
Scanning Tunneling Microscopy of 
Freeze-Fracture Replicas of Biomembranes 

The high resolution of the scanning tunneling microscope (STM) makes it a potentially 
important tool for the study of biomaterials. Biological materials can be imaged with 
the STM by a procedure in which fluid, nonconductive biomaterials are replaced by 
rigid and highly conductive freeze-fracture replicas. The three-dimensional contours of 
the ripple phase of dimyristoylphosphatidylcholinebilayers were imaged with unprece- 
dented resolution with commercial STMs and standard freeze-fracture techniques. 
Details of the ripple amplitude, asymmetry, and configuration unobtainable by 
electron microscopy or x-ray diffraction can be observed relatively easily with the STM. 

THE SCANNING TUNNELING MICRO- 

scope (STM), developed by Binnig 
e t  al. (I) ,  is one of thc most impor- 

tant reccnt advanccs in surfacc analytical 
instrumentation ( 2 4 ) .  A goal of many re- 
search groups is to apply the superior rcsolv- 
ing power of thc STM to biomatcrials. 
Sonnenfeld and Hansma have used the STM 
to produce high-resolution images of crys- 
tallinc solids in watcr (5); Smith e t  al. have 
imaged ordered Langmuir-Blodgett films of 
cadmium arachidate (6). A limited number 
of biological macromolecules have been im- 
aged with thc STM, including DNA in 
vacuum ( 3 ,  metal-shadowed DNA (8), 
DNA in watcr (9), a globular protein (lo), 
bacteriophage $29 ( l l ) ,  and porin vcsicles 
(12). but with limited resol~tion. Difficult 
limitations must be ovcrcomc beforc bio- 
mcmbrancs and othcr structured fluids can 
be routinely imaged with the STM. The first 
of these is that most biological matcrials are 
extremely poor conductors. To overcome 
this limitation, Binnig e t  al. (13) introduccd 
the atomic force microscope (AFM). This 
microscope features a tip mounted on a 
small, cantilevered beam. Thc interatomic 
forces bctwecn thc tip and the sample deflect 
the cantilever, and this dcflection is moni- 
torcd. Using the AFM, Marti e t al. (14) have 
imagcd polymerized organic monolayers 
with subnanometer resolution. 

The second limitation of both the STM 
and thc AFM is that fluid samplcs are easily 
dcformed (the crystalline solids that are usu- 
ally imaged are not readily deformed). In 
phospholipid membranes, Brownian mo-
tion and other thcrmal fluctuations can bc 
large, often much larger than the features of 
interest. If the thermal motions arc 
quenched by rapid freezing, it might be 
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possiblc to image thc samplc with a low- 
temperature AFM (such a dcvice has yet to 
be pcrfected), or, as we show here, the low- 
temperature surfacc can be replaced with a 
platinum-carbon replica by conventional 
freeze-fracturc techniques. A commercial 
STM can then be used to imagc the surface 
at ambient temperature and pressure. 

An excellent candidate for-freeze-fracture 
STM is thc Pp,or ripple phasc of dimyris- 
toylphosphatidylcholi~~c(DMPC) bilayers. 
The Pp,phasc is one of the most studicd, yet 
still poorly understood, biomembrane struc- 
turcs (1.5-19) (Fig. 1). In DMPC, thc head- 
group area is large compared to thc arca 
occupicd by the fully extended, frozen 
chains at tcmpcratures below the main phase 
transition (15-19). Below about 14"C, 
DMPC in water forms an LP,  phase, in 
which the chains are tilted with respcct to 
the bilayer normal and the lamellae are flat 
(15-18). Above thc main transition tem-
perature of roughly 24"C, the hydrocarbon 
chains melt, the head group and tail group 
areas are bettcr balanced, the bilaycrs are 
smooth and flat, and the DMPC molecules 
are normal to thc layers; this structure is 
callcd the L, phase. In the Pp, phase, from 
14" to 24"C, DMPC bilayers cxhibit regular, 
three-dimensional intrabilayer corrugations, 
hencc the name ripple phase. The rippling in 
the PR,phasc is believed to be an alternative 
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way of satisfying the head-tail arca incom- 
patibility (19). 

X-ray diffraction (1.5, 16) and freeze-frac- 
ture replication transmission electron mi- 
croscopy (TEM) (17, 18) have been the 
prima& cxperimental tools used to study thc 
structurc of the ripplcs in the Pp,phasc and 
in biomembranes in general. With both 
techniques the predominant wavelength of 

the hlly hydrated DMPC ripples is bctween 
12 and 13 nm (10-14). Estimates of the 
ripple height range from 0.8 to 8 nm (15, 
17, 18, 20), and the ripple configuration is 
undctcrmined. Imaging frcew-fracture rep- 
licas of DMPC ripples with the STM can 
rcmove much of this ambiguity, and the 
combined techniques havc the potential to 
greatly broaden the applications of the 
STM. 

Crystalline L - u DMPC of reported 
99%' purity (Sigma, St. Louis) was mixcd 
with sufficient doubly distilled water to 
form a mixturc of 65% DMPC by wcight. 
Thc mixturc was gcntly shaken and was then 
kcpt at a tempcrature of 35°C for several 
hours to induce completc swclling of 
DMPC with watcr. Thc sample tempcraturc 
was then lowered to 18" ? 1°C (approxi- 
mately the midrange of the PP,phase), and 
layers (10 to 50 I - L ~thick) between two 
coppcr planchettes (Balzers BUO-12-056T; 
Hudson, New Hampshire) werc quickly 
frozen by immersion in liquid propanc, 
cooled by liquid nitrogen to -190°C (17, 
18, 21). The specimens for STM were frac- 
turcd at -170°C and torr in a Rei- 
chcrt-Jung Cryofract 190 freeze-fracture de- 
vice (Cambridge Instruments, Buffalo, New 
York) and immediately replicated with 2.5 
nm of a platinum-carbon mixture applicd by 
electron beam evaporation normal to the 
fracture surface, followed by a 30-tlm rein- 
forcing film of carbon, also applied at nor- 
mal incidence. Biomembranes are known to 
fracturc preferentially along thc hydrocar- 
bon interior of the bilayers (22). Samples for 
TEM were prepared in  a similar fashion, 
cxccpt that a 1.0-11m platinum-carbon Iaycr 
was applied at a 45" angle to the fracturc 
surface. The replica films were freed from 
thc coppcr planchettes, cleaned as describcd 
elsewhere (18), and mounted on 500-mcsh 
gold electron microscope grids (Pelco, Tus- 
tin, California). The r&licas were oriented 
so that the side directly contacting thc sam- 
plc surface was imaged by the STM. TEM 
images, recorded with a JEOL 100 CX-I1 
instrumcnt, rcvcalcd extensive areas of rip- 
pled DMPC bilayers of wavelength 
12 k 0.5 nm, in good agreement with pub- 
lished results (15-13, indicating that the 
freezing and replication were satisfactory 
(Fig. 1A). 

Commercially available STMs were used 
in this study (Digital Instruments, Golcta, 
California). Images were obtained in the 
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constant current mode (4) at ambient tem- slip with cyanoacrylate to minimize the ef- 
perature and pressure. The transverse cali- 
bration of the microscopes was established 
by imaging the well-known surface of 
graphite. The vertical calibration was ob- 
tained by recording the change in pieuxlec- 
mc voltage necessary to move the tip a 
known distance (one step of a stepper mo- 
tor). STM images were recorded by photo- 
graphing either a storage oscill06cope screen 
(Fig. 1B) or a computer monitor (Fig. 1, C 
and D). The lines are z versus x plots 
separated by Ay. The tunneling tips used 
were commercially available electrochemi- 
cally etched platinum-iridium microelec- 
trodes (Fig. 1B) (Longreach Scientific Re- 
sources; Orr's Island, Maine) or mechanical- 
ly formed platinum-iridium tips (Fig. 1, C 
and D) (Digital Instruments). The x scan 
rate was =22 Hz, and the tunneling current 
was 2.5 nA (Fig. 1B) or 1.0 nA (Fig. 1, C 
and D). For imaging, a bias voltage of + 1.0 
V was used for Fig. 1B and 20 mV for Fig. 
1, C and D, with the sample positive with 
respect to the tip. The replica, on its gold 
support, was firmly mounted to a glass cover 

f& of vibrations. A metal dip then served 
the dual function of firmly holding the gold 
support and cover glass against the STM 
base and making electrical contact. 

Figure 1B shows an image of the replica 
surface taken with an analog STM (Nano- 
scope I) with no y scan. The spacing be- 
tween the rows is 13 nm, in good agreement 
with published values (15-18), and the 
height is about 4.5 nm. As Fig. 1B was 
taken, the x scan speed was increased h m  
15 to 30 Hz. Thus Fig. 1B shows that the 
height, spacing, and position of the rows are 
independent of scan speed fbr the slower 
scans. The ripple configuration is somewhat 
asymmetric, r i s i i  more steeply on the left 
than on the nght, in agreement with TEM 
results (1 7, 18). The ripples appear smooth 
with no sharp comers. Figure 1, C and D, 
shows higher @cation views taken 
with a newer digital STM (Nanoscope 11). 
As with most advances in instrumentation, 
old questions are answered and new ones 
arise. In thii case, the old questions about 
ripple depth and asymmetry are answered. 

Fig. 1. (A) Trvlsmission e h n  miaograph of a freeze-fachue replica of the Pg. phase of D m .  
Ripple periodicity is about 12 nrn. Ripples are o h  interrupted by defects, such as the screw 
dislocation line that passes through this image. (B) Analog SLM image of the replica with no y scan. 
Scan speed is increased from 15 Hz (bottom) to 30 Hz (top). Although detail is washed out in the 
fastest scans, the essential features are dear: (i) ripple periodicity is 13 nrn and average amplitude is 4.5 
nm and (ii) the ripples are asymmetric, rising more steeply to the left than to the right. (C) Digital STh4 
image of the replica. The ripple amplitude and configuration are well defined as in (B), although 
variations occur along the ripple. Note the fine saucture that crosses the ripples roughly orthogonal to 
the ripple direaion. The distance scale is in nanometers. (D) Computer zoom of the right-central 
pomon of (C). The bands crossing the ripples arc readily apparent. At present, it is di5cult to say if the 
banding reflects an underlying molecular structure of the ripple phase, a structure inherent to the replica 
itxlf, or some unknown artifact. 

The new questions indude: (i) What is the 
significance of the periodicity seen along 
each ripple? (ii) Is it molecular structure, an 
artifact of the replica process, or something 
else? Further research, including measure- 
ments of the change in tunnel& current 
with change in tip height (9), may help in 
finding any organic residues on the replica 
surface. This infonnation could lead to im- 
portant refinements in preparing and clean- 
ing replicas fbr examination in the STM. 

In conclusion. a commercial STM can be 
teamed with cbnventional k - f i a c t u r e  
replication techniques to provide high-reso- 
lution, three-dimensional images of biologi- 
cal membranes and other structured fluids 
and liquid crystals. The preliminary images 
presented here show that the ripples in the 
Pe. phase of DMPC are slightly asymmetric 
and smoothly varying, except for a previous- 
ly unobserved, regular banding roughly or- 
thogonal to the ripple direction. The peak- 
to-trough height is about 4.5 nm, which 
h m  previous experimental and theoretical 
work H ~ ~ e a r s  reaknable. Metal k - k c -  
ture r$icas of biomembranes eliminate 
much of the difficulty in imaging biomateri- 
als and can greatly enlarge the type and 
number of surfaces that can be examined 
with the STM. 
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A New High-Temperature Superconductor: significantly. Powder x-ray diffraction re-
vealed that most products were multiphase 

Bi2Sr3-xCaxCu20s+, containing unreacted CuO, mixed oxides of 
Ca, Sr, and Cu, as well as a new phase

C. C. TORARDI, M. A. SUBRAMANIAN, J. C. CALABRESE, having a characteristic reflection with a d- 
J. GOPALAKRISHNAN,K. J. MORRISSEY,T. K. ASKEW,K. B. FLIPPEN, value of -15.4 A in the powder pattern. 
U. CHOWDHRY, The Meissner effect was particularly strong A. W. SLEIGHT 

whenever the 15.4 A d-value in the x-rav 
A new superconductor that displays onset behavior near 120 K has been identified as pattern was predominant. Chemical analyses 
Bi2Sr3-,Ca,CuzOs+y with x ranging fiom about 0.4 to 0.9. Single crystal x-ray on samples showing the strongest flux exclu- 
diiikaction data were used to determine a pseudo-tetragonal structure based on an A- sion indicated that of the total copper pre- 
centered orthorhombic subcell with a = 5.399 hi, b = 5.414 hi, and c = 30.904A. The sent about one-third is Cu3' and two-thirds 
structure contains copper-oxygen sheets as in La2Cu04 and YBa2Cu307, but the is Cu2+. 
copper-oxygen chains present in YBa2Cu307 do not occur in Bi2Sr3-,Ca,Cu20s+,. The Single crystals of the superconducting 
structure is made up of alternating double copper-oxygen sheets and double bismuth- phase were grown from a Bi:Sr:Ca: 
oxygen sheets. There are Ca2+ and S? cations between the adjacent Cu-0 sheets; Cu = 2:2: 1:3 oxide mixture in a gold cruci- 
S?+ cations are also found between the Cu-0 and Bi-0 sheets. Electron microscopy ble. The mixture was heated to 850" to 
studies show an incommensurate superstructure along the a axis that can be approxi- 900°C, held for 36 hours and cooled at the 
mated by an increase of a factor of 5 over the subcell dimension. This superstructure is rate of 1°C per minute. Plate-like crystals 
also observed by x-ray a a c t i o n  on single crystals, but twinning can make it appear that exhibited cleavage in the basal plane 
that the superstructure is along both a and b axes. Flux exclusion begins in our samples were predominant in the melt. They were 
at about 116 K and is very strong by 95 K. Electrical measurements on a single crystal mechanically separated and used for further 
of Bi2Sr3~,Ca,CuzOs+y show a resistivity drop at about 116 K and apparent zero characterization and structure determina-
resistivity at 91 K. tion. Both flux exclusion and electrical resis- 

tivity measurements on the single crystals 

M ICHEL ET AL. ( I )  REPORTED SU- acting Bi203, CaC03, Sr02/Sr(N03)2, and revealed a sharp superconducting transition 
perconductivity in the BiISrlCd CuO in various proportions at 700" to at Tc - 95 K (Figs. 1and 2). In these single 
Osystem with a transition tem- 900°C in air for 12 to 36 hours. Black, plate- crystals the T, onset occurs at about 116 K. 

perature (T,) in the 7 to 20 K range. like, and needle-shaped crystals were found This suggests that it is unlikely that two 
Although they presented some unit cell di- in many preparations. Flux exclusion mea- distinctly different structures are responsible 
mensions, they did not report a structure for surements showed superconductivity for T,'s near 116 K and 95 K. 
the compound they designated as Bi2Sr2 around 85 to 95 K in many of the samples Single crystal x-ray diffraction informa- 
C U ~ O ~ . + ~On 22 January 1988, there was a but never in samples prepared at 700°C. tion is summarized in Table l .  Many crystals 
report from Maeda e t  al. (2) that a Tc onset Most of our samples were slowly cooled. show superstructure along the a and b axes, 
near 120 K can be obtained in the BiiSrlCd However, quenching the samples directly charactetistic of twinning.. Axial oscillation " 
C d O  system. This result was immediately into liquid nitrogen did not lower the Tc photographs of a crystal showed a super- 
reproduced by others (2). Chu and co-
workers (2) subsequently announced super- 
conductivity in the BilSrlCdCdAlIO system i- 6 

but indicated that the A1 was not important. 
Although some characterization of phases in 
the BiISrlCdCdO system has been reported 

g
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(3) ,none of the structures of the various 
phases in the system have been revealed. We 8 
have explored these systems and discovered 2 80 

a superconducting phase best described as 
Bi2Sr3-xCaxC~208by.  

Many compositions (about 300) in the 5 40 


BilSrlCdCdO system were prepared by re- 
Fig. 1. Magnetic flux exclusion of a 
few randomly oriented single crys- 

super-Cxntral Research and l>evelopment lkparunent, E. I. du tals of BiZSr3-xCaxC~ZOB+y 
Pont de Nemours and Company, Experimental Station, 50 60 E0 loo 520 130 140 I5O conductor measured by an ac sus-
Wilmington, DE 19898. T E M I ' E I ~ T U I ~ E  ceptometer.(K) 
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