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Classes of Biomaterials

« Synthetic Polymers

- Semi-crystalline, fibers

« Amorphous, rubbers

- Amorphous, glassy plastics

« Semi-crystalline, ductile plastics
+ Hydrophilic, hydrophobic

« Metals

« Pure metals
+ Alloys
+ Amalgams

- Glasses and Ceramics

« Carbons
- Pyrolytic
» Pyrolysed

« Natural Polymers and Tissues

« Animal sources
« Plant sources







Synthetic (Biomedical) Polymers

R. Cotterill, Cambridge Univ. Press, 1985



Typical Molecular Weights of Synthetic Polymers

Physical
Properties
(eg, strength)

Too difficult
to process

—>

= Practical

= MW range:
1000 to
500,000

e

Too weak

Molecular Weight

Melt
Viscosity



Two key thermal transitions of polymers determine their
physical properties at use conditions.

* [, the glass transition temperature, where the polymer goes from a
hard, glassy material to a soft, rubbery material as T is raised over a few
degrees. All polymers have a T since all polymers have some
amorphous content.

« T\, the crystalline melting temperature, where the polymer goes from a
tough, translucent or opaque material to a clear, soft and rubbery material.

This is a sharp, thermodynamic first order transition T. Only polymers with
regular chain architecture can crystallize and exhibit a Tm.

Key molecular properties that determine T, and T,

e Composition of repeat unit (POLARITY)
* Ability to rotate around backbone C-C bonds (STIFFNESS)
* Ability to pack into crystallites (REGULARITY OF CHAIN)




Amorphous
polymer
(could be glassy
or rubbery)
Semi-crystalline
polymer

Folded chain
polymer
crystallite




POLYMER MORPHOLOGY/MECHANICS

Amorphous Amorphous/crystalline

Soft Soft Hard Ductile Hard
rubbery viscoelastic brittle plastics tough
solids solids glasses solids
Silicone rubber PVC PMMA PE, PP Nylon
Polyurethane (plasticized) Polystyrene| PTFE PET
N J

Y

Draw to

orient

chains

Strong PE, PP

fibers PET, Nylon







TYPICAL POLYMER MECHANICS

Highly crystalline and oriented Fiber (T < Tm)
or
Glassy Plastic (T < TQ)

4y
.....IIIII

.
.
*a

Ductile Plastic
(semi-crystalline) (T > Tg)

STRESS
psi x 103

Rubber
(amorphous but may form
crystals at high strain)
(T>Tg)

STRAIN, ?L/L



Structural Factors Influencing Polymer
Ts, Ty and Ultimate End Uses

Rubbers
e flexible chains (well above T)
e irreqular chains (NO crystalline regions)
e lightly crosslinked
Plastics
e Glassy plastics
e stiff chain (below T)
* no crystalline regions
e Ductile plastics
e flexible chain (above T, below T,,)
* has crystalline regions
e may contain plasticizers

Fibers
e highly reqular, “streamlined” chains
* higher T,, with chain polarity and stiffness
* high % crystallinity
e usually stress-oriented to fibrous state




Molecular parameters affecting T, and T,,

LOW POLARITY STIFENESS REGULARITY
PDMS PDMS Polystyrene
PE PE PMMA
PP (atactic)
Low T
Low TiOF Tw © No Crystallinity
High T or Ty, High Tg Crystallinity
HIGH Nylon Polystyrene PTFE
Cellulose PMMA PE

PP (isotactic)
PET



Thermodynamics of Polymer Melting (Part 1)

At T, assume equilbrium between the
crystalline and amorphous phases.

?G. =0=?H_-T.?S,_

and therefore, T,,=?H_, / ?S,

?2H,. ?S.
reflects reflects gain in
chain polarity randomness
and packing on melting
In crystal (chain stiffness)




Thermodynamics of Polymer Melting (Part 2)

Amorphous
polymer
low T,
Crystalline HEAT low chain stiffness polymer

polymer T>T,
high T,
(low ?S,,)

high chain stiffness polymer



RUBBERS AND
SOFT PLASTICS

Hoffman, AS, in Uchegbu IF
and Schatzlein AG (eds.),
Polymers in Drug Delivery,
Taylor and Francis, Boca
Raton, FL, pp7-21 (in press,
2006)




CRYSTALLINE
FIBERS

Hoffman, AS, in Uchegbu IF
and Schatzlein AG (eds.),
Polymers in Drug Delivery,
Taylor and Francis, Boca
Raton, FL, pp7-21 (in press,
2006)




HARD PLASTICS

Hoffman, AS, in Uchegbu IF
and Schatzlein AG (eds.),
Polymers in Drug Delivery,
Taylor and Francis, Boca
Raton, FL, pp7-21 (in press,
2006)




POLAR,
HYDROPHILIC
POLYMERS

Hoffman, AS, in Uchegbu IF
and Schatzlein AG (eds.),
Polymers in Drug Delivery,
Taylor and Francis, Boca
Raton, FL, pp7-21 (in press,
2006)




DEGRADABLE
POLYMERS
(VIA HYDROLYSIS)

Hoffman, AS, in Uchegbu IF
and Schatzlein AG (eds.),
Polymers in Drug Delivery,
Taylor and Francis, Boca
Raton, FL, pp7-21 (in press,
2006)




Tg and Tm of Common Polymeric Biomaterials

T,(C) T, (C)

Poly(dimethyl siloxane) (PDMS)................. -127 (-40)
Polyethylene (PE).......cccooviiiiiii e, -100 130
Poly(ethylene oxide) (PEO or PEG) (dry)...... -41 66
Poly(e-caprolactam) (Nylon 6).................... 52 223
Poly(hexamethylene adipamide) (Nylon 66).. 45 267
Poly(ethylene terephthalate) (PET).............. 69 270
Poly(vinyl chloride) (PVC) (w/o plasticizer)... 81 273
Poly(methyl methacrylate) (PMMA).............. 105 -

Poly(tetrafluoroethylene) (PTFE)................. 127 (327)



Tg and Tm of Common Polymeric Biomaterials

T, (°C)
Poly(dimethyl siloxane) (PDMS) (VERY FLEXIBLE CHAIN) -127
Polyethylene (PE) (VERY REGULAR AND FLEXIBLE CHAIN) -100
Poly(ethylene oxide) (PEO or PEG) (POLAR AND REGULAR CHAIN) -41
Poly(caprolactam) (Nylon 6) (POLAR AND REGULAR CHAIN) 52
Poly(hexamethylene adipamide) (Nylon 66) (POLAR AND REGULAR CHAIN) 45
Poly(ethylene terephthalate) (PET) (STIFF AND REGULAR CHAIN) 69
Poly(vinyl chloride) (PVC) (no plasticizer) (MEDIUM STIFFNESS/REGULARITY) 81
Poly(methyl methacrylate) (PMMA) (IRREGULAR AND STIFF CHAIN) 105

Poly(tetrafluoroethylene) (PTFE) (VERY REGULAR AND STIFF CHAIN) 127

T, °C)

(-40)
130
66
223
267
270
273
NONE
(327)



Tg and Tm of Common Polymeric Biomaterials

Poly(dimethyl siloxane) (PDMS) (RUBBER)

Polyethylene (PE) (TOUGH & CRYSTALLINE PLASTIC)
Poly(ethylene oxide) (PEO or PEG) (WATER SOLUBLE POLYMER)
Poly(caprolactam) (Nylon 6) (CRYSTALLINE FIBER)
Poly(hexamethylene adipamide) (Nylon 66) (CRYSTALLINE FIBER)
Poly(ethylene terephthalate) (PET) (CRYSTALLINE FIBER)
Poly(vinyl chloride) (PVC) (no plasticizer) (TOUGH, HARD PLASTIC)
Poly(methyl methacrylate) (PMMA) (GLASSY PLASTIC)
Poly(tetrafluoroethylene) (PTFE) (CRYSTALLINE PLASTIC)

T, (°C)

-127
-100
-41
52
45
69
81
105
127

T, °C)

(-40)
130
66
223
267
270
273
NONE
(327)



CORRELATING CHAIN COMPOSITION AND ARCHITECTURE
WITH PHYSICAL PROPERTIES FOR BIOMEDICAL POLYMERS

Poly(dimethyl siloxane) (PDMS)

(VERY FLEXIBLE CHAIN) =) (RUBBER)
Polyethylene (PE)

VERY REGULAR AND FLEXIBLE CHAIN)ms) (TOUGH & CRYSTALLINE PLASTIC)
Poly(ethylene oxide) (PEO or PEG)

(POLAR AND REGULAR CHAIN) =) (WATER SOLUBLE, CRYSTALLINE POLYMER)
Poly(caprolactam) (Nylon 6)

(POLAR AND REGULAR CHAIN)m) (CRYSTALLINE FIBER)
Poly(hexamethylene adipamide) (Nylon 66)

(POLAR AND REGULAR CHAIN)mm) (CRYSTALLINE FIBER)
Poly(ethylene terephthalate) (PET)

(STIFF AND REGULAR CHAIN)m=) (CRYSTALLINE FIBER)
Poly(vinyl chloride) (PVC) (no plasticizer)

(MEDIUM STIFFNESS/REGULARITY)mm) (TOUGH, HARD PLASTIC)
Poly(methyl methacrylate) (PMMA)

(IRREGULAR AND STIFF CHAIN) =) (GLASSY PLASTIC)
Poly(tetrafluoroethylene) (PTFE)

(VERY REGULAR AND STIFF CHAIN) ) (CRYSTALLINE PLASTIC)



SIDE GROUPS CAN INTERUPT “"REGULARITY" OF
CHAIN, AND PREVENT FORMATION OF
CRYSTALLITES IN POLYMERS

-CH,CH,- POLYETHYLENE
TOUGH CRYSTALLINE PLASTIC

-CH,CH-  POLYVINYL CHLORIDE (PVC)
(I:| HARD SEMI-CRYSTALLINE PLASTIC
(SOFT WHEN PLASTICIZED)

-CH2(|3H- POLYSTYRENE
CqHe AMORPHOUS GLASSY PLASTIC



SIDE GROUPS CAN INTERUPT “"REGULARITY" OF
CHAIN, AND PREVENT FORMATION OF
CRYSTALLITES IN POLYMERS

-CF,CF,- POLY(TETRAFLUORO-ETHYLENE)
(PTFE OR “TFE” TEFLON®)
HIGH MELTING, TOUGH CRYSTALLINE
PLASTIC, DIFFICULT TO MOLD

(-CF,CF-)-~(-CF,CF)
CF,

PERFLUORO PROPYLENE-TFE COPOLYMER
(“FEP” TEFLON®)
LOWER MELTING, MOLDABLE PLASTIC






Polyethylene Highly crystalline






ACRYLATE POLYMERS CAN GO FROM SOFT PLASTICS TO HARD
GLASSY PLASTICS WHEN AN a METHYL GROUP IS ADDED TO FORM
METHACRYLATES. NONE OF THESE POLYMERS IS CRYSTALLINE.

-CH,CH- POLY(METHYL ACRYLATE)
| SOFT AMORPHOUS PLASTIC
CO,CH,
(Tg WELL BELOW RT)

T
-CH,CH- POLY(METHYL METHACRYLATE) (PMMA)
CIZO CH HARD GLASSY AMORPHOUS PLASTIC
23

(WET OR DRY) (Tg ~ 100°C)
¢Hs
-CH,CH- POLY(HYDROXYETHYL
cI:o CH.CH.OH METHACRYLATE) (PHEMA)
2 2 2

HARD GLASSY AMORPHOUS PLASTIC WHEN DRY
SOFT WATER-SWOLLEN HYDROGEL WHEN WET



Uses
The hard contact lens,
the IOL and bone and
dental cement




Uses
The soft contact lens







Early intra-ocular lenses, or IOLs




More recent IOL designs and surgical instruments
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A 40th Anniversary Symposium on
Acrylic Bone Cement in the New Millennium

May 13-14, 2002

In 2002 the 40th anniversary of the clinical use of acrylic bone cement
was celebrated. It was originally used as a dental cement and was
suggested to Dr. John Charnley, MD, an orthopedic surgeon, by
Dennis Smith, PhD, a polymer chemist, as potentially useful in the
artificial hip joint that Charnley was developing.

Many millions of patients have benefitted from cemented artificial
joints, and currently more than 500,000 hip and knee joints are
replaced every year.




Acrylic
Bone
Cement
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PE \:\NO ceramic

NOTE: The PE is UHMWPE

Charnley
prosthesis

Metals may be Stainless Steel, Co-Cr alloy, or Titanium







Uses

Vascular grafts,
implant fixation
(e.g., sewing rings)
In-growth felts




Table 2

Tg and Tm of Common Polymeric Biomaterials

Poly(dimethyl siloxane) (PDMS) (RUBBER)

Polyethylene (PE) (TOUGH & CRYSTALLINE PLASTIC)
Poly(ethylene oxide) (PEO or PEG) (WATER SOLUBLE POLYMER)
Poly(caprolactam) (Nylon 6) (CRYSTALLINE FIBER)
Poly(hexamethylene adipamide) (Nylon 66) (CRYSTALLINE FIBER)

Poly(ethylene terephthalate) (PET) (CRYSTALLINE FIBER)...................

Poly(vinyl chloride) (PVC) (no plasticizer) (TOUGH, HARD PLASTIC)
Poly(methyl methacrylate) (PMMA) (GLASSY PLASTIC)
Poly(tetrafluoroethylene) (PTFE) (CRYSTALLINE PLASTIC)

T, (°C)

-127
-100
-41
52
45
69
81
105
127

T, °C)

(-40)
130
66
223
267
270



Small vessels

common sites

Large vessels of thrombus or
atherosclerotic

depositions

Small vessels










Prosthetic Valves

(~85,000 replacements per year in the
US)

PET
sewin
g rings

Lerner Research Institute Lerner Research Institute

Bioprosthetic: Mechanical:
Porcine Tissue Tilting Disc




PTFE failed as a hip cup but it’s a big success as a vascular graft!

GORE-TEX® Vascular Grafts have met the challenges of the most
demanding vascular procedures for nearly 30 years. Recognized for
exceptional performance and quality, they have earned the endorsement of
renowned surgeons worldwide. These grafts require no preclotting, resist
dilatation and the spread of infection, and assure utmost thrombectomy
safety. Gore vascular grafts are also available in a wide range of stretch,
and non-stretch configurations, including straight, tapered, bifurcated, and
many with external customizable ring reinforcement.

www.goremedical.com/English/Products/Vascular.ntm



Uses
Various tissue
implants, heart

valves, drug
delivery implants,

long-wear contact
lenses, IOLs, etc.




Tetradecamethyl-hexasiloxane (also known as MD,M)

Note the unhindered

-Si1-O-Si-O- bonds \

Courtesy of S. Grigoras, Dow Corning



Table 2

Tg and Tm of Common Polymeric Biomaterials

T, (°C) T, (C)
Poly(dimethyl siloxane) (PDMS) (RUBBER)..........cccuvueeiiiiiee e -127 (-40)
Polyethylene (PE) (TOUGH & CRYSTALLINE PLASTIC) -100 130
Poly(ethylene oxide) (PEO or PEG) (WATER SOLUBLE POLYMER) -41 66
Poly(caprolactam) (Nylon 6) (CRYSTALLINE FIBER) 52 223
Poly(hexamethylene adipamide) (Nylon 66) (CRYSTALLINE FIBER) 45 267
Poly(ethylene terephthalate) (PET) (CRYSTALLINE FIBER) 69 270
Poly(vinyl chloride) (PVC) (no plasticizer) (TOUGH, HARD PLASTIC) 81 273
Poly(methyl methacrylate) (PMMA) (GLASSY PLASTIC) 105 0 -

Poly(tetrafluoroethylene) (PTFE) (CRYSTALLINE PLASTIC) 127 (327)



PDMS Curing Chemistry




Mechanical Valves

silicone
rubber ball

Materials:
-stainless steel, titanium, cobalt-chromium alloys
-pyrolytic carbon
-silicone rubber
-polyester fabric

Advantages:
-longterm durability

Disadvantages
-antithrombogenic therapy needed (potent drug)




Silicone Breast Implant




Silicone Catheters







Testicle

Dacron® Felt (for anchoring)




PDMS penile implant




Diffusion coefficient of
various solutes in polymers
as a function of polymer MW

NOTE: Silicone Rubber
has an exceptionally high

permeability to many
hydrophobic molecules,
Including steroids and
oxygen.

Arrows denote MW cutoffs




Two Non-degradable Polymers Used as
Rate-controlling Membranes in Reservoir Systems

Silicone rubber

o3 Used in Norplant®
% S - Oa contraceptive implant

|

CH,

Poly(ethylene/vinyl acetate) (EVA)

(CH,CH.,)- (CH2C|H)m— Used in Ocusert® (eye

insert for glaucoma)
O and Progestesert®
| IUD) and skin patches
CH,c=0 'O P




The Norplant® Implant

ix thin, flexible Silicone rubber (SR) implants are inserted under the skin of the upper arm.
e rods are each about the size of a matchstick. Each SR tube contains a cylinder of hormone
powder dispersed in SR. The hormone is levonorgestrel, which is a synthetic compound
that mimics the action of progesterone, which is made by a woman's ovaries. ,

The implants release small amounts of levonorgestrel into the blood by diffusion through the SR.
The blood carries the hormone to the pituitary gland in the brain and to the uterus and cervix.
Generally, the pituitary stops the ovaries from developing eggs.

The hormone also keeps sperm outside the uterus by thickening the cervical mucus and
thinning the lining of the uterus. Some researchers believe that Norplant may also work by
preventing a fertilized egg from attaching to the lining of the uterus.

Norplant implants can now protect against pregnancy for five years. (




DRUG DIFFUSION-CONTROLLED DDS

TRANSDERMAL DDS

Reservoir skin patch with rate-controlling membrane

rate-controlling | backing membrane (eg, PET)
membrane*

DRUG reservoir (unit activity)

adhesive layer
(may be DRUG-loaded)

skin
DRUG

*may be EVA or DRUG
porous polymer, as PP

A.S. Hoffman, UW, Seattle, WA









Willem “Pim” Kolff,
M.D.

Inventor of the

artificial kidney
and a pioneer in
development of
the artificial heart




Kolff Dialysis in The Netherlands circa 1940s

Sausage casing [




Separation of molecules on the basis of size by dialysis



Schematic of the operation of an artificial kidney dialyser







HOLLOW FIBER MADE OF
CELLULOSE ACETATE




In the 1960’s, three engineers (Abel, Turner and Roundtree)
designed the hollow fiber artificial kidney (HFAK) dialyser.
This led to the cellulose acetate, thin skin HFAK ca. 1970s.




Typical dialysis patient, present day

HFAK dialyser Gore-Tex® fistula

N












Polyurethane leads

Programmer

http://www.medtronic.com/brady/patient/whatis _pacemaker.html









Polyurethane pumping
- Dbladders are used.




Evolution of the Total Artificial Heart

Kolff Kolff Liotta Jarvik Abiomed
1958 1965 1969 1982 2001

PVC Silicone Rubber Lycra Purified
Spandex TPU







Synthetic biodegradable polymers were originally

used as sutures and are now being developed for

drug delivery from injectable depots and also as
scaffolds for tissue engineering.

Poly(lactic acid) (PLA)

Poly(lactic acid-co-glycolic acid) (PLGA)
Poly(caprolactone) and copolymers
Poly(ortho esters)

Poly(anhydrides)

Poly(phosphoester) copolymers

PEG-PLA or PEG-PLGA block copolymers
PLGA-PEG-PLGA triblock copolymers
Acrylate-PLA-PEG-PLA-Acrylate







Main chain degrading polymers







Vicryl® (PGA) after 7 days in rat muscle




Vicryl® (PGA) after 56 days in rat muscle

Surgical removal of suture is unnecessary!




POLY(LACTIDE - co-GLYCOLIDE COPOLYMERS




PLGA Biodegradable Polymers

Degradation rate mainly controlled by PLGA composition

_ PLA is hydrophobic
PGA is less hydro- and crystalline

phobic and crystalline




Three important properties of degradable
polymers that can affect rate of
degradation and thus, rate of drug release

» Hydrophilic/hydrophobic balance (PLA is
hydrophobic)

e Crystallinity (PGA is crystalline)

e Acidic byproducts (PLA and PLGA produce LA and
GA which lower the local pH and accelerate
degradation)




PLGA weight loss during hydrolytic
degradation in PBS at 37°C

Increasing
hydrophobicity

PLGA 50/50
| —v— PLGA 65/35
— = PLGA 75/25

2 4 © 8 L G Park KAIST
Time (Week) 8 [PRILS Sl




BIODEGRADABLE PLGA COPOLYMERS

LA/GA

Photographs of different PLGA scaffolds after
hydrolytic degradation in PBS at 37 °C

T.G. Park, KAIST







Bioerosion and Biodegradation

Bl =

Surface erosion/degradation only:
Hydrophobic matrix confines hydrolysis or enzymatic degradation to surface

(as seen with polycaprolactone, poly(orthoesters), polyanhydrides).
e
.

> »
insoluble > ) -
soluble

Bulk solubilization/degradation:
Rate of water penetration exceeds the rate of degradation. Surrounding pH
iImportant (as seen with enteric coatings). Internal degradation may also be
enhanced by acidic byproducts (as seen with PLGA, PLA).




Examples of Microsphere Process

Spray/cryogenic solvent extraction

Atomizer
rhGH:Zn Suspension

in PLGA Solution Atomized

Droplets
Liquid
Nitrogen
Extraction

Solvent
(Ethanol)

Frozen
Microspheres

Alkermes Prolease technology







Degradation of PLGA Is acid sensitive

Water penetrates &
hydrolyzes the
PLGA to GA and LA,
lowering the pH.

Note: The high acid in the core
could also damage the drug.

If the particle is large
enough, the pH stays
acidic in the core, and
degradation is
accelerated, forming a
“liquid core”.



PCL Is another degradable polyester

Because it is much more hydrophobic than PLA,
PGA or PLGA, PCL lasts much longer in the body.




Four other interesting classes of
degradable polymers include

polyacetals, polyorthoesters,
polyphosphoesters and polyanhydrides.

|
—C_O—

O =

Poly-
acetal
repeat unit

oL
1

—C_O—

O—

Poly-
orthoester
repeat unit

[ T
—P-0-R-0— —R-C-0-C—
OR®
Poly- Poly-
phosphoester anhydride
repeat unit repeat unit



Applications of pH-sensitive
polymers in drug delivery

CURRENT USE

Oral Agents FUTURE USE

e Enteric coatings, excipients
« Osmotic agents Intracellular Carriers

e Cationic carriers (gene therapy)

|.M. or SC Implants « Endosomolytic polymers
- Biodegradable carriers * Lysosomolytic polymers

Mucosal Drops, Sprays, Gels
e Mucoadhesives




Acidic Regions of Body

e Stomach
e duodenum
e mouth
e skin

e vagina
e SOMe tumors

e Intracellular vesicles
(endosomes, lysosomes)







CAP, another enteric polymer

Hydrophobic at gastric pH
COOH4—  Swells at enteric pH

COO-Cellulose -OCOCH,

Cellulose Acetate Phthalate (CAP)
polymer used as an enteric coating

Aquacoat CPD, an enteric coating, is a 30 percent by weight aqueous
dispersion containing cellulose acetate phthalate (CAP) polymer. Enteric
coatings can be used to allow acid sensitive drugs to pass through the
stomach unaffected or to keep stomach upsetting drugs, like aspirin for
some people, from releasing in the stomach. Although CAP polymer is
hydrophobic, the Aquacoat CPD process allows the product to be
delivered in a totally aqueous pseudo-latex form that is easy to use and
easy to clean up with equivalent performance to a solvent coating.

www.fmcbiopolymer.com/Biopolymer



lydrogels

Hydrogels are water-swollen, cross-linked polymeric structures that may
contain over 90% water.

Examples of hydrogels include:
PHEMA soft contact lens, PEG networks, agarose, gelatin,
Calcium alginate

Uses of hydrogels in biomaterial applications have included:
soft contact lens, cell encapsulation, drug delivery,
artificial burn dressings. There will also be uses in tissue
engineering.

Hydrogels can be:

physical gels A. S. Hoffman “Hydrogels for biomedical applications”
ionotropic ge|3 Advanced Drug Delivery Reviews 43 (2002) 3-12

covalent gels
affinity complex gels (eg, CD-PEG gels)

Modified S. Pun slide



Synthesis of Hydrogels by Free Radical Reactions

5+ ¢

monomer + crosslinker

M +/-§ or£

copolymerize

>

copolymerize or

AL WA~ crosslink macromers

macromers /
crosslink polymer

N ¥

water soluble polymer

g +

Hydrogel Network

polymerize monomer
within hydrogel

/

Hydrogel Network

Interpenetrating

Hydrogel Network






Uses
The soft contact lens







Synthesis of Hydrogels by Condensation Reactions

0,0
O\/\/O
bi-functional Cx) C%)

monomers and polymers
(e.g., PEG)

multifunctional
crosslinkers

W O-O/M' Hydrogel Network
QAL

polyfunctional polymers with
reactive pendant groups
(e.g., PVA)




Chemical Conversion of Hydrophobic Polymers into HGs

hydrolyze, oxidize,
sulfonate, etc
hydrophobic polar groups

polymer
crosslin hydrophobic
Interactions

X

Chemical Hydrogel Physical Hydrogel




Transient, Physical Hydrogels

(may form physical gels simply by swelling in water)




CYCLODEXTRIN STRUCTURE

Szejtli, Cyclodextrin Technology (1988); Davis and Brewster, Nat Rev Drug Dis (2004)

S. Pun slide



CYCLODEXTRIN INCLUSION COMPLEXES

Cyclodextrins participate in inclusion complex formation by can acting as the
host molecule, that spatially encloses a guest molecule.

The major factor in determining guest molecules is size.

Driving force: both enthalpy and entropy can play role

3ZEIJTIWHYCLODEXERHWOLOGY

S. Pun slide



CYCLODEXTRIN-POLYMER HYDROGELS

Cyclodextrins form inclusion complexes with some polymers*

Proposed structure of PEG-
CD hydrogel based on X-ray
diffraction patterns and

13C NMR.
a-CD b-CD
PVA (DP 500) no no
PAAmM (MW 10kD) no no
PEG (MW 1kD) yes no
PPG (MW 1kD) no yes

*Harada et al (1993) Macromolecules 26, 5698 Mod'd S. Pun slide




CYCLODEXTRIN-PLURONIC HYDROGELS

Pluronics
Inclusion complex blocks are
thought to form microcrystals
that act as physical crosslinks.

Viscosity of solutions increase
to 104 cP over the course of 2

hrs. This solution is thixotropic.

Li et al. (2001) Macromolecules 34, 7236,
JACS (2003) 125, 1788,
J Biomed Mater Res (2003) 65A, 196.

Mod'd. S. Pun slide



CYCLODEXTRIN--PEG-g-POLYMER HYDROGELS

Hydrogels formed from a-CD complexation with PEG grafted
on various hydrophilic polymers (dextran, chitosan, PLL, etc).

Gel state Sol state

PEG-grafted dextran PEG-grafted chitosan

Huh et al. Macromolecules (2001) 34, 8657; Macromol Biosci (2004) 4, 92 Mod'd. S. Pun slide




CYCLODEXTRIN--PEG-g-POLYMER HYDROGELS

Hydrogels formed from a-CD complexation with PEG grafted
on various hydrophilic polymers (dextran, chitosan, PLL, etc).

This hydrogel is being developed as an injectable,
gelling depot DDS. The gel is thixotropic and can
be injected through a needle.

Gel state Sol state

PEG-grafted dextran PEG-grafted chitosan

Huh et al. Macromolecules (2001) 34, 8657; Macromol Biosci (2004) 4, 92 Mod'd. S. Pun slide




Formation of lonic Hydrogels

()
@ “lonotropic”

— Hydrogel
multivalent @
cation

polyanion \ “Complex

Coacervate”
or

Polyion

Complex

Hydrogel

polycation



DNA is a highly
charged polyanion.







Mucoadhesive DDS

Mucoadhesive polymers are formulated with drugs
designed to be delivered to or across mucosal
surfaces. They enhance the residence time of the
formulation in contact with the mucosal surface, which
Increases the bioavailability of the drug at the desired
site. The mucosal surface is coated with mucin, a high

MW, highly hydrated glycoprotein.

Mucosal surfaces can include the following:
e eye (ophthalmic DDS)
* nose (nasal DDS)
 mouth (buccal DDS)
e gastro-intestinal tract (gastric, enteric, colonic DDS)
e vagina (vaginal DDS)
e anus (anal DDS)
e lungs (pulmonary DDS)










(e.g., biodegradability and stimuli-response)















