	
  the	
  =p-­‐sample	
  separa=on	
  to	
  restore	
  the	
  force	
  to	
  
a	
  pre-­‐determined	
   value.	
   This	
  mode	
  of	
  opera=on	
   is	
   known	
  as	
  constant	
   force,	
  
and	
  usually	
  enables	
  a	
  fairly	
  faithful	
  topographical	
  image	
  to	
  be	
  obtained	
  (hence	
  
the	
  alterna=ve	
  name,	
  height	
  mode).	
  	
  
If	
  the	
  feedback	
  electronics	
  are	
  switched	
  off,	
  then	
  the	
  microscope	
  is	
  said	
  to	
  be	
  
opera=ng	
  in	
  constant	
  height	
  or	
  deflec2on	
  mode.	
  This	
  is	
  par=cularly	
  useful	
  for	
  
imaging	
   very	
  flat	
   samples	
   at	
  high	
   resolu=on.	
  Oeen	
   it	
   is	
   best	
   to	
  have	
  a	
   small	
  
amount	
   of	
   feedback-­‐loop	
   gain,	
   to	
   avoid	
   problems	
   with	
   thermal	
   drie	
   or	
   the	
  
possibility	
  of	
  a	
  rough	
  sample	
  damaging	
  the	
  =p	
  and/or	
  can=lever.	
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The	
   way	
   in	
   which	
   image	
   contrast	
   is	
   obtained	
   can	
   be	
   achieved	
   in	
   many	
  
ways.	
   The	
   three	
   main	
   classes	
   of	
   interac=on	
   are	
   contact	
   mode,	
   tapping	
  
mode	
  and	
  non-­‐contact	
  mode.	
  	
  
Contact	
  mode	
   is	
   the	
  most	
   common	
  method	
  of	
  opera=on	
  of	
   the	
  AFM.	
  As	
  
the	
   name	
   suggests,	
   the	
   =p	
   and	
   sample	
   remain	
   in	
   close	
   contact	
   as	
   the	
  
scanning	
  proceeds.	
   By	
   "contact"	
  we	
  mean	
   in	
   the	
   repulsive	
   regime	
  of	
   the	
  
inter-­‐molecular	
  force	
  curve.	
  
The	
   repulsive	
   region	
   of	
   the	
   curve	
   lies	
   above	
   the	
   x-­‐axis.	
   One	
   of	
   the	
  
drawbacks	
  of	
  remaining	
  in	
  contact	
  with	
  the	
  sample	
  is	
  that	
  there	
  exist	
  large	
  
lateral	
  forces	
  on	
  the	
  sample	
  as	
  the	
  drip	
  is	
  "dragged"	
  over	
  the	
  specimen.	
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Tapping	
  mode	
  is	
  the	
  next	
  most	
  common	
  mode	
  used	
  in	
  AFM.	
  When	
  operated	
  
in	
   air	
   or	
   other	
   gases,	
   the	
   can=lever	
   is	
   oscillated	
   at	
   its	
   resonant	
   frequency	
  
(oeen	
  hundreds	
  of	
  kilohertz)	
  and	
  posi=oned	
  above	
  the	
  surface	
  so	
  that	
  it	
  only	
  
taps	
  the	
  surface	
  for	
  a	
  very	
  small	
  frac=on	
  of	
   its	
  oscilla=on	
  period.	
  This	
   is	
  s=ll	
  
contact	
  with	
  the	
  sample	
  in	
  the	
  sense	
  defined	
  earlier,	
  but	
  the	
  very	
  short	
  =me	
  
over	
   which	
   this	
   contact	
   occurs	
   means	
   that	
   lateral	
   forces	
   are	
   drama=cally	
  
reduced	
  as	
  the	
  =p	
  scans	
  over	
  the	
  surface.	
  When	
  imaging	
  poorly	
  immobilised	
  
or	
  soe	
  samples,	
  tapping	
  mode	
  may	
  be	
  a	
  far	
  be[er	
  choice	
  than	
  contact	
  mode	
  
for	
  imaging.	
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Non-­‐contact	
  opera=on	
   is	
  another	
  method,	
  which	
  may	
  be	
  employed	
  when	
  
imaging	
  by	
  AFM.	
  The	
  can=lever	
  must	
  be	
  oscillated	
  above	
  the	
  surface	
  of	
  the	
  
sample	
  at	
  such	
  a	
  distance	
  that	
  we	
  are	
  no	
  longer	
  in	
  the	
  repulsive	
  regime	
  of	
  
the	
   inter-­‐molecular	
   force	
  curve.	
  This	
   is	
  a	
  very	
  difficult	
  mode	
  to	
  operate	
   in	
  
ambient	
   condi=ons	
  with	
   the	
  AFM.	
  The	
   thin	
   layer	
  of	
  water	
   contamina=on,	
  
which	
   exists	
   on	
   the	
   surface	
   on	
   the	
   sample,	
   will	
   invariably	
   form	
   a	
   small	
  
capillary	
  bridge	
  between	
  the	
  =p	
  and	
  the	
  sample	
  and	
  cause	
  the	
  =p	
  to	
  "jump-­‐
to-­‐contact".	
   Even	
   under	
   liquids	
   and	
   in	
   vacuum,	
   jump-­‐to-­‐contact	
   is	
  
extremely	
   likely,	
   and	
   imaging	
   is	
   most	
   probably	
   occurring	
   using	
   tapping	
  
mode.	
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One	
  of	
   the	
  most	
   important	
   factors	
   influencing	
   the	
   resolu=on,	
  which	
  may	
  be	
  
achieved	
  with	
  an	
  AFM,	
  is	
  the	
  sharpness	
  of	
  the	
  scanning	
  =p.	
  The	
  first	
  =ps	
  used	
  
by	
   the	
   inventors	
   of	
   the	
   AFM	
  were	
  made	
   by	
   gluing	
   diamond	
   onto	
   pieces	
   of	
  
aluminium	
  foil.	
  Commercially	
  fabricated	
  probes	
  are	
  now	
  universally	
  used.	
  The	
  
best	
   =ps	
  may	
   have	
   a	
   radius	
   of	
   curvature	
   of	
   only	
   around	
   5nm.	
   The	
   need	
   for	
  
sharp	
  =ps	
  is	
  normally	
  explained	
  in	
  terms	
  of	
  2p	
  convolu2on.	
  This	
  term	
  is	
  oeen	
  
used	
  (slightly	
  incorrectly)	
  to	
  group	
  together	
  any	
  influence,	
  which	
  the	
  =p	
  has	
  on	
  
the	
  image.	
  The	
  main	
  influences	
  are:	
  	
  
•  broadening	
  	
  
•  Compression	
  	
  
•  interac=on	
  forces	
  	
  
•  aspect	
  ra=o	
  	
  
Tip	
   broadening	
   arises	
  when	
   the	
   radius	
   of	
   curvature	
  of	
   the	
  =p	
   is	
   comparable	
  
with,	
  or	
  greater	
  than,	
  the	
  size	
  of	
  the	
  feature	
  trying	
  to	
  be	
  imaged.	
  The	
  diagram	
  
illustrates	
  this	
  problem;	
  as	
  the	
  =p	
  scans	
  over	
  the	
  specimen,	
  the	
  sides	
  of	
  the	
  =p	
  
make	
  contact	
  before	
   the	
  apex,	
  and	
  the	
  microscope	
  begins	
   to	
  respond	
  to	
   the	
  
feature.	
  This	
  is	
  what	
  we	
  may	
  call	
  =p	
  convolu=on.	
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Compression	
  occurs	
  when	
  the	
  =p	
  is	
  over	
  the	
  feature	
  trying	
  to	
  be	
  imaged.	
  
It	
  is	
  difficult	
  to	
  determine	
  in	
  many	
  cases	
  how	
  important	
  this	
  affect	
  is,	
  but	
  
studies	
  on	
  some	
  soe	
  biological	
  polymers	
   (such	
  as	
  DNA)	
  have	
  shown	
   the	
  
apparent	
  DNA	
  width	
  to	
  be	
  a	
  func=on	
  of	
  imaging	
  force.	
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Fluorescence	
  Microscopy	
  
Fluorescence	
  microscopy	
   is	
  used	
  to	
  detect	
  structures,	
  molecules	
  or	
  proteins	
  
within	
   the	
   cell.	
   Fluorescent	
   molecules	
   absorb	
   light	
   at	
   one	
   wavelength	
   and	
  
emit	
  light	
  at	
  another,	
  longer	
  wavelength.	
  When	
  fluorescent	
  molecules	
  absorb	
  
a	
   specific	
   absorp=on	
   wavelength	
   for	
   an	
   electron	
   in	
   a	
   given	
   orbital,	
   the	
  
electron	
   rises	
   to	
   a	
   higher	
   energy	
   level	
   (the	
   excited)	
   state.	
   Electrons	
   in	
   this	
  
state	
  are	
  unstable	
  and	
  will	
  return	
  to	
  the	
  ground	
  state,	
  releasing	
  energy	
  in	
  the	
  
form	
  of	
  light	
  and	
  heat.	
  This	
  emission	
  of	
  energy	
  is	
  fluorescence.	
  Because	
  some	
  
energy	
  is	
  lost	
  as	
  heat,	
  the	
  emi[ed	
  light	
  contains	
  less	
  energy	
  and	
  therefore	
  is	
  a	
  
longer	
   wavelength	
   than	
   the	
   absorbed	
   (or	
   excita=on)	
   light.	
   In	
   fluorescence	
  
microscopy,	
   a	
   cell	
   is	
   stained	
   with	
   a	
   dye	
   and	
   the	
   dye	
   is	
   illuminated	
   with	
  
filtered	
   light	
  at	
   the	
  absorbing	
  wavelength;	
   the	
   light	
  emi[ed	
  from	
  the	
  dye	
   is	
  
viewed	
  through	
  a	
  filter	
  that	
  allows	
  only	
  the	
  emi[ed	
  wavelength	
  to	
  be	
  seen.	
  
The	
  dye	
  glows	
  brightly	
  against	
  a	
  dark	
  background	
  because	
  only	
  the	
  emi[ed	
  
wavelength	
   is	
   allowed	
   to	
   reach	
   the	
   eyepieces	
   or	
   camera	
   port	
   of	
   the	
  
microscope.	
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  Microscopy	
  

Light	
   from	
   a	
   laser	
   passes	
   through	
   a	
   small	
   pinhole	
   and	
   expands	
   to	
   fill	
   the	
   entrance	
   pupil	
   of	
   a	
  
microscope	
  objec=ve	
  lens.	
  The	
  objec=ve	
  lens	
  focuses	
  the	
  light	
  to	
  a	
  small	
  spot	
  on	
  the	
  specimen,	
  
at	
   the	
   focal	
  plane	
  of	
   the	
  objec=ve	
   lens.	
   Light	
   reflected	
  back	
   from	
  the	
   illuminated	
  spot	
  on	
   the	
  
specimen	
  is	
  collected	
  by	
  the	
  objec=ve	
  and	
  is	
  par=ally	
  reflected	
  by	
  a	
  beam	
  spli[er	
  to	
  be	
  directed	
  
at	
  a	
  pinhole	
  placed	
   in	
   front	
  of	
  the	
  detector.	
  This	
  confocal	
  pinhole	
   is	
  what	
  gives	
  the	
  system	
  its	
  
confocal	
   property,	
   by	
   rejec=ng	
   light	
   that	
   did	
   not	
   originate	
   from	
   the	
   focal	
   plane	
   of	
   the	
  
microscope	
  objec=ve.	
  Light	
  rays	
  from	
  below	
  the	
  focal	
  plane	
  come	
  to	
  a	
  focus	
  before	
  reaching	
  the	
  
detector	
  pinhole,	
  and	
  then	
  they	
  expand	
  out	
  so	
  that	
  most	
  of	
  the	
  rays	
  are	
  physically	
  blocked	
  from	
  
reaching	
  the	
  detector	
  by	
  the	
  detector	
  pinhole.	
  In	
  the	
  same	
  way,	
  light	
  reflected	
  from	
  above	
  the	
  
focal	
  plane	
  focuses	
  behind	
  the	
  detector	
  pinhole,	
  so	
  that	
  most	
  of	
  that	
  light	
  also	
  hits	
  the	
  edges	
  of	
  
the	
  pinhole	
  and	
   is	
  not	
  detected.	
  However,	
   all	
   the	
   light	
   from	
   the	
   focal	
  plane	
   is	
   focused	
  at	
   the	
  
detector	
  pinhole	
   and	
   so	
   is	
   detected	
  at	
   the	
  detector.	
   This	
   ability	
   to	
   reject	
   light	
   from	
  above	
  or	
  
below	
   the	
   focal	
   plane	
   enables	
   the	
   confocal	
  microscope	
   to	
   perform	
   depth	
   discrimina=on	
   and	
  
op=cal	
  tomography.	
  A	
  true	
  3D	
  image	
  can	
  be	
  processed	
  by	
  taking	
  a	
  series	
  of	
  confocal	
  images	
  at	
  
successive	
  planes	
  into	
  the	
  specimen	
  and	
  assembling	
  them	
  in	
  computer	
  memory.	
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Mechanical	
  proper=es	
  


