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The preparation and observations of spheroplast W303 cells are described with Environmental Scanning Electron Microscope
(ESEM). The spheroplasting conversion was successfully confirmed qualitatively, by the evaluation of the morphological change
between the normal W303 cells and the spheroplast W303 cells, and quantitatively, by determining the spheroplast conversion
percentage based on the OD

800
absorbance data. From the optical microscope observations as expected, the normal cells had an

oval shape whereas spheroplast cells resemble a spherical shape. This was also confirmed under four different mediums, that is,
yeast peptone-dextrose (YPD), sterile water, sorbitol-EDTA-sodium citrate buffer (SCE), and sorbitol-Tris-Hcl-CaCl

2
(CaS). It was

also observed that the SCE and CaS mediums had a higher number of spheroplast cells as compared to the YPD and sterile water
mediums. The OD

800
absorbance data also showed that the whole W303 cells were fully converted to the spheroplast cells after

about 15 minutes. The observations of the normal and the spheroplast W303 cells were then performed under an environmental
scanning electron microscope (ESEM).The normal cells showed a smooth cell surface whereas the spheroplast cells had a bleb-like
surface after the loss of its integrity when removing the cell wall.

1. Introduction

Over the years, traditional scanning electron microscope
(SEM)made a lot of contributions in the imaging ofmaterials
with a detailed description of their structure and surfaces [1–
4]. However, the need for high vacuum operating environ-
ment and complex sample preparation steps made the appli-
cation on biological samples and specimen unfavorable [5–
7]. Environmental Scanning Electron Microscope (ESEM)
has overcome many of the drawbacks found in SEM and
introduced a new advantage in biological research [8–11].The
ability of this tool to operate in wet and gaseous atmospheres
made the nonconductive samples conductive, thus overcom-
ing the need for coating samples prior to characterization and

preserving samples original features for further testing and
manipulation [12–14]. In addition, the capability to control
water vapor pressure inside the microscope while operating
keeps the samples hydrated, which increases the chances of
survival [15, 16].

One of the earliest experiments on biological specimens
was done by Collins et al. [17].They explained the application
and advantages of using ESEM on microorganisms. ESEM
has found its potentials in tissue engineering and biomaterials
studies, because it supports the observation of cell and their
topography in hydrated atmospheres [18]. Furthermore, the
reduced sample preparation steps are useful for investigating
mammalian cells and biomaterial interactions [5, 19–23]. Kirk
et al. have imagedmammalian cells using ESEMshowing very
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Figure 1: Nanorobotic manipulator of ESEM.

fine detail of delicate features such as filopodia andmembrane
ruffles [24].They also showed that the cells survived the initial
stages of sample preparation but experienced some damage
during the dehydration stage. They have suggested cells with
stronger cell wall could be imaged in their living states.

One of the main criteria of ESEM is the real life obser-
vation and monitoring of biological cells. This could be an
advantage by integrating tools such as nanomanipulators
or patch clamp to analyze cells and their characteristics
while performing experiments. From our previous work, a
nanomanipulator was successfully incorporated inside ESEM
(Figure 1) for various single cell manipulation and character-
ization [25, 26].

One potential application of ESEM is to study the ion
channel current measurement of cells by combining it with
a patch-clamp system. The conventional planar patch-clamp
system requires a bath solution to perform the measurement.
However, this could result in having come errors in the
measurement because of the differences between the bath
solution chemical properties and the cytoplasm inside the cell
[27]. To overcome that, instead of using the bath solution, the
electrodes could be injected into the cell and the cytoplasm
could be used as the medium for the current to flow during
the current recording. Spheroplasting is one of the early steps
required in the ion channel measurements experiments [28].
Thus, in order to perform the patch-clamp experiment inside
ESEM, it is important to confirm the ability of ESEM to
observe spheroplast cells successfully before further manip-
ulation could be carried out.

Nanomanipulation is an effective strategy for the charac-
terization of basic properties of individual nanoscale objects
and to construct nanoscale devices quickly and effectively.We
have constructed a hybrid nanorobotic manipulation system
integrated with a transmission electron microscope- (TEM-)
nanoroboticmanipulator (TEMmanipulator) and a scanning
electronmicroscope- (SEM-) nanoroboticmanipulator (SEM
manipulator) [29].This system allows effective sample prepa-
ration inside SEM with wide working area and many degrees
of freedom (DOFs) of manipulation. It has high resolution

measurement and evaluation of samples inside a TEM capa-
bility. The sample chambers of these electron microscopes
are set under the high vacuum (HV) condition to reduce
the disturbance of electron beam for observation. To observe
the water-containing samples, for example, biocells, drying
treatment processes are additionally needed. Hence, direct
observations of water-containing samples are normally quite
difficult in these electron microscopes.

In the present study, we used the nanorobotic manipu-
lators inside an ESEM [30]. It has been constructed with 3
units and 7 degrees of freedom (DOFs) in total (Figure 1).
The ESEM enables direct observation of water-containing
samples with nanometer high resolution by a specially built
secondly electron detector. The evaporation of water is
controlled by both the sample temperature (0–40∘C) and
sample chamber pressure (10−2600 Pa). The temperature of
the sample is controlled by the cooling stage unit (Unit
3). The detailed specifications of the manipulator and the
ESEM can be obtained from our previous paper [31]. The
following experiments have been conducted through this
system. The observation and comparison of W303 cells and
spheroplast W303 were successfully performed using ESEM.
SpheroplastW303 cells were obtained by enzymatic digestion
which were confirmed qualitatively by the comparison of
cell morphology between the cells and spheroplast cells, and
quantitatively, by the OD

800
absorbance data. The successful

observation of spheroplast cells opens the possibility for a
new way in the single ion channel current measurement.

2. Materials and Methods

2.1. Cell Cultures. Wild type yeast cells (W303 strains) were
used for the observations and measurements under optical
microscope and ESEM system.TheW303 cells were cultured
on aYPDplate (1% yeast extract, 2%peptone, 2% glucose, and
2% agar) in a 37∘C incubator for 48 hours. A single colony
was then picked from the cultured plate and then dipped into
a tube containing 10mL of YPD media. The tube was then
incubated overnight in 30∘C at 200 rpm. The OD600 values
of the samples were measured by a spectrophotometer and
samples that had OD600 values between 0.2 and 0.3 were
used for spheroplasting.

2.2. Preparation of W303 Spheroplasts. Spheroplasts were
prepared using Pichia spheroplast kit. In brief, logarithmic
growingW303 wild type yeast cells (OD

600
value between 0.2

and 0.3 in 1mL of culture) were harvested by centrifugation
at 6000 rpm for 5 minutes at 30∘C and then washed with
1mL of sterile water. Cells were pelleted by centrifugation at
6000 rpm for 5 minutes at 30∘C.

The cell pellets were washed by resuspending in 1mL of
SED buffer containing 1M sorbitol, 25mM EDTA pH 8.0,
and 1M dithiothreitol and then centrifuged at 6000 rpm for
5 minutes at 30∘C. The cells then were washed with 1mL of
1M sorbitol and centrifuged at 6000 rpm for 5 minutes at
30∘C.Then, theywere resuspended by swirling in 1mL of SCE
medium. A 3 𝜇L of cell wall hydrolyzing enzyme, Zymolyase,
was added to the cells. The cells were then incubated at 30∘C
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Figure 2: Schematic diagram illustration of the two phases in spheroplast formation. (a)–(d), Cell turns into prospheroplast.The appearance
of spheroplast can be seen when the prospheroplast changes into a spherical shape ((e), (f)).

for about 1 hour. The spheroplasts were washed with 1mL of
1M sorbitol and collected by centrifugation at 6000 rpm for 5
minutes at 30∘C.They were then resuspended in 1mL of CaS.

A schematic diagram illustrating the spheroplast conver-
sion is presented in Figure 2. In the first phase, theW303 cells
were transformed into prospheroplasts. The prospheroplasts
were extruded at one end where partial digestion of the cell
wall occurred (Figures 2(a)–2(d)), retaining its shape despite
the apparent loss of a supporting wall. In the second phase,
the prospheroplasts rapidly transformed into spheroplasts
where a spherical shape became dominant (Figures 2(e) and
2(f)).

2.3. W303 Spheroplast Observation by an Optical Microscope.
The spheroplast cells were observed in four different medi-
ums: YPD, sterile water, SCE, and CaS using Olympus IX-71
optical microscope at room temperature (20–25∘C) in 100×
oil immersion objective lens. The initial 1mL spheroplast
cells inside CaS medium were aliquoted into four microcen-
trifuge tubes. The first aliquot was the spheroplasts inside
CaS medium. The other three aliquots were centrifuged at
6000 rpm for 5 minutes in 30∘C and the CaS supernatant was
discarded completely. The spheroplast pellets inside each of
the three tubes were then resuspended with 250 𝜇L of YPD
medium, 250 𝜇L of sterile water, and 250𝜇L of SCE medium,
respectively.

2.4. W303 Spheroplasts Observations by ESEM. The ESEM
system can perform direct observation of water-containing
samples with nanometer high resolution by specially built
secondary electron detector.The evaporation of water is con-
trolled by adjusting the sample’s temperature (∼0–∼40∘C) and
sample’s chamber pressure (10–2600 Pa). The temperature of
the sample is controlled by the cooling stage unit, that is,
Unit3, as shown in Figure 1. ESEM system has a capability to
control the chamber’s pressure from high vacuum (∼10−4 Pa)
to high humidity (10–2600 Pa). The detailed specifications of
the manipulator and the ESEM can be obtained from our
previous paper [26]. The nanomanipulator has a tungsten
probe, which has been used to transfer the single cell using
the adhesion force. This force is produced between the micro
probe and cell. In fact, the nanomanipulator system can
control the position of a single cell.

3. Results and Discussion

3.1. Cells Morphology under Optical Microscope. Figures 3
and 4 show a comparison between the morphology of W303
cells before and after spheroplasting inside four different
mediums: YPD, sterile water, SCE, and CaS. From the
observations, themorphology of theW303 cells inside all four
mediums had an oval shape.

YPD medium provided the best living medium for the
cells, followed by sterile water, SCE, and CaS mediums
(Figures 3(a)–3(d)). The reduction in number of the W303
cells in SCE and CaS media compared to the YPD (1% yeast
extract, 2% peptone, 2% glucose, and 2% agar) is due to
the absence of yeast extract. The yeast extract will typically
contain all the amino acids necessary for growth. Figure 4
shows the morphology of spheroplast cells inside four the
four mediums. It is clear that the spheroplast cells displayed
a spherical shape inside all mediums. However, the condition
and visibility of cells inside YPD and sterile water mediums
were poor as compared to the SCE and CaSmedium (Figures
4(a)–4(d)).The spherical shape for the spheroplast yeast cells
was also reported by [32].

3.2. Spheroplast Conversion Percentage Based on the OD800
Absorbance Data. The percentage of the spheroplast cells
conversion can be determined from the following equation:

% Spheroplast = 100 − [( (OD800
󵄨󵄨󵄨󵄨time=𝑡)(OD

800

󵄨󵄨󵄨󵄨time=0)) × 100] . (1)

Figure 5 shows the values of OD
800

absorbance data for
50 minutes and its corresponding spheroplast conversion
percentage. From the graph, it is shown that the cells rapidly
changed into spheroplast cells; 85% of the cells converted
into spheroplasts in 2 minutes after the addition of the
digestion enzyme. The whole W303 cells completely adapted
the spheroplast cells conditions in 15 minutes. From this
data, it is concluded that the spheroplasting experiment was
successfully achieved.

3.3. Surface Characteristic of W303 Cells and Spheroplast
W303 Cells under ESEM. Figure 6 shows the surface topol-
ogy of the cells under ESEM. The observations were per-
formed at 30 kV and 100𝜇A. The environmental parameters
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Figure 3:Themorphology of theW303 cells inside four different mediums: (a) YPD, (b) sterile water, (c) SCE, and (d) CaS. Bar scale is 5 𝜇m.
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Figure 4: The morphology of the spheroplast W303 cells inside four different mediums: (a) YPD, (b) sterile water, (c) SCE, and (d) CaS.
Arrow marks are added to indicate the position of the spheroplast cells inside the first two mediums, that is, YPD and sterile water. Bar scale
is 5 𝜇m.

settings were 600 Pa and 0∘C.Thewhole cells were kept inside
the YPD medium and diluted with distilled water. From the
observation, the surfaces of theW303 cells were very smooth
as can be seen (top view (Figure 6(a)), side view (Figure 6(b)),
and closed-up side view (Figure 6(c))).This is also confirmed
in previous literature [25, 26].

Figure 7 represents the surface topology of the sphero-
plast cells under an ESEM. For the first time, the observations

of spheroplast cells were performed without the need of
complex sample preparation and sample coating. This will
ensure the viability of the spheroplast cells that will enable
further characterization and analysis to be carried out. As
expected, the surface topology of the spheroplast cells was
not smooth as cells having a cell wall. The significance of
the cell wall as a cell shaper was highly acknowledged from
these observations. In addition to the nonsmooth surface
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Figure 5: The OD
800

absorbance data and its corresponding spheroplast conversion percentage for 50 minutes of treatment using digestion
enzyme; Zymolyase, on W303 cells.
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Figure 6:The surface topology of theW303 cells under an ESEM from different views: (a) top view, (b) side view, and (c) closed-up side view.
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Figure 7:The surface topology of the spheroplastW303 cells under an ESEM fromdifferent views: (a) top view, (b) side view, and (c) closed-up
side view.

topology, the spheroplast cells experienced some reduction
in size as can be seen in top view image of spheroplast cell
(Figure 7(a)). From the side view images (Figures 7(b) and
7(c)), it is noticed that the surface had several bleb structures.

4. Conclusion

The advantages of the integrated ESEM-nanomanipulation
system rely on its capability to perform in situ local direct

observation and manipulation of biological sample and
the ability to control the environmental conditions. The
observations of the spheroplast without prior coating for
an electron microcopy observation have been highlighted
in this work. To the best of our knowledge, this work
is the first to attempt to observe spheroplast cells under
electron microscope without the need of sample coating.The
spheroplasting was verified qualitatively and quantitatively
by observing the cell’s morphological change under optical
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microscope observations and the spheroplast conversion per-
centage based on the OD

800
absorbance data.The spheroplast

cells showed a spherical shape as compared to the oval shape
for the normal cells. The electron microscope observation
revealed the bleb-like surface of the spheroplasts as compared
to the very smooth surface of the normal cells. This work
could be extended to perform single ion channel current
measurements on the spheroplast W303 cells inside the
ESEM-nanomanipulation system.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The researchwas supported by theMinistry of Higher Educa-
tion ofMalaysia (Grant nos. 4L640 and 4F351) and Universiti
Teknologi Malaysia (Grant nos. 03E11, 03G47, 02G46, 03H82,
and 03H80); the authors thank them for funding this project
and for their endless support. In addition, they would like
to thank Professor Toshifumi Inada at Nagoya University for
providing the W

303
yeast cell stains.

References

[1] M. Yu, M. J. Dyer, G. D. Skidmore et al., “Three-dimensional
manipulation of carbon nanotubes under a scanning electron
microscope,” Nanotechnology, vol. 10, no. 3, pp. 244–252, 1999.

[2] M. A. Sutton, N. Li, D. C. Joy, A. P. Reynolds, and X. Li,
“Scanning electron microscopy for quantitative small and large
deformation measurements Part I: SEM imaging at magnifica-
tions from 200 to 10,000,” Experimental Mechanics, vol. 47, no.
6, pp. 775–787, 2007.

[3] J. I. Goldstein, D. E. Newbury, P. Echlin et al., Scanning Electron
Microscopy and X-Ray Microanalysis, Springer US, Boston,
Mass, USA, 1992.

[4] K. C. A. Smith and C. W. Oatley, “The scanning electron
microscope and its fields of application,” British Journal of
Applied Physics, vol. 6, no. 11, article 304, pp. 391–399, 1955.

[5] L. Muscariello, F. Rosso, G. Marino et al., “A critical overview
of ESEM applications in the biological field,” Journal of Cellular
Physiology, vol. 205, no. 3, pp. 328–334, 2005.

[6] K. Hrubanova, O. Samek, A. Haronikova et al., “Morphological
and production changes in stressed red yeasts monitored using
sem and raman spectroscopy,” Microscopy and Microanalysis,
vol. 22, no. S3, pp. 1146–1147, 2016.

[7] Y. Zhang, H. Wu, X. Yu, F. Chen, and J. Wu, “Microscopic
observations of the lotus leaf for explaining the outstanding
mechanical properties,” Journal of Bionic Engineering, vol. 9, no.
1, pp. 84–90, 2012.

[8] L. Bergmans, P. Moisiadis, B. Van Meerbeek, M. Quirynen, and
P. Lambrechts, “Microscopic observation of bacteria: Review
highlighting the use of environmental SEM,” International
Endodontic Journal, vol. 38, no. 11, pp. 775–788, 2005.

[9] S. B. Surman, J. T. Walker, D. T. Goddard et al., “Comparison of
microscope techniques for the examination of biofilms,” Journal
of Microbiological Methods, vol. 25, no. 1, pp. 57–70, 1996.

[10] M. R. Ahmad, M. Nakajima, T. Fukuda, S. Kojima, and
M. Homma, “Single cells electrical characterizations using

nanoprobe via ESEM-nanomanipulator system,” in Proceedings
of the 9th IEEE Conference on Nanotechnology (IEEE NANO
’09), pp. 589–592, Genoa, Italy, July 2009.

[11] Y. Shen, M. Nakajima, M. R. Ahmad, T. Fukuda, S. Kojima,
and M. Homma, “Single cell injection using nano pipette via
nanorobotic manipulation system inside E-SEM,” in Proceed-
ings of the 9th IEEEConference onNanotechnology (IEEENANO
’09), pp. 518–521, Genoa, Italy, July 2009.

[12] J. M. Manero, F. J. Gil, E. Padrós, and J. A. Planell, “Applications
of environmental scanning electron microscopy (ESEM) in
biomaterials field,” Microscopy Research and Technique, vol. 61,
no. 5, pp. 469–480, 2003.

[13] A. M. Donald, “The use of environmental scanning electron
microscopy for imaging wet and insulating materials,” Nature
Materials, vol. 2, no. 8, pp. 511–516, 2003.

[14] G. D. Danilatos, “Introduction to the ESEM instrument,”
Microscopy Research and Technique, vol. 25, no. 5-6, pp. 354–
361, 1993.

[15] C. Gilpin andD. C. Sigee, “X-raymicroanalysis of wet biological
specimens in the environmental scanning electron microscope.
1. Reduction of specimen distance under different atmospheric
conditions,” Journal of Microscopy, vol. 179, no. 1, pp. 22–28,
1995.

[16] B. Little, P. Wagner, R. Ray, R. Pope, and R. Scheetz, “Biofilms:
an ESEM evaluation of artifacts introduced during SEM prepa-
ration,” Journal of Industrial Microbiology, vol. 8, no. 4, pp. 213–
222, 1991.

[17] S. P. Collins, R. K. Pope, R. W. Scheetz, R. I. Ray, P. A. Wagner,
and B. J. Little, “Advantages of environmental scanning electron
microscopy in studies of microorganisms,”Microscopy Research
and Technique, vol. 25, no. 5-6, pp. 398–405, 1993.

[18] M. R. Ahmad, M. Nakajima, S. Kojima, M. Homma, and T.
Fukuda, “A study of the spheroplast observations for W303 sin-
gle cells under environmental-SEM,” in Proceedings of the Inter-
national Symposium on Micro-NanoMechatronics and Human
Science MHS 2008, with Symposium on “COE for Education
and Research of Micro-Nano Mechatronics”, Symposium on
“System Cell Engineering by Multi-scale Manipulation”, pp. 89–
92, Nagoya, Japan, November 2008.

[19] M. Baguneid, D. Murray, H. J. Salacinski et al., “Shear-stress
preconditioning and tissue-engineering-based paradigms for
generating arterial substitutes,” Biotechnology and Applied Bio-
chemistry, vol. 39, no. 2, pp. 151–157, 2004.

[20] A. Motta, C. Migliaresi, F. Faccioni, P. Torricelli, M. Fini, and
R. Giardino, “Fibroin hydrogels for biomedical applications:
Preparation, characterization and in vitro cell culture studies,”
Journal of Biomaterials Science, Polymer Edition, vol. 15, no. 7,
pp. 851–864, 2004.

[21] Y. Shen, M. Nakajima, M. R. Ahmad, S. Kojima, M. Homma,
and T. Fukuda, “Effect of ambient humidity on the strength
of the adhesion force of single yeast cell inside environmental-
SEM,” Ultramicroscopy, vol. 111, no. 8, pp. 1176–1183, 2011.

[22] M. R. Ahmad, M. Nakajima, S. Kojima, M. Homma, and T.
Fukuda, “Buckling nanoneedle for characterizing single cells
mechanics inside environmental SEM,” IEEE Transactions on
Nanotechnology, vol. 10, no. 2, pp. 226–236, 2011.

[23] M. R. Ahmad, M. Nakajima, S. Kojima, M. Homma, and T.
Fukuda, “Mechanical properties characterization of individual
yeast cells using environment-SEM nanomanipulation system,”
in Proceedings of the IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS ’07), pp. 596–601, Raleigh,
NC, USA, November 2007.



Scanning 7

[24] S. E. Kirk, J. N. Skepper, and A. M. Donald, “Application
of environmental scanning electron microscopy to determine
biological surface structure,” Journal of Microscopy, vol. 233, no.
2, pp. 205–224, 2009.

[25] M. R. Ahmad, M. Nakajima, S. Kojima, M. Homma, and T.
Fukuda, “The effects of cell sizes, environmental conditions, and
growth phases on the strength of individual W303 yeast cells
inside ESEM,” IEEE Transactions on Nanobioscience, vol. 7, no.
3, pp. 185–193, 2008.

[26] M. R. Ahmad, M. Nakajima, S. Kojima, M. Homma, and
T. Fukuda, “In situ single cell mechanics characterization of
yeast cells using nanoneedles inside environmental SEM,” IEEE
Transactions on Nanotechnology, vol. 7, no. 5, pp. 607–616, 2008.

[27] D. Ogden, “Microelectrode techniques: the Plymouth Work-
shop handbook,” Company of Biologists Limited, 1994.

[28] M. Sokabe, F. Sachs, and Z. Jing, “Quantitative video
microscopy of patch clamped membranes stress, strain,
capacitance, and stretch channel activation,” Biophysical
Journal, vol. 59, no. 3, pp. 722–728, 1991.

[29] M. Nakajima, F. Arai, and T. Fukuda, “In situ measurement of
young’s modulus of carbon nanotubes inside a TEM through
a hybrid nanorobotic manipulation system,” IEEE Transactions
on Nanotechnology, vol. 5, no. 3, pp. 243–248, 2006.

[30] M. Nakajima, F. Arai, and T. Fukuda, “Nanofixation with
low melting metal based on nanorobotic manipulation,” in
Proceedings of the 6th IEEE Conference on Nanotechnology
(IEEE-NANO ’06), pp. 925–928, Ohio, USA, June 2006.

[31] M. R. Ahmad, M. Nakajima, S. Kojima, M. Homma, and
T. Fukuda, “In-situ single cell mechanical characterization of
W303 yeast cells inside environmental-SEM,” in Proceedings
of the 7th IEEE International Conference on Nanotechnology—
(IEEE-NANO ’07), pp. 1022–1027, Hong Kong, China, August
2007.

[32] S. Darling, J. Theilade, and A. Birch-Andersen, “Kinetic and
morphological observations on Saccharomyces cerevisiae dur-
ing spheroplast formation,” Journal of Bacteriology, vol. 98, no.
2, pp. 797–810, 1969.


