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Summary: One of the often reported artefacts during
cell preparation to scanning electron microscopy
(SEM) is the shrinkage of cellular objects, that mostly
occurs at a certain time-dependent stage of cell drying.
Various methods of drying for SEM, such as critical
point drying, freeze—drying, as well as hexamethyldi-
silazane (HMDS)-drying, were usually used. The latter
becomes popular since it is a low cost and fast method.
However, the correlation of drying duration and real
shrinkage of objects was not investigated yet. In this
paper, cell shrinkage at each stage of preparation for
SEM was studied. We introduce a shrinkage coeffi-
cient using correlative light microscopy (LM) and
SEM of the same human mesenchymal stem cells
(hMSCs). The influence of HMDS-drying duration on
the cell shrinkage is shown: the longer drying duration,
the more shrinkage is observed. Furthermore, it was
demonstrated that cell shrinkage is inversely propor-
tional to cultivation time: the longer cultivation time,
the more cell spreading area and the less cell
shrinkage. Our results can be applicable for an exact
SEM quantification of cell size and determination of
cell spreading area in engineering of artificial cellular
environments using biomaterials. SCANNING
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Introduction

Scanning electron microscopy (SEM) has become
increasingly important in cell biology—not only as a
method for investigation of the surface topography of
biological objects, but also as a tool for recognition of
these objects with subsequent quantitative processing.
Among other applications, it is of great importance to
study the cell behavior on the biomedical materials
(Curtis, 2001). Such research should focus on different
cellular characteristics including cell proliferation,
migration, attachment, and spreading on the engineered
substrate. By screening of the new biomaterials cell
spreading area can be performed and quantified with
various methods including SEM (Richards et al., *97,;
Owen et al., 2005; Katsen-Globa et al., 2009). However,
the precise determination of real cell size as well as cell
area needs an artefact-free SEM-preparation.

After the implementation of SEM in biology, efforts
of many researchers were directed on adequate
preservation of native structures of biological objects
with the minimal loss of their properties. Standard
preparation for SEM includes pre-fixative treatment,
fixation, and dehydration, as well as drying and
following coating with the electro-conductive layer
(Boyde, ’80; Brunk et al., ’81). Each stage of the
preparation can damage the specimen at a certain grade
and might cause artefacts. It was concluded that
especially dehydration and drying are prone to produce
artefacts (Gusnard and Kirschner, 77; Lytton et al., *79;
Boyde and Maconnachie, ’80, ’81; Brunk et al., *81).
For dehydration of fixed biological objects the water
was first substituted with organic solvents such as
ethanol, acetone, Freons, such as Freon 12 and Freon
113 (Boyde and Vesely, *72; Boyde, ’80; Boyde and
Maconnachie, 80, ’81), and then dried. For drying,
various methods were applied whereas the most popular
were critical point drying (CPD), freeze—drying, and
hexamethyldisilazane (HMDS)-drying (Boyde and
Vesely, *72; Boyde et al., *72, ’81; Billings-Gagliardi
et al., ’78; Boyde, ’80; Brunk et al., ’81; Draenert and
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Draenert, ’82; Nation, ’83; Nordestgaard and Rostgaard,
’85; Dekker et al., ’91; Bray et al., ’93; Braet et al., *97;
Fratesi et al., 2004; Jahn et al., 2007; Wisse et al., 2010;
Lee and Chow, 2011; Hazrin-Chong and Manefield,
2012). Comparative efficiency of these methods was
discussed in numerous publications revealing that the
most frequent artefacts of all methods are formation of
ruptures, disappearance of intercellular contacts, and
particularly, cell shrinkage of the original volume up to
50% (Schneider, ’76; Gusnard and Kirschner, *77;
Billings-Gagliardi et al., *78; Lytton et al., ’79; Boyde,
’80; Boyde and Maconnachie, 80, ’81; Wollweber
et al., ’81; Nordestgaard and Rostgaard, ’85). In
particular, the following aspects have been extensively
studied and compared by CPD and freeze—drying, and
the most general agreement that freeze—drying is a
technique introducing less shrinkage than CPD, and
preserving similar or better fine cellular surface
morphology (Boyde and Vesely, ’72; Boyde et al.,
>72; Billings-Gagliardi et al., *78; Boyde and Macon-
nachie, ’79, ’81; Brunk er al., ’81). However, also
freeze-drying can cause SEM artefacts due to ice crystal
formation (Boyde and Maconnachie, ’81; Draenert and
Draenert, ’82; Nordestgaard and Rostgaard, ’85).
Although shrinkage caused by HMDS was not inten-
sively studied, it was noted to be comparable with CPD
results (Dekker et al., ’91; Braet et al., ’97; Jahn et al.,
2007).

In the above mentioned studies, the assessment of
cell shrinkage was mainly based on suspended cells or
pieces of tissue. In contrast, cell ruptures and loss of
cellular contacts were mostly observed and described
for adherent cultured cells (Schroeter et al., ’84).
However, a precise investigation of these artefacts was
marginally performed. The damage of the cytoskeleton
structures can be a reason of such artefacts (Wollweber
et al., ’81; Schroeter et al., ’84), and cause the cell
shrinkage with following change of cell volume and/or
cell area. Taking into account cell shrinkage at the
calculation of the cell spreading area will better reflect
the biological reality.

Some years ago, we developed a new SEM-based
method for automatic analysis of cell attachment and
spreading area (Katsen-Globa et al., 2009). In this study
the shrinkage of cells caused by preparation for SEM
was not considered. Later, applying the developed
method for evaluation of cryopreserved adherent cells,
we took into account this artefact by introducing the area
shrinkage coefficient (Katsen-Globa et al., 2014). In this
work we have dried the samples 10min in HMDS,
according to the recommended time in literature
(Dekker et al., ’91).

In the present study, we have investigated in detail
the changes of cell spreading area at different stages
of SEM preparation. For exact calculation of cell
shrinkage, correlative light microscopy (LM), and
SEM of the same cell objects were applied. The

identification of the same cells in both, LM and SEM
was performed using the commercial culture dishes
with grids (Katsen-Globa et al., 2014; Madela et al.,
2014). Studying hMSCs we have investigated the
dependence of drying duration and the influence of
cell cultivation time/spreading on cell shrinkage. The
areas of the same cells were measured by analyzing
LM-, and SEM-images (automatically or manually) at
each stage of SEM preparation.

Materials and Methods
Cell Cultivation

Umbilical cord hMSCs (PromoCell GmbH, Heidel-
berg, Germany) were inoculated with a density of
5 x 10° cells/cm? and cultivated 2,4, and 24 h according
to manufacturer’s protocol in 35 mm p-dishes with grid
(ibidi GmbH, Martinsried, Germany). For each time
point, three dishes were used and each experiment was
repeated three times (n = 3).

For comparison CPD-, and HMDS-drying, 1.929
mouse fibroblasts were cultivated at 37°C, 5% CO,/95%
air in Dulbecco’s modified growth medium with 10%
bovine serum and antibiotics. The cells were detached
with trypsin/EDTA and used as suspension for follow-
ing SEM preparation. All reagents were purchased from
Life Technologies GmbH (Darmstadt, Germany).

Light Microscopy (LM)

To estimate cell shrinkage during SEM preparation,
the same cells were studied and photographed under the
liquid layer of culture medium using phase contrast
microscopy (Eclipse TS100, Nikon GmbH, Duessel-
dorf, Germany). The same observed field of view was
imaged before and after fixation, as well as after
treatment with osmium tetroxide, tannic acid, and uranyl
acetate (see Fig. 1). At least four images per approach/
dish were taken in all samples.

Scanning Electron Microscopy (SEM)

To evaluate cell morphology and spreading, the
adherent hMSCs, cultivated in the p-dishes, were
prepared to SEM as previously described (Katsen
et al., ’92) and modified (Katsen et al., *98). Briefly,
the samples were washed with PBS, fixed overnight in
2% glutaraldehyde in 0.1 M sodium cacodylate buffer
(osmolarity 330 mOsm) and post-fixed in 2% osmium
tetroxide in sodium cacodylate buffer, then treated with
1% tannic acid and 1% uranyl acetate, both in water.
After dehydration in increasing concentrations of ethanol
(10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and
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Fig 1. Representative images of combined light microscopy (LM), and scanning electron microscopy (SEM) of the same hMSCs
cultivated in dishes with grids. LM-images present living hMSCs (A), the same cells after fixation (B), and the same ones after treatment
with tannic acid and heavy metals (C). SEM-images showing the same field of view, performed in secondary electron (SE) mode (D),
inverted image in backscattered electron (BSE) mode (E), and after threshold segmentation, performed in ImageJ program (F) and suitable

for automatic measurement of cell area.

100%, 3 min in each concentration), the samples were
dried for 3min in mixing 1:1 100%-ethanol and
hexamethyldisilazane (HMDS, Sigma—Aldrich GmbH,
Taufkirchen, Germany) with subsequent 3 min drying in
pure HMDS.

Three time durations of HMDS-drying were com-
pared: 3min, Smin and previously proved 10min
(Katsen-Globa et al., 2014). About 300 cells in each
group were analyzed in this study.

In order to compare the cell surface preservation by
CPD and HMDS-drying, we have used a cell suspension
of L929 cells. The cells were placed in Millicell culture
inserts (12mm in diameter, PXPO1250, Millipore),
fixed and prepared for SEM as above described.

All dried samples were immediately coated with
carbon in SCD-030 coating device (Balzers, Lichten-
stein), then studied and imaged in the field emission
scanning electron microscope, Phillips, FESEM X130
(FEIL, Eindhofen, Netherlands). The same cells previ-
ously photographed in LM were identified and imaged
in secondary electron (SE)-, and backscattered electron
(BSE)-modes. For SE imaging, an accelerating voltage
of 5 and 10kV was used. Cell spreading areas were
studied with backscattered electron (BSE) modes at
10kV accelerating voltage, and 10 mm working distance
for all images.

Image Analysis and Determination of Changes of Cell
Area

Cell spreading area was measured using inverted
BSE-images with high contrast as previously developed
(Katsen-Globa et al., 2009) and recently modified
and described (Katsen-Globa et al., 2014). BSE-images
were acquired in SEM by 150x magnification. We have
measured the cell area both, automatically and manually,
using online available ImagelJ software (NIH, Bethesda,
MD). Briefly, the cell areas were marked automatically
by threshold segmentation or manually using freehand
selection, and then automatically measured using analyze
tools of the ImageJ program.

The cell spreading area was measured using LM-, and
SEM BSE- images of the same cells (see Fig. 1 and
Table I). Shrinkage coefficients were calculated: (i) for
fixation—by dividing of living cell area (LM, Fig. 1(A))
to cell area after fixation with glutaraldehyde (LM,
Fig. 1(B)); (ii) for post-fixation treatment—by dividing
of cell area of fixed cell (LM, Fig. 1(B)) to cell area
after treatment with tannic acid and heavy metals (LM,
Fig. 1(C)); and (iii) for SEM preparation—by dividing
of cell area after tannic acid and heavy metals treatment
(LM, Fig. 1(C)) to cell area measured in BSE (SEM,
Fig. 1(E and F)).
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TaBLE | Representative data of cell area and shrinkage coefficient at all stages of SEM-preparation

Cell area (pum?)

Shrinkage coefficient

Cell LM live LM after fixation LM after treatment SEM Fixation Treatment SEM

1 528 949 935 865 0.56 1.01 1.08

2 695 1670 1683 1498 0.42 0.99 1.12

3 6669 7884 7891 7342 0.85 1 1.07

4 1132 1346 1354 1039 0.84 0.99 1.3

5 7439 7701 7568 6984 0.97 1.02 1.08

6 7534 7880 7877 7089 0.96 1 1.11

7 1591 1699 1692 1494 0.94 1 1.13
Mean value +s.d. 0.79+£0.20 1.00+0.01 1.134+0.07

Spreading areas were calculated for cells, numbered as 1-7 in Figure 1.

Three experiments were carried out for only 3 min of
HMDS-drying. The areas of more than 100 cells per
approach were measured and more as 400 cells in total at
each time point were processed.

Statistical Analysis

Statistical results are presented as mean value 4
standard deviation (s.d.), evaluated with Student’s #-test
and considered significant by p < 0.05.

Results

Cell Shrinkage at Different Stages of SEM
Preparation

For the first time, we have compared the cell shrinkage
area during all steps of SEM-preparation performed with
the same adherent cells (see Fig. 1). Various events at the
different stages of SEM-preparation could be revealed.
For example, some observed living cells were detached
during live cell imaging, washing, and fixation (Fig. 1(A),
cells marked with arrows). The time between live cell
imaging and fixation took about 15 min. During this time,
some cells, marked in Figure 1(A) with circles, spread,
whereas other cells changed their position (compare cells
5 and 6 in Fig. 1(A and B)). Also, some cells have moved
and attached during fixation (Fig. 1 (B, C and D, cells with
dashed line), the cells, squared with dashed line). Due to

enhanced contrast of the inverted BSE-images (Fig. 1(E)),
automatic threshold segmentation enabled a valid detec-
tion and separation method for cell contours (Fig. 1(F)).

Representative calculations of cell spreading areas of
the cells, numbered as 1-7 in Figure 1, as well as
estimated cell shrinkage coefficients are presented in
Table 1. As illustrated, cell shrinkage coefficients
decrease during fixation. In contrast, at the time of
post-fixation with osmium tetroxide, treatment with
tannic acid, and uranyl acetate, the areas of cells remain
almost constant. Contrary, at the time of dehydration
and HMDS-drying, shrinkage of cell area increases.

We have measured the cell areas of 126 cells (data not
shown) and derived a shrinkage coefficient due to
fixation of 0.84 - 0.18, while the shrinkage coefficient
after heavy metals and tannic acid treatment was
1.01 £0.04.

Preservation of Cell Surface by HMDS-Drying

In this work, the surface preservation after CPD
(Fig. 2(A)) and HMDS-drying (Fig. 2(B)) have been
compared. Both methods showed excellent preserved
microvilli of suspended 1929 mouse fibroblasts, the
typical cell surface features of these cells.

Also, SEM SE-images of attached and spread hMSCs
revealed good quality of HMDS-drying (Fig. 3). After
2 h cultivation, round cells covered with numerous long
microvilli were observed (Fig. 3(A and B)). Simulta-
neously, a not well-spread cell with numerous

Fig 2. Representative SE-images of suspended 1929 cells, dried with CPD (A) and HMDS (B).
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Fig 3. Representative secondary electron SEM-images of surface features HMDS-dried adherent hMSCs. (A) a round, non-spread cell
after 2 h cultivation; (B) high magnification of the cell presented in A. C: non-well spread cell after 2 h cultivation; (D) high magnification of
the cell presented in C. (E) flat well-spread cell after 24 h cultivation; (F) high magnification of the cell (left) presented in E.

microvilli, shorter compared to the round cells, and with
some surface vesicles were presented (Fig. 3(C and D)).
After 24 h cultivation, mostly flat cells covered with
singular short microvilli and some vesicles were
recognized (Fig. 3(E and F)).

Effect of HMDS-Drying Duration

We have studied the effect of HMDS-drying duration
on the cell shrinkage. To estimate cell shrinkage, the areas
of cells in BSE-images (such as in Fig. 1E) have been
measured. About 300 cells in each group were analyzed,
and the differences between mean values of cell shrinkage
were statistical significant (p < 0.05). As seen in Figure 4,
cell shrinkage is proportional to the duration of HMDS-
drying: the longer the drying duration, the higher the cell
shrinkage. As 3 min HMDS-drying caused the smallest
cell shrinkage, all other experiments have been carried out
according to this protocol.

Effect of Cell Spreading on Cell Shrinkage

According to previously described data, further three
experiments were performed with 3-min HMDS-drying
and different cell cultivation time as described in
Materials and Methods. To estimate shrinkage coefficient,

we have analyzed the cell areas after the treatment with
heavy metals in comparison to the cell area based on
SEM-images. Quantification of cell area has indicated that
cell area increases with the time of cultivation (Fig. 5).
The results of cell shrinkage in three separate
experiments are presented in Table II and summarized
as diagram in Figure 6. For each group, the areas of more
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Fig 4. Effect of HMDS-drying duration on the cell shrinkage.
The differences between groups (*, **, and ***) were statistically
significant (p < 0.05).
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Fig 5. Effect of time of cultivation on the cell spreading. The
differences between 2h and 4h (*), as well as 2h and 24h (**)
were statistically significant (p < 0.05), the difference between 4 h
and 24 h was not statistically significant (p < 0.05).

than 400 cells were measured and evaluated. Our results
revealed that cell shrinkage has decreased with the time
of cell cultivation, and the differences between the
groups were statistical significant (p < 0.05).

Discussion

For the first time, we have studied the changes
of areas of the same adherent hMSCs at different
stages of SEM-preparation. In this investigation the
duration of HMDS-drying and the time of cell
cultivation were varied. We can summarize our results
as follows.

Cell Surface Properties After HMDS-Drying Are Not
Different From Ones After CPD

This part of study was performed with suspended
L929 mouse fibroblasts and no differences between
CPD and HMDS-drying were detected (compare Fig. 2
(A and B)).

Also, HMDS-drying of adherent hMSCs has revealed
the excellent preservation of fine cell surface features
(Fig. 3). The observed changes of number and length of
microvilli (compare Fig. 3B with D and F) can be

explained by various degrees of cell spreading on the
substrate (Erickson and Trinkaus, *76).

Our results are in agreement with other studies that
compared CPD and HMDS-drying by processing various
biological objects, such as soft insect tissue (Nation, ’83),
rat trachea cilia (Bray et al., ’93), liver endothelial cells
(Braet et al., ’97), as well as cervical cells (Jusman et al.,
2014), and even biofilms (Fratesi et al., 2004). Our long-
term experience with both, CPD and HMDS-drying of
different kinds of fibroblasts, cardiomyocytes, hepato-
cytes, Langerhans islands, multicellular spheroids from
stem cells, and others cells shows that HMDS does not
concede on quality to CPD (Metzger et al., 2011; Heras-
Bautista et al., 2014), the standard method of preparation
for SEM. In comparison to CPD, HMDS-drying is a fast,
simple and inexpensive method that requires any other
special equipment except a laboratory fume hood (Dekker
et al.,’91; Braet et al., ’97; Wisse et al., 2010; Lee and
Chow, 2011; Jusman et al., 2014). HMDS-drying can be
the method of choice in many applications, especially by
simultaneous processing at the same time a large number
of the samples that would be unacceptable for the relative
small volume of standard CPD-device chambers.

Since the presented study continues recently pub-
lished work concerning cryopreservation of adherent
mesenchymal stem cells via SEM for vitality and
recovery assessment of hMSCs (Katsen-Globa et al.,
2014), HMDS-drying was not explicitly compared to
established and described freeze—drying methods (Boyde
and Wood, '69; Boyde and Vesely, *72; Boyde and
Maconnachie, ’81). Furthermore, ice crystal formation
during cryopreservation may cause artefacts, such as
holes in cell membranes or cell shrinkage, equal to
freeze—drying artefacts. The identification of causative
aspects for these artefacts, thus, is extremely difficult.
Due to the excellent preservation of cell surface
morphology, the used HMDS-drying finally serves as
an acceptable alternative to other drying methods.

The Duration of HMDS-Drying Influences Cell
Shrinkage: The Longer Drying Duration, the More
Cell Shrinkage

Various drying durations are published and chosen
according to the size of samples: 3 min for cell cultures
(Jahn et al., 2007), 5 min for soft insect tissue (Nation,

TaBLE I  Shrinkage of cell areas caused of HMDS-drying, determined in three separate experiments

2h cultivation

4h cultivation 24 h cultivation

Experiment Shrinkage Cell number Shrinkage Cell number Shrinkage Cell number
1 1.25 139 1.25 113 1.16 139
2 1.31 115 1.26 164 1.15 147
3 1.23 207 1.17 174 1.14 141
Mean value £s.d. 1.26 £0.03 461 1.23£0.04 451 1.15+£0.01 427
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Fig 6. Effect of cultivation time on the cell shrinkage. The
differences between 2 h and 4 h (*), as well as 2 h versus 24 h (**)
and 4 h versus 24 h (***) were statistically significant (p < 0.05).

’83), 10 min for mucosal cells (Dekker et al., ’91) and
liver tissue (Wisse et al., 2010), and up to 30 min for 1—
3 mm? blocks of different tissues (Bray et al., ’93). In
our previous paper, we have dried hMSCs within
alginate sponges for 10 min in HMDS (Katsen-Globa
et al., 2014). In the present study, we have also
investigated hMSCs, but adherent and well-spread on
plastic substrates. Our experiments revealed that drying
for 3 min in HMDS was adequate in order to preserve
cellular features. In general, this time must be verified
and adopted for each specific type of cell or tissue.
Longer time periods of about 30 min of HMDS-drying
showed cell culture damages due to massive membrane
disruptions (data not shown).

In fact, a valid differentiation of cell shrinkage caused
by either HMDS-drying or ethanol dehydration is not
possible. Dehydration studies of erythrocytes and hep-
atocytes (Gusnard and Kirschner, *77), mouse embryo
limbs (Boyde and Maconnachie, *79 and 1981), and mouse
liver (Boyde and Maconnachie, *83) revealed the highest
shrinkage and distortion of cells/tissue due to solvent
evaporation during dehydration process.

Boyde and Maconnachie (’81) have shown that:
(i) dehydration in 30% and 50% ethanol causes swelling
with disruption of the tissue and (ii) dehydration between
70% and 80 % ethanol causes the greatest shrinking. To
minimize swelling the authors proposed addition of
Ca”" cations prior or during dehydration (Boyde and
Maconnachie, ’79, ’81), to minimize shrinkage—starting
of dehydration in 70% or even 100% ethanol (Boyde and
Maconnachie, ’81), or treatment with different salts
(Boyde and Maconnachie, *80). Substitution of 100%
ethanol with low surface tension volatile solvents such as
Freon 113 or diethyl ether before CPD or freezing the
samples in Freon 12 before transfer in liquid nitrogen
with following freeze—drying can also minimize shrink-
age artefacts (Boyde and Maconnachie, *81).

To reduce preparation shrinkage, we are using more
than 20 years the method including treatment of fixed
with glutaraldehyde and osmium tetroxide cells with
tannic acid and uranyl acetate, proposed first by
Wollweber et al. (C81) and later modified (Katsen
et al.,’92,°98). This method with subsequent dehydra-
tion in increased ethanol gradients with short incubation
time (3 min) can also minimize cell shrinkage. This kind
of dehydration with following drying of low tension
volatile non-polar solvent HMDS reveals adequate
results, as presented here. The usage of acetone instead
of ethanol was rejected due to more shrinkage by
dehydration and because plastic dishes with grids, made
from polystyrene, are not chemical resistant to acetone.
As dried specimens are highly hygroscopic, its subse-
quent transfer in the carbon coating device must be
quick or both processes have to be made in the same
vacuum chamber (Boyde and Wood, ’69). In conse-
quence, we reject LM to measure the cell spreading area
of dehydrated with ethanol samples that need about
15 min for imaging and can be a reason of rehydration of
materials.

Finally, dehydration time was the same for all
experiences. In consequence, we can claim that drying
duration influences cell shrinkage.

Cell Changes Occurred at Each Stage of SEM
Preparation

During live cell imaging, medium change and fixation,
cells can detached from the substrate, while cells already
attached to the surface, can move and spread (compare
Fig. 1(A and B)). This effect can be explained with
relative long (15 min) duration of live cell microscopy/
imaging. The process of fixation with glutaraldehyde
does not happen immediately and takes some time that is
enough for cell moving and following spreading. As
consequence, cell spreading area has increased and,
respectively, cell shrinkage coefficient has decreased.
Some authors described also shrinkage artefacts caused
by fixation using hyperosmotic fixator (Logman et al.,
2010). In our study, we have used isosmotic fixative
solution in order to avoid such artefacts. It should be
possible to elude the changes of cell area described above,
if the fixation is made immediately after cultivation and
without live cell microscopy.

The cell shrinkage coefficient after treatment
with tannic acid and heavy metals changed marginally
and can be neglected. Applied chemical treatment of
specimens was proposed exactly for stabilizing of
the cytoskeleton and avoiding of cell shrinkage
(Wollweber et al., ’81; Schroeter et al., ’84; Katsen
et al., ’92, ’98). In this paper we have quantitatively
confirmed this assumption.

To measure the cell spreading area, various LM
methods such as confocal microscopy, IRM, and TIRFM
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(Curtis, 2001) could be applied. However, these methods
were created and used mostly for glass substrates, but are
difficult for imaging of cells on plastic dishes with grids. In
our case, using of chosen phase-contrast LM method for
quick recognition of cell contours with following
determination of cell spreading area of wet cells was
adequate.

Shrinkage Coefficient Is Dependent From Degree of
Cell Spreading: The More Cell Spreading, the Less
Its Shrinkage

This speculation refers to cytoskeleton and cell-
substrate contacts. These contacts, mediated by cyto-
skeleton proteins, are involved in the attachment and
spreading of cells (Gumbiner, *96) and depend on the
cultivation time (Anselme and Bigerelle, 2006): the
longer the cultivation time, the more the cell spreading
(see Fig. 5) and the stronger cell-substrate contacts during
cell spreading. On the one hand, the increased number of
such contacts does not allow objects, such as cells, to
contract. As a result, the shrinkage coefficient, especially
by short drying (3 min), decreases (see Table II and
Fig. 6). On the other hand, the existence of such
anchorages with suppressed cell shrinkage can explain
the formation of ruptures in cellular membranes during
drying. Partially, these artefacts can be avoided by
applying the treatment of cells with tannic acid and heavy
metals in order to stabilize the cytoskeleton. Another
possibility is the coating of the substrate with an elastic
support, such as extracellular matrix (ECM) or ECM
components (such as collagen or fibronectin): the cells
may contract together with ECM, and membrane ruptures
will not appear. Our experience with the cardiomyocytes
cultivated on the plastic substrate covered with ECM as
well as studying hMSCs within alginate-collagen
sponges, confirms this speculation (data not shown).

Conclusions
Comparison With Cell Volume Shrinkage

In this study we have measured the cell area of spread
cells. Actually, we cannot compare our results with
previously described cell volume shrinkage, since this
data based mostly on suspended cells or tissue
(Schneider, *76; Gusnard and Kirschner, ’77; Billings-
Gagliardi et al., °78; Lytton et al., °79; Boyde, ’80;
Boyde et al., ’81; Wollweber et al., ’81; Nordestgaard
and Rostgaard, ’85; Jahn et al., 2007). The measuring
and quantification of the cell volume of adherent cells is
more difficult: here, it can be helpful only to study
sagittal serial sections performed with conventional
transmission electron microscopy or block-face SEM
(Denk and Horstmann, 2004) and subsequent volume

reconstitution. Indirectly, considering studied hMSCs
are well-spread on a substratum and their height is very
low (about 0.5 pm), the contribution of this parameter to
the total amount of cell volume can be insignificant. In
this case we can speculate about minor cell shrinkage
during HMDS-drying of well-spread cells.

Use of Shrinkage Coefficient in SEM Investigation

Cell-substrate interaction such as cell adhesion to
substrate with following spreading is a key aspect of
cell-biomaterial research (Curtis, 2001). To compare
cell reaction on various materials, the adhesion and
spreading of single cells must be quantified. High-
resolution SEM was applied for measuring of either
focal adhesions (Owen et al., 2005) or the whole cell
area quantification (Richards et al., ’97; Katsen-Globa
et al., 2009). However, in the above mentioned studies,
shrinkage of cells during SEM-preparation was not
taken into account. Certainly, this is very important,
when the artefacts caused by SEM-preparation, are
similar to that one caused by observed effects such as
cell dehydration during cryopreservation. SEM can be a
useful tool for estimation of cell membrane response to
cryodamage (Ragoonanan et al., 2013; Katsen-Globa
et al., 2014). During slow-freezing, shrinkage of water
occurs, which can lead to osmotic shrinkage with
following cell area/volume reduction and even cell
death (Ragoonanan et al., 2013; Katsen-Globa et al.,
2014). To differentiate these two kinds of shrinkage
occurred in freezing process and SEM-preparation, the
shrinkage coefficient can be useful for exact quantifica-
tion of the cell area (Katsen-Globa et al., 2014).

Another aspect is the knowledge of real cell size by
SEM-investigation. It can be widely used for SEM-
identification of different cell types (Lytton et al., ’79),
such as blood cells, hepatic cells, etc.
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