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Abstract 

Improved procedures were developed to correlate 
cell culture data with the images provided by advanced 
ultrastructural technologies. These procedures were 
compatible with the two main types of cellular behavior: 
adherent, spreading (melanomas, rhabdomyosarcomas) 
and non-adherent in suspension (leukemias). 

The ultrastructure and function of spreading neo
plastic cells primarily depend on surface properties of 
the attaching substrates. Therefore, the films used for 
cultured cell whole-mount ultrastructural analysis must 
have adherence features identical to those of standard 
cell culture vessels. Improved procedures were devel
oped to produce the polystyrene films of required quali
ties. These films allowed processing of cells for elec
tron microscopy including chemical fixation, cryoimmo
bilization, and immunolabelling. Furthermore, these 
polystyrene films permitted observations of the same cell 
in the high voltage electron microscope to reveal the 
internal organization and in the low voltage scanning 
electron microscope to reveal the surface topography. 

Neoplastic cells in suspension may dramatically 
change their ultrastructure as a result of interactions with 
substrates or other cells. Therefore, immobilization of 
cellular processes must occur rapidly while cells remain 
in suspension. These processes were cryoirnmobilized 
by high pressure freezing through the use of the newly 
designed specimen carrier. Procedures allowing high 
yield attachment of cryo-fixed neoplastic cells to amino
propyl-derived glass carriers enabled observations of cell 
surface topography. Furthermore, freeze-substitution 
and drying of freeze-fractured cells revealed their three
dimensional internal organization in the low voltage 
scanning electron microscope. 

Key Words: human neoplastic cell culture, polystyrene 
films, high pressure freezing, high voltage electron 
microscopy, low voltage scanning electron microscopy. 
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Introduction 

Cell culture has proved to be a valuable technology 
in diagnostic and research oncology, including experi
mental chemo-, radio- and immuno-therapy (Furth and 
Greaves, 1989). Furthermore, cell culture has recently 
become an accepted and integral part of gene therapy 
(Nichols, 1988). Usually, cell cultures are grown in dis
posable, sterilized polystyrene vessels (dishes, flasks) 
filled with cell culture media and maintained in incuba
tors providing controlled temperature, gas composition 
and humidity (Priest, 1971). In this environment cells 
either adhere to and spread on the surfaces of cell cul
ture vessels, or remain suspended in medium. Based 
upon standardized cell culture techniques, numerous ana
lytical procedures have been developed, including fluo
rescently activated cell sorting, radioimmunoassays, cell 
counting, and polyacrylamide gel electrophoresis. These 
procedures, involving vast quantities of cells, make fea
sible the physiological and statistical characterization of 
cell populations. Simultaneous morphological studies 
with the aid of electron microscopy provide ultrastruc
tural background. 

The knowledge of intracellular organization of ad
herent and spreading cultured cells is derived primarily 
from transmission electron microscopy of ultrathin sec
tions (Richters and Valentin, 1973; Barber and 
Burkholder, 1974) or freeze-fracture replicas 
(Pfenninger and Rinderer, 1975; Collins et al., 1975; 
Heuser and Kirschner, 1980) and also from scanning 
electron microscopy of cell fractures (Haggis, 1982; Ris, 
1988; Kelley et al., 1973; Ip and Fischman, 1979) or 
extracted cytoskeletons (Trotter et al., 1978; Trotter and 
Kelley, 1979; Lindroth et al., 1987; Bell et al., 1989). 
Surface architecture of dried and metal coated (Boyde 
and Vesely, 1972; Porter et al., 1972; Boyde et al., 
1973; DeBault, 1973; Porter and Fonte, 1973; Albrecht 
and MacKenzie, 1976; Brunk et al., 1980; Peters, 1986) 
or frozen hydrated (Pawley et al., 1991) cells is recog
nized primarily with scanning electron microscopy. 
Growth of adherent cells on formvar films supported by 
gold grids provides a foundation for the study of whole-
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mounts of fixed-dried (Buckley and Porter, 1973; 
Wolosewick and Porter, 1976; Bell, 1984; Ris, 1985; 
Bell et al., 1989), freeze-dried (Bridgman and Reese, 
1984), negatively stained (Small and Celis, 1978), and 
frozen-hydrated (O'Toole et al., 1990; Frederik et al . , 
1991) cells by means of high voltage electron micros
copy, intermediate voltage electron microscopy, scan
ning transmission electron microscopy, and conventional 
transmission electron microscopy. 

The ideal, but the most technically demanding, ap
proach to the ultrastructural analysis of spreading cells 
utilizes both high voltage electron microscopy to reveal 
cellular interiors and scanning electron microscopy to 
study surface topography of the same cell (Barber, 1974; 
Fonte and Porter, 1974; Barber, 1976; Wetzel and 
Albrecht, 1989; Malecki et al., 1990). However, the 
advantages of this technology for cell culture studies are 
offset by differences in the surface properties between 
polystyrene vessels and formvar films which compro
mise the data correlation. Recent advances in produc
tion of polystyrene films have allowed cultures of human 
endothelial cells, or fibroblasts, followed by their proc
essing for integrated high voltage electron microscopy 
and low voltage scanning electron microscopy (Malecki 
et al., 1989; Malecki et al., 1990). The first objective 
of the current project was to develop improved technolo
gy utilizing polystyrene films for integrated high voltage 
electron microscopy and low voltage scanning electron 
microscopy of human neoplastic cultured cells . 

Ultrastructural study of cells in suspension requires 
that these cells must be rapidly immobilized while they 
remain suspended in culture medium . This can be ac
complished by either fast freezing or chemical fixation 
techniques. Both techniques are undergoing continual 
improvements. Advances in high pressure freezing rep
resent an important development in this field (Meryman , 
1966; Moor and Riehle, 1968; Moor and Hoechli, 1970; 
Riehle and Hoechli, 1973; Miiller and Moor , 1984; 
Gilkey and Staehlin, 1986; Studer et al., 1989). 
Through the use of this technique, a sample up to 230 
µm thick was frozen without forming ice segregation 
patterns (Riehle and Hoechli, 1973). A volume of cul
ture medium corresponding to that sample would allow 
human neoplastic cells to remain freely suspended in this 
medium. In procedures published thus far, specimens 
within carriers for high pressure freezing had to be 
sealed using: hexadecene (Studer et al., 1989), yeast 
paste with methanol (McDonald and Morphew, 1989), 
or polyvinyl alcohol/polyvinylpyrrolidone mixture 
(Miiller and Moor, 1984). However, these procedures 
were not satisfactory for the current project primarily 
because of unknown side effects of substances used as 
sealants on very sensitive human cells (Rapatz and 
Luyet, 1965; Mazur, 1966; McIntyre et al., 1974). The 
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second goal of the current project was to design a speci
men carrier for high pressure freezing of neoplastic cell 
suspension that would require no sealants, cryoprotec
tants, or fixatives. 

Ultrastructural analysis of cells immobilized in sus
pension requires also attachment of whole cells to car
riers for subsequent processing and direct observation 
with scanning electron microscopy. However, these 
cells being too thick to be transparent for electrons even 
at 1 Me V require ultramicrotomy for transmission elec
tron microscopy followed by computer reconstruction of 
entire cells. Two methods of fixed cell attachment were 
utilized in the earlier studies : a. aspiration of chemically 
fixed cells through Nucleopore filters (Wetzel et al . , 
1974; Oliver and Albrecht, 1987), or of high pressure 
frozen, freeze-substituted cells through Durapore filters 
(Malecki et al., 1991); b. binding by electrostatic forces 
to cover slips coated with polycations (Mazia et al., 
1975; Sanders et al. , 1975; De Harven et al., 1975; De 
Harven et al ., 1984). However, application of these 
methods resulted in a variable or selective cell yield 
(Nermut and Eason, 1989; De Harven et al. , 1984) as 
well as dramatic alteration of cell physiology and struc
ture (Wetzel et al., 1974). In response to this problem, 
the new reliable procedure was recently developed al
lowing attachment of cells fixed in suspension to amino
propyl-derived glass cover slips (Malecki and Ris, 1991, 
1992). The modification of this procedure for ultra 
structural studies of high pressure frozen non-adherent 
human neoplastic cells was the third objective of the 
current project. 

The ultimate goal of the entire project was to devel
op technologies permitting direct and adequate correla
tion between data on cultured neoplastic cell functions 
and their structural background . Ideally, developed 
technologies should be compatible with standard cell cul
ture environments and should allow subsequent ultra
structural studies by means of advanced integrated 
microscopy. 

Methods 

Polystyrene film / gold grid carriers 

In order to study the ultrastructure of whole-mounts 
of adherent and spreading cultured neoplastic cells, I 
designed a carrier facilitating polystyrene film manufac
turing, cell growth and processing for electron micros
copy. Procedures for manufacture of these carriers are 
illustrated in Figure 1. Polystyrene cell culture dishes 
(Corning) were dissolved in amyl acetate (0.5 % solution 
w/v) (Malecki et al. , 1989). Cleaned glass slides were 
dipped into this solution and left to dry. Subsequently, 
6 x 6 mm squares were scratched on the thin layer of 
polystyrene film coating the slide. These film squares 
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Figure 1. Assembling of the polystyrene film/gold 
finder grid carrier. (a) polystyrene film floating on 
distilled water, (b) gold, finder grid, (c) frame made of 
gold foil, (d) the whole polystyrene film/ gold grid 
carrier assembled. 

Figure 2. Assembling of the specimen carrier for high 
pressure freezing. (a) gold or glass base, (b) teflon 
sleeve, (c) gold cap, (d) the carrier assembled. 

Figure 3. Assembling of the glass cover slip/gold grid 
carrier or the mica disc/gold grid carrier. (a) 3 mm 
diameter round glass cover slip or disc punched from 
freshly cleaved mica sheet, (b) tabbed, gold, finder grid, 
(c) silicone rubber, (d) the whole mica disc/gold grid 
carrier assembled . 

Figure 4. Modification of a standard cell culture dish 
(Corning). (a) bottom with the drilled opening, (b,d) 
glass cover slips, (c) cover, (e) the whole modified 
vessel. 

Figure 5. Assembling the flat-bottom light-transparent 
centrifuge tube. (a) upper portion of 15 ml centrifuge 
tube (Corning), (b,d) glass coverslip, (c) tube cap with 
the drilled hole, (e) the whole flat bottom tube 
assembled. 

(a) were floated onto a distilled water surface . Cleaned 
gold finder grids (Pella) were placed onto the tops of the 
floating film squares (b) . Finally, the filmed grids were 
picked up with the gold frames (5 mm x 5 mm squares 
with 2.8 mm central hole, or 3 mm diameter rings) 
(Aldrich). These frames provided strong support and 
prevented films from braking (c). The frames had bent 
comers to facilitate handling during processing for elec
tron microscopy and the film edges overlapped the frame 
rim. This created the polystyrene film/gold grid carrier 
(d). Any remaining water droplets were blotted with a 
filter paper. After drying, the films in the carriers were 
exposed to oxygen-plasma glow discharge (Amstein and 
Hartman, 1975; Ramsey et al ., 1984). Additionally, 
polystyrene dishes obtained in their untreated by manu
facturer form (Corning) were exposed to the same treat
ment as the polystyrene films manufactured in this proj
ect. Neoplastic cells adhered firmly to and spread 
promptly on the polystyrene films of the carriers located 
in cell culture vessels (dishes or flasks). 

Carriers for high pressure freezing 

For high pressure freezing of non-adherent cell sus
pension, I designed a new specimen carrier allowing cell 
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growth within undisturbed cell culture medium followed 
by rapid freezing. The carrier manufacture is illustrated 
in Figure 2. A teflon (DuPont) cylinder (b) was at
tached onto the gold base (a) to create the carrier well. 
The carrier cap (c) fitting into the inner diameter of 
teflon tubing was prepared. Cell suspension was inject
ed into the carrier well, which was then tightly closed 
with the gold cap (c). 

Glass cover slip/gold grid carriers 

Neoplastic cells in suspensions either chemically 
fixed or cryoimmobilized and freeze-substituted were at
tached to the carriers, I designed, to facilitate processing 
and electron microscopical observations. Figure 3 illus
trates the carrier manufacture for this purpose. Three 
mm diameter round glass coverslips (Miinnahiitte 
Glassarbeitung, FRG) were cleaned with 40% hydro
chloric acid in ethanol. Also as an alternative, 3 mm 
diameter mica discs (a) were cut from freshly cleaved 
mica sheets using a puncher (Balzers). Glass cover slips 
or mica discs were attached to tabbed, gold, finder grids 
(Pella) (b) with silicone rubber (Coming) (c). This 
created the glass cover slip/gold grid carrier. These 
carriers were cleaned in acetone, dried and then soaked 
for 2-24 hours in 2 %-5 % 3-aminopropyl-triethoxy-silane 
(Aldrich) in electron microscopical grade acetone at 
45 °C (Robinson et al., 1971; Buechi and Bachi, 1979; 
Malecki and Ris, 1991) . Finally the carriers were 
washed in acetone and phosphate buffer saline. 

Cultures of human, adherent, spreading, neoplastic 
cells 

Human Malignant Melanoma cells (HTB63 HT 
144), Human Rhabdomyosarcoma cells (HTB153 MS 
729) and Human Adenocarcinoma cells (HTB 151 MS 
696) from American Type Culture Collection were stud
ied. Cells were grown either on polystyrene film/gold 
grid carriers, or polystyrene coated glass cover slip 
(mica disc)/gold grid carriers placed into polystyrene 
cell culture dishes filled with Dulbecco's medium (Irvine 
Scientific) containing 10% Fetal Bovine Serum and no 
antibiotics. Cultures were maintained in the environ
ment of 5 % carbon dioxide at 37 °C within an incubator 
(Queue). For high resolution light microscopical obser
vations, living cells adhering to the carriers were located 
within the modified cell culture dishes (Figure 4) and 
maintained within an incubator attached to the inverted 
light microscope (Nikon). 

Cultures of human neoplastic cells in suspensions 

Leukemia cells (HTB 176) from American Type 
Culture Collection were grown suspended in RPMl 1640 
supplemented with 20% Fetal Bovine Serum and no anti
biotics. Adherent cells (melanomas, rhabdomyosarco
mas) were detached from substrates with non-enzymatic 
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dissociating solution (Sigma) and resuspended in fresh 
culture medium . Cell suspension remained in cell cul
ture flasks or in the carriers for high pressure freezing, 
which were placed on a rotating-tilting (Pella) table in
side an incubator (Queue). For the high resolution light 
microscopical observations, living cells were injected 
into flat bottom tubes (Figure 5) maintained within an 
incubator attached to the inverted light microscope 
(Nikon). 

Chemical fixation and processing for the EM 

Neoplastic cells spreading on polystyrene films were 
fixed by immersion in the fixative 4 % formaldehyde, 
0.2 % glutaraldehyde (prepared from stock solutions 
available from Polysciences) (modified from Kamovsky, 
1965) in isotonic phosphate buffer saline (Bell, 1984) 
containing 3.0 mM calcium chloride, 0.3 mM magnesi
um chloride and warmed up to 37 °C . The fixation was 
continued in 1 % glutaraldehyde in the same buffer for 1 
hour at room temperature. Then samples were transfer
red into the postfixative: 0.05 % osmium tetroxide, 
0.05% ferricyanide (modified from Elbers et al . , 1965; 
McDonald, 1984) and kept for 15 minutes at 4 °C in the 
darkness to eliminate photo-activation (Bullock, 1984). 
After dehydration with ethylene glycol and ethanol at 
low temperatures (Malecki and Small, 1987), cells were 
critical point dried from carbon dioxide (Anderson, 
1951; DeBault, 1973; Ris, 1985). Dried cells were 
argon-ion beam sputter-coated with platinum (Franks et 
al. , 1980). 

Cells suspended in culture medium were fixed by 
rapid injection into the fixatives described above. After 
being fixed with glutaraldehyde and washed with phos
phate buffer saline, cells were transferred into flat 
bottom tubes (Figure 5). 3-aminopropyl-triethoxy-silane 
treated glass cover slip (mica disc)/gold grid carriers 
were placed onto bottoms of these tubes. Fixed cells re
maining in suspensions were spun down onto the carriers 
(Malecki and Ris, 1991, 1992). The maximal g-force, 
having no effects on the cell geometry (diameter, spheri
cal shape) was determined for the each line. Further 
treatment of cells attached to the carriers was the same 
as that of spreading cells. 

Fast freezing and processing for the EM 

Neoplastic cells spreading on polystyrene films were 
cryoimmobilized either by plunging into melting ethane 
or by high pressure freezing. Subsequently these cells 
were viewed either directly in the microscope using 
cryostages (Gatan) (O'Tooleet al., 1990; Pawley et al., 
1991), or after freeze-substitution, rehydration, immu
nogold labelling, electroconductive staining and drying 
(Malecki, 1992), or after freeze substitution (methanol 
containing osmium), drying, and planar magnetron sput
ter coating (Van Harreveld and Crowell, 1964; 
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Humphreys et al . , 1974; Barlow and Sleigh, 1979; 
Bridgman and Reese, 1984; Malecki et al., 1990). 

Non-adherent cells remained suspended in culture 
medium filling the carrier for high pressure freezing 
(Figure 2). These carriers were maintained in an incu
bator. Transfer from an incubator into the high pressure 
freezer specimen chamber (Balzers High Pressure Ma
chine 010) took less than 5 seconds. Temperature of the 
specimen chamber was maintained at 37 °C. Pressure 
increased within the specimen chamber first to 200 bar 
(2 x 107 Pa) and subsequently above 2300 bar (2.3 x 108 

Pa). A cap of the carrier worked, at this time, as a 
piston transferring pressure onto cell suspension. 
Cooling from O °C, to -50 °C lasted 10 ms, while 
temperature below -100 °C was reached within 20 ms. 
After pressure has been released , temperature below 
-100 °C was maintained for 7 seconds, allowing transfer 
of specimens into liquid nitrogen. For surface topogra
phy studies, cells frozen in medium containing the low 
serum concentration (1 %) were freeze-substituted, 
washed and spun down onto aminopropyl-derived glass 
carriers (Figure 3). For internal organization studies, 
frozen cells were fractured and freeze-substituted 
(Humphreys et al., 1974; Malecki, 1992). Further 
treatment of the freeze-substituted cells or cell fractures 
was the same as that of spreading cells. 

High Voltage Electron Microscopy 

The AEI Mark II Type 7 high voltage electron mi
croscope was operated at 1 Me V. The microscope was 
equipped with axis-centered rotation and low-tempera
ture (Gatan) stages. Performance of the microscope was 
improved by digital controls over the objective lens cur
rent and linked digital memory (Pawley, 1980, 1981). 
Additionally, the microscope was equipped with a 
stereo-imaging system, which allowed three-dimensional 
observations in real time directly by the microscope and 
determination of optimal stereo-tilt angles during record
ing of stereo-pairs (Malecki, 1990). The images were 
either recorded on SO 163 Kodak films, or stored in 
memory of an image processor (Quantex). 

Low Voltage Scanning Electron Microscopy 

The Hitachi S-900 low voltage scanning electron 
microscope was operated either at 1.5 - 15 kV in the 
secondary electron (SE) mode or at 2.5 - 15 kV in the 
backscattered electron (BSE) mode. The microscope 
was equipped with a cryostage (Gatan). The perform
ance of the microscope had been greatly improved by an 
oil-free vacuum that reduced contamination and by mod
ification of the stigmator controls (Pawley, 1987). The 
microscope was also equipped with a double-tilt real
time stereo imaging system (Pawley, 1988). The images 
were recorded on Polaroid 52 films. Images of un
coated samples were recorded by collection of 2-10 
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frames with fast scanning rates. 

Image Processing 

The image processor (Quantex) directly linked to the 
high voltage electron microscope permitted preliminary 
processing of images (averaging, subtraction, alignment) 
and observations of three-dimensional structures directly 
by the microscope in real time using the stereo-imaging 
system (Malecki, 1990). The images on prints were 
scanned on a MacScanner (MacIntosh) and further proc
essed (by: thresholding, counting, histograms, etc.) 
using the Macintoshll computer. 

Results 

Adherent, spreading neoplastic cells. 

Polystyrene films were suitable substrates for 
growth of neoplastic cells . The composition of the films 
was identical to that of cell culture dishes from the same 
batch (Coming) . Surfaces of both films and dishes were 
identically treated by a glow discharge. Due in large 
part to these characteristics, the films were identical as 
substrates to commercially-manufactured , standard, dis
posable cell culture polystyrene vessels. Indeed, in 
adhesion assays performed on melanoma, rhabdomyosar 
coma and adenocarcinoma lines, cells adhered to poly
styrene films with plating efficiency identical to that with 
polystyrene dishes (Figure 6) . This test was especially 
important for evaluation of the metastatic potential of 
neoplastic lines by adhesion assays. Furthermore, 
spreading rate and cell geometry did not differ between 
the prepared polystyrene films and the commercially 
available polystyrene dishes (Figure 7). Unlike formvar 
films, polystyrene films produced values for plating effi
ciency and spreading rate equal to those of oxygen 
plasma treated polystyrene cell culture ware. 

Malignant melanoma cells spreading on the polysty
rene film are shown in Figures 8-17. Replacing portions 
of culture dish bottoms and covers with glass coverslips 
(Figure 4) created a strain-free optical pathway and 
permitted the use of polarized, or Nomarski optics to
gether with phase contrast light microscopy in high reso
lution work (Figures 8, 9) . Light optical properties of 
the polystyrene films were identical to those of poly
styrene vessels. The films were sufficiently thin that 
cells on the carriers located at the bottoms of standard 
cell culture flasks were still in the correction range of 
the long working distance phase con-trast objective lens 
of the light microscope (Figure 8). Thus, the optical 
features of the polystyrene films allowed high resolution 
light microscopy during cell adhesion and spreading, as 
well as during processing for electron microscopy. 

Mechanical properties of the films were important 
during their manufacture and during cell growth and 
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Figure 6 (at left). Adhesion assay (number of attached cells per substrate) of malignant melanoma cells. Cells were 
seeded onto: a) polystyrene dishes glow discharge treated by the manufacturer to enhance cell culture growth (Corning) -
CCPSD, b) polystyrene dishes untreated by the manufacturer (Corning), but exposed to oxygen plasma together with 

thin polystyrene films in this project - UPSD, and c) thin polystyrene films manufactured and oxygen plasma glow 
discharge treated in this project. These cells were allowed to attach for 30 minutes. Then unattached cells were washed 
off with buffer. Histograms of attached cells were prepared on Macintoshll after scanning and thresholding of recorded 
images. The results were compared to CCPSD which was considered 100%. 

Figure 7 (at right). Spreading rate (cell mean diameter over time) of malignant melanoma cells on various substrates. 
Cell diameters were measured after 3 and 30 minutes of spreading. Abbreviations of substrates identical to those of 
Figure 6. 

----------------------------------- ------------- ----- ---- ------------------------------- ---------

Figures 8-12 (on the facing page). Malignant melanoma cell spreading on the polystyrene film assembled into the 
carrier. The carrier was placed into the modified cell culture dish to ensure a strain-free light optical pathway. 
Arrowheads indicate structures selected at consecutive steps of observations. The living cell in the light microscope 
(Figures 8-9). The same cell identified with the coordinates of the gold finder grid and observed in the high voltage 
electron microscope (Figure 10) and the low voltage scanning electron microscope (Figures 11 and 12). 

Figures 8-9. The phase-contrast (Figure 8) and the Nomarski (Figure 9) light microscopical images of the same living 
cell. The cell developed numerous filopodia and ruffles (Figure 8). Cellular fibrils could be revealed due to a strain
free optical path (Figure 9). 

After recording with the light microscope, the cell was fixed with aldehydes only, dehydrated and critical point 
dried. No staining or coating was applied. Integrated high voltage electron microscopy and low voltage scanning 
electron microscopy demonstrated complete integrity of polystyrene films after processing for electron microscopy and 
exposure to an electron beam. 

Figure 10. The same cell as in Figures 8 and 9 viewed in the high voltage electron microscope. This image 
demonstrates transparency of the whole cell on the polystyrene film for the electrons at 1 MeV. 

Figure 11. The surface topography of the same cell as in Figures 8-10 observed in the secondary electron mode of the 
low voltage scanning electron microscope, recorded with fast scan averaging (8 x 1.5 sec/frame - 500 lines). 

Figure 12. The area indicated by the arrows in Figures 8-11 observed in the low voltage scanning electron microscope 
at 1.5 kV. Even with the fast scanning, charging of the cell surface occurred. However, the good preservation of the 
membrane integrity can be appreciated. 

Bars = 5 µm (Figs. 8-11); 1 µm (Fig. 12). 
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processing for electron microscopy. During manufactur
ing, the films had to be floated onto a water surface with 
the sharpest possible angle, between a slide and the 
water surface. During processing bending had to be 
avoided, otherwise thin fractures could already be seen 
already with a light microscope. Also excessive heating 
(cooling) leading to the expansion (contraction) of gold 
grids might lead to fractures (wrinkles); which could en
large during further steps of processing . In this respect , 
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the carrier frame was crucial as it provided films with 
strong support. Polystyrene films prepared as described 
above did not require additional supportive coating. 

Light microscopical observations indicated that neo
plastic cells behaved on polystyrene films as on regular 
polystyrene cell culture vessels. Furthermore, they 
could be processed for electron microscopy . To deter
mine suitability of these films for electron microscopical 
imaging, their ability to withstand a high vacuum and 
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their stability under an electron beam had to be 
determined. 

Cells grown on polystyrene films, photographed 
with the light microscope (Figs. 8, 9, 13) and then fixed 
and critical point dried were subsequently observed in 
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Figures 13-17. Malignant melanoma cell after 24 hours 
spreading on the polystyrene film. The carrier was lo
cated within a standard polystyrene cell culture vessel 
prior to seeding cells. After light microscopica : obser
vations of the living cell, this cell was proce~sed for 
electron microscopy. The identical cell areas of the gulf 
within the cell edge are indicated by arrowheads. The 
exact correlation between the living cell strucmre re
vealed with the light microscope and the ultras tructure 
of this cell after processing for the electron microscope 
can be achieved . Bars = 5 µm (Figs. 13-15). 

Figure 13. The phase-contrast light microscop ical im
age of the living cell. The arrows indicated the gulf of 
the cell edge (its ultrastructure was subsequently re
vealed in integrated high voltage electron microscopy 
and low voltage scanning electron microscopy (Figures 
14-17). Note the surface pattern of polystyrene flask. 
The polystyrene film retained its integrity. 

Figure 14. The intracellular organization of the same 
cell (Figures 13 and 15) observed in the high voltage 
electron microscope at 1 MeV. Staining with osmium
ferricyanide enhanced significantly contrast. 

Figure 15. The surface topography of the same cell (as 
in Figures 13 and 14) observed in the low volta ge scan
ning electron microscope-secondary electron mode at 1.5 
kV. The sample was ion-beam sputter coated with plati 
num to enhance secondary emission; thus, to facilitate 
surface topography imaging . 

Figures 16-17 (facing page). Integrated high voltage 
electron microscopy and low voltage scanning electron 
microscopy of the malignant melanoma cell three-climen
sional ultrastructure (the gulf in the cell edge indicated 
with arrows in Figures 13-15). Bars = 500 run. 

Figure 16 (stereo-pair). The stereo-pair recordec with 
the tilt ±4 ° in the high voltage electron microscope 
revealed the three-dimensional intracellular organization. 

Figure 17 (stereo-pair). The stereo-pair recorded in the 
low voltage scanning electron microscope with a tilt 
angle of ±4 °, of the same area observed previously in 
the high voltage electron microscope (Figure 16). The 
cell surface topography (Figure 17) can be exactly 
correlated with the intracellular organization (Figm e 16). 
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the high voltage electron microscope (Figs. 10, 14, 16). 
The film integrity was perfectly preserved with no frac
tures present even though these films w~re not supported 
by any evaporated layers (Fig. 10). Films were very 
stable under an electron beam within a wide range of 
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beam spreading. This stability allowed recording of 
micrographs at 30,000 x (Fig . 16) and up to the highest 
magnifications. Cellular three-dimensional organization 
was observed either directly by the high voltage electron 
microscope with the attached stereo-imaging system, or 
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after recording pairs of tilted specimen images . Both 
methods required exceptional substrate stability. The 
stereo-pair recorded in the high voltage electron micros
cope (Fig. 16) demonstrates that polystyrene films pos
sess the required stability. 

The same melanoma cell previously observed with 
the light microscope and afterwards in the high voltage 
electron microscope was subsequently observed in the 
low voltage scanning electron microscope (Figs. 11, 12, 
15 and 17). The image of the cell spreading on poly
styrene film, then fixed with aldehydes and dried (Figs. 
11, 12), demonstrates the preserved film integrity with
out masking of fractures (wrinkles) by any evaporated 
coating layer. Reduced accelerating voltage (below 1.5 
kV) resulted in the decreased specimen charging and 
beam damage. Presence of a grid, on the film top, 
greatly facilitated work in the low voltage scanning elec
tron microscope operating at 1.5 kV and below. A fin
der grid pattern was easy to recognize and thus worked 
as a reference system (Fig . 11, 15) allowing fast and ac
curate localization of light microscopically selected cells. 
When cells were grown on formvar films supported 
from below increased voltage (up to 5 kV) was required 
for recognition of a grid pattern. Recording of images, 
of critical point dried but uncoated specimens, in the low 
voltage scanning electron microscope had to be perform
ed at fast scanning rates to prevent charge build-up 
(Figs. 11, 12). To improve electro-conductivity and 
secondary emission, samples were argon-ion beam sput
ter-coated with 1-2 nm of platinum (Figs . 15, 17). In
tegrity of the film did not suffer during ion bombard
ment. Platinum layer helped to reveal the cell surface 
detailed topography (Fig. 17). Figures 8-17 clearly 
demonstrate durability of these films during processing 
and observations with integrated high voltage electron 
microscopy and low voltage scanning electron micros
copy. 

Polystyrene films provided appropriate supports for 
neoplastic cells during preparation protocols involving 
harsh extraction and immunogold labelling. Consequent
I y, the same immunogold labelled micro tubules were ob
served with the high voltage electron microscope (Fig. 
18) and the low voltage scanning electron microscope 
(Figs. 19, 20). Furthermore, high electron transparency 
of polystyrene significantly enhanced the signal to noise 
ratio in the low voltage scanning electron microscope
backscattered electron mode, this permitted clear verifi
cation of fibronectin receptor immuno-gold labelling 
(Fig. 22), detected on the cell surface previously ob
served in the low voltage scanning electron microscope
secondary electron mode (Fig. 21 at 200,000x). 

As an alternative to chemical fixation, cells 
spreading on polystyrene were cryo-immobilized either 
by plunging them into melting ethane, or by high 
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Figures 18-22. Imaging techniques of immunogold 
labelling of human fibroblasts grown on the polystyrene 
film. The bundle of labelled microtubules is indicated 
with arrows in Figures 11-13. The group of labelled 
fibronectin cell surface receptors is indicated with 
arrows in Figures 14 -15. Bars = 500 nm (Figs. 18-
20), and = 50 nm (Figs. 21, 22). 

Figure 18 (stereo-pair). The three-dimensional organi
zation of microtubules labelled with antibodies conju
gated to 3 nm gold particles and observed in the high 
voltage electron microscope. The gold particles (black 
dots) on the microtubules are clearly seen. The 3 nm 
gold particles were the smallest detectable correlatively 
in the high voltage electron microscope and the low 
voltage scanning electron microscope without silver 
enhancement and image processing. 

Figure 19. The area observed previously in the high 
voltage electron microscope (Figure 18) was subsequent
ly observed in the low voltage scanning electron micro
scope-secondary electron mode at 1.5 kV . Note the cell 
extraction caused by buffered 0.5 % Triton XlOO used to 
enhance immunolabelling . 

Figure 20. The atomic number contrast image recorded 
at 15 kV in the low voltage scanning electron micro
scope-backscattered electron mode of the same area as 
Figures 19-20 . Distribution of individual gold particles 
can be verified. 

Figure 21. The immunogold labelling of the cell sur
face fibronectin receptor with the antibodies conjugated 
to 10 nm gold particles observed in the low voltage 
scanning electron microscope-secondary electron mode 
at 1.5 kV. The gold core is covered with a shell of anti
bodies creating a complex much bigger than the receptor 
itself (about 3 x 12 nm). 

Figure 22. The gold distribution verification in the 
same cell area as in Figure 21, in the low voltage scan
ning electron microscope-backscattered electron mode at 
15 kV. 

----------------------------

pressure freezing. Polystyrene provided sufficiently 
strong support so that cells either frozen hydrated or 
freeze-substituted rehydrated immunogold labelled might 
be studied by means of electron microscopy (Malecki, 
1992). 

In conclusion, polystyrene films proved their 
reliability for ultrastructural studies on adherent and 
spreading cultured neoplastic cells. 
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Neoplastic cells in suspensions. 

Rhabdomyosarcoma cells detached from substrates 
(Figs . 23-27) and non-adherent leukemia cells (Figs. 28-
32), both remained suspended in culture medium . For 
chemical fixation these cells were injected directly into 
fixative. Injecting allowed immediate transition from the 
cell culture environment into fixative; thus, immediate 
contact of the cell surface with the full strength fixing 
agent was achieved. Fixed and washed cells were spun 
down onto aminopropyl derived glass carriers . Approxi-
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mately 98 % of cells spun down onto these carriers re
mained attached after washing with buffer (Figures 24, 
27). More than 96 % of cells remained attached to these 
carriers after further processing involving critical point 
drying (Figures 24, 27). For cryo-immobilization, cell 
suspension was injected into the carrier and high pres
sure frozen . Subsequently freeze-substituted cells also 
attached to the aminopropyl derived glass carriers with 
high yield (Figure 29). Cells also remained attached to 
the carriers during embedding into resins for subsequent 
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Figures 23-26. Rhabdomyosarcoma cells (Figure 23) 
were detached from polystyrene flasks, fixed in suspen
sion and subsequently attached to the mica disc/gold grid 
carrier treated with 3-aminopropyl-triethoxy-silane. Se
lection of the cell with the light microscope (Figure 24), 
followed by the same cell identification with the gold 
finder grid coordinates in the low voltage scanning elec
tron microscope (Figure 25) and the selected area sur
face topography ultrastructure at high magnification 
(Figure 26). 

Figure 23. Rhabdomyosarcoma cells growing in poly
styrene dish . Cells have spindle-like geometry. Mitotic 
cells rounded up. Some cells grew on top of others . 
Bar= 200 µm. 

Figure 24. The phase-contrast light microscopical 
image of cells fixed in suspension and attached to the 
carrier. Observations were performed within the flat
bottom centrifuge tube. The cell spherical geometry is 
preserved . Bar = 200 µm. 

Figure 25 (stereo-pair) . The three-dimensional image 
of the cell from the same sample as in Figure 24 after 
critical point drying from carbon dioxide and ion-beam 
sputter coating with platinum observed in the low 
voltage scanning electron microscope operating at 1.5 
kV. Bar = 5 µm. 

Figure 26 (stereo-pair). The high magnification image 
of the cell surface topography in the central area of the 
cell recorded in Figures 24 , 25 . Filopodia protrude 
from the cell surface. Note the preserved integrity of 
the cell membrane. Bar = 250 nm. 

ultramicrotomy (Malecki and Ris, 1991). Transparent 
carriers (mica discs, glass cover slips) allowed evalua
tion of samples at all procedural steps. Attached finder 
grids worked as durable reference systems allowing 
identification of selected cells in the electron microscope 
using coordinates of gold finder grids (in cases of cells 
missing after drying, portions of remaining membranes 
were found attached to the carriers in the former loca
tions of cells, indicating that forces of attachment were 
stronger than those of cell integrity). Therefore, elec
tron microscopical images were considered representa
tive of the entire cell population. Additionally, living 
cell spherical geometry was well preserved after both 
chemical fixation (Figure 25) and high pressure freezing 
(Figure 29). Furthermore, cells had well preserved 
membrane integrity (Figures 26, 30). Thus, the proce
dures were optimal for evaluation of large sample areas 
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Figure 27. Attachment yield of rhabdomyosarcoma 
cells fixed in suspension. S-cells fixed in suspension 
and spun down onto the aminopropyl-derived glass car
rier ; B-cells remaining attached after washing with 
phosphate buffer saline; D-cells remaining attached to 
the carrier after critical point drying. 

at low magnification (correlative to other analytical pro
cedures such as cell sorting etc.), followed by selection 
of individual cells and finally high resolution ultrastruc
tural analysis of neoplastic cell surface topography at 
very high magnifications. 

In conclusion, the described procedure of attachment 
of fixed cells to the aminopropyl derived glass cover 
slip/gold grid carriers proved to be suitable for ultra
structural analysis of non-adherent human neoplastic cell 
surface topography. 

Neoplastic cells, high pressure frozen, fractured, 
freeze-substituted and dried allowed observations of the 
cellular interior three-dimensional organization with the 
low voltage scanning electron microscope (Figures 31, 
32). In this approach, in contrast to studies performed 
on freeze-fracture platinum replicas for transmission 
electron microscopy, large areas of freeze-fracture faces 
of many, entire cells and cell aggregates were available 
for observation. The sample was representative of the 
entire cell population; thus permitted correlation with 
other analytical methods. For this study, it was also 
particularly important that fast freezing made immobili
zation of intracellular processes possible at almost the 
same time as those processes on the cell surface. Suc
cess in freezing and further processing of cell suspension 
was clearly demonstrated by the chromatin preservation . 
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Figures 28-30. Leukemia cells were grown in polystyrene flasks (Figure 28), they were injected into the carrier and 
high pressure frozen. Subsequently these cells were freeze-substituted and attached to the aminopropyl-derived glass 
cover slip/gold grid carrier (Figure 29). Finally cryo-fixed cells attached to the carrier were critical point dried and 
coated (Figure 30). 

Figure 28. Living leukemia cells in polystyrene flask observed with the phase-contrast light microscopy. Cells are 
spherical, but many cells have irregular protrusions from their surfaces. Some cells form aggregates. Bar = 200 µm. 

Figure 29. Attached to the carrier cryofixed cells observed with phase contrast light microscopy. Cells maintained 
their spherical geometry observed in the living state. Bar = 200 µ,m. 

Figure 30 (stereo-pair). The image of leukemia cells selected from the sample presented in Figure 29, after drying 
and coating, observed with the low voltage scanning electron microscope. Well preserved cell spherical geometry can 
be appreciated spatially. Membranes preserved their integrity. Cellular protrusions observed in the living state can be 
analyzed ultrastructurally. Bar = 5 µ,m. 

-------------------------------------------------------------------------------------

Figures 31-32 (facing page). Leukemia cells suspended in Dulbecco medium were high pressure frozen using the car
rier described in this report with no sealants, no cryoprotectants, or no fixatives. Subsequently frozen cells were frac
tured, freeze-substituted, critical point dried from carbon dioxide and coated with platinum. Images were recorded using 
the secondary electron mode in low voltage scanning electron microscope at 1.5 kV. 
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See bottom of facing page also. 

Figure 31 (stereo-pair). The image of a human leukemia cell. This leukemia cell has preserved its spherical geometry. 
The three-dimensional internal organization is revealed with clear distinction of the cell membrane, the nuclear envelope 
and cell organelles. Bar = lµm . 

Figure 32 (stereo-pair). The image at high magnification of internal organization of the nucleus selected area of the 
same cell as observed in Figure 31 (area indicated with arrows on Figure 31). Membranes of the nuclear envelope have 
well preserved integrity . The clear distinction between eu- and hetero-chromatin is present . Bar = 250 nm. 

S67 



M. Malecki 

The nuclear organization was very well preserved allow
ing clear distinction between eu- and heterochromatin 
(Figure 31). Extreme sensitivity of chromatin to dam
a,ge by ice crystal formation implied, that the chromatin 
organization was the most sensitive indicator of appro
priate freezing (Sitte et al., 1987; Richter and Dubochet, 
1990; Sorber et al., 1990). The nuclear envelope also 
was well preserved (Figure 32). Although the very 
compact intracellular matrix obscured the image of 
structures located far below the fracture plane, it re
vealed the absence of ice segregation patterns indicating 
optimal freezing and further processing. The intracel
lular organiz.ation was further revealed by extraction 
procedures before freezing and during freeze-,substitution 
(Malecki, 1992). These results were obtained with no 
sealants, no cryoprotectants, no fixatives, which could 
affect cell structure and function. The crucial element 
for the success of this quality specimen preparation was 
the new design of the specimen carrier for high pressure 
freezing. The carrier cap was tight enough to seal the 
carrier to prevent any leaks of culture medium. It also 
prevented any loss of cells by the first 200 bar ethanol 
burst and subsequent liquid nitrogen driven rapid pres
sure increase above 2300 bar. The cap also worked as 
a piston efficiently transferring pressure. Specimen frac
tures perpendicular to the cooling surface allowed deter
mination of the sample thickness, so that its central 
portions were free from ice segregation patterns. This 
thickness was approximately 200 µm. Additional advan
tage of the designed carrier was, that when fracture 
planes were selected parallel to the freezing surfaces , 
they were immediately close to this freezing surface. 
This feature made it feasible to reveal interiors of cells 
frozen with the optimal cooling rates. 

In conclusion, the newly designed specimen carrier 
for high pressure freezing allowed rapid cryo-immobili
zation of human neoplastic cells, while these cells 
remained suspended in undisturbed cell culture medium . 

Discussion 

Adherent, spreading neoplastic cells. 

Polystyrene films provided adherent and spreading 
cultured neoplastic cells with the identical substrates as 
standard polystyrene cell culture vessels (dishes, flasks). 
They were like portions of these vessels, but portable. 
Final surface properties of the films suitable for growth 
of cells could be attributed to implantation of oxygen 
atoms within carboxyl groups into polystyrene chains 
during glow discharge (Amstein and Hartman, 1975; 
Ramsey et al . , 1984; Pratt et al. , 1989). Furthermore, 
these films supported by gold grids assembled into car
riers provided cells with a strong support during proc
essing and imaging of cellular ultrastructure in the high 
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voltage electron microscope and in the low voltage scan
ning electron microscope. The stability of polystyrene 
films in the high voltage electron microscope could be 
explained by the fact, that the mass loss at 1 Me V was 
significantly reduced, as compared to intermediate and 
conventional transmission electron microscopy at 80 -
400 keV (Glaeser, 1974). Nevertheless, polystyrene 
films were more stable than formvar films under the 
same beam current. This was attributable to the fact 
that the mass loss of polystyrene was significantly 
reduced as compared to formvar or collodion exposed to 
the same beam current (Baumeister and Hahn, 1978). 

For cultures of neoplastic cells, there are three 
major implications of polystyrene film technology. 
First, identical surface properties for cell adhesion and 
spreading of polystyrene dishes and films allow the use 
of standard cell culture routines with the exception that 
some polystyrene films assembled into carriers are 
placed into standard, commercially available cell culture 
vessels. Cells on films and those cells within flasks or 
dishes have identical conditions for growth. At the de
sired time, cells grown on films are removed from cell 
culture vessels and processed for ultrastructural studies 
with integrated high voltage electron microscopy and 
low voltage scanning electron microscopy on cell whole
mounts. Cells remaining within vessels are studied with 
standard analytical procedures including cell sorting, 
radioimmunoassays, cell counting, etc. Finally, straight 
correlation between all applied methods is possible. 

Second, various conditions ( concentrations, tempera
tures, times) established for adsorption of different pro
teins onto surfaces of polystyrene cell culture vessels are 
identical for the polystyrene films. This is particularly 
useful for studies of ultrastructural aspects of the neo
plastic cell adhesion to the isolated components of extra
cellular matrix, basement membranes, or cellular mem
branes (Ruoslahti, 1991). 

Third, polystyrene films coated with isolated compo
nents of basement membrane appear to be very suitable 
for growing monolayers of human endothelial cells serv
ing as the blood vessel wall model (Malecki et al., 
1989), or fibroblasts as the connective tissue model 
(Malecki et al., 1990). Both these models are essential 
for functional and structural studies on mechanisms of 
tumor cell invasion and metastasis (Kramer and 
Nicolson, 1979; Niedbala et al., 1985). 

Neoplastic cells in suspension. 

The newly designed specimen carrier allowed fast 
cryoimmobilization of the neoplastic cells suspended in 
culture medium. The cooling rate was the critically im
portant factor for avoiding ice segregation patterns. It 
must not fall below the optimal values, even when freez
ing at high pressure (Riehle and Hoechli, 1973). The 
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thermal coefficient was assumed to remain constant 
across homogeneous cell suspension and to be equal to 
that of pure water. Therefore, the freezing rate at a 
given point of a specimen was a function of the distance 
from the freezing surface . This criterion was used to 
determine empirically the thickness of specimens and 
thus the appropriate height of the carrier, so that at no 
point of the specimen was the cooling rate below opti
mal. An equally essential factor was pressure. Pressure 
exerted on specimens was essential for good preservation 
of the ultrastructure. The carrier cap operating as a 
piston, during the hyperbaric phase of freezing process, 
ensured efficient transfer of pressure within the speci
men chamber onto cell suspension. The third factor 
strongly influencing the observed cell images was the 
fracture plane localization with regard to the freezing 
surface. This factor was primarily determined by the 
specimen carrier construction. Carriers used in earlier 
studies were composed of two symmetrical planchets 
with specimens sandwiched between them (Miihlethaler 
et al., 1970; Moor et al., 1980; Miiller and Moor, 
1984; Craig et al ., 1987; Studer et al., 1989). In 
practice, fracture planes passed roughly through the 
specimen central portions. Thus, cells observed in the 
electron microscope were mostly those cells far from the 
freezing surface , hence frozen under the worst condi
tions. The asymmetrical carrier designed for this project 
ensured fracture planes close and parallel to the cooling 
surface; thus, cells frozen in the optimal conditions were 
revealed for observations . Additionally, fractures per
pendicular to the freezing surface permitted evaluation 
of the spatial distribution of freezing phenomena. Con
sideration of these three factors resulted in the carrier 
design, which ensured very good ultrastructure preserva
tion of neoplastic cells frozen while they remained sus
pended in culture medium uncontaminated by sealants, 
cryoprotectants, or fixatives. 

Procedures developed in this project to study the 
ultrastructure of human neoplastic cells in suspension 
have three major implications for further projects. First, 
the electron microscopical sample is representative of the 
entire cell population. For cells remaining in suspension 
after fixation or freeze-substitution, this is due to very 
strong bonds (resistant to electron microscopical proc
essing steps) between derived glass carrier aminopropyl
groups and cryo-fixed cell free aldehyde groups 
(Malecki and Ris, 1991, 1992). For cryo-fractured 
cells, this is due to obtaining large fracture areas 
through the entire cell suspension. These features allow 
exact correlation between ultrastructural images and 
quantitative data available from cell sorting, radio
immunoassays, etc. Ultrastructural analysis is per
formed in the direct extension of cell sorting or radio
immunoassays with the same samples for further elec-
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tron microscopical processing. 
Second, cryo-immobilization of cellular phenomena 

followed by freeze-fracture, substitution and drying 
opens up opportunities to study three-dimensional inter
nal organization within individual cells as well as within 
cell aggregates. Furthermore, observation of sample 
freeze-fracture large areas (containing many cells) can 
be followed by high resolution work (selected cell struc
tures) at very high magnifications in the low voltage 
scanning electron microscope. 

Third , fast freezing of individual cells suspended in 
volumes of culture media that significantly exceed cell 
volumes offers the opportunity for freezing cell aggre
gates suspended in culture medium. This technique de
creases dangers of intercellular interaction reorganization 
either by penetration of chemical fixatives or by attach
ment of living cells to carriers. It allows analysis of 
these phenomena with high temporal resolution. This is 
particularly important for studies on mechanisms in
volved in fomiation of tumor cell aggregates or inter
action between neoplastic cells with natural killer cells 
(Haji Karim and Carlsson, 1978; Collin s et al., 1981; 
Trinchieri, 1989; Malecki and Walther, 1991) . 
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Discussion with Reviewer 

T .D. Allen: You have been successful in dissolving tis
sue culture plastics to generate thin film for cell growth 
suitable for electron microscopy, and the rationale for 
this is to provide a comparable substratum to tissue cul
ture flask growing surfaces. In producing these films, 
however , you have dissolved tissue culture plastic in 
amylacetate to make the films. In doing this you must 
have altered the special surface treatment during manu
facture which allows the tissue culture plastic to be ei
ther hydrophobic (as in the case of bacteriological tissue 
culture plastic) or hydrophilic (mammalian tissue culture 
plastic). In our own experience the manufacturers al
ways refuse to specify exactly how they make growing 
surfaces of tissue culture plastic ware hydrophilic, and 
how sure can you be that you have exactly replicated the 
manufacturer's procedure of surface treatment. 
Author: The biocompatibility of polystyrene cell cul
ture ware can be changed through three different proce
dures: a) glow discharge (Amstein and Hartman, 1976, 
text reference), b) oxidation (Curtis et al., 1986), and 
c) protein adsorption (McKeehan and Ham, 1976; 
Gospodarowicz and Tauber, 1980). Glow discharge has 
been used by Corning to improve surface properties of 
cell culture ware (Ryan, 1989). The exact technological 
parameters (pressure, plasma current, voltage, duration, 
frequency) are proprietary; however, the implications of 
changes in these parameters for cultured cell behavior 
have been described (Ramsey et al . , 1976). Physical 
surface properties ,can be evaluated by measuring contact 
angles, counting hydroxyl groups, or measuring surface 
charges. However, the polystyrene biocompatibility ,can 
best be evaluated by measurements of cell plating effi
ciency, spr-eading rate .and doubling time. The measure
ments performed in this project demonstrate the same 
biocompatibility qualities of: a) polystyrene dishes 
plasma discharge treated to enhance suitability for 
culture commercially available (Corning), b) polystyFene 
dishes untreated by manufacturer (Corning), but exposed 
to oxygen plasma discharge in this project, and c) thin 
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polystyrene films (suitable for the integrated microscopy) 
manufactured in this project. 
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