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Surface Modifications of Polymers for Biomedical Applications
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Table 1. Polymers with Biomedical Uses'

POLYMER SOME USES

Silicones (Tissue substitutes, heart
assist devices, drug delivery
devices, implant or instrument
coatings, adhesive, blood
oxygenator membrane)

Polyethylene (Artificial joints, L.U.D.)

Carbons (Heart valves, blood pump,

(Pyrolytic, graphi- dental implants,transcutaneous

tic and vitreous)  buttons)

Poly(methyl (Hard contact lens, dental
methacrylate) fillings, bone cement)
Poly(ethylene (Artificial blood vessels,
terephthalate) suturing anchors for implants)
Poly (tetrafluoroe- (Artificial blood vessels,
thylene) blood oxygenator membrane)

Poly(vinyl chloride) (Medical tubing, blood bags)
Polyurethanes (Heart assist devices)
(also may be “co-

polymerized” with

silicones)

Poly(hydroxy ethyl (Soft contact lens, burn
dressings, drug delivery
matrices, coatings, etc.)

(Former blood plasma

methacrylate)

Poly(N-vinyl-

pyrrolidone) extender, ingredient in
soft contact lens)
Poly(acrylamide)  (Aneurysm plugs, gel elec-
trophoresis, coatings, etc.)
Poly(glyceryl (Eye implants)
methacrylate)
Polyglycolic Acid (Degradable sutures)
Cellulose (Kidney dialysis membrane)
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Fig. 1. Examples of techniques and reactions for generating radicals on surfaces. (Note: The precise
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nature of the radical intermediates formed has not been elucidated in most cases

. Representa-

tions in this figure show schematically radical species which might be formed)2.
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Table 2. Radiaton Source Frequencies®

Source

Cosmic Rays

Gamma Rays

Frequency

Hz (cycles/sec)

>10"
3X 10" to 10**

X-rays 3X 10" to 3x10™
Ultraviolet 10** to 3x10*
Visible 5x10' to 10**
Infrared 10** to 5x10*
Microwaves 10° to 10*
Radiofrequency 2X10° to 10°

Table 3. Radiation Processing Systems?®

1. Graft Copolymerization of Monomers and Poly-
mers

A. Surface grafting or surface plus
bulk grafting
B. Immobilization of biologically active species

on the graft copolymer

I. Radiation Polymerization(in the liquid and solid

state, above and below T,)

A. Monomers only (includes crosslinkers)

B. Monomers plus polymers

C. Monomers plus biologically active species
(immobilized during or after polymerization)

D. Monomers plus polymers plus biologically
active species (immobilized during or after

polymerization)

. Radiation Crosslinking

A. Hydrophobic polymers

B. Hydrophilic polymers in agqueous solution

C. Hydrophilic polymers in aqueous solution
plus biologically active species (immobilized

during or after crosslinking)
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Table 4. Parameters Affecting the Proper:ies of
Radiation Grafted Polymers
(1) Monomer system
(a) purity
(b) physical interaction with substrate pclymer
(c) monomer mixture composition(for copolymer
grafts)
(d) reactivity of the monomer(kinetics of poly-
merization, chain transfer, crosslink formation,
and monomer G-value)

(2) Solvent system
(a) solubility of the polymerized monomer homo-
polymer) in the solvent
(b) interaction of the solvent with the substrate
polymer
(c) chain transfer by the solvent
(d) radiolysis products of solvents(also G-value)

(3) Support polymer
(a) interaction with radiation (G-value)
(b) crystallnity
(¢) chemical composition
(d) thickness
(e) fabrication method

(4) Radiation source, dose and dose rate

(5) Temperature during irradiation
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Neutral

/CH3
Hydroxyethyl CH,=C
Methacrylate \CO.C,H.0H
veite
/CHa
Glyceryl CH,=¢C
Methacrylate \C0,CH,CH-CH,0H
|
OH
/CH3
Propyleneglycol CH,=C
Methacrylate

\C0,CH,CH—CH,
OH
2,4-Pentadiene-1-0l CH,—=CH--CH=CH—CH,0H

R
|
Acrylamide CH,=C—CO—N—R’
Derivatives
124
(R=—H,—CH,) R
(R,R””=H,—CH,—C,H,, —CH,CHOHCH,)
0
N
. -
N-Vinyl Pyrrolidone CH,=CH—N
N
. %
Acrylics CH,=¢C
N\Co,R’
(R=—H,—CH,)
(R’:_CHay ‘CtHo)

Acidic or Anionic
R

/
Acrylic Acid, CH,=Cc-—CO,H

Derivatives
(R=—H,—-CH,)

Crotonic Acid CH;—CH=CH-—CHCO,H(with VAc)

CHZ:CH~®—SOSQNa@'

Basic or Cationic

Sodium Styrene
Sulfonate

/ R
j;A;Iminoethyl CH,=C
ethacrylate, AN »
Derivatives COZ_C’H‘I&\I_R
(R,R",R"”=—H,—CH,, —C,H,)
Vinyl CH,=CH—Py
Pyridine
Crosslinkers
R
Ethyleneglycol CH;=C
Dimethacrylate,
Derivatives Cco R
| AN
(I) Cl =CH,.
CH,CH,0—CO
Methylene-bis- CH,=CH CH=CH,
Acrylamide | |
CO Cco
| |
NH NH
\CHZ/

Fig. 2. Monomers used in hydrogels

Table 5. Solid Forms of Radiation-Processed
Polymeric Biomaterials

Hollow Fibers, Tubes

Films, Membranes, Discs
Microspheres, Powders, Beads
Fibers, Rods

Molded Objects

All of the above as:

. smooth, homogeneous solids
. filled solids

. surface-rough solids

. porous solids

. water-swollen solids

. solid suspensions in aqueous solution
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Table 7. Energy Flow in an Electric Discharges
Electric Field4Electron Gas——Energetic Electrons
Energetic Electrons+Molecular Gas
Hot Molecular Gas
—— Excited Molecules

Atoms and Free Radicals

Ions

Chemical Reaction
Atoms+Free Radicals+Molecular Gas ———————

——Reaction Products{-Heat of Reaction

Conduction
Hot Molecular Gas Coavection — Surroundings

Radiation

Excited Molecules — Surroundings

Atoms Recombination

Free Radicals — Surroundings

Ions+Electrons

Table 8. Effect of N, and Ar Plasma Treatment on ESCA Spectra (given by peak heights in counts
per scan) of Polytetrafluoroethylene®®

; Cls F s, Nis, | ol

Polymer sample i 295,5 eV " 004 eV i 290. 5 eV 287 eV 693 eV 403 eV 535.5 eV

Control © 41,000 | — —1| 683! 328000 — 1 2,99
|

Ar-plasma-treated — E 10, 240 ! — 21,500 : 75,100 1,880 ! 17, 600

N,-Plasma-treated — | 11,900 | 7,850 14,000 ; 73,700 12,800 | 13, 300
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Table 9. Statistical Evaluation of Lindholm Blood Coagulation Time Values (min) for Glow Discharge

Polymers and Control¢®

Lindholm clotting time

Tetrafluro- Hexamethyl Ethylene/N, Mpylar control Argon-treated

Date tested Allene/N,/H,0 ethylene disiloxane glass control
124 104 128 136 92 52
3—28—74 Test—1 124 108 136 142 92 50
Test—2 132 148 136 144 114 52
144 134 146 154 108 54
(131) (124) (137) (144) (102) (52)
4—4—74 Test—1 96 114 130 120 102 44
94 108 124 122 98 44
Test—2 100 118 126 130 96 46
100 112 130 133 102 42
(100) 113 (128) (130) (100) 44
4—11—74 Test—1 116 114 136 136 102 52
124 108 140 146 106 52
Test—2 136 122 130 144 100 56
130 120 136 150 104 58
127 (116) (136) (144) (108) (55)
. 5—13—74 136 148 130 144 94 44
126 136 142 148 96 44
131) (142) (136) (146) (95) (44)
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Table 10. Diffusion of Progesterone Through
Silastic Membranes®®

} Plasma Ca-
| Polymerization sing
r

Untreated’ C,H, C,H, C,F, JArgon

Pressure (torr) - 0.50 0.20 0.075| 1.20

Flow Rate

(cm®/min STP) — 80 20 3 10
Power (watts) - 50 50 50 100
Treatment Time

(min.) — 1150 30.0 15.0 | 20.0

Deposition Rate
(mg/hr-cm?) —
Estimated

Thickness
(microns) —_

Progesterone
Flux
{pz/day-cm?) 101.5 | 2.99 6.86 20.5 _34.8

0.083 0.044 0,104 | —

0.200 0,200 0.250 | —
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Table 11. Active Biological Molecules Which May
Be Immobilized on or within Polymer
Supports
Antibiotics
Anticoagulants

Anticancer drugs
Antibodies

Drug antagonists
Enzymes
Contraceptives
Estrus-inducers

Antibacterial agents

Table 12. Variations for Producing Water-insolu-
ble, Surface-bonded Enzyme-polymer Con-
jugates from Preformed, Water-insolu-
ble Supports®®

Reactions of the enzyme with;

A. Reactive polymer (no activation procsdure in-
volved) (e.g., maleic anhydride copolymers)

B. Polymer (activation procedure involved: activa-
tion involves the chemical conversion of a func-
tional group of the polymer followed by the
addition of the enzyme) (e.g., diazotization of
polyaminostyrenes)

C. Polymer (activation procedure involved; activa-
tion involves the chemical conversion of a func-
tional group of the polymer with a reagent in
the presence of the enzyme) (e.g., carbodiimide
coupling with carboxyl-containing polymers)

D. Polymer (activation procedure involved; acti-
vation involves the chemical conversion of a
functional group of the polymer with a multi-
functional, low molecular weight, reagent follo-
wed by the addition of the enzyme) (e.g., glu-
taraldehyde modification of amino containing
polymers)

RHEFLE Table 13¢] vlepuj gl o},
A4 B5F ET BlESE A BT
W, (LBl 4H o 9§k &4 o] “microen-
vironment”7} 3L 1, S F4 9
dedvtz, A FE Byl o
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ol WmBE Eista S ZA 3] sk
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Table 13. Coupling to Polymeric Supports®

Polymer Surface Protein Group Coupling
Reactive Site Intermediate Involved Linkage
(0] (0]
I I
—R—NH, Carbodiimide HO—(C— ~—~NH—C—
O Qe O -OO-
/
HO
0
I
— (O} —NH—NH, —C— — @ _NH—-N=C
(0] (0] o}
| u I
—C—OH —c—Cl H,N— —C—NH—
0 0 0
I I i
—C—OH —C—0— <Q> —NO,  H,N— —C--NH—
(0]
0 N 0
o / | 1
—C—0OH —C—0—N l H,N-- —C—NH—
N
Va
0
(8] (0} O
| | I
—C—OH —C—N, H,N— —C—NH—
(0] (0]
b li
—C—0H Carbodiimide H,N— —C—NH-—
0
il
—C—H H,N— —CH=N-—
(6]
I
—NCO H,N— —NH—C—NH—
S
1
—NCS H,N— —NH—(C—NH—
0 0
i h
—SH Carbodiimide HC—C— —S—C—
(0]
I 1
— C—CH,Br H,N— —C—CH,—NH—
O
N\ _OH N .
| CNEr H,N— ]_S“C*N“—
—OH —OH
/
4 Cl NH—
_7 ./
NN 2NN
_7 N H,N— — N
Ny=¢ \N _/
i \ \
R R
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Fig. 3. Polymeric drugs.
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