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Summary. Tissue collagen exhibits several levels of 
structural organization, and this complicates efforts 
to determine the origin of its piezoelectricity. We 
made collagen films-by evaporation and elec­
trodeposition from solution-and examined the re­
lation between collagen's piezoelectricity and its 
electron microscopic appearance. We found that 
the electrodeposited films were more organized and 
exhibited higher piezoelectric coefficients than the 
evaporated films. Despite this, the evaporated films 
were piezoelectric, thereby suggesting that the ef­
fect originates either at the level of the tropo­
collagen molecule or, at most, with aggregated 
structures no larger than 50 A in diameter. 
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Introduction 

Tissues containing the structural protein collagen 
are piezoelectric [I, 2]; but collagen exhibits levels 
of structural organization from the fiber to the tro­
pocollagen molecule, and little is known concerning 
the level of origin of its piezoelectricity. Collagen 
can be reconstituted from solution as a thin film­
by evaporation or by electrodeposition-and in this 
form it exhibits one of its simplest structural pat­
terns. This study was undertaken to determine 
whether such films are piezoelectric. 

Methods 

An electrodeposited and evaporated film was made from each of 
three batches of collagen solution. The origin of the collagen and 
details of its solubilization have been described previously. 
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Briefly, citrate-buffered monomeric collagen solution was made 
from calfskin corium and then dialyzed to an ionic strength of 
0.04 [3]. The electrodeposited films were made by inserting a car­
bon cathode and a platinum anode in the solution and applying 10 
square wave pulses, each of which was 1000 V and lasted 10 ms; 
the current was not measured. A film was formed only at the 
cathode. The evaporated films were made by spreading the solu­
tion on an aluminum plate and allowing the liquid phase to evap­
orate at room temperature and humidity-the process required 
several days. 

The films were vacuum dried at I00°C for 2 h and stored in a 
desiccator. Piezoelectric measurements were performed as fol­
lows [ 4]. Electrodes were attached to the faces of the film, which 
was then clamped on one end to an electromagnetic vibrator and 
on the other to a frame which could be adjusted to give an appro­
priate tension to the film . A 10-Hz longitudinal vibration was ap­
plied, and the resulting electrical polarization and its angular 
relationship to the applied stress were measured. Rotating the 
film made it possible to find the direction which yielded the larg­
est value of the piezoelectric coefficient d' :and the loss angle tan 
s. 

Specimens of each of the films were examined by electron mi­
croscopy . For transmission microscopy the films were fixed in 
glutaraldehyde and osmic acid, embedded, sectioned, and 
stained with uranyl acetate . In addition, portions of the films 
were mechanically dispersed in water and deposited directly on 
grids , without sectioning, and were stained with sodium 

· phosphotungstate (pH 7 .4) [5] . For scanning electron micros­
copy, portions of the films were coated with Pd-Au alloy. 

Results 

A weak piezoelectric effect was found in each of the 
films examined (Table 1). The piezoelectric coeffi­
cient was always greater, and tan () was always 
smaller in the electrodeposited films prepared from 
the same batch of collagen. Because the piezoelec­
tric coefficient reflects a material's structural organi­
zation, these differences led us to examine the elec­
tron microscopic appearance of both kinds of films. 

By transmission electron microscopy the films 
showed a clear difference in structure and texture. 
The electrodeposited films appeared in many areas 
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Fig. I. T ransmission e lectron micrographs of electrodeposited (A) and evaporated (B) collagen films after fixation. embedding. and 
ultramicrotomy. Bars indicate I fLm. The 1000-10.000 A groups of parallel fib1illar elements were seen only in the electrodeposited films 
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Table I. Piezoelectric coefficient and loss tangent of collagen 
films 

Batch Sample d' tan 8 
(10- '" cgsesu) 

Evaporated 6.7 0.090 
Electrodeposited 23 0.043 

2 Evaporated 3 1.16 
Electrodeposited 13 0.22 

3 Evaporated 6.3 1.22 
Electrodeposited 9.5 0.063 

Each pair of films was prepared from a different batch of collagen 
solution . Measurements made at 25°C 

to be composed of parallel filaments about 300 A in 
diameter, organized in loosely associated groups 
1000 to 10,000 A in extent (Fig. I A) . Typically, the 
groups were randomly organized with respect to 
one another, but occasionally suggested crude la­
mellae. The evaporated films, on the other hand , 
appeared amorphous at moderate magnification and 
showed minute filaments at higher magnification 
(Fig. I B). The largest such filaments were about 50 
A in diameter and were almost completely dis­
organized . Thus the electrodeposited films showed 
a fair degree of supermolecular organization in con­
trast to the evaporated films which appeared to be 
composed mostly of disorganized units of molecular 
dimensions. 

The mechanically dispersed evaporated films 
were very soluble and yielded structureless coating 
when dried on the grids. The dispersed elec­
trodeposited films were mostly filamentous and 
contained a few collagen fibrils of 500-2000 A in di­
ameter; band periodicities of 630-680 A which ex­
hibited the fine structure of normal collagen were 
present. Unlike the dense structures found in tis­
sue, these fibrils were loosely aggregated; but even 
so, their presence in the electrodeposited films in­
dicated a higher level of organization in the elec­
trodeposited as compared to the evaporated films. 
By scanning electron microscopy all films generally 
lacked organization (up to 5000 x ). Occasionally the 
surface of the electrodeposited films showed a rip­
pling suggestive of an underlying fibrous structure , 
but the evaporated films were always devoid of tex­
ture. 
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The electrodeposited films were formed using ar­
bitrary electrical conditions. There are many other 
voltage wave forms which can precipitate collagen 
[6, 7]; the structure and properties of these precipi­
tates and their relation to the forming voltages and 
currents are unknown and require further study. 

In summary, the piezoelectric effect has been 
found in electrodeposited and evaporated collagen 
films. The magnitude of the effect was small in both 
kinds of films, but was consistently greater in the 
electrodeposited films . Various electron microscop­
ic studies confirmed the existence of a greater de­
gree of organization in the electrodeposited films, 
but the existence of piezoelectricity in evaporated 
films-which are essentially structureless down to 
50 A-suggests that at least part of the piezoelectric 
behavior in collagen arises form units far down on 
the structural hierarchy, perhaps the tropocollagen 
molecule itself. 
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