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Controlled cell deposi-
tion by way of microm-
eter-sized jets are 
increasingly becoming 
a fiercely pursued area 

of research. We recently uncovered the 
ability to jet living cells using one such 
jetting methodology, now referred to as 
bio-electrosprays. This technique has 
never been explored for processing liv-
ing cells until now. 

Electrosprays charge media within a 
needle, subsequently imposing an exter-
nal electric field to assist in drawing the 
media into a micro-jet. The resulting 
instabilities assist in jet break-up, form-
ing cell-bearing droplets. These droplets 
containing viable cells could be depos-
ited onto a wide variety of biological 
and non-biological substrates.  In this 
article, we report our developmental 
studies into this jet approach with a 
view to the successful handling and 
deposition of primary neonatal cardiac 
myocytes. 

Cells were found to beat sponta-
neously several hours after bio-elec-
trospraying and the procedure had no 
adverse affect on viability, as assessed by 
annexin V/7AAD staining.  Moreover, 
there was no activation of stress signal-
ling pathways nor evidence for DNA 
damage, as assessed by γhistone 2AX 

(H2AX) activation.  Bio-electrospray-
ing was also found to be compat-
ible with gene therapy using adenoviral 
transduction.  Our studies pave the way 
for the development of a bio-patterning 
approach for the fabrication of bio-
logically-viable cardiac tissues, as well as 
employing this route as a jet technique 
for gene therapy.  These studies are 
the first to demonstrate the feasibility 
of mechanically constructing a cardiac 
tissue. They represent a significant step 
toward the future development of car-
diac tissue-engineering and have wide-
spread applications in regenerative and 
therapeutic medicine, to the advance-
ment of miniaturised bio-components.

Introduction

Advances in the safe handling and 
deposition of primary living cells have 
tremendous implications in many fields 
of life science research. Hence, collabora-
tion between physical and life scientists 
have escalated. They are jointly explor-
ing the ability to deposit living cells in 
a controlled manner with applications 
from regenerative medicine, studies in 
developmental biology, to the develop-
ment of biochips and biosensors. 

An enormous need for tissue and 
organ repair and/or replacement exists 
today.  Nowhere is this more evident 
than in cardiac medicine where arti-
ficially-engineered cardiac tissue and 
vessels could revolutionise cardiac sur-
gery.  There are several routes for tissue 
engineering which are non-jet based but 
these, although encouraging, have limi-
tations on the developed tissue resolu-

tion generally placed in the several hun-
dreds of micrometers (>>100 µm).1-5  

Although these existing non-jet 
based routes are continuously undergo-
ing development to produce increased 
resolution, they are still limited to sever-
al tens of micrometers at best.  It is also 
important to note that some of these 
techniques are particular to specific cell 
types which limit these tissue develop-
ment protocols.

Jet-based methodologies have been 
able to improve these structural reso-
lutions on developed tissues to a few 
tens of micrometers with a wide range 
of cells.  The fundamentals of ink-jet 
printing (IJP) 6,7 have inspired the pur-
suit of engineering living cells via jet 
technologies, but it has limits. The pro-
cessable cell concentration in suspen-
sion is generally employed with needles 
of 30-60 µm in diameter. This limitation 
is brought about by the jetting tech-
nology, driven by a controlled thermal 
explosion or piezoelectricity. These two 
driving systems are used to squeeze 
a cellular suspension from a reservoir 
through a needle to form a droplet 
which is subsequently deposited. This 
technique has been rapidly developed 
in conjunction with controlled move-
ment in the three axes for uncovering a 
unique, three-dimensional tissue engi-
neering biotechnique.8 

Several viable tissue constructs have 
been fabricated, but the needles used for 
jet processing a suspension has remained 
its primary limitation. Briefly, these 
fine needles generate high shear stress-
es within them, and the cells passing 
through these needles undergo signifi-
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cant stress, leading to cellular damage. 
For this reason, a cellular concentration 
limit exists with a chosen needle size 
from which a given cell-bearing droplet-
to-residue size is achieved.  Although IJP 
has its spatial limitations, it has not only 
initiated this jetting endeavour, but has 
set the standard by which other emerg-
ing methods for cell handling by jet 
techniques will be benchmarked.

Electrosprays, an electric field-driven 
jetting phenomena investigated for over 
a century9,10 has been used as a route 
for forming aerosols, as well as the 
processing of materials most relevant to 
materials science and engineering.11-15 
Essentially, this jetting method works 
on the principle of charging a single or 
multi-phase medium within a conduct-
ing needle which is later exposed to 
an external electric field. This electric 
field is brought about by the applica-
tion of an applied potential difference 
between the needle, accommodating the 
flow of media, and a ground electrode 
which is placed centrally and in-line 
with the exit of the needle. Remarkably, 
this technique, unlike IJP, does not have 
a relationship between its needle diam-
eter and generated droplet and resi-
due sizes, meaning large bore needles 
are used (generally sized in the several 
hundreds of micrometers) from which 
droplets and residues in the micro and 
nanometer range can be generated with 
ease. 16-19

In 2005, bio-electrosprays (BES) 
were uncovered as possessing the ability 
to safely jet living cells without compro-
mising their viability.20,21 Our studies 
with bio-electrosprays have shown that 
cellular size limits the spatial resolution 
in the generated cell-bearing droplets, 
which is contrary to IJP. We have dem-
onstrated the ability to process, by way 
of bio-electrospraying, a highly concen-
trated cell suspension in stable jet con-
ditions from which droplets, an order of 
magnitude smaller than those generated 
by ink jets, have been achieved.22, 23      

In this article, we will show (as a 
first example) the ability to jet-deposit 
primary neonatal cardiac myocytes at 
a cellular concentration of one million 
cells per ml. This was achieved without 
compromising their viability in any way, 
neither was there activation of stress 

pathways nor evidence for DNA dam-
age. In the purview of these investiga-
tions, we also demonstrate the ability 
to use this technique as a methodology 
for delivering transduced cardiac myo-
cytes without perturbing their viability.  
These results not only further establish 
bio-electrosprays as a competing cell 
engineering approach, but also show 
great promise as a regeneration-to-
therapeutic medicinal route in cardiac 
medicine. These results have far reach-
ing implications to the widespread field 
of life sciences.

Experimental

Formulation of the Primary 
Cell Suspension

Neonatal rat cardiac myocytes were 
isolated from the hearts of 1-3 day 
old Sprague Dawley rats. Hearts were 
removed and serially digested in ADS 
buffer (116 mM NaCl, 5.4 mM KCl, 20 
mM HEPES, 0.8 mM NaH2PO4, 405.7 
µM MgSO4, 5.5 mM glucose, pH 7.35) 
supplemented with 0.1% collagenase.  
Fibroblasts were  allowed to attach for 
one hour at 37°C and myocytes were 
plated on gelatin coated plates at a 
density of 6 x 105/ml in Dulbecco’s 
Modified Eagle’s Medium (DMEM), 
supplemented with penicillin (50 U/
ml), streptomycin (50 µg/ml) and 15% 
fetal calf serum (FCS) (Invitrogen Corp., 
Carlsbad, Calif., USA).  

After 24 hours, cardiac myocytes were 
seen to form a monolayer of spontane-
ously beating cells. Bio-electrospraying 
was performed within 24-48 hrs of cul-
ture. To prepare the cardiac myocytes for 
jetting, the cells were washed with PBS 
followed by the addition of 0.4% tryp-
sin/EDTA (Invitrogen) at approximately 
2 ml per 75 cm2 of cellular monolayer. 
The cells were incubated in trypsin/
EDTA for 10 min at 37°C and 5% CO2. 
The loosened cells were collected and 
then pelleted by centrifugation at 300 xg 
for 5 min. The supernatant was removed 
and the pellet resuspended in growth 
medium. Soon after the cell suspension 
was prepared, it was characterised for its 
viscosity, electrical conductivity, surface 
tension, density and relative permit-
tivity. The suspended primary cardiac 
myocytes were counted using a haemo-

cytometer. The formulated, ready-to-jet, 
primary cardiac cell suspension was at a 
cellular concentration of 106 cells ml-1.

Bio-Electrospraying 
Equipment Setup 

The equipment setup used in these 
bio-electrospraying investigations are 
similar to those described previously20,21 
and consists of a conducting needle 
firmly held in an insulating resin mould 
having a ring-ground electrode directly 
below and inline with the exit of the nee-
dle. The inlet of the needle is connected 
to a syringe holding the cell suspension 
by way of medical grade silicone tubing. 
The syringe fits onto the cradle of a pre-
cision syringe pump capable of deliver-
ing consistent flow rates as low as 10–20 
m3s-1 (PHD 4400, Harvard Apparatus 
Ltd., Edenbridge, UK). 

The conducting needle, held in insu-
lation material, was connected to a high 
voltage power supply (FP-30, Glassman 
Europe Ltd., Tadley, UK) capable of 
delivering a positive/negative voltage of 
up to 30 kV with a maximum drawing 
current of 4 mA. The power supply has 
an increasing/decreasing power resolu-
tion of 0.1 kV. The counter electrode, 
placed below and inline with the exit of 
the needle, was grounded. The experi-
mental setup was housed in a Class II 
laminar flow safety hood.   

Cell-Bearing Droplet 
Collection and Microscopy

Analysis of the bio-electrosprayed 
cells was carried out following collection 
of the residues in sterile tissue culture 
dishes. Controls were collected by pass-
ing the cellular suspension through the 
jetting device without the application of 
a potential difference between the elec-
trodes. Several repeated measurements 
for collected cell-bearing residues and 
controls were examined over a period of 
five days. The cell-bearing residues were 
optically examined using a Leica MZ12-
5 microscope (Leica Microsystems, Ltd., 
Milton Keynes, UK) with a 1x magnifi-
cation tube. Cell confluence in the con-
trols and jetted samples were achieved at 
similar times, during which cell growth 
and phenotypic properties were photo-
graphically recorded at selected time-
points post-jetting. 
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Flow Cytometry Analysis 
For Cell Viability

Cells were removed with 0.4% trypsin 
solution (Invitrogen), centrifuged at 300 
xg, washed with PBS and resuspended 
in 300 µl of annexin V binding buffer 
(0.1 M HEPES pH 7.4, 1.4 M NaCl, 
25 mM CaCl2) with 3 µl of annexin 
V-PE (BD Biosciences, Erembodegem, 
Belgium) and 5 µl 7AAD (1 mg/ml) 
(Sigma-Aldrich, St. Louis, Missouri, 
USA). Annexin V and 7AAD fluores-
cence was measured after 30 min using 
a flow cytometer (BD Biosciences) and 
10,000 events were analysed. Viable cells 
were negative for both annexin V and 
7AAD.

Western Blotting
Cells were lysed in RIPA buffer (0.75 

M NaCl, 5% [v/v] NP40, 2.5% [w/
v] deoxycholate, 0.5% [w/v] SDS, 0.25 
M Tris-HCl pH 8.0, containing prote-
ase inhibitors). Protein concentration 
was determined using the BCA pro-
tein assay kit (Pierce, Rockford, Illinois, 
USA). Twenty µg of protein was elec-
trophoresed on polyacrylamide gels and 
transferred to Hybond-C nitrocellulose 
membranes (Amersham/GE Healthcare 
UK Ltd). Membranes were blocked with 
5% non-fat dried milk in Tris-buffered 
saline and incubated overnight with 
antibodies against phospho-ERK1/
2T204 (Santa Cruz), phospho-JNK1/
2T138/Y185 (Upstate Cell Signaling/
Millipore, Hampshire, UK) phospho-
STAT1Y701 (Zymed/Invitrogen), phos-
pho-H2AXS139 (Upstate) and GAPDH 
(Chemicon/Millipore, Hampshire, UK). 

HRP-linked secondary antibodies were 
from DAKO (Carpinteria, Calif., USA) 
and proteins were visualised by enhanced 
chemiluminescence (Amersham).

Adenoviral Transduction
GFP adenovirus was a kind gift 

from Professor Brian Foxwell (Imperial 
College, London). Adenovirus was prop-
agated in 293 cells, purified over two 
cesium chloride gradients and viral titre 
was determined by plaque assay. Cardiac 
myocytes were removed in 0.4% trypsin 
solution, centrifuged at 300 xg for 5 min 
and resuspended in DMEM with 10% 
FBS. Cells were then infected in solu-
tion with adenovirus at a multiplicity 
of infection of 50, and immediately bio-
electrosprayed.  

Statistical Analysis
Data represents mean ± standard error 

of the mean (SEM). Statistical compari-
sons were performed with an analysis of 
variance followed by a Bonferroni post-
test for multiple comparisons.

Results and Discussion

Prepared Cellular Suspension and 
Bio-Electrospraying

Many forms of pathology result in 
cell death in the myocardium. In recent 
years, much attention has been given to 
the possibility of regenerating the dam-
aged cardiovascular system through the 
use of stem cells or cardiac precursors. 
An alternative strategy for cardiac regen-
eration is to directly deposit living cells 
onto three-dimensional scaffolds for use 

in cardiac surgery. To date however, it 
has not been demonstrated whether 
this strategy is possible in the context of 
primary cardiac myocytes. We therefore 
sought to examine the feasibility of this 
approach using bio-electrosprays.

The media properties of electrical 
conductivity, viscosity, surface tension, 
density, and relative permittivity of the 
medium with FCS and the specially for-
mulated cardiac myocyte cellular sus-
pension was characterised independent-
ly (Table 1). Of these media properties, 
electrical conductivity and viscosity are 
two parameters that govern jetting-to-
jet stability. Previous electrospray litera-
ture suggests that a decrease in electrical 
conductivity and an increase in viscosity 
are more likely to promote and main-
tain jetting in stable conditions, which 
is most important if the requirement is 
to produce near one-sized, cell-bearing 
droplets and residues. In this study, we 
are primarily interested in identifying 
any changes that may have been brought 
about in the cardiac myocytes passed 
through this protocol. Hence, the pro-
duction of a near mono distribution of 
cell-containing droplets and residues 
(to controlled jet deposition) is not 
paramount in these studies, but could 
be achieved as previously demonstrated 
with the use of a coaxial needle configu-
ration.22

During our investigation, we tra-
versed a wide operational space for a 
spectrum of applied voltage-to-flow 
rate permutations. Our intentions for 
doing so were to identify any conditions 
which would promote the formation of 

Table 1.
Critical media properties of the cellular medium and the prepared cell suspension investigated in these studies.



BioProcessing Journal  •  Spring 200712

jet stability. Our observations confirmed 
that achieving jet stability with the bio-
electrospray setup used in these investi-
gations was impossible. This is directly 
due to the very high conductivity of the 
cellular suspension, together with the 
low viscosity. In particular, we point out 
that the electrical conductivity in these 
suspensions are at unprecedented levels 
due to the high ion concentrations nec-
essary to maintain normal cellular phys-
iology and metabolism. Nevertheless, 
if jet stability and cell bearing residue 
spatial resolution is required, our pre-
vious bio-electrospray setup could be 
explored.22

The estimated values of electrical 
conductivity and viscosity for the cell 
suspension are noticeably high and 
low, respectively. It was not surpris-
ing to observe the cellular suspension 
generating a polydisperse distribution 

of cell-containing droplets, as previ-
ously observed.20,21 Jet continuity is not 
achieved as the cell suspension under-
goes unstable bio-electrospraying with 
the hydrodynamic time (th) >> than 
the electrical relaxation time (te), where      
th =       and te =     .24 Our study investi-
gated a wide parametric space of applied 
voltage-to-flow rate and demonstrated 
that it is virtually impossible to achieve 
stable jetting conditions in this single 
needle configuration.

Viability and Phenotype of the 
Cardiac Myocytes Subjected to 
Bio-Electrospraying

In order to ascertain if bio-electro-
spraying primary cardiac cells has any 
adverse effect on their phenotype or 
viability, cells were bio-electrosprayed, 
either left untreated or passed through 
the apparatus without applying volt-

age, and cultured for 12 hours. In all 
cases, the cells appeared entirely similar 
under light microscopy (Figure 1A) and 
were seen to beat spontaneously in cul-
ture, suggesting that bio-electrospraying 
did not adversely affect this character-
istic phenotype of cardiac myocytes. 
Cell death was measured by annexin V 
and 7AAD staining, and demonstrated 
equal viability (77.4 ± 5.2%) in all three 
groups (Figures 1B and C).

While bio-electrospraying may not 
promote cell death, the possibility exists 
that it may induce stress-signaling path-
ways which might perturb normal cel-
lular function. To explore this further, 
protein extracts from the three groups 
were examined by Western Blot for 
known markers of cellular stress. Many 
studies have demonstrated increased 
phosphorylation of the MAP kinases 
JNK and ERK following various cel-

Figure 1.  Representative micrographs of (A) 
control cells (“CON”: passed through the bio-
electrospray needle without the application 
of an electric field) and (B) post-bio-electro-
sprayed (“BES”) cardiac myocytes. In both 
cases, the cardiac myocytes behaved as 
expected.  (C) Cellular viability represented 
by cells negative for annexin V and 7AAD 
staining. The experiment was repeated twice 
and showed no statistically significant dif-
ference between the groups.  UT: untreated 
cells; CON: control; and BES: bio-electro-
sprayed cardiac myocytes.

A

C

B
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lular stresses in cardiac myocytes. We 
have previously shown oxidative stress-
induced activation of STAT1 in these 
cells.25,26 Bio-electrospraying did not 
induce phosphorylation of ERK1/2, 
JNK1/2 or STAT1, showing that general 
markers of cellular stress are not acti-
vated by the procedure (Figure 2A).

Following DNA damage such as 
chromosomal breakage, H2AX becomes 
phosphorylated at serine 139 (known as 
γH2AX). This facilitates recruitment of 
DNA repair factors, stalling of the cell 
cycle and in some cases, apoptosis.27 
As such, γH2AX serves as a marker for 
DNA damage. H2AX is phosphorylated 
in cardiac myocytes following treatment 
with various DNA-damaging agents 
(SPB, unpublished results). However, 
phosphorylation was not induced by 
bio-electrospraying, suggesting that the 
technique does not result in any detect-
able DNA damage (Figure 2A). Taken 
together, these results show that cardiac 
myocytes are viable and do not appear 

stressed following bio-electrospray, 
demonstrating proof of principle for 
use of this technique in tissue engineer-
ing for cardiac pathology.

Adenoviral Gene Delivery 
With Bio-Electrosprays

In future applications of this tech-
nique, it might be desirable to alter 
cardiac myocytes by gene therapy before 
bio-electrospraying. This would allow 
for reconstruction of the damaged myo-
cardium while at the same time, intro-
ducing therapeutic factors to treat the 
underlying pathology. To address the 
feasibility of this process, we transduced 
cardiac myocytes in solution with a GFP 
adenovirus and immediately bio-elec-
trosprayed the cells. As a control, cells 
were transduced and passed through 
the apparatus without applying volt-
age. After 12 hours, GFP expression was 
analysed by fluorescent microscopy and 
revealed 100% of cells expressing GFP 
in both groups (Figure 2B). This implies 

that it is indeed feasible to combine 
gene therapy with the bio-electrospray-
ing process where gene transduction 
and bio-electrospraying can be carried 
out simultaneously.

Conclusions

In this study, we have elucidated that 
it is possible to deposit cardiac myo-
cytes using the bio-electrospray pro-
cess. This was achieved without causing 
any increase in cell death or activation 
of typical stress-signaling pathways. 
There was no evidence for activation 
of γH2AX, revealing the absence of any 
detectable DNA damage. More impor-
tantly, cardiac myocytes formed a spon-
taneously beating monolayer of cells 
several hours after bio-electrospraying, 
a prerequisite for the use of this cell type 
in cardiac tissue engineering. 

While this study is a proof of prin-
ciple of the applicability of this technol-
ogy in cardiac medicine, it points the 

Figure 2.  Bio-electrospraying (BES) does not induce stress 
pathways and can be combined with gene therapy. (A) Protein 
extracts from the three groups outlined in Figure 1 were anal-
ysed by Western Blot for the phosphorylated forms of STAT1, 
JNK1/2, ERK1/2 and H2AX. Equal loading was confirmed with 
GAPDH. Cardiac myocytes treated with hypoxia and reoxygen-
ation were used as a positive control (+ve). (B) Cardiac myo-
cytes were transduced in suspension using GFP adenovirus at 
an MOI of 50, and immediately passed through the bio-electro-
spray apparatus without applying voltage (CON) and BES. GFP 
expression was assessed by immunofluorescence post-bio-
electrospraying.

A

B
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way for future research into the devel-
opment of cardiac tissue engineering, a 
process which is still in its infancy. There 
is no reason to doubt that other cardiac 
cell types such as smooth muscle and 
endothelial cells can also be success-
fully deposited in a similar fashion, thus 
opening up the possibility of creating 

de novo cardiac tissue containing all the 
requisite cell types. 

The authors are currently studying 
in-detail the individual components of 
the cell, with the goal of understanding 
if there are any changes to the cellular 
makeup (through spectral karyotyping, 
etc.). Since this process can be success-

fully combined with a gene therapy 
approach, it allows the possibility of 
therapeutically altering cell types before 
deposition onto surfaces or generation 
of cardiac structures; an approach which 
may prove important if the technology 
is taken forward into any clinically rel-
evant setting.
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