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Electrohydrodynamic jetting of mouse neuronal cells
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CAD (Cath.a-differentiated) cells, a mouse neuronal cell line,
were subjected to electrohydrodynamic jetting at a field strength
of 0.47-0.67 kV/mm, corresponding to an applied voltage of 7—
10 kV. After jetting, the cells appeared normal and continued to
divide at rates similar to those shown by control samples. Jetted
cells, when placed in serum-free medium, underwent differenti-
ation that was sustained for at least 1 month. Some of the droplets
produced by jetting contained only a few cells. These results in-

dicate that the process of jetting does not significantly perturb
neuronal cells and that this novel approach might in the future be
a useful way to deposit small numbers of living nerve cells on to
surfaces.
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INTRODUCTION

The phenomenon whereby a liquid medium is charged and frag-
mented, forming droplets, is of widespread occurrence and is
known as electrospraying or EHDJ (electrohydrodynamic jetting).
This physical phenomenon has been researched for over 125 years
[1-3]. The size and distribution of the droplets can be controlled
on the basis of the applied potential difference, flow rate of the
medium and the medium’s liquid properties [4,5]. EHDJ is emerg-
ing as an important tool for biotechnology [6,7] and is one of a
range of jetting techniques that are currently being used to process
cells and biological materials [8—10].

IJP (inkjet printing) is also a jet-based technology. However, it
has its limitations, especially for the deposition of submicrometre-
size droplets from concentrated suspensions. This is because the
technology of 1JP is governed largely by the size of the jetting
needle, leading to a droplet diameter approximately double the
size of the needle’s orifice. In practice, this limits the resolu-
tion of IJP on surfaces to around 100 um for the processing of
concentrated suspensions, because, to produce this kind of resolu-
tion, droplets of approx. 60 ;m diameter need to be generated, re-
quiring a needle orifice of <30 um. In turn this means that the
needle can easily become blocked. EHDJ technology does not
suffer from this severe disadvantage; it can be used to process con-
centrated suspensions from needles with internal diameters of mil-
limetres, yet it is still capable of generating submicrometre-size
droplets, giving the technique a resolution down to a few nano-
metres [11].

IJP has been successfully employed to process living cells [9]
and biological tissues [12], although, as a result of the above-de-
scribed limitations, rather coarse structures were generated.

Recently we have shown that EHDJ can be used to deposit living
cells [13]. This new jetting technology may have considerable
potential in the future for processing a variety of living cellular
materials, because, in this case, and unlike the situation with IJP,

the minimum droplet size, and hence potential resolution, will
be determined by the size of the particulate matter and not by the
technology. In this respect, EHDJ could have important uses in
the fabrication of biological tissues and the production of biochips
and biosensors — techniques that are destined to revolutionize the
biotechnology industry [14—16].

We wanted to explore further the range of cells that EHDJ might
be useful for, and one of the most important to study would be
neuronal cells, because patterning of these cells would enable
studies on neuronal networking, interactions and biochemical
communications to be initiated that could prelude investigations
on tissue construction. A good model cell system for this is the
CAD (Cath.a-differentiated) cell, which can differentiate and
behave like a primary neuron when it is deprived of serum [17,18].

‘We show here, for the first time, that neuronal cells can be elec-
trosprayed and remain viable at applied voltages of between 7
and 10 kV, that these cells have the ability to differentiate and that
they exhibit long-term survival after spraying.

MATERIALS AND METHODS

Electrospraying

The equipment and procedures used for EHDJ of Jurkat cells have
been described previously in detail [13] and were not modified
for neuronal cells. Briefly, the stainless-steel jetting needle had
an internal diameter of ~500 um and the ring-shaped ground
electrode was positioned 15 mm centrally below the needle. The
needle and ground electrode were housed in a sterile tissue-culture
hood, and jetting was carried out at an electric field strength
ranging from 0.47 to 0.67 kV/mm at a flow rate of 10~ m?-s~".
After electrospraying the droplets were collected in a sterile Petri
dish if the cells were to be cultured, or on glass slides or nylon
membranes (Biodyne B transfer membrane; FlowGen, Wilford,
Ruddington, Nottingham, U.K.) if the droplet relics were to be
analysed by microscopy for their size or cell content.

Abbreviations used: CAD, Cath.a-differentiated; DMEM, Dulbecco’s modified Eagle’s medium; EHDJ, electrohydrodynamic jetting; IJP, inkjet printing.
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Cell culture

CAD cells (a gift from Dr Matthias Krause, King’s College
London, University of London, Randall Division of Cell and
Molecular Biophysics, London, U.K.) were grown for 96 h in
100 ml of DMEM (Dulbecco’s modified Eagle’s medium)/Ham’s
F-12 growth medium (Sigma) with 10 % (v/v) foetal-calf serum
(Invitrogen) in a Heraecus BB16 incubator at 37°C and 4 % (v/v)
CO,. Cell viability was assessed by staining cells with Trypan
Blue (Sigma), then counting them using a haemocytometer
(Sigma) under a phase-contrast microscope (Zeiss ID 02) em-
ploying a 10x objective. A 2—5 ml portion of a cell suspension
containing (1-2) x 10° cells/ml were used for each electrospray
experiment. For the control, similar volumes of the suspension
were passed through the needle with no applied voltage and col-
lected in a Petri dish. The cells were counted immediately after
electrospraying and after a period of incubation. For analysis of
droplet size distribution and content, electrosprayed samples were
also collected on glass microscope slides or on nylon membranes.
Microscope slides were cleaned in chromic acid then water-
washed before use.

Labelling of cells and medium with fluorescent dyes

Rhodamine 6G (Sigma) was used to label cells. For labelling, 5 ul
of Rhodamine 6G solution (3 mg/ml in water) was added to cells
in a volume of 10 ml and left for 10 min. The cells were then spun
down on a bench-top centrifuge at 2200 g for 10 min and then the
pellet was resuspended in DMEM/Ham’s F-12 medium contain-
ing 10 % foetal-calf serum. This procedure was repeated three
times, and the final pellet resuspended in 10 ml of fresh medium.

DMEM/Ham’s F-12 medium containing 10 % foetal calf serum
was labelled with FITC. A 3 ul portion of FITC (10 mg/ml in
DMSO) was added to 10 ml of the DMEM and left for 20 min.
Cells took up FITC medium over time. All procedures were
carried out at room temperature (23 °C).

Microscopy

Phase-contrast microscopy and viewing of fluorescence staining
was undertaken on a Zeiss Axiovert 200 microscope employing
a 2.5x or 10x objective with Rhodamine or FITC filter sets.
Digitized images were recorded on computer and measurements
taken using standard software. A 1 mm graticule (Ziess), sub-
divided into 100 divisions, was used to calibrate the system. After
each experiment a sample of between 300-400 droplet relics were
analysed for their size (diameter in um), frequency, and number
of cells that they contained, and histograms were plotted from the
results.

RESULTS

Table 1 shows the results of a typical experiment where cells were
jetted, counted and incubated under conditions that promoted cell
division. Cells were alive and viable after jetting and divided nor-
mally over 48 h, compared with control samples. After spraying,
cells placed in serum-free medium differentiated.

A sample of these cells was incubated for 4 weeks, passaged,
and then placed in serum-free medium. This is illustrated in Fig-
ure 1, which shows control cells (Figure 1A) and cells that had
been jetted at 7 kV (Figure 1B) after 1 month’s incubation, demon-
strating the point that sprayed cells retain the ability to elaborate
processes some time after spraying. The process of electrospray-
ing generates droplets of various sizes containing a variable num-
ber of cells. To get some idea of the size distribution and cell
content of the droplets, cell suspensions were electrosprayed on to
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Table 1

Cell counts for the control cells and cells jetted at 10 KV at zero time (immediately after jetting)
and after 24 and 48 h. Results shown are the means + S.D. for three separate experiments.

Cell counts for jetted CAD cells

10~% x Cell count for electrosprayed CAD cells (cells/ml)

Time (h) Control CAD cells 10KV jetted CAD cells
0 50+0.24 474024

24 5.6+0.31 59+0.31

48 6.3+0.29 6.9+0.29

Figure 1 Optical micrographs of jetted and control CAD cells

Optical micrographs obtained using a phase-contrast microscope with a 10x objective are
shown. The scale bar represents 100 zem. (A) Control CAD cells; (B) CAD cells that were jetted
at 7 kV. The pictures were taken approx. 1 month after the cells were jetted.

Figure 2

Optical micrographs of droplet relics containing CAD cells

The optical micrographs shown here were obtained with phase-contrast and fluorescence optics.
Cell suspensions containing Rhodamine-stained CAD cells in fluorescein-labelled medium were
jetted at 10 kV on to glass slides (A and B) or on to nylon membrane (€ and D). (A) shows a
dried droplet relic seen under phase-contrast, and (B) shows the same relic using Rhodamine
filters, demonstrating that two cells were present in the droplet. The scale bars in (A) and (B)
represent 100 m. (C) and (D) show an example of droplet relics after the cell suspension was
jetted on to nylon membrane. (C) shows a group of spots observed using fluorescein filters and
(D) shows the same spots using Rhodamine filters. The scale bars for (C) and (D) represent
500 pem.

cleaned glass slides. The droplets, when deposited on to slides
(‘droplet relics’), quickly dried, initiating crystallization of the
medium (Figure 2A), which caused difficulties in identifying
cells. To overcome this we decided to label the cells with Rho-
damine 6G, a cationic dye with high permeability to cell mem-
branes. It was chosen to label the CAD cells because this dye
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Figure 3 Histograms of droplet relic sizes and their cell content after jetting at 7 and 10 kV

The histograms in (A) and (B) show the frequency of droplet relics plotted against cell content of the relic, and the histograms in (C) and (D) show the size distribution of droplet relics plotted against the
cell content of the relic. The cells used in (A) and (C) were sprayed at 7 kV and the cells used in (B) and (D) were sprayed at 10 kV.

has been used extensively in the past for cellular studies and does
not harm cells significantly [19,20]. Figure 2(B) shows the same
relic as in Figure 2(A), but, under fluorescence optics, clearly
showing the presence of two cells. To aid in the measurement of
droplet sizes, FITC was used to label the medium in which the
Rhodamine-labelled cells were suspended.

Relics of droplets containing labelled cells were also collected
on nylon membranes. This has been shown to be a good way of
collecting fluorescently labelled Jurkat cells in droplets, enabling
accurate estimations of numbers of cells in droplets and the sizes
of droplets (results not shown). Figures 2(C) and 2(D) show ex-
amples of relics collected on nylon and illustrate the point that
spread droplet relics ranged in size from about 50 um upwards,
and that some contained only a few cells when electrosprayed
under the conditions described here.

An estimation of relic sizes and their contents was made on
droplets deposited on glass and nylon, and similar results were
obtained in both cases. Figure 3 shows results from typical experi-
ments at two applied voltages, 7 and 10 kV, showing histograms
of relic sizes and number of cells that the droplets originally
contained. For both voltages the average diameters of the spots
ranged from about 300 pm to about 1000 pum with larger droplets
containing more cells. At 7 kV there was a greater proportion of
droplets with either no cells or small numbers of cells (Figure 3A)
compared with results obtained at 10 kV (Figure 3B). In addition,
of the droplets that contained cells at 7 kV, 54 % of them had either
one or two cells. Similar results to these have also been obtained
with Jurkat cells after electrospraying at similar voltages (results
not shown).

We have shown in the present study that EHDJ can be used to
deposit neuronal cells in droplets having sizes in the micrometre
range. In addition, the cells are viable, are able to differentiate
after deposition and exhibit long-term survival. We find that the
droplets produced by jetting contain variable numbers of cells,
although many can be found that contain only a few cells. It

will clearly be important to establish a medium that will allow
for a controlled droplet size, to determine the conditions that are
required for droplets to be deposited at desired locations, and to
determine whether this technique is also suitable for processing
primary neurons; we hope to investigate these aspects in the
future. In summary, the findings of the present study open up
the possibility of being able to deposit single neuronal cells for a
range of bioengineering applications.
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