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Lecture 1: Intro. to Biomaterials:  
         Structural Hierarchy in Materials & Biology 

What are “biomaterials”? 

A good working definition from the text is: “A nonviable material used in a 
medical device, intended to interact with biological systems.”* 

MEDICAL DEVICE EXAMPLES ANNUAL # (U.S.)* 

Sutures (temporary or bioresorbable) 250 M** 
Catheters (fluid transport tubes)    200 M 
Blood Bags       40 M 
Contact Lenses      30 M 
Intraocular Lenses      2.5 M 
Coronary Stents      1.2 M*** 
Knee and Hip Prostheses     0.5 M 
Breast Prostheses (cancer or cosmetic)   0.25 M 
Dental Implants      0.9 M 
Renal Dialyzers (patients)   0.3 M 
Oxygenators/CPB’s (cardiopulmonary bypass system—  0.3 M 

facilitates open heart surgery) 
Vascular Grafts      0.3 M 
Pacemakers (pulse generators)     0.4  M  

Biomaterials are defined by their application, NOT chemical make-up 

Ex. Intraocular lenses

    Composition: poly(methyl methacrylate) 
  PMMA, a.k.a. “acrylic” 

Properties: 
• High refractive index Used as auto 
• Easily processed taillight covers for 

the same reasons! • Environmentally stable (relatively inert)   
• Good mechanical properties 

*from Biomaterials Science: An Introduction to Materials in Medicine, 2nd ed., B.D. Ratner et al., eds., Elsevier, NY 2004 
**from Biomaterials Science: An Introduction to Materials in Medicine, 1st ed., B.D. Ratner et al., eds., Elsevier, NY 1996 
***from Introduction to Biomedical Engineering, 2nd ed., J. Enderle et al,, eds., Elsevier, NY 2005 
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Biomaterials cover all classes of materials – metals, ceramics, polymers 

PLA = polylactide 
PGA= polyglycolide 

PDO=poly(p-dioxanone) 
PUR = polyurethane 
ePTFE = expanded 
polytetrafluoroethylene 

polyethylene 
PET=polyethylene terephthalate 

Ear: HA, Al2O3, Ti, silicone 

Ti, Ti-Al-V, Al2O3, HA, Bioglass 

acrylic 

2O3, HA, 
TCP, HA/PLA, Bioglass, Ti, Ti-Al-V 

Cranial: 316L SS, Ti, acrylic, HA, TCP 

Blood vessels: ePTFE, PET 

C, ePTFE, PET, PUR 
PLA, PGA, PCL, PTMC, PDO 

Ocular lenses: acrylates, silicone 

Bone Fixation: 316L SS, Co-Cr-Mo, 
Ti, Ti-Al-V, PLA/HA., PLA, PGA 

Load-bearing Orthopedic: Al2O3, 
Zirconia, 316L SS, Ti, Ti-Al-V, 

PTMC=polytrimethylenecarbonate 

UHMWPE = ultrahigh mol. wt. 

Dental: acrylic, gold, 316L SS, Co-Cr-Mo,  

Prosthetic joints: 316L SS, Co-Cr-Mo, 
Ti, Ti-Al-V, silicone, UHMWPE, 

Maxillofacial reconstruction: Al

Heart: Co-Cr-Mo, Ti-Al-V, pyrolytic 

Pacemaker: 316L SS, Pt, PUR, 
silicone, PET 

Degradable Sutures: copolymers of 

Tendon & Ligments: PLA/C 
fiber, ePTFE, PET, UHMWPE 

Co-Cr-Mo, UHMWPE 

Spinal: Co-Cr-Mo, Ti, HA, UHMWPE 

HA = hydroxyapatite 
SS = stainless steel 

Figure by MIT OCW 
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What governs materials choice? 

Historically ⇒ Today  Today ⇒ Future 

1. Bulk properties: matched to those of 
natural organs 

• Mechanical (ex., modulus) 
• Chemical (ex., degradation) 
• Optical (ex., whiteness, clarity) 

2. Ability to Process 

3. Federal Regulations: 
Medical Device Amendment of ’76      
(all new biomaterials must undergo premarket  
approval for safety and efficacy) 

Engineering Paradigm 

? 

Rational design of 

better understanding of 

material/biological 

Adoption of the Materials 

biomaterials based on 

natural materials and the 

organism interface 

Application (Performance) 

Properties 

Structure 

Processing 

What is “structure”? the arrangement of matter 

Both synthetic materials & biological systems have many length 
scales of structural importance.  
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4

Structural Hierarchies 
 

 
Synthetic Materials     Living Organisms 
 
Chemical Primary Structure     10-10m Molecules  

(H2O, peptides, salts…) 
 
Higher Order Structure                      Organelles (lysosomes, 

nucleus, mitochondria)         
              
Microstructure      Cells 
 
Composites     10-3m  Tissues 
 
Parts        Organs 
 
Devices       Individuals 
 
 
Biomaterials Engineering spans ~8 orders of magnitude in structure!  
 

The realm of 
biomaterials 
engineering 

 

   
C a + + C a + + C a + + C a + + 

 

   
C a + + C a + + C a + + C a + + 

 
C a + +C a + + C a + C a + + extracellular 

environment 

lipid membrane 

cytosol 

Fibroblast cells aligned on micro-
patterned surface 
Engineered length scale: 10-3 to 10-6 m

Cell adheres to RGD peptide clusters 
linked to comb copolymer chain ends 
Engineered length scale: 10-7 to 10-8 m 

Cell adhesion receptors embedded in 
membrane interact with RGD sequence 
Engineered length scale: 10-9 to 10-10 m 
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LENGTH SCALES OF STRUCTURE 

1. Primary Chemical Structure 
(Atomic & Molecular: 0.1–1 nm) 

Length scale of bonding – strongly dictates biomaterial performance  

Primary 
• Ionic: e- donor, e- acceptor ceramics, glasses (inorganic) 
• Covalent: e- sharing glasses, polymers 
• Metallic: e- “gas” around lattice of + nuclei 

Secondary/Intermolecular 
• Electrostatic 
• H-bonding 
• Van der Waals (dipole-dipole, dipole-induced dipole, London dispersion) 
• Hydrophobic Interactions (entropy-driven clustering of nonpolar gps in H2O) 
• Physical Entanglement (high MW polymers) 

Ex. 1: alumina  Al2O3 used for hard tissue replacement – 

            (corundum)    e.g., dental implants 


Properties: 
• corrosion resistant 
• high strength derived from 
• wear resistant ionic bonding 

Electrostatic interactions w/ charges on 
• “biocompatible”  proteins ⇒ non-denatured adsorbed protein 

layer ⇒ “camouflage” 

www.biocon.com 
from Biocon, Inc. website: 

Courtesy of BICON, LLC. (http://www.bicon.com). Used with permission.
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Ex. 2: polyethylene oxide (PEO) 
(CH2CH2O)n used for protein resistant 

coatings, hydrogels 

Properties: 
• flexible 
• 
• water soluble 
• bioinert 

secondary bonding 

Strong H-bonding, unique 3 n.n. coordination w/ 
H2O ⇒ ⇒

hydrolysable Derived from primary & 

 water-like layer  “camouflage” 

protein 

grafted PEO 

denatured protein 

Take Home Message: 
“Biocompatibility” is strongly determined by primary chemical structure! 

Biocompatibility: “ability of a material to perform with an appropriate host 
response” 

Protein Adsorption 

Cell Attachment 

Cell Secretion 

Chemical Structure 

Host Response 
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2. Higher Order Structure  (1 – 100 nm) 


Crystals: 3D periodic arrays of atoms or molecules


metals, ceramics, 
       polymers (semicrystalline) 

crystallinity decreases solubility and bioerosion 
(biogradable polymers & bioresorbable ceramics) 

Networks: exhibit short range order & characteristic lengths 

inorganic glasses, gels 

Ex. 1: Bioactive Glasses	 used for hard connective tissue 

replacement


Network formers (~50wt%): SiO2, P2O5
          Network modifiers (high! ~50wt%): Na2O, CaO 

Properties: 
• partially soluble in vivo (facilitates bone bonding) derived from loose 
• easily processed (complex shapes) ionic network 

Si

O

Na+ 

2-

4+ 
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Ex. 2: Hydrogels	 used for contact lenses, drug delivery 
matrices, synthetic tissues

   x-linked, swollen polymer network      

ξ 

crosslink density ~ 1/ξ3 

Properties: 
• shape-retaining derived from 
• flexible crosslinked network 
• slow release of entrapped molecules 

Self-Assemblies: aggregates of amphiphilic molecules       
micelles, lyotropic liquid crystals, 
block copolymers 

Ex.: Cationic Liposomes	    used for gene therapy 

lipid (+) 

DNA fragment (-) 

Properties: 
• water dispersible derived from 
• can contain/release DNA supramolecular assembly 
• can penetrate cell membrane (-) 
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3. Microstructure  (1µm + ) 

Crystal “grains”: crystallites of varying orientation 

Ex: Stainless steels Fe-Ni-Cr used for fracture 
fixation plates,etc., 
& angioplasty stents

Depletes at grain  

boundaries causing


10 µm corrosion


Spherulites: radially oriented crystallites interspersed w/ amorphous phase   
semicrystalline polymers, 
glass-ceramics 

10 µm 

Precipitates: secondary phases present as inclusions 
metals, ceramics, polymers 

Ex: Carbides in Co-Cr alloys 

Properties: 
• Hardness derived from precipitates 
• Corrosion resistance (form at grain boundaries) 

50 µm 
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Porosity: often desirable in biomaterials applications 

Ex. 1: Porous Bioresorbable Scaffolds 
polylactide (PLA) used for tissue 

regeneration 

Properties: 
• Penetrable to body fluids, cells 
• Structurally stable 

Pore dimensions: 
10-100 µm 

derived from pore 
microstructure 

Ex. 2: Porous Metal Coatings 
used on hard 

          Ti or Co-Cr-Mo     tissue replacemt 
implants   

Properties: 
• Enhanced cell adhesion 
• Tissue ingrowth 

Pore dimensions: 

derived from pore 
microstructure 

10-100 µm 

Take Home Message: 
Higher order structure & microstructure strongly dictate kinetic processes 
& mechanical response. 
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Lecture 2: Biomaterials Surfaces: Physics 

The surface of a material strongly dictates its performance in vivo. 

Surface Properties Influencing Cell Adhesion 
Wettability Crystallinity 
Roughness         Composition 
Electrical Charge Mobility 

What’s so special about a surface? 

Surface vs. Bulk 
1015 atoms 

1. Inherently Small # of Atoms 

1 cm3 material 

~ 1023 atoms 


Requires special characterization tools 

2. Enhanced Mobility ρbulk 

D = D0 exp(-Ea/kT) 
• fewer bonds 
• gradient in density Dsurf >> Dbulk 

~1 nm 

Facilitates rate-limited processes 
(phase transformations, crystallization, corrosion…) 
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Example: Devitrification of calcium phosphate glass  CaO-P2O5-SiO2  (44:40:15) 

Crystallization 
initiates at surface 

Ea,cry powder size 
(kcal/mol) (µ m) 

75 < 44 

108 297-590 

from J.-S. Lee et al., J. Thermal Anal. 
Cal. 56 (1999) 137. 

3. Higher Energy State 

 Atoms/molecules with unsatisfied (“dangling”) or strained bonds  

High reactivity and susceptibility to adsorbates 

Quantifying Surface Energy 

loss of bonds at a surface  attraction towards bulk 
= areal contraction force 

Surface tension, γ , is the work required to create unit surface area  
at constant T,P and composition. 

Consider a simple soap film experiment: 

dx 
dG = − SdT + VdP + γ dA

 L f (force) 

wire frame γ = ⎜
⎛ ∂ G ⎞ fdx  f  

= = 
⎝ ∂ A ⎟⎠ T P  n  2Ldx 2L , ,  

where G = Gibbs free energy, A = area 
? 
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Surface Tensions of Example Materials 


Material  T (°C)


PE    20 
   36  

soda-lime-silicate (l) 1350 


Al2O3  1850 

TiC 1100 


Teflon (PTFE) 20 

Silicone (PDMS) 20 


γ (dyn/cm) 
1 dyn/cm = 1 mJ/m2 

19 = 1 erg/cm2 

20 

PMMA   20 
   41  
PEO    20 
   43  
Water   20 
   73  

FeO 1400 
 580 

Ti (l) 1660 
 1550 
δ-Fe (bcc) 1400 
 1900 

350 γ ↓ w/ ↑T 

950 γsv ∝ ∆Hsublim 

1190 γlv ∝ ∆Hvapor 

Trends: high γ materials: (>200 dyn/cm) – metals, carbides, oxides 

low γ materials: polymers, organics


Why?  Consider the nature of bonds… 
Surface tension is a measure of degree of cohesion. 

Work of cohesion: WC = 2γ 
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Surface Phenomena 

A simple rule: Surface phenomena are driven primarily by an 
associated reduction in surface free energy. 

Important examples in biomaterials: 

• adsorption of a species from environment 
• surface segregation of a species from bulk 
• surface reconstructions 
• surface reactions 

1. Adsorption phenomena 

Tenet 1: Higher energy surfaces are quickly coated/contaminated by 
lower energy species. 

Examples: * Water on glasses, metals or oxides 
* Hydrocarbons on inorganic surfaces 
* Surfactants at air/water interface 

Measured γ of metals & 
oxides ~ 37 dyn/cm 

Classes of adsorption: 

¾ chemisorption – strong modifications to electronic 
structure/electron density of adsorbate molecule     (> 0.5 
eV/surface site) 

Example: H2O on silica H 
O 

H 
OH OHEads = 1.7 eV O 

Si Si Si Si 

O O 
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¾ physisorption – adsorbate weakly adherent via secondary 
(i.e., van der Waals’) interactions    (< 0.25 eV/surface site) 

kT293 ≈ 0.025 eV 
1 eV/molec = 96.5 kJ/mol 

CH3 

⎯ CH2 ⎯ C ⎯ 

C = O 

Eads = 0.1 eV/mer 

Example: PMMA on silica 

N’ mers adsorbed × 0.1 eV/mer 
≈ total adsorption energyO 

CH3 OH OH N’ < N (segments/chain) 

Si Si


O
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Tenet 2: The “high energy surface” of tenet 1 is relative to its 
surrounding medium. 

In H2O based environments, a hydrophilic material has a lower 
interfacial energy than a hydrophobic one. 

Example: Adsorption/denaturing of proteins on hydrophobic surfaces in 
water-based environments 

HDPE ⏐ 
CH3 

H 
O 
⏐ + +_ 

+ 

OH 

+ _ 
_ 

Charged & H-bonding groups orient 
towards H2O; hydrophobic groups 
orient towards polyethylene 

Such adsorption phenomena are examples of “thermodynamic adhesion” 

Adhesion – state in which 2 dissimilar bodies are held together in 
intimate contact such that a force can be transferred across the interface. 

Thermodynamic adhesion is driven by interfacial forces associated with 
reversible processes.   
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α 

β 

α 

β 

Work of Adhesion (W12): the work required to separate a unit area of 
interface between 2 phases. 

γ
 W12 = γ1 + γ2  - γ12  W12 > 0 ⇒ adhesion 

12  = α/β interfacial tension 
(for α = β, W12 = WC = 2γ1) 

W

W

We can approximate W12 with a geometric mean:   

12 ≈ (WC,1 WC,2)1/2 

=  2(γ1 γ2)1/2 

By analogy, for α/β adhesion in aqueous: 

12,W = γ1W + γ2W  - γ12,W 
≈ 2(γ1W γ2W)1/2 

Suggests 2 strategies for 
protein resistance: W12= 0 

pOr for γ1 = γ1
d + γ1

d 1/2 + 2(γ1
p 1/2 W12  = 2(γ1

d γ2 ) p γ2 )
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Strategies for Inhibiting Protein Adhesion: 	 For W1W = 2(γ1γW)1/2

1/2)2⇒ γ1W = (γ1
1/2 - γWa) Ultra-hydrophobic systems γ1= 0 ⇒ γ1W ≈ γW

 Example: PTFE (γ= 19 dyn/cm)   

⇒	 Proteins adsorb but don’t adhere well.   
(the “non-stick pan” principle) 

b) Ultra-hydrophilic systems     γ1W = 0 ⇒ γ1 ≈ γW

 Example: PEO (γ1W  ≈ 0) 

⇒	 Surface favors water contacts—proteins   
don’t adsorb. 

°C.BSA adsorption on various polymers at 37

Figure by MIT OCW.
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The hydrophilicity of a surface can be gauged by measuring the contact angle of a 
droplet of water on the surface.  The balance of interfacial forces is described by 
Young’s Equation: 

γLV
θ 

γ 
γSVγSL 

LV  cosθ γ  −γ SL  = SV  

θ Wettability 
Since  WSL = γLV + γSV  - γSL 0 Complete  

WSL = γLV (1+cos θ) <90 Partial 

>90 Non wetting 

For multi-component surfaces: 


Cassie’s eqn:  cos θ = f1 cos θ1 + f2 cos θ2 where fi =area fraction of i


2. Surface Segregation

An interfacial adsorption phenomenon involving a bulk component of a 
multi-component material. 

Example 1: Surface segregation of a dilute solute (B) in a binary AB alloy  

Surface fraction of B (XB,S) can be described using the Langmuir-
McLean relation: 

X B S  = 
X B ⎡−∆GS ⎤, 

⎢ ⎥1 − X B S  1 − X B 

exp 
⎣ RT  ⎦, 

where ∆GS = free energy of segregation per mole of solute.   
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Surface enrichment is given by: 

X 
ln X = 2.3 log10X 

B S  
R = 8.314 J/mol-K 

, ≈ exp ⎡−∆GS ⎤ 
⎢X B ⎣ RT  ⎦⎥ 

The predicted behavior is more transparent by expanding the exponential… 

X B S  ∆GS1, ≈ −  +  ...
X B RT  

The Langmuir-McLean relation indicates: 

¾ Surface enrichment occurs when ∆GS is negative 
¾ Surface coverage increases with bulk solute content 
¾ Surface enrichment decreases with increasing T 

∆GS can be estimated from the Miedema eqn: 
∆GS > 0 	no surface  

1/ 3 2 /3∆GS	

prefactor is fraction of 

0.24

atom contacting vacuum 

=  −  ⎡∆Hmix  + (γ A  SV  −γ B  SV  )6N Av Vm  B  ⎤     enrichment of B 
⎣ , , , ⎦ 

∆GS < 0 	surface  
    enrichment of B 

∆Hsub=Metal surface tensions can be estimated from: γ B SV  6N Vm  B  Av  , 
,	 1/ 3 2 /3 

molar volume 
The Miedema model is ~90% accurate in 
predicting segregation in AB alloys. 

Source: Interfaces in Materials, J.M. Howe, John Wiley 
&Sons: NY (1997) pp. 156-168. 
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Surface segregation also occurs commonly in organic materials… 

Example 2: PVC blended w/ 0.25 wt% short fluorocarbon 
(C45O18F59H31). 

γPVC = 41 dyn/cm vs. γblend = 17.3 dyn/cm 
≈ pure -CF3 

γCF3 = 14.5 dyn/cm 

In polymers, ENTROPY can play a significant role in surface 
segregation. 

Chain ends surface segregate 
to decrease entropic penalty 

Polymer “random coil” 
conformations are restricted by 
the presence of a surface 

⇒ Less chain configurations! 

Short chains surface segregate 
when mixed with long chains 

Surface segregation importance to 
biomaterials applications: 

• Toxicity 
• Corrosion resistance Surface modification with a 

• Modified protein/cell adhesivity comb polymer additive 

But…also a strategy for 
surface modification! 
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3. Surface Reconstruction

Atomic or molecular rearrangement at surface to reduce surface/ 
interfacial tension. 

Example 1: Faceting in MgO 

Rocksalt structure 	 = O2- (fcc lattice pts) 
= Mg2+  (octahedral interstices) 

(100) is preferred plane of cleavage  (charge neutral!) 

Miscut surfaces will facet 
~0.1-1µm 

{100} surfaces 

Oxides surfaces reconstruct to achieve:  

1) no net dipole moment 
2) minimial loss of nearest neighbor ligand coordination 

Low Energy Oxide Surfaces 

Structure low γ plane Examples 

M2O3 
corundum 

1012 Ti2O3, V2O3, Fe2O3, 
Al2O3, Cr2O3 

MO2 
rutile 

110 TiO2, SnO2 

MO 
rocksalt 

100 MgO, CaO, CoO 
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Example 2. Reorientation of polymer chains in water vs. air 

PDMS in air 
γPDMS = 20 dyn/cm 

H3C CH3  H3C CH3 
(γCH3  = 23 dyn/cm) 

Si Si 

O O 

PDMS in H2O 

H3C CH3  H3C CH3 

SiSi 

O O 

Chain reorientation can be observed with dynamic contact angle studies: 

Advancing: Droplet volume increased  (by syringe) 

θa 

θr 

advancing 

receding 

θ 

Receding: Droplet volume removed 

droplet volume 
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Lecture 3: Biomaterials Surfaces: Chemistry 

Surfaces are high-energy regions of materials and thereby facilitate 
chemical reactions that influence performance of biomaterials. 

This lecture will focus on 2 classes of surface chemistry relevant to 
biomaterials: 

• Chemisorption on metals and oxides  
• Aqueous corrosion of metals 

1. Chemisorption

Strong modifications to electronic structure/ electron density of 
adsorbate molecule (> 0.5 eV/surface site) 

Important Examples: 

a) Metal Oxide Formation on Metals 
“metals just wanna be oxides”            xM  + ½yO2 → MxOy 

∆G0 of oxide formation is negative for all but a few metals (e.g., Au) 

Reaction ∆G0 (joules) T range (K) 
2Cr + 3/2 O2 = Cr2O3 -1,120,300 + 260T 298-2100 

Fe + ½ O2 = FeO -259,600 + 62.55T 298-1642 

2Fe + 3/2 O2 = Fe2O3 -810,520 + 254.0T 298-1460 
Ti + O2 = TiO2 -910,000 + 173T 298-2080 

from D.R. Gaskell, Intro. To 
Metallurgical Thermodynamics, 
McGraw-Hill, 1981 
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How does metal oxidation happen?  

One scenario is… 

step 1: physisorption of O2; ~20-25 kJ/mol 	 1 eV/molec = 96.5 kJ/mol 
kT293 ≈ 0.025 eV 

step 2: molecular oxygen dissociates and  

            reduces by chemisorption;  ~600 kJ/mol 


step 3: bond rearrangement; crystallization of oxide layer 

Resultant reduction in surface energy 

γ
Compare: at 1400°C: γδ-Fe = 1900 dyn/cm 


FeO = 580 dyn/cm 


Consider metal oxidation as 2 half reactions: 


O2 + ze-


Electrons and ions must traverse 

the oxide layer for rxn to proceed.  


Across the oxide film, an oxidation potential,  

E0 ~ 1V generates an electric field: 


x~1 nm 

M 

Mz+ 

M →  Mz+ + ze -→  ½z O2-

∆G0 =  −  E  zF  E-Field ≈ 1 V/nm = 10 MV/cm0 

Ionic species are “pulled” 
F= 96,480 C/mol e- through oxide film! 
1 J = 1 V-C 

WHAT HAPPENS AS THE OXIDE CONTINUES TO GROW? 
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The E-field decreases. Subsequent oxide growth occurs by thermal 
diffusion of Mz+ to oxide surface or O2- to metal/oxide interface under 
the concentration gradient ∆c: 

2l = k  t  p 
l 

Requirements for Passivation: 

i) small kp (rate const) 

oxide 
thickness 

time 

k = const D ∆cp 

ii) adherent oxide 

Oxide layer must not scale or spall 

⇒  minimize ∆Vmolar & stress build-up 

xM + ½yO2 → MxOy 

ex., Ti (TiO2), Cr (Cr2O3), Al (Al2O3) 

(Al metal not used in biomaterials applications due to toxicity) 

M O  
= x y  

Pilling-Bedworth ratio: PB = 
Voxide ( formed ) 

ρM M 

Vmetal (consumed ) xM  M ρM O x y  

Want PB ~ 1 (PB > 1) for adherance of oxide to underlying metal—in 
practice, this rule is marginally predictive, however. 
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Other Metal Oxidation Rxns by Chemisorption:   

Reaction with water: xM  + yH2O → MxOy  + yH2 

Reaction with CO2: xM + yCO2 → MxOy  + yCO 

IS THE FORMED METAL OXIDE SURFACE STABLE? 

b) Acid/Base (Acceptor/Donor) Rxns on Oxides 

i) **H2Oadsorbed + O2-
lattice→ OH-

lattice + OH-
surface 

Ubiquitous! e.g., oxides 
of Co, Ti, Cr, Fe, etc.	 H2O cleavage with H+ transfer 

to surface basic O2- site & OH-

coordination with M2+ 

H H 
O- H+H 

•O • 

O2 M2+ O2 M2+ O2 M2+ O2 M2+ 

M2+ acts as Lewis acid 
(e- pair acceptor) for 
oxygen lone pairs 
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2ii) CO2,adsorbed + O2-
lattice→ CO3   (carbonate formation) 

Experimentally seen, e.g., on TiO2 (110) 

iii) w/ Hydrocarbons: 

Alcohols (similar to HOH): ROHadsorbed + O2-
lattice → RO- + OH

-Carboxylic Acids: RCOOHadsorbed + O2 lattice → RCOO- + OH-

c) Redox (Oxidation/Reduction) Reactions on Oxides 

Example 

Alcohol dehydrogenation to aldehyde:  

O 

RCH2OH + 2O2-→ RC H + 2OH- + 2e-

alcohol is oxidized electrons reduce 
Mz+ at surface 

reference: V.E. Henrich and P.A. Cox, The 
Surface Science of Metal Oxides, 
Cambridge Univ. Press: 1994  
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2. Aqueous Corrosion of Metals 

In water or in vivo, even a “passive” oxide layer (terminated by bound 
water) becomes susceptible to corrosion.   

Why? 
• Mz+ diffusion will always occur 
• oxide may dissolve  
• damage to oxide layer 

Corrosion: the destructive result of chemical rxn between a metal or 
metal alloy and its environment. 

Aqueous corrosion: involves electronic charge transfer 
i.e., an electrochemical rxn 

Typically, metal surface acts as both anode (oxidation=loss of e-) & 
cathode (reduction=consumption of e-) in different regions 

-anodic rxn: M → Mz+ + ze 

cathodic rxns:  O2 (dissolved) + 4H+ + 4e- → 2H2O 
in acidic 

2H+ + 2e- → H2 (g) 

O2 (dissolved) + 2H2O + 4e- → 4OH

in neutral 
or basic   2H2O + 2e- → H2 (g) + 2OH

Locally, a biological environment can be neutral, acidic or basic. 
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Metals in aqueous solution 
Metal ions leave surface; surface 

H2 

H+ 

Mz+ 

2e-

H+ 

Metal M becomes negatively charged.   

Mz+ are attracted back toward 
surface, establishing a dynamic 
equilibrium. 

The resulting charged double layer 
exhibits a characteristic E. 

Values of Ε measured relative to a reference electrode (e.g., std. H2 
electrode = SHE), give metric of reactivity in aqueous soln. 

on M electrode: 
-M → Mz+ + ze 

aM=1 
on reference electrode: 

H2 → 2H+ + 2e PH2 
1atm 

Inert Pt reference 
electrode 

aM 
z+=1 aH 

+=1 

V 

Semi-permeable 
membrane 
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emf series (Table 5, p. 432 of text) 

Standard electrode 
potentials E0 measured 
at unit activity (~1 N) anodic 
of Mz+ ions in soln. 
with SHE ref. 

Metal Potential (V) 
Au 1.43 
Pt 1.2 
Ag 0.79 
H 0.0 
Sn -0.14 
Mo -0.20 
Co -0.28 
Fe -0.44 
Cr -0.73 
Al -1.33 
Ti -1.63 
Li -3.05 

If the activity of Mz+ is less than unity, the electrical potential across the 
metal/solution interface is modified according to the Nernst equation: 

E E0 RT ln 
aoxidized species = + 

zF areduced species 

Equating activity to concentration: 

z+ ] M
aoxidized species = [M areduced species = [ ]  = 1 

z+ ](
E V  ) = E0 + 
0.059 log[ M 

z 

At this potential, the system is in dynamic equilibrium, i.e., equal metal 
dissolution and deposition rates (the exchange current density). 
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A Simple Corrosion Rule: anything that upsets the dynamic 
equilibrium of the charged double layer can accelerate corrosion.   

Galvanic Corrosion:  if 2 metals in contact where -EA > -EB (i.e., A 
more neg./anodic), B becomes an e- “sink” ⇒ accelerating corrosion of 
A 

B 
+ 

+ 
+ 

A 

e -
The ↓ in e- from A surface 
allows ↑ release of Az+ 

Can be macroscopic scale or microscopic scale effect! 

Examples: 
• Plate & screw of different alloys 
• Cr-depleted region at grain boundary  (due to carbide formation) 
• Formation of surface oxides or sulfides that conduct e

• Alloys exhibiting 2 phases 
• Metal grains of different orientation 

Fretting Corrosion:  accelerated corrosion from two surfaces rubbing 
together 

¾ metal/metal, metal/bone, metal/oxide contacts 
¾ wear of passive oxide film 
         localized stress ⇒ ↑ Mz+ dissolution 
         defects (terraces, steps): less bonds ⇒ ↑ Mz+ dissolution 
¾ repetitive movement ⇒ continual loss of corrosion products  
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M
Pitting and Crevice Corrosion:  localized attacks resulting in rapid 

z+ release at discrete sites 

¾ initiated at local failure of passive film 
pitting: surface defect; crevice: region of restricted transport 

¾ remaining surface acts as cathode  
→ rapid penetration at defect (oxidation = reduction) 

¾ catalyzed by presence of Cl-

¾ autocatalyzed by ↑ acidity from rxn in confined volume 

Photo removed for copyright reasons. 

Corrosion on neck region of a femoral stem of a 
CoCr hip prosthesis. from J.J. Jacobs et al, 
“Corrosion of Metal Orthopaedic Implants”, J. 
Bone and Joint Surgery 80-A, 268 (1998). 

Ex. Stainless steels in Aqueous Soln: 

For Cr contents below 12.5 at%: FeOOH resides at surface in hydrated 
form: FeOx(OH)y •nH2O (iron oxyhydroxide hydrate) 

In absence of Cl-, slow dissolution:    

FeOOH + H2O → Fe3+ + 3OH
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With Cl- present: FeOOH + Cl- → FeOCl + OH

FeOCl + 2H2O → Fe3+ + Cl- + 2OH

Low solubility Fe3+ precipitates as Fe(OH)3 (rust) 

restricted transport 

3.051J/20.340J 

Fe-9Cr 

( )2O3 

Fe2O3 S.S. 
Fe,Cr

oxide 

Breakdown of passivation layer until reaching metal: 

Fe → Fe2+ + 2e

accelerated
attracts Cl

corrosion! 

Fe2+ + 2Cl- + 2H2O → Fe(OH)2 + 2HCl 

local acidity ↑ in 
pit or crevice 

Outside pit or crevice: 

-Fe2+ → Fe3+ + e Fe3+ + 3(OH)- → Fe(OH)3O2 + 2H2O + 4e- → 4OH

precipitates, further 
restricting transport 
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Steel composition effects: 

Cr:  For Cr > 12.5 at%: surface is hydrated CrOOH (chromium   
oxyhydroxide), i.e., CrOx(OH)3-2x •nH2O 

¾ renders S.S. surface passive 
¾ increases susceptibility to pitting/crevice corrosion (CrCl3 

solutions have low/negative pH!)   

Mo: ↓ dissolution rate in pits/crevices (mechanism?) 

In the corrosion of metallic implants, further considerations arise with 
the complexity of biological fluids. 

In vivo environment 
¾ pH 7.4 
¾ T = 37°C 
¾ anions: Cl-, PO3 , HCO3 (bicarbonate) 
¾ cations: Na+, K+, Ca2+, Mg2+ 

¾ proteins & other biomolecules 

Influence of other ions found in vivo:  

Ca2+ and Mg2+: decrease corrosion rate 


¾ form precipitates on metal surfaces


-Ca2+ + HCO3 + OH- → CaCO3 + H2O 

precipitates Mg2+ + 2OH- → Mg(OH)2 

¾ O2 influx restricted → inhibits cathodic reduction 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

35
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



13 3.051J/20.340J 

Biological Factors Influencing Corrosivity: 

• O2 levels (↑ O2 ⇒ ↑ corrosion; anodic≡cathodic) 

• pH variations (inflammation/infection ⇒ ↓ pH) 

• Cellular activity (e.g., phagocytic cells ⇒ local ↑ in oxidant conc.) 

•	 Protein-Mz+ binding (Mz+ carried away ⇒ ↑ Mz+ dissolution)  

e.g., cytochrome oxidase, peroxidase, catalase bind Fe2+


• Protein adsorption (↓ O2 access to surface) 

• Bacterial oxidation of Fe2+ to Fe3+ (↑ anodic rxn/Fe2+ dissolution) 

Corrosion’s Influence on in vivo Performance: 

¾ Immunological sensitization; e.g., Ni & Cr allergic response 


¾ Wear debris – initiates biological cascade  

(foreign body response, bone loss) 

¾ Loss of implant structural integrity  (mechanical failure) 

¾ Metal ion toxicity: Al, Ni, Cr, V, Co, Ti; ↑ levels in blood/organs 

¾ Carcinogenicity (tumors at implant sites, leukemia/lymphoma 
correlation with CoCr implants) 
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Lecture 4 
Biomaterials Surfaces: Chemistry 

Like metallic implants, some polymers used in biomaterials applications 
are susceptible to chemical reactions that lead to degradation through 
hydrolysis. In many cases, a polymer is specifically chosen for its ability 
to degrade in vivo.   

Polymer Hydrolysis 

Polymer hydrolysis involves the scission of susceptible molecular 
groups by reaction with H2O. 

¾ May be acid, base or enzyme catalyzed

¾ Not surface-limited if water penetrates bulk 


a) Molecular & Structural Factors Influencing Hydrolysis 

¾ Bond Stability 

¾ Hydrophobicity: ↑ hydrophobicity ⇒ ↓ hydrolysis

¾ MW & architecture: higher MW ⇒ ↓ hydrolysis

¾ Morphology 


• crystallinity ↓ hydrolysis 
• porosity ↑ hydrolysis 


¾ Tg: less mobility ⇒ ↓ hydrolysis 


Bond Stability 
Susceptible linkages at bonds where resonance stabilized intermediates 
are possible… 

O O 
• Esters: R-C-O-R’ + H2O →  R-C-OH + HO-R’ 
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Example 1: poly(lactide-co-glycolide) 

Properties: rapid degradation, amorphous, Tg ~ 45-55°C

Uses: bioresorbable sutures, controlled release matrices,  

          tissue engineering scaffolds


O O 
(-O-CH(CH3)-C -)x-r-(-O-CH2-C-)y 

             lactic acid                glycolic acid 

      Example 2: polyethylene terephthalate (Dacron) 

Properties: very slow hydrolysis, semicrystalline, Tg~ 69°C 
Uses: vascular grafts, arterial patches, heart pumps 

O O 
[-O C C O- CH2 - CH2 -]N 

base-catalyzed polyester hydrolysis: 

OH— 
O 

R 
C •OR’ ••O• O 

R R 

+ HOR’ + OH— 
C C 

OH 
O 
R’ 

H H 
O 

OH 
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acid-catalyzed polyester hydrolysis: 

• • H+ X ••O 

R +OR’ H X H H• •O O 

R 
C 

OR’ 

H H 
O 

O−H X 

O 

C 
R 

O+ 
C 

R O 
R’ 

H 

H + HOR’ H3O+ X 
OH 

O O 
• Amides: R-C -NH-R’ + H2O →  R-C-OH + H2N-R’ 

amide or peptide linkage, 

also found in proteins!


O O 
Example:  Nylon 6,6 (-NH-(CH2)6-NH-C-(CH2)4-C -)N 

poly(hexamethylene adipamide) 

Properties: ~9% H2O uptake, semicrystalline, Tg~50°C

 Uses: removable sutures, prosthetic joints 
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O O O O 
• Anhydrides: R-C -O-C-R’ + H2O →  R-C-OH + HO-C -R’ 

O O 
Example: poly(sebacic acid anyhydride) (-(CH2)8-C -O-C-)N 

Properties: rapid degradation (surface-based) 
Uses: drug delivery matrices 

• Ethers: R-O-R’ + H2O →  R-CH2-OH + HO-CH2-R’ 

   Example:  polyethylene oxide (PEO)  (-CH2-O-CH2-)N 

Properties: water soluble, semicrystalline, Tg ~ -60°C 
Uses: hydrogels, protein-resistant coatings  

O O 
• Urethanes: R-NH-C -O-R’ + H2O →  R-NH-C-OH + HO-R’ 

Example: polyether urethane 

O O 
[(-(CH2)4-O-)xC -NH CH2 NHC -O-]N – [hard block] –  

Properties: “soft” block of SPU “Biomer”, slow hydrolysis 
Uses: pacemaker lead sheaths & connectors 
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O O 
• Ureas: R-NH-C -NH-R’ + H2O →  R-NH-C-OH + H2N-R’ 

O O 
• Carbonates: R-O-C -O-R’ + H2O →  R-O-C-OH + HO-R’ 

Rates of Hydrolysis:  anhydride > ester > amide > ether 

Stable Polymer Chemistries: 

• Olefins   
e.g., UHMWPE: joint cup liners 

• Halogenated hydrocarbons 
e.g., PVC: catheters; PTFE: vascular grafts 

• Siloxanes 
e.g., PDMS: soft tissue prostheses 

• Sulfones 
e.g., PSf: renal dialysis membranes 
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b) Biological Factors Influencing Hydrolysis  

•	 pH variations

inflammation/infection ⇒ ↓pH, catalyzes hydrolysis 


•	 Hydrolases—enzymes that catalyze hydrolytic reactions 

¾ Proteolases: catalyze hydrolysis of peptide bonds  
¾ Esterases: catalyze hydrolysis of ester bonds 
¾ Produced by phagocytic cells 

c) Influence of Hydrolysis on In Vivo Performance 

¾	 Loss of structural integrity 
e.g., i) polyester urethanes: rapid degradation in orthopedic   
           reconstructions (no longer used) 

ii) PET fibers: deterioration after long periods in   
cardiovascular applications 

¾	 Toxicity/mutagenicity 
e.g., i) segmented polyurethanes (SPUs): suspected  
          tumorigenicity of degradation products 

ii) cyanoacrylates (soft tissue adhesive):  
hydrolysis generates formaldehyde 
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Lecture 4:�

Biomaterials Surfaces: Chemistry�

Hydrolysis�
Supporting notes�

3.051J/20.340J Materials for Biomedical Applications, 
Spring 2006 

1 
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Hydrolysis�

• Hydrolysis is a kind of “Solvolysis”, 
solvent + lysis: cleavage by the solvent. 

Br

H2O 

3

OH

OCH3

OCOH

l 

CH OH 

HCOOH 

2-Bromo-2-methy propane 

+ HBr Hydoloysis 

+ HBr Methanolysis 

+ HBr Formic acidolysis 

2 
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Polymer Hydrolysis�

•�Polymers prepared by polycondensation can 
be susceptible to hydrolysis. 

n 
1,4-Butanediol 

+ HO

OH

O

O

n O

O

H

H

Succinic acid 

O

O*

*

O

O

n 2O 
l Δ 

H+ -, 

+ nH
As, Zn cata ysts, 

, OH or enzyme 

Poly(butylene succinate), PBS 
3 
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Hydrolysable is “degradable”.�
Synthetic polymers�
· Polyesters 
· Polyamides 
· Polyanhydrides 
· Polyethers 
· Polyurethanes 
· Polycarbonates 
· Polyureas 

Material properties can 
be tuned readily. 
Cheaper! 

Naturally-occurring polymers 
· Proteins and polyamides 

Collagen 
Fibrinogen and fibrin 
Gelatin 
Casein 

· Polysaccharides 
Cellulose 
Starch and amylose 
Chitin and chitosan 
Dextran 

· Polynucleotides 
DNA and RNA 

4 
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Biodegradation:�
An event which takes place through the action of enzymes 
and/or chemical decomposition associated with living 
organisms (bacteria, fungi, etc.) or their secretion products. 

Albertsson and Karlsson, in Chemistry and Technology of Biodegradable Polymers 1994 

O R C

O

N R C

OH

O R O C

O

Polyester Polyamide Polycarbonate 

C R O C

OO

N P

R

R'
O

O

O

O

R"

R'R

O

Polyanhydride Polyphosphazene Poly(ortho ester) 

Typical examples of synthetic biodegradable polymers 5 
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Key factors in hydrolysis�

1. Bond stability 

Example: Hydrolysis of polyester C O
δ+ δ-

Base-catalyzed polyester hydrolysis 

δ-

δ+ 

O

CR O R'

- O

C-R O R'

OH

O-

CR O R'

OH

H+ O

CR OH + R’

OH

OH 

6 
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Acid-catalyzed polyester hydrolysis 

δ-

H+ 

δ + 

O

CR O R'

O+

CR O R'

H O

C+R O R'

H O

CR O+ R'

H

H

O

H

O

CR O R'

H

O+H

H

-H+H2O 
+ R’OH 

O

CR OH

Polyamide hydrolysis 

H2O 
O

CR N R'

H

O

CR OH + H2N-R’ 

7 
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Key factors in hydrolysis�

2. Hydrophobicity 

3. Molecular weight & architecture

4. Morphology Crystallinity, porosity 

5. Tg Mobility of polymer chain 

Chance to contact with H2O 

8 
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Orthorhombic crystal structure of α-PLLA�

Figures removed for copyright reasons. 

6.1 

28.8 

d
dcrystal: 1.290 g/cm3 

amorphous: 1.248 g/cm3 

10.5 Å 
10 
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Hydrolysable polymers�
Polyanhydride O

CR O C R'

O

O

CR O R'

O

CR N R'

H

H2O 
O

CR OH

O

CR OH

O

CR OH

+ 

Polyester H2O 
+ 

Polyamide H2O 
+ 

Polyether 
OR R' OHR

H2O 
+ 

Polyether urethane O

CO N R'

H

R

R N

H

C

O

N R'

H

R O C

O

O R'

H2O 
OHR + 

O

CHO R'

HO R'

H2N R'

HO R'

O

CHO N R'

H

Polyurea H2O 
R N

H

C

O

OH

R O C

O

OH

+ H2N R'

Polycarbonate H2O 
+ HO R' 11 
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Poly(sebacic anhydride)�
Properties: rapid degradation, Tg: 50 °C, Tm : 80 °C 
Uses: drug delivery matrices 

O

O O

Table. Half-lives of hydrolyzable polymers 

Incorporation ofPolymer class Half-life 
hydrophobic segment 

Polyanhydrides 0.1 h 

PLLA 3.3 years 

83,000 years Poly(bis-(p-carboxyphenoxy)propane-co-sebacic anhydride)

C

O

O C3H6 O O

O O

C8H16

O

O

Polyamides 

Tabata et al., Pharm. Res., 10, 391, 1993 
Göpferich, Biomater., 17, 103, 1996 12 
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Poly(glycolide-co-lactide) (polyglactide) 

Properties: rapid degradation, amorphous*, Tg: 45-55 °C 
Uses: bioresorbable sutures, controlled release matrices, 

tissue engineering scaffolds *Depending on composition 

O

O

O

O

Glycolate Lactate 
(GA) (DL-LA) 

Dexon®: the first synthetic bioresorbable suture in 1960s. 
(PGA)�Histological response can be predictable in comparison to non-

synthetic materials. 
High-crystalline nature limits processability. 

13 
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Poly(L-lactide), poly(L-lactic acid) (PLLA) 
Properties: rapid degradation, semicrystalline, Tg: 60 °C, Tm: 180 °C 
Uses: fracture fixation, ligament augmentation 

O

O

*

PLLA 

O

H

HO

H

HO

H

OH

OHH
H

OH

HO

O

O

H
* O

O

*

Fermentation -H2O 

microorganisms 
e.g. Lactobacilli L-lactic acid 

O

O O

O

*

*

PLLAD-glucose 
from agricultural product; -H2Ocorn, potato, rice 

L-lactide 14 
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Physical properties of various plastics�

PLLA PET PS PP�

Density/g/cm3 1.27 1.34 1.04 0.90 

Tensile strength/MPa 66.7 55.9 43.1 37.3 

Yong’s modulus/MPa 3300 2600 3300 2100 

Elongation@break/% 4 300 2 700 

Cost/$/lb 1-5 0.75 0.55 -

*Polymeric materials were non-oriented (as prepared). 

Tsuji, Polylactic acid, JPS press, Kyoto, 1997, 
Ikada, Macromol. Rapid Commun., 21, 117, 2000 15 
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O

Polyethylene oxide (PEO) 
Properties: water soluble, semicrystalline, Tg: -60 °C, Tm: 60 °C 
Uses: hydrogel, protein-resistant coatings 

Two photos removed for copyright reasons. 

PEO Figure 6 in Irvine, D., et al. "Nanoscale Clustering of RGD Peptides at 

Surfaces Using Comb Polymers. 1. Synthesis and Characterization of 

Comb Thin Films." Biomacromolecules 2, no. 1 (2001): 85 -94. 

Rate of hydrolysis: 

anhydride > ester >> amide >>>> ether etc. 

Matrices for drug delivery 
16 
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Hydrolysis of polymeric materials�

Acid- or base-catalyzed hydrolysis 

Time 

MW 

Enzymatic hydrolysis -surface erosion-

Time 

MW 

17 
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Hydrolysis of Bionole® (PBS)�
O

O*

*

O

O

Photos removed for copyright reasons. 

Alkaline treated Lipase PS treated
Taniguchi I., unp ub lished results 

18 
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Application of biodegradable polymers 
and minimal requirements of biomaterials 

PAA: 
PBS: 
PCA: 
PCL: 
PEA: 
PGA: 

PGALA: 

PDLLA: 

PDLLA 

PGALA 
PGA 

PCA 

POE PAA Starch 

PLLA PHA 
(PHB) 

PCL PEC 

PBS 
PES 

PEA 

Chitin 
PPZ 

Fibrin 

Application of Biodegradable Polymers 

Poly(acid anhydride) 
Poly(butylene succinate) 
Poly(�-cyanoacrylate) 
Poly(�-caprolactone) 
Poly(ester amide) 
Poly(glycolide), 
Poly(glycolic acid) 
Poly(glycolide-co-lactide), 
Poly(glycolic acid-co-lactic acid) 
Poly(DL-lactide), Poly(DL-lactic acid) 

PHA: 
PHB: 

PLLA: 

POE: 
PEC: 
PES: 

Poly(hydroxyalkanoate 
Poly(3-hydroxybutyrate) 
Poly(L-lactide), 
Poly(L-lactic acid) 
Poly(orthoester) 
Poly(ester carbonate) 
Poly(ethylene succinate) 

Oxidized 
cellulose 

Cellulose
Hyaluronate 

Collagen 

Medical Application Ecological Application 

Minimal Requirements of Biomaterials 

B) Effective 
Functionality, Performance, Durability, etc. 

C) Sterilizable 
Ethylene oxide, Θ-Irradiation, Electron beams, 
Autoclave, Dry heating, etc. 

D) Biocompatible 
Interfacially, Mechanically, and Biologically 

A) Non-toxic (biosafe) 
Non-pyrogenic, Non-hemolytic, Chronically non-
inflammative, Non-allergenic, Non-carcinogenic, 
Non-teratogenic, etc. 

Figure by MIT OCW. 

19 Figure by MIT OCW. 
www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

61
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Control

With S. waywayandensis JCM 9114

With A. orientalis subsp. Orientalis IFO 12362

Microbial degradation of PLLA (rare case)�

Photos removed for copyright reasons. 

O

O

*
Hydrolysable polymer 
Esterases do not degrade 
except proteinase K. 

PLLA�

Figure. SEM images of PLLA film treated with microbe 
Jarerat et al., Macromol. Biosci., 2, 420, 2002 

20�
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21

Enzymatic degradation  -Lipase-

Brzozowski, et al., Nature 1991, 351, 491

Lipase: an esterase (EC3.1.1.3)

O

CR O R'

O

CR OH HO R'+H2O+
lipase

In toluene at 90 °C

stable in organic solvents @ high temp.

MW of the polyester is usually low (< 10 k).
Poor mechanical properties.

Two figures removed for copyright reasons.
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3.051J/20.340J   1

Lecture 5:  
Protein-Surface Interactions 
 
 
Importance of Protein-Surface Interactions:  
 

• Modulate cell adhesion 
• Trigger the biological cascade resulting in foreign body response 
• Central to diagnostic assay/sensor device design & performance 
• Initiate other bioadhesion: e.g., marine fouling, bacterial adhesion  

 
 
 
Fundamentals on Proteins: 
 

• Largest organic component of cells (~18 wt% /H2O =70%); extra-
cellular matrix, and plasma (7wt% /H2O=90%). 

 
• Many thousands exist—each encoded from a gene in DNA. 
 
• Involved in all work of cells: ex, adhesion, migration, secretion, 

differentiation, proliferation and apoptosis (death). 
 

• May be soluble or insoluble in body fluids. 
 

Insoluble proteins—structural & motility functions; can also 
mediate cell function (ex., via adhesion peptides) 
 
Soluble proteins—strongly control cell function via binding, 
adsorption, etc. 

 
• Occur in wide range of molecular weights. 
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3.051J/20.340J   2

“Peptides”  (several amino acids): hormones, 
pharmacological reagents 

 
e.g., oxytocin: stimulates uterine contractions (9 a.a.)   

                        aspartame: NutraSweet  (2 a.a.) 
 
 

“Polypeptides” (~10-100 amino acids): hormones, growth 
factors 

 
  e.g., insulin: 2 polypeptide chains (30 & 21 a.a.) 
                epidermal growth factor (45 a.a.) 
 
 

“Proteins”  100’s-1000’s of amino acids 
 
  e.g., serum albumin (550 a.a.) 
                 apolipoprotein B: cholesterol transport agent (4536 a.a.) 
 
 
Protein Functions: 
 

• Structural/scaffold: components of the extracellular matrix (ECM) 
that physically supports cells 

 
e.g.,  collagen—fibrillar, imparts strength;  

elastin—elasticity to ligaments;  
adhesion proteins: fibronectin, laminin, vitronectin—glycoproteins   
                               that mediate cell attachment  (bonded to GAGs) 

 
 

• Enzymes: catalyze rxns by lowering Ea thru stabilized transition 
state, via release of binding energy  

 
e.g., urease—catalyzes hydrolysis of urea 
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3.051J/20.340J   3

 
• Transport: bind and deliver specific molecules to organs or across 

cell membrane 
 

e.g.,   hemoglobin carries bound O2 to tissues;  
serum albumin transports fatty acids 

 
 

• Motile: provide mechanism for cell motion e.g., via 
(de)polymerization & contraction 

 
e.g., actin, myosin in muscle 

 
 

• Defense: proteins integral to the immune response and coagulation 
mechanism 

 
e.g., immunoglobulins (antibodies)—Y-shaped proteins that bind to    

   antigens (foreign proteins) inducing aggregate formation 
       
  fibrinogen & thrombin—induce clots by platelet receptor  
  binding 

 
 

• Regulatory: cytokines—regulate cell activities 
 
e.g., hormones: insulin (regulates sugar metabolism); growth factors  
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Protein Structure 
 
Proteins have multiple structural levels… 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.  Primary Structure 
 

 comprised of amino acid residues:   -    -CHR-    - 
 

OH

CN

 peptide (amide) bond CONH is effectively rigid & planar (partial 
double-bond character) 

 
 directional character to bonding: amino acids are L stereoisomers 

  
 
 
 
 
 
 

  

[after A. L. Lehninger, D. L. Nelson and M. M. 
Cox. Principles of Biochemistry, pg. 171.] 

[after A. L. Lehninger, D. L.  Nelson and M. M. 
   Cox, Principles of Biochemistry, pg. 115.] 

Figure by MIT OCW.

Figure by MIT OCW.
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 side groups R have variable character 
 
 

  
[after A. L. Lehninger, D. L. Nelson and M. M. 
Cox. Principles of Biochemistry.] 

Figure by MIT OCW.
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2.  Secondary Structure 
 
Spatial configuration determined by the rotation angles ϕi & ψi about the 
single bonds of the α-carbons 
 
 
 
 
 
 
 

 
 
 
 

(ϕi ,ψi) are  
independent of 
(ϕi+1,ψi+1)   

[after P. J. Flory. Statistical 
Mechanics of Chain Molecules, 
pg. 251.] 

 
   

  

Ramachandran plots:  
designate permitted ranges  
of ϕ & ψ for a.a. residues  

Image removed due to copyright considerations

[from A.L. Lehninger, D.L. 
Nelson & M.M. Cox, pg. 171.] 

Figure by MIT OCW.
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 β−sheets 

  backbone has extended “zigzag” structure 

 
 stabilized by intermolecular H-bonding between –NH and C=O 
   of adjacent chains 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

α−helices 

 
 stabilized by intramolecular H-bonding between C=O of residue i 

and  –NH of residue i+3        (requires all L or D stereoisomers) 

 
 
 
 
 
 
 
 
 

  

[after A. L. Lehninger, D. L. Nelson and M. M. 
Cox. Principles of Biochemistry, pg. 169.] 
 

[after P. J. Flory. Statistical Mechanics 
of Chain Molecules, pg. 287]

Figure by MIT OCW.

Figure by MIT OCW.
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 natural abundance  
 

 most common secondary structure in proteins 

 in fibrous proteins: α−keratins  (hair, skin,…) 

 in globular proteins: avg. ~25% α−helix content 

     
 
3.  Tertiary & Quaternary Structure 
 

 Tertiary: folded arrangements of secondary structure units 
 

 Quaternary: arrangements of tertiary (polypeptide) units 
 

 
 
 
Example: hemoglobin 
 
 

[from A.L. Lehninger, D.L. 
Nelson & M.M. Cox, pg. 187.] 

  

Image removed due to copyright considerations
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Synthetic Polymers vs. Proteins 
 
Property 
 

Synthetic Polymers 
 

Polypeptides 
 

Molecular Wt. 
 

1000-106 g/mol 
 

1000-106 g/mol 
( typ. <2000 a.a.) 

Molecular Wt. 
Distribution 

Always > 1 (Mw/Mn) Always ≡1  

Sequence 
 

i. 1-3 types of repeat units  
ii. many chemistries 
 

i. many side groups  
ii. always amides   

Solution  
Structure 

Random coils or self-
avoiding random coils 
 
Rg~N0.5 (θ solvent) 
Rg~N0.6 (good solvent) 

Globular –“condensed” 
chains (ρ~1.36 g/cm3) 
 
(hydrophobic R groups 
sheltered from H2O) 
 
Rg~Naa

0.33  
Available 
Conformations 

 Ωran ∼ zN  (z = # n.n.) 
ΩSA ∼ z’N Ν1/6 << Ωran

Ω ~1 (can ↑ if bound 
or adsorbed!) 

Secondary 
Interactions 

van der Waals, H-bonds, 
electrostatic, “hydrophobic 
effect” 

Same as synthetic, 
with“ lock-and-key” 
topology 
 

 
 
Polypeptides can transform to “random coil” conformations, through:  
 

 changes in temperature 

 changes in soln. pH or composition (e.g., added salts, urea) 

 adsorption to surfaces 

 
 

⇒ changes physiological 
  function! 
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Protein Adsorption on Biomaterial Surfaces  
 
Background 
a) Protein activity varies in adsorbed vs. solvated state 
 

Why?         
 

1. higher local concentration— function may be 
conc. dependent 

 
 e.g., cell adhesion increases with adhesion 
peptide concentration 

  
 
 

 
2. change in reactivity—access to “active” a.a. 

sequence ↑ or ↓ 
 
⇒ enhanced or reduced binding capability 

 
e.g., fibrinogen: platelets adhere when adsorbed, 
not in soln. 

 
 

3. denaturation—conformation varies from soln.   
     conformation 

⇒ different a.a. sequences exposed 
 

*enhance or deactivate normal function  
     *elicit unintended function 
 

e.g., natural polymers used as biomaterials are 
more immunogenic than synthetic polymers 
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b) Driving forces for protein adsorption 
 

1. secondary bond formation 
         

Depends on material’s 
surface chemistry 

electrostatic > H-bonding > dispersive 
 
  BOND ENERGY

 
2. entropic forces  
 

 ↑ configurations  from “structured” H2O adjacent to 
nonpolar surfaces (the “hydrophobic effect”)  

 
 
 
 
 
 

 less translational entropy loss (∆Smix) for adsorbed 
proteins (macromolecules) vs. H2O 

 

2 2
ln lnmix

p p H O H
S n n
k Oφ φ∆

= +  

 
 
 
 
 

For a given φp, np decreases as 
protein MW ↑  ⇒ ↓ ∆Smix  

 ↑ configurations for denatured vs. solvated proteins  
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c) Adsorbed proteins initiate physiological responses to biomaterials 

 
 coagulation mechanism 

 
 alternative pathway of complement system (vs. antigen-
antibody) 

 
 in vitro protein adsorption experiments → 1st test of 
“biocompatibility” 

 
 
 
Models for Protein Adsorption 
 
The simplest picture: Langmuir model for reversible adsorption 
 
Makes analogy to chemical reaction kinetics: 
 

[P] = protein concentration in solution (e.g., #/vol) 
[S] = density of unoccupied surface sites (e.g., #/area) 
[PS] = density of surface sites occupied by protein  

 
 
 

Assumes: 1 protein binds 1 surface “site”—
can involve multiple secondary bonds 

P + S ↔ PS     
 
 
 
Assuming the “reaction” follows 1st order kinetics:   
 
adsorption rate =  ka[P][S]    
desorption rate = kd [PS]          
 Assumes: dilute [P]  (in plasma: 90% H2O)  
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At equilibrium:  adsorption rate = desorption rate 
 
   ka[P][S] = kd[PS] 
 
  Assumes: reversibility
 
 

Can define an “affinity” const, K (or Ka): K = ka/kd  = 
[ ]

[ ][ ]
PS

P S  

 
(a.k.a. “binding” or “association” const; typical units = L/mol) 
 
 
K obtained experimentally by measure of fraction occupied sites:  
  ν = # filled sites/total # surface sites 
 

 
[ ]

[ ] [ ]( )
[ ]

[ ]( )1
PS K P

S PS K P
ν = =

+ +     

 
 
 
                                                                     
       

ν

1

Binding plateaus at ν=1, 
monolayer coverage. 

   [P]  
 
 
To obtain K:             

1/ν slope = 1/K 

 
 
 
 
 
 

  1/[P] 
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Ka is an indicator of the favorableness of adsorption.   Note that Ka is the 
inverse of the dissociation constant, Kd, which has units of 
concentration, e.g., mol/L.    
 

 For [P] < Kd, few occupied surface sites. 
 

 For [P] = Kd, half of the surface sites will be occupied. 
 
 
A second approach used to extract K is known as a Scatchard plot.  

Rearranging:  
[ ][ ]
[ ]
PS

K S
P

=  

 
Defining the total number of surface sites:  0[ ] [ ] [ ]S S PS= + , 
 
 

And substituting for [S]: 
[ ]

0([ ] [ ])
[ ]
PS

K S PS
P

− =  

 
If the protein solution concentration is not significantly depleted upon 
adsorption, then [P] ≈ [P]0 (the initial protein concentration): 
 
 
[ ]

0
0

[ ] [ ]
[ ]
PS

K PS K S
P

= − +  
Scatchard Plot 

intercept = K [S]0 

slope = -K 

 [ ]
0[ ]

PS
PProvides a 

measure of [S]0

 
 
 
 
 
 

[PS] 
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In adsorption experiments, the value usually measured is a surface 
concentration, e.g., ng/cm2 or µg/cm2 – often denoted as Γ or θ     
 
 
 
 
                              

[P] (mg/ml) 

Γmax

Γ (µg/cm2)
 
 

 
 
 
      
If we assume a monolayer coverage at Γmax, we can calculate the 
effective area per protein molecule on the surface: 
 

max

protein
eff

Av

M
A

N
=

Γ  
Related to protein 
conformation on surface! 

 
 
Note that [S]0 (in #/area) is the inverse of the area per molecule:  
 

0

1
[ ]effA
S

=  
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Lecture 6: 

Protein-Surface Interactions ( Part II) 


The Langmuir model is applicable to numerous reversible adsorption 
processes, but fails to capture many aspects of protein adsorption.  

1. Competitive Adsorption 

¾ many different globular proteins in vivo

¾ surface distribution depends on [Pi]’s & time


The Vroman effect: Displacement (over time) of initially adsorbed  
protein by a second protein. 

S.L. Cooper, J. Biomater. Sci. 3, 
1991: 27-47.) 

ΓFGN 

ΓFN 

ΓVN 

Γ ( 2) 

0 

300 

200 

100 

FGN, FN, VN adsorption on a 
polyether urethane from plasma 

(from D.J. Fabrizius-Homan & 

ng/cm

60 120 
time (min)


Protein Plasma conc. (mg/ml) MW (Daltons) 
Human serum albumin 42 68,500 
Immunoglobulins 28 145,000 (IgG) 
Fibrinogen 3.0 340,000 
Fibronectin 0.3 240,000 

Vitronectin 0.2 60,000 

Plasma – fluid component of blood with anticoagulant added 
Serum – fluid component of blood with coagulants removed   
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Hypothesis: 

At t~0: uniform [Pi]’s everywhere ⇒ protein with highest concentration  
dominates initial adsorption 

At t>0: local depletion of adsorbed species near surface– exchange with  
faster diffusing species ensues 

At t>>0: gradual exchange with higher affinity species 

2. Irreversible Adsorption

¾ occurs in vivo & in vitro: proteins often do not desorb after 
prolonged exposure to protein solutions  

¾ complicates the competitive adsorption picture 

% FGN 
remaining 

100 

PDMS 
Glass 

Surfaces exposed to plasma after 
of FGNadsorption

(from S.M. Slack and T.A. 0 FGN adsorp. time (min) 60 
Horbett, J. Colloid & Intfc Sci. 
133, 1989: 148.) 
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Physiological implications: 


a) hydrophobic surfaces cause more denaturing


b) denatured proteins may ultimately desorb (by 

replacement) ⇒ non-native solution behavior 

Models that attempt to account for 1 & 2: 

S.M. Slack and T.A. Horbett, J. Colloid & Intfc Sci. 133, 1989 p. 148 

I. Lundstroem and H. Elwing, J. Colloid & Intfc Sci. 136, 1990 p. 68 

C.F. Lu, A. Nadarajah, and K.K. Chittur, J. Coll. & Intfc Sci. 168, 1994 p. 152 


3. Restructuring 

¾ Protein layers reaching monolayer saturation can reorganize 
(e.g., crystallize) on surface, creating a stepped isotherm 

Γ 

time
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4. Multilayer Formation 

¾ Proteins can adsorb atop protein monolayers or sublayers, 
creating complicated adsorption profiles 

Γ 

time 
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Measurement of Adsorbed Proteins 

1. Techniques for Quantifying Adsorbed Amount 

a) Labeling Methods: tag protein for quantification, use known standards 
for calibration 

i) Radioisotopic labeling 

¾ proteins labeled with radioactive isotopes that react with 
specific a.a. residues 

e.g., tyrosine labeling with 125I; 131I; 32P 

OH - CH2 

125I 
- CH2 OH 

125I 

¾ Small % radioactive proteins added to unlabelled protein  
¾ γ counts measured and calibrated to give cpm/µg 

Advantage: high signal-to-noise ⇒ measure small amts (ng) 

Disads: dangerous γ emissions, waste disposal, requires protein  
     isolation  

ii) Fluorescent labels 

¾ measure fluorescence from optical excitation of tag 
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covalently binds 
to amines 

 e.g., fluorescein isothiocyanate (FITC) 

Advantage: safe chemistry 

Disads: tag may interfere with adsorption, requires protein  
    isolation, low signal  

iii) Staining 

¾ molecular label is adsorbed to proteins post facto


e.g., organic dyes; antibodies (e.g, FITC-labeled) 


Advantages: safe chemistry, no protein isolation/modification 

Disads: nonspecific adsorption of staining agents (high noise) 

b) Other Quantification Methods 

i) HPLC on supernatants (w/ UV detection) 

ii) XPS signal intensity, e.g., N1s (relative to controls) 

iii) Ellipsometry—adsorbed layer thickness (dry) 
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2. Techniques for Studying Adsorption Kinetics 

a) In situ Ellipsometry 

/tutorial_1.html 
i 

r 

Courtesy of J. A. Woollam Co., Inc. Used with permission. 

Figure from: 
http://www.jawoollam.com

•	 polarized light reflected from a surface  
•	 phase & amplitude changes to parallel (p) and 

perpendicular (s) E-field components  

Ei , Er = incident/reflected E-field 

E iδ Ers iδ s= r r = = r ⋅ep s ⋅e	 p 

and sreflection coefficients: rp = rp 

Eip Eis 

rp
ratio of amplitudes: tan Ψ =          phase difference:  ∆ = δ p − δ srs 

¾ Experimental set-up 

He-Ne 
laser 

Rotatable 
polarizer Rotatable 

analyzer 

Photodetector 

¼ wave plate 
Sample 
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Proteins adsorbed to a surface 

nf  df 

nl 

ns 

Adsorbed protein layer changes the refractive index adjacent to the 
substrate. 

¾ Ellipsometric angles Ψ and ∆ can be converted to adsorbed layer 
thickness (df ) & refractive index (nf) assuming 3-layer model & 
Fresnel optics 

nf − nl

¾ adsorbed amount: Γ = d f
 /dn dc 

R.I. increment of protein solution 
vs. protein conc. (~0.2 ml/g) 

Advantages: no protein isolation; fast; easy; in situ; sensitive 

Disads: quantitation requires a model, optically flat & reflective  
              substrates required; can’t distinguish different proteins  

References:  
P. Tengvall, I. Lundstrom, B. Liedburg, Biomaterials 19, 1998: 407-422. 
H.G. Tompkins, A User’s Guide to Ellipsometry, Academic Press: San Diego, 
1993. 
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b) Surface Plasmon Resonance 

¾ Experimental set-up: polarized light reflects at interface between 
glass with deposited metal film and liquid flow cell  

Κzθ 

Au or Ag film 

polarized light 

Κsp 

detector 

ΚEv 

liquid Total internal reflection 

For θ > θcritical, transmitted 
intensity decays exponentially 
into liquid (evanescent wave). 

Analogous to QM tunneling— 
wave at a boundary 

¾	 Theoretical basis: 

•	 light traveling through high n medium (glass) will reflect 
back into that medium at an interface with material of lower 
n (air/water) 

•	 total internal reflection for θ > θcritical 

⎛
−θcritical = sin 1 

⎜⎜ 
nlow ⎟⎟

⎞ 

⎝ nhigh ⎠ 
•	 surface plasmons—charge density waves (free oscillating 

electrons) that propagate along interface between metal and 
dielectric (protein soln) 

•	 coupling of evanescent wave to plasmons in metal film 
occurs for θ= θspr (> θcritcal) corresponding to the condition: 

Ksp = KEv 
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c/ω0 = incident light λ 

ε

Ksp, KEv

metal = metal dielectric const. 

 = wavevector of surface 
plasmon/evanescent field 

ωKEv = nglass 
0 sin θ 

c 

2ω0 εmetalnsurface K = sp	 2c εmetal + nsurface 

•	 Energy transfer to metal film reduces reflected light intensity 

•	 change of nsurface due to adsorption of protein at interface will 
shift θspr where Ksp = KEv 

Figure by MIT OCW 

Biacore Commercial SPR Instrument 
Biacore website: www.biacore.com/lifesciences/index.htmlfrom 

Courtesy of Biacore. Used with permission. 
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11 3.051J/20.340J 
θspr shift 

(arc sec) 


R0 

time 
Inject Buffer wash 

Determining adsorption kinetics protein soln 
(t=0) 

Resonance shift fitted to: 

R t  ) = (R − R 0 )[1− exp( −k t)]+ R0 →  obtain kobs ( ∞ obs 

linear fit of : 
Pkobs = kd + ka [ ] →  obtain kd, ka 

- more complex fitting expressions for R(t) often required 
( )  = R exp(−k  t  )- kd alternatively obtained from dissociation data: R t  0 d 

Advantages: no protein labeling, controlled kinetic studies,  
sensitive 

Disads: requires “model” surface preparation—limited  

applicability 


References:  
R.J. Green, et al., Biomaterials 21, 2000: 1823-1835. 
P.R. Edwards et al., J. Molec. Recog. 10, 1997: 128-134. 
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3. Extent of Denaturing 

Ellipsometry 

¾ Variations in thickness (df ) & refractive index (nf) of adsorbed layer 
over time gives indication of denaturation (inconclusive) 

Circular Dichroism 

¾ Experimental set-up: monochromatic, plane-polarized light is passed 
through a sample solution and detected  

light polarizer rotatingl 

sample cell photodetector monochrometer 

analyzersource 

¾ Theoretical basis: unequal absorption of R- and L-components of 
polarized light by chiral molecules (e.g., proteins!) 

E 

RL 

ψ = ellipticity 

Plane-polarized light 
resolved into circular 
components R & L 

More absorption of 
R causes E to follow 
elliptical path 
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The ellipticity ψ is related to the difference in L and R absorption by: 


ψ = ( AL − AR ) 180 
(degrees)
4	 π 

I 
where A = −  log T = −  log = εc l  (Beer’s Law)pI0 

θ =
ψ ⋅ M p cp = protein conc. (g/cm3)

Molar ellipticity: [ ]  
c l  ε = molar extinction coeff. (cm2/g)p 

l = path length (cm) 
Mp = protein mol. weight (g/mol) 
T = transmittance  

•	 Ellipticity can be + or –; depends on electronic transition (π−π∗ vs. 
n-π∗) 

•	 Proteins exhibit different values of [θ] for α helix, β sheet, and 
random coil conformations in the far UV.    

Conformation Wavelength (nm) Transition 
α helix 222 (−) n-π* peptide 
α helix 208 (−) π−π* peptide 
α helix 192 (+) π−π* peptide 
β sheet 216 (−) n-π* peptide 
β sheet 195 (+) π−π* peptide 
β sheet 175 (−) π−π* peptide 
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Figure by MIT OCW. 

After T.E. Creighton, ed., Proteins: 
Structures and Molecular Principles, 
W.H. Freeman & Co: NY; 1983, p. 181. 

Changes to CD spectra give a measure of denaturation, 
e.g., due to adsorption at a surface 
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CD spectra for the synthetic peptide: 
Ac-DDDDDAAAARRRRR-Am 

(a) in pH 7 solution 

(b-e) adsorbed to colloidal silica: b) pH 
6.8; c) pH 7.9; d) pH 9.2; e) pH 11.3 After 

Figure by MIT OCW. 

[After S.L. Burkett and M.J. Read, 
Langmuir 17, 5059 (2001).] 
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For quantitative comparisons, molar ellipticity per residue is computed, 
by dividing [θ] by the number of residues in the protein (nr). 

ψ ⋅ M p ψ ⋅ M rθ =[ ]mrd 
= 

10n c  l  10c  l  units: deg cm2 dmol-1 

r p  p  

% of α helix, β sheet, and random coil conformations obtained by linear 
deconvolution using “standard curves” from homopolypeptides such as 
poly(L-lysine) in 100% α helix, β sheet, and random coil conformations. 

"Circular Dichroism Spectroscopy" by Bernhard Rupp. 
http://web.archive.org/web/20050208092958/http://www-structure.llnl.gov/cd/cdtutorial.htm 
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For a rough estimate of α-helix content, the following expressions have 
been employed: 

208α − helix % = 
[θ ] − 4000 

33, 000 − 4000 from [θ]mrd data at 208 nm 

θα − helix % = 
[ ]222

40, 000 from [θ]mrd data at 222 nm 

Advantages: no labeling required; simple set-up 

Disads: need experimental geometry with high surface area, e.g.,  

     colloidal particles (high signal) 


References:  
N. Berova, K. Nakanishi and R.W. Woody, eds., Circular Dichroism: Principles 

and Applications, 2nd ed.,Wiley-VCH: NY; 2000. 


N. Greenfield and G.D. Fasman, Biochemistry 8 (1969) 4108-4116. 
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Lecture 7: 

Cell-Surface Interactions: Host Responses to Biomaterials 


Synthetic surfaces exposed to biological fluids adsorb proteins— how 
does this mediate the body’s ultimate response to a biomaterial? 

Protein-Cell Interactions 

proteins (in solution or on a surface) bind with cell “receptors” 
⇒ physiological response 

protein ligand 

cytoplasmic 

transmembrane stalk 

binding site 

domain (tail) 

domain 

extracellular 
domain 

Cell surface receptors: membrane-embedded proteins or glycoproteins 
that control signal transduction and cell adhesion (~100 types/cell!) 

ligand-receptor binding mediates: • Adhesion 
• Contraction 
• Motility 
• Secretion 
• Proliferation 
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 Cell adhesion mechanisms 

Cells attach to other cells and to extracellular matrix (ECM) through 
adhesion receptors that bind specific peptide sequences of other proteins 

Leu-Asp-Val (LDV), & other120-180kDa 90-210 kDa 

Integrin 
Structure 

α subunit β 

Cadherins: receptors that adhere 
cells to other cells 

¾ Ca2+-dependent binding 
¾ attach via His-Ala-Val (HAV) 

Integrins
in ECM 

¾ Ca2+/Mg2+

¾ attach to Arg-Gly-Asp (RGD), 

focal contact 

actin filaments 

ECM 

subunit 

: bind cells to adhesion proteins 

-dependent binding 

of cytoskeleton 

¾ 2 associated subunits— ~22 α/β combinations having different ligands  

¾ adhere to fibronectin, vitronectin, tenascin, collagen, laminin in ECM, & cell 
counter-receptors (ICAMs: intracellular cell-associated matrix proteins) 

¾ adhere to plasma proteins fibrinogen, factor X (coagulation), C3bi 

¾ typical receptor/ligand KD ~ 10-6-10-7 mol/L 

¾ 2D diffusion in cell membrane D ~ 10-10 cm2/s 

¾ integrin clustering: i) recruits cytoskeletal proteins (talin, vinculin, actin) 
⇒ mediates traction (focal contacts) 

           ii) recruits cytoplasmic signaling molecules (e.g. tyrosine 
kinase) ⇒ mediates cell secretions, etc. 
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Extracellular matrix houses adhesion proteins that bind to cell receptors 

ECM functions: 
¾ anchor cells 

¾ control cell orientation 

¾ regulate cell growth 

¾ maintain cell differentiation 

¾ provide scaffolding for tissue renewal 


ECM components: 
¾ fibrous proteins: collagen (strength), elastin (elasticity) 

¾ intrafibrillary matrix: proteoglycans (GAG-protein molecules) 

¾ adhesive glycoproteins: fibronectin, laminin, etc.  

¾ calcified in formation of bones, teeth 

¾ can be “remodeled”:  broken down and regenerated 


Adhesion proteins exhibit domains for binding cell integrins, other ECM 
molecules & plasma proteins  

Fibrin CellRGD 
LDV/REDV 

IDAP 
Fibronectin binding domains 

Heparin Collagen Cell Heparin Fibrin 

Adhesion proteins play a primary role in the body’s response to injury 
and introduction of foreign materials. 
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Basic Tissue Cell Types and Functions 

Cell type Tissue Function Example 

epithelial covers external (ex, skin) & 
internal (ex, intestine, blood 
vessel) organ surfaces 

endothelial cells 

connective supports other body tissues; 
houses nerves & blood vessels 

fibroblasts (ECM 
generation), 
cartilage, bone 

muscle specialized for contraction; smooth, skeletal,  
cardiac 

nerve generate electrical signals & 
secrete neurotransmitters 

brain cells, 
peripheral nerve 

Figure by MIT OCW.
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Injured tissue response: known as inflammatory response

 goal: to destroy or inactivate foreign entity, initiate healing 
mechanism: signal “cascades” from plasma & cells 

Implantation of biomaterials activates two cooperative signaling 

cascades:


1) Coagulation Cascade—involves ~12 proteins

2) Complement Alternative Pathway—involves >20 proteins  


The host reaction follows the sequence: INJURY 

TIME 
Blood-Materials InteractionsSeconds/Minutes 

Provisional Matrix Formation Hours 

Acute Inflammation 

Chronic InflammationDays 

Granulation Tissue 

Foreign Body Reaction 

           Weeks 
Fibrosis/Fibrous Capsule Formation 
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6

 

1. Coagulation Cascade 
 
In absence of injury or foreign materials, clotting is prevented by the 
endothelial cell lining of blood vessels which exhibit heparan sulfate 
proteoglycans on their surface 
 

Heparan sulfate: - polysaccharide w/ SO3
− and COO− charges 

          - provides electrosteric repulsion  
     - binds anti-thrombin → deactivates thrombin 

Electrosteric repulsion from 
charged glycocalyx Interaction 

Energy 

Specific attraction from 
adhesion receptors 

Nonspecific attraction from 
membrane surfaces 

Distance from 
membrane surface 

Anti-thrombin 

thrombin 

thrombin/anti-
throbmin complex 
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INJURY ⇒ release of fluids, proteins & blood cells from vascularized 
connective tissues at site 

•	 Vasodilation ⇒ redness & swelling 

•	 Adsorption of plasma proteins (esp. fibrinogen) on foreign 

surfaces & injured tissues 


Damaged endothelial cell 
lining exposes collagen 

•	 platelets (250M/cc, 0.3 vol%) bind to adsorbed plasma proteins 
(FGN, VN, FN) via αΙΙb/β3 (gpIIb/IIIa) receptors (~40,000/cell) 
and exposed collagen via α1/β1(gpIb) receptors (~15,000/cell) 

•	 platelet binding triggers release of storage granule contents to 
extracellular environment (mediated by focal contacts) 

storage granules - platelet-specific proteins 
- plasma proteins 
- coagulation factors 

- ADP, Ca2+, serotonin 
             (neurotransmitter) 

- enzymes (acid hydrolases) 
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•	  granule release increases receptor expression on surface & 
recruits other platelets to site 

chemotaxis: cell migration along a chemical gradient 

• platelet aggregation via fibrinogen bridges, forms a “plug” that 
initially reduces blood flow 

•	 complex cascade of enzymatic activity on platelet surface 
culminates with factor X conversion of plasma protein 
prothrombin (~100 µg/ml) to thrombin 

•	 thrombin cleaves fibrinogen to form insoluble fibrin which 
crosslinks around platelet plug to form the thrombus or clot  
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Figure removed for copyright reasons.

See "The Coagulation Cascade" at http://labtestsonline.org/images/coag_cascade.pdf
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Copolymer film surface after incubation in 
whole blood for 2h. Platelets and red blood 
cells are observed in fibin matrix. 

R. Barbucci et al., J. Biomed. Mater. Res. 
Photo removed for copyright reasons. 1999, 46, 186. 

Photo removed for copyright reasons. 

Platelets on modified PE surface from 
platelet-rich plasma 

J.H. Lee and H.B. Lee, J. Biomed. Mater. 
Res. 1998, 41, 304. 

Photo removed for copyright reasons. 

Fibrin matrix created by addition of 
thrombin to fibrinogen.  

A.V. Cooper et al., Blood 2003, 102, Photos removed for copyright reasons. 

535. 

Endothelial lining of rat carotid artery before (top) 

and after (bottom) photochemical damage.  Bottom

image shows formation of thrombosis.  


Y. Kim et al., Acta Neurochirurgica 2004, 146, 45. 
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Lecture 8: 

Cell-Surface Interactions: Host Responses to Biomaterials (Part II) 


Implantation of a biomaterial initiates the inflammatory response: 

- response of vascularized tissue to local injury 

- severity indicates biocompatibility of material 

Cooperative Signaling Cascades: 
1. Coagulation Cascade  

initiated by adsorbed
2. Complement Alternative Pathway proteins 

The complement is a component of the immune system. 

Immune system function: to protect against pathogens 


Innate (Native) Immunity	 Adaptive (Aquired) Immunity 

- first line of defense - specificity to distinct foreign 
   biomolecules (antigens) 

- nonspecific response to 
   invading pathogens - memory of exposure 

- elicits adaptive response 

Physical/chemical barriers:  	 Blood proteins:  
epithelia, antimicrobial proteins antibodies (immunoglobulins), 

cytokines 
Blood proteins: complement; 
cytokines (regulatory) Cells: lymphocytes (T cells, B cells) 

Cells: phagocytes (macrophages, 
neutrophils), natural killer cells 
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Complement 
- system of >30 proteins that mediate immune response 

- discriminates “foreign” from “self” through adsorbed proteins/  
   protein fragments (C3b, C4b) 

- recruit and activate phagocytes (C3a, C5a) 

- lysis of pathogens via membrane pore formation (C5b, C6-C9)   

3 recognized pathways (to C5 convertase) 

Classical pathway: 

antigen-antibody immune complex (IC)  

binds and activates C1 (autocatalytic proteolysis) 
initiating an enzymatic cascade   

C1 → C1s 
C4 → C4b 

C2 → C2b
 C3 → C3b 

C5 →   C5a/C5b  

soluble fragment (16 kDa): insoluble fragment (170 kDa): 
recruits phagocytes by chemotaxis initiates membrane attack complex 

(MAC) C5b•C6•C7•C8•C9 

MAC pore formation compromises 
bacterial cell membrane 
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Lectin pathway (discovered in 1990’s): 

mannan binding lectin (MBL) bacteria cell wall 
binds carbohydrates on pathogen  (gram negative) 

MBL-associated serine proteases (MASP-1, -2) 
complexes with MBL 

activated MASP’s cleave C4 → C4b 

remaining cascade follows classical pathway 

Alternative pathway:   

nonselective pathway of complement (any foreign surface)  

C3 → C3b occurs continuously in plasma at low frequency 

C3b adsorbs on foreign surfaces (biomaterial) 

 cofactor B → C3b•Bb complex 
    amplifies C3 → C3b  
      C3b•C3b•Bb complex 
         C5  → C5a/C5b 

Soluble complement protein fragments C3a and C5a recruit phagocytes 
to site of injury 
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Inflammatory Response to Implanted Biomaterials 

INJURY 

TIME 
Seconds/Minutes Blood-Materials Interactions 

Hours Provisional Matrix Formation 

Acute Inflammation 

Days Chronic Inflammation 

Granulation Tissue 

Foreign Body Reaction 

           Weeks 
Fibrosis/Fibrous Capsule Formation 

Cell 

fibroblasts 

macrophages 

foreign body giant cells 
Activity neutrophils 

hrs days weeks time 
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• Endothelial cells
enzymes 

(1.3 mg/ml) changes conformation 

⇒ cleaved

C3 

 lining capillaries near injured site release 

plasma protein C3

 into fragments 

C3b fragment C3a fragment 


C3b attaches to biomtl or injurious agent C3a diffuses into medium ⇒ soluble 
surface ⇒ insoluble ligand for leukocyte ligand for leukocyte receptors 
receptors 

IMMUNE CELLC3b catalyzes C5 cleavage to C5a ⇒ 
RECRUITMENTsoluble ligand for leukocyte receptors 
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Neutrophils (PMN’s, polymorphonuclear leukocytes) 

Associated with acute inflammatory response (minutes→1-2 days) 

¾ “first responders” 3-5M/ml (short-lived)


¾ bind C3a/C5a via complement receptors (CR’s)


¾ become hyperadherent by ↑ CR3 (integrin CD11b/CD18) surface 

expression – attach to vasculature via endothelial ICAMs 

¾ chemotactic to C5a: migrate to inflammation site 

On site, neutrophils bind to C3b, catalyzing release of cytotoxic species: 
H2O2, O2 

−
• (superoxide radical), OH•, enzymes     

⇒  attack/engulf/degrade invading microbes 

Released products from neutrophils, activated platelets and endothelial 
cells, along with fibrin, form the provisional matrix 

- scaffold for cell attachment 

- sustained release of signaling   
molecules 
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Monocytes (0.2-0.6M/ml) 


¾ bind C3a/C5a ⇒ follow the course of neutrophils 


¾ Evolve to macrophages


¾ Associated with chronic inflammation 

days→ weeks/months (or even a lifetime) 

On site, macrophages bind C3b, secrete reactive species, enzymes, cytokines 
(immune cell regulators, ex. IL-1), fibronectin, growth factors (ex. fibroblast 
growth factor, epidermal growth factor), coagulation factors 

Macrophage response depends on foreign material properties… 

¾ fluids or small particles (micron-sized) 
→ engulfed & degraded “phagocytosis” 

with adsorbed ligands 

fusion of phagocytic 

foreign material 

vesicles and lysosomes 

Degraded biomolecule products: 

lysosome 

amino acids, sugars, lipids 

Nondegradable products accumulate 
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¾ Numerous particulate debris or materials with high roughness 

→ fusion of macrophages into multinuclear  
         foreign body giant cells (FBGCs) 

¾ smooth, inert implants

FBGCs absent (nothing to engulf) 

→ macrophage layer surrounds implant 

Macrophage/FBGC products (FN, FGF) recruit fibroblasts 

Fibroblasts (connective tissue cells) 
¾ deposit collagen 

→ pink “granulation tissue” (appears in 3-5 days) 

¾ accompanied by capillary sprouting (angiogenesis) 

Wound healing histology: foreign body reaction 

presence of FBGCs/macrophages, granulation tissue, capillaries at 
tissue/material interface 

¾ Connective tissue remodeling ⇒ thin, encapsulating fibrous 
layer (fibrosis) isolates implant and foreign body rxn (weeks) 
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9

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Formation of scar tissue vs. parenchymal tissue (tissue of specialized 
function) depends on: 
 

 extent of parenchymal tissue damage (esp. tissue framework) 
 parenchymal cell proliferation capacity  

 
 
Cell Regeneration Capability 

 
Category Normal  

replic. rate 
Response to 
injury 

Examples 

renewing/ 
labile 

High;  
via stem cell 
differentiation 

modest ↑ 
 

skin, intenstinal mucosa, 
bone marrow  

Expanding/ 
stable 

Low large ↑ endothelium, fibroblasts, 
hepatocytes, osteoblasts 

Static/ 
permanent 

None No 
replication 

heart muscle cells, nerve 
cells 

 

FBGC formed at implant site. Arrows point 
to nuclei. (J.S. Belkas et al., Biomaterials 26 
(2005) 1741.) 

Fibrous capsule formation around porous 
P(HEMA-co-MMA) nerve conduit (J.S. 
Belkas et al., Biomaterials 26 (2005) 1741.) 

Photos removed for copyright reasons.
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Implant biocompatibility is assessed largely by intensity & duration 
of the inflammatory response. 

Materials Inflammatory response 
Class 
Metals very severe in absence of passive oxides 

Oxides minimal 

Processed natural severe 
polymers 
synthetic polymers mild, unless particulate morphology; 

additives can give response 

Biomaterial Biocompatibility Concerns 

1. Chronic inflammation 

• prolonged local chemical or physical irritation—delayed healing  

• often due to moving parts, debris, roughness 

•	 proliferation of connective tissue, or tissue necrosis  

               (2 extremes of macrophage response) 


ex. PE cup liners in hip replacement implants 
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2. Bacterial Infection 

•	 Bacteria compete with cells to adhere to surface 

¾ similar mechanisms; better adapted to nonviable surfaces

¾ resistant to antibiotics (different surface expression) 


• Most common bacterial infections: 

¾ metallic biomaterials: S. aureus

¾ have receptors for fibronectin & collagen  


¾ )polymeric biomaterials: S. epidermidis (on skin

ex. artificial hearts, synthetic vessels, joint replacement implants, fixation 
devices, IV catheters, urologic devices, contact lenses 

~60,000 U.S. deaths/yr from device-related infections 
urinary catheters, central venous catheters 

3. Blood Incompatibility 

•	 blood-materials interactions lead to clot or thrombus 

¾ may compromise device by occlusion 
ex. small (< 5 mm dia.) vascular grafts,  stents, IV catheters 

Diagrams of stent ¾ may detach (embolize) & create vessel occlusion downstream  
and heart valve removed 

for copyright reasons.    ex. emboli to brain from mechanical heart valves ⇒ stroke 

¾ susceptible devices require use of anti-coagulation drugs 
(heparin) ⇒ bleeding risk 
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•	 complement activation by extracorpeal therapies 

¾ C3b adsorption to material ⇒ C5a activation of neutrophils 
& monocytes (WBCs) to hyperadherent state 

¾ WBCs stick in lungs ⇒ neutropenia, respiratory distress, 
hypoxemia (O2 deficiency—similar symptoms to altitude 
sickness), tachycardia, cardiac arrest 

   ex. hemodialysis membranes, cardiopulmonary bypass (CPB)   

devices 


4. Toxicity 

•	 classical toxicity: from corrosion, degradation or wear products; 
cytotoxicity increases with amount present 

•	 immune system toxicity: 
i) immunogenic substances: proteins, carbohydrates, 
    lipids (weakly) 

ex. processed collagen, natural latex  

ii) small molecules (metals, degradation products, drugs) bind on 
host proteins/cells, making an innocuous substance antigenic 

ex. hypersensitivity to metals, acrylics 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

116
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



13 3.051J/20.340J 

5. Tumorigenesis 

•	 rarely observed 

•	 morphology dependent vs. chemistry dependent 

(ex. asbestos – needle-like particulates, aspect ratio>100:1) 


•	 requires fibrous encapsulation (not seen at chronic inflammation 
sites) 

•	 implant role unclear—foreign body reaction may stimulate 

maturation &  proliferation of precancerous cells  


•	 chemical carcinogens: little supportive data 
¾ metal implant debris (Cr, Co, Ni) ⇒ carcinogenic in rodents 
¾ polymer impurities/additives: monomers, solvents, 

plasticizers, antioxidants 

References:  
M.A. Horton, Ed., Molecular Biology of Cell Adhesion Molecules, John Wiley & 
Sons: NY, 1996. 
D.A. Hammer and M. Tirrell, “Biological Adhesion at Interfaces”, Annu. Rev. 
Mater. Sci. 1996, 26: 651-691. 
K.M. Yamada, “Cell Adhesion Molecules”, in Encyclopedia of Molecular Biology, 
T.E. Creighton, Ed., John Wiley & Sons: NY, 1999, pp. 361-366. 
J.M. Anderson, “Biological Responses to Materials”, Annu. Rev. Mater. Res. 2001, 
31: 81-110. 
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Lecture 9: 

Surface Modification of Biomaterials 


Purpose: alter surface properties to enhance performance in biological 

environment while retaining bulk properties of device 


Specific Objectives: 

1. clean a surface 

2. reduce/eliminate protein adsorption  

•	 reduce undesirable/uncontrolled responses to implants & 
extracorpeal devices 

C3b/IgG adsorption ⇒ activation of WBCs 

•	 reduce nonspecific adsorption on biosensors & bioassays 
Source: Wikipedia (Gray's Anatomy)(noise & fouling) 

•	 current strategy: hydrated, hydrophilic surfaces   
       PEO is current “gold standard” 

3. reduce/eliminate cell adhesion  

•	 create surfaces that mimic nature’s cell resistant surfaces 

ex. Human serum albumin: naturally low affinity to 
      components of body fluids & tissues (consider its 
     high conc. in blood—60 wt% of proteins!) 
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4. reduce thromogenicity 

• hydrophilic surfaces
 - eliminate protein adsorption 

• hydrophobic surfaces

 - inherently weak surface/cell interface 
- exploits shear stress due to blood flow 

• surface-bound heparin 
- natural surface of endothelial cells lining blood vessels 
- inactivates factor Xa & thrombin by binding anti-thrombin 

• surface-bound albumin 
- no ligands for platelets (can attach if HSA denatures-how?) 

• albumin affinity coatings
 - surfaces that strongly adsorb albumin from blood to make a  
  passive coating;  ex. bilirubin Kd ~ 10-8 l/mol 

• endothelial cell attachment
 - natural blood vessel lining ⇒ fibrinolytic activity  

        (hydrolysis of fibrin) 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

119
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



33.051J/20.340J 

5. reduce bacterial adhesion “fimbriae” or “pili” 
(~1 µm)

Bacterial adhesion 

¾ via proteins & polysaccharides in cell wall 

(nonspecific) 


¾ specific receptors for plasma proteins       

(ex. S. aureus binds fibrinogen/fibrin, FN, VN) 


¾ pili facilitate initial surface attachment 

bacteria cell wall ex. E. coli bacteria cell wall

(gram negative) (gram positive)


ex. Staphylococcus aureus,

proteins 

peptidoglycan 

S. epidermis 
lipopolysaccharide 

• passive coatings
 hydrophilic polymers, HSA, 

• bactericidal agents 
- Ag-containing films 
- antibiotics (ex., gentamicin eluting film) 
- cell wall-disrupting agents (cationic) 

i) non-mammal anti-microbial peptides:  

        amphiphilic helix structures (ex. LKLLKKL)  

   ii) cationic polymers (ex. lipid-like side chains) 
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6. promote cell attachment/adhesion 

• modify γ1 (vary chemistry ⇒ ↑ protein adsorption) 

• create positive surface charge 

- many proteins have net negative surface charge  
⇒ ↑ protein adsorption 

- cell glycocalyx has neg. charge ⇒ nonspecific attraction 

+ + + + + + + + + + + + + + + + 

+ 

+ 

NOTE: a strongly ++ surface 
can inhibit cell growth 

• increase surface roughness/porosity    

- promotes cell attachment (↑ surface area for binding) 
- can inhibit cell growth 

• bind cell adhesion ligands to surface 

-	 adhesion proteins (fibronectin)  
-	 adhesion protein epitopes: RGD (fibronectin, collagen…); 

                     YIGSR(tyr-isoleuc-gly-ser-arg) (laminin B1) 
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7. alter transport properties 

- regulate the passage of H2O, theraputic agents, etc. 

        ex. crosslinking (passive) or pH “valves” (active)  


↑ pH 

8. increase lubricity (↓ friction/wear) 
in vivo: hydrophilic surfaces 

9. increase hardness 
enhance wear resistance 

10 . enhance corrosion/degradation resistance  
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Lecture 9:


Surface Modification of Biomaterials


Supporting notes


3.051J/20.340J Materials for Biomedical Applications, 
Spring 2006 

1 
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Purpose:


Alter surface properties to enhance performance in 

biological environment while retaining bulk properties 

of device 

The modified zone at the surface of the device should be 

as thin as possible. Ideally < 1 nm 

2 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

124
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Specific objectives:


1. Clean a surface 

2. Reduce/eliminate protein adsorption 

3. Reduce/eliminate cell adhesion 

4. Reduce bacterial adhesion 

5. Reduce thrombogenicity 

6. Promote cell attachment/adhesion 

7. Alter transport properties 

8. Increase lubricity 

9. Increase hardness 

10. Enhance corrosion/degradation resistance

3 
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Preparation of non-fouling surfaces


to prevent non-specific protein/cell or bacterial adhesion 

to reduce thrombogenicity 

Surfaces should be hydrophilic or very hydrophobic.
 4 

Figure by MIT OCW. 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

126
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Example of “gold standard”


Surface modification with PEO derivative.


PEO-PPO-PEO, Pluronic 

Chemical immobilizationPhysical adsorption 

Short-time use Long-time use 
Ex. Drug delivery 

5 
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Physical adsorption

- - - -

Other strategies for hydrophilic surfaces 1


Albumin coating surface Phospholipid-mimicking surface 

N+ N+ N+ N+ 

Albumin 

Hydrophobic chain 

O O O O 

O P O O P O O P O O P O 

O O O O 

O O O O 

Serum albumin: 

O O O O 

Hydrophilic phosphocholine head High water solubility and stability 
No affinity to proteins and platelets 

Hydrophobic acylchain 6 
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- -

Other strategies for hydrophilic surfaces 2


Heparinized surface Endothelial cell attachment 
-OR


O


- COOOSO3 
O


OH


O 

O OHOH 

O 

OH 

O 

OH 

OSO3 

-
O

COO

OO


OH NHSO3
- OSO3 NHSO3


O 
-

Heparin: 

NHR

Natural blood vessel lining: 
Immobilized covalently and ionically Fibrinolytic activity (hydrolysis of fibrin) 
Inhibitor for thrombin or platelet adhesion 

Plasma treatment 

Will be discussed soon

Water soluble polymer 

OH COOH 

7 
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500 µm

NR6 WT fibroblast adhesion triggered by RGD recognition


Photos removed for copyright reasons. 

O 

N 
O 

OH Peptide coupling 

O 

N 
O 

O RGD 

PCL-g-PEO+RGD 
O O 

PCL-g-PEO HN

H
N

O

N

HN O 

NH2 

OH 
NR6 WT: OH 
mice fibroblast bearing human integrin 

H2N 
O H O 

Arginine Glycine Aspartate
Taniguchi, Polym Int. submitted R G D 

8 
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Biomolecule immobilization method for specific surfaces


van der Waals 
Electrostatic

Physical adsorption

Affinity 
Adsorbed and cross-linked 
Barrier system 

Physical “entrapment” Hydrogel 
Dispersed system 
Soluble polymer conjugate 

Covalent attachment Solid surface 
Hydrogel


Biomolecules: proteins/peptides, saccharides, lipids, drugs, 

ligands, nucleic acids/nucleotides, (cells,) etc.
 9 
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Chemical modification of materials


ref. Ratner, Biomaterials Science, p. 229 

For covalent binding to an inert solid polymer surface, the 

surface must first be chemically modified to provide 
reactive groups for the subsequent immobilization step. 

-OH -SH 

-NH2 -CH=CH2 

-COOH etc. 
10 
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Protein/peptide immobilization strategies 1 

Major reacting groups: -NH2 

Activation of -OH 
O 

OOCl C O NO2 R  NH2 
OH O C O NO2 O C NH R 

O 
Cl SO2CH2CF3 R  NH2 

O S CH2CF3 NH ROH 

O 

Cl

N
 Cl NH RCl N


N
 N NR  NH2
O NOH R O N 

N N 
R R 

11
All the procedures must be carried out under anhydrous condition 
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Protein/peptide immobilization strategies 2


Major reacting groups: -NH2 

Activation of -NH2 

N

O

ON

O 

O

O O O 

O O O 
R  NH2


NH2
 N O N 
H N N R 

H H 
O 

Activation of -COOH 
O 

OHO N OO 
R  NH2 HCOOH O C O N C N R 

O 

O O 
R  NH2SOCl2 HCOOH C Cl C N R 

Be careful! 
12 
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Protein/peptide immobilization strategies 3 

Major reacting groups: -COOH 

Activation of -NH2 

H 

R1 N C N R2 O N+ R1 
R  COOH  

R C O C 
Portein/peptide carbodiimide 

HN R2 

H


O N+ R1


R C O C

O HN R1 

HN R2 H 
N C R + O C 

HN R2 

NH2 

13 
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Protein/peptide immobilization strategies 4


Chemoselective ligation 

Br R
SH S R 

HS R 
O C O C S R 

O O 

O O 

S RHS R 
N N 

O O 

RR 
H2N O R 

C N O RC O 

Reactions take place between selected pairs of functional groups 14
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Other chemical surface modifications


Preparation of hydrophobic and inert surfaces 

Fluorination 

CF2

CF2

O 

CF2

O 

CF2

O 

O 

CF3
O OOH 

CF3CF3 OOH Cl CF2 

CF3 
O 

CF3 

OH 

OH O 

Silanization 

OH O 
O Si 

O Si  

O 

O 

O SiO Si  

OH O OH O OH O 

OH OH O Si 

OH OH O 

O Si 

OH 

OH OH 

15 
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Summary:

· Clean a surface 

· Reduce/eliminate protein/cell/bacteria adsorption,   

reduce thrombogenicity 

Non-fouling and bioinert surfaces 

· Promote biological response 

Immobilization of biomolecules 
Short time - Physical adsorption 
Long time - Covalent bonding 

16 
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Lecture 10: 

Surface Modification of Biomaterials (Part II) 


Surface Modification Methods 

A. Plasma Treatments 

Plasmas: ionized gases (ions, electrons, free radicals, atoms, molecules) 
created by ion/electron impact under applied E-field:  A + e → A+ + 2e 

Uses 

1. surface etching 

¾ employs inert gases (e.g., Ar) 

¾ purposes: remove impurities, increase roughness 


2. surface reactions 

¾ crosslink polymer surfaces 
                  modify transport properties, reduce surface mobility  

¾ generate surface functional groups 
↑ or ↓ γ1, create reactive surfaces 

O2, CO2, CO: -C-O-, -C=O, -O-C=O, -C-O-O 

N2, NO2, NO (nitric oxide): -C-N, -C=N, -C≡N (plus above) 

NH3 (ammonia): -NH, -NH2 (plus above) 

CF4, C2F6 (hexafluorethane): -CF, -CF2, -CF3 
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Drawbacks: 
a. ill-defined surface chemistries 
b. reconstruction nullifies treatment 

θa	 O2-plasma treated 
HDPE - - -90 PDMS — 

40 

48 	   time  (hrs)  

3. Coating Depositions  

¾ graft polymerized layers 

plasma + monomer ⇒ radically-polymerized surface layer 


hydrophilic monomers: hydroxyethyl methacrylate (HEMA), N-     
vinyl-2-pyrollidone (NVP), methacrylic acid (MAA),  acrylamide 
(AAm), etc. 

H2C=CH H2C=CH 
H2C=CCH3 H2C=CH 

C=O	 C=O
C=O O 

O NO 

N	

H H2CH2CH2OH 
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¾ plasma-sprayed coatings (inorganics)


 fine powders injected in plasma ⇒

partial melting gives surface adhesion


HA (hydroxyapatite): bone bonding


Al2O3: ↑ hardness


CoCr, Ti: ↑ surface roughness/porosity 

⇒ bone bonding 

Four photos removed for copyright reasons. 

Ti-Al-V implant with a) smooth surface; b) Ti plasma spray coating.  
Micrographs show bonding with bone after 4 weeks implantion in a 
canine. P = PMMA cement. B = new bone tissue. (B.H. Lee et al., J. 
Biomed. Mater. Res. 69A, 279 (2004)) 
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4

B. Other Orthopedic Biomaterial Treatments 
 
 

 Ion implantation: high energy ion beam buries atoms into near-
surface  (up to 106 eV)  (metals) 

 
 

• ↑ hardness & wear resistance 
• ↑ corrosion resistance 

 
           ex. N implantation in Ti    

 
 

 Electrolytic coatings 
  

• ↑ hardness & wear resistance 
• ↑ corrosion resistance 
• enhance bone bonding ability 

 
ex. Al2O3, ZrO2, hydroxyapatite 

 
 
 
 
 
 

Electrodeposited ZrO2 coating on CoCrMo implant alloy. (Fig. 1a in S.K. 
Yen et al., Biomaterials 22, 125 (2001)) 

Photo removed for copyright reasons.
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C. Polymer/Organic Coatings 

1. solvent coating/casting 
polymer in VOC (volatile organic compound) dipped, sprayed,  
rolled or brushed on surface 

ex. TAXUSTM stents (Boston Scientific), Paclitaxel-eluting 
poly(styrene-isobutylene-styrene) block copolymer coating 

Two photos removed for copyright reasons. 

2. grafted polymer layers 

¾ surface graft polymerization: plasma (incl. corona discharge) or 
radiation (γ or UV) generate surface free radicals that initiate chain 
polymerization  

Drawbacks: 
- poorly controlled thickness & molecular weight 
- unreacted monomer 
- unbound homopolymer 

SEM images of TAXUSTM stent. (S.V. Ranade et al., J. Biomed. 
Mater. Res. 71A, 625 (2004)) 
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¾ condensation rxns: polymer or biomolecule bonded to functional 
groups on surface (-OH, -COOH, -NH2) 

-OH groups: on metals, glasses, ceramics  

direct covalent attachment to –OH: 

-OH + SiX3R →  -O-SiX2-R X= -Cl, -OCH3, -OCH2CH3 
(silane) 

use of a coupling agent  (–OH to –COOH): 
O


-PEO-OH + succinic    →
      -PEO-O-  C -(CH2)
 anhydride 

O (can react with –NH2 

2-COOH

O 
end of proteins)

O 

use of a coupling agent  (–COOH to –NH2): 

-COOH + H2N(CH2)6NH2 →  -CO-NH-(CH2)6NH2 + RCOOH 
diamine linker 

→  -CO-NH-(CH2)6NH-CO-R 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

144
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



7 3.051J/20.340J


3. Adsorption from solution 

¾ amphiphilic macromolecules: block copolymers 

ex. Pluronics PEO-PPO-PEO triblocks 
used in pharmaceutical formulations as a dispersing agent 

Drawbacks: 
- low coverage (steric limitations) 
- not covalently bound—cells can rearrange! 

Alternate amphiphile architectures: 

amphiphilic combs bottle brush 
(shag carpet) (glycocalyx mimic) 
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¾ polyelectrolyte multilayers (PEMs) 

electrostatic assembly: alternate adsorption of polycation and 
polyanion monolayers 

Polyanion 

Substrate 

Polycation 

Figure by MIT OCW. Advantages: 

- fabricate surface coatings incorporating diverse components 
(proteins, DNA, drugs…) 

- can deposit onto numerous surfaces, any topography 

ex. PEM encapsulation of cells 

alginate (a polysaccharide, −)/polylysine (+) 


- water-based 
no organic residuals, compatible with biological components 

PEM hollow microcapsules built on PS 
microsphere templates subsequently 
dissolved. (Rubner & coworkers, MIT) 

Courtesy of Prof. Michael Rubner. Used with permission. www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in
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¾ self-assembled monolayers  (chemisorption): ordered (close-
packed) monolayers of organics (head group with short 
hydrocarbon tail)   

  alkane thiols on Au (model surfaces or biosensors/arrays) 

Au + HS-R →  AuAu(I)-S-R + 1⁄2 H2↑ 

- useful for “model” surfaces 
- biosensor applications 
- SPR studies 

4. Surface Segregation 

- small amount of surface agent is added to bulk biomaterial  

- additive selectively segregates during annealing  
                 (water-based annealing for hydrophilic additives) 

ex., amphiphilic acrylic comb polymer/PLA tissue engineering        
scaffolds 
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D. Patterned Surface Modification 
 
 desired for: 

- gene, protein or cell microarrays  
- biosensors   
- combinatorial studies 
- directed cell migration, cell sorting 
- structuring engineered tissue  

▲ annealed in water 70°C 
■  unannealed 

  annealed in vacuum 120°C 
- - - no surface excess 

O

O

OH
O

O

O
O

O
x y z

m n

PLA scaffold with surface segregated amphiphilic 
comb copolymer. SEM image (left) and XPS data 
of comb surface vs. bulk concentration.   (D.J. 
Irvine et al., Biomacromol. 2, 545 (2001)) 

Photo removed for copyright reasons.
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¾ Microcontact printing (µCP): (G. Whitesides, Harvard) 

- conventional lithography methods used to fabricate a template 
from which PDMS (silicone) “stamp” is formed 

- “ink” is a SAM (or other molecule) for selective deposition   

Alternating regions of cell-
adhesive/cell-resistant surface 

Photo removed for copyright reasons. 

- polymer and protein stamping also possible 
- employed for feature sizes ~2-50 µm 

Bovine endothelial cells cultured on Au surface 
printed with SAMs having alkane and EG-
terminated alkane tails and exposed to fibronectin. 
(Figure 5(B) in R.S. Kane et al., Biomaterials 20, 
2363 (1999)) 
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12

 
 Inkjet printing  

 
- modification of conventional printing technology 
- faster, lower resolution patterning vs. µCP  
- deposited molecule surface density determined by drop concen. 
- bioinks of biomolecules, cells possible 

 
 
MicroFab Technologies, Inc.  
http://www.microfab.com/ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 

MicroFab Technologies, Inc. prototype 10-nozzle printer head and printed 
array of multiple dye molecules. (images from http://www.microfab.com/) 

Fluorescently-labeled fibroblast growth 
factor (FGF) ink-jet printed onto fibrin 
matrix. Printed spots ~75 µm.  (Figure 2 in 
E.D. Miller et al., Biomaterials 27, 2213 (2006)) 

Courtesy of MicroFab Technologies, Inc.  Used with permission.

Photo removed for copyright reasons.
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¾ Photo-patterning methods 

- UV photomasking to selectively cleave a polymer film 

Figures removed for copyright reasons. 

Nitrobenzyl methacrylate units of copolymer cleaved under UV to create 
negatively charged regions. Using a photolithography mask allows creation of 
patterned polyanion regions (shown stained with cationic dye). (J. Doh and 
D.J. Irvine, JACS 126, 9170 (2004)) 

- UV photomasking to selectively crosslink a polymer film 

Figures removed for copyright reasons. 

Vinyl benzyl acrylate units of PAA-based copolymer crosslink under UV to 
create PEMs with lower swelling/higher modulus. (S.C. Olugebefola et al., 
Langmuir, submitted) 
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 Molecular imprinting  
 

- biological components used as a template to create surface   
   binding sites with specific chemistry & topology 
 
- process: polymerize around template, extract template molecule 

⇒ imprint of template with complementary chemistry 
  

- imprint exhibits selective adsorption of template molecule 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B.D. Ratner & coworkers, 
Nature 398, 1999, p. 593. 

Figure removed due to copyright reasons.
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Graph removed for copyright reasons. 

BSA is selectively adsorbed to BSA-imprinted surface in 
competitive adsorption with IgG. (B.D. Ratner & coworkers, 
Nature 398, 593 (1999)) 
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Lecture 11 
Surface Characterization of Biomaterials in Vacuum 

The structure and chemistry of a biomaterial surface greatly dictates the 
degree of biocompatibility of an implant.  Surface characterization is 
thus a central aspect of biomaterials research. 

Surface chemistry can be investigated directly using high vacuum 
methods: 

•	 Electron spectroscopy for Chemical Analysis (ESCA)/X-ray 

Photoelectron Spectroscopy (XPS) 


•	 Auger Electron Spectroscopy (AES) 

•	 Secondary Ion Mass Spectroscopy (SIMS) 

1. XPS/ESCA 

Theoretical Basis:  

¾ Secondary electrons ejected by x-ray bombardment from the 

sample near surface (0.5-10 nm) with characteristic energies  


¾ Analysis of the photoelectron energies yields a quantitative 

measure of the surface composition 
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Electron energy analyzer 

θ 

(Ε = hν) 

(variable retardation voltage) 

Lens 

e 

e 

e 

P ≈ 10-10 Torr 

X-ray source  Detector 

E

K 

EF 

LI 

LII 

LIII 

Evac 

EB 

energy is characteristic 
element and 

kin 

Photoelectron binding 

of the 
bonding environment 

Chemical analysis! 

Binding energy = incident x-ray energy − photoelectron kinetic energy 

EB = hν - Ekin 
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Quantitative Elemental Analysis 

C1s 

N1s 

O1s
Intensity 

Low-resolution spectrum 

500 300 
Binding 
energy (eV) 

¾ Area under peak Ii ∝ number of electrons ejected (& atoms present) 

¾ Only electrons in the near surface region escape without losing 
energy by inelastic collision 

¾ Sensitivity: depends on element.  Elements present in concentrations 
>0.1 atom% are generally detectable (H & He undetected) 

¾ Quantification of atomic fraction Ci (of elements detected) 

Ci = 
Ii / Si Si is the sensitivity factor: 

∑ I j / S j 
j - f(instrument & atomic parameters)  

- can be calculated

sum over detected 

elements 
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High-resolution spectrum 
C1s 

Intensity 

PMMA 

290 285 
Binding 
energy (eV) 

¾ Ratio of peak areas gives a ratio of photoelectrons ejected from atoms 
in a particular bonding configuration  (Si = constant) 

Ex. PMMA 
5 carbons in total H CH3 

H CH3 
− C − C − 

3 − C − C − (a) Lowest EB C1s 
H C=O 

H C EB ≈ 285.0 eV O 

CH3 

1 O 

CH3 

(b) Intermediate EB C1s 
EB ≈ 286.8 eV 

Why does core electron EB 
vary with valence shell 

1 
C=O 

O 
(c) Highest EB C1s

 EB ≈ 289.0 eV 

configuration? 
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from carbon 

Slight shift to 1s

Electronegative oxygen “robs” valence electrons
(electron density higher toward O atoms) 

Carbon core electrons held “tighter” to the + nucleus 
(less screening of + charge) 

 higher C  binding energy 

Similarly, different oxidation states of metals can be distinguished. 

Ex. Fe      FeO  Fe3O4    Fe2O3 

Fe2p binding energy 

XPS signal comes from first ~10 nm of sample surface. 

What if the sample has a concentration gradient within this depth? 

Surface-segregating species Adsorbed species 

10nm 

Multivalent oxide layer 
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Depth-Resolved ESCA/XPS 

¾ The probability of a photoelectron escaping the sample without 
undergoing inelastic collision is inversely related to its depth t within 
the sample: 

⎛ −t ⎞( )  ~  exp  ⎜P t  
⎝ λe ⎠

⎟ 

where λe (typically ~ 5-30 Å) is the electron inelastic mean-free path, 
which depends on the electron kinetic energy and the material.  
(Physically, λe = avg. distance traveled between inelastic collisions.) 

For t = 3 λe ⇒ P(t) = 0.05 
e 

θ =90° 

95% of signal 

from t ≤ 3 λe


¾ By varying the take-off angle (θ), the sampling depth can be 
decreased, increasing surface sensitivity 

e e 
θ 

t = 3 sin  θλe 

θ 
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Ci 

5 90 
θ (degrees) 

¾ Variation of composition with angle may indicate: 

- Preferential orientation at surface 

- Surface segregation 

- Adsorbed species (e.g., hydrocarbons) 

- etc. 


¾ Quantifying composition as a function of depth  

The area under the jth peak of element i is the integral of attenuated 
contributions from all sample depths z: 

⎛ −z ⎞
(Iij = CinstT  Ekin )Lijσ ij ∫ n (z) exp  ⎜ ⎟dz  i 

⎝ λ sinθ ⎠e 

σ
L

Cinst = instrument constant 
T(Ekin) = analyzer transmission function 

ij = angular asymmetry factor for orbital j of element i 
ij is the photoionization cross-section  

ni(z) is the atomic concen. of i at a depth z (atoms/vol) 
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For a semi-infinite sample of homogeneous composition: 

∞
⎛ −z ⎞

Iij = −Iij ,oni λ sinθ exp 
⎝
⎜ λ sinθ ⎠

⎟e I= ij oniλe sinθ = S  ni = Iij ,∞, i 
e 0 

(,where  Iij o = CinstT  Ekin )Lijσ ij 

Relative concentrations of elements (or atoms with a particular bond 
configuration) are obtained from ratios of Iij (peak area): 

•	 Lij depends on electronic shell (ex. 1s or 2p); obtained from tables; 
cancels if taking a peak ratio from same orbitals, ex. IC1s 

/ IO1s 

• Cinst and T(Ekin) are known for most instruments; cancel if taking a 
peak ratio with Ekin ≈ constant, ex. IC1s (C − −O) / IC1s (C −CH3 )C 

• σij obtained from tables; cancels if taking a peak ratio from same 
atom in different bonding config., ex. IC1s (C − −O ) / IC1s (C −CH3 )C 

•	 λe values can be measured or estimated from empirically-derived 
expressions 

−1 −2  0.5  
For polymers: λ (nm) = ρ (49E + 0.11Ekin  )e 	kin  

−2	 0.5 λ (nm) = a ⎡⎣538E + 0.41(Ekina ) ⎦
⎤For elements: e  kin  

For inorganic compounds (ex. oxides):    
−2	 0.5 λ (nm) = a ⎡⎣2170E + 0.72 (Ekina ) ⎦

⎤ 
e 	kin  
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where: 

⎛ MW ⎞
1/ 3 

a = monolayer thickness (nm) a = 107 
⎜
⎝ ρ N Av ⎠

⎟ 

MW = molar mass (g/mol) 
ρ = density (g/cm3) 

Ekin = electron kinetic energy (eV) 

Ex: λe for C1s using a Mg Kα x-ray source: 

EB = hν - Ekin 

For Mg Kα x-rays: hν = 1254 eV 
Ekin = 970 eVFor C1s : EB = 284 eV 

−1 −2  0.5  λ (nm) = ρ ( 49E + 0.11Ekin ) Assume ρ = 1.1 g/cm3 
e kin 

λe = 3.1 nm 
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For non-uniform samples, signal intensity must be deconvoluted to 
obtain a quantitative analysis of concentration vs. depth. 

Case Example: a sample comprising two layers (layer 2 semi-infinite): 

1 d


2 


⎛ −z ⎞
(Iij = Cins T kin )Lijσ ij ∫ ni (z) exp 

⎝
⎜ λ sinθ ⎟

⎠ 
dz 

e 

ij ij o i,1 e,1 

⎝ 
ij ,o i,2 e,2 

⎝ λe,1 sinθ ⎠
, ⎜ ⎝ λe,1 sinθ ⎠⎠

⎟ 

⎛
(1) − 

⎛ −d ⎞⎞ 
(2) ⎛ −d ⎞ 

or Iij = Iij ,∞ ⎜⎜1 exp  
⎝
⎜⎜ λe,1 sinθ ⎠

⎟⎟
⎠
⎟⎟ + Iij ,∞ exp 

⎝
⎜⎜ λe,1 sinθ ⎠

⎟⎟
⎝ 

(1) θ 
⎛ −z ⎞

Iij = −Iij ,oni,1 λ sin exp  
⎝
⎜ λ sinθ ⎠

⎟e 
e 

⎛ 
I = I (1) n λ sinθ ⎜1− exp 

⎛
⎜⎜

−d 

d ∞ 

(2) θ 
⎛ −z ⎞

I− ij oni,2 λ sin exp  
⎝
⎜ λ sinθ ⎠

⎟, e 
e0 d 

⎞⎞ ⎞ 
⎟⎟⎟ + I (2) n λ sinθ exp 

⎛
⎜⎜

−d 
⎟⎟

Why λe,1? Electrons originating in 
semi-infinite layer 2 are attenuated 
by overlayer 1 

( )
where Iij

i 
,∞  = measured peak area from a uniform, semi-infinite sample 

of material i. 
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Methods to solve for d 

Scenario 1: ni,2=0 (ex., C1s peak of a polymer adsorbed on an oxide): 

d⎛ ⎛ − d ⎞⎞ 1 
(1) ⎜ − 

⎝ 
Iij = Iij ,∞ ⎜ 

1 exp  
⎝
⎜⎜ λ sinθ ⎠

⎟⎟
⎠
⎟⎟


e,1
 2 

(1)
¾ measure a bulk sample of the upper layer material ⇒ Iij ,∞ 

⎛ Iij ⎞ − dln 1−⎜ (1)I⎜ 
ij ,∞ 

⎟
⎠
⎟ =

λ e,1 sinθ⎝ 

⎛ ⎞ 
¾ obtain slope of ln 1 

I
−⎜ (1

ij 
) ⎟⎟ vs. cscθ ⇒ –d/λ e,1⎜ 

⎝ Iij ,∞ ⎠

¾ for a fixed θ: 
⎡ ⎤ 

d = −λ e,1 sinθ ln 1 
I

−⎢ (1
ij 
) ⎥ 

⎢ Iij ,∞ ⎥⎦⎣ 

¾ substitute a calculated or measured λ e,1 to obtain d 
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Scenario 2: ni,1=0 (ex., M2p peak from underlying metal oxide (MOx): 

d
(2) ⎛ −d ⎞ 1 

⎟⎟Iij = Iij ,∞ exp 
⎝
⎜⎜ λe,1 sinθ ⎠ 2 

¾ measure Iij for same peak at different take-off angles (θ1, θ2) 

(2) ⎛ −d ⎞
I ni,2λe,2 sinθ exp ⎜ ⎟⎜ ⎟Iij ,θ 

ij o 1, 
⎝ λe,1 sinθ1 ⎠1 = 
⎛ −d ⎞ 

2 (2)Iij ,θ I ni,2λe,2 sinθ exp ⎜ ⎟⎜ ⎟ij o 2, 
⎝ λe,1 sinθ2 ⎠ 

⎛ −d ⎞ 
1 

Iij ,θ = 
sinθ1 exp ⎜⎜ (cscθ − cscθ2 )⎟⎟Iij ,θ sinθ2 ⎝ λe,1 

1 
⎠2 

−1 ⎛ Iij ,θ sinθ2 
⎞ 

1d = λ (cscθ − cscθ ) ln ⎜⎜
⎝ Iij ,θ sinθ ⎟⎟e,1 2 1 

2 1 ⎠ 

¾ substitute a calculated or measured λe,1 to obtain d 
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Scenario 3: element present in distinguishable bonding configurations in 
layers 1 & 2 (ex., O1s peak from -C-O-C- and MOx): 

(1) 
⎛

− 
⎛ − d ⎞⎞ 

(2) ⎛ − d ⎞
Iij = Iij ,∞ ⎜ 1 exp  

⎝
⎜⎜ λ e,1 sinθ ⎠

⎟⎟
⎠
⎟⎟ + Iij ,∞ exp ⎜ ⎟⎜ ⎟⎜ ⎝ λ e,1 sinθ ⎠⎝ 

(2) 	 ⎛ − d ⎞
I ni,2λ e,2 sinθ exp ⎜ ⎟⎜ ⎟ 1 d

Iij 
(2) ij o, 

⎝ λ e,1 sinθ ⎠
=
(1) ⎛ ⎛ − d ⎞⎞Iij (1)	 2I ni,1λ e,1 sinθ
⎝
⎜⎜ 
1− exp 

⎝
⎜⎜ λ e,1 sinθ ⎟⎟

⎠⎟⎟
⎠ 

,ij o 

(1) (2)
¾ measure element peak areas Iij and Iij 

(1)	 (2) 
, ,¾ for same element and orbital: Iij o = Iij o 

ni,2 Ci,2= ¾ for same element and orbital: ni,1 Ci,1 

I 
⎛ − d ⎞


ij 
(2) Ci,2λ e,2 exp 

⎝
⎜⎜ λ e,1 sinθ ⎠

⎟
⎟

I 
=


ij ⎛ ⎛ − d ⎞⎞
(1) 

Ci,1λ e,1 ⎜ −	 ⎟⎟⎟⎜ 
1 exp  

⎝
⎜⎜ λ e,1 sinθ ⎠⎠

⎟
⎝ 

¾ solve numerically for d, substituting calculated values of λ e,2 & λ e,1 
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¾ if d << λe,1 sinθ : 

2 ax
1exp(−ax) ≈ − ax + ( )

− ... 
2 

I 
⎛ d ⎞


ij 
(2) Ci,2λe,2 ⎜⎜1−

λ sinθ ⎠
⎟
⎟

⎝ e,1 

I 
=


ij ⎛ d ⎞
(1) 

Ci,1λe,1 ⎜ ⎟⎜ ⎟
⎝ λe,1 sinθ ⎠ 

(2) ⎤
−1 

ijd = λe,1 sinθ ⎢
⎡ I Ci,1λe,1 +1⎥(1)
⎣ ij⎢ I Ci,2λe,2 ⎥⎦ 
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Ion Etching 

Depth profiling for depths > 10 nm  (100 nm – 1 µm) 

Ar+, Xe+ or He+ ions etch surface layer 

Signal 
Intensity 

6(OH)2) coatingHydroxyapatite (Ca10(PO4)

P2p 
Ti2p 

XPS spectra re-recorded 

on Ti implant 

sputter time 

Calibration of sputter rates: time ⇒ depth  
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2. Auger Electron Spectroscopy 

Theoretical Basis:  

¾ Auger electrons created by electron bombardment of sample are 
ejected from near surface (1-3 nm) with characteristic energies  

¾ Analysis of the Auger electron energies yields a quantitative 

measure of the surface composition 


ejected core electron 
EK – EM = EN + Ekin Evac 

Auger electron 
NEkin = EK – EM – EN 
M 

E
LIII 

xyz  (ECVV or ECCV) 
L
LII 

I 
• ejection from x shell 
• electronic transition y→x 

K• release of z-level Auger with Ekin 

INFORMATION: Exyz is characteristic to element & bonding 

AES vs. XPS 

Advantages Disadvantages 

- focused e-beam gives high  

x,y spatial resolution 

(5 nm vs. ~1 µm) 


- charging effects on 
nonconductive samples 
(unsuitable) 

- larger bonding effects - degradation of organics 
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3. Secondary Ion Mass Spectroscopy (SIMS) 

Experimental Approach: 

¾ Energetic ions (1-15 keV) bombard sample surface 

¾ Secondary ions/charged fragments are ejected from surface and 
detected 

ion gun 

filter mass filter 
ionenergy 
detector 

sample 

Ion Guns 

• Nobel gas: Ar+, Xe+ 

• liquid metal ion: Ga+, Cs+ (~1nm beam size ⇒ x,y mapping) types 
• pulsed LMI (time-of-flight source) 
• low currents used: 10-8-10-11A/cm2 

Ion beam current 
(A/cm2) 

surface monolayer 
lifetime (s) 

10-5 16 
10-7 1600 
10-9 1.6×105 

10-11 1.6×107 

1 Amp = 6.2×1018 ions/sec 
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Detectors 
• sensitive to the ratio of mass/charge (m/z) 

• resolution defined as m/∆m  (larger = better!) 

• Quadrupole (RF-DC): resol. m/∆m ~ 2000; detects m < 103 amu 

Oscillating RF field 
destabilizes ions: only ions 
with specified m/z can pass 

• Magnetic sector: m > 104 amu; m/∆m ~ 10,000 


R 

Applied B-field results in 
circular trajectory (radius=R) 
of charged particles 

1 2mV ⎞
1/ 2 

⎛R = 
B ⎝⎜ z ⎟

⎠accelerating 
voltage 

• Time-of-flight (TOF): m ~ 103-104 amu; m/∆m ~ 10,000 

Pulsed primary beam 
generates secondary ion 

⎛ m ⎞
1/ 2 pulses detected at distance L

time = ⎜
⎝ 2zV ⎠⎟ L 

flight tube 
length 
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Modes of Operation 

Static SIMS 

¾ low energy ions: 1-2 keV; penetration ~5-10 Å 

¾ low ion doses: < 1013 ions/cm2sec 1 cm2 ≈ 1015 atoms 

1
95% of signal from 

st atomic layer! 

Information: 

• surface composition 
• surface bonding chemistry (sputtered fragments) 

Example: SIMS of silica powder 
Negative spectrum 

Intensity 
(arb. units) 

O− 

OH− 

SiO2 
− 

SiO2H− 

SiO3 
− SiO3H− 

(SiO2)2OH− 

16 17 60 61 76 77 137 
m/z 

OH HO OH 
Which structure is 

suggested from SIMS? SiSi 
OO O O 

O 
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Positive spectrum 


Intensity 
(arb. units) O+ 

CH3 
+ 

H2O+ 

OH+ 

15 16 17 18 

SIMS suggests presence m/z 
of adsorbed methanol 

SIMS vs. XPS/AES 
Advantages Disadvantages 

- high sensitivity (ppm – ppb) - not quantitative 

- more sensitive to top surface 

- applicable to any solid 

Dynamic SIMS 

¾ 1-20 keV primary beam 

¾ rastered beam sputters a crater in sample 

¾ secondary ions gives depth profiling 
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beam path 
primary 

10-100 µm 

10-100 µm 

N− 

Signal 
Intensity 

N ion-implanted Ti  (for wear resistance) 

sputter time 
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1

 

Lecture 12:  
Biomaterials Characterization in Aqueous Environments 
 
 
High vacuum techniques are important tools for characterizing surface 
composition, but do not yield information on surface structure or 
chemistry in a water-based environment. 
 
 
 
Aqueous-based methods for surface characterization are limited.  Here 
we will consider three common techniques:  
 
1. water contact angle studies 
 

- surface reconstruction (a) 
- water absorption (b) 
- surface chemistry analysis  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 1 2 2cos cos cosf fθ θ θ= +  
 
 

θa
droplet volume 

advancing 

receding 

θ

θr 

droplet volume 

advancing 

receding 

θ

(a)

(b)

Cassie’s eqn: use to determine fraction of surface 
area of components 1 & 2  (f1 + f2 = 1) 
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2

 

 
2. in situ ellipsometry 
 

- degree of hydration of a film 
 
 
Ellipsometric angles Ψ and ∆  
⇒ thickness (df ) & refractive index (nf) ( 3-layer model) 
 

 
 
 
 

f water water material materialn f n f n= +  
 
 
 

nwater 

nf  df 

nsub 

where fwater and  fmaterial are volume fractions. 
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3

 

 
3. Atomic Force Microscopy (or Surface Force Microscopy): imaging 
method that exploits intermolecular interactions between a small (~atomic) 
probe and molecules on surface 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

position sensitive 
photodetector 

He-Ne laser 

(Au-coated) Si, Si3N4, SiO2 
cantilever; spring const k~0.1-1N/m  

“atomic” Si, 
Si3N4, C tip 

sample surface
piezoelectric 
transducer  
 
piezo-controlled 
sample stage  

Intermolecular 
potential curve  

short-range: ion-ion 
repulsion 

Long-range (attractive): van 
der Waals, H-bonding, 
electrostatic, dipole-dipole,… 

r

U(r) 

Scan area: 1×1 nm2 to 250×250 µm2  
z-range: 8 µm 
force range: 10-13-10-6N 

Force generated: 
 

UF
z

−∆
=

∆  
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Operation Modes 
 
1.  Contact mode (short-range) 
 

 Tiny cantilever deflections detected by photodiode array 
 

 Tip rastered over sample surface at fixed force (via photodetector-
z-piezo feedback loop) generates topographical image 

⇒ analogous to stylus on a record player 
 

 Good for hard samples; can drag soft materials! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

force applied: nN 
x-y resolution: 1Å 
z resolution: < 1Å 

Contact mode images of TiO2 
(rutile) film surface 
 

 No contrast at low resolution—
flat surface 

 
 High resolution—atoms of (001) 
plane are revealed  

Figure 10 (a) and (b) from K.D. Jandt, 
Surf. Sci. 491 (2001) 303.

Photo removed for copyright reasons.
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2. “Tapping” mode   
 

 Tip oscillates in z-axis at high ω (~50-500 kHz in air, 10 kHz in 
fluids) with intermittent sample contact ⇒ eliminates shear forces   

  
 Interactions between tip and sample cause amplitude attenuation 
(driven amplitude ~ 10 nm) 

 
 Cantilever deflections used in feedback loop to maintain average 
applied force similar to contact mode 

oscillatory amplitude attenuation ⇒ “height” data 
 

 Commonly used for soft samples, aqueous environments 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

x-y resolution: 1-2 nm 

Figures 1 and 4 from C.H. Chen, D.O. Clegg & H.G. 
Hansma, Biochemistry 37, 1998, 8262. 

Tapping mode images in air (left) 
and water (below) of laminin (Ln-
1) adsorbed onto mica. 
 

 Cruciform molecular shape 
 “Arms” can bend and fold 

Photos removed for copyright reasons.
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Phase imaging (in conjunction with tapping mode) 
 

 Tip oscillated in z-axis, making intermittent sample contact 
 

 Simultaneous measurement of amplitude attenuation & phase lag 
of cantilever signal vs. signal sent by piezo-driver 

 
oscillation amplitude attenuation ⇒ “height” data 
oscillation phase-shift ⇒ “elasticity” map  
 

 
 
   
 
 
 
 
 
 
 
  

   hard   soft   hard 

Drive signal: 
 
 
Phase data: 

    in phase     out of phase            in phase 

Figure 6 from M.J. Fasolka et al., 
Macromolecules 33, 2000, 5702. 

Figure removed for copyright reasons.

AFM image of polystyrene-b-
poly(lauryl methacrylate) block 
copolymer film. 
 
Height data: variation in film thickness 
seen at polymer droplet edge 
 
 
Phase data: microdomains of soft 
PLMA block (Tg~-35C) and hard PS 
block (Tg~100C) are distinguished 
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3. Force modulation mode 
 

 Tip oscillates in z-axis at  ω < ωο = (k/m)1/2 (cantilever resonance 
frequency), making intermittent sample contact; ω ~3-120kHz.  

 
 Interactions between tip and sample cause amplitude attenuation 

 
 Contact force applied to sample is modulated, giving elasticity 
information 

cantilever deflection amplitude ⇒ “elasticity” map  
 

 
 
   
 
 
 
 
 
 
 
4. Non-contact AFM  
 

 Oscillation near resonance frequency without tip-surface contact 
(long-range forces in U(r) curve; r > 0.6 nm, typical F <1 pN) 

 
 Force gradients from surface interactions shift resonance frequency 
  

1
2o

dF
dz k

ω ω −
− =  

 
 Force gradients used to map secondary interactions   
(difficult in fluids due to damping; good for soft samples) 

 

   hard   soft   hard 

Drive signal:  
 
Force 
modulation: 

dF/dz >0  ⇒ attractive force 
dF/dz <0  ⇒ repulsive force 

resolution: dF/dz ~ 10 µN/m  
  (0.1 pN at a gap of 1 nm) 
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5. Force-Distance Profiles  
 

 As sample is brought towards probe tip, measured force: ∆F = k∆zc  
(∆zc  = cantilever deflection)  

 
D > 10 nm   hydrophobic interactions, electrostatic interactions, steric   
                    repulsion of polymer “brush” layer 
 
D < 10 nm   van der Waals attraction 
 

 Obtain F(z) of species w/ surface by coating tip with receptor, 
antibody, ligand, colloid, cell, etc. 

 
 
 
 
 

 
 
 
 

 
 

Colloidal Particle Force 
Spectroscopy 

Grafted hydrophilic chains
(EO)22 ⇒ “cloaking”  

 
pure repulsion 

 

Mixed grafted chains  
(EO)22 ⇒ “cloaking”  
C16H37  ⇒  “binding”  

 
repulsion-attraction-repulsion

 
 - jump to contact seen for 

( )U D kD
D

−
>   (i) 

 - further approach bends cantilever (ii) 

 - on retraction, tip “sticks” from adhesion forces (iii) 

 NOTE: ↑ tip size = loss of x-y imaging 
resolution 

after S.C. Olugebefola et al., 
Langmuir 18, 2002, 1098. 

Figure by MIT OCW.
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 Measure height of hydrated surface layer via nonlinear regimes 

 
Sample height interval: ∆zs = zs,j−zs,j-1   
Force increment from cantilever deflection: ∆F ≡ k∆zc    
Sample deformation: ∆zs - ∆zc    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
       
 
 
 
 
 
       
 
 

 
 

 

F (nN) 

Hydrated layer 
thickness 

∆F/∆zs 
(nN/nm) 

0 - 

zs −zo 

(instant slope)  

∆zs 

∆zc 

No tip/surface interactions; 
∆F ≡ k∆zc = 0  

Full contact with hard substrate;  
∆F ≡ k∆zc = k∆zs    

Deformation of hydrated surface; 
∆F ≡ k∆zc  ≠ k∆zs    

zs −zo = separation   
              distance     0 
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Biomaterials-relevant SFM/AFM Studies 
 

 protein adsorption 
 cell membrane integral proteins 
 initiation of clot formation 
 hydrated surface layers 
 chemical mapping 
 ligand-receptor interactions 
 cell adhesion 
 surface charge mapping 
 surface topography 
 surface elasticity 
 protein structure (single chain expts)… 

 
 
 
 
 
References 
 
C.A. Siedlecki and R.E. Marchant, “AFM for characterization of the 
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K.D. Jandt, “Atomic force microscopy of biomaterials surfaces and 
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Lecture 13: 

Quantifying Cell Behavior 


1. Cell Cultures 

a. Why use cell cultures? 

in vivo (living organisms) in vitro (glass, i.e., culture) 
Pros 1. native 3D environment 1. simplified model systems 

2. all relevant signals present 2. study parameters independently 
3. observe as function of time 

Cons 1. many variables – noisy data 1. unnatural 2D environment 
2. animal rights concerns 2. may lack important signals 

b. Types of cell cultures 

Primary cultures: directly from living organism 
☺ reflect function of real organism 

 eventually die off; # 
 some cell types poor dividers (nerve) 

Primary cells 

time 
Cell lines: derived from primary cells (not clones) 

☺ altered genes ⇒ immortality 
• isolated spontaneous mutation 
• tumor cells 
• viral oncogene transfection # 

Cell lines 

time 
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2. Assays of Cell Function 

 Adhesion 
 Migration 
 Proliferation 
 Differentiation (change in phenotype, ex. blood stem cells ⇒

leukocytes) 


 Secretion (protein production) 


a. Cell Adhesion Assays 

Importance: cell adhesion is necessary for many other cell functions— 
provides biophysical and biochemical stimulation 

 Sedimentation assay: 

1. Cell type seeded onto surface of interest at given density (#/area) 
for a specified time in vitro 

2. Surface is gently washed, and remaining cells counted, e.g., by 
    optical microscopy or Coulter counter (cells detached, suspended &   
    “count” by electrical resistance change thru narrow channel) 

% seeded 
adhered 

treated surface TCPS (control) 

3.For testing cell resistance, serum-containing medium is a stricter test 
than cells seeded in protein-free solution. 

Note: plasma vs. serum 
plasma—liquid portion of blood 
(cells removed) 
serum—plasma with coagulants 
(e.g., FGN) removed 
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⇒  Sedimentation assays give no info. on strength of adhesion. 

 Cell Spreading Assay 

1. Cell type seeded onto surface of interest at given density (#/area) 
for a specified time 

2. Measure projected surface area (optical microscopy) 

Closer in spirit, but still not a 
direct adhesion measurement 

Spreading indicates focal 
contact formation—metabolic 
activity 

 Centrifugation assay: (normal force) 

1. Cell type seeded into 24-well plate with surface coating 
for a specified time 

2. Plate is inverted in centrifuge and cells attached vs. applied force is  
measured 
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Normal Force 

Shear Force 
(centrifugation) 

(flow chamber) 

Shear Normal 

cells 100% 
remaining 

50% 

F
 0% 


50%  Applied Force 


Metric for comparison 

 Flow Chamber assay: (shear force) 

1. Cells seeded into parallel plate chamber  

2. Fluid flow velocity gradient results in shear force on cell-surface 
bonds – pop like a “seam”  
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b. Cell Migration Assays 

Importance: 
•	 tissue organization (embryonic) 
•	  immune and inflammatory response (chemotaxis of white 

blood cells) 
•	 angiogenesis—endothelial cell migration to form vasculature 
•	 wound healing—fibroblast migration to form connective tissue  
•	 tumor metastasis 

How do cells migrate?   

Actin polymerization in cytoskeleton ⇒ “lamellipod” extension 

Contractile force generated on actin filaments 

Force translated to substrate through focal contacts 
⇒ net translation 

focal contact 

actin filament 
lamellipod 

Over short times: cell motion appears directional 

Over long times: cell motion is analogous to a diffusive process
   (in absence of chemical gradients or physical barriers) 
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Quantification approaches: 

1. individual cell measurements 
2. migration of cell populations 

 Individual Cell Measurements: 

Time-lapse videomicroscopy tracks cell motion (beneath fluid or gel) on 
a surface as a function of time elapsed.   

d 

1. Measure distance traveled from starting pt. (d) as a function of 
time (t) 

2. Fit data to model to obtain rms speed (S) and persistence time (P) 
(cell dependent) 

P: time before memory of initial direction is lost (typically min-hrs) 
S: measure of centroid displacement per time (typically 1-50 µm/h) 

/2 2 −t P  )⎤( )2 = nS  ⎡Pt  − P (1− ePersistent Random Walk Model: d t  ⎣ ⎦ 

M  # of dimensions (2) 
t 2( )2 = 

1 ∑ di ( )where   d t  
M i=1 

M = # of measurements Note: <d(t) > ≡ 0, t >>P 
Why? 
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M = # of cells if each time step used as a single data point 

d1(4∆t) 
d2(4∆t) 

Cell 1 path Cell 2 path 

Requires measuring many cell paths for good statistics (TEDIOUS!!) 

Alternately, we can use data from a single cell: 

Strategy (i): count each pt. on its trajectory as a “starting pt.”  (all 
sampling points are equivalent) 

d2(4∆t) 

d1(4∆t) 

d3(4∆t) 

Strategy (ii): break migration path into M = N/j segments of j∆t steps 
(N=total # of sampling intervals ∆t) 

d1(4∆t) 

d2(4∆t) 

d3(4∆t) 
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Fitting to the Persistent Random Walk Model 

2 /2 −t P  )⎤( )2 = nS  ⎡Pt  − P (1− ed t  ⎣ ⎦ 

For short times t<P: 
2 ax

exp( −ax) ≈ −  +
( )

− ...1 ax 
2 

( )2 2 2d t  = S  t  

( )2 1/ 2 distance traveled = speed × time 
or d t  = St  (directional motion) 

( )2 2 2For long times t>P: d t  = nS  Pt  − nS  P  2 

( )2 vs. t: ×103


10


Plotting d t

( )2d t  m = nS2P 
(µm2) 

0 
slope = nS2P 
y-intercept = -nS2P2 time (min) 

⇒  values of P & S      
b = -nS2P2 
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Persistence time (P) Comparison of P & S 
(min) for different cell 

types migrating on 
same substrate… 

How do speeds relate 
to event sequence in 
the inflammatory 
response?  

Figure by MIT OCW. 

From D.A. Lauffenburger & J.J. 
Speed (S) (µ m/min)	 Linderman, Receptors: Models for 

Binding, Trafficking and Signaling, 
Oxford U. Press, 1993.

( )2 2For t >>P: d t  = nS  Pt  

( )2 1/ 2 distance traveled ~ time1/2 

or d t  = S  nPt  (diffusive motion) 

Analogous to the diffusion coefficient (D) for atoms and molecules, we 
can define a motility coefficient, µ , for cells: 

<  >  1/ 22 ( )2 = n µ t  or dµ = S P  / n ⇒ d t  2	 2 = 4µ t  for 2d 

Typical values: 
µ ~ 10-9-10-8 cm2/sec 
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Chemotaxis 

If chemotactic or haptotactic (surface-bound signaling) agent is present, 
mean displacement <d(t)> is nonzero. 

We can quantify the degree of chemotacticity of a migration with the 
Chemotactic Index, CI: 

⎧ t ⎫< d( )  >t −t P  ⎪CI = 
⎪
⎨1− ⎛ ⎞

−1 

⎡1− e ⎤⎦⎬

−1 

⎜ ⎟ ⎣ 
/ 

P ⎭Lpath ⎪⎩ ⎝ ⎠  ⎪ 

L
where <d(t)> is the mean displacement up a concentration gradient, and 

path is the total cell path (contour) length. 

Concentration gradient of chemotactic agent in x-direction 

< d( )  >t 
For long times (t>>P): CI =

< Lpath ( )  > ( 0 < CI <1)t 
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 Migration of Cell Populations 

- Cells are seeded in a well (typically under a gel) from which 
they migrate 

- cell density (c, cells/area or cells/volume) is measured at 
various distances from well at different times 

cell       surface of interest                 chemoattractant 
well    (gel coated) well 

Governing expression for cell density, c (cells/area): 

∂c ∂Jc 

∂t 
= −  

∂x where Jc is cell flux (cells/distance-time) 

L = chemotactic agent conc. 

L 
(mol/liter)

∂c ∂ ⎡
−µ ∂c 

+ 
⎭

µ-dependence on directional bias from
chemotactic agent 
concentration 

chemotactic agent  

c ⎧ 1 ∂µ ⎫ ∂ ⎤  χ = chemotaxis coefficient⎨− + χ ⎬ ∂x ⎦⎥∂ 

random-walk 
motion 

t 
= −

∂x ⎣⎢ ∂x ⎩ 2 ∂L (area/time-M) 

S CI  1 ⎛ d ln  P d ln  S ⎞⋅ 
χ related to single cell properties thru: χ = 

∇L 
− ⎟n ⎝⎜ dL  

− 
dL  ⎠ 
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µ 

Binding, Trafficking and Signaling, 
Oxford U. Press, 1993. 

Macrophage motility 
µ 

dependence on C5a 
concentration 

Cells can exhibit chemotaxis in any situation where  
exhibits concentration dependence. 

From D.A. Lauffenburger & J.J. 
Linderman, Receptors: Models for 

coefficient 

∂c ∂  ⎡
⎢−µ ∂c ⎧ 1 ∂µ ⎫ ∂  ⎤  L

+ c ⎨− + χ ⎬∂t 
= −

∂x ⎣ ∂x ⎩ 2 ∂L ⎭ ∂x ⎦⎥ 

A fit of cell data to the model requires a solving the above equation for 
the appropriate boundary conditions.   

Example: For random cell motion with continually replenished cells: 

c(0,t) = co     t >0 
( ,c x  t  ) 

= erfc 
⎛
⎜ 

x ⎞ 
⎟c(∞,t) = 0 co ⎝

⎜ 4µt ⎟
⎠ 

can determine µ fromobtain µ(L) for 
different L values fitting c(x,t) data 

Figure by MIT OCW.
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Lecture 14: 

Quantifying Cell Function


c. Cell Proliferation Assays 

Importance: 
• wound healing   
•  immune host defense 
• cancer therapy 
• tissue engineering 
• bioprocessing/synthesis of theraputic glycoproteins  

¾ Cell number 

1. count via microscopic observation or Coulter counter   

2. compute specific cell proliferation rate const: 
1 dN d (ln  N )kg = 
N dt  

=  (units: t-1)dt  
N = # of cells at time t 

¾ Cell phase populations 

In some cases, we want to know the population of cells in each phase of 
the cell cycle (eukaryotes): M = Mitosis (~ 1 h) 

G
M G1 = gap between cell division &   

2 DNA synthesis (~18-72 h) 

S = DNA synthesis (~6-8 h)G1 

S G2 = gap between DNA synthesis & 
        mitosis (~2-3 h) 

Go = quiescent cells 
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tritiated-thymidine uptake 

1. cells exposed to [3H]thymidine pulse which labels S-phase cells only 

2. % S obtained from autoradiography (Ag precipitates in an overlying 
emulsion film reveal S-phase cells, similar to a photograph emulsion*) 

3. % M and tM obtained from optical microscopy (visually distinct) 


tMtM tG1 + tS + tG2 

tcycle 

4. by following % labeled mitoses after [3H]thymidine pulse through 2   
    cell divisions, tG2, tS and tcycle can be determined → tG1 

tcycle 

tS 
% labeled 

tG2 

[3

pulse *autoradiography is also used with 

mitoses

    time 

H] thymidine 

PAGE for protein identification  
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flow cytometry* 

1. cells’ DNA labeled with DNA-specific fluorescent dye (ex.   
    acriflavine, ethidium bromide) 

2. count cell # vs. fluorescence using laser excitation 

3. fluorescence intensity ~ DNA present 

G1:S:G2:M DNA (& fluorescence) ratio is 1:1-2:2:2 

G1 S G2+M 

area 
% 

52 41 7 
cell # 

0 relative DNA content  100 

Advantages: Drawback: 

- no radiolabeling - M & G2 populations lumped 
- faster than autoradiography

*flow cytometry is also used to determine 
expression of specific cell receptors by 
labeling with fluorescent antibodies 
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d. Cell Differentiation Assays 

Importance: 
- change in phenotype renders specialization of function 
- characterized by changes in protein synthesis, genes expressed &      
  secretions 

2D Gel Electrophoresis (SDS-PAGE): cell proteins separated on basis 
of mass and charge—providing a “signature” of the cell 

Method 

1. cell is lysed (contents extracted) 

2. protein solution is separated by pI (isoelectric point = pH where net 
charge = 0) using isoelectric focusing 

pH 9 

pH 2 

i. ampholyte mixture is placed under E-field to create 
a stable pH gradient in a polyacrylamide gel.  

ii. protein solution is added and E-field reapplied 

iii. proteins diffuse to their isoelectric point 

3. gel strip is next placed crosswise on a second gel incorporating 
sodium dodecyl sulfate (SDS) 

4. SDS binds & denatures proteins ⇒ native charge becomes negligible 
~1 SDS per 2 amino acids 

charge/mass ≈ constant 
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5. gel is placed under E-field, separating protein chains via molecular 
weight 

low molecular weight species move faster 

,µ = µ (cgel , E  MWprotein ) 

SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

MW 

pI 

6. compare “before” and “after” signature to discern differentiation 
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6

 
DNA microarrays: test for gene expression  

(first commercialized by Affymetrix) 
 

array of “probes” comprising surface-bound gene fragments  
(~20 bases/fragment) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Method 
 
1. cells lysed to retrieve mRNA 
 
2. mRNA transcribed to cDNA (complement), which is then 

transcribed to cRNA  
 
3. cRNA is cut into 35-200 base fragments & labeled with biotin 

(vitamin H)—referred to as “biotinylation” 
 
 
 
 
 

S 

CH2CH2CH2CH2 COOH 
HH

O

HN NH

Biotin has strong 
binding affinity 
for streptavidin  
 
Ka ~ 1015 L/mol 

~50 µm2 probe area = 
10M DNA fragments 

- 2M probes/chip 
- up to 40,000 genes/chip
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7

 
 

4. cRNA “cocktail” is added to array, hybridizes with DNA fragments 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. surface-bound cRNA-biotin is labeled with fluorophore-labeled 
avidin  

 
 
 
 
 
 
 

6. fluorescence spatial readout determines  
genes being expressed  

 
 
 
 
 

randomized array 
minimizes error from 
localized damage 

Avidin has 4 
binding pockets 
for biotin 
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DNA Array Fabrication 

Lithographic masks used to build up A-C-T-G sequences base-by-base 

C C C C 
C C C C 

C C 
C C 

C C C C 
C C C C 

A 
A 

A 
A 

A A A A 

A 
A A 

A 
A 
A 

A 
A 

C 
T 
A 
A 
C 

S.P.A. Fodor et al., Science 251, 767 (1991). 
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e. Secretion 

Enzyme-linked immunosorbent assay (ELISA): tests for a particular 
protein’s presence in cell secretions 

1. cell secretions aspirated from culture medium 

MAb surface 
made by direct 

protein 
adsorption 
followed by 
MAb 

Y YYY YYY Y Y 

Y YYY YYY YYadsorption or 

2. surface coated with soln of 
monoclonal antibody (MAb) for 
protein of interest—protein 
binds MAb if present 

3. 2nd antibody (enzyme-linked) 
is added—binds to protein on 
surface to create a “sandwich” 

4. The enzyme (ex., alkaline 
phosphatase) catalyzes 
conversion of a compound to a 
colored product (amplification) 

4. Color intensity is read in spectrophotometer 

5. Nonspecific adsorption is determined and subtracted 

nonspecific 
adsorption level 

color intensity 

cell secretion time 
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Alternately, proteins directly adsorbed on a surface may be probed by 
ELISA in which the second (enzyme-linked) antibody is an antibody to 
the first antibody. 
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Lecture 15 
Statistical Analysis in Biomaterials Research 

1. Rationale: Why is statistical analysis needed in biomaterials research? 

� Many error sources in measurements on living systems! 

Examples of Measured Values and Error in Biomaterials Data 

Graphs removed for copyright reasons. 
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Case Example: cell sedimentation assay of % of cells adhering to a biomaterial 
vs. control (the simplest cell assay) 

Sources of data variation: 

¾ Contamination of surface ⇒ cytotoxicity or modified surface chemistry 

¾ Variations in the number of cells seeded on each surface  

¾ Variations in biomaterial synthesis (reagent amounts, T, time, etc.) 

¾ Variations in cells (different cell passages) 

¾ Variations in media (e.g., different concentrations, proteins agglomerated) 

¾ Variations in sterilization procedure 

¾ Researcher error (e.g., sneezing on samples) 


�  Behavior is best characterized by a population or distibution of values 


Case Example: Titration of HCl solution with equimolar NaOH solution.   

Graphs removed for copyright reasons. 
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Data converge to a population as N → ∞: 

Graph removed for copyright reasons. 

� Our Goal: to make enough measurements to accurately characterize the 
distribution of behaviors, via 

¾ The mean of the data distribution = <x> from N measurements 
N 

∑ xi 

x = i=1


N


¾ The width of the distribution, or standard deviation, S: 

N 
2∑ (xi − <  x >) Note that the standard deviation, S, is 

i=1 divided by N-1 to avoid biasing, sinceS = 
we do not know the “true” mean, N −1 
µ.. Τhe universal standard deviation, 
σ, is divided by N. 
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Equivalently the variance, S2, is defined by: 

N 

N ∑ xi 
2 ⎛ N ⎞

2 

− ⎜∑ xi ⎟ 
S 2 = i=1 ⎝ i=1 ⎠ 

(
N N  −1) 

Ellipsometer Measurements 

1670 1680 1690 1700 1710 1720 1730
0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

mean 

-S +S 

Film Thickness (Angstroms) 

2. Important Distribution Functions 

A. Gaussian (or normal) distribution 

¾ describes processes dominated by diffusive forces 
Examples: cell migration 

¾ processes subject to random error or fluctuation: (+ or – equally likely) 
Example: cell number seeded onto surface 
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For a Gaussian distribution, the probability P of measuring a value x is given 
by: 

( x−µ )2 
− 

e 2σ 2 

( )  =
P x  
σ 2π 

where µ is the true (universal) mean of the distribution and σ is the universal 
standard deviation. 

68% of values fall within µ±σ 
P

95% of values fall within µ±2σ 

Real Datasets vs. Distribution 
2σ 1σ µ  1σ 2σ 

¾ involve a finite set of points  
¾ approach the theoretical distribution only as N→ ∞ 
¾ must account for standard deviation of measured mean (<x>) 

(<x> → µ as N → ∞) 

⇒ standard deviation of the mean, Sm (also known as the standard error): 

S = 
S 68% of measured <x> values 

m N fall within µ±Sm 

Use as “confidence95% of measured <x> values 
interval” for datasetsfall within µ±2Sm 
with large N 

x 
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B. Student’s t Distribution 
Named for W.S. Gossett, who 
published work on statistics under¾ Appropriate for small datasets (N < 30) pseudonym “Student” in early 1900s.(can be applied to any size) 

P0P = 
t 2 

N / 2(1 + )
N −1 

where P0 is a constant chosen so that the area under the probability curve ≡ 1 
(obtained by integrating P) and t is the statistic: 

< x > −µt = N −1
S 

Y 

NormalNormalNormalNormalNormalNormalNormalNormal

n = 4 

n = 1

n = 4

n = 1

n = 4

n = 1

n = 4

n = 1

n = 4

n = 1

n = 4

n = 1

n = 4

n = 1

n = 4

n = 1

0.40.4

0.0.3

0.0.2

0.0.1

tt
-4 -3 -2 -1 0 1 2 3 44

¾ Uses of the t Distribution 

i) Calculate confidence interval for a mean derived from small datasets: 

⎛ ⎞ ⎛ ⎞ 
⎜ x t S− 1+ P m ⎟ < µ < ⎜ x t S+ 1+ P m ⎟ 
⎝ 2 ⎠ ⎝ 2 ⎠ 

Interval in x over which you are P% confident of finding the 
“universal” mean µ. 

Student's t distribution in various values of ν.
Figure by MIT OCW.
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t1+P is the critical t value for a given confidence level P (e.g., 90%, 95%, 99%) 
2 

t 

and a dataset with degrees of freedom ν = N-1 

1+P  is obtained from tp Distribution Percentile chart (see handout)
2 

Case Example: 11 measurements of migration speed of cells are made. What is 
the 95% confidence interval for the mean migration speed? 

measurement # migration speed (µm/min) 
1 62 
2 52 
3 68 
4 23 
5 34 
6 45 
7 27 
8 42 
9 83 
10 56 
11 40 

t
ν=10 
.5(1+.95)= t.975= 2.23 (from table) 

1. Calculate <x>  

N 

x = 
∑ xi 
i=1 

= 48.4N 
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2. Calculate Sm 

⎞∑ − ⎜
⎛∑

S = i=1 ⎝ i=1 ⎠
⎟ 11(29, 000) − (532)2 

N N −1) = 11(10) = 18.1( 

SS =m N = 18.1/(11)0.5 = 5.46 

The true mean (µ) migration speed is 95% likely to be found in the interval: 

⎛ ⎞ ⎛ ⎞ 
⎜ 

2
2 

N N 

i ixN  x

x  t S  − 1+ P m ⎟ < µ < ⎜ x  t S  + 1+ P m ⎟ 
⎝ 2 ⎠ ⎝ 2 ⎠ 

48.4-2.23(5.46) < µ < 48.4+2.23(5.46) 

36.2 < µ < 60.6 

ii) Evaluate whether sample populations are statistically different 

For a two-sample t-test: 

x − x ' − (µ − µ )x x ' t = 
1 1 test that µx ≠ µx’ to 

σ + some confidence level p N N  ' 
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where σp = standard deviation of pooled population 

N N ' 

∑ (< > −  ' > −  2x x  )2 + ∑ (< x  x j ') (N S  N  S  i 2 

σ 2 = i=1 j=1 =
−1) 2 + ( '−1)x x ' 

p 1)(N − + (N '−1) N + N '− 2 

Case Example: Does a surface modification change the % cells adhered?  

fraction of cells adhered fraction of cells adhered 
to control surface to modified surface 
0.225 0.209 
0.262 0.205 
0.217 0.196 
0.240 0.210 
0.230 0.202 
0.229 0.207 
0.235 0.224 
0.217 0.223 

0.220 
0.201 

1. Calculate <x>, <x’>, Sx, Sx’ 

N N 

∑ xi ∑ xi ' 
<x> = i=1 = 0.232    <x’> = i=1 = 0.210

N N 
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N N 2 

∑ ⎞N x  i 
2 − ⎜

⎛∑ xi ⎟ 8(0.4316) − (1.8552)2 

S = i=1 ⎝ i=1 ⎠ = 
N N −1) 8(7) = 0.0145

( 

N N 2 

∑ ⎞N xi '2 − ⎜
⎛∑ xi ' ⎟ 10(0.4406) − (2.097)2 

S = i=1 ⎝ i=1 ⎠ 
x ' '( 

= 
N N '−1) 10(9) = 0.00977 

2. Calculate σp 

2(N S  N  S  2 7(0.0145)2 + 9(0.00977)−1) 2 + ( '−1)x x 'σ = = = 0.012p N N ' 2  8 10  − 2+ − + 

3. Calculate two-sample t value for µx = µx’ 

' ' ( ) 
1 1 

' 

x x 

p 

t 

N N 

µ µ 

σ 

− − − 
= 

+ 

x x  

< > − <  x ' >xt = = 0.232 − 0.210 = 3.86 
σ 

1 
+

1 1 
+

10.012p N N ' 8 10  

4. Test µx ≠ µx’ at 99% confidence level (P<0.01): 
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tt− 1+P < <  t1+P ⇒ µx = µx’for 
2 2 

t
ν = N + N’ – 2 = 16 

.5(1+.99)= t.995= 2.92 (from table) 


-2.92 ≤ t ≤ 2.92


t=3.86 does not fall within this interval. 


The means are statistically different with P<0.01, so a change in % cells 
adhered was observed. 

Reject µx = µx’ 

Area = 0.005 

Reject µx = µx’

t axis 
-2.92 0 2.92 

Statistical Significance 

In experiments involving biological systems, P < 0.05 is generally accepted 
to indicate measured change is not attributable to random error 

(still may not be practically meaningful!) 
"significant at the 5% level"  
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References 
1) D.C. Baird, Experimentation: An Introduction to Measurement Theory and Experiment     
Design, 2nd Ed., Prentice Hall, Englewood Cliffs, NJ (1988). 

2) D.C. Montgomery, Design and Analysis of Experiments, 3rd Ed., John Wiley and Sons, 
New York, NY (1991). 

3) A. Goldstein, Biostatistics: An Introductory Text, MacMillan Co., New York, NY 
(1964). 

4) C.I. Bliss, Statistics in Biology, Volume 2, McGraw-Hill, Inc. New York, NY (1970). 
5) R.J. Larson and M.L. Marx, An Intro. to Mathematical Statistics and it Applications, 2nd

 ed., Prentice-Hall, Englewood, NJ (1986). 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

218
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



1 3.051J/20.340J


Lecture 16 
Statistical Analysis in Biomaterials Research (Part II) 

C. F Distribution 

¾ Allows comparison of variability of behavior between populations  

using test of hypothesis: σx = σx’


Named for British statistician 
Sir Ronald A. Fisher.Define a statistic: 

2 2χ 2 =ν1S /σ where ν1 is degrees of freedom.ν1 

χ 2 /νv 1
then F =

χ 2 /ν 
1 

v 2 2 

2Sx 
FFor σx = σx’ ⇒ F = 

S 2 
x ' 

Procedure to test variability hypothesis: 

1. Calculate Sx 
2 and Sx’ 

2 (with ν1 =Ν−1 and ν2 =N’-1, respectively) 

2. Compute F 

3. Look in F-distribution tables for critical F for ν1, ν2, and desired confidence 
level P 

F1− P < <4. For   	 F F1+ P ⇒ σx = σx’
2 2 
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Case Example: Measurements of C5a production for blood exposure to an 
extracorpeal filtration device and tubing gave same means, but different 
variabilities. Are the standard deviations different within 95% confidence? 

Control (tubing only):  Sx’
2 = 26 (µg/ml)2, ν2 =9 

Filtration device: Sx
2 = 32 (µg/ml)2, ν1 = 7 

21. Calculate Sx 
2 and Sx’ (provided) 

2. Compute F 
2SxF =

S 2 = 32/26 = 1.231 
x ' 

3. Determine critical F values from F-distribution chart 

ν1 =7 and ν2 =9 (m, n for use with tables) 

1− P 
= 0.025 ⇒ F0.025 = 0.207 

2 

1+ P 
= 0.975 ⇒ F0.975 = 4.20

2 

For 0.207≤ F ≤ 4.20 ⇒ σx = σx’

 F=1.231 falls within this interval. 

Conclude σ values for two systems are the same! 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

220
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



3 3.051J/20.340J


D. Other distributions of interest 

¾ Radioactive decay⇒ Poisson distribution 

¾ Only 2 possible outcomes⇒ Binomial distribution 


3. Standard deviations of computed values 

¾ If quantity z of interest is a function of measured parameters 

z = f(x,y,...) 


What is Sz? We assume: z = f ( x , y ,...) 

Deviations (δz) of z from its universal value can be written as: 

∂ z ∂ z∂ z = ∂ x + ∂ y + ...
∂ x ∂ y 

The standard deviation for z is calculated: 

2 2
⎛ ∂ z ⎞ 2 ⎛ ∂ z ⎞ 2Sz = 
⎝
⎜⎜ ∂ x ⎟⎟ Sx + ⎜ ⎟⎜ ⎟ Sy + ... 

y⎠ ⎝ ∂ ⎠ 

Case Example: We measure motility (µ) and persistence (P) of a cell and want 
to know the standard deviation of the speed: 

S 2 P 
µ =  rearranges to S = 

2 µ 
2 P 
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∂ S 
= −0.5 2 µ P −3/ 2 =

− S ∂ S 
= 0.5 2 

= 
S 

∂ P 2 P ∂ µ P µ 2 µ 

⎞
2 

S 2⎛ ∂ S ⎞
2

2 ⎛ ∂ S 
⎟⎟ Sµ == 

S 2
22 2SS = 

⎝
⎜⎜ ∂ P ⎠

⎟⎟ SP +
⎝
⎜⎜ ∂ µ 4 P 2 SP + 

4 µ 2 Sµ
⎠ 

4. Least Squares Analysis of Data (Linear Regression) 

¾ Computing the straight line that best fits data. 

Suppose we have some measured data for binding of a ligand to its receptor: 

Ligand - Receptor Binding Data
4L + R = C 

3.5 

3 

1/ν 2.5 

2 

1.5 

1 
0 5000 1 104 1.5 104 2 104 2.5 104 

1/[L] 

This equilibrium is described by: K = [C]/[L][R] 


ν = fraction of occupied receptors = [C]/([C] + [R]) = K[L]/(1 + K[L]) 


1/ν = 1 + 1/K[L] 
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Question: How can we numerically obtain the linear equation that best 
represents the data? 

Answer: Minimize the squared deviation of the line from each point. 

1.5 

2 

2.5 

3 

4000 5000 6000 7000 8000 9000 1 104 1.1 10 4 1.2 10 

1/ν 

A 

B 

C 

D 

E 

F 

G 

H 

Statistically Best Fit Line Minimizes: 

(A-B)2 + (C-D) 2 + (E-F) 2 + (G-H) 2 
NOTE: This is a 
generic tool in 

independent of the 
fitting function. 

data regression, 

1/[L] 

The deviation of any given measured point (xi, yi) from the line is: 

yi – yline = yi – (mxi + b) 

Where m and b are the slope and intercept of the line. 

Our minimization criterion can thus be written:  
N 

∑
 ]2M
=
 [
yi −
(
mx 
i +
b
)
 = minimum 
i=1 

∂
∂M

Mathematically we require: m ∂
∂M0 

b 
0
=
 =
,
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Solving these two equations for the two unknowns (best fit m and b for the 
line), we get: 

N N N 
N NN∑(x  y  ) − ∑  ∑  yi i xi i	 ∑ y m∑ xi− 

m = i =1 i =1 i =1	 i 
i=1 i=1N N	 b = 

2 2	 NN ∑ x − (∑ x )i i

i =1 i =1


¾ Quantifying Error of the Straight-Line Fit 

If the error on each yi is unknown (e.g., a single measurement was made): 

The standard deviation for the regression line is given by: 

Mσ = 
N − 2	 N-2 in denominator since 2 degrees of 

freedom are taken in calculating m and 
b (two points make a line, so σ for N=2 
is meaningless.)

This assumes: 

- a normal distribution of data points about the line 
-  spread of points is of similar magnitude for full data range 

“Goodness” of fit can be further characterized by the correlation coefficient, r 
(or coefficient of determination, r2), calculated as: 

N 2 

∑( y − y )	 − Mi 

r 2 = i=1 
N 2 For a “perfect fit” 


∑( y − y ) M=0 ⇒  r2=1

i


i=1


For r2=1, <y> 
represents data as 
well as a line 
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¾ Many calculators, spreadsheets & other math tools are programmed to 
perform linear least-squares fitting, as well as fits to more complex 
equations following a similar premise. 

¾ Many nonlinear equations can be linearized by taking the log of both 
sides 

e.g., 
m lny = bx becomes ln y = m x  + ln b 

or y ' = mx '+ b ' 

¾ Multiple regression 

In some cases, we wish to fit data dependent on more than one independent 
variable. The procedure will be exactly analogous to that used above, and 
solutions can be obtained through matrix algebra.   

Here we will consider the simple case of a linear dependence on 2 independent 
variables. 

Our minimization criterion can thus be written:  
N 

M = ∑[ y − (a bx  + czi )] = minimum i + i 
2 

i=1 

∂ M ∂ M ∂ M
Mathematically we require: ∂ a 

= 0, = 0, = 0
∂ b ∂ c 

which yields the 3 equations: 
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N ⎞ N⎛ ⎛ N ⎞Na + ⎜∑ xi ⎟ b + ⎜∑ zi ⎟ c = ∑ yi

⎝ i=1 ⎠ ⎝ i=1 ⎠ i=1


N ⎞ N N⎛ ⎛ ⎛ N ⎞ 
⎜∑ x a  + ⎜∑ xi 

2 
⎟
⎞ b + ⎜∑ (x  z  ) ⎟ c = ∑ (x  y )i ⎟ i i i i


⎝ i=1 ⎠ ⎝ i=1 ⎠ ⎝ i=1 ⎠ i=1


N ⎞ N N N⎛ ⎞ ⎛ 2 ⎞ 
⎜∑ z a  + ⎜

⎛∑ x  zi ⎟ b + ⎜∑ ( )  ⎟ c = ∑ (z  y )zii ⎟ i i i

⎝ i =1 ⎠ ⎝ i=1 ⎠ ⎝ i=1 ⎠ i=1


These equations can be solved to obtain a, b and c. 
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Lecture 17 
Biosensors 

1. What are biosensors? 

The term is used in the literature in many ways.  Some definitions: 

a) A device used to measure biologically-derived signals  
b) A device that “senses” using “biomimetic” (imitative of life) strategies   

ex.,“artificial nose” 
c) A device that detects the presence of biomolecules 

We will adopt a recent IUPAC definition: 

“A self-contained integrated device which [sic] is capable of providing 
specific quantitative or semi-quantitative analytical information using a 
biological recognition element which is in direct spatial contact with a 
transducer element.” 

2. Uses of biosensors 

• Quality assurance in agriculture, food and pharmaceutical industries 
ex. E. Coli, Salmonella 

• Monitoring environmental pollutants & biological warfare agents 
ex., Bacillus anthracis (anthrax) spores 

• Medical diagnostics  
ex., glucose  

• Biological assays 
ex., DNA microarrays 
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3. Classes of biosensors 

A) Catalytic biosensors: kinetic devices that measure steady-state concentration   
    of a transducer-detectable species formed/lost due to a biocatalytic reaction 

Monitored quantities:	 i) rate of product formation 

ii) disappearance of a reactant 

iii) inhibition of a reaction 


 Biocatalysts used: 	i) enzymes 

ii) microorganisms 

ii) organelles 

iv) tissue samples 


B) Affinity biosensors: devices in which receptor molecules bind analyte  
    molecules “irreversibly”, causing a physicochemical change that is detected  
     by a transducer

 Receptor molecules: i) antibodies 

ii) nucleic acids  

iii) hormone receptors 


Biosensors are most often used to detect molecules of biological origin, based 
on specific interactions. 
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Transducer 

biological element
Electrolyte 

Analyte 

(ex., blood) 

Signal 

(1)(2) 

4. Biosensor Components 

Immobilized 
(electrochemical) 

(chemical target) 

External medium 

Semipermeable 
membranes 

Analyte: chemical/biological target 

Semipermeable Membrane (1): allows preferential passage of analyte   
(limits fouling) 

Detection Element (Biological): provides specific recognition/detection of    
     analyte 

Semipermeable Membrane (2): (some designs) preferential passage of by- 
product of recognition event 

Electrolyte: (electrochemical-based) ion conduction medium between   
     electrodes 

Transducer: converts detection event into a measurable signal 
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4

 
A) Detection Elements 
 
1) Catalysis Strategies: enzymes most common 
    ex., glucose oxidase, urease (catalyzes urea hydrolysis), alcohol oxidase, etc. 
 
Commercial Example: glucose sensor using glucose oxidase (GOD) 
 
Glucose  +  O2 + H2O → Gluconic acid + H2O2 
                                 GOD 
 
3 potential measurement routes:  1. pH change (acid production) 
      2. O2 consumption (fluorophore monitor) 
      3. H2O2 production (electrochemical) 
 
 
Commercially Available Biosensors: glucose, lactate, alcohol, sucrose, 
galactose, uric acid, alpha amylase, choline, L-lysine—all amperometric based 
(O2 /H2O2) 
 
 
 
2) Affinity Binding strategies: antibodies & nucleic acid fragments most 
common  
 
Commercial Example: DNA chip 
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B) Transducers 

1) Electrochemical: translate a chemical event to an electrical event by   
measuring current passed (amperometric = most common), potential change 
between electrodes, etc. 

Oxidation reaction of the reduced chemical species Cred: 

Cred → C + ne− 
ox 

Amperometric Devices 	 Measured current is mass 
transport limited 

Cred * 

Cred 

δ	 x (distance from electrode) 

ℑ  = 96,487 coulombs 
(Faraday const.) 

= ni ilim = −  ℑ  AJ  

C 

where J is the flux: 

red − 0J = −D dCred ≈ −D 
* 

δ 

A = electrode area 

δ = boundary layer width 

n ADCred 
⇒ i ≈ ℑ * 

dx	 δ 
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Example: Glucose sensor based on oxidation of peroxide 
(most commercial devices) 

Gel incorporating 

glucose oxidase 


+ 
Electrolyte 

Au working  Au counter 
electrode electrode 

Glucose + O2 + H2O → Gluconic acid + H2O2 
GOD 

Anodic: H2O2 → O2 + 2H+ + 2e

current passed thru 
working electrode 

(Recall: oxidation occurs at anode; 
here, O-1→O0) 
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2) Photochemical: translate chemical event to a photochemical event, measure 
light intensity and wavelength (λ) 

a) Colorimetric: measure absorption intensity  

Examples 

Indirect: H2O2 + Dye Precursor Colored Dye 
peroxidase 

enzyme 

Direct: flavin adenine dinucleotide (FAD) bound cofactors (redox sites on 
GOD) absorption at 377nm & 455nm disappears in presence of glucose 

b) Fluorescence 

Example 1: DNA microarrays– fluorophores selectively bound to detected 
molecule via avidin-biotin complex; commercialized by Affymetrix (S. Fodor) 
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Example 2: fiber optic sensors: fluorophores incorporated into tip change 
fluorescence level depending on level of target present 

crosslinked network tip with 
entrapped fluorophores & 

E=hν2 

light of initial E = hν1 

biomolecule (light used to 
photopolymerize matrix!) 

measure fluorescent 
light returning: 

excites fluorophore 

Typically: 

- Oxygen present at tip quenches fluorescence from trapped fluorophore (ex., 
tris(4,7-diphenyl-1,10 phenantroline) Ru(II) dichloride = Ru(dpp)3

2+ Cl2) 

- Action of trapped oxidase (biological element, ex., GOD) depletes O2, causing 
↑ fluorophore emission 

Glucose 	+ O2 + H2O → Gluconic acid + H2O2 
GOD 

How can we account for 
natural O2 fluctuations? 

Multichannel fiber optic: 1. enhancing selectivity and/or 
2. multianalyte detection   

How can we measure multiple 
analytes? 

MD. Marazuela et al., “Fiber-optic biosensors- an 
overview”, Anal. Bioanal. Chem. 372, 664 (2002). 
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Example 3: Semiconductor nanoparticles (quantum dots)   
currently in development, ex., Quantum Dot Corp. (P. Alivasatos) 

ADVANTAGES:

CdSe 

Typically affinity binding-based  

tethered 
antibody 

i) QD band gap (and hence emission) 
varies with size ⇒ multiple analyte capability 

    2  nm  CdSe⇒ green 
    5  nm  CdSe⇒ red 

ii) sharp, intense emission spectra (higher signal/noise) 

Intensity 

λ 

iii) can be used for surface or solution-based approaches 

A.P. Alivisatos, Science 271, 2013 (1998). 
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c) Reflectance 

Example 1: “Nanobarcodes” – reflection from surface of multilayer metallic 
rods provides optical signature; being developed by Surromed, Inc. (M. Natan) 

Affinity-binding based 

0.04 – 15 µm 

Al2O3 membrane 
(dissolve w/NaOH) 

Ag electrode 
20-500 nm (dissolve w/HNO3) 

Pd 

Au 

Ag 

Au 
Pt 

Made by electrochemical reduction of a 
series of metal salts into template pores 

Reflectance microscopy gives unique signature for each rod 

Reflected 
Intensity 

length 
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ADVANTAGES:


i) solution based (not limited by surface area)  

ii) many combinations of lengths/sequences ⇒ multiple analyte capability 


Multianalyte transduction uses a single fluorophore  


biological element 

bound analyte 

Barcode—identifies 

Nucleic acid 

Fluorophore – indicates 

analyte Detection limit: 1-10 ng/ml 

Challenges:  will require high-throughput readout mechanism 

S.R. Nicewarner-Pena et al., Science 294, 137 (2001). 
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3) Piezoelectric: translate a mass change from a chemical adsorption event to 
electrical signal 

Example: Quartz Crystal Microbalance 

attached 

Quartz crystal 
- Crystal vibrates at resonant biomolecules 
frequency parallel to applied 

field: 

ν = (k/m)1/2 


typical: 5 MHz; 
applied alternating E-field research grade: 100-200MHz 

- A change in quartz mass (due to adsorption) changes ν. 

Advantage: high sensitivity-- 10’s of nanograms/cm2 

Disadvantage: highly sensitive to nonspecific adsorption 

C.K. O’Sullivan and GG. Guilbault, Biosensors & 

Bioelectronics 14, 663 (1999). 
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5. Detection Element Immobilization Methods 

Physical entrapment—viscous aqueous soln trapped by membrane permeable to 
analyte  

Membranes: cellophane, cellulose acetate, PVA, polyurethane 
Entrapment Gels: agarose, gelatin, polyacrylamide, poly(N-methyl pyrrolidone) 

Microencapsulation: inside liposomes, or absorbed in 
 fine carbon particles that are incorporated in a gel  
or membrane 

Adsorption: direct adsorption onto membrane or transducer; can also be 
adsorbed onto pre-adsorbed proteins, e.g., albumin; avidin (via biotin linker) 

Covalent binding (via –COOH, -NH2, -OH chemistries) or crosslinking (ex., via 
glutaraldehyde) to transducer or membrane surface 
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6. Ideal Biosensor Characteristics 

1. Sensitivity: high ∆S/ ∆canalyte   (S = signal) 

2. Simple calibration (with standards) 

3. Linear Response: ∆S/ ∆canalyte constant over large concentration range 

4. Background Signal: low noise, with ability for correction (ex., 2nd fiber 
sensor head lacking biological species to measure background O2 changes) 

5. No hysteresis—signal independent of prior history of measurements 

6. Selectivity—response only to changes in target analyte concentration 

7. Long-term Stability—not subject to fouling, poisoning, or oxide formation 
that interferes with signal; prolonged stability of biological molecule 

8. Dynamic Response—rapid response to variation in analyte concentration 

9. Biocompatibility—minimize clotting, platelet interactions, activation of 
complement when in direct contact with bloodstream  
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7. Future Directions 

1. Multianalyte capability (proteins, biowarfare agents, pathogens, etc.) 

Cholera

Toxin

B.

anthracis
MS2

SEB F1
B.

globigii

Ricin
F.

tularensis
Salmonella

Cholera

Toxin

B.

anthracis
MS2

SEB F1
B.

globigii

Ricin
F.

tularensis
Salmonella

Naval Research Lab biowarfare 

agent multianalyte antibody array 

Bacteria

Bacteriophage

Toxic protein 

 C.R.Taitt et al, Anal. Chem. 74,

6114 (2002)

2. Integration/Miniaturization (microfluidic “lab on a chip” devices) 

Motorola Labs prototype microfluidic

biochip for full DNA analysis from blood 

samples (60 100 2 mm
3
)

cell separation

cell lysis 

DNA amplification

DNA detection 

R.H. Liu et al, Anal. Chem. 76, 1824 (2004)

photo removed due to copyright reasons.

Figure by  MIT OCW.
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3. Implantable Devices   

ex., Medtronic glucose sensor implant in major vein of heart—shear from 
blood flow inhibits cell attachment 

Photos removed for copyright reasons. 

R.F. Service, Science 297, 962 (2002). 

4. Living cells/tissues as biological element 

Figures removed for copyright reasons. 

BioImage screening platform for protein 

translocations (e.g., cytoplasm→ nucleus) 

associated with the activation of signaling 

pathways (from www.bioimage.com)
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Lecture 18:


Drug Delivery: Controlled Release

Chemically-controlled Devices


3.051J/20.340J Materials for Biomedical Applications,
Spring 2006 

1 
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Drug Delivery System (DDS)

Controlling delivery rate and Site-specific delivery of drugs 

Current drug administration 

Minimum effective level 

Toxic level 

. Controlled (or Sustained) ReleaseDrug conc

Time


2 
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Even though controlled release can be achieved…


Spread over body Site-specific delivery 

Active or passive 

targeting 

might cause side effect. 

3 
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Table Controlled Release DDS


Diffusion-controlled DDS 
Reservoir and monolithic systems 

Water penetration-controlled DDS 
Osmotic and swelling-controlled systems 

Chemically-controlled DDS 
Biodegradable reservoir and monolithic systems


Biodegradable polymer backbones with pendant drugs


Responsive DDS 
Physically- and chemically-responsive systems 
Mechanical, magnetic- or ultrasound-responsive systems


Biochemically-responsive; self-regulated systems


Particulate DDS 
Microparticulates 
Polymer-drug conjugates 
Polymeric micelle systems Ratner, et al. Biomaterials Science 

4Liposome systems 
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Chemically-controlled DDS


Drug 
Bioerodible or biodegradable matrix 

time 

Drug Deg. conc. 

Drug Drug 
conc. conc. 

time time 
5 
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Four major classes of matrix in DDS

Poly(lactic acid) and its copolymers with poly(glycolic acid) 

O CH C

CH3O

O CH2 C

O

O CH C

CH3O Safe degraded products 
Acid-induce inflammatory 

PLA P(LA-co-GA) 

Polyanhydrides 

C

O

O C3H6 O C O

O

C C4H8 C O

O O

First degradation rate 
Hydrolytic instability 

Poly(bis-(p-carboxyphenoxy)propane-co-sebacic anhydride) 

Polyorthoesters 

O

O

O

O

O RO

Well studied by 21st century 
Good property R: PLGA 

Polyphosphoesters 

P O R O

O

R'

First degradation rate 
Hydrolytic instability, high cost6 
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H

O

O C

O

O

C O

O

H

O

O R

R

Environmentally responsive systems


1. Temperature responsive systems
C O

NH

LCST: 32°C 

Poly(N-isopropyl acrylamide)T 
HO

O

O

O

H

Pluronics® 37°C 

T 

37°C 

Gelation BioerosionPolymer-drug solution 

HO C

O

O

C O

O

R O

R

H

Hydrophob

Hydrophilic R: -H, -C H3 7 
ic 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

249
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Environmentally responsive systems


2. pH responsive systems

““Proton SpongeProton Sponge””
Endocytosis of drug 

Formation of acidsome 

Transfer to lysosome 

Digestion in lysosome
pH 5-6 

NH2 NH3
+ 

H+ 

Poly(L-lysi

H
N
CH

C

O

(CH2)4

NH2
Chitosan 

OCH2OH

HO
NH2

O

ne) 
8 
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Second key point in DDS


1. Controlling release rate 

2. Site-specific delivery 

Particulate system 

Passive targeting

Active targeting


Particulate should be 
between 10 to 200 nm. 

Spleen 
Liver 

Lungs 

RES 
Reticuloendothelial system 

9 
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Passive targeting of particulate 
by EPR effect 

Discontinuous endothelialium 

Blood vessel 

Endothelial cells 

Cancer 

Enhanced permeability and retention
(EPR) effect

Disorganization of tumor vasculature
Poor lymphatic drainage 10 
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Micro (nano) capsules and spheres 1 

Capside vehicle PEO-protein conjugates 

protein drug 

PEO chain 

Capside 

RNA 
Virus 

Drug 

Immunogenic response Prolong circulation

Lowering activity 

11 
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Micro (nano) capsules and spheres 2 

Polymeric micelles 
Hydrophilic Hydrophobic 

Amiphilic block copolymer 

Above CMC Drug 

l. , ,

O

N
H

C
H
N

C

H
N

H

O

C

OH

O O C

OHO

Yokoyama et a Cancer Res 1991 51, 3229. 
PEO 

Poly(aspartic acid) 
12 
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Paclitaxel incorporating micellar nanoparticle


Hydrophilic shell 

Hydrophobic core 

HN

Ph
OH

O

O

O

Ph

AcO

OH

O

AcO
H

OBz

OH
O

Paclitaxel(Taxol®) 
or PTX 85 nm 

0 

0.01 

1 

100 

10000 

24 

D
ru

g 
co

nc
/µ

g/
m

L 

48 72 
0 

0 10 

4 
PTX 

PTX 

PTX-micelle 

PTX-micelle 
Saline8 

20 30 

Time after Administration/h Days after Initial Treatment 

R
el

at
iv

e 
Tu

m
ou

r S
iz

e 
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Micro (nano) capsules and spheres 3 

Liposomes 

CH2

CH

O

H2C

O

C C

O

O O

P

O

CH2

O-O

CH2

N+

CH3

CH3H3C

Hydrophilic head Lipid bilayer 

Liposome 

Hydrophobic tails 
C12-C20 

Small unilamellar vesicle (SUV): ~ 50 nm 
Large unilamellar vesicle (LUV): > 1 µm 

Multilamellar vesicle 
14 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

256
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



15

Preparation of liposomes

1. Lipid thin film preparation

2. Swelling thin film

3. Ultrasound treatment

4. Extrusion

Glass surface

Air

Lipids are cast on a glass surface

Addition of aqueous media
Tearing off from glass

Formation of liposomes
with various shapes and sizes 

Reconstruction of lipid membrane
Size: ~ 100 nm 
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16
Alfredsson, Current Opinion in Colloid & Interface Science, 2005, 10, 269.

Cryo-TEM image of cationic liposomes

Photo removed for copyright reasons.
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Active targeting


Polymer drug conjugate PK2 (Phase I/II) 

Poly(N-(2-hydroxypropyl)methacrylamide)
Ringsdorf’s model


CH2 C CH2 CH2

CH3 CH3 CH3

C C C

NH

CH2

CHOH

CH3

O O O

Gly Gly

Phe

Leu

Gly

C

NH

Phe

Leu

Gly

C

NH

O O

O

OH

O

O

OH

OH

OCH3

HO

O
HO

O

HO
OH

HO

Galactosamine 

Spacer 

Saccharides, 
Peptides, etc.

Water soluble 
polymer backbone Doxorubicin 

Duncan R and Kopecek J et al., 
Ringsdorf, J Polym Sci Polymer Symp, 1975, 51, 135 Biochimica et Biophysuca Acta, 1983, 755, 518 

17 

Biodegradable spacer Drug 

Oligoesters, oligopeptides 

Targeting residue 
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Targeting residue

O

NH

OH OH

COO-

OHH3C

O

CH2OH

OH Sialic acid or 
Saccharide determinants Neuramic acid 

Terminal residue of carbohydrate chain 
Gl in 

Gl lipi

ycoprote

yco d 
O

OH

H

H

HO

H

OH

OHH
H

OH

Galactose 

Saccaride residue next to neuramic acid 

3Galβ1Neu5Acα2 4GlcNAcβ1 ±Fucα1
6 

Manα1
2Neu5Acα2 3Galβ1 4GlcNAcβ1 6 6

Manβ 4GlcNAcβ1 4GlcNAc Asn 3Galβ1Neu5Acα2 4GlcNAcβ1 314
Manα1 Typical surface carbohydrate 

4GlcNAcβ1
2 

connected to Asn of protein 18 
Galβ1 
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19Julyan et al., J Contr Release, 1999, 57, 281

Tissue distribution of 123I labeled PK2 CH2 C CH2 CH2

CH3 CH3 CH3

C C C

NH

CH2

CHOH

CH3

O O O

Gly Gly

Phe

Leu

Gly

C

NH

Phe

Leu

Gly

C

NH

O O

O

OH

O

O

OH

OH

OCH3

HO

O
HO

O

HO
OH

HO

Photos removed for copyright reasons.
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Third key point in DDS


1. Controlling release rate 
+

2. Site-specific delivery 

3. Drug formulation 

H2N R NH2 Cl C

O

R' C Cl

O

NH C

O

R' C

O

RNH

Interfacial polymerization of polyamides 

Water soluble 
Diamine monomer 

Drug-loading particle 
Emulsion formed with 20 
Drug and acid dichloride monomer 
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Emulsification of polymer and drug


+ 

H2 ilizi l
p

l i l
Aqueous phase 

O & stab ng agent 
Organ c phase 
Po ymer & drug 

drug-
oad ng po ymer 

i Preci itation of 

Coacervation of polymer and drug 

-

+ 

l l l (+) l l l ( )Po ye ectro yte Po ye ectro yte 
& drug 

21 
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What are the drugs? 
Typical anticancer drugs 

-Cl

Pt

Cl-

NH3
++H3N

HN

Ph
OH

O

O

O

Ph

AcO

OH

O

AcO
H

OBz

OH
O

O

OOCH3

OH

OH

OH

O
CH2OH

O

OH

H2N

O

O

O

OCH3

OH

O

O

NH

OH

OH

CH3

H3C

H

O

O

O

O

Cisplatin Paclitaxel(Taxol®) Doxorubicin Neocarzinostatin 
chromophore 

High molecular weight drugs


Proteins, peptides, hormones, cytokines


DNAs and RNAs etc. 

Bioactive compoundsBioactive compounds are not stableare not stable!
!
22 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

264
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Summary


1. Controlling release rate


Degradable matrix 

Environmentally responsive matrix, Proton sponge 

2. Site-specific delivery


Passive targeting EPR effect, RES 

Active targeting Targeting residue 

3. Drug formulation


Denature or deactivation 

23 
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1 3.051J/20.340J


Lecture 19 
Drug Delivery: Controlled Release 

What do we mean by “controlled” release? 

Control of: 1. delivery rate 
2. site of release/activity 

Need for Control 

drug Traditional drug delivery

concen.


time fromt1 

level Therapeutic range 

administration

toxic 

t2 

longer period of dose efficacy = toxicity risk 
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2 3.051J/20.340J


drug 
Controlled drug deliveryconcen. 

toxic 
level 

time from 
administration 

Therapeutic range 

Types of Devices 

1. Diffusion Controlled Delivery Devices 

• Monolithic Devices 
• Membrane Controlled Devices 
• Osmotic Pressure Devices 
• Swelling-Controlled Devices 

2. Chemically Controlled Approaches 

• Matrix Erosion 
• Combined Erosion/Diffusion 
• Drug Covalently Attached to Polymer 
• Desorption of Adsorbed Drug 

3. Electronic/Externally Controlled Devices 
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3 3.051J/20.340J


1. Diffusion Controlled Devices 

a) Monolithic Devices 
Drug is released by diffusion out of a polymer matrix 

Release rate depends on initial drug concentration 

i) Case of C0 < Cs 
(drug concentration C0 is below solubility limit in matrix Cs) 

⇒  Diffusion through matrix limits the release rate 

t0 t1 t2 

How can we control release rate? 

Rate control by choice of matrix: 

glassy matrix: D~10-10-10-12 cm2/s 
rubbery matrix: D ~ 10-6-10-7 cm2/s 
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4 3.051J/20.340J


Quantifying drug release 

Governed by Fick’s Laws. 
dC 

For 1D: The drug flux J is: J = −D 
dx 

∂C ∂2C

The change in drug concentration with time is: ∂t 

= D

∂x2 

We want to calculate: 
• dMt/dt = release rate 
• Mt = amount released after time t 

⇒  Solve Fick’s 2nd law with initial & boundary conditions. 

Example:  For a 1D slab loaded at an initial concentration of C0, with drug 
concentration in solution resulting in constant surface concentration of Ci. 

I.C.: C(x,0) = C0 δ 

∂C 
= 0B.C. 1: ∂x x=0,t C0 

B.C. 2: C(δ/2,t) = Ci 

Solve for C(x,t) 

( ,dMt dC x t ) Mt 

Adt dx


= −D Cix=δ / 2  

A = cross-sectional area 0 
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5 3.051J/20.340J


The amount of drug released is given by the series solution: 

∞ 8 ⎡ − D n  + 1) π( 2Mt = − ∑ 2 2	

2 2 

t 
⎤
⎥1	 2M ∞ n= 0 ( 2n + 1) π 

exp  ⎢
⎢ δ ⎥⎣	 ⎦ 

where:  M∞ = amount of drug released at long times 
(e.g., total amt of drug: M∞ = C0Aδ) 

δ = slab thickness 

1 

Mt/M∞ 

0 

0.5 

time 

Release rate (from derivative): 

⎤ 
1/ 2 dMt	 ⎡ D 

⎢ short times: ~ t-1/2
dt 

= 2M ∞ 
⎣πδ 2t ⎦⎥ 

2dMt 8DM ∞ ⎡−π Dt ⎤ 

dt 
=

δ 2 exp ⎢ δ 2 ⎥ long times: exponential decay
⎣ ⎦ 
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6 3.051J/20.340J


NOTE: dMt/dt and Mt depend on 
geometry. See handout fromdMt

0 

~ t-1/2 

~ exp(-t) 

Encyclopedia of Controlled 
Drug Delivery 

/dt 

release rate 

time 

ii) Case of C0 > Cs 
(drug concentration above solubility limit in matrix) 

⇒  Drug dissolution in polymer matrix limits release rate 

Higuchi model:  assumes Ci = 0 Cs

Mt = A DC  ( 2C − C ) t ⎤⎦ 
1/ 2 

⎡⎣ s 0 s 

−1/ 2 dMt = 
A 

⎡DC ( 2C − Cs )⎦⎤
1/ 2 

t
dt 2 ⎣ s 0 

where A = surface area of the slab 

drug conc.= 
in matrix 

drug-rich 
2nd phase 
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7 3.051J/20.340J


For Cs << C0: 

dMt A ⎡2DC C 0 ⎤
1/ 2 

s= ⎥dt 2 ⎣⎢ t ⎦ 

How can we control release rate? 

b) Membrane Controlled Devices 

Drug release is controlled by a semi-permeable membrane 

⇒  Diffusion through membrane limits the release rate 

Advantage: A constant flux device! 

Semi-permeable 
membrane 

Neat or concentrated 
therapeutic agent 

Release rate thru membrane described by Fick’s 1st law. 

For 1D: 

J = 
dMt = −  D dC 

Typical flux
Adt dx units: g/cm2s 
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8 3.051J/20.340J


i) Nonporous semi-permeable membranes  

⇒  Drug diffusion through swollen polymer membrane  

Conc. inside 
dMt = 

DKA (C2 − C1 ) 
membrane = C2 

dt δ 

DKA Mt = (C2 − C1 ) tδ 

Conc. outside 
C1membrane = 

K = membrane “partition” 
coefficient (unitless metric of 
drug solubility in membrane) 

Which D is referred to? 
δ 

dMt/dt 
Early release rate 
independent of time 

0 
time 

Is this release profile advantageous? 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

273
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



9 3.051J/20.340J


ii) Porous semi-permeable membranes  
⇒  Drug diffusion through membrane pores  

Requires replacing D by Deff: 

D ε
D = pore


eff
 τ 

ε = porosity 0 < ε < 1 
τ = tortuosity τ ≥ 1 

Cross-section of porous 
semi-permeable membrane 

c) Osmotic Pressure Devices 
Osmotic pressure build-up from water in-flux across semi-permeable 
membrane forces drug release through orifice 

membrane 

piston
δ 

semi-permeable 

delivery orifice 

osmotic “engine” drug reservoir

(NaCl)


Ex: DUROS Implant (ALZA) 
• Ti housing, 4mm × 45 mm 

http://www.alza.com/alza/duros •  ~ 1 year duration   
• in use for prostate cancer therapy 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

274
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



10 3.051J/20.340J


Release rate proportional to change in volume of drug reservoir: 

dMt dV Ak∆πC 
= C =	 A= membrane area

dt dt δ	 ∆π = osmotic pressure differential 
C = drug concentration in reservoir 
k= membrane permeability 

coefficient (~10-6-10-7g/cm/s)
dMt/dt 

zero-order release 

kinetics


0 

time 


Controlled Release via Solute Choice for Osmotic Engine (∆π) 

Solute Osmotic Pressure 
(atm) 

body tissue 7 
NaCl 356 
KCl 245 
sucrose 150 
dextrose 82 
potassium sulfate 39 
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11 3.051J/20.340J


d) Swelling Controlled Devices 

¾ Drug dispersed in a glassy, hydrophilic matrix 
¾ Swelling in aqueous medium allows drug release  

glassy polymer matrix H2O swelling provides 
with dispersed drug mobility for drug release 

Complex release kinetics: modeled by fitting experimental data to power 
law expression. 

Mt n'= k t
M ∞ 

ln(Mt/M∞) 
n = 1 

ln(k’) 

ln(t) 
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12 3.051J/20.340J


2. Chemically Controlled Approaches 

a) Eroding Monolithic Device 

   Drug is incorporated into a bioerodible or dissolvable polymer matrix 

t0 t1 t2 

i) Surface Erosion Devices 

k
Ae = instant surface area 

e = rxn or dissolution rate const. 
dM


dt

t = k Aee 

release rate = strong 
function of device 
geometry 

For a slab: 
δ2 ∞

δ 
M 

C0 

Ae ≈
 ≈
const  

dM 2
t =

dt C0 

k M ∞
δ 

e 

⇒  zero-order release kinetics 
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13 3.051J/20.340J


dMt

0 

/dt 

time 

For other geometries, Ae is a function of time: 

dMt = k A ( )te edt 

For various geometries, the solution to this expression is: 

⎤ 
n

⎡ 
⎢ k t  ⎥Mt e1 1

M ∞
= − ⎢ − δ ⎥


⎥
⎢ C0⎣ 2 ⎦ 

Geometry δ n 

slab thickness 1 

cylinder diameter 2 

sphere diameter 3 
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3.051J/20.340J 14 

Matrix Examples:  

• polyanhydrides O O 
    poly(sebacic acid anyhydride) (-(CH2)8 - -O- -)NC C 

• DETOSUpoly ortho esters      

ii) Bulk Erosion Devices 

¾ uniform hydrolysis of bulk matrix polymer 
¾ hydrolysis rate vs. drug diffusion controls release rate 

dMt ~ t n ⇒  n = -1/2 drug diffusion limited 
dt 

Matrix Example:  

poly(lactide-co-glycolide)

O O 
(-O-CH(CH3)-C -)x-r-(-O-CH2-C-)y 

             lactic acid                glycolic acid 
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15 3.051J/20.340J


iii) Pulsed release systems 
Mixture of eroding particles with different degradation rates 

Degradation Profile for Single Eroding Component (schematic) 

% degrad. 

100 

50 

0 
time in vivo 

drug concen. 
in vivo 

time from 
administration 
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16 3.051J/20.340J


Degradation Profile for Mixture of Components (ex., microspheres) 

% degrad. 

100 

50 

0 
time in vivo 

drug concen. 

time from 

in vivo 

administration 

Applications Example: “one shot” vaccines with multiple antigens 

TT tetanus toxoid Vaccines stimulate Ab DT diptheria toxoid production
HBSA hepatitis B surface antigen 
SEB staphylococcal enterotoxoid B 

⇒ How can we achieve different degradation rates?
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Factors influencing degradation: 

• Composition (e.g., PLGA copolymer LA:GA ratio) 
• Geometry 

iv) Regulated systems 
Incorporate a component that responds to the in vivo environment 

• Enzyme that catalyzes degradation in presence of a substrate 

Example: GOD-regulated insulin release 

Glucose + O2 + H2O → Gluconic acid + H2O2 

GOD 


pH drop promotes acid 
hydrolysis or swelling of 
matrix 
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b) Polymer-Drug Conjugates 

Therapeutic agent is covalently or ionically bound to a polymer through a   
cleavable bond 

Purposes: 

¾ increase resistance to proteolysis (protein drugs) 

¾ reduce antigenicity/immunogenicity 

¾ prolong plasma circulation lifetime 

¾ enhance water solubility of hydrophobic agents 

¾ reduce toxicity


Example 1: Therapeutic proteins tethered to polyethylene glycol (PEG) 

protein 

⇒ Increases intravascular lifetime—why?

PEG 

Some clinical systems: 
• PEG-adenosine deaminase (FDA appr. immunodeficiency therapy) 
• PEG-asparaginase (FDA appr. for lymphoblastic leukemia) 
• PEG-hemoglobin 
• PEG-interluekin 2 
• PEG-alpha interferon 
• PEG-colony stimulating factor 
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Example 2: Chemotherapeutic agent attached to water-soluble or hydrolysable 
backbone 

maleic 
vinyl benzyl anhydride  

fluorouracil


(CH CH2-)n (CH CH-)m 

C=O 

C=O 

O=C 
O 

N 

O 
H 

(CH 

N O hydrolysis 

F 

H 
CH2-)n (CH CH-)m 

N 

N O 

+
O=C C=O F H 
OC=O OH OH 

OH 5-fluorouracil 
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Example 3: Dendrimer Drug Conjugates  (early development) 

Dendrimers – sequentially synthesized, hyperbranched macromolecules 

1st generation 2nd  generation 3rd generation 

Two strategies for controlled drug delivery 

Drug-filled core 
drug-conjugated  (diffusion-controlled) 
chain ends 

References 

Encyclopedia of controlled drug delivery vol. 1, E. Mathiowitz, ed., John Wiley & Sons, NY, 1999. 

Encyclopedia of controlled drug delivery vol. 2, E. Mathiowitz, ed., John Wiley & Sons, NY, 1999. 

Biomaterials Science: An introduction to materials in medicine, B.D. Ratner et al., eds., Academic 
Press, NY 1996. 
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Lecture 20 
Drug Delivery: Controlled Release III 

Delivery Methods 

1. Transdermal 

Drug delivery through the skin to systemic circulation 

traditional: crèmes/ointments 
novel: controlled release patches 

Transdermal Advantages:  

¾ effective systemic delivery  (vs. GI) 

¾ high patient compliance 

¾ constant rate release (membrane-based) 

¾ easily terminated (patch removal) 


Device Designs 

a) membrane based 
laminated layers drug reservoir 

Metallized polymer 

) 

backing (PET, PE, PP)
(mineral oil or 
polyisobutylene

polymer membrane

(PP, PVC, PAN, 
 pressure-sensitive
EVA, silicone) adhesive (PIB) 

peel strip 
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⇒  Release rate constant (rate-limited by diffusion through membrane) 

b) monolithic patch 
Metallized polymer 

drug reservoir 
(polymer) 

backing (PET, PE, PP) 

drug 
crystals 

pressure-sensitive 
adhesive (PIB) 

⇒ C0 >> CS  Drug dissolution in polymer matrix controls release rate 

Disadvantages to Transdermal Delivery 

a) low skin permeability to drugs 

stratum corneum

~10-15 µm 

(dead tissue, lipid 

bilayers) 


pore/follicle 

epidermis 
~50-100 µm 
(living cells, nerves) 

dermis: (cells, nerves, vessels) 
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� Stratum corneum is hydrophobic – limits drug penetration 

� Epidermis is hydrophilic 

� Main entry to vasculature via pores (small % of surface) 


Methods to enhance permeability: 

i) penetration enhancers “shield” interactions, i.e., amphiphiles  

    (traditional crèmes: H2O/oil + lipids) 


ii) iontophoresis – mild electrical current (0.5mA/cm2) applied to skin at 
delivery site increases penetration rate of charged therapeutic agents 

+ − 

ex., Vyteris lidocaine 
E-field drives charged 
drugs thru skin 

transdermal delivery  

iii) microneedles – penetrate the stratum corneum or epidermis  

ex., 3M hollow plastic
iv) ultrasound needle system for vaccine 

delivery (L>100 µm) 


b) drugs bind to skin – desorption becomes rate-limiting step  

c) allergic reaction—triggered by adhesive 
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2. Colloidal Drug Delivery vehicles 

Spherical particles of polymers or lipids with dispersed, adsorbed, 
covalently bound or encapsulated therapeutic agents 

nanospheres/ nanocapsules/ 

microspheres microcapsules liposomes 


Administration Routes 

a) Oral 

� released drug is absorbed in small intestine 
� phagocytosis of delivery vehicles (dia. < 10µm) in small intestine via 

M-cells (lymphatic tissue) of Peyer’s patches  

Advantages: - patient acceptance 
- convenient

Issues: - poor uptake—rapidly metabolized 
- chemical instability in GI tract 
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b) Subcutaneous injection 

� phagocytosis, deposition in lymph nodes (dia. < 10µm) 

� particles collect at injection site  (dia. > 30µm) 


Advantages: - patient can administer 
- does not require digestion (nauseated patients) 

Issues: - poor distribution to target  
- local tissue irritation/toxicity 

c) Intravenous administration 

� systemic circulation for dia. < 4 µm (smallest capillary) 

� interaction with reticular endothelial system (RES) 

� phagocytosis in liver, spleen, lungs, lymph nodes 


Advantages: - effective systemic treatment 
- does not require digestion 

Issues: - short circulation times 
- low penetration of endothelial lining of vasculature
     (requires dia. < 5nm) 
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Types of Vehicles 

a) Nanospheres (10nm-1µm)/microspheres (1-10µm) 
Drug is dissolved or dispersed in a polymer matrix, or adsorbed to 
polymer bead surface 

Processing Methods: Emulsion-based 


� Emulsion polymerization with drug dispersion 


-

surfactant 

growing 

incorporating drug 

oligomer 

monomer 

polymer nanosphere 

Growing polymer chains are immiscible in solvent 

- Micelles form, incorporating the polymer and drug 

- Can be aqueous or organic based synthesis, depending on         
  polymer and therapeutic agent 

- Examples: polyacrylamide/antigen vaccines, biodegradable   
  poly(alkyl cyanoacrylate)/doxorubicin chemotherapeutics   
  PMMA/antigen vaccines (influenza, HIV)   
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� Emulsification of polymer and drug 

- Preformed polymer dissolved in volatile organic solvent (ex.,  
   chloroform, methylene chloride, ethyl acetate) 

- Organic solution is mechanically dispersed in aqueous phase  
   containing surfactant or stabilizer, forming an emulsion 

- Drug incorporated in organic (if lipophilic) or aqueous   
   (if hydrophilic) phase, or later adsorbed 

- Nanoparticles recovered by evaporation of organic solvent or   
  precipitation through dilution with water 

Aqueous phase (water Organic phase (solvent,
& stabilizing agent) polymer & drug) 

h 

Solvent 
evaporation 

Dilution/ 
precipitation 

Ex: PLGA/ 
testosterone 

Ex: PLA/ 
savoxepine (a 

Emulsification 

neuroleptic drug) 
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- Matrices: PLA, PGA, PLGA, PCL (polycaprolactone), PHB    
  (poly(hydroxybutyrate)), polyorthoesters (acid sensitive) 

Influences on Nanosphere Release/Degradation Rate 

• Molecular weight 
• Crystallinity 
• Diameter 
• Water permeability 
• Tg 
• pH Sensitivity 

b) Nanocapsules/microcapsules  
Drug or drug dispersion in matrix is enclosed by a polymer  
membrane/outer layer 

What is the advantage of 
this approach? 
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Processing Methods:  


� Interfacial polymerization of polyamides 


-	 Emulsion formed with acid dichloride monomer & drug in   
    dispersed oil phase, diamine monomer in water phase 

-	 monomers migrate to oil/water interface and polymerize by    
   condensation reaction, encapsulating the drug 

NH2-R-NH2 + R’(COCl)2 → (ClCO)-R’-CONH-R-NH2 + HCl 

amide bond 

- trichlorides and triamines added as crosslinking agents 
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�	 Interfacial Coacervation 

-	 encapsulating polymer dissolved in organic phase  

- drug particles are added to organic solution 

-	 a second polymer immiscible with the first (or other  
    nonsolvent) is added to suspension, inducing phase separation 

- encapsulating polymer precipitates onto the drug particle   
  surfaces, forming a capsule  

drug 2nd polymer/ 
particles nonsolvent 
added added 
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� Complex Coacervation 

- two solutions of oppositely charged polyelectrolytes are  
   prepared, one containing drug dispersion  

- addition of second polyelectrolyte to first results in 
complexation and precipation onto drug particles 

- Examples: gelatin (-) and gum arabic (+), alginate (-) and  
   chitosan (+) 

� Polyelectrolyte Multilayers (recent) 

- alternate adsorption of polyanions and polycations onto drug-
containing particles  
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c)  Liposomes  
Drug encapsulated in spherical phospholipid bilayers/vesicles  

lipid (+) 

DNA fragment (-) 

Processing Method:   

-	 Water-in-oil emulsion formed of aqueous drug solution,   
    amphiphiles, and volatile organic phase  

- Evaporation of organic solvent—lipids deposit around aqueous  
microdroplets, forming vesicles 

- Ultrasound conversion to unilamellar vesicles 

- nanofiltration to control size distribution 

sonication nanofiltration 
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Therapeutic Agents: 

- bacterial, viral, parasitic antigens (vaccines) 
- DNA, DNA fragments (gene therapy) 
- chemotherapeutic agents 

Targeted Therapy Mechanisms: 

- liposome collection in RES (lymph nodes, liver, lungs) 
   Common metastatic sites of cancers 

- incorporation of lipid-bound MAbs for targeting chemotherapy   

⇒  “MAGIC BULLET” 

Ex. MAb for mouse pulmonary endothelial cell surface proteins  
      used to target metastatic lung cancer 

- Incorporation of lipid-bound peptides 
Receptor-mediated endocytosis 


- Engineer liposome structure to mimic red blood cell membrane  
Drug-targeting to regions of high capillarity (ex., tumors,  
inflammation sites)

 - DNA vaccines 
Immunogen or antigen encoded in DNA, cells take up in 
nucleus 

In clinical trials: cystic fibrosis, melanoma 
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Liposome Advantages: 

- low toxicity 
- uptake by endocytosis (can fuse with cell wall) 
- high transfection efficiency (gene therapy) 

Issues: 
- short circulation time due to phagocytosis (

   Strategies to enhance circulation time: 

• decrease size 
• increase bilayer rigidity 
• incorporate PEO-amphiphiles 

⇒     “STEALTH” Liposomes  

non-targeted) 

- liposome instability 
• poor mechanical stability 
• phospholipids easily hydrolyzed (ester linkages) 

⇒ drug leaching 

   Strategy to enhance stability: 

polymer vesicles from amphiphilic block copolymers  
⇒    “Polymersomes”

     What is a disadvantage of this strategy? 
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- denaturation of therapeutic proteins 
• in processing: shear forces, solvents, T 
• in vivo: secondary interactions, pH variations 

Example Liposome Products 

Product Agent Use 
AmBisomes amphotericin B systemic fungal infection 

DOX-SL doxorubicin chemotherapy 

DaunoXome daunorubicin Karposi’s sarcoma 

Epaxal-Berna inactive hepatitis A vaccine 

3. Externally Controlled Implantable Pumps 

Enable doctor/patient control of:  
• Delivery dosage 
• Flow rate 
• Dosage schedule 

Examples 

SynchroMed Infusion System (Medtronic) 

- percutaneously refillable reservoir 
- lithium battery-operated peristaltic pump 
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- magnetic telemetry link for computer control 
- FDA approved for chemotherapeutic agents, morphine sulfate 

Programmable Implantable Medical System (PIMS)  (Johns-Hopkins) 

- percutaneously refillable reservoir 
- solenoid-based pump 
- being developed for insulin delivery for diabetes 

Photo of PIMS removed for copyright reasons. 

References 

Encyclopedia of controlled drug delivery vol. 1, E. Mathiowitz, ed., John Wiley & Sons, NY, 1999. 

Encyclopedia of controlled drug delivery vol. 2, E. Mathiowitz, ed., John Wiley & Sons, NY, 1999. 

Biomaterials Science: An introduction to materials in medicine, B.D. Ratner et al., eds., Academic 
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Lecture 21: 

Biomaterials for Organ Replacement 


Therapies for Organ Replacement 

1. Transplantation 
Replacement of tissue or organ from human or animal donor 

Allograft—human donor (e.g., kidney, liver, heart) 

Xenograft—animal donor (e.g., porcine aortic valves) 


Adv: 
• complete recovery of lost function for patient lifetime 

Disads: 
• possibility of rejection—attack by immune system 
• side effects of immunosuppressive drugs (e.g., steroids) 
• limited donor pool 

2. Autograft 
Donor is also recipient  

Examples: skin grafts, nerve grafts, breast reconstructions, saphenous  
(calf) vein for coronary or peripheral artery bypass (~300,000/yr in U.S.) 

Adv: 
• complete recovery of lost function for patient lifetime 
• virtually no danger of rejection 

Disads: 
• limited self-donor tissue available 
• trauma/scarring at removal site 
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3. Regenerated Tissues/Organs 
Cells grown on a scaffold device (synthetic or collagen-based, often  
resorbable) provide restored function (e.g., skin and cartilage) 

Adv: 
• no donor/self-donor tissue limitations 
• function restored for patient lifetime (in principle) 

Disads: 
• biological complexities of complete organ regeneration unsolved 
• possible immune response, depending on cell source 

4. Permanent Implants 
Prosthetic devices manufactured from synthetic materials (e.g., hip 
prostheses, >200,000/yr in U.S., many designs) 

Acetabular cup: metal 
with UHMWPE (2M 
Daltons) liner 

Ti, Al2O3	 PMMA cement: adhesion, shock 
absorption 

(Alt: metal bead or HAp coatings: 
bone ingrowth) 

stainless steel 
Femoral stem: CoCr, Ti, 

Femoral head: CoCr, 

Femur 
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Advs: 
• no donor/self-donor tissue limitations 
• cannot by “rejected” by classical complement mechanisms 

Disads: 
• “full” organ function not restored  

      e.g., orthopedic replacements:  

- loss of bone marrow (origin of blood stem cells) 

- no regenerative ability 

- reduced range of mobility 


• often must be replaced  

- chronic inflammation
 e.g., PE wear debris ⇒ immune response ⇒ bone breakdown 

- mechanical failure 
e.g., cement loosening 

• other long-term side effects 

stress-shielding: modulus mismatch between stem & femur 
⇒ load imbalance on surrounding bone  

⇒osteoporosis (bone resorption > deposition) 
⇒ increased likelihood of re-fracture 

Clearly, mechanical properties play a critical role in materials choice!   
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Mechanical Properties of Interest in Biomaterials Applications: 

• Stiffness 
• Strength 
• Toughness 

We need methods to quantify• Hardness 
these material qualities.• Fatigue (especially cyclic) 

• Fracture strength 
• Wear resistance 

Let’s define some terms in the context of a simple uniaxial load experiment: 

F=Applied Force 

Ao = Area

(recoverable) 

Lo 

δ 
F)(∝

“elastic” deformation 
fracture

“plastic” deformation 
(irrecoverable) 
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E 

σ =F/A 
(N/m2=Pa) 

UTS 
YS 

necking 

Toughness 

A 

B 

C 

ε=δ/Lo 

Biomaterials examples: 

• fixture plates (stainless steel, CoCr, Ti) (B) 
• vascular prostheses: knitted Dacron or ePTFE  (B) 
• hydrogels: HEMA  (C) 
• breast implants: silicone (C) 
• dental implants (alumina)  (A) 
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¾ Stiffness: quantified by Young’s modulus (elastic modulus—slope of 
initial linear stress-strain region) 

E = σ/ε  (independent of sample geometry—a material property) 

Flexure modulus (EF) —strength values measured in bending test   

3-point bending test: 
F 

δ (deflection) 

L 

3FL 
Governing eqn:  δ = 

48E I F 

where I = moment of inertia  (ex. units: m4) 
h 

I =
3 

12 
wh 

for rectangular beams 
w 

I is the 2nd moment of the transverse 
area of the beam about neutral surface 
axis (where compressive and tensile 
forces cancel). 

I = 2∫ x dA , where x is distance from 
neutral axis and A is cross-sectional 
area. 
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¾ Strength: several quantities of interest for comparison 

1. Modulus (since higher E materials correlate with higher strength) 

2. Yield stress—stress at onset of plastic deformation  

3. Ultimate (tensile) strength (UTS)—peak of stress-strain curve 

4. Fracture strength—stress at point of fracture 

engineering—measured value 
true—value that accounts for necking (change in x-sec area) 

    (lower than compression strength, higher than UTS) 

5. Fatigue strength-max. load withstood 10M cycles w/o fracture 

Cyclic Fatigue: Material subjected to cyclic stress for long times below its 
UTS but above its “endurance limit” ⇒ fracture 

Example: Load on hip joint during walking 

Heel Toe 

Fracture 
Stress (MPa) 

(no fracture) 

fast 

slow 

Body wt. 
multiples 

time 

8 

1 

strike off 

Endurance limit  

log10(# cycles) 
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Materials Prone to Fatigue: 
• ductile/plastic materials – metals & polymers 
• materials with defects/anisotropy (multiphase, composites) 

      Crack initiates at defect/interface  
⇒ propagates on subsequent loadings 

⇒ catastrophic failure 

Biomimetic Strategies: 
• limit crack growth (ex., multi-ply laminate—bone) 
• regenerate tissue (HAp implant or bone) 

Material E (GPa) YS 
(MPa) 

UTS 
(MPa) 

Fatigue 
Strength 
(MPa) 

Flexure 
Strength 
(MPa) 

CoCr cast 214 450 655 240-280 

Ti 110 480 550 240 

TiAlV alloy 120 795 860 300-600 

316 Stainless 
Steel 

200 250 600 260-280 

Alumina 380 260 550 

Cortical 
Bone 

17.4 115 121 208 

PMMA 
cement 

2.2 29 90 

UHMWPE 1 25 34 
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¾ Toughness: measure of total work necessary for fracture  (per unit vol 
material)—the total area under stress-strain curve 

ε f Lf 

d σ ) Units: (F/A)(L/L) =
Toughness = ∫ σ ε = ∫ ( /  L  dL  Energy/Volume 

εi Lo 

Steel > Al2O3 > PMMA 

¾ Hardness: measure of resistance to plastic deformation; the force per unit 
area of indentation 

1 
2 

d1 

F 
Hardness testing: 

Vicker’s Hardness number: HV = F/d

Indentation mark Diamond Pyramid tip 

Note: Hardness correlates with Yield strength (Y.S.) in compression 

¾ Wear: removal or relocation of materials during sliding contact 

Critical problem for joint prostheses & fixtures! 
⇒ accelerated corrosion, wear products (PE liner) 

Metric for wear: µ= sliding coefficient of friction 
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Consider two surfaces brought together under compressive load: plastic 
junctions are main friction source 

Fcomp 

Fshear 

µ= F

F

F

For a ductile material, contact area increases with Fcomp: 

comp = H×A where H is hardness (or compressive yield stress) 

The sliding force to overcome the shear yield stress of junctions is: 

shear = YSshear A 

shear/Fcomp =(YS)shear/H (material constants of weaker material) 

For low µ: 1. Hard materials (ion implanted Ti) 
2. Low shear yield stress

 - lubricant/interlayer (e.g., UHMWPE liner of acetabular cup) 

µ values 

metal/metal metal/nonmetal articular knee metal/metal 
cartilage lubricated 

0.3-1. 0.3-0.5 0.005-0.02 0.05-0.12 
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Properties Desirable for Bone Replacements 

¾ Stiffness  (structural support, low deformation energy losses) 

¾ Flexure Strength, compliancy (1/E) (avoid break on falling) 

¾ Low Mass (light, reduce energy losses while walking) 

¾ Long lifetime (high endurance, fatigue strength) 


How Does Natural Femur Differ from Hip Prostheses? 

• Strength and Stiffness 

Material Compression 
Modulus, GPa 

Compressive 
strength, MPa 

Cortical Bone 
(femur) 

18.2 195 

Cancellous Bone 
(femur) 

2.9 68 

Ti 110 550 

PMMA cement 2.5 92 

Alumina 380 4500 
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• Mechanical Properties are Anisotropic 

Property      Tension 
L T 

Compression 
L T 

Modulus (GPa) 17.9 10.1 18.2 11.7 

Ultimate 
Strength (MPa) 

135 53 105 131 

• Origin of Anisotropy: Bone Structure 

Bone is a composite material (microcomposite) 
             collagen-rich organic/hydroxyapatite crystallites 

Figure by MIT OCW. 
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Bone structure: two types of bone 

Cortical (compact) bone: 

• Low porosity (<10%: Haversian canals in osteon centers) 
• Found in long-bone shafts & cortex (shell) of trabecular bone 
• Multi-ply lamellar structure 


each lamellae: oriented collagen fibers (20wt%) &  

HAp [Ca10(PO4)6(OH)2] 2x20x40 nm crystallites (70wt%) 

290 nm 1.3 nm 
Fiber 

Fibrils: Collagen Ends rich in Glutamic & 
triple helices Aspartic acid (COO-) 

-
-
-

⇒ 

In children: 

-osteons around vessels 

In adults: 
-secondary osteons replace 

Osteon 

Haversian 
canal 

200 µm 

Oriented Fibers form Lamellae 
Lamellae change orientation concentrically 
Cross-ply or Helicoid structures 

HAp nucleation at gaps 

- circumferential lamellae 

circumferential bone 
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Modeling Anisotropic Composites 

Example: a uniaxially-oriented, continuous 2-phase structure 

Load along the longitudinal axis: 

Voigt model: equal strains 
(parallel  strain  model)  

E = E1V1 + E2V2 

(Vi is volume fraction 
of ith component) 

(Derived from Fi = AiEiεi) 

Load along transverse axis: 
Reuss model: equal stresses 

(series  strain  model)  

1 V1 + 
V2= 

E E1 E2 

(Note: text gives governing eqns for other composite structures, such as 
randomly oriented fiber/matrix composites) 
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Model compact bone as continuous fiber (osteon)/matrix (primary) composite 

Fracture ToughnessStructural Advantage of Multilaminates: 

Cracks opened 
perpendicular to the 
load are stopped by 
cross-ply fibers 

→ Resistance to 
cyclic fatigue 

Photo removed for copyright reasons. 

from Skeletal Tissue Mechanics, R.B. Martin, D.B. 
Burr, and N.A. Sharkey, Springer-Verlag: NY, 1998 
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Trabecular (cancellous/spongy) bone: 

• Highly porous (>75%) 
• 200 µm-thick “struts” 
• found in “cuboidal” bones (vertebrae, digits), flat bones, long-bone ends 

Photo removed for copyright reasons. 

from Skeletal Tissue Mechanics, R.B. Martin, D.B. 
Burr, and N.A. Sharkey, Springer-Verlag: NY, 1998 

Compression behavior 

σ 

void 
collapse 

densification 

ε 
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Bone Remodeling 

•	 Bone structure is dynamic, responding to: 

- load 

- local physiological conditions 


ex. Cortical bone turnover in femur ~3%/yr 

• Bone is torn down and reconstructed by cell teams (Basic Multicellular 
Units or BMUs) 

- Osteoclasts: bone resorption cells, related to macrophages 
- Osteoblasts: bone deposition cells, related to fibroblasts 
- Osteocytes: osteoblasts that get trapped in osteon, become quiescent 

• Fatigue may direct remodeling   

Hypothesis 1: Debonding isolates osteon ⇒ low stress state ⇒ activate new 
BMUs (ex, osteocyte signal release or low stress on bone lining cells)  

Osteon 

crack 

Bone cell 

Processes 

Osteocyte 

Hypothesis 2: Cracks distrupt osteocyte “process” network ⇒ inhibitory signals 
removed ⇒bone lining cells initiate remodeling 
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Natural Bone has Viscoelastic Response 

On short time scales: solid-like 
On long time scales: liquid-like 

1500/sec 
Compression at different strain rates: σ 

ε 

0.01/sec 

Model with viscous liquid & elastic solid elements 
(Dashpot & Spring) 

         Springs:  σ = Εε
         Dashpots:  σ = ηdε/dt 

E1 
η 

E2 dσ (E + E2 ) σ = 
E  E  2 dε

+ 1 1 ε + E2dt η η dt 

   Solve according to test conditions: creep,     
   stress-relaxation, cyclic loading, etc. 
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Directions in Orthopedic Implants 

¾ Polymer/fiber composites 
¾ Polymer/ceramic composites 
¾ Osteogenic materials 

Osteogenic Materials 

Towards fully resorbable implants ⇒ Tissue Engineering    

ETEX Bone Substitute 

1. High T calcium phosphate compound (e.g., TCP) mixed with water 
2. Formation of HAp thick paste at 37C 
3. Hardens to porous, bioresorbable material 
4. Over time (10 weeks), implant replaced by bone 

2-Ca3(PO4)2 + 2H2O ⇒ Ca10(PO4)6(OH)2 + 2Ca2+ + 2HPO4 

Advantage: Fully functional bone recovered 
(incl. marrow space, blood vessels, nerves, stem cells) 

Remaining Issues: 
1. Insufficient mechanical properties: 

- HAp porous scaffolds—brittle, low strength 
- may require temporary fixture device (steel plate) 
- not yet feasible for long bones such as femur 

Possible soln: composite structures (e.g., addition of fibers)  

2. Resorption process is slow
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Lecture 22 
Tissue Engineering 

Tissue Engineering: a field that seeks to replace, repair or enhance biological 
function at the scale of a tissue or organ by manipulating cells via their extra
cellular environment 

Objectives: 

1. Fulfill a biomechanical role (bone, cartilage) 
2. Replace physiological function (liver, nerve) 
3. Deliver secretory products (insulin) 
4. A combination of the above 

3 Main Approaches: 

1. Extracorpeal/cell encapsulation (3) 
2. In vitro synthesis (1-4) 
3. In vivo synthesis (1-4) 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

321
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



2 3.051J/20.340J


1. Extracorpeal/Cell Encapsulation 

Method: 
1. Encapsulate cells of interest in semipermeable membrane 
2. Implant encapsulated device or connect ex vivo 
3. Cells secrete product ⇒ therapy 
4. Remove/disconnect device when therapy concluded 

O2, 
nutrients 

T cells, B cells 

CO2, 
waste 

Cells suspended 
in gel 

Semipermeable 
membrane 

Therapeutic 
molecules 

Immune system: Ab, 

Advantages: 
¾ Natural theraputic response from living cells 

¾ Use of nonhost cells—immunoisolation 


Issues: 
¾ Potential for undesirable immune response from adsorption of 

complement proteins (similar to blood filtration membranes) 
¾ Potential for thrombosis formation

 (Anti-coagulants used during ex vivo treatment) 
¾ Potential for rupture of implanted devices  
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Applications Investigated: 

¾ Diabetes treatment* 

¾ Chronic pain*

¾ Neurodegenerative diseases: ALS (Lou Gehrig’s disease, neuromuscular), 


Parkinson’s, Alzheimer’s, Huntington’s disease (progressive brain death) 
¾ Dwarfism 
¾ Anemia/Hemophelia 
¾ Macular degeneration (blindness) 
¾ Cancer 
¾ Liver Failure* * = clinical trials 

Device Examples 

Encapsulated Islets  (Islet Technology Inc., St Paul, MN) 

CapCell: implantable membrane-encapsulated islets for glucose regulation


Cells: insulin-producing islets 
Use: long-term treatment of diabetes 
Device: alginate-based membrane confines islets 
Treatment: islets transplanted into patient’s pancreas; patients’ 
blood flows thru membrane; islets detect glucose level 
variations & respond through insulin production   
Status: preclinical trials (islet transplantation in clinical trials) 

Islet cells 

Alginate-based 
membranes
 

Figure by MIT OCW. 
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Arbios Systems, Inc. (recently acquired from Circe Biomedical) 

HepatAssist System: an extracorporeal, bioartificial liver support system 

Cells: primary porcine hepatocytes (pig liver cells) 
Use: temporary liver function for transplant candidates 
Device: hollow fiber bioreactor, oxygenator, pump 
Treatment: plasma circulated through bioreactor and 

recombined with blood cells 
Status: Phase I trials completed 

Figure removed for copyright reasons. 
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2. In vitro Synthesis 

Method: 
1. Cells seeded in vitro on scaffold device 
2. Cells maintained in culture to expand population &  


develop tissue organization (in static culture or bioreactors) 

3. Device implanted once cell colony is established 
4. Device degrades, scaffold replaced by remodeled tissue  

Figure by MIT OCW. 
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Advantages: 
¾ Natural theraputic response from living tissues 

¾ Permanent therapy 

¾ Allows control and quantification not easily obtained in vivo


Issues: 
¾ Cell sources 


- possibility of rejection 

- tumorogenicity—cell lines


¾ Full organ restoration challenges (e.g., skin) 

Applications Investigated: 
¾ Vasculature (resorbable & nonresorbable) 

¾ Liver tissue 

¾ Nerve tissue 

¾ Cartilage*

¾ Cornea*

¾ Bladder*

¾ Skin* 

¾ Bone 

¾ Ligament

¾ Tendon 

¾ Muscle 

¾ Heart valve 

¾ Heart 


Link to list of websites of tissue engineering companies: 

http://www.cs.cmu.edu/~webwatch/text_only_industry.html 
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3. In vivo synthesis 

Method: 
1. Implant porous scaffold device 
2. Cellular ingrowth in vivo 
3. Scaffold replaced by remodeled tissue 

Advantages: 

¾ Permanent therapy 

¾ No cell source problems 


Issues: 
¾ Uncontrolled biological response to implanted scaffold 

Applications Investigated: 
¾ Vasculature 
¾ Skin* 
¾ Bone* 
¾ Nerve 
¾ Ligament 
¾ Cartilage (Knee Meniscus) 

7 

¾ Natural theraputic response from living tissues 
Figure by MIT OCW. 
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Scaffolds for Tissue Generation 

Purpose: replace functions of extracellular matrix (ECM) 

ECM functions: 

1. cell anchorage 
2. cell orientation 
3. cell growth 
4. mechanical integrity to neo-tissue 
5. tissue microenvironment 
6. cell differentiation 
7. sequester, store & present soluble regulatory proteins 
8. blueprint for tissue organization (e.g., biomineralized tissue) 

ECM types: 

Basal Lamina (basement membrane): directly underlying epithelial cells; 
contains laminin, collagen, fibronectin, vitronectin 

Stromal tissue (interstitial matrix): provides structural integrity; contains 
matrix-secreting cells (fibroblasts, osteoblasts), collagen, elastin, fibrillin, 
fibronectin, vitronectin, GAGs, glycoproteins, regulatory proteins 

Basal lamina 


Stromal tissue 
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Resorbable Tissue Engineering Scaffolds: 

1. Collagen-matrix   
e.g., artificial skin 

drawback: immunogenic 


2. Biodegradable polymers: PLA, PGA, PLGA  
e.g., cartilage 


    drawback: no adhesion sites (can build in RGD)


3. Hydroxyapatite, Bioglass 
    e.g., bone regeneration 

    drawback: brittle, low strength


Processing of Tissue Engineering Devices 

A. Design Issues 

1. Cell density 
           must be sufficiently high to enable tissue formation, deliver therapy     

2. Transport of nutrients/oxygen/waste 
              nutrients must reach cells within the scaffold/encapsulation device 
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Blood vessel Scaffold/encapsulation device 

Co 

Cnut 

x 

Limiting distance from nutrients can be gauged from the Thiele modulus, S 
(dimensionless ratio of consumption to supply) 

ρ D = nutrient diffusivity in device (cm2/sec) 
S = 

k x2 
Co = nutrient concentration at source (mol/cm3) 

DC k = cell nutrient uptake rate constant (mol/sec/cell)o 
x = distance from nutrient source (bloodstream) (cm) 
ρ = cell density in device (cells/cm3) 

S>>1 ⇒ cells consume more than can be delivered 
S<<1 ⇒ supply greater than demand  
S = 1 ⇒ supply balances demand; use as limit estimate for device design 

A rule of thumb in designing tissue engineering devices: xmax = 500 µm. 
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3. Mechanical support 
- Critical problem for hard tissue scaffolds 

- Influenced by 
¾ materials choices  

¾ processing (orientation of polymers & composites) 


4. Tissue organization blueprint 

Cell migration guidance 
      chemical & morphology effects (chemo/hapto/durotaxis) 

Cell Patterning 
      microcontact printing, microlithography 

Spatial Organization of Muliple Cell Types 
- most organs of more than one cell type  
- pattern based on different ligands, ligand densities, ligand affinities 

B. Scaffold Fabrication 

Objective: Continuous, high-surface area scaffolds  

1. Fabrics 

¾ Woven/nonwoven fibers 

¾ Mechanical interlocking ⇒ pliable, 3D matrix 

¾ Porosity and pore size roughly controlled 
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2. Bonded fibers 

¾ PGA fibers dipped in PLLA/CH2Cl2 solution 

¾ Heat treat fibers at  Tg,PGA < T < Tm,PLLA to bond PGA to PGA 

¾ Dissolve away PLLA  

¾ Improved mechanical properties over fabrics; similar porosity 


3. Freeze-dried Foams 

¾ Polymer solution immersed in liquid N2 ⇒ phase separation

¾ Frozen solvent sublimates leaving porous scaffold

¾ Pore size ~ λ of spinodal decomposition ⇒ controlled pore structure 


4. Salt-leached Foams 

¾ polymer solution mixed with uniform salt crystals  
¾ Solvent evaporates leaving solid polymer/salt composite 
¾ Immerse in H2O to leach out salt 
¾ Controlled porosities up to 93% (< 2 mm thick) 
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5. 3D Printing  

¾ Cast a bed of polymer powder (e.g., PLGA) 
¾ "Print" micron-sized droplets of solvent at desired points (chloroform) 
¾  Congealed powder solidifies as solvent evaporates 
¾  Repeat process, building up 3D structure 
¾ Shake out uncongealed powder 
¾ Precisely structured micron-porous polymer or ceramic scaffolds 

C. Encapsulation Methods 

1. Encapsulation Microspheres 

¾ Cells attach to surface of polymer microspheres 

¾ Cell-coated spheres suspended in weak polycation (polylysine –NH3

+ ) 

¾ Add polyanion (e.g. sodium alginate, -COO-) 

¾ Polyelectrolytes form precipitated, porous complex around cells 


(Complex coacervation) 

¾ Single microbeads contain a few hundred cells  

    (thousands needed for therapy) 
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2. Encapsulation Membranes 
 
¾ Cast concentrated solution onto substrate (flat or tubular)  
¾ Substrate immersed into a nonsolvent bath 
¾ Coagulation of asymmetric membrane results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  
      
  
 
 
 
¾ Cells suspended in gel within sealed membrane tube (length ~ 3 cm) or 

disk (dia ~ 2-3 cm) 
 
 
 
 
 
 
 

Semipermeable 
membrane 

Gel & cells 

600-1200 µm 

~3 cm 

 
 
Microporous substructure 
(mechanical rigidity, high flux) 
 
Dense surface layer (bath side) 
(semi-permeable) 
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¾	Membrane characteristics 

-	 Molecular weight cutoff: typically ~30-70 kg/mol  

        (<100 nm dia. pores)      


Note: Ab ~150 kg/mol 

Molecule/Moiety Size 

O2, H2O, salts 2-3 Å 

Lipids, glucose 10 Å 

Serum proteins, endotoxins 100 Å 

Viruses 1000 Å 

Bacteria 104 Å 

White blood cells, platelets 105 Å 

- Matrix examples: polysaccharides, alginate/chitosan coacervate, 
collagen 

- Body: PAN-PVC, PP, polycarbonate, cellulose nitrate, acrylic 

- Shape & Size: disks vs. tubes 
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Disks Tubes 
Mass transport Favored diameter 

restrictions 
Susceptibility to high surface area favored 
clotting increases clot propensity 

Cell # 50-100M 5M 

Cell # required 

Diabetes 109 

Clotting factor 107-108 

CNS therapies 106-107 

D. Current Challenges 

1. Micromechanical effects 
Cell differentiation and growth (especially in load-bearing tissues) can be 
affected by micromechanical stresses transmitted by the scaffold 

2. Cell function deterioration 

3. Cross-application to other areas (gene therapy, drug delivery) 

4. Multicellular tissues and organs 
- Complex, multicomponent structures (vascularized tissues) 
- Regeneration-inducing factors (proteins) only known for blood & bone 
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Basic Tissue Cell Types and Functions 

Cell type Tissue Function Example 

epithelial covers external (ex, skin) & 
internal (ex, intestine, blood 
vessel) organ surfaces 

endothelial cells 

connective supports other body tissues; 
houses nerves & blood vessels 

fibroblasts (ECM 
generation), 
cartilage, bone 

muscle specialized for contraction; smooth, skeletal,  
cardiac 

nerve generate electrical signals & 
secrete neurotransmitters 

brain cells, 
peripheral nerve 

Figure by MIT OCW.
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Cell Regeneration Capability 

Category Normal Response to Examples 
replic. rate injury 

renewing/ High; modest ↑ skin, intenstinal 
labile via stem cell mucosa, bone 

differentiation marrow 
Expanding/ 
stable 

Low large ↑ endothelium, 
fibroblasts, 
hepatocytes, 
osteoblasts 

Static/ None No replication; heart muscle 
permanent replaced by scar cells, nerve cells 

tissue 
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Lecture 23 
Tissue Engineering II 

Case Examples 

1. Diabetes Treatment by Cell Encapsulation 

Diabetes Mellitus (Type I or insulin-dependent): pancreatic disorder in which 
pancreas ceases to produce insulin 

• 100M cases worldwide 
• 15M cases in U.S. ⇒ $94B in treatment annually 
• Symptoms: tiredness, weight loss, extreme thirst 

Note: In Type II diabetes, 
insulin is manufactured 
but not used. 

Traditional Therapy: Daily insulin injections 

Problem: abnormal release pattern generates long-term complications 

• Blindness 
• Loss of circulation in limbs (frequently requires amputation) 
• Kidney failure 

What is Insulin? 

• hormone (MW ~6 kD) released in response to blood glucose levels 
• assists cells in glucose absorption 
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Pancreas: an endocrine gland, incorporating: 
 
¾ Pancreatic Acini: release digestive enzymes to the duodenum 
¾ Islets of Langerhans (1-2% of pancreas vol.): release insulin to 

bloodstream 
 
 
Cell Encapsulation Therapy 
 

• 1st reported in mid-1970’s (W.L. Chick, Joslin Res. Lab., Boston) 
   ⇒  glucose homeostasis achieved in rats  

 
 

• Tubular implants in pancreatectomized dogs, early 1990’s (R.P. Lanza) 
 
 
 
 
 
 
 
 
 
 

Pancreas 

Islet of 
Langerhans 

PVC-PAN 
membrane 

Islets 

~5 µm 

acrylic 
housing 
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- Implanted in peritoneal (abdominal) cavity 
- Membrane connected to vasculature by PTFE grafts 
- No exogenous insulin required for > 10 weeks 
- Little fibrosis up to 30 weeks  (biocompatible acrylic) 
- Mechanisms of failure: 

a) membrane rupture (80-90% of devices by 5-7 mo.) 
b) thrombosis 
c) infection 
d) loss of islet function, islet necrosis 

 
 
 

• Human trials 1994 (Sharp & Lacy) 
 

- Implanted subcutaneously 
- PAN-PVC hollow fiber (1.5 cm length)  
- Human islets in alginate matrix 
- 90-95% islet viability after 2 weeks  

 
 
Limitation: Insulin quantity—several meters of fiber for therapeutic # of cells 
 
Possible solutions:   

a) “super” cell lines—high insulin output, low nutrient needs 
b) advances in angiogenesis 

 
 
 
References 
 
R.H. Li, “Materials for cell encapsulation”, Adv. Drug Delivery Rev. 33 (1998) 87-109. 
 
R.P. Lanza, R. Langer, W.L. Chick, Principles of Tissue Engineering, R.G. Landes Co.: 
Austin, TX, 1997 
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2. In Vitro Cartilage Regeneration 

Basics of Cartilage:  

• incorporates a single cell type (chondrocytes) 
• low vascularization (limits in vivo regeneration capability) 
• provides joint lubrication (knee) 
• basis of soft structural members (nose, ears) 

Conditions: 
• torn cartilage (athletic injury) (~0.5M/yr in U.S.) 
• rheumatoid arthritis (enzymes from phagocytes degrade cartilage) 
• birth defects/cosmetic (28,000/yr in U.S.) 

Joint fluid 
Cartilage 
menisci 

In vitro Chondrogenesis 

• Materials: nonwoven PGA fiber mesh or salt-leached; ~95% porous 
• Procedure: scaffold prewet with culture medium & seeded 
• PGA matrix replaced over time by cells, collagen & GAGs 

Salt-leached scaffold 
made by 3.082 students 

10% polylactide 
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Limitations: 
a) Low solids content: poor mass transfer in culture 
b) Irregular tissue morphology: lack of flow field in vitro 

Revised Approach: Bioreactors (R. Langer, MIT) 

Spinner Flask 

medium 

magnetic stirbar 

tissue constructs 

Rotating Vessel 

fluid 
replacement 

tissue constructs 
(free-floating) 
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Cells GAG Collagen H2O 

Static 4 10 15 

Rotating 7 30 19 88 

Natural 4 38 42 75 

Bioreactor-Grown Tissues: 

• tissue dimensions close to original scaffold 
• higher solids content than static 
• histology mimics natural cartilage 

~ 30 µm capsule 
flat cells & collagen: 
gives stiffness 

uniform mix of cells, 
GAG, collagen 

Commercial Status: Genzyme (Cambridge, MA) 
FDA-approved for autologous knee cartilage repairs 

Remaining Challenges:   
a) scale-up of tissue dimensions 
b) improved mechanical properties  
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7

 
2. In Vivo Nerve Regeneration  
 
 
Central Nervous System (CNS): Brain & Spinal cord 
   Spinal cord: neurons coated by oligodendrocytes—secretions inhibit  
                       regeneration 
 
     
Peripheral Nervous System (PNS): nerve branches that process information 
from the environment; some regenerative capacity 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nerve: several fasicles 
encased in epinurium 

fasicles: axon bundles 
surrounded by connective 
tissue 

dendrites
axon (up to 
1 m long) 

Schwann cells:  
- generate myelin (insulator) 
- secrete neutrophic factors  

neuron 

synapse 
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Condition: Severed nerve 

• loss of support (neurotrophic factors) 
• scar ingrowth 
• displacement of resprouting axons 

Nerve Guidance Channels: use regenerative capacity of PNS 

History 

WWI 
- Rubber tubes used to guide axon growth 
- low biocompatibility 

1960’s 
- Silastic trials (crosslinked silicone rubber) 

Today 
- Limited clinical use 
- Silicone & PGA devices 
- largest bridgeable gap ~ 1 cm

distal stump (to organ) 
proximal stump (to spine) 
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Case Study: Severed rat sciatic nerve in silicone guide 


Time elapsed Morphology 

hours influx of serum, fibrin, neurotrophic 
factors 

one week longitudinally oriented fibrin coalesces 
to bridge stumps 

cells invade: macrophages, fibroblasts, 
Schwann, endothelial 

axons sprout from proximal stump  

four weeks axon sprouts reach distal stump  
(~ 1cm) 

Regenerated Nerves 

• less axons & thinner sheath 
• slower signal conduction 
• lower amplitude signal 
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Channel Design Considerations 

Resorbable vs. Nonresorbable 
resorbable—larger inflammatory response 
nonresorbable—susceptible to compression injury 

Impermeable vs. Porous 
impermeable—poor nutrient, waste and O2 transport 
porous—interference by wound healing mechanisms, poor orientation 
semipermeable—MW cutoff 50-100 kD enables transport & sequesters GF 

Schwann cell-seeded gels 
- secrete neurite-promoting basal lamina, NGFs 
- can be genetically engineered to secrete neurotrophins 
- evidence of CNS regeneration support (optic nerve regen. demonstrated) 

Remaining Challenges:   
a) large-gap repair 
b) CNS regeneration (spinal cord work at MIT) 

Important Remaining Challenges in Tissue Engineering 

1. angiogenesis/mass transport limitations 
2. delivering appropriate signals to cells 
3. providing appropriate mechanical stimulus for growth 
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Lecture 24 
FDA Approval Process for Medical Devices 

The Medical Device Business 

- $77B U.S. Market (2002) 

- 13,000 Registered U.S. Manufacturers (2003) 
              many with no commercial products! 

- 300,000 U.S. Workers (2003) 

Top 20 devices by revenue (1999): 

1) Incontinence supplies 11) Prosthetic knee implants 

2) Blood glucose monitoring 12) Lens care products 

3) Wound closure products 13) Prosthetic hip implants

4) Implantable defibrillators 14) Patient-montioring equipment 

5) Soft contact lenses 15) Mechanical wound closure 

6) Orthopedic fixation devices 16) Wound suture products 

7) Pacemakers 17) Absorbable polymers 

8) Examination gloves 18) Hearing Aids 

9) Coronary stents 19) Wheelchairs and scooters 

10) Arthroscopic accessories 20) Peritoneal dialysis sets


Biomaterials are not regulated—medical devices are 

Biomaterials are approved for use as part of a specific medical device 
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Regulation History  

1906 Food and Drug Act 
   - established the FDA 

- no provisions on medical devices 
     (regulated by the U.S. Postal Service under postal fraud statutes) 

1938 Food, Drug and Cosmetic Act 
- FDA regulation of device misbranding/adulteration  

(inadequate authority/resources for wide scale regulation) 

1976 Medical Device Amendment 
Classified Devices & Regulatory Standards for Safety & Efficacy 

Class I: low risk, general controls sufficient  
   over the counter products-e.g., adhesive bandages, hospital beds 

Class II: performance standards & general control 
physician controlled distribution-e.g., oxygen masks, blood-
pressure cuffs, powered wheelchairs 

Class III: require pre-market approval 

devices that: “support or sustain human life, are of substantial 
importance in preventing impairment of human health, or which 
present a potential unreasonable risk of illness or injury” 

Further regulation by the FDA under:  

1990 Safe Medical Devices Act 
1992 Medical Device Amendments 
1997 FDA Modernization Act (Section 204) 
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FDA Regulatory Branches 

Center for Device and Radiological Health (CDRH): medical devices 
Center for Drug Evaluation and Research (CDER): drugs 
Center for Biologic Evaluation and Research (CBER): biological therapeutics 

combination products (therapeutic + device) may fall under any of above 

Premarket Approval Process for Class III Devices 

Established in: Title 21 Code of Federal Regulations (CFR) Part 814  

1. Administrative and limited scientific review  

- conducted by FDA personnel within 45 days of receipt 
- determines if application is of sufficient quality for filing 
- “filing” initiates 180-day review clock 

2. In-depth scientific, regulatory and Quality System review 

- conducted by FDA personnel 
- includes inspection of manufacturing facility 
-	 usually results in a “deficiency letter”  

     voices FDA concerns with an application 


Major deficiency letter – stops the 180-day clock 
Minor deficiency letter – 180-day clock continues 

- applicant has 30 days to respond   

3. 	Advisory panel review 
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- first-of-a-kind devices 
- 5 outside experts in field of device, + industry & consumer reps. 
- public hearing on safety & efficacy of device including applicant 
- Panel makes recommendation to FDA 

4. FDA notification 

- generally concurs with panel 
- usually 6-18 months after panel decision 


 - outcomes: 

Approval order – private license granting applicant permission to  

market device 

- A PMA may be sold to another company  
- licensees must submit a PMA application showing          

substantial equivalence 

Approvable letter – device substantially meets FD&C Act; specific  
              info. required or conditions for approval  

    e.g., labeling requirements, sale restrictions, post-approval study 

Not approvable letter – device fails to meet safety and efficacy std. 

- applicant may amend PMA 
- file petition for reconsideration 
- withdraw the PMA (default) 

PMA Review Fees 
Established by: Medical Device User Fee and Modernization Act 2002 

Standard fee (2006): $259,600. 

Small Businesses (gross sales < $100M): $98,648. 

Fees waived for 1st time applicants with sales < $30M 
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What Goes into the PMA Application? 

1. Applicant name & address 
2. Table of Contents 
3. Summary 

4. Device Description  
including components, composition, principles of operation, methods of  
manufacture, packaging, storage, and use 

5. Reference to performance or voluntary standards 

American Society for Testing and Materials (ASTM) standards 
    compositions, mechanical testing, corrosion testing, device standards 

Association for the Advancement of Medical Instrumentation 
device standards, procedure standards (e.g., sterilization processes)  

International Standards Organization (ISO) 10993 guidelines 
biocompatibility tests 

Applicant demonstration of how device meets standards 

6. Technical data on safety and efficacy 
- Non-clinical laboratory studies: biocompatibility, stress, wear, shelf-life 
- Clinical studies 

7. Justification if single-investigator study 
8. Bibliography of all related published reports with synopsis 
9. Samples of the device 
10. Proposed labeling of the device 
11. Environmental assessment of device  
12. Financial certification and disclosure statement 
13. Other information requested by the FDA 
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What Biocompatibility Testing is Required? 

Recommended tests depend on the category of device 

I. Non-contact devices 

II. External contact devices 

A. Intact surfaces: contact with external body surfaces only 
e.g., electrodes, external prostheses, monitors

 B. Breached or compromised surfaces 
e.g., burn dressings, wound-healing devices, occlusive patches 

III. Externally communicating devices 

A. Intact natural channels

  e.g., contact lenses, urinary catheters, colonoscopes 


B. Blood path, indirect: conduit for fluid entry to vasculature 
 e.g., solution and blood administration sets  

C. Blood path, direct: contact circulating blood 
  e.g., IV catheters, dialyzers and tubing, oxygenators and tubing 

IV. Internal devices 

A. Bone   
e.g., orthopedic plates & pins, bone prostheses, cements 

B. Tissue and tissue fluid (incl. prolonged mucous membrane) 
e.g., pacemakers, drug delivery devices, breast implants, IUDs  

C. Blood 
  e.g., pacemaker electrodes, vascular grafts, heart valves 
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FDA Biocompatibility Test Matrix 

FDA Recommended 
Testing (1995) 

II III IV 

A B A B C A B C 

Irritation tests X X X X X X X X 

Sensitization assay X X X X X X X X 

Cytotoxicity X X X X X X X X 

Acute systemic 
toxicity 

X* X X X X X X X 

Hemocompatibility X X X X X X X 

Pyrogenicity X X X X X X 

Implantation tests X* X X X X X X 

Mutagenicity X* X*+ X X X X X 

Subchronic toxicity X*+ X*+ X*+ X*+ X*+ X*+ X*+ 

Chronic toxicity X* X* X* X* X* X* X* 

Carcinogenesis 
bioassay 

X* X* X* X* X* X* 

+contact duration 5 min-29 days 
*contact duration > 30 days 
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- FDA has adopted ISO 10993 guidelines 
- Tests performed on device materials and/or extracts from materials  

Irritation tests: potential to cause skin/tissue irritation (animal or human) 


Sensitization assay: potential for sensitization to a material (animal or human) 


Cytotoxicity: cell growth inhibition or death (cell cultures) 


Acute systemic toxicity: harmful effects of single or multiple exposures in < 24 

hr period (animal) 

Hemocompatibility: evaluation of hemolysis (red blood cell lysis), thrombosis, 
coagulation, platelet and immunological response

 - Limited contact devices (in vitro)  
- Extended contact with circulating blood (in vitro + animal model) 

Pyrogenicity: material-mediated febrile response (animal) 

Implantation tests: toxic effects on tissue at implant site (animal) 

Mutagenicity: potential for gene mutations (cell cultures) 

Subchronic toxicity: harmful effects of multiple exposures over short-term (1 
day to 10% of animal lifetime e.g., 90 days for rat) (animal) 

Chronic toxicity: harmful effects of multiple exposures over long-term (>10% 

of animal lifetime) (animal) 


Carcinogenesis bioassay: tumorigenic potential over lifetime (2 yrs for rat) 

(animal) 
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Testing must follow Good Laboratory Practices Regulations (CFR Part 58) 

All preclinical safety studies must be conducted with: 
- well-defined written protocol (standard operating procedures) 
- trained personnel supervised by study director  
- independent review by a quality assurance unit (QAU) 

Animal Welfare Act (1989) 
- All protocols involving animals must be reviewed by an  

Institutional Review Board 
- minimum number of animals 
- least invasive and traumatic procedures  

Ethical question: What weight should be given to animal rights? 

In principle, data from previous research can be submitted in support of an 
application, to reduce cost and time of evaluation 

In practice: - companies don’t share data  
- exact conditions usually not duplicated (e.g., formulation,      

    sterilization method, etc.) 

Clinical Studies 

To perform clinical studies on an unapproved device, applicants file for an 
Investigational Device Exemption (IDE) 

- based on data from biocompatibility testing  

- must follow Good Clinical Practices Regulations (21 CFR 812, 50, 56) 
- well-defined study plan/protocol  
- informed consent of patients 
- participating investigators must disclose financial interests 
- approval by an Institutional Review Board 
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- requires a “control” population: randomized trials w/ no treatment,
   placebo, conventional treatment; or historical control (amassed data) 

Ethical question: Do randomized trials conflict with a doctor’s oath to  
provide the best possible care? 

- foreign clinical trials in conformance with “Declaration of Helsinki” or                
           host country regulations can be used if: 

- data applicable to U.S. population 
-  investigators recognized as competent 
- data validity can be verified 

Ethical question: Do third world trials constitute exploitation or   
treatment that would otherwise not be available? 
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1. (12 pts) Bone tissue engineering generally involves the implantation of a synthetic or 
biologically derived material that upon implantation allows for bone in-growth and 
eventual replacement. In a recent publication, De Groot and coworkers (Tissue Eng. 
2003, 9, 535) compared the structures of 3 commercially produced biphasic calcium 
phosphate (BCP) porous scaffolds for bone tissue engineering. BCP is a two phase 
material of hydroxyapatite and tricalcium phosphate.  SEM images below illustrate cross-
sections of the scaffolds manufactured by Zimmer (left image), Dytech (middle image) 
and IsoTis (right image).  Scale bar is 1 mm. 

Image removed for copyright reasons. 

See Fig. 3, top images, in Li, Shihong, Joost de Wijn, Jiaping Li, Pierre Layrolle, and 

Klaas de Groot. "Macroporous Biphasic Calcium Phosphate Scaffold with High 
Permeability/Porosity Ratio." Tissue Eng 9 (2003): 535-548. 

a) What aspects of the primary chemical structure, higher order (meso) structure and/or 
microstructure make these scaffolds useful for bone tissue engineering? 

b) Download the article by De Groot and coworkers through the MIT library. What 
processing approaches resulted in the dramatically different pore morphologies observed 
in the SEM images for the 3 BCP scaffolds?  

c) A table of the scaffold porosities and specific permeabilities measured by De Groot 
and coworkers is provided below. Explain why the IsoTis scaffold, with the lowest 
porosity, exhibits the highest permeability. 

Manufacturer Specific permeability (m2) Porosity (%) 

Zimmer 0.02 × 10-9 75 

Dytech 0.12 × 10-9 80 

IsoTis 0.34 × 10-9 60 
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2) (16 pts) Recently, Yokoyama and coworkers described the preparation of protein-
resistant surfaces on polystyrene (PS) through the addition of 10% of a block copolymer 
additive (PS-b-PME3MA) whose structure is shown below (A. Oyane et al., Adv. Mater. 
2005, 17, 2329; H. Yokoyama et al., Macromol. 2005, 38, 5180). Contact angle 
measurements performed on annealed blends with different block copolymer contents are 
also shown. 

a) Explain why the advancing contact angle first decreases then plateaus as the block 
copolymer content in the blend is increased.   

b) What possible energetic driving forces might lead to the phenomenon in (a)? 

c) Based on the contact angle data, approximate the composition of the surface for 10 
wt% bulk concentration of PS-b-PME3MA. 

d) For blend systems with >20% block copolymer, what is the molecular origin of the 
large hysteresis in the contact angle (i.e., the much lower receding contact angle value 
compared with the advancing angle)? 

e) How might the contact angle results change if the terminal group of the methacrylate 
side chain were changed to a hydroxyl (-OH)? 

Image removed for copyright reasons. 

Please see Scheme 1 and Fig. 9 in Yokoyama, H., T. Miyamae, S. Han, T. Ishizone, 

K. Tanaka, A. Takahara, and N. Torikai. " Spontaneously Formed Hydrophilic Surfaces
by Segregation of Block Copolymers with Water-Soluble Blocks." Macromolecules 38 
(2005): 5180-5189. 

3) (12 pts) Chen et al. investigated adhesion of endothelial cells on titanium oxide 
coatings as a possible surface treatment to reduce thrombogenesis on arterial stents. 
(Surface & Coatings Tech. 2004, 186, 270). X-ray diffraction measurements revealed the 
as-prepared coatings to be amorphous, while coatings heat-treated for 0.5 hours at 700 °C 
were crystalline.  Contact angle measurements were made utilizing different liquids to 
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determine values for the polar and disperse components of the surface energy, as listed in 
the table below. 

a) Can the work of cohesion for titanium dioxide be estimated from the measurements of 
Chen et al.? Explain. 

b) What chemical groups might you expect to observe on the TiO2 surface? 

c) Why is the measured surface energy of the titanium oxide coating lower after heat 
treatment?  

d) Based on the surface energies provided, calculate the work of adhesion between the 
surface and water for the amorphous and crystalline coatings?  How might this influence 
protein adsorption? 

material γp (dyn/cm) γd (dyn/cm) γ (dyn/cm) 
amorphous 
titanium oxide  30 29 59 

crystalline 
titanium oxide 14 26 40 

water 51 22 73 
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1) (20 pts) Surfaces that guide the growth of neuronal axons are of interest for 
reconstructing severed nerve tissues, and for the fabrication of neuronal networks on 
microelectrode arrays to study biological response to toxins and pharmaceuticals.  In a 
recent effort, Beebe and coworkers (Z. Zhang et al., Biomaterials 2005, 26, 47) studied 
neurite outgrowth on glass surfaces treated with different surface modifications.   

In one surface modification, the glass  surface was first reacted with 3-mercaptopropyl 
trimethoxysilane (MTS) and subsequently with N-γ-maleimidobutyryloxy succinimide 
ester (GMBS), to allow coupling of peptides and proteins, as shown in the scheme below.   

XPS was performed on the surface after each step of the surface modification.  High 
resolution C1s spectra were deconvoluted into contributions from different bond 
configurations.  For the MTS-modified surface, 2 peaks were found with binding energies 
of 284.6 eV (58%) and 285.7 eV (42%).  After modification with GMBS, four C1s peak 
contributions were resolved, at energies 284.6 eV (28%), 285.7 eV (52%), 287.0 eV 
(13%) and 289.1 eV (7%). 

a) (5 pts) What chemical groups contribute to each of the peaks observed in the XPS data 
for these samples? 

For the MTS-modified surface: 

284.6 eV: SiCH2CH2C 
285.7 eV: OCH3, CCH2S 

For the GMBS-modified surface: 

284.6 eV: SiCH2CH2C, CCH(CO) (ring), NCH2CH2CH2COO, CCH2CH2C (ring) 
285.7 eV: OCH3, CCH2S, SCCH(CO) (ring), NCH2CH2 

Image removed for copyright reasons.
See Fig. 1(a) in Zhang, Zhanping, Raphael Yoo, Matthew Wells, Thomas P. Beebe, Jr., Roy Biran, and Patrick Tresco.
"Neurite outgrowth on well-characterized surfaces: preparation and characterization of chemically and spatially controlled
fibronectin and RGD substrates with good bioactivity." Biomaterials 26 (2005): 47-61.
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287.0 eV: CCON (rings) 
289.1 eV: CCOO 

b) (3 pts) Compare the observed peak ratio for the MTS-modified surface with the ratio 
you would expect from the chemical scheme proposed.  What might explain the 
discrepancies? 

For the MTS-modified surface, the expected ratio 284.6 eV: 285.7 eV is 2:3 based on 
stoichiometry, while the observed is closer to 3:2.  The deviation may indicate 
hydrocarbon surface contamination or loss of –OCH3 side groups of the silane, e.g., 
through formation of an Si-O-Si linkage with a neighboring coupled MTS group. 

c) (2 pts) For the GMBS-modified surface, does the XPS spectrum support the proposed 
chemical scheme?  Explain. 

For the GMBS-modified surface the expected ratio 284.6 eV: 285.7 eV: 287.0 eV: 
289.1 eV is 7:5:4:1 based on the proposed chemistry, while the observed ratio is 
4:7.5:2:1. The large deviation in the expected and observed peak ratios suggest the 
surface modification did not yield the proposed chemical structure.  The 2:1 ratio of 
CON to COO groups suggests that the ester group may have hydrolyzed to form a 
terminal COOH. 

d) (6 pts) Static SIMS measurements were also performed on the GMBS-modified 
surface. A portion of the positive ion spectrum is shown below.  From the reported 
surface chemistry, provide all possible chemical fragments that might contribute to the 6 
highest peaks of the spectra (assume a +1 charge).   

Image removed for copyright reasons. 
See Fig. 3(a), second image, in Zhang, Zhanping, Raphael Yoo, Matthew Wells, Thomas P. Beebe, Jr., Roy Biran, and 
Patrick Tresco. "Neurite outgrowth on well-characterized surfaces: preparation and characterization of chemically 
and spatially controlled fibronectin and RGD substrates with good bioactivity." Biomaterials 26 (2005): 47-61. 

77 amu: C5NH3 
79 amu: C4NOH, C5NH5 
81 amu: C4O2H, C4NOH3, SiOC3H, SC4H 
83 amu: C4O2H3, C4NOH5, SiOC3H3, SC4H3 
91 amu: C6NH5, C5NOH 
95 amu: C4O2NH, C5NOH5, SC4NH 
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e) Following reaction with GMBS, the peptide GRGDSY or the protein fibronectin were 
covalently coupled to the surface. Neurite outgrowth on these surfaces was compared to 
that of the GMBS-modified surface alone.  Data for neurite length after 72 h in serum 
free media is shown in the figure below.   Outgrowth on the RGD-coupled surface in the 
presence of soluble RGD was also measured.   

i) (2 pts) Neurite outgrowth was more prominent on the fibronectin-coupled surface 
compared with the RGD-coupled surface.  What might explain this result? 

Fibronectin has other adhesion sites besides the RGD sequence that could promote 
axon outgrowth.   

ii) (2 pts) When soluble RGD peptide was added to the medium of neurons seeded on the 
RGD-coupled surface, the neurite length was reduced to a value comparable to the 
GMBS-modified surface.  Explain this finding. 

Soluble RGD competes with coupled RGD in complexing with neuron integrins, 
causing bonds to the surface to be reduced, and thereby limiting axon outgrowth. 

Image removed for copyright reasons.

See Fig. 7 in Zhang, Zhanping, Raphael Yoo, Matthew Wells, Thomas P. Beebe, Jr., Roy Biran, and Patrick Tresco.

"Neurite outgrowth on well-characterized surfaces: preparation and characterization of chemically and spatially controlled 

fibronectin and RGD substrates with good bioactivity." Biomaterials 26 (2005): 47-61.


2. (12 pts) Venous catheters are used in patients who require long-term IV therapy, such 
as chemotherapy or hemodialysis.  Such catheters are highly susceptible to clot 
formation.  In an attempt to reduce risk of clot formation, Byun and coworkers (O.D. 
Krishna et al., Biomaterials 2005, 26, 7115) covalently grafted a phospholipid layer onto 
a silicone catheter and performed platelet adhesion studies on the unmodified and 
modified catheters. Grafting was achieved by first performing plasma polymerization of 
allyl alcohol (H2C=CHCH2OH), followed by reaction of resulting –OH surface groups 
with acryloyl chloride in 5% solution in tetrahydrofuran for 7 h to create vinyl groups on 
the surface. Finally, monoacrylated phospholipids (1stearoyl-2-[12-(acryloyloxy) 
dodecanoyl]-sn-glycero-3-phosphocholine) were covalently bonded to the surface by 
assembling vesicles of the acrylated phospholipid on the surface and heating at 80°C for 
15 min. A schematic of the surface modification procedure is shown below. 
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Image removed for copyright reasons.

See Fig. 1 in Krishna, Ohm D., Kwangmeyung Kim, and Youngro Byun. "Covalently grafted phospholipid 

monolayer on silicone catheter surface for reduction in platelet adhesion." Biomaterials 26 (2005): 7115-7123.


XPS was performed on the initial silicone surface, and the surface after each step of the 
modification. The table below provides atomic concentrations determined from the low 
resolution spectra for samples measured at a take-off angle of 45° using Mg Kα radiation 
(E=1254 eV). (Si 2p, C 1s, O 1s and N1s electrons). 

Image removed for copyright reasons.

See Table 1 in Krishna, Ohm D., Kwangmeyung Kim, and Youngro Byun. "Covalently grafted phospholipid 

monolayer on silicone catheter surface for reduction in platelet adhesion." Biomaterials 26 (2005): 7115-7123.


a) (3 pts) The Si concentration is first observed to decrease after plasma polymerization 
of allyl alcohol (Sil-Al) and then to increase after reaction with acryloyl chloride (Sil-Al-
Ac). Provide a likely explanation for these results. 

The reduction in Si signal is due to the polymerized allyl alcohol layer (Al) created 
on the silicone surface.  This layer decreases the probability that Si 2p electrons are 
able to escape from the surface to be detected.  The increase in Si concentration 
after reaction with acryloyl chloride suggests that the thickness of the Al layer has 
decreased during the reaction.  This is possible because plasma polymerization often 
leads to unbound polymer molecules intermixed with grafted molecules.  The 
reaction with acryloyl chloride was performed in organic solvent (THF) over an 
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5 3.051J/BE.340 Problem Set 5 
Solutions 

extended period, which allowed for the dissolution of polymers in the Al layer that 
were not covalently grafted. 

b) (7 pts) Using the data provided, estimate the thickness of the grafted phospholipid 
(PC) layer. 

To obtain a measure of the PC layer thickness, we can model the Sil-Al-Ac and Sil-
Al-AcPC samples as 2 layers (Sil (2) and Al-Ac (1) or Sil (2) and Al-AcPC (1)) to 
determine the thickness of the Al-Ac and Al-AcPC layers. Taking the difference of 
these thicknesses then provides an estimate for the PC layer thickness. 

We can perform this calculation using the Si 2p signal, which arises solely from the 
bottom silicone layer: 

⎛ −d ⎞2ISi 2 p = ISi 2 p,∞ exp 
⎝
⎜⎜ λ sinθ ⎠

⎟
⎟
e,1


ISi 2 pRearranging this expression: d = −λ sinθ ln (2)Ie,1 
Si 2 ,∞p 

−1 −2 .5for polymers: λe,1(nm) = ρ (49E + 0.11Ekin )kin 

EB = hv − Ekin for MgK  x-rays: hv = 1254 eVα 

= 102 eV , EB Si2 p 

→ Ekin = 1152 eV 
−1λe ,1(nm) = 3.73ρ 

If we assume a polymer density of 1.1 g/cm3 then λ = 3.4 nme,1 

13
For the Si-Al-Ac sample: d = −3.4 sin 45 ln =1.3 nm 

21.9 

10.5
For the Si-Al-AcPC sample: d = −3.4 sin 45 ln =1.8 nm 

21.9 

The PC layer thickness is therefore estimated to be 0.5 nm thick. 

c) (2 pts) Based on your result from (b), does the PC layer grafted on the silicone catheter 
have a comparable packing density to lipid layers within a cell membrane, as suggested 
in the schematic? 

The phospholipids are much longer than 0.5 nm when the tails are extended, as 
would be expected in a dense-packed configuration. The grafted layer appears to 
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6 3.051J/BE.340 Problem Set 5 
Solutions 

have significantly lower packing density than a cell membrane.  A typical cell 
membrane phospholipid bilayer is ~ 5-10 nm thick, so a monolayer would be ~ 2.5-5 
nm thick. 

3. (8 pts) As a novel strategy for nanoscale patterning of proteins on SAM surfaces, G.Y. 
Liu developed an approach utilizing the AFM (K. Wadu-Mesthridge et al., Biophysical J. 
2001, 80, 1891). In an aqueous medium containing 1 mM mercaptopropanoic acid 
(MPA) (HSCH2CH2COOH), a large constant force (10-30 nN) was applied as the tip 
rastered across a region of specified dimension of a decanethiol (HS(CH2)9CH3) SAM. 
The high force disrupted the gold-thiol bonds, causing decanethiol molecules to be 
released from the region. The exposed gold regions were subsequently coated by 
mercaptopropionic acid molecules in the medium.  Finally, the surface was exposed to 10 
µg/ml solution of lysozyme (LYZ), a positively charged protein at pH 7 with 
approximate dimensions 4.5×3×3 nm3, to obtain the surface shown in (C) below.     

a) (2 pts) In this strategy, why are the released decanethiol molecules displaced by MPA, 
rather than readsorbing to the exposed Au surface?

 The MPA molecules are in much higher concentration in solution than the 
decanethiol molecules, and also able to diffuse faster, due to their smaller size. 

 b) (2 pts) Why are the lysozyme molecules observed to adsorb only to the regions 
patterned with MPA molecules? 

The MPA regions are terminated with –COOH groups. At pH 7, the MPA regions 
exhibit a partial negative charge.  Positively charged LYZ shows a high affinity for 
these regions due to electrostatic attraction.  The hydrophobic decanethiol regions of 
the surface would also be susceptible to protein adsorption, but apparently with 
lower affinity than to the MPA surface.  The concentration of LYZ in solution (10 
µg/ml) was too low to observe any molecules adsorbed on the decanethiol SAM 
within the 400×400 nm2 image. At higher solution concentrations, adsorption on the 
hydrophobic regions would be expected. 

c) (2 pts) LYZ molecules adsorbed to the patterned line appear to adopt a different 
orientation than those adsorbed in the rectangular region.  What could account for this 
difference? 

The patterned line has a width of 10 nm, on the same scale as the LYZ dimensions.  
Therefore, LYZ molecules adsorbed in the line are likely to interact with the 
hydrophobic regions of the decanethiol molecules that make up the “walls” of the 
patterned groove. Interactions with hydrophobic regions may favor a vertical 
orientation of the proteins. 

d) (2 pts) Do the LYZ molecules appear to be denatured on the MPA surface?  Explain 
your reasoning. 
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7 3.051J/BE.340 Problem Set 5 
Solutions 

The two feature heights observed in (D) (3.0 nm and 4.3 nm) are consistent with the 
reported globular dimensions of LYZ, which suggests the molecules are adsorbed 
substantially intact. 

Images removed for copyright reasons. 

See Fig. 2 in Wadu-Mesthrige, Kapila, Nabil A. Amro, 

Jayne C. Garno, Song Xu, and Gang-yu Liu. "Fabrication 

of Nanometer-Sized Protein Patterns Using Atomic Force 

Microscopy and Selective Immobilization." Biophysical 

Journal 80 (2001): 1891-1899. 

A) 400×400 nm2 image of initial 
decanethiol SAM; B) a 10×150 nm2 line 
and 100×150 nm2 rectangle of MPA 
written into decanthiol SAM; C) region 
after exposure to LYZ solution; D) cross-
section profiles taken from the white 
lines on images (B) and (C).  The y-
origin represents the Au surface. 
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13.051J/20.340J Problem Set 6 
due 4/20/06 

1) (35 pts) Implant-related infection is an important contributor to device failure.  Such 
infections can develop when bacteria such as Staphylococcus epidermis resides on the 
biomaterial surface and is introduced during surgical implantation.  In the inflammatory 
response to tissue injury, the body’s natural first line of defense against such bacteria is 
neutrophils, which arrive at the site of injury via chemotaxis and eliminate invading 
bacteria by phagocytosis. The ability of neutrophils to migrate across the biomaterial 
surface may thus be important for control of bacterial infection associated with implants.   

To further examine this issue, Marchant and coworkers studied the migration of 
neutrophils on three model surfaces: a polyurethane (PU) commonly used in 
cardiovascular devices, a glass slide and a self-assembled monolayer of 
octadecyltrichlorosilane (OTS) on glass (Y. Zhou et al., J. Biomed. Mater. Res.2004, 
69A, 611). 

Download and read the article, then address the following questions. 

The data below shows the trajectory of a single neutrophil on the polyurethane surface in 
the absence of serum proteins and the neutrophil activator N-formylmethionyl-leucyl-
phenylalanine (fMLP), determined from time-lapse optical microscopy.  Data was 
collected in 30 sec intervals over 10 minutes. 

Image removed for copyright reasons.
See Fig. 1(a) in Zhou, Yue, Claire M. Doerschuk, James M. Anderson, and Roger 
E. Marchant. "Biomaterial Surface-dependent Neutrophil Mobility." Journal of 
Biomedical Materials Research 69A (2004): 611-620.
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23.051J/20.340J Problem Set 6 
due 4/20/06 

a) From the cell data provided, determine the speed and persistence time of the 
neutrophils on PU, assuming the persistent random walk model.  Give a detailed 
description of your methodology.  How do your results compare with those reported by 
Zhou et al.? 

b) Neutrophils were found to exhibit substantially higher speeds on all 3 surfaces in the 
presence of plasma proteins.  Explain why this might be the case.   

c) AFM measurements were performed on living neutrophils moving on the 3 surfaces in 
buffer solution (no plasma proteins or fMLP in the medium) (Figure 7).  For the PU and 
glass surfaces, the trailing end of cells (uropods) were long and left significant cell 
“debris”, while neutrophils on the OTS surface showed cleaner detachment. 

i) Could the observed debris be the result of damage by the AFM tip?  Why or why not? 

ii) Explain why the OTS surface might show less debris accumulation. 

d) From the fluorescence microscopy images from Figure 5d-f, estimate the cell 
spreading area on the 3 surfaces in the presence of plasma proteins and fMLP.  Explain 
the methodology you use.  Why might neutrophils on the OTS surface exhibit higher 
spreading area?  What do the results suggest about the relative adhesion strengths for 
neutrophils on these surfaces? 

Image removed for copyright reasons.�
See Fig. 5(d), (e), and (f) in Zhou, Yue, Claire M. Doerschuk, James M. Anderson, 
and Roger E. Marchant. "Biomaterial surface-dependent neutrophil mobility. Journal of 

e) Why do the images in these figures exhibit fluorescence in two different colors in 
different regions of the cell? 

f) Zhou et al. compared neutrophil spreading areas on the 3 surfaces under 4 different 
conditions (Table 1). 

Biomedical Materials Research 69A (2004): 611-620.
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33.051J/20.340J Problem Set 6 
due 4/20/06 

Figure removed for copyright reasons.

See Table 1 in Zhou, Yue, Claire M. Doerschuk, James M. Anderson, and Roger E. Marchant. 
"Biomaterial Surface-dependent Neutrophil Mobility." Journal of Biomedical Materials 

i) Is there a statistically significant difference between measured spreading areas on any 
of the surfaces in the presence of proteins but without fMLP added? (show your analysis) 

ii) Provide the 95% confidence interval for the universal mean for neutrophil spreading 
on PU in the presence of both fMLP and plasma proteins. 

iii) Which of the 4 conditions tested would you expect to be most relevant to in vivo 
conditions? Explain. 

g) Fig. 6 of the paper shows that neutrophil speed decreases linearly with increasing 
spreading area for activated neutrophils.  Explain this finding. 

h) Based on the results of this paper, what surface chemistries are optimal for reducing 
risk of bacterial infection? 

Reseach 69A (2004): 611-620.
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13.051J/20.340J Problem Set 6 
Solutions 

1) (35 pts) Implant-related infection is an important contributor to device failure.  Such 
infections can develop when bacteria such as Staphylococcus epidermis resides on the 
biomaterial surface and is introduced during surgical implantation.  In the inflammatory 
response to tissue injury, the body’s natural first line of defense against such bacteria is 
neutrophils, which arrive at the site of injury via chemotaxis and eliminate invading 
bacteria by phagocytosis. The ability of neutrophils to migrate across the biomaterial 
surface may thus be important for control of bacterial infection associated with implants.   

To further examine this issue, Marchant and coworkers studied the migration of 
neutrophils on three model surfaces: a polyurethane (PU) commonly used in 
cardiovascular devices, a glass slide and a self-assembled monolayer of 
octadecyltrichlorosilane (OTS) on glass (Y. Zhou et al., J. Biomed. Mater. Res.2004, 
69A, 611). 

Download and read the article, then address the following questions. 

The data below shows the trajectory of a single neutrophil on the polyurethane surface in 
the absence of serum proteins and the neutrophil activator N-formylmethionyl-leucyl-
phenylalanine (fMLP), determined from time-lapse optical microscopy.  Data was 
collected in 30 sec intervals over 10 minutes. 

Image removed for copyright reasons.
See Fig. 1(a) in Zhou, Yue, Claire M. Doerschuk, James M. Anderson, and Roger
 E. Marchant. "Biomaterial Surface-dependent neutrophil mobility." Journal of Biomedical 
Materials Research 69A (2004): 611-620.
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Series1

23.051J/20.340J Problem Set 6 
Solutions 

a) (8 pts) From the cell data provided, determine the speed and persistence time of the 
neutrophils on PU, assuming the persistent random walk model.  Give a detailed 
description of your methodology.  How do your results compare with those reported by 
Zhou et al.? 

To obtain data that could be fitted to the persistent random walk model, the cell 
trajectory was broken into steps of size j∆t, where ∆t=0.5 min. The mean squared 
distance traveled for j=1-6 was plotted against time (minimum 3 data points per 
avg.). The line of best fit for the longer time intervals (2-3 min) was then used to 
calculate the persistence time (P) and the speed (S). 

For long times, t>>P: 

2 2 − 2 2d t( )  = nS Pt  nS P  
2 2d t( )  = 12  t − 9 (µ m ) 

-intercept 9 
= P = = 0.75 min 

slope 12 

S = slope / 2P = 12 /(2 × 0.75) = 2.8µm / min 

<d
^2

> 
(u

m
^2

) 

30


25


20
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5


0


0 1 2 3 4


time (min) 

M=20, t=0.5 M=10, t=1 M=6, t=1.5 M=5, t=2 M=4, t=2.5 M=3, t=3 
2<d2(t)> (µm ) 1.4 4.8 11. 33 45 51 

The obtained values for S and P by this method are both somewhat higher than 
values reported in the text, but of the same magnitude. 
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33.051J/20.340J Problem Set 6 
Solutions 

b) (2 pts) Neutrophils were found to exhibit substantially higher speeds on all 3 surfaces 
in the presence of plasma proteins.  Explain why this might be the case.   

Cell migration occurs by lamellipod extension, and the transfer of cell contractile 
forces to the substrate through “focal contacts” formed in the lamellipod. Focal 
contacts are made from the clustering of cell integrins as they bond with adhesion 
proteins on the surface. In media containing plasma proteins, biomaterials surfaces 
will typically adsorb adhesion proteins, greatly facilitating focal contact formation. 

c) AFM measurements were performed on living neutrophils moving on the 3 surfaces in 
buffer solution (no plasma proteins or fMLP in the medium) (Figure 7).  For the PU and 
glass surfaces, the trailing end of cells (uropods) were long and left significant cell 
“debris”, while neutrophils on the OTS surface showed cleaner detachment. 

i) (2 pts) Could the observed debris be the result of damage by the AFM tip?  Why or 
why not? 

Since the measurements were done in tapping mode, significant shear forces are not 
encountered by the cells. The debris is therefore not likely to be an artifact of the 
experimental technique. 

ii) (2 pts) Explain why the OTS surface might show less debris accumulation. 

The OTS surface is hydrocarbon in nature, and thus can only form weak van der 
Waals’ bonds with the cell surface, compared with the PU and glass surfaces, which 
can interact with polar groups on the surface of cells. The cells will thus detach 
more readily from OTS. 

d) (5 pts) From the fluorescence microscopy images from Figure 5d-f, estimate the cell 
spreading area on the 3 surfaces in the presence of plasma proteins and fMLP.  Explain 
the methodology you use.  Why might neutrophils on the OTS surface exhibit higher 
spreading area?  What do the results suggest about the relative adhesion strengths for 
neutrophils on these surfaces? 

Image removed for copyright reasons.
See Fig. 5(d), (e), and (f) in Zhou, Yue, Claire M. Doerschuk, James M. Anderson, and 
Roger E. Marchant. "Biomaterial Surface-dependent Neutrophil Mobility." Journal of
Biomedical Materials Research 69A (2004): 611-620.
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43.051J/20.340J Problem Set 6 
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For the estimate, the cell outlines can be approximated as circles or ellipses.  The 
spreading areas are then πD2/4 and πD1D2/4, respectively, where D is the circle 
diameter and D1 and D2 are the major and minor axes of the ellipse.  For the three 
surfaces, the estimated areas obtained from the figure are: 73±18 µm (glass); 
45±7 µm (PU); 116±25 µm (OTS). 

The higher cell spreading areas on OTS likely reflect enhanced protein deposition 
and/or denaturing on this surface due to its hydrophobic nature.  Higher cell 
spreading areas are generally correlated with higher adhesion strength, indicating 
that neutrophils are more strongly adhered to the OTS surface. 

e) (2 pts) Why do the images in these figures exhibit fluorescence in two different colors 
in different regions of the cell? 

For these experiments two different fluorescent staining agents were used: ethidium 
bromide, which stains DNA in the nucleus, resulting in red fluorescence, and FITC-
phalloidin, which stains F-actin in the cell body and yields a green fluorescence. 

f) Zhou et al. compared neutrophil spreading areas on the 3 surfaces under 4 different 
conditions (Table 1). 

Figure removed for copyright reasons.
See Table 1 in Zhou, Yue, Claire M. Doerschuk, James M. Anderson, and Roger E. 
Marchant. "Biomaterial Surface-dependent Neutrophil Mobility." Journal of 

i) (5 pts) Is there a statistically significant difference between measured spreading areas 
on any of the surfaces in the presence of proteins but without fMLP added? (show your 
analysis) 

To determine whether the spreading areas are statistically different, we can subject 
the data to two sample t-tests.  We will assume that N=30 for all surfaces, since the 
paper only specifies that the sample number is greater than 30.  

For glass vs. PU: 

Biomedical Materials Research 69A (2004): 611-620.
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3.051J/20.340J Problem Set 6 5 
Solutions 

2 

σ −1) ( ) + 29 7 )(N  S  2 + (N '−1)S 2 29 11 2 (
= 85. 2 = x x ' = p N N ' 2  58  + − 

x − x ' 79 − 88t = = = −3.781/ 21 1 (85)1/ 2 (0.0667)
σ +p N N  ' 

Performing similar calculations for  

Glass vs. OTS: σp
2 = 68.5; t = -1.87 

PU vs. OTS: σp
2 = 32.5; t = -3.39 

Assuming 95% confidence level, we hypothesize: 
t− 0.975 < <  t t  0.975 ⇒ µx = µx’ 

Here υ=58 for the pooled population, so that t0.975 = 2.00. Therefore we test:  

−2.00 < <  t 2.00 

Our t values for glass vs. PU and glass vs. OTS fall outside of this range, indicating a 
statistically significant difference (95% confidence) between the surfaces.  Glass vs. 
OTS, however, falls inside this range, indicating the universal means of the sample 
distributions are indistinguishable. 

ii) (3 pts) Provide the 95% confidence interval for the universal mean for neutrophil 
spreading on PU in the presence of both fMLP and plasma proteins. 

A confidence interval for small datasets can be computed from: 

⎛ ⎞ ⎛ 
⎜ x − t S  µ1+P m ⎟ <  < ⎜ x  t S  + 1+P m ⎟

⎞ where  S = 
S 

⎝ 2 ⎠ ⎝ 2 ⎠ 
m N 

For neutrophils on PU with plasma proteins and fMLP in the medium,  
⎛ 3 ⎞ ⎛ 3 ⎞ 
⎜112 − 2.05× µ⎟ <  < ⎜112 + 2.05× ⎟
⎝ 30 ⎠ ⎝ 30 ⎠ 

111 < <µ 113 

where the number of degrees of freedom ν=29. 
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6 3.051J/20.340J Problem Set 6 
Solutions 

iii) (2 pts) Which of the 4 conditions tested would you expect to be most relevant to in 
vivo conditions? Explain. 

The experimental condition most relevant to the in vivo situation is when the 
medium contains both plasma proteins and fMLP. The inclusion of fMLP simulates 
the activation of neutrophils that would occur naturally by molecules released at the 
site of injury. Plasma proteins will also be abundant at the site of injury. 

g) (2 pts) Fig. 6 of the paper shows that neutrophil speed decreases linearly with 
increasing spreading area for activated neutrophils.  Explain this finding. 

Cell mobility decreases with increasing cell spreading area because cells that are 
more spread are more tightly adhered to the surface.  In order to migrate, 
more/stronger secondary bonds between the surface and cell must first be broken.  

h) (2 pts) Based on the results of this paper, what surface chemistries are optimal for 
reducing risk of bacterial infection? 

This work suggests that neutrophil migration will be faster on biomaterials surfaces 
having more polar chemistries, to which neutrophils are less strongly adhered.   
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1 3.051J/20.340J Problem Set 7 
due 5/11/06 

1. (19 pts) One application of biosensors is in quality assurance within the food industry, 
to detect concentrations of harmful pathogens, freshness levels, etc.  In a recent article, 
Chakraborty and coworkers developed a biosensor to detect the concentration of 
monosodium glutamate (MSG) in food extracts (A.K. Basu et al., Biosensors and 
Bioelectronics 21 (2006) 1968). Download the article and answer the following 
questions. 

a) For this biosensor device, what serves as the detection element, signal transducer and 
analyte? 

b) What is the role of L-glutamate dehydrogenase (L-GLDH) in this device?  What 
undesirable consequence results from the activation of this enzyme? 

c) A dissolved oxygen meter measures the oxygen concentration in solution through the 
current generated by the anodic and cathodic reactions:  

anode: 4Ag + 4Cl− → 4AgCl + 4e− 

cathode: 4H+ + 4e− + O2 → 2H2O 

For the proposed device, how will the measured current change in the presence of L-
glutamate? 

d) Figure 4 shows that the sensor response first increases with increasing temperature, 
then decreases for T > 35°C. Provide an explanation for these observed trends. 

e) In Fig. 6, the sensor response decreased after extended storage times in PBS at 4 °C. 
Explain the possible origin(s) of the diminished response.   

f) In Fig. 2, the sensor signal appears to plateau after reaching a critical MSG solution 
concentration. Provide a possible explanation for this result. 

g) Describe an alternate signal transduction method (not electrochemical based) that 
could be employed in a catalytic MSG biosensor. 

2. (12 pts) Nerve guidance channels (NGCs) are tubular devices in which the severed 
ends of a nerve are placed in an effort to promote repair by bridging the gap through 
directed axonal regeneration. As a strategy to enhance axonal growth within such a 
device, Piotrowicz and Shoichet investigated the use of poly(hydroxyethyl methacrylate) 
(PHEMA) coatings on the inner lumen surface for the controlled release of nerve growth 
factor (NGF) (Biomaterials 27 (2006) 2018). In their procedure, the NGF was 
incorporated during polymerization of HEMA into a crosslinked film on the channel 
inner wall, using ethylene glycol dimethacrylate (EDMA) as a crosslinking agent. The 
outer channel diameter was 3.4 mm.  
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a) How would you categorize this device?  Explain the mechanism by which NGF is 
released. 

The cumulative release of NGF from a 1 cm section of the channel into PBS is shown 
below. 

Image removed for copyright reasons.
See Fig. 6(c) in Piotrowicz, Alexandra, and Molly S. Shoichet. "Nerve Guidance Channels as 
Drug Delivery Vehicles." Biomaterials 27 (2006): 2018-2027.

b) From the data provided above, determine how the amount of NGF released, Mt, scales 
with time, assuming Mt = k tn . 

FITC-labeled bovine serum albumin was also incorporated into the structure, to 
characterize the expected protein distribution through the coating.  The figure below 
shows a fluorescence micrograph of the cross-section of the NGC. The scale bar is 100 
µm. 

Image removed for copyright reasons.
See Fig. 5(f) in Piotrowicz, Alexandra, and Molly S. Shoichet. "Nerve Guidance Channels
as Drug Delivery Vehicles." Biomaterials 27 (2006): 2018-2027.

c) Based on this image, would you expect the release profile for BSA to look similar to 
that for NGF above?  Explain.  
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d) From the data provided above, make a rough (order of magnitude) estimate of the 
diffusion coefficient for NGF in the crosslinked PHEMA coating. State any assumptions 
you make.   

e) How could you reduce the release rate for this system? 

3. (14 pts) Angiogenesis, the sprouting of new capillaries from existing vasculature, is 
crucial for the growth of malignant tumors.  Researchers have determined that the 
compound O-(chloracetyl-carbamyonyl) fumagillol, known as TNP-470, can inhibit 
tumor growth by inhibiting angiogenesis.  Growth of metastatic human tumors in mice 
has been completely suppressed by administration of TNP-470.  However, this anticancer 
agent also causes significant neurotoxic side effects at therapeutic dose levels.  To 
address this problem, Satchi-Fainaro et al. recently reported chemical conjugation of 
TNP-470 onto the water soluble polymer N-(2-hydroxypropyl)methacrylamide (HPMA) 
through the use of a GFLG peptide linker end-capped with ethylene diamine (Nature 
Medicine, 2004, 10, 255). The structure of TNP-470 and the resulting polymer 
therapeutic are illustrated below.  

Images removed for copyright reasons. 

TNP-470  Image from: 
http://www.niaid.nih.gov/daids/dtpdb/tnp470.htm 

See Fig. 1(a) in Satchi-Fainaro, Ronit, Mark Puder, John W. Davies, 
Hai T. Tran, David A. Sampson, Arin K. Greene, Gabriel Corfas, and 
Judah Folkman. "Targeting angiogenesis with a conjugate of HPMA 
copolymer and TNP-470." Nature Medicine 10 (2004): 255-261. 

a) Why is the GFLG peptide used specifically as the linker in this polymer-drug 

conjugate?


b) What potential advantage(s) does the chemical conjugation of TN-470 onto HPMA 

copolymer provide?


Courtesy of the NIH.
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c) TNP-470 coupling to the HPMA copolymer was performed in the organic solvent 
DMF. Provide the coupling reaction. How could the reaction rate be enhanced? 

d) While in vitro cytotoxic effects of free TNP-470 and its polymer conjugate on tumor 
cells were similar, dramatic tumor suppression by the TNP-470 conjugate was seen in 
vivo compared to free TNP-470.  Explain the reason for this apparent discrepancy.  

Images removed for copyright reasons.
See Fig. 2(a), 4(a), and 4(b) in Satchi-Fainaro, Ronit, Mark Puder, John W. Davies, Hai T. Tran,
 David A. Sampson, Arin K Greene, Gabriel Corfas, and Judah Folkman. "Targeting Angiogenesis

   with a Conjugate of HPMA Copolymer and TNP-470."  Nature Medicine 10 (2004): 255-261.

Figure 1. Cytotoxic activities of free TNP-470 and TNP-470 conjugate HPMA-
copolymer.  (a) TNP-470 (black circles) and its conjugate (black triangles) had similar 
effects on proliferation of A2058 human melanoma cells; (b) effect of TNP-470 (black 
circles) and its conjugate (black triangles) on mice bearing A2058; (c) excised tumors 
from (b) on day 8 of treatment. 

e) The figure below illustrates the distribution of free and conjugated TNP-470 in 
different organs. Only free TNP-470 was seen in the brain.  The drug is known to cause 
symptoms of cerebellar dysfunction.  Why did the conjugated drug not accumulate in the 
brain? 

Images removed for copyright reasons. 
See Fig. 5(c) in Satchi-Fainaro, Ronit, Mark Puder, John W. Davies, Hai T. Tran, David 
A. Sampson, Arin K. Greene, Gabriel Corfas, and Judah Folkman. "Targeting Angiogenesis
with a Conjugate of HPMA Copolymer and TNP-470." Nature Medicine 10 (2004): 255-261. 

f) The liver is one of the most common sites of metastatic disease.  How could the HPMA 
copolymer above be modified to improve targeting of TNP-470 to a liver metastasis? 
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1. (12 pts) Bone tissue engineering generally involves the implantation of a synthetic or 
biologically derived material that upon implantation allows for bone in-growth and 
eventual replacement. In a recent publication, De Groot and coworkers (Tissue Eng. 
2003, 9, 535) compared the structures of 3 commercially produced biphasic calcium 
phosphate (BCP) porous scaffolds for bone tissue engineering. BCP is a two phase 
material of hydroxyapatite and tricalcium phosphate.  SEM images below illustrate cross-
sections of the scaffolds manufactured by Zimmer (left image), Dytech (middle image) 
and IsoTis (right image).  Scale bar is 1 mm. 

Image removed for copyright reasons. 

See Fig. 3, top images, in Li, Shihong, Joost de Wijn, Jiaping Li, Pierre Layrolle, and 

Klaas de Groot. "Macroporous Biphasic Calcium Phosphate Scaffold with High 
Permeability/Porosity Ratio." Tissue Eng 9 (2003): 535-548. 

a) (4 pts) What aspects of the primary chemical structure, higher order (meso) structure 
and/or microstructure make these scaffolds useful for bone tissue engineering? 

Calcium phosphate is chosen for this application because it can be resorbed in vivo 
through action by osteoclasts (bone remodeling cells) and is biocompatible 
(hydroxyapatite is the mineral component of bone.)  The porous microstructure 
enables bone cells to penetrate the structure and allows transport of vital nutrients. 

b) (6 pts) Download the article by De Groot and coworkers through the MIT library. 
What processing approaches resulted in the dramatically different pore morphologies 
observed in the SEM images for the 3 BCP scaffolds? 

The BCP scaffold by Zimmer was prepared by compressing hydroxyapatite (HA) 
and tricalcium phosphate (TCP) powders with naphthalene particles, followed by 
pyrolisis of the naphthalene and sintering to produce the porous structure shown.  
The Dytech scaffold was produced by foaming a slurry of HA and TCP powders, 
water and surfactant with nitrogen, followed by calcination and sintering.  The 
IsoTis scaffold was prepared by molding a mixture containing a BCP slurry, 
polymethyl methacrylate (PMMA), MMA monomer, and naphthalene, followed by 
pyrolysis of the organic components and sintering. 

c) (2pts) A table of the scaffold porosities and specific permeabilities measured by De 
Groot and coworkers is provided below. Explain why the IsoTis scaffold, with the lowest 
porosity, exhibits the highest permeability. 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

382
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



2 3.051J/20.340J   Problem Set 1 Solutions 

Manufacturer Specific permeability (m2) Porosity (%) 

Zimmer 0.02 × 10-9 75 

Dytech 0.12 × 10-9 80 

IsoTis 0.34 × 10-9 60 

The permeability of the IsoTis scaffold is highest because of the interconnectivity of 
its pores. The methods of manufacture for the Zimmer and Dytech scaffolds led to 
more isolated pores that are not as useful for tissue engineering. 

2) (16 pts) Recently, Yokoyama and coworkers described the preparation of protein-
resistant surfaces on polystyrene (PS) through the addition of 10% of a block copolymer 
additive (PS-b-PME3MA) whose structure is shown below (A. Oyane et al., Adv. Mater. 
2005, 17, 2329; H. Yokoyama et al., Macromol. 2005, 38, 5180). Contact angle 
measurements performed on annealed blends with different block copolymer contents are 
also shown. 

a) (3 pts) Explain why the advancing contact angle first decreases then plateaus as the 
block copolymer content in the blend is increased.   

As block copolymer is added to the blend, it segregates to the blend surface with the 
PME3MA block located preferentially at the surface. As the block copolymer 
content reaches ~20%, the surface is saturated with block copolymer, so that 
further addition does not result in a further decrease in contact angle. 

b) (6 pts) What possible energetic driving forces might lead to the phenomenon in (a)? 

The surface segregation of the block copolymer may be driven by entropic and 
enthalpic forces, including i) a positive enthalpy of mixing for PS and PME3MA, 
which favors exclusion of PME3MA from the bulk film; ii) lower surface energy of 
the methyl groups on the side chains of PME3MA; and iii) chain end localization at 
the surface to reduce entropic penalties associated with surface restrictions on 
polymer chain conformations.   

c) (3 pts) Based on the contact angle data, approximate the composition of the surface for 
10 wt% bulk concentration of PS-b-PME3MA. 

Rearranging Cassie’s equation, fPS = 
cos θ − cos θBC 

cos θPS − cos θBC  

From advancing angle data at fPS = 1, 0.9 and 0, 
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3 3.051J/20.340J   Problem Set 1 Solutions 

cos 90 − cos 72 fPS = = 0.69 
cos 98 − cos 72 

The surface fraction of block copolymer is therefore 0.31 for 0.1 bulk concentration.  

d) (2 pts) For blend systems with >20% block copolymer, what is the molecular origin of 
the large hysteresis in the contact angle (i.e., the much lower receding contact angle value 
compared with the advancing angle)? 

The PME3MA blocks located at the surface initially arrange so that the low energy 
–CH3 groups are oriented upwards, giving rise to a relatively high advancing angle.  
Once underneath the water droplet, the chains rearrange to place the hydrophilic 
ethylene oxide groups in contact with water.  This is the surface sampled when the 
liquid is withdrawn in a receding angle measurement. 

e) (2 pts) How might the contact angle results change if the terminal group of the 
methacrylate side chain were changed to a hydroxyl (-OH)? 

Exchanging the methyl groups with –OH groups would create a more hydrophilic 
surface and lead to a lower advancing angle, assuming the methacrylate block 
localizes at the surface.  From an energetic standpoint, -OH groups might reduce 
the miscibility of the methacrylate block with PS, increasing the driving force for 
PME3MA surface segregation. However, replacing the nonpolar methyl groups 
with the more polar hydroxyl groups lowers the driving force for chain end 
segregation at the surface. 

Image removed for copyright reasons. 

Please see: Scheme 1 and Fig. 9 in Yokoyama, H., T. Miyamae, S. Han, T. Ishizone, 
K. Tanaka, A. Takahara, and N. Torikai. "Spontaneously Formed Hydrophilic Surfaces
by Segregation of Block Copolymers with Water-Soluble Blocks." Macromolecules 38 
(2005): 180-5189. 
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3) (12 pts) Chen et al. investigated adhesion of endothelial cells on titanium oxide 
coatings as a possible surface treatment to reduce thrombogenesis on arterial stents. 
(Surface & Coatings Tech. 2004, 186, 270). X-ray diffraction measurements revealed the 
as-prepared coatings to be amorphous, while coatings heat-treated for 0.5 hours at 700 °C 
were crystalline.  Contact angle measurements were made utilizing different liquids to 
determine values for the polar and disperse components of the surface energy, as listed in 
the table below.   

a) (3 pts) Can the work of cohesion for titanium oxide be estimated from the 
measurements of Chen et al.? Explain. 

The titanium oxide surfaces are not pure oxide interfaces, since the measured 
surface energies are an order of magnitude lower than one might expect for a metal 
oxide. Thus the work of cohesion cannot be accurately calculated from these 
measured values. 

b) (3 pts) What chemical groups might you expect to observe on the titanium oxide 
surface? 

It is likely that water and carbon dioxide from the atmosphere have chemisorbed on 
the surface.  One could expect to find –OH groups from water adsorption, and CO3

2

groups. Hydrocarbons might also be physisorbed on the surface. 

c) (2 pts) Why is the measured surface energy of the titanium oxide coating lower after 
heat treatment?  

During crystallization, the atoms rearrange to allow lower energy planes to facet the 
surface, reducing the oxide surface energy relative to the amorphous oxide surface. 

d) (4 pts) Based on the surface energies provided, calculate the work of adhesion between 
the surface and water for the amorphous and crystalline coatings.  How might this 
influence protein adsorption? 

material γp (dyn/cm) γd (dyn/cm) γ (dyn/cm) 
amorphous 
titanium oxide  30 29 59 

crystalline 
titanium oxide 14 26 40 

water 51 22 73 

The work of adhesion between water and the crystalline oxide is given by: 
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5 3.051J/20.340J   Problem Set 1 Solutions 

p dWCW = 2(γ γ p )1/ 2 + 2(γ γ  d )1/ 2 = 101 dyn/cmC W C W 

The work of adhesion between the amorphous oxide and water can be similarly 
calculated as: 

WAW = 131 dyn/cm 

The higher work of adhesion of water to the amorphous phase might suggest that 
water molecules will be more difficult to displace by proteins on the amorphous 
surface than the crystalline surface. 
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due 2/28/06 

1. (21 pts) CoCrMo alloys form a passivating oxide on their surface that renders them 
useful for orthopaedic implants. Such implants remain susceptible, however, to fretting 
corrosion, which occurs as a consequence of repetitive rubbing of the implant against a 
second hard surface (e.g., another implant component or bone).  To study fretting 
corrosion, Contu et al. (Corrosion Sci. 2005, 47, 1863) employed a tribo-electrochemical 
cell, illustrated below, employing a CoCrMo alloy (66:28:6 wt ratio Co:Cr:Mo) as the 
working electrode, Pt wire as the counter electrode and a saturated calomel electrode 
(SCE) as the reference electrode (SCE is +0.231V on the standard hydrogen electrode 
(SHE) scale.) A ceramic tube in contact with the sample was rotated periodically to 
create a rubbing action on the surface. Dissolved oxygen was removed from electrolyte 
solutions by bubbling with argon gas for 24 h prior to the experiments. The figure below 
shows data for the open circuit potential (OCP) measured before, during and after 3 
rotations of the ceramic tube in buffered solutions at pH 4 (solid) and pH 7 (dashed).   

Images removed for copyright reasons. 

See Fig. 1 and Fig. 2(a) in Contu, F., B. Elsener, and H. Böhni. "Corrosion Behaviour of CoCrMo 

Implant Alloy During Fretting in Bovine Serum." Corrosion Science 47 (2005): 1863-1875. 
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a) Why does the OCP first drop rapidly then rise rapidly and plateau following each 
abrasion of the alloy surface by the ceramic tube?   

b) Write the expected anodic half-reaction(s) for this alloy at pH 4.  Based on this 
reaction and the Nernst equation, provide an expression for the measured electrical 
potential across the rubbed alloy surface.   

c) What is the expected cathodic half reaction at pH 4 and pH 7 for this experiment? 

d) Why is the OCP measured at pH 4 higher than the value measured at pH 7? 

e) Why does the open-circuit potential after rubbing plateau to a different value than the 
original measured OCP for this alloy? 

f) The figure below provides data from cathodic polarization (increase in the cathodic 
reaction relative to anodic reaction) experiments at pH 4 for the CoCrMo alloy in 
electrolyte solution (phosphate buffer) vs. serum.  Shown is the measured current density 
as a function of the potential. Provide an explanation for the reduced current measured in 
serum compared to buffer. Would this be a favorable or unfavorable effect in vivo? 

Image removed for copyright reasons. 

See Fig. 4(a) in Contu, F., B. Elsener, and H. Böhni. "Corrosion Behaviour of CoCrMo 

Implant Alloy During Fretting in Bovine Serum." Corrosion Science 47 (2005): 1863-1875. 

2. (19 pts) Catalase is an enzyme (mol. wt.: 247kDa, diameter: 10.5 nm) found in liver 
cells that catalyses the conversion of hydrogen peroxide to water and oxygen.  Its 
catalytic activity is of interest for biosensor applications.  As an approach for 
fractionating catalase from biological solutions, Jia and coworkers (Int. J. of Biol. 
Macromol. 2005, 37, 42) prepared chitosan microspheres coated with a covalently 
attached dye, Cibacron Blue F3GA, which exhibits strong binding to catalase.  The figure 
below shows an SEM image of the chitosan particles.  The wet density of the spheres was 
found to be 1.328 g/mL.  Adsorption studies were performed to determine the amount of 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

388
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



3 3.051J/20.340J   Problem Set 2  
due 2/28/06 

catalase adsorbed to the particles as a function of solution concentration.  An adsorption 
isotherm for pH 7 is shown below. 

Images removed for copyright reasons. 

See Fig. 1 and 4 in Shentu, Jingling, Jianmin Wu, Weihua Song, and Zhishen Jia. "Chitosan 

Microspheres as Immobilized Dye Affinity Support for Catalase Adsorption." International 

Journal of Biological Macromolecules 37 (2005): 42-46. 

a) Assuming a Langmuir model, determine the affinity constant Ka and the maximum 
surface coverage Γmax for CAT adsorption on the dye-linked chitosan beads. 

b) From the obtained value for Γmax, calculate the effective area per protein, stating any 
assumptions you make.   

c) How does your value compare to the expected molecular area for catalase, given the 
protein dimensions?   Explain the possible origin of discrepancies. 

d) At pH 7, both CAT and the dye Cibacron Blue F3GA have a net negative charge.  
Explain why CAT adsorption onto the chitosan particles still occurs. 

e) The data below shows the amount of adsorbed CAT as a function of ionic strength of 
the solution (increasing NaCl content).  Explain why a decrease in adsorption is observed 
with increasing salt content in solution. 

Images removed for copyright reasons. 
See Fig. 3 in Shentu, Jingling, Jianmin Wu, Weihua Song, and Zhishen Jia. "Chitosan 

Microspheres as Immobilized Dye Affinity Support for Catalase Adsorption." International 

Journal of Biological Macromolecules 37 (2005): 42-46. 
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3) (10 pts) Aliphatic polycarbonates have been gaining much attention as degradable 
polymers, due to biocompatibility or bioresorbability, while aromatic polycarbonates are 
hardly hydrolysable. Feijin and coworkers have reported in vitro and in vivo degradation 
of poly(trimethylene carbonate) (PTMC), an aliphatic polycarbonate with a glass 
transition temperature of Tg= -15C, and found interesting aspects of its degradation 
(Biomaterials, 2006, 27, 1741). 

a) PTMC is synthesized by ring-opening polymerization of 1,3-dioxan-2-one rather than 
by polycondensation of carbonic acid mono-(3-hydroxy-propyl)ester, as shown in the 
scheme below.  Why? 

O O 

O 

O O 

O 

H 
O O OH 

O 

X 

Synthetic scheme of PTMC 

b) Various PTMCs were implanted in the femur and tibia of rabbits.  Mass losses and 
molecular weight (MW) changes were monitored as a function of time.  Here, x of 
PTMCx stands for MW (kDa) of TMC.  As can be seen in Figs 1 and 2, in the initial 
degradation stage, the mass of the polymeric materials decreased with time; however, 
MW values did not change significantly.  Explain what happened. 

Image removed for copyright reasons. 

See Fig. 1 and 2 in Zhang, Zheng, Roel Kuijer, Sjoerd K. Bulstra, Dirk W. Grijpma, and Jan Feijen. 

"The In vivo and In vitro Degradation Behavior of Poly(trimethylene carbonate)." Biomaterials 27 
(2006): 1741-1748. 

c) Table 2 shows water contact angles of PTMC surfaces.  The results indicate that low 
MW PTMC became more hydrophilic than high MW PMTC after conditioning in water 
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for 1 week at 37°C, while both polymer surfaces presented similar wetting properties 
before conditioning. What is a likely explanation for these results? 

Image removed for copyright reasons. 

See Table 2 in Zhang, Zheng, Roel Kuijer, Sjoerd K. Bulstra, Dirk W. Grijpma, and Jan Feijen. 

"The In vivo and In vitro Degradation Behavior of Poly(trimethylene carbonate)." Biomaterials 27 
(2006): 1741-1748. 

d) Mass losses of PTMCs in lipase solution is shown in Figure 3.  Mass loss rate of high 
MW PMTC was larger than that of low MW PMTC.  These in vitro results were 
compared with the in vivo results (Fig. 1 above). In general, hydrolysis of high MW 
polymers is slower than for low MW polymers because high MW polymer surfaces are 
more hydrophobic, making H+ and/or OH- ion less accessible to the surface.  In this 
study, high MW PTMC presented a more hydrophobic surface after conditioning, as 
shown in Table 2. What is a plausible reason for the increased degradation of high MW 
PMTC in the presence of lipase? 

Image removed for copyright reasons. 

See Fig. 3 in Zhang, Zheng, Roel Kuijer, Sjoerd K. Bulstra, Dirk W. Grijpma, and Jan Feijen. 

"The In vivo and In vitro Degradation Behavior of Poly(trimethylene carbonate)." Biomaterials 27 
(2006): 1741-1748. 
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1. (21 pts) CoCrMo alloys form a passivating oxide on their surface that renders them 
useful for orthopaedic implants. Such implants remain susceptible, however, to fretting 
corrosion, which occurs as a consequence of repetitive rubbing of the implant against a 
second hard surface (e.g., another implant component or bone).  To study fretting 
corrosion, Contu et al. (Corrosion Sci. 2005, 47, 1863) employed a tribo-electrochemical 
cell, illustrated below, employing a CoCrMo alloy (66:28:6 wt ratio Co:Cr:Mo) as the 
working electrode, Pt wire as the counter electrode and a saturated calomel electrode 
(SCE) as the reference electrode (SCE is +0.231V on the standard hydrogen electrode 
(SHE) scale.) A ceramic tube in contact with the sample was rotated periodically to 
create a rubbing action on the surface. Dissolved oxygen was removed from electrolyte 
solutions by bubbling with argon gas for 24 h prior to the experiments. The figure below 
shows data for the open circuit potential (OCP) measured before, during and after 3 
rotations of the ceramic tube in buffered solutions at pH 4 (solid) and pH 7 (dashed).   

Images removed for copyright reasons. 

See Fig. 1 and Fig. 2(a) in Contu, F., B. Elsener, and H. Böhni. "Corrosion Behaviour of 

CoCrMo Implant Alloy During Fretting in Bovine Serum." Corrosion Science 47 (2005):

1863-1875. 
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a) (4 pts) Why does the OCP first drop rapidly then rise rapidly and plateau following 
each abrasion of the alloy surface by the ceramic tube?   

Stresses on the oxide layer at the alloy surface induced by rubbing cause breaks in 
the oxide film that expose pure metal to the electrolyte solution, increasing the 
magnitude of the measured OCP. Immediately upon exposure, the bare metal 
begins to react with water to reform an oxide layer at the surface.  With increasing 
time, the oxide growth becomes limited by ion diffusion through the oxide and the 
potential plataeaus.   

b) (6 pts) Write the expected anodic half-reaction(s) for this alloy at pH 4.  Based on this 
reaction and the Nernst equation, provide an expression for the measured electrical 
potential across the rubbed alloy surface.   

Expected anodic reactions include: 

Co → Co2+ + 2e 

Cr → Cr2+ + 2e 

The Nernst equation for metal oxidation is  

n+ ][ME E0 + 
RT ln= 
nF [ ]M 

Noting that the SCE electrode is +0.231V from the standard hydrogen electrode 
(SHE) scale, the standard electrochemical potentials ∆E0 for Co and Cr can be 
obtained from Table 5 on pg. 432. The atomic fraction of Co and Cr are 65 and 
31%, calculated from the weight fractions provided. 

The resulting expressions for the measured potentials from these reactions would 
be: 

(E V  ) = −0.511+ 
0.0591log [Co2+ ] 

= −0.506 + 0.0295 log[ Co  2+ ]
2 [Co] 

2+ ](E V  ) = −0.961+ 
0.0591log [Cr 2+ ] 

= −0.946 + 0.0295 log[ Cr  
2 [Cr] 

c) (4 pts) What is the expected cathodic half reaction at pH 4 and pH 7 for this 
experiment? 

Since dissolved oxygen has been removed from the electrolyte solution, the cathodic 
half-reactions will involve other species: 
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For pH 4: 2H+ + 2e → H2 (g) 

For pH 7 and higher one might alternately observe the reaction:  

2H2O + 2e → H2 (g) + 2OH

d) (2 pts) Why is the OCP measured at pH 4 higher than the value measured at pH 7? 

The anodic half-reaction can only take place when there is a corresponding cathodic 
reaction that consumes the electrons created.  The associated potential for the 
cathodic reaction will depend upon pH.  For example, the Nernst equation for the 
hydrogen evolution reaction is: 

E 0∆ = ∆  EH2 
+ 0.0591log a

H + 

0where ∆EH2 
would be 0 V for the SHE. Since pH is defined as: 

pH = − log a , the measured potential will drop as pH increases, because the 
H + 

concentration (activity) of H+ ions is lower. 

e) (2 pts) Why does the open-circuit potential after rubbing plateau to a different value 
than the original measured OCP for this alloy? 

The difference in equilibrium potential reflects a change in the structure or 
chemistry of the oxide layer formed after rubbing.   

f) (3 pts) The figure below provides data from cathodic polarization (increase in the 
cathodic reaction relative to anodic reaction) experiments at pH 4 for the CoCrMo alloy 
in electrolyte solution (phosphate buffer) vs. serum.  Shown is the measured current 
density as a function of the potential.  Provide an explanation for the reduced current 
measured in serum compared to buffer. Would this be a favorable or unfavorable effect in 
vivo? 

Image removed for copyright reasons. 

See Fig. 4(a) in Contu, F., B. Elsener, and H. Böhni. "Corrosion Behaviour of CoCrMo 

Implant Alloy During Fretting in Bovine Serum." Corrosion Science 47 (2005): 1863-1875. 
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Protein molecules in serum would be expected to adsorb on the metal surface, 
impeding the kinetics of the cathodic reaction.  This would be a favorable effect in 
vivo as the reduced current means a reduced corrosion rate of the alloy. 

2. (19 pts) Catalase is an enzyme (mol. wt.: 247kDa, diameter: 10.5 nm) found in liver 
cells that catalyses the conversion of hydrogen peroxide to water and oxygen.  Its 
catalytic activity is of interest for biosensor applications.  As an approach for 
fractionating catalase from biological solutions, Jia and coworkers (Int. J. of Biol. 
Macromol. 2005, 37, 42) prepared chitosan microspheres coated with a covalently 
attached dye, Cibacron Blue F3GA, which exhibits strong binding to catalase.  The figure 
below shows an SEM image of the chitosan particles.  The wet density of the spheres was 
found to be 1.328 g/mL.  Adsorption studies were performed to determine the amount of 
catalase adsorbed to the particles as a function of solution concentration.  An adsorption 
isotherm for pH 7 is shown below. 

Images removed for copyright reasons. 
See Fig. 1 and 4 in Shentu, Jingling, Jianmin Wu, Weihua Song, and Zhishen Jia. "Chitosan 

Microspheres as Immobilized Dye Affinity Support for Catalase Adsorption." International 

Journal of Biological Macromolecules 37 (2005): 42-46. 

a) (5pts) Assuming a Langmuir model, determine the affinity constant Ka and the 
maximum surface coverage Γmax for CAT adsorption on the dye-linked chitosan beads. 

[CAT] (mg/mL) 1/[CAT] (mL/mg) Γ (mg/g) 1/Γ (g/mg) 
0.03 33. 2.5 0.4 
0.13 7.7 7 0.14 
0.53 1.9 17.5 0.057 
1.13 0.89 23.5 0.043 
1.80 0.56 24 0.042 
2.50 0.40 24.5 0.041 
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Noting that ν = Γ/Γmax , the Langmuir equation can be expressed as: 

1 1 1 
= + 

Γ [ ]P K  Γ Γa max max 

Performing linear regression on the data gives a best-fit line of:  


1//Γ = 0.011/[CAT] + 0.039 


from which we obtain Γmax = 25.6 mg/g and Ka = 3.55 mL/mg 


1 /
Γ

 (
 g/

m
g)

 

0.5 

0.4 

0.3 

0.2 

0.1 

0 
0 5 10 15 20 25 30 35 

1/[CAT] (mL/mg) 

b) (6 pts) From the obtained value for Γmax, calculate the effective area per protein, 
stating any assumptions you make.   

The effective area per protein can be computed from: 

M protein =Aeff N Av Γmax 
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where Γmax is given in units of mass/area.  Currently we have this value in mg/g, 
however.  We must therefore make an estimate of the surface area per gram of 
chitosan beads and we know the wet density of the beads is 1.328 g/cm3. We will 
make the assumption that the area available from protein adsorption is just the 
surface area of the spherical beads. 

2Abead 4π r 2= 4 3 3Vbead ρbead π r (1.328g / cm  )
= 7.5×1016 nm / g 

3 

× 2Γ = 
25.6 mg / g 

= 3.41 10 −19 g / nmmax 7.5 ×1016 nm2 / g 

/M protein 2.47 ×105 g mol  
= = 

× −19Aeff NAv Γ 6.02 ×1023 molec  / mol  (3.41 10 g / nm  2 )max 

Aeff = 1.2 nm  2 / molec  

c) (4 pts) How does your value compare to the expected molecular area for catalase, 
given the protein dimensions?   Explain the possible origin of discrepancies. 

Catalase is relatively large with a diameter of ~10.5 nm, giving an expected surface 
area of πr2 = 87 nm2. This is much larger than the computed area per molecule 
from the extracted value for Γmax. The discrepancy between these values indicates 
that there is much more surface area per particle than just the outer surface of the 
chitosan sphere.  This could occur if the particles were porous, as the higher 
magnification SEM image suggests. 

d) (2 pts) At pH 7, both CAT and the dye Cibacron Blue F3GA have a net negative 
charge. Explain why CAT adsorption onto the chitosan particles still occurs. 

Though the net charge on CAT is negative, one would still expect positive charged 
groups on the protein outer surface that exhibit attractive electrostatic interactions 
with the dye.  The structure of Cibacron Blue F3GA (below) also contains amine 
groups that could be positively charged, interacting with negatively charged 
moieties on the protein surface. 
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e) (2 pts) The data below shows the amount of adsorbed CAT as a function of ionic 
strength of the solution (increasing NaCl content). Explain why a decrease in adsorption 
is observed with increasing salt content in solution. 

Images removed for copyright reasons. 
See Fig. 3 in Shentu, Jingling, Jianmin Wu, Weihua Song, and Zhishen Jia. "Chitosan 

Microspheres as Immobilized Dye Affinity Support for Catalase Adsorption." International 

Journal of Biological Macromolecules 37 (2005): 42-46. 

This data suggests that the adsorption of CAT to Cibacron Blue F3GA is 
predominantly electrostatic in nature. As the ionic strength increases, charge 
shielding leads to decreased adsorption. 

3) (10 pts) Aliphatic polycarbonates have been gaining much attention as degradable 
polymers, due to biocompatibility or bioresorbability, while aromatic polycarbonates are 
hardly hydrolysable. Feijin and coworkers have reported in vitro and in vivo degradation 
of poly(trimethylene carbonate) (PTMC), an aliphatic polycarbonate with a glass 
transition temperature of Tg= -15C, and found interesting aspects of its degradation 
(Biomaterials, 2006, 27, 1741). 

a) (3 pts) PTMC is synthesized by ring-opening polymerization of 1,3-dioxan-2-one 
rather than by polycondensation of carbonic acid mono-(3-hydroxy-propyl)ester as 
shown in the scheme below. Why? 
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O O 

O 

O O 

O 

H 
O O OH 

O 

X 

Synthetic scheme of PTMC 

With polycondensation of the linear monomer, a by-product H2O has to be removed 
at high temperature and under vacuum conditions, and during the polymerization, 
the entropy of the system decreases.  By comparison, ring-opening of the cyclic 
monomer does not produce by-products and the reaction proceeds under mild 
conditions. Due to ring-strain, ring-opening is enthalpically favorable and increases 
available conformations (and therefore entropy).  The ∆G value of most ring-
opening polymerizations is negative. 

b) (2 pts) Various PTMCs were implanted in the femur and tibia of rabbits.  Mass losses 
and molecular weight (MW) changes were monitored as a function of time. Here, x of 
PTMCx stands for MW (kDa) of TMC.  As can be seen in Figs 1 and 2, in the initial 
degradation stage, the mass of the polymeric materials decreased with time; however, 
MW values did not change significantly.  Explain what happened. 

Image removed for copyright reasons. 

See Fig. 1 and 2 in Zhang, Zheng, Roel Kuijer, Sjoerd K. Bulstra, Dirk W. Grijpma, and

 Jan Feijen. "The In vivo and In vitro Degradation Behavior of Poly(trimethylene carbonate)."
Biomaterials 27 (2006): 1741-1748. 

The in vivo degradation of PTMC proceeded by enzymatic hydrolysis.  In the initial 
degradation stage, surface erosion took place, and the polymer was hydrolyzed from 
the surface by enzyme(s), while the bulk polymer stayed intact.  Thus, molecular 
weights did not change much during that period.  

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

399
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



93.051J/20.340J  Problem Set 2 Solutions 

c) (2 pts) Table 2 shows water contact angles of PTMC surfaces. The results indicate 
that low MW PTMC became more hydrophilic than high MW PMTC after conditioning 
in water for 1 week at 37°C, while both polymer surfaces presented similar wetting 
properties before conditioning. What is a likely explanation for these results? 

Image removed for copyright reasons. 

See Table 2 in Zhang, Zheng, Roel Kuijer, Sjoerd K. Bulstra, Dirk W. Grijpma, and 

Jan Feijen. "The In vivo and In vitro Degradation Behavior of Poly(trimethylene carbonate)." 
Biomaterials 27 (2006): 1741-1748. 

During conditioning, rearrangement of polymer chains occurred readily, and more 
hydrophilic segments could face toward the water phase. Especially, hydrophilic 
chain ends preferred to come out from the bulk. As a result, polymer surfaces 
became more hydrophilic. In comparison to high MW polymer surface, low MW 
surface had more polymer chain ends, resulting in a more water wettable surface. 

d) (3 pts) Mass loss of PTMCs in lipase solution is shown in Figure 3.  Mass loss rate of 
high MW PMTC was larger than that of low MW PMTC. These in vitro results were 
compared with the in vivo results (Fig. 1 above). In general, hydrolysis of high MW 
polymers is slower than for low MW polymers because high MW polymer surfaces are 
more hydrophobic, making H+ and/or OH- ion less accessible to the surface. In this 
study, high MW PTMC presented a more hydrophobic surface after conditioning, as 
shown in Table 2. What is a plausible reason for the increased degradation of high MW 
PMTC in the presence of lipase? 

Image removed for copyright reasons. 

See Fig. 3 in Zhang, Zheng, Roel Kuijer, Sjoerd K. Bulstra, Dirk W. Grijpma, and Jan 

Feijen. "The In vivo and In vitro Degradation Behavior of Poly(trimethylene carbonate)."
Biomaterials 27 (2006): 1741-1748. 
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In the in vitro and in vivo experiments, enzyme(s) played an essential role in PTMC 
degradation.  Lipases have hydrophobic domain(s) and will adsorb to a 
hydrophobic surface. In the case of low MW PTMC, the more hydrophilic surface 
suppressed the enzyme attack, which resulted in a slower degradation.  
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due 3/09/06 

1. (25 pts) Insulin is an important hormone produced by the pancreas that allows cells to 
process glucose. Diabetes mellitus, affecting 16 million people in the U.S., is a condition 
in which insulin production or utilization is impaired.  Current treatment for diabetes 
often involves subcutaneous injection of insulin.   

a) Access the RCSB Protein Data Bank at http://www.pdb.org/pdb. Perform a search on 
insulin and access the human insulin two disulfide model to answer the following: 

i) What is the primary chemical structure for insulin? 

ii) What is the secondary structure of insulin? 

iii) From the Ramachandran plot analysis, what is the range of psi, phi values for most of 
the amino acid residues in insulin? 

b) Could insulin be readily radiolabeled with 125I for detecting its adsorption?  Explain. 

Numerous research efforts underway are investigating controlled release approaches that 
would eliminate the need for daily insulin injections.  Such strategies typically involve 
exposure of insulin to synthetic material surfaces.  To investigate the effects of adsorption 
on the secondary structure of insulin, Mollmann et al. (Eur. J. Pharm. Sci. 2006, 27, 194) 
performed circular dichroism(CD) measurements on insulin in phosphate buffered saline 
(PBS) solution and adsorbed to the surface of colloidal Teflon particles 215 nm in 
diameter and stabilized in water with a small fraction of negatively charged sulfate 
groups on their surface.  The CD data are shown in the figure below.  

c) What is the effect of adsorption on the secondary structure of insulin? 

Image removed for copyright reasons. 

See Fig. 2 in Mollmann, Susanne H., Lene Jorgensen, Jens T. Bukrinsky, Ulla Elofsson, 
Willem Norde, and Sven Frokjaer. "Interfacial Adsorption of Insulin: Conformational Changes 
and Reversibility of Adsorption." Eur J Pharm Sci 27 (2006): 194-204 
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d) From the CD data provided, calculate the fractional α helical content for insulin in 
solution and adsorbed to the Teflon particles. 

e) Why might changes in the secondary structure of insulin be important to consider in 
developing controlled delivery strategies? 

Mollmann et al. further studied the adsorption of FITC-labeled insulin to determine if the 
fluorescent dye changed the adsorption kinetics.  For this experiment, mixtures of FITC-
labeled and unlabeled insulin were prepared in different ratios to reach the same total 
insulin concentration (a concentration that corresponded to near monolayer coverage).  
They found that the fluorescence intensity increased linearly with the fraction of FITC-
labeled insulin in solution, and concluded from this result that FITC-labeled and 
unlabeled insulin have comparable affinities for the Teflon beads. 

f) Do you agree with their conclusion?  Develop a model to describe the fractional 
coverage (νF) for the FITC-labeled component of the mixed insulin solution, based on a 
modified Langmuir model.  Under what conditions does νF scale linearly with the 
fraction of FITC-labeled insulin [PF]? 

2. (20 pts) Prosthetic vascular grafts are commonly employed in the treatment of 
atherosclerosis, as a means to bypass occluded blood vessels.  Read through the text on 
pp. 479-483 (1st ed.: pp. 420-422) to assist in answering the questions below. 

a) What materials are currently used in commercial vascular grafts? 

b) What is the most common reason for failure of synthetic vascular grafts of small 
diameter? 

c) Describe the expected synthetic/biological material interface at the interior and exterior 
surfaces of a vascular graft many months post-implantation.   

Fibrinogen is known to play an important role in clot formation.  Makogonenko et al. 
(Biochemistry 2002, 41, 7907) investigated the interaction of adsorbed fibrinogen with 
fibronectin, employing surface plasmon resonance (SPR).  The figure below shows 
fibronectin adsorption data at 22 °C on a gold surface coated with fibrinogen (dashed 
line, 100 nM fibronectin), and the same surface after subsequently being treated with 
thrombin (solid lines, 0.25 – 3.0 nM fibronectin).  
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Image removed for copyright reasons. 

See Fig. 2(a) in Makogonenko, E., G. Tsurupa, K. Ingham, and L. Medved. "Interaction 

of Fibrin(ogen) with Fibronectin: Further Characterization and Localization of the 
Fibronectin-Binding Site." Biochemistry 41 (2002): 7907-7913. 

d) What do the units of SPR response indicate?


e) Explain why fibrinogen binds fibronectin only after exposure to thrombin.   


f) From the inset of kobs data obtained from the fits to the SPR data for thrombin-exposed 

fibrinogen, estimate the value of the dissociation constant KD. 

g) Based on the KD value you obtained for (f), would you expect fibronectin to bind to 
adsorbed fibrinogen in vivo?  Explain your answer, stating any assumptions you make. 

h) What role does adsorbed fibronectin have in the body’s response to an implanted 
biomaterial? 
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1. (25 pts) Insulin is an important hormone produced by the pancreas that allows cells to 
process glucose. Diabetes mellitus, affecting 16 million people in the U.S., is a condition 
in which insulin production or utilization is impaired.  Current treatment for diabetes 
often involves subcutaneous injection of insulin.   

a) Access the RCSB Protein Data Bank at http://www.pdb.org/pdb. Perform a search on 
insulin and access the human insulin two disulfide model to answer the following: 

i) (2 pts) What is the primary chemical structure for insulin? 

A chain (21 residues): GIVEQSCTSISSLYQLENYCN 
B chain (30 residues): FVNQHLCGSDLVEALYLVCGERGFFYTKPT  

ii) (3 pts) What is the secondary structure of insulin? 

The A chain exhibits an alpha helix formed by residues 13-16.  The B chain forms 
an alpha helix with residues 9-18.  The fractional alpha helical content for insulin is 
thus 14/51 = 0.27. 

Disulfide bonds between cysteine residues A7-B7 and A20-B19 bond the A and B 
chains. 

iii) (2 pts) From the Ramachandran plot analysis, what is the range of psi, phi values for 
most of the amino acid residues in insulin? 

From the Ramanchandran plot, most of the residues are found in the range: φ = -45 
to -120°, ψ = 0 to -80°. 

b) (2 pts) Could insulin be readily radiolabeled with 125I for detecting its adsorption? 

125I will react with tyrosine residues in proteins.  Insulin has 4 tyrosine residues and 
thus in principle can be radiolabeled with 125I. In practice, the tyrosine at A14 
appears to be the only one accessible for labeling (see P. Iozzo et al., Nucl. Med. Biol. 
29, 73 (2002), and refs. therein). 

Numerous research efforts underway are investigating controlled release approaches that 
would eliminate the need for daily insulin injections.  Such strategies typically involve 
exposure of insulin to synthetic material surfaces.  To investigate the effects of adsorption 
on the secondary structure of insulin, Mollmann et al. (Eur. J. Pharm. Sci. 2006, 27, 194) 
performed circular dichroism (CD) measurements on insulin in phosphate buffered saline 
(PBS) solution and adsorbed to the surface of colloidal Teflon particles 215 nm in 
diameter and stabilized in water with a small fraction of negatively charged sulfate 
groups on their surface.  The CD data are shown in the figure below.  
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c) (3 pts) What is the effect of adsorption on the secondary structure of insulin? 

Image removed for copyright reasons. 
See Fig. 2 in Mollmann, Susanne H., Lene Jorgensen, Jens T. Bukrinsky, Ulla Elofsson, 
Willem Norde, and Sven Frokjaer. "Interfacial Adsorption of Insulin: Conformational Changes 
and Reversibility of Adsorption." Eur J Pharm Sci 27 (2006): 194-204 

The alpha helical content of insulin decreases upon adsorption while the random 
coil content increases.  This is observed through the decreased negative ellipticity at 
222 nm and decreased positive ellipticity at 192 nm (Note that a random coil exhibits 
a large negative ellipticity at 197 nm.)   

d) (4 pts) From the CD data provided, calculate the fractional α helical content for insulin 
in solution and adsorbed to the Teflon particles. 

− θ[ ]222=The helical content can be determined using the equation: fα −helix 40, 000 

The molar ellipticity at 222 nm is ~ -12,000 for insulin in solution, giving fα = 0.30, in 
good agreement with 0.27 determined above from the structure database.  Adsorbed 
to a surface, the [θ]222 ~ -9000, giving fα = 0.23. 

e) (2 pts) Why might changes in the secondary structure of insulin be important to 
consider in developing controlled delivery strategies? 

If insulin denatures upon contacting a synthetic surface before being administered, 
its activity in vivo may be reduced. 
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Mollmann et al. further studied the adsorption of FITC-labeled insulin to determine if the 
fluorescent dye changed the adsorption kinetics.  For this experiment, mixtures of FITC-
labeled and unlabeled insulin were prepared in different ratios to reach the same total 
insulin concentration (a concentration that corresponded to near monolayer coverage).  
They found that the fluorescence intensity increased linearly with the fraction of FITC-
labeled insulin in solution, and concluded from this result that FITC-labeled and 
unlabeled insulin have comparable affinities for the Teflon beads. 

f) (7 pts) Do you agree with their conclusion?  Develop a model to describe the fractional 
coverage (νF) for the FITC-labeled component of the mixed insulin solution, based on a 
modified Langmuir model.  Under what conditions does νF scale linearly with the 
fraction of FITC-labeled insulin [PF]? 

Building on the Langmuir model, in dynamic equilibrium we should expect both 
FITC-labeled and unlabeled insulin molecules to adsorb and desorb from the 
surface at the same rate: 

ka,F[PF][S] = kd,F[PFS] 
ka,U[PU][S] = kd,U[PUS] 

where U= unlabeled and F = FITC-labeled. The corresponding affinity constants 
will be: 

F [P S ]KF =
[P S ] KU = U 

[ ][ P S ]P S ] [ ][F U 

From here we can define the fraction of sites filled by FITC-labeled insulin as: 

[P S ] KF [PF ]ν = F =
F ([ ] + [P S  ]+ [P S  ]) (1+ K [ ]+ K [PF ])
S U F U PU F 

Noting that for these experiments, the total polymer concentration is a constant: 

[P] = const = [PU] + [PF], 

we can substitute for [PU]: 

K PF ] K PF ]F [ F [
= =ν

1+ K P  F 
F [ ]+ (K − KU )[ ] C + (K − KU )[ ]U PF F PF 

where C is a constant. From this result we find that if KF = KU, then νF should vary 
linearly with [PF]. 
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One must be careful in performing the experiment, however.  At high [P], if KU is 
large compared to KF so that C is large compared to (K − KU )[PF ] (small values ofF 

[PF], then: 
K PF ]F [ν F ≈ 

C 

so that a linear increase in fluorescence intensity with [PF] might still be observed. 
The authors provided insufficient details on their experiments to determine whether 
their conclusion is valid or not. 

2. (20 pts) Prosthetic vascular grafts are commonly employed in the treatment of 
atherosclerosis, as a means to bypass occluded blood vessels.  Read through the text on 
pp. 479-483 (1st ed.: pp. 420-422) to assist in answering the questions below. 

a) (2 pts) What materials are currently used in commercial vascular grafts? 

Dacron (polyethylene terephthalate, PET) is commonly used for large diameter 
vessels while expanded polytetrafluoroethylene (ePTFE) is used for synthetic grafts 
of diameter below < 8 mm.   

b) (2 pts) What is the most common reason for failure of synthetic vascular grafts of 
small diameter? 

Thrombosis is the chief source of failure in small diameter grafts, as even moderate 
deposits on the inner surface of the graft can restrict blood flow.  

c) (4 pts) Describe the expected synthetic/biological material interface at the interior and 
exterior surfaces of a vascular graft many months post-implantation.   

The interior of the graft will typically have an inner lining of aggregated platelets 
and fibrin, except near the sutured ends of the graft where endothelial cells migrate 
into the device to create a neointima.  The exterior of the graft will exhibit a 
histology that is typical of the foreign body response, namely a fibrous capsule 
encompassing the device, incorporating foreign body giant cells adjacent to the 
device surrounded by connective tissue containing fibroblasts and capillaries.  

Fibrinogen is known to play an important role in clot formation.  Makogonenko et al. 
(Biochemistry 2002, 41, 7907) investigated the interaction of adsorbed fibrinogen with 
fibronectin, employing surface plasmon resonance (SPR).  The figure below shows 
fibronectin adsorption data at 22 °C on a gold surface coated with fibrinogen (dashed 
line, 100 nM fibronectin), and the same surface after subsequently being treated with 
thrombin (solid lines, 0.25 – 3.0 nM fibronectin).  
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Image removed for copyright reasons. 

See Fig. 2(a) in Makogonenko, E., G. Tsurupa, K. Ingham, and L. Medved. "Interaction 

of Fibrin(ogen) with Fibronectin: Further Characterization and Localization of the 
Fibronectin-Binding Site." Biochemistry 41 (2002): 7907-7913. 

d) (2 pts) What do the units of SPR response indicate? 

The response is measured in arc seconds, the shift in the angle where maximum 
energy transfer occurs to the Au film.  This value increases with fibronectin 
adsorption because the index of refraction at the surface is increased. 

e) (2 pts) Explain why fibrinogen binds fibronectin only after exposure to thrombin.   

Thrombin catalyses the cleavage of fibrinogen to form fibrin.  The results suggest 
that the fibronectin binding sites on fibrinogen are only accessible when fibrinogen 
is cleaved. 

f) (2 pts) From the inset of kobs data obtained from the fits to the SPR data for thrombin-
exposed fibrinogen, estimate the value of the dissociation constant KD. 

Noting kobs = kd + k [ P] , ka should be given by the slope and kd by the y-intercepta 

of the straight line fit.   

/KD = k k  ≈ 0.3  nM  d a 
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6 3.051J/20.340J   Problem Set 3 Solutions 

g) (3 pts) Based on the KD value you obtained for (f), would you expect fibronectin to 
bind to adsorbed fibrinogen in vivo?  Explain your answer, stating any assumptions you 
make. 

The KD value provides a metric for the solution concentration required for 
substantial adsorption to occur to a given surface (at [P] = KD, half the surface sites 
are occupied). The concentration of fibronectin in plasma is ~0.3 mg/mL, or 1250 
nM (molecular weight of fibronectin is 240,000 g/mol), which is well above the 
observed KD, so fibronectin adsorption might be expected.  It should be noted, 
however, that this analysis does not account for other proteins in the blood stream, 
which might adsorb preferentially over fibronectin. 

h) (3 pts) What role does adsorbed fibronectin have in the body’s response to an 
implanted biomaterial? 

Fibronectin is an adhesion protein that contains peptide sequences that bind to 
integrins on the surface of platelets. When adsorbed on a surface, fibronectin allows 
platelets to adhere to the surface to initiate clot formation.  Adsorbed fibronectin 
also binds integrins on fibroblasts, enabling their recruitment to the site of injury to 
initiate the formation of new connective tissue. 
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13.051J/20.340J Problem Set 4 
due 3/23/06 

1) (25 pts) There is wide interest in the development of microarrays of antibodies that 
would enable high-throughput analysis of proteins for diagnostic applications 
(proteomics). Microcontact printing of proteins has been considered as a potential method 
for inexpensive and rapid fabrication of such structures.  In a recent article, Chen and 
coworkers (J.L. Tan et al., Langmuir 2002, 18, 519) investigated how the surface 
chemistry of the substrate and stamp influences the ability to print proteins.  Download 
and read the article, then address the following questions. 

a) In this work, gold surfaces were first coated with mixed self-assembled monolayers 
(SAMs) having different ratios of -CH3 terminated and –COOH, –OH, or 
(OCH2CH2)6OH (-EG6) terminated alkane thiols adsorbed from ethanol solutions. 
Explain what drives the formation of a self-assembled monolayer on gold.  

b) Advancing water contact angles were measured as a function of the fraction of 
hydrophilic thiol used in the ethanol solution, as shown in the figure below.  Provide an 
explanation for the deviations from linearity observed for each mixed monolayer system.  

Image removed for copyright reasons.


See Fig. 3(d) in Tan, J. L.,  J. Tien, and C. S. Chen. "Microcontact Printing of Proteins 
on Mixed Self-Assembled Monolayers."  Langmuir  18 (2002): 519-523.




c) To transfer proteins onto the mixed SAM surfaces in patterns, a PDMS stamp was 
fabricated and fluorescently-labeled immunoglobulin G (IgG) was adsorbed onto the 
stamp surface.  Upon subsequently contacting the stamp to the SAM surfaces, they found 
that protein transfer only took place above a critical hydrophilic thiol content.  Results for 
SAMs incorporating –COOH terminated thiols are shown in the figure below.  Provide an 
explanation for why protein transfer occurred only as the surfaces were made more 
hydrophilic. 
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23.051J/20.340J Problem Set 4 
due 3/23/06 

Image removed for copyright reasons.�
See Fig. 2 in Tan, J. L., J. Tien, and C. S. Chen. "Microcontact Printing of Proteins 
on Mixed Self-Assembled Monolayers." Langmuir 18 (2002): 519-523.


d) For the three mixed SAM systems studied, the lowest fraction of hydrophilic thiol at 
which protein transfer began to take place was 50%, 55% and 2.5% for –COOH, -OH, 
and -EG6 thiols, respectively.  Use the contact angle data to calculate the work of 
adhesion of water to the mixed SAM surface at these compositions, and compare these 
values to the work of adhesion for water on the PDMS stamp.  Why might work of 
adhesion of water be correlated with protein transfer, as suggested by the authors? 

e) The authors next modified the surface of the PDMS stamp, to understand the effects of 
stamp chemistry on protein transfer.  To do so, the PDMS stamp was first oxidized using 
an air plasma. After plasma treatment, the stamps were treated with (tridecafluoro-
1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane vapor or aminopropyl trimethoxysilane and 50 
mmol HCl in ethanol (see Materials and Methods).  Provide the expected reactions that 
would result in –CF3 and –NH2 modified surfaces, respectively. 

f) Using the modified stamps, the fraction of –COOH thiols required for protein transfer 
changed to 0% for –CF3 modified stamps and 80% for –NH2 modified stamps (compared 
with 55% for unmodified stamps).  Provide an explanation for these findings.  

g) Would you expect the –CF3 and –NH2 modified stamp surfaces to be stable in air? 
Why or why not? 

2. (15 pts) Polylactide (PLA) is used in biomedical applications due to its 
physicochemical properties and degradability.  For tissue engineering applications, 
however, cell adhesion and proliferation on PLA is generally poor.  To enhance cartilage 
cell adhesion to PLA scaffolds, Yu et al. (J. Biomed. Res. Part B: Appl. Biomater, 76B, 
64, 2006) developed a block copolymer of PLA and poly(ethylene glycol) (PEG) to be 
used as an additive in PLA.  To induce adhesion of chondrocytes, various amino acids or 
the peptide RGD were coupled to the free PEG chain end of the PLA-PEG block 
copolymer (referred to as PLE). 
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PEO

3 3.051J/20.340J Problem Set 4 
due 3/23/06 

a) In the synthesis of the block copolymer (PLE), the -OH terminus of PLA (0.83 mmol 
eq.) was first coupled with 4,4’-methylenediphenyl diisocyanate (MDI, 0.89 mmol) and 
subsequently reacted with 0.37 mmol of PEG which had –OH terminal groups at each 
end. What undesirable product(s) might be obtained in the reaction with this 
stoichiometry? 

CH2 NCO 
O 

PLA O C NHPLA OH + OCN CH2 NCO 

O 
PLA O 

PEG 
CH2 NH C O CH2CH2O HC NH n 

O 

OCH3SO2Cl, NEt3

PLA O C
 CH2 NH C O CH2CH2O nSO2CH3 

O 
NH 

R R 
OH2N CH  COOH


PLA O
 CH2 NH C O CH2CH2O NH CH COOHC NH n 
O 

Scheme 1.  Synthetic pathways of peptide-bearing PLA-PEG diblock copolymer 

b) To couple amino acid(s) onto the hydroxyl group of the PEG chain end, the -OH 
should first be activated, and methansulfonyl chloride was employed with triethylamine 
(NEt3) in this research.  Explain the role of NEt3 in this reaction. Is there an alternative 
reagent to enhance the OH activation? 

The figure below shows chondrocyte proliferation (percentage of cells originally seeded 
adhered to surface after 72 h) on films of neat PLA and PLA modified by adding a 
fraction of PLE62 (6000 g/mol PLA, 2000 g/mol PEG) or a PLE62 derivative to the film 
casting solution. Films were made by casting polymer solutions into a round glass mold 
and allowing the solvent (methyl chloride) to evaporate in air over 24 h.  PLE62 
derivatives employed as additives included PLE62 end-modified with the amino acid(s) 
L-aspartic acid (PLE62asp), L-arginine (PLE62arg), or L-lysine (PLE62lys), or the 
peptide sequence RGD (PLE62 RGD). As a control, chondrocytes were also seeded on 
tissue culture polystyrene (TCPS), known to promote cell attachment.   

c) From the data below, films of PLA incorporating PLE62 showed similar levels of cell 
attachment/proliferation as PLA. Provide an explanation for these results. 
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4 3.051J/20.340J Problem Set 4 
due 3/23/06 

Image removed for copyright reasons. 

d) The data also show that films modified with PLE62arg and PLE62lys exhibited higher 
cell adhesion/proliferation than films modified with PLE62asp.  Explain why this might 
be the case. Would these systems form bonds with cell surface integrins? 

e) Only PLA modified with PLE62 RGD demonstrated measurable cell proliferation 
(values >100%). Why might this system exhibit improved proliferation of chondrocytes? 

See Fig. 10(b) in Yu, Guanhua, Jian Ji, Huiguang Zhu, and Jiacong Shen.
"Poly(D,L-lactic acid)-block-(ligand-tethered poly(ethylene glycol)) Copolymers as Surface
Additives for Promoting Chondrocyte Attachment and Growth." J Biomed Mat Res Part B: 
Appl Biomater 76B (2006): 64-75.
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13.051J/20.340J Problem Set 4 
Solutions 

1) (25 pts) There is wide interest in the development of microarrays of antibodies that 
would enable high-throughput analysis of proteins for diagnostic applications 
(proteomics). Microcontact printing of proteins has been considered as a potential method 
for inexpensive and rapid fabrication of such structures.  In a recent article, Chen and 
coworkers (J.L. Tan et al., Langmuir 2002, 18, 519) investigated how the surface 
chemistry of the substrate and stamp influences the ability to print proteins.  Download 
and read the article, then address the following questions. 

a) (2 pts) In this work, gold surfaces were first coated with mixed self-assembled 
monolayers (SAMs) having different ratios of -CH3 terminated and –COOH, –OH, or 
(OCH2CH2)OH (-EG6) terminated alkane thiols adsorbed from ethanol solutions. Explain 
what drives the formation of a self-assembled monolayer on gold.  

A SAM is formed on gold by the favorable exothermic reaction of thiol groups with 
gold atoms on the surface, according to: 

R(CH2)nSH + Au → Au(I)-S(CH2)nR + 1/2H2 

van der Waal’s interactions favor close-packing of the alkyl chains on the surface, 
with molecules adopting a tilt angle of 30° from the direction normal to the Au 
surface. 

b) (5 pts) Advancing water contact angles were measured as a function of the fraction of 
hydrophilic thiol used in the ethanol solution, as shown in the figure below.  Provide an 
explanation for the deviations from linearity observed for each mixed monolayer system.  

Image removed for copyright reasons.
See Fig. 3(d) in Tan, J. L.,  J. Tien, and C. S. Chen. "Microcontact Printing of Proteins on
Mixed Self-Assembled Monolayers." Langmuir 18 (2002): 519-523.


For the –OH and –COOH mixed SAMs, there is a negative deviation from linearity 
of cos θ values observed at low fractions of hydrophilic thiol.  This might be 
explained by a slight adsorption preference of –CH3 terminated alkane thiols over – 
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23.051J/20.340J Problem Set 4 
Solutions 

OH or –COOH terminated thiols, which might occur due to higher solubility of the 
hydrophilic thiols in ethanol, thereby reducing their relative surface affinity.  For 
the EG6 terminated SAMs, a positive deviation from linearity is observed.  For this 
system, the EG6-terminated thiols are substantially longer than the –CH3 
terminated thiols, and consequently will overcoat the –CH3 end groups even at low 
surface fractions, resulting in increased wettability and the positive deviation from 
linearity. At concentrations above 30% EG6 thiol, the –CH3 thiols are fully covered 
by the EG chains and the contact angle remains constant.  

c) (3 pts) To transfer proteins onto the mixed SAM surfaces in patterns, a PDMS stamp 
was fabricated and fluorescently-labeled immunoglobulin G (IgG) was adsorbed onto the 
stamp surface.  Upon subsequently contacting the stamp to the SAM surfaces, they found 
that protein transfer only took place above a critical hydrophilic thiol content.  Results for 
SAMs incorporating –COOH terminated thiols are shown in the figure below.  Provide an 
explanation for why protein transfer occurred only as the surfaces were made more 
hydrophilic. 

Image removed for copyright reasons.
See Fig. 2 in Tan, J. L., J. Tien, and C. S. Chen. "Microcontact Printing of Proteins 
on Mixed Self-Assembled Monolayers." Langmuir 18 (2002): 519-523.


For the protein to transfer, the work of adhesion of the protein to the PDMS stamp 
surface must be overcome, i.e., the work of adhesion must be higher between the 
SAM surface and the protein. The –CH3 terminated SAMs would have a low work 
of adhesion with IgG because their secondary bonds form through weak dispersive 
forces. By incorporating polar groups –COOH, -OH, and ether oxygens (EG6), 
hydrogen-bonding between the protein and SAM can occur, resulting in a 
sufficiently high work of adhesion with the protein to overcome its adhesion to 
PDMS. 

d) (4 pts) For the three mixed SAM systems studied, the lowest fraction of hydrophilic 
thiol at which protein transfer began to take place was 50%, 55% and 2.5% for –COOH, 
OH, and -EG6 thiols, respectively.  Use the contact angle data to calculate the work of 
adhesion of water to the mixed SAM surface at these compositions, and compare these 
values to the work of adhesion for water on the PDMS stamp.  Why might work of 
adhesion of water be correlated with protein transfer, as suggested by the authors? 
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3 3.051J/20.340J Problem Set 4 
Solutions 

Work of adhesion of water to the substrate is calculated as: 

Wadh = γ (1 + cos θ )w 

where γw is the surface tension of water (73 dyn/cm), and θ is the contact angle of 
water on the substrate.  Using the cos θ values provided in the article, Wadh= 70, 78 
and 67 mJ/m2 for the –COOH (50%), -OH (55%) and -EG6 (2.5%) SAM systems, 
respectively.  These values are similar, suggesting a critical level of hydrogen 
bonding By comparison, the work of adhesion of water on the PDMS stamp is 46 
mJ/m2, based on contact angle measurement.  Since water bonds to polar surfaces 
through similar mechanisms as proteins, Wadh values for water can be a useful 
metric for assessing the whether protein transfer will take place on a given surface. 

e) (5 pts) The authors next modified the surface of the PDMS stamp, to understand the 
effects of stamp chemistry on protein transfer.  To do so, the PDMS stamp was first 
oxidized using an air plasma. After plasma treatment, the stamps were treated with 
(tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane vapor or aminopropyl 
trimethoxysilane and 50 mmol HCl in ethanol (see Materials and Methods).  Provide the 
expected reactions that would result in –CF3 and –NH2 modified surfaces, respectively. 

Air is a gaseous mixture of N2, O2, and in lesser amounts CO2. H2, and inert gases. 
The surface of PDMS can thus be expected to exhibit diverse chemical groups after 
plasma oxidation, including –Si-OH groups formed by reactions with the PDMS 
chains. Trichlorosilanes and trialkoxysilanes readily react with hydroxyl groups: 

Si-OH + R-SiCl3 → Si-O-Si(Cl2)R + HCl 

Si-OH + Si(OCH3)3CH2CH2CH2NH2 → Si-O-Si(OCH3)2CH2CH2CH2NH2 + CH3OH 

f) (3 pts) Using the modified stamps, the fraction of –COOH thiols required for protein 
transfer changed to 0% for –CF3 modified stamps and 80% for –NH2 modified stamps 
(compared with 55% for unmodified stamps).  Provide an explanation for these findings. 

For fluorinated stamps, the work of adhesion of the protein to the stamp surface is 
likely to be lower than for PDMS.  The protein can thus form stronger secondary 
bonds with the –CH3 SAM surface, allowing transfer even in the absence of more 
polar groups. For the amine terminated surfaces, the opposite is true.  Proteins can 
form stronger secondary bonds with the stamp, so that a larger number of polar 
groups on the SAM surface is required to effectively overcome the higher work of 
adhesion to the stamp. 

The fluorinated stamp has a work of adhesion with water of 36.5 J/cm3. For the 
100% -CH3 terminated SAM, the work of adhesion of water is calculated to be 45 
mJ/m2, suggesting that the –CH3 SAM interface would also have stronger bonding 
with the protein.  For the –NH2 modified stamp, Wadh,H2O = 137 mJ/m2, while the 
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4 3.051J/20.340J Problem Set 4 
Solutions 

80% -COOH mixed SAM has a Wadh,H2O = 117 mJ/m2, which is lower but in the 
same range. 

g) (3 pts) Would you expect the –CF3 and –NH2 modified stamp surfaces to be stable in 
air? Why or why not? 

For the fluorinated stamp, the surface should be stable in air to reconstruction 
because the fluorocarbons exhibit a lower surface energy than PDMS and are thus 
preferred at the surface.  For the –NH2 modified surfaces, the surface energy is 
higher and one might expect the surface to reconstruct over time in air, burying the 
higher energy amines. 

2. (15 pts) Polylactide (PLA) is used in biomedical applications due to its 
physicochemical properties and degradability.  For tissue engineering applications, 
however, cell adhesion and proliferation on PLA is generally poor.  To enhance cartilage 
cell adhesion to PLA scaffolds, Yu et al. (J. Biomed. Res. Part B: Appl. Biomater, 76B, 
64, 2006) developed a block copolymer of PLA and poly(ethylene glycol) (PEG) to be 
used as an additive in PLA.  To induce adhesion of chondrocytes, various amino acids or 
the peptide RGD were coupled to the free PEG chain end of the PLA-PEG block 
copolymer (referred to as PLE). 

a) (3 pts) In the synthesis of the block copolymer (PLE), the -OH terminus of PLA (0.83 
mmol eq.) was first coupled with 4,4’-methylenediphenyl diisocyanate (MDI, 0.89 mmol) 
and subsequently reacted with 0.37 mmol of PEG (PEO) which had –OH terminal groups 
at each end. What undesirable product(s) might be obtained in the reaction with this 
stoichiometry? 

CH2 NCO 
O 

PLA O C NHPLA OH + OCN CH2 NCO 

OPEO

PLA O
 CH2 NH C O CH2CH2O H 

O 
C NH 

OCH3SO2Cl, NEt3

PLA O C
 CH2 NH C O CH2CH2O SO2CH3 

O 
NH 

R R 
OH2N CH  COOH


PLA O
 CH2 NH C O CH2CH2O NH CH COOH 
O 
C NH 

Scheme 1.  Synthetic pathways of peptide-bearing PLA-b-PEO 

Since the molar quantity of PEG was about half that of PLA, both -OH ends of PEG 
could react with the isocyanate groups from MDI to form PLA-PEG-PLA triblock 
copolymer, in addition to the PLA-PEG diblocks desired for surface modification.   
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3.051J/20.340J Problem Set 4 5 
Solutions 

O O 
PLA O NH C O CH2CH2O ONH CH2 C NH CH2 NH C O PLA 

O O 
Chemical structure of PLA-PEO-PLA triblock copolymer 

b) (4 pts) To couple amino acid(s) onto the hydroxyl group of the PEO chain end, the 
OH should first be activated, and methansulfonyl chloride was employed with 
triethylamine (NEt3) in this research.  Explain the role of NEt3 in this reaction. Is there 
an alternative reagent to enhance the OH activation? 

The by-product of this reaction is HCl. To increase the forward reaction rate, the 
HCl concentration should be decreased.  NEt3 can trap HCl with the formation of 
an organic salt. Tresyl chloride (CF3CH2SO2Cl) can be used as an alternative with 
higher activity. 

R-OH + CH3SO2Cl + NEt3 R-O-SO2CH3 + HN+Et3Cl-

Reaction scheme of activation of OH group with methanesulfonyl chloride 

The figure below shows chondrocyte proliferation (percentage of cells originally seeded 
adhered to surface after 72 h) on films of neat PLA and PLA modified by adding a 
fraction of PLE62 (6000 g/mol PLA, 2000 g/mol PEG) or a PLE62 derivative to the film 
casting solution. Films were made by casting polymer solutions into a round glass mold 
and allowing the solvent (methyl chloride) to evaporate in air over 24 h.  PLE62 
derivatives employed as additives included PLE62 end-modified with the amino acid(s) 
L-aspartic acid (PLE62asp), L-arginine (PLE62arg), or L-lysine (PLE62lys), or the 
peptide sequence RGD (PLE62 RGD). As a control, chondrocytes were also seeded on 
tissue culture polystyrene (TCPS), known to promote cell attachment.   

c) (3 pts) From the data below, films of PLA incorporating PLE62 showed similar levels 
of cell attachment/proliferation as PLA. Provide an explanation for these results. 

Image removed for copyright reasons. 
See Fig. 10(b) in Yu, Guanhua, Jian Ji, Huiguang Zhu, and Jiacong Shen.
"Poly(D,L-lactic acid)-block-(ligand-tethered poly(ethylene glycol)) Copolymers as Surface
Additives for Promoting Chondrocyte Attachment and Growth." J Biomed Mat Res Part B: 
Appl Biomater 76B (2006): 64-75.
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The results suggest that the film surface is not coated with the PEG component of 
the PLE block copolymer.  If the surface were predominantly PEG (PEO), a 
significantly lower level of cell attachment would be expected, since PEO resists 
adsorption of proteins that facilitate cell attachment to surfaces.  This could be the 
case because PEO has a higher surface energy than PLA, and the films were dried 
in air. 

d) (3 pts) The data also show that films modified with PLE62arg and PLE62lys exhibited 
higher cell adhesion/proliferation than films modified with PLE62asp.  Explain why this 
might be the case.  Would these systems form bonds with cell surface integrins? 

Arg and Lys both have positively charged side groups while Asp has a negatively 
charged side group. Since the many adhesion proteins as well as cell surfaces are 
negatively charged, the positively charged PLE62 additives would lead to an 
additional electrostatic attraction of proteins or cells to the PLA film.  These single 
amino acid chain ends would not bond specifically with cell integrins, whose ligands 
are typically several amino acid units long. 

e) (2 pts) Only the PLA modified with PLE62 RGD demonstrated measurable cell 
proliferation (values >100%). Provide an explanation for this finding.   

Proliferation requires cells to first adhere and spread on a surface.  The peptide 
sequence RGD is a well known ligand for cell integrins, which mediate cell 
attachment.   The increased cell adhesion to this surface further implies that 
attaching RGD to PEG facilitates localization of the PEG block at the surface.   
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13.051J/BE.340 Problem Set 5 
due 4/13/06 

1) (20 pts) Surfaces that guide the growth of neuronal axons are of interest for 
reconstructing severed nerve tissues, and for the fabrication of neuronal networks on 
microelectrode arrays to study biological response to toxins and pharmaceuticals.  In a 
recent effort, Beebe and coworkers (Z. Zhang et al., Biomaterials 2005, 26, 47) studied 
neurite outgrowth on glass surfaces treated with different surface modifications.   

In one surface modification, the glass  surface was first reacted with 3-mercaptopropyl 
trimethoxysilane (MTS) and subsequently with N-γ-maleimidobutyryloxy succinimide 
ester (GMBS), to allow coupling of peptides and proteins, as shown in the scheme below.   

Image removed for copyright reasons.
See Fig. 1(a) in Zhang, Zhanping, Raphael Yoo, Matthew Wells, Thomas P. Beebe, Jr., Roy Biran, and Patrick Tresco.
"Neurite outgrowth on well-characterized surfaces: preparation and characterization of chemically and spatially controlled
fibronectin and RGD substrates with good bioactivity." Biomaterials 26 (2005): 47-61.

XPS was performed on the surface after each step of the surface modification.  High 
resolution C1s spectra were deconvoluted into contributions from different bond 
configurations.  For the MTS-modified surface, 2 peaks were found with binding energies 
of 284.6 eV (58%) and 285.7 eV (42%).  After modification with GMBS, four C1s peak 
contributions were resolved, at energies 284.6 eV (28%), 285.7 eV (52%), 287.0 eV 
(13%) and 289.1 eV (7%). 

a) What chemical groups contribute to each of the peaks observed in the XPS data for 
these samples? 

b) Compare the observed peak ratio for the MTS-modified surface with the ratio you 
would expect from the chemical scheme proposed.  What might explain the 
discrepancies? 

c) For the GMBS-modified surface, does the XPS spectrum support the proposed 
chemical scheme?  Explain. 

d) Static SIMS measurements were also performed on the GMBS-modified surface.  A 
portion of the positive ion spectrum is shown below.  From the reported surface 
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chemistry, provide all possible chemical fragments that might contribute to the 6 highest 
peaks of the spectra (assume a +1 charge).   

Image removed for copyright reasons. 
See Fig. 3(a), second image, in Zhang, Zhanping, Raphael Yoo, Matthew Wells, Thomas P. Beebe, Jr., Roy Biran, and 
Patrick Tresco. "Neurite outgrowth on well-characterized surfaces: preparation and characterization of chemically 
and spatially controlled fibronectin and RGD substrates with good bioactivity." Biomaterials 26 (2005): 47-61. 

e) Following reaction with GMBS, the peptide GRGDSY or the protein fibronectin were 
covalently coupled to the surface. Neurite outgrowth on these surfaces was compared to 
that of the GMBS-modified surface alone.  Data for neurite length after 72 h in serum 
free media is shown in the figure below.   Outgrowth on the RGD-coupled surface in the 
presence of soluble RGD was also measured.   

i) Neurite outgrowth was more prominent on the fibronectin-coupled surface compared 
with the RGD-coupled surface. What might explain this result? 

ii) When soluble RGD peptide was added to the medium of neurons seeded on the RGD-
coupled surface, the neurite length was reduced to a value comparable to the GMBS-
modified surface. Explain this finding. 

Image removed for copyright reasons.

See Fig. 7 in Zhang, Zhanping, Raphael Yoo, Matthew Wells, Thomas P. Beebe, Jr., Roy Biran, and Patrick Tresco.

"Neurite outgrowth on well-characterized surfaces: preparation and characterization of chemically and spatially controlled 

fibronectin and RGD substrates with good bioactivity." Biomaterials 26 (2005): 47-61.
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33.051J/BE.340 Problem Set 5 
due 4/13/06 

2. (12 pts) Venous catheters are used in patients who require long-term IV therapy, such 
as chemotherapy or hemodialysis.  Such catheters are highly susceptible to clot 
formation.  In an attempt to reduce risk of clot formation, Byun and coworkers (O.D. 
Krishna et al., Biomaterials 2005, 26, 7115) covalently grafted a phospholipid layer onto 
a silicone catheter and performed platelet adhesion studies on the unmodified and 
modified catheters. Grafting was achieved by first performing plasma polymerization of 
allyl alcohol (H2C=CHCH2OH), followed by reaction of resulting –OH surface groups 
with acryloyl chloride in 5% solution in tetrahydrofuran for 7 h to create vinyl groups on 
the surface. Finally, monoacrylated phospholipids (1stearoyl-2-[12-(acryloyloxy) 
dodecanoyl]-sn-glycero-3-phosphocholine) were covalently bonded to the surface by 
assembling vesicles of the acrylated phospholipid on the surface and heating at 80°C for 
15 min. A schematic of the surface modification procedure is shown below. 

Image removed for copyright reasons.

See Fig. 1 in Krishna, Ohm D., Kwangmeyung Kim, and Youngro Byun. "Covalently grafted phospholipid 

monolayer on silicone catheter surface for reduction in platelet adhesion." Biomaterials 26 (2005): 7115-7123.


XPS was performed on the initial silicone surface, and the surface after each step of the 
modification. The table below provides atomic concentrations determined from the low 
resolution spectra for samples measured at a take-off angle of 45° using Mg Kα radiation 
(E=1254 eV). (Si 2p, C 1s, O 1s and N1s electrons). 

Image removed for copyright reasons.

See Table 1 in Krishna, Ohm D., Kwangmeyung Kim, and Youngro Byun. "Covalently grafted phospholipid 

monolayer on silicone catheter surface for reduction in platelet adhesion." Biomaterials 26 (2005): 7115-7123.


a) The Si concentration is first observed to decrease after plasma polymerization of allyl 
alcohol (Sil-Al) and then to increase after reaction with acryloyl chloride (Sil-Al-Ac).  
Provide a likely explanation for these results. 
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4 3.051J/BE.340 Problem Set 5 
due 4/13/06 

b) Using the data provided, estimate the thickness of the grafted phospholipid (PC) layer.  

c) Based on your result from (b), does the PC layer grafted on the silicone catheter have a 
comparable packing density to lipid layers within a cell membrane, as suggested in the 
schematic?   

3. (8 pts) As a novel strategy for nanoscale patterning of proteins on SAM surfaces, G.Y. 
Liu developed an approach utilizing the AFM (K. Wadu-Mesthridge et al., Biophysical J. 
2001, 80, 1891). In an aqueous medium containing 1 mM mercaptopropanoic acid 
(MPA) (HSCH2CH2COOH), a large constant force (10-30 nN) was applied as the tip 
rastered across a region of specified dimension of a decanethiol (HS(CH2)9CH3) SAM. 
The high force disrupted the gold-thiol bonds, causing decanethiol molecules to be 
released from the region. The exposed gold regions were subsequently coated by 
mercaptopropionic acid molecules in the medium.  Finally, the surface was exposed to 10 
µg/ml solution of lysozyme (LYZ), a positively charged protein at pH 7 with 
approximate dimensions 4.5×3×3 nm3, to obtain the surface shown in (C) below.     

a) In this strategy, why are the released decanethiol molecules displaced by MPA, rather 
than readsorbing to the exposed Au surface? 

b) Why are the lysozyme molecules observed to adsorb only to the regions patterned with 
MPA molecules? 

c) LYZ molecules adsorbed to the patterned line appear to adopt a different orientation 
than those adsorbed in the rectangular region.  What could account for this difference? 

d) Do the LYZ molecules appear to be denatured on the MPA surface?  Explain your 
reasoning. 

Images removed for copyright reasons.




See Fig. 2 in Wadu-Mesthrige, Kapila, Nabil A. Amro,




Jayne C. Garno, Song Xu, and Gang-yu Liu. "Fabrication




of Nanometer-Sized Protein Patterns Using Atomic Force 

A) 400×400 nm2 image of initial 


Microscopy and Selective Immobilization." Biophysical 

decanethiol SAM; B) a 10×150 nm2 line 


Journal 80 (2001): 1891-1899.

	
and 100×150 nm2 rectangle of MPA 
written into decanthiol SAM; C) region 
after exposure to LYZ solution; D) cross-
section profiles taken from the white 
lines on images (B) and (C).  The y-
origin represents the Au surface. 
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1 3.051J/20.340J Problem Set 7 
Solutions 

1. (19 pts) One application of biosensors is in quality assurance within the food industry, 
to detect concentrations of harmful pathogens, freshness levels, etc.  In a recent article, 
Chakraborty and coworkers developed a biosensor to detect the concentration of 
monosodium glutamate (MSG) in food extracts (A.K. Basu et al., Biosensors and 
Bioelectronics 21 (2006) 1968). Download the article and answer the following 
questions. 

a) (3 pts) For this biosensor device, what serves as the detection element, signal 
transducer and analyte? 

The enzyme L-glutamate oxidase (LGLOD) serves as the detection element, the 
signal transducer is the dissolved oxygen meter, and the analyte is L-glutamate.  

b) (4 pts) What is the role of L-glutamate dehydrogenase (L-GLDH) in this device? 
What undesirable consequence results from the activation of this enzyme? 

L-GLDH amplifies the signal when NADPH is present in solution by recycling 
α−Kitoglutarate back into L-glutamate so that the latter can be acted on again by 
LGLOD. Although recycling enhances the measured signal, it also appears to 
decrease the range of concentration over which the device is sensitive, as shown in 
Fig. 2. 

c) (2 pts) A dissolved oxygen meter measures the oxygen concentration in solution 
through the current generated by the anodic and cathodic reactions:  

anode: 4Ag + 4Cl− → 4AgCl + 4e− 

cathode: 4H+ + 4e− + O2 → 2H2O 

For the proposed device, how will the measured current change in the presence of L-
glutamate? 

The current will be reduced because oxygen is consumed by the enzymatic action of 
GLOD on L-glutamate. 
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2 3.051J/20.340J Problem Set 7 
Solutions 

d) (3 pts) Figure 4 shows that the sensor response first increases with increasing 
temperature, then decreases for T > 35°C. Provide an explanation for these observed 
trends. 

The increase in sensor response as temperature is raised from 13 to 25 °C can be 
explained by the reaction rate dependence on temperature. With increasing 
temperature, the enzymatic conversion of L-glutamate should occur more 
favorably, yielding a larger signal response.  At elevated temperatures, however, the 
enzymes may denature, causing a reduction of their catalytic activity.   

e) (3 pts) In Fig. 6, the sensor response decreased after extended storage times in PBS at 
4 °C. Explain the possible origin(s) of the diminished response.   

The article does not provide details on the method used to immobilize the enzymes 
on the membrane. If the enzymes were not covalently bound, it is possible that they 
could diffuse from the membrane over time.  The enzymes are also susceptible to 
hydrolysis which could decrease their activity. 

f) (2 pts) In Fig. 2, the sensor signal appears to plateau after reaching a critical MSG 
solution concentration. Provide a possible explanation for this result. 

At a critical MSG concentration, the L-GLOD sites may be fully saturated, so that 
the device is insensitive to higher solution concentrations of MSG.  The critical 
concentration would be lower when L-GLDH is activated, as found in Fig. 2. 

g) (2 pts) Describe an alternate signal transduction method (not electrochemical based) 
that could be employed in a catalytic MSG biosensor. 

A fiber optic biosensor could be prepared by incorporating the enzymes along with 
an oxygen sensitive fluorophore (such as tris(4,7-diphenyl-1,10 phenantroline) 
Ru(II) dichloride) in a polymerized matrix at the tip of the fiber.  When oxygen is 
consumed through the action of L-GLOD on L-glutamate, the fluorescence signal 
will increase, since fluorescence quenching by oxygen will be reduced. 

2) (12 pts) Nerve guidance channels (NGCs) are tubular devices in which the severed 
ends of a nerve are placed in an effort to promote repair by bridging the gap through 
directed axonal regeneration. As a strategy to enhance axonal growth within such a 
device, Piotrowicz and Shoichet investigated the use of poly(hydroxyethyl methacrylate) 
(PHEMA) coatings on the inner lumen surface for the controlled release of nerve growth 
factor (NGF) (Biomaterials 27 (2006) 2018). In their procedure, the NGF was 
incorporated during polymerization of HEMA into a crosslinked film on the channel 
inner wall, using ethylene glycol dimethacrylate (EDMA) as a crosslinking agent. The 
outer channel diameter was 3.4 mm.  
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33.051J/20.340J Problem Set 7 
Solutions 

a) How would you categorize this device?  Explain the mechanism by which NGF is 
released. (2 pts) 

The coating should behave as a monolithic controlled release device.  NGF will be 
released by slow diffusion out of the PHEMA matrix.  

The cumulative release of NGF from a 1 cm section of the channel into PBS is shown 
below. 

Image removed for copyright reasons.
See Fig. 6(c) in Piotrowicz, Alexandra, and Molly S. Shoichet. "Nerve Guidance Channels 
as Drug Delivery Vehicles." Biomaterials 27 (2006): 2018-2027.

b) (3 pts) From the data provided above, determine how the amount of NGF released Mt 
scales with time, assuming Mt = k tn . 

From the graph, we can take the first 4 points:  

Mt (pg) t (days) ln Mt ln t 

2000 0.91 7.6 -0.09 

4000 3.2 8.3 1.16 

6000 6.8 8.7 1.92 

7300 14 8.9 2.64 

Fitting a straight line to the eqn: ln Mt = n ln t + ln k 

we obtain a value of n = 0.49. This agrees with a diffusion-controlled release for 
which n = 0.5. 
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43.051J/20.340J Problem Set 7 
Solutions 

FITC-labeled bovine serum albumin was also incorporated into the structure, to 
characterize the expected protein distribution through the coating.  The figure below 
shows a fluorescence micrograph of the cross-section of the NGC. The scale bar is 100 
µm. 

Image removed for copyright reasons.
See Fig. 5(f) in Piotrowicz, Alexandra, and Molly S. Shoichet. "Nerve Guidance Channels 
as Drug Delivery Vehicles." Biomaterials 27 (2006): 2018-2027.

c) (2 pts) Based on this image, would you expect the release profile for BSA to look 
similar to that for NGF above?  Explain. 

The image indicates a generally uniform distribution of BSA through the coating, 
though the inner surface appears to have a slightly larger fluorescent intensity, 
suggesting a slightly higher BSA concentration near the surface.  This would result 
in an initial “burst” in concentration, followed by a release profile similar in form to 
that of NGF. 

d) (4 pts) From the data provided above, make a rough (order of magnitude) estimate of 
the diffusion coefficient for NGF in the crosslinked PHEMA coating. State any 
assumptions you make.   

Assumptions: 


1) We neglect any curvature effects and model our system as a flat 1d monolithic 

device. 

2) From the cumulative release curve, we roughly estimate M∞ ≈ 10,000 pg. 

3) We will assume that the NGF is distributed throughout the PHEMA layer. 

4) The layer thickness L is approximately 100 microns, based on the fluorescence 

microscopy image. 

5) No release of NGF occurs into the adjacent wall of the NGC. 


We can use the solution for the release rate at short times for a slab monolithic 

device, substituting δ→2L: 


⎤
1/ 2 dMt ⎡ D


2 ⎥
dt 
= 2M ∞ 

⎣⎢ 4π L t ⎦ 
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53.051J/20.340J Problem Set 7 
Solutions 

Integrating this expression, we can obtain an approximate expression for D:  

22 

D = π L 
⎜
⎛ Mt ⎟

⎞ 
4t ⎝ M ∞ ⎠ 

Using the data point at 3.2 days, we can estimate D as: 

2 
2 2D = π (0.01 cm) (0.4) = 2.8×10−10 cm  / sec 

4(3.2)(24)(602 )sec 

e) (1 pt) How could you reduce the release rate for this system? 

Increasing the crosslink density by increasing the amount of EDMA would decrease 
the release rate. 

3. (14 pts) Angiogenesis, the sprouting of new capillaries from existing vasculature, is 
crucial for the growth of malignant tumors.  Researchers have determined that the 
compound O-(chloracetyl-carbamyonyl) fumagillol, known as TNP-470, can inhibit 
tumor growth by inhibiting angiogenesis.  Growth of metastatic human tumors in mice 
has been completely suppressed by administration of TNP-470.  However, this anticancer 
agent also causes significant neurotoxic side effects at therapeutic dose levels.  To 
address this problem, Satchi-Fainaro et al. recently reported chemical conjugation of 
TNP-470 onto the water soluble polymer N-(2-hydroxypropyl)methacrylamide (HPMA) 
through the use of a GFLG peptide linker end-capped with ethylene diamine (Nature 
Medicine, 2004, 10, 255). The structure of TNP-470 and the resulting polymer 
therapeutic are illustrated below.  

Images removed for copyright reasons.

See Fig. 1(a) in Satchi-Fainaro, Ronit, Mark Puder, John W. Davies,

Hai T. Tran, David A. Sampson, Arin K. Greene, Gabriel Corfas, and


                                                                                                    Judah Folkman. "Targeting angiogenesis with a conjugate of HPMA

 copolymer and TNP-470." Nature Medicine 10 (2004): 255-261.


TNP-470  Image from: 
http://www.niaid.nih.gov/daids/dtpdb/tnp470.htm 
Courtesy of the NIH.
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6 3.051J/20.340J Problem Set 7 
Solutions 

a) (3 pts) Why is the GFLG peptide used specifically as the linker in this polymer-drug 
conjugate? 

This linker is stable in circulation but allows for the enzymatic cleavage of TNP-470 
from the polymer backbone after endocytosis by endothelial cells through the action 
of the lysosomal protease cathespin B. 

b) (3 pts) What potential advantage(s) does the chemical conjugation of TN-470 onto 
HPMA copolymer provide? 

The chemical conjugation to polymer backbone enables the drug to extend blood 
circulation time compared with TNP-470 alone.  Conjugation further allows passive 
targeting to tumor sites as a result of the combined leaky vasculature of tumors and 
enhanced permeability of the conjugate (the enhanced permeability and retention, 
or EPR effect). Hydrophobic TNP-470 has limited solubility in water, so a higher 
amount of the drug can be administered by conjugation.  

c) (2 pts) TNP-470 coupling to the HPMA copolymer was performed in the organic 
solvent DMF. Provide the coupling reaction. How could the reaction rate be enhanced? 

O O 

HPMA NH CH2 C TNP + HCl TNP C CH2 Cl + HPMA NH2 

Organic bases such as triethylamine (TEA) could be added to drive the reaction 
forward by reacting with HCl that accumulates from the coupling reaction. 

d) (3 pts) While in vitro cytotoxic effects of free TNP-470 and its polymer conjugate on 
tumor cells were similar, dramatic tumor suppression by the TNP-470 conjugate was seen 
in vivo compared to free TNP-470. Explain the reason for this apparent discrepancy.  

The enhanced circulation time and passive targeting of the tumor site through the 
EPR effect causes the prodrug to be much more effective in vivo than free TNP-470.  
These effects are not notable in the in vitro proliferation experiments.  
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Images removed for copyright reasons.
See Fig. 2(a), 4(a), and 4(b) in Satchi-Fainaro, Ronit, Mark Puder, John W. Davies, Hai T.
 Tran, David A. Sampson, Arin K Greene, Gabriel Corfas, and Judah Folkman. "Targeting 
Angiogenesis with a Conjugate of HPMA Copolymer and TNP-470." Nature Medicine 

e) (2 pts) The figure below illustrates the distribution of free and conjugated TNP-470 in 
different organs. Only free TNP-470 was seen in the brain.  The drug is known to cause 
symptoms of cerebellar dysfunction.  Why did the conjugated drug not accumulate in the 
brain? 

Images removed for copyright reasons. 
See Fig. 5(c) in Satchi-Fainaro, Ronit, Mark Puder, John W. Davies, Hai T. Tran, David A.
Sampson, Arin K. Greene, Gabriel Corfas, and Judah Folkman. "Targeting Angiogenesis 
with a Conjugate of HPMA Copolymer and TNP-470." Nature Medicine 10 (2004): 255-261. 

The blood brain barrier, a membrane that precludes the passage of large molecules 
(> 500 Da) into the central nervous system, blocked passage of the conjugated drug, 
but allowed free TNP-470 to pass due to its low molecular weight.  

f) (1 pt) The liver is one of the most common sites of metastatic disease.  How could the 
HPMA copolymer above be modified to improve targeting of TNP-470 to a liver 
metastasis?  

Side chains covalently binding galactosamine groups could be employed, since this 
molecule serves as a ligand for hepatocyte asialoglycoprotein receptors.  

10 (2004): 255-261.
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3.051J/20.340J       Materials for Biomedical Applications   Final Exam 
                May 17, 2004                 

 
 

 1

1. (38 pts) Amyotrophic lateral sclerosis, ALS, also known as Lou Gherig’s disease, is a neuromuscular 
disorder in which patients gradually lose peripheral motor activity.  One approach under investigation 
for treatment of ALS combines gene therapy with cell encapsulation therapy.  In the ALS treatment 
under consideration, rodent cell lines are modified genetically to release ciliary derived neurotrophic 
factor, CNTF, an agent which has shown promise for slowing the deterioration of neurons in more 
conventional preclinical drug tests.  In conventional cell culture studies, Hamster-BHK cells transfected 
with the gene for CNTF, showed promisingly high secretion rates of 1 ng/106cells/day.   
 
You are working for a company that is developing a cell encapsulation device to house the Hamster-
BHK cells in vivo.  Prototype membranes having the porosity characteristics given in the table below 
have been developed.  
 
(a) What functions does the membrane serve in this device?  (3 pts) 
 
(b) What processing route would be used to make the membrane for this device? What would be a 
typical material for such a membrane? (4 pts) 
 
(c) Which prototype membrane will exhibit the highest CNTF delivery rates, assuming the same number 
of cells is contained in each device? Justify your response quantitatively, stating any assumptions you 
make. (6 pts)  
 
 

Membrane 
Prototype 

      1 
 

       2 
 

       3 
 

Pore size (Å) 
 

   16±7  
 

    27±7  
 

   46±20  

Surface 
Porosity (%) 
 

0.044±0.008
 

0.045±0.006
 

0.053±0.006
 

Thickness (µm) 
 

    670±25 
 

    810±14 
 

    819±22 
 

 
 

 
 

Semipermeable 
membrane 

Gel & cells 

4 mm 

L 

2.5 mm
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(d) Approximately how long should this device be (L) to hold 106 cells? State any assumptions you 
make in arriving at your value.  (4 pts) 

(e) Based on pore size considerations, would any of the prototype membranes be expected to exclude the 
antibody IgG (molecular weight 160,000 g/mol)?  Justify your response as quantitatively as possible, 
stating any assumptions you make. (5 pts) 

(f) In prototype devices prepared by your company, cells were seeded in a polyethylene oxide (PEO) 
hydrogel within the membrane, and cultured in nutrient-rich media to test for CNTF release.  To your 
management’s dismay, the release rate was found to be much lower than anticipated from studies of the 
same cells seeded on conventional culture plates.  Moreover, CNTF secretion was seen to decrease 
monotonically over several days in culture.  Provide two likely explanations for these observations. (4 
pts) 

(g) Suggest design changes to the device to rectify the problems noted in (f).  (4 pts) 

(h) Would you expect this device to be more resistant to crushing in the longitudinal or transverse 
direction?  Justify your answer quantitatively.  (5 pts) 

(i) Your company is also considering development of cell encapsulation therapies for type I diabetes 
based on these membranes.  Would you recommend pursuing this application? Explain your answer. (3 
pts) 

2. (34 pts) Expanded polytetrafluoroethylene (ePTFE) is a commonly used material for synthetic 
vascular grafts. One mode of failure of such devices is via bacterial infection initiated during 
implantation. Upon the introduction of a foreign material into the body, a competition for the surface 
ensues between bacteria and leukocytes that serve to fight infection.  One hypothesis for elevated 
infection rates for PTFE graft implantations is that leukocyte migration is impeded on ePTFE surfaces, 
allowing bacteria to become established in the early stages following implantation.   

(a) Describe the process by which leukocytes are attracted and migrate to the site of a vascular graft 
implantation. (4 pts) 

To investigate which integrin subunits play a significant role in leukocyte migration on ePTFE, Chang 
and coworkers performed random migration studies on populations of fluorescently labeled 
polymorphonuclear leukoocytes (PMN’s or neutrophils) exposed to antibodies for different integrin 
subunits. Confocal microscopy images depicting PMN migration on ePTFE after 3 h of incubation with 
IgG (A) or anti-CD18 (C) are shown below. 

(b) Explain how one would obtain a motility coefficient for the PMN’s from such data. (4 pts) 

(c) Provide a molecular level explanation for the observed differences in migration between PMN’s 
exposed to anti-CD18 vs. those exposed to IgG. (3 pts) 

2 
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As a potential surface modification method for ePTFE, Kidd and Williams investigated temporarily 
seeding epithelial cells onto ePTFE to deposit extracellular matrix proteins and thus potentially improve 
endothelial cell adhesion and vascularization of new tissues.  In their study, 6 different cell types were 
seeded on ePTFE: human microvessel endothelial cells (HMVEC), rat microvessel endothelial cells 
(RMVEC), human squamous epithelial cell line (HaCaT), a tumorigenic variant of HaCaT (II-4), rat 
bladder squamous cell carcinoma cell line (804-G), and lung carcinomatous epithelial cell line (A549). 
Cells were seeded at equivalent densities and left in culture for 8 days, after which they were removed 
using ammonium hydroxide, which allowed deposited ECM proteins to remain on the surface.  
Subsequently, ECM was collected from the surface of the ePTFE with a rubber scraper and SDS 
polyacrylamide gel electrophoresis was performed to determine the proteins present. Western blot 
analysis was performed employing rabbit or mouse antibodies for collagen I, collagen IV, fibronectin, 
laminin-1 and laminin-5 in different lanes of the gel, followed by a secondary antibody, rat antimouse 
IgG or goat antirabbit IgG, conjugated to horseradish peroxidase.  Results from the SDS-PAGE study 
are shown below. 

(d) Explain the function of the two antibodies used in the Western blot analysis.  (4 pts) 

(e) Based on the SDS-PAGE results, which protein has a higher molecular weight, fibronectin or 
laminin-5? Explain.  (2 pts) 

3 

Images removed for copyright reasons.

See Fig. 4(a) and (c) in Chang, Charlie C., Rene S. Rosenson-Schloss, Tanuja D. Bhoj, and Prabhas 
V. Moghe. "Leukocyte Chemosensory Migration on Vascular Prosthetic Biomaterial is Mediated by an 
Integrin ß2 Receptor Chain."  Biomaterials 21 (2000): 2305-2313.
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To ascertain the effects of ECM-modification on vascularization near the ePTFE grafts, discs of ePTFE 
modified as described above were implanted into the fatty tissue of rats.  After 5 weeks, the devices 
were explanted and tissues in the vicinity of the implant examined for new vessel growth.  Data 
quantifying angiogenesis and neovascularization are given in the figure below, reported as means and 
standard deviations of n=4 samples for RMVEC-, HMVEC, A549-, and II-4-modified samples and n=8 
samples for 804-G, HaCaT and nonmodified samples. 

(f) Describe the expected tissue morphology in the vicinity of the ePTFE implant after (i) five days; (ii) 
five weeks. (6 pts) 

(g) Which of the ECM-modified samples exhibit a statistically significant increase in angiogenesis 
compared with the unmodified ePTFE control? (6 pts) 

(h) From the data provided, give a possible explanation for your findings in (g). (2 pts) 

(i) How might the results of this study be relevant to cancer therapies? (3 pts) 

4 

Images removed for copyright reasons.

See Fig. 1 in Kidd, Kameha R., and Stuart K. Williams. "Laminin-5-enriched Extracellular Matrix

Accelerates Angiogenesis and Neovascularization in Association with ePTFE." J Biomed Mater 
Res 69A (2004): 294-304.
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3. (39 pts) Over 15M people in the United States alone are afflicted with type I diabetes, a disease in 
which the pancreas fails to generate adequate insulin necessary for metabolizing glucose.  The 
management of blood glucose is currently achieved by active monitoring of blood glucose 
concentration, typically ranging from 1-30 mM, along with daily insulin injections to replace or 
supplement the patient’s natural hormone production.  

(a) Describe the operation of commercial biosensor devices used for glucose monitoring.  (4 pts) 

As a potential new method for glucose monitoring, Hsieh et al. developed a surface plasmon resonance 
device. For this device, bacterially-derived glucose/galactose-binding protein (GGBP), a known 
receptor for glucose, was covalently attached to the SPR surface by replacing specific amino acids in the 
structure by cysteine (R group= CH2SH) through genetic mutation.  Below is a ribbon diagram of GGBP 
showing its binding pocket for glucose and locations of mutation sites. 

(b) Sketch the general reaction employed to bind the GGBP to the SPR surface. (2 pts) 
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(c) Is this device a biosensor?  What constitutes the detection element, analyte and transducer? (4 pts)  

The figure below shows the SPR signal (RU= response units, 1RU ~1 pg/mm2) generated upon the 
injection of 100 µM glucose in a running buffer solution flowing at 5 µl/min over a surface coated with 
GGBP mutated at the E149 site (solid line), and a second surface prepared with E149-mutated GGBP 
subsequently denatured by overnight exposure to 1M guanidine HCl (dashed line). 

6 

Image removed for copyright reasons.

See Fig. 1 in Hsieh, H. V., Z. A. Pfeiffer, T. J. Amiss, D. B. Sherman, J. B. Pitner. "Direct Detection of  
Glucose by Surface Plasmon Resonance with Bacterial Glucose/galactose-binding Protein." Biosensors
and Bioelectronics 19 (2004): 653-660.
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(d) Explain the observed features in the SPR signal as a function of time for the E149C mutant GGBP 
surface (solid line).  (3 pts) 

(e) Why does the SPR signal differ when E149C GGBP is denatured prior to glucose exposure? (2 pts) 

(f) What techniques could you use to characterize changes in the: (i) secondary structure content, (ii) 
surface chemistry, (iii) surface morphology and (iv) thickness of the GGBP layer after exposure to 
guanidine HCl? (8 pts) 

In a series of experiments, the SPR signal change was recorded as a function of glucose concentration 
for a E149C mutant GGBP surface and a GGBP with cysteine mutations at E149C, A213S and L238S, 
as shown below. 
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(g) From the data provided, calculate the equilibrium dissociation constant for glucose-GGBP binding in 
each case.  (6 pts) 

(h) Explain the observed differences in Kd for the two surfaces. (3 pts) 

(i) How would you expect the value of Kd to change if the cysteine mutation was performed at the K137 
site? (2 pts) 

(j) Would either of the sensors above be useful for monitoring glucose levels typical in humans? 
Explain. (3 pts) 

(k) Provide one key drawback to the proposed SPR sensor for blood glucose monitoring. (2 pts) 

8 
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1. (38 pts) Amyotrophic lateral sclerosis, ALS, also known as Lou Gherig’s disease, is a neuromuscular 
disorder in which patients gradually lose peripheral motor activity.  One approach under investigation 
for treatment of ALS combines gene therapy with cell encapsulation therapy.  In the ALS treatment 
under consideration, rodent cell lines are modified genetically to release ciliary derived neurotrophic 
factor, CNTF, an agent which has shown promise for slowing the deterioration of neurons in more 
conventional preclinical drug tests.  In conventional cell culture studies, Hamster-BHK cells transfected 
with the gene for CNTF, showed promisingly high secretion rates of 1 ng/106cells/day.   
You are working for a company that is developing a cell encapsulation device to house the Hamster-
BHK cells in vivo. Prototype membranes having the porosity characteristics given in the table below 
have been developed. 

(a) What functions does the membrane serve in this device?  (3 pts) 

The membrane serves to contain the cells as well as isolate them from the immune system while 
still allowing for permeability of nutrients, waste and CNTF. 

(b) What processing route would be used to make the membrane for this device? What would be a 
typical material for such a membrane? (4 pts) 

A membrane could be formed using immersion precipitation of PAN-PVC, PP, polycarbonate, 
cellulose nitrate, or acrylic polymers.  In this process, a polymer solution is coated onto a 
cylindrical substrate and the substrate is dipped into a coagulation bath that contains a poor 
solvent for the polymer.  The polymer precipitates onto the substrate and subsequent removal of 
the substrate leaves a hollow fiber membrane. 

(c) Which prototype membrane will exhibit the highest CNTF delivery rates, assuming the same number 
of cells is contained in each device? Justify your response quantitatively, stating any assumptions you 
make. (6 pts)  

Membrane 
Prototype 

1 2 3 

Pore size (Å) 16±7 27±7 46±20 

Surface 
Porosity (%) 

0.044±0.008 0.045±0.006 0.053±0.006 

Thickness (µm)  670±25 810±14 819±22 

1 
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Membrane Prototype 1 2 3
Surface Porosity ε (%) 0.044 0.045 0.053
Thickness δ (µm) 670 810 819
ε/δ 6.56716E-05 5.56E-05 6.47E-05  
Membrane prototype 1 has the highest ratio of surface porosity to thickness and should exhibit the 
highest CNTF delivery rate. 
 
(d) Approximately how long should this device be (L) to hold 106 cells? State any assumptions you 
make in arriving at your value.  (4 pts) 

Semipermeable 
membrane 

Gel & cells 

4 mm 

L 

2.5 mm
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An approximate cell diameter is 10µm, and approximating the cell as a sphere to calculate the 
cellular volume yields 5.24E-7mm3/cell.  This volume times 106 cells yields 0.524mm3. Solving for 
the length of an inner chamber of this volume and a radius of 1.25mm results in a length of 
0.11mm. This does not account for extracellular space, and the device length would have to be 
increased by the percent of unfilled volume within the device to accommodate a realistic cell 
density. 

3

−3 3
4 

π (5 10 mm) = 5.24E-7 mm  x
3  cell  
5.24E-7mm3 

6(10 cells)=0.524mm3 

cell 
3 20.524mm = π (1.25) l l  = 0.11mm 

(e) Based on pore size considerations, would any of the prototype membranes be expected to exclude the 
antibody IgG (molecular weight 160,000 g/mol)?  Justify your response as quantitatively as possible, 
stating any assumptions you make. (5 pts) 

An approximate protein density is 1.4g/cm3, and a protein of this MW would have a linear 
dimension of about 57x10-8 cm. The membrane with the largest pore size has a pore linear 
dimension of (46±20)x10-8 cm and therefore is not small enough to exclude IgG. 

3 −19 3  1160, 000 g mol x cm 
= 

1.90 10 cm (1.90 10 cm  ) 3 = 57 10 cm  x −19 3 −8x x 
xmol 

x 
6.02 10 −23 proteins 1.4g protein 

linear dimension of largest pore = 4.6+2.0nm>5.7nm = linear dimesion of protein 

(f) In prototype devices prepared by your company, cells were seeded in a polyethylene oxide (PEO) 
hydrogel within the membrane, and cultured in nutrient-rich media to test for CNTF release.  To your 
management’s dismay, the release rate was found to be much lower than anticipated from studies of the 
same cells seeded on conventional culture plates.  Moreover, CNTF secretion was seen to decrease 
monotonically over several days in culture.  Provide two likely explanations for these observations. (4 
pts) 

The device diameter is too large for nutrients to reach cells in the center of the device (the tube 
edges would be sealed).  An approximate limit to the distance cells can be separated from a 
nutrient source is 0.5mm, so the inner diameter should be no larger than 1mm, but in this device it 
is 2.5mm. In addition, the PEO hydrogel does not contain any binding epitopes for the cells, and 
does not support protein adsorption needed for cell attachment and proper functioning. 

(g) Suggest design changes to the device to rectify the problems noted in (f).  (4 pts) 

To provide binding epitopes for cells, the membrane could encapsulate cells seeded into a network 
of collagen. To remedy transport problems, the device dimensions could be decreased or the 

3 
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geometry of the device could be changed to a disc.  If a tubular device with an inner diameter of 
1mm were fabricated, it would have to be 0.67mm long to encapsulate 106 cells. 

(h) Would you expect this device to be more resistant to crushing in the longitudinal or transverse 
direction?  Justify your answer quantitatively.  (5 pts) 

This device would be more resistant to crushing in the longitudinal direction where the 
modulus of the device is related to the moduli of the two materials by the following equation: 

1Ecomposite = V  E  1 + V2 E2 

wheras the modulus of the device in the transverse direction would follow: 
V21 

= 
V1 +

Ecomposite E1 E2 

The resulting modulus of the device in the transverse direction is less than the modulus 
of the device in the longitudinal direction for all reasonable values of E  and E1 2 

For example, the volume fraction of the membrane is about 0.6 and that of the PEO gel is about 
0.4, as estimated using the device dimensions.  Assuming a compression modulus of 2GPa for the 
membrane and 0.2GPa for the hydrogel, the modulus of the device in the transverse direction is 
0.434GPa and the modulus in the longitudinal direction is 1.28GPa. 

(i) Your company is also considering development of cell encapsulation therapies for type I diabetes 
based on these membranes.  Would you recommend pursuing this application? Explain your answer. (3 
pts) 

This device geometry would not be practical for diabetes treatment.  Approximately 109 cells 
would be needed to produce a therapeutic level of insulin, and using the same reasoning as above, 
a device of this nature would need to be 11 cm long to encapsulate 109 cells. 

2. (34 pts) Expanded polytetrafluoroethylene (ePTFE) is a commonly used material for synthetic 
vascular grafts. One mode of failure of such devices is via bacterial infection initiated during 
implantation. Upon the introduction of a foreign material into the body, a competition for the surface 
ensues between bacteria and leukocytes that serve to fight infection.  One hypothesis for elevated 
infection rates for PTFE graft implantations is that leukocyte migration is impeded on ePTFE surfaces, 
allowing bacteria to become established in the early stages following implantation.   

(a) Describe the process by which leukocytes are attracted and migrate to the site of a vascular graft 
implantation. (4 pts) 

Complement activation by the alternative pathway occurs when activation of endothelial cells at 
the site of injury results in cleavage of C3 protein and the deposition of C3b on the graft surface.  
The C3b fragment catalyzes the cleavage of C5 to C5a, which is a soluble ligand for specific 
receptors expressed on the leukocyte cell surface. This recognition of C5a allows for chemotactic 
attraction and migration of leukocytes to the site of implantation.  

4 
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To investigate which integrin subunits play a significant role in leukocyte migration on ePTFE, Chang 
and coworkers performed random migration studies on populations of fluorescently labeled 
polymorphonuclear leukocytes (PMN’s or neutrophils) exposed to antibodies for different integrin 
subunits. Confocal microscopy images depicting PMN migration on ePTFE after 3 h of incubation with 
IgG (A) or anti-CD18 (C) are shown below. 

(b) Explain how one would obtain a motility coefficient for the PMN’s from such data. (4 pts) 

For random migration, the ratio of PMN concentration at a distance x from the cell well after a 
certain time t (3 hours in this case) to the concentration of PMN in the well is described by the 
following equation: 

( ,c x  t  ) ⎛ x ⎞ 

c0 

= efrc ⎜
⎝ 4µt ⎠

⎟ 

A fit to a plot of the PMN concentration ratio versus distance obtained from this data could be 
used to find µ, the motility coefficient. 

(c) Provide a molecular level explanation for the observed differences in migration between PMN’s 
exposed to anti-CD18 vs. those exposed to IgG. (3 pts) 

When bound to anti-CD18, the CD-18 integrin subunit is unable to participate in binding with the 
substrate, thereby decreasing cellular adhesion to the substrate and subsequent migration. 

5 

Images removed for copyright reasons.

See Fig. 4(a) and (c) in Chang, Charlie C., Rene S. Rosenson-Schloss, Tanuja D. Bhoj, and Prabhas 

V. Moghe. "Leukocyte Chemosensory Migration on Vascular Prosthetic Biomaterial is Mediated by an 
New Text

Integrin ß2 Receptor Chain."  Biomaterials 21 (2000): 2305-2313.
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As a potential surface modification method for ePTFE, Kidd and Williams investigated temporarily 
seeding epithelial cells onto ePTFE to deposit extracellular matrix proteins and thus potentially improve 
endothelial cell adhesion and vascularization of new tissues.  In their study, 6 different cell types were 
seeded on ePTFE: human microvessel endothelial cells (HMVEC), rat microvessel endothelial cells 
(RMVEC), human squamous epithelial cell line (HaCaT), a tumorigenic variant of HaCaT (II-4), rat 
bladder squamous cell carcinoma cell line (804-G), and lung carcinomatous epithelial cell line (A549). 
Cells were seeded at equivalent densities and left in culture for 8 days, after which they were removed 
using ammonium hydroxide, which allowed deposited ECM proteins to remain on the surface.  
Subsequently, ECM was collected from the surface of the ePTFE with a rubber scraper and SDS 
polyacrylamide gel electrophoresis was performed to determine the proteins present. Western blot 
analysis was performed employing rabbit or mouse antibodies for collagen I, collagen IV, fibronectin, 
laminin-1 and laminin-5 in different lanes of the gel, followed by a secondary antibody, rat antimouse 
IgG or goat antirabbit IgG, conjugated to horseradish peroxidase.  Results from the SDS-PAGE study 
are shown below. 

(d) Explain the function of the two antibodies used in the Western blot analysis.  (4 pts) 

The first adhesion protein-specific rabbit or mouse antibodies bind to their respective adhesion 
protein. The second antimouse and antirabbit antibodies then bind to the first, protein specific 
antibodies. These anti-antibodies are linked to an enzyme (horseradish peroxidase) that catalyzes 
formation of a colored by-product when in the presence of a chromatogenic agent, allowing for 
detection of the (enzyme-antibody)-(antibody)-(adhesion protein) complex.  

(e) Based on the SDS-PAGE results, which protein has a higher molecular weight, fibronectin or 
(2 pts)laminin-5? Explain.  

Images removed for copyright reasons.

See Fig. 1 in Kidd, Kameha R., and Stuart K. Williams. "Laminin-5-enriched Extracellular Matrix

Accelerates Angiogenesis and Neovascularization in Association with ePTFE." J Biomed Mater 
Res 69A (2004): 294-304.
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SDS binds (~1 SDS per 2 amino acids) and denatures proteins, at which point the native charge 
becomes negligible and the charge/mass of each protein is essentially constant. The bound proteins 
are then placed under an electric field and forced to move through a gel. This separates the 
protein chains via molecular weight as the low molecular weight species move through the gel 
media faster than the bulkier, higher molecular weight species.  The results show that fibronectin 
is of a higher molecular weight because it does not travel as far as the laminin 5. 

To ascertain the effects of ECM-modification on vascularization near the ePTFE grafts, discs of ePTFE 
modified as described above were implanted into the fatty tissue of rats.  After 5 weeks, the devices 
were explanted and tissues in the vicinity of the implant examined for new vessel growth.  Data 
quantifying angiogenesis and neovascularization are given in the figure below, reported as means and 
standard deviations of n=4 samples for RMVEC-, HMVEC, A549-, and II-4-modified samples and n=8 
samples for 804-G, HaCaT and nonmodified samples. 

(f) Describe the expected tissue morphology in the vicinity of the ePTFE implant after (i) five days; (ii) 
five weeks. (6 pts) 

Within 5 days, monocytes recruited by C5a have evolved into macrophages, and may have fused 
together to form foreign body giant cells.  Fibroblasts recruited by macrophage/FBGC products 
have started to deposit collagen, leading to the formation of pink granulation tissue, accompanied 
by capillary sprouting or angiogenesis.  Within five weeks, significant connective tissue 
remodeling should have occurred, leading to the formation of a thin, encapsulating fibrous layer 
around the implant. 

(g) Which of the ECM-modified samples exhibit a statistically significant increase in angiogenesis 
compared with the unmodified ePTFE control? (6 pts) 

2 2x − x ' − (µ µ ') vS + v S − ' '  t = σ = 
1 1 p v v '+

σ +p N  N  ' 
Assume µ µ', if the t value falls between this interval: = 

< t  t  1+ P<t− 1+ P 
2 2 

then the difference between the two samples is not statistically significant 
for ν =14, at 95%, t = 2.14    for comparison of 804-G and HaCaT (N=8) with control (N=8).975 

for ν =10, at 95%, t = 2.23    for comparison of II-4 (N=4) with control (N=8).975 
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Sample x S N ν σp tcalc t.975 Stat. Significant 
non-modified 510 70 8 7 
804-G 850 130 8 7 104.4031 6.513219 2.14 Yes 
HaCaT 640 70 8 7 70 3.714286 2.14 Yes 
II-4 660 50 4 3 64.65292 3.788676 2.23 Yes 
(h) From the data provided, give a possible explanation for your findings in (g). (2 pts) 

Only the samples that contain laminin 5 result in a statistically significant increase in angiogenesis, 
suggesting that this protein plays an important role in the process.   

(i) How might the results of this study be relevant to cancer therapies? (3 pts) 

Angiogenesis is necessary for tumor growth to occur, and by interfering with laminin 5-cell 
interactions at the tumor site, angiogenesis and therefore tumor growth may be reduced.  
Particularly, the observed increase in angiogenesis with laminin 5 deposition occurred in epithelial 
cancer cell lines. 
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3. (39 pts) Over 15M people in the United States alone are afflicted with type I diabetes, a disease in 
which the pancreas fails to generate adequate insulin necessary for metabolizing glucose.  The 
management of blood glucose is currently achieved by active monitoring of blood glucose 
concentration, typically ranging from 1-30 mM, along with daily insulin injections to replace or 
supplement the patient’s natural hormone production.  

(a) Describe the operation of commercial biosensor devices used for glucose monitoring.  (4 pts) 

Electrochemical detection of glucose is achieved in commercial biosensors through the 
immobilization of glucose oxidase near an electrode.  The enzyme catalyzes the following reaction: 

The H2O2 produced by this reaction is subsequently oxidized at the electrode, creating a 
measurable current: 
H2O2 Æ O2 + 2H+ + 2e-

As a potential new method for glucose monitoring, Hsieh et al. developed a surface plasmon resonance 
device. For this device, bacterially-derived glucose/galactose-binding protein (GGBP), a known 
receptor for glucose, was covalently attached to the SPR surface by replacing specific amino acids in the 
structure by cysteine (R group= CH2SH) through genetic mutation.  Below is a ribbon diagram of GGBP 
showing its binding pocket for glucose and locations of mutation sites. 

(b) Sketch the general reaction employed to bind the GGBP to the SPR surface. (2 pts) 

(c) Is this device a biosensor?  What constitutes the detection element, analyte and transducer? (4 pts)  

This device uses a biological agent for detection of the analyte and can therefore be classified as a 
biosensor. The GGBP serves as the detection element, the analyte is glucose, and the measurable 
shift in SPR signal upon glucose-GGBP binding serves as the signal transducer. 

9 

Image removed for copyright reasons.
See Fig. 1 in Hsieh, H. V., Z. A. Pfeiffer, T. J. Amiss, D. B. Sherman, J. B. Pitner. "Direct Detection of  
Glucose by Surface Plasmon Resonance with Bacterial Glucose/galactose-binding Protein." Biosensors
and Bioelectronics 19 (2004): 653-660.
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The figure below shows the SPR signal (RU= response units, 1RU ~1 pg/mm2) generated upon the 
injection of 100 µM glucose in a running buffer solution flowing at 5 µl/min over a surface coated with 
GGBP mutated at the E149 site (solid line), and a second surface prepared with E149-mutated GGBP 
subsequently denatured by overnight exposure to 1M guanidine HCl (dashed line). 

(d) Explain the observed features in the SPR signal as a function of time for the E149C mutant GGBP 
surface (solid line).  (3 pts) 

Upon the injection of glucose, binding occurs between glucose and the surface bound GGBP 
mutant, and this binding elicits a change in the SPR signal by causing a change in the refractive 
index of the surface, nsurface. 

2
ω0 
ε metal nsurface
K = sp 2
c ε metal + nsurface


Once the injection stops, the SPR signal begins to return to its original value as glucose detaches 
from GGBP and is carried away by the running buffered solution.  A fraction of glucose appears 
to be bound irreversibly, since the signal never returns to zero. 

(e) Why does the SPR signal differ when E149C GGBP is denatured prior to glucose exposure? (2 pts) 

An exact protein structure is essential to the formation of the glucose specific binding pocket, and 
upon denaturation, this exact structure is lost and the glucose specific binding region no longer 
exists in a functional form. 
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(f) What techniques could you use to characterize changes in the: (i) secondary structure content, (ii) 
surface chemistry, (iii) surface morphology and (iv) thickness of the GGBP layer after exposure to 
guanidine HCl? (8 pts) 

Each technique must be capable of sample analysis in an aqueous environment:  

Circular Dichroism could be used to detect the secondary structure content by making colloidal 

gold spheres modified with GGBP.  

Surface chemistry could be analyzed with an advancing/receding contact angle. 

AFM could be used to evaluate surface morphology by looking at height information in tapping 

mode. 

The thickness of the GGBP layer could be calculated with in-situ ellipsometry.  


In a series of experiments, the SPR signal change was recorded as a function of glucose concentration 
for a E149C mutant GGBP surface and a GGBP with cysteine mutations at E149C, A213S and L238S, 
as shown below. 
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(g) From the data provided, calculate the equilibrium dissociation constant for glucose-GGBP binding in 
each case.  (6 pts) 
Noting that ν = RU/RUmax , the Langmuir equation can be expressed as: 

11 
= 

Kd +
RU [Glu RU RU ] max max 

Performing linear regression on the data gives a best-fit line of:  

1/RU = 0.088/[Glu] + 0.0024 from which we obtain RUmax = 425 and Kd = 37 uM 

for E149C: 
RU [Glu] uM 1/RU 1/[Glu] 

20 2 0.05 0.5 0.06 
y = 0.0875x + 0.0024 37 3 0.027 0.333333 

75 6 0.013 0.166667 
105 12 0.01 0.083333 
105 25 0.01 0.04 

1/
R

U



0.04 
0.02 

0 
0 0.2 0.4 0.6 

1/[Glu] 

1/RU = 0.011/[Glu] + 0.015 from which we obtain RUmax = 67 and Kd = 0.73 mM 

for E149C, A213S, L238S: 
RU [Glu] mM 1/RU 1/[Glu] 

14 0.2 0.07 5 0.08 

33 0.6 0.0303 1.666667 0.06 
40 1 0.025 1

55 10 0.018 0.1
 1/

R
U

 

0.04 
0.02 

0 

y = 0.0109x + 0.0147 

0 1 2 3 4 5 6 

1/[Glu] 
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3.051J/20.340J Materials for Biomedical Applications   Final Exam
 Solutions 

(h) Explain the observed differences in Kd for the two surfaces. (3 pts) 

By increasing the number of binding sites between the surface and GGBP, access of glucose to the 
binding pocket is decreased, making it harder for glucose to bind, resulting in an increase of the 
dissociation constant. 

(i) How would you expect the value of Kd to change if the cysteine mutation was performed at the K137 
site? (2 pts) 

By attaching GGBP via the K137 site, the ability of glucose to access the binding pocket should 
increase, making it easier for glucose to bind, resulting in a decrease of the dissociation constant. 

(j) Would either of the sensors above be useful for monitoring glucose levels typical in humans? 
Explain. (3 pts) 

Blood glucose levels in humans are typically close to mM concentrations, and therefore the sensor 
attached by multiple binding sites may be useful for monitoring glucose levels in humans. 

(k) Provide one key drawback to the proposed SPR sensor for blood glucose monitoring. (2 pts) 

Non-specific adsorption of other blood components could occur and result in a SPR signal change 
as well.  A membrane that limited surface access to small molecules like glucose would be useful in 
this case. 
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