Vol.1, No.1, 10-17 (2012)
http://dx.doi.org/10.4236/0jrm.2012.11002

Open Journal of Regenerative Medicine

Generation of biomaterial particles with controlled
dimensions via electrospraying

Xiang Li"", Gaorong Han', Jie Huang? Mohan Edirisinghe? William Bonfield®

'Department of Materials Science and Engineering, Zhejiang University, Hangzhou, China;

"Corresponding author: xiang li@zju.edu.cn

*Department of Mechanical Engineering, University College, London, UK
*Department of Materials Science and Metallurgy, University of Cambridge, Cambridge, UK

Received 5 April 2012; revised 20 May 2012; accepted 13 June, 2012

ABSTRACT

It is well known that small biomaterial particles
can lead to superior properties demanded by
advanced applications in tissue engineering. Elec-
trospraying has been considered as a promising
approach to prepare fine particles, but reducing
the particle size during such jetting process is
always challenging. This is because the size of
the as-sprayed particles is always limited by the
device outlet diameter used. In the study we
show that hydroxyapatite (HA) relics of 2 - 3 ym
with low standard deviation can be deposited
using a large nozzle (diameter of 1100 pm) only
by reducing the nozzle tip angle from 90° to 15°.
The mechanism of such phenomenon was ex-
tensively discussed, and a range of refined HA
patterns were successfully prepared using the
updated electrspraying configuration. We an-
ticipate our findings to have a significant im-
pact on the research of nanostructured bioma-
terials with superior properties which are realized
by reducing the particle size using a greener
electrically-driven processing technique.

Keywords: Electrospraying; Hydroxyapatite; Nozzle
Geometry Effect

1. INTRODUCTION

In contemporary biomaterials processing it is becoming
more and more desirable to achieve even smaller parti-
cles to obtain superior material properties by generating
carefully controlled microstructures [1-3]. Electrospray-
ing has been considered as a promising technique to
prepare fine particles with controlled dimensions, which
are generated from the as-sprayed solution droplets. In
order to reduce the droplet size, a nozzle of the smallest
diameter is always used to limit material flow [4]. How-
ever, generally, the tiny nozzle is more likely to induce
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cumbersome operational procedures, such as typical
nozzle blockage, vibration etc., and this is a significant
drawback in automated mass production.

It is of vital importance to understand the underlying
science of electrospraying before utilizing it wisely. Al-
most a century ago, it was found that liquid flow under
an electric field can be dispersed into tiny droplets [5].
Following the finding, Taylor gave a quantitative analy-
sis on this phenomenon in 1964. He demonstrated that
the formation of the liquid cone under the electric field is
due to the balance of electrostatic pressure and capillary
pressure in the liquid surface [6]. This mode may be ob-
tained with the liquids of highly varied conductivities.
The production of aerosols within a range of droplet
sizes, including the submicrometre range, could be easily
achieved under this mode. Nowadays, the characteristic
of such phenomenon has attracted the physician’s atten-
tion worldwide. The term “electrohydrodynamic atomi-
zation (EHDA)” or “electrospraying” of liquids has
therefore been coined to describe the form of atomization
that occurs from a steady conical meniscus as opposed to
other forms of atomization. In the end of last century,
when the time of nanotechnology arrived, and the
mechanism of electrospraying was systematically studied
as a novel materials engineering technique. A physical
model was built to demonstrate the process of the
cone-jet mode. The first is the acceleration of the solu-
tion in the cone [7]. This acceleration process and the
shape of the cone are a result of the balance of many
factors, e.g. liquid pressure, liquid surface tension, vis-
cosity and electric stresses. The creation of a permanent
jet requires a penetration of the electric field lines in the
liquid. Only this penetration allows the appearance of a
component of the electric field tangential to the liquid
surface, which is acting on the surface charges, creates a
force which drives the liquid and an acceleration of the
jet downstream [8]. The second phase is the jet break-up,
which is actually a droplet production process. Two
mechanisms can lead to the liquid emission from the tip
of a cone-jet mode. In one mechanism, ions, neutral at-
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oms and droplets are emitted from the liquid surface due
to instabilities brought on by the intense electric field at
the tip. Or, in the other mechanism, liquid is ejected via
the formation of liquid jet which breaks into droplets
after some length [9] due to surface instabilities [10]. The
third phase is the evolution of the spray after the droplet
production. As a coating technique, the droplet size
achieved is crucial for its applications. Under the cone-
jet mode spraying, the electrical interaction between the
highly charged droplets occurs and droplet fission can
change its size distribution. Smaller droplets are found at
the edge of the spray, and the larger sized droplets pre-
sent in the centre of spray [11,12]. The dependence of the
main droplet size on the liquid flow rate in the cone-jet
mode was also studied by Canan-Calvo in 1997. Scaling
laws, a mathematic model he developed, demonstrated
the relationship between the main droplets size and vol-
ume flow rate [13]. Another impact for the liquid droplet
size produced is the liquid phase evaporation in the
droplets. It depends on many aspects, e.g. solvent prop-
erties, humidity, air movement, environment temperature
[14]. In 1978, Rayleigh observed a droplet fission phe-
nomenon on the highly charge droplets. A Rayleigh
charge limit, above which the droplet fission process
occurs, was also defined [15]. In another word, a droplet
could segregate into several smaller droplets if the
over-limited charge presents in the droplet surface.

Based on the mechanism research of electrospraying,
this process had been widely used for biomedical pur-
poses in the past decades. In 1989, it was pioneered for
mass spectroscopy of large biomolecules by Fenn [16].
Since then, it had also been used as a coating technique
for a number of other functional material thin films
[17-19]. In the early 21st century, electrospraying was
used as a novel process technique to prepare uniform
coatings of hydroxyapatite (HA, Ca;o(PO4)s(OH),), which
has been proven to the most similar mineral phase of
natural bone [20], on metallic implant materials to en-
hance the bonding between the conventional implant and
natural bone tissue [21]. It was also developed into other
techniques, such as 3-D printing [22], template-assisted
electrohydrodynamic atomization (TAEA) technique [23]
for bioactive HA patterns to up-regulate cellular be-
havior. The research and development of electrospraying
for other biomedical applications is still steadily on-go-
ing.

However, to the best of our knowledge, the influence
of nozzle geometry, a vital factor for the electric field for
forming the cone-jet mode electrospraying, has not yet
been uncovered systematically. It was only briefly men-
tioned that “the geometry of the nozzle influences the
cone-jet domain drastically” [19]. Therefore, to further
understand and better utilize electrospraying, this study
will quantitatively investigate the influence of the nozzle
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tip angle to the stability of cone-jet mode electrospraying
and the relic size distribution produced, which both are
significant for the biomaterial coating and patterning
process. In addition, TAEA process with the refined ex-
perimental configuration will carried out to verify its
impact on the HA patterning procedure.

2. MATERIALS AND METHOD
2.1. Materials

HA was synthesized by a precipitation reaction be-
tween calcium hydroxide and orthophosphoric acid. Both
reagents were AnalaR grade. 0.3 M orthophosphoric acid
was added drop-wise to a 0.5 M calcium hydroxide solu-
tion under continuous stirring at room temperature, while
the pH was kept above 10.5 by the addition of ammonia
solution. Stirring was maintained for further 16 hours
after complete addition of the reactants. The precipitate
obtained was aged for a further week and then washed
with boiling water. To make the HA suspension suitable
for electrospraying, ethanol was added as a liquid carrier
until the 3% wt concentration achieved. To investigate
the influence of nozzle tip angle to the stable cone-jet do-
main, such HA suspension was used as the spraying liq-
uid during the process.

2.2. Experimental Configuration and
Procedure

As shown in Figure 1(a), basically, the setup consists
of a ground electrode and a nozzle, which is connected to
a high voltage supply (Glassman Europe Ltd., Tadley,
UK). The liquid is fed to the nozzle by an infusion pump
(Harvard apparatus PHD 4400) at a controlled flow rate.
The flowing medium is subjected to an electrical field,
which is generated by the applied voltage between the
nozzle and the ground electrode. Five different stainless
steel nozzles were designed for the study. The nozzle tip
angle varies from 15° to 90°, as shown in Figure 1(a).
The internal and the outer diameter of the nozzles are
800 pum and 1100 pum, respectively.

To investigate the influence of nozzle tip angle on the
stability of the cone-jet mode electrospraying, the noz-
zles afore-mentioned were used. In these experiments,
the nozzle tip to substrate distance was kept at 40 mm.
HA suspension (3 wt%) was syringed to the nozzle, and
the flow rate was varied from 5 pl-min”' to the maximal
value for stable cone-jet mode spraying. The applied
voltage between the nozzle and the ground electrode was
varied up to 7 kV to establish the modes of electrospray-
ing. A high speed digital camera (Weinberger AG, Di-
etikon, Switzerland) in conjunction with a computer was
used to observe and characterize the cone-jet mode. At a
chosen flow rate, the cone-jet mode was achieved within
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a range of applied voltage. Thus, the relationship be-
tween the applied voltage and flow rate for the suspen-
sion jetting in the cone-jet mode was established. To
compare and confirm the results got from the HA sus-
pension, pure ethanol, which had been proven to give a
stable cone-jet mode spraying, was also used as the
process liquid with the same procedures.

To investigate the influence of nozzle tip angle on the
deposited relic size distribution, HA suspension was sy-
ringed into five different nozzles. The nozzle tip-ground
electrode distance and liquid flow rate were set at 40 mm
and 10 pl/min, respectively. Microscope glass slides
were used as substrates to collect the deposited relics.
The collecting time was controlled at 10 seconds. Three
deposited glass slides were prepared for each nozzle. The
relics collected on the glass slides were then examined
using an optical microscope. 50 relics on each glass slide
were stochastically chosen and measured.

2.3. Taea Patterning Process

Due to the importance of the relic size to TAEA pat-
terning process, as reported previously [23], the nozzle
which gives the smallest relics was used for TAEA pat-
terning process (Figure 1(b)) to verify the findings. Pure
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Figure 1. (a) Schematic diagram of the electrospray-
ing setup with nozzle designs; and (b) Schematic il-
lustration of the equipment set-up used for TAEA pat-
terning process.
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titanium was used as substrate. The nozzle tip-substrate
distance and the liquid flow rate were controlled at 40
mm and 10 pl/min. A copper TEM grid and 3 wt% HA
suspension were used as the template and the liquid. The
spraying time was set at 10 minutes. The patterns pre-
pared were examined and measured using the optical
microscope and the scanning electron microscope
(FE-SEM, JEOL JSM/6310F).

3. RESULTS & DISCUSSION

3.1. Electrohydrodynamic Atomization
Phenomenon at the Nozzle Tip

It is well-known that the flow liquid could form a
conical shape meniscus when the electric driving force is
controlled at specific range. Using a conventional nozzle
with the tip angle of 90°, the liquid cone formed sym-
metrically near the centre of the nozzle orifice (Figure
2(e)). However, it was observed an entirely different
scenario while a nozzle with tilted outlet was used. As
shown in Figures 2(a)-(d), the liquid cone and jet locate
near the sharp tip rather than in the centre of the nozzle
orifice. It was also observed that the diameter of the lig-
uid cone dramatically reduced compared with the liquid
cone formed when using the nozzle with 90° tip angle.
This phenomenon demonstrates that the electric field,
which drives the liquid to form the cone shape meniscus,
may not be symmetry, and an electric field concentration
may occur at the sharp tip of the tilted nozzle.

The relationship between the nozzle tip radius and the
electric field was investigated by Jones and Thong in
1979 [24]. It was assumed that, irrespective of geometrical

one diameter
Cone diameter Cone diameter

1100pm 1100pm

@ (®) (©)
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Figure 2. High speed camera images of liquid jets achieved
using the nozzles with different tip angle.
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considerations, the same field conditions are required for
the onset of the cone-jet mode. The electrical potential V
will be related to the electrical field £ generated in the
liquid surface situated at the capillary edge, by

E=—t (M)
F(R)
where f{R, h) is a geometrical function of the nozzle tip
radius, R, and the nozzle tip-grounded plane distance, 4.
An accepted approximation [12] for this function is
given in EQ.2.
f(R,h)=A-R-In(4h/R) ()

where A4 is an empirical constant ranging from 0.5 to
0.707. Variation of the f{R, /) value with respect to
changes in R can be obtained from

& (RA) (. 4k

when />R during jetting, df(R,k)/dR>0 . This
means that while the nozzle tip radius reduces, the (R, &)
value will reduce, and the electric field at the nozzle tip
will increase accordingly when the same electrical po-
tential is applied.

This relationship was investigated based on an as-
sumption that the nozzles used are of the regular shape,
that the tip angle is 90°. It seems to be not applicable in
our case. However, if taking an in-sight analysis of the
cone-jet mode formed using the tilted nozzles, a linkage
between the nozzle tip angle and an equivalent nozzle
orifice radius could be observed.

As shown in Figure 2, high speed camera images
clearly indicate the changes in the jetting towards a
grounded plate. The diameter of the liquid conical me-
niscus, highlighted in red, formed under the varied noz-
zles was found to increase significantly with the increase
of the tip angle. Cones of the minimum and maximum
diameter appear while the 15° and 90° nozzle were used.
To study and compare the electric field distribution at the
nozzle tip, an equivalent nozzle of 90° tip angle, as high-
lighted in yellow in Figure 3(a), is assigned to all the
nozzles. The relationship between the equivalent nozzle
diameter and the nozzle tip angle was investigated. As
shown in Figure 3(b), the relationship follows

L = AeBsina 4)

where 4 and B are 83 and 7, respectively. L is the equiva-
lent nozzle diameter and « is the nozzle tip angle. Clearly,
according to EqQ.4, the equivalent nozzle diameter of the
titled nozzle decreases with the tip angle, which means
L5 < Lyy < Ly4s- < Lgyr < Lgo-. Due to the relationship of
the conventional nozzle radius and the electric field as
afore-introduced, the electric field at each nozzle tip can
be compared as shown in Figure 3(c). The relationship
between the electric field and nozzle tip angle is given
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by:
E = Asin> @ — Bsina +C ®)]

where A, B and C are 7, 14 and 8, respectively. Therefore,
the electric field concentration occurs at the sharp nozzle
tip. The relationship of the electric field near the nozzle
tlp follows E15° > E3()° > E45° > E(,o“ > Ego“.

3.2. The Influence of Nozzle Tip Angle to the
Stability of Cone-Jet Mode

When using a 3% wt HA suspension as the liquid for
electrospraying, the relationship between applied voltage
and flow rate is shown in Figure 4. The cone-jet mode
can only be achieved when the flow rate and the applied
voltage are in a distinctive domain. The maximal liquid
flow rates for achieving a stable cone-jet mode using the
nozzle of 15°, 30°, 45°, 60° tip angles exhibit much
higher than that of 90° nozzle. The nozzle with 45° tip
angle shows the highest flow rate up-limit which is ap-
proximately 68 pl/min. It is almost double of the maxi-
mal flow rate while using the nozzle with 90° tip angle.
The voltage range (AV between maximal and minimal
applied voltage) at a specific flow rate was also found to
decrease with the decrease of the nozzle tip angle. To
confirm this finding, pure ethanol, which is a conven-
tional liquid for electrospraying research, was also used.
The similar scenario was observed. The highest flow rate
up-limit for stable cone-jet mode was also found while
using the nozzle of 45° angle. The difference of flow rate
up-limit between the highest and the lowest was found to
be further enlarged.

3.3. The Influence of Nozzle Tip Angle to the
Ha Relic Size Distribution

The relic size distribution diagrams were built using
3% wt HA suspension (Figure 5). It was found that the
main relic size dramatically decreased with the decreas-
ing nozzle tip angle. The main size of the HA relics de-
posited varied between 2 to 3 um using the nozzle of 15°
tip angle, which was nearly half of the main relic size
range when the nozzle with 90° tip angle was used. This
phenomenon is mainly due to the electric field concen-
tration as demonstrated. As the same flow rate was set
during the HA relics collection, more electric charge
presented at the liquid cone formed at the sharper nozzle
tip. Subsequently, the liquid cone formed a jet and then
broken up into droplets. Higher electric charge presented
in the surface of the droplets, emitted from the cone-jet
mode with a nozzle of smaller tip angle. Such phenome-
non enhanced the possibility that the highly charged
droplet to reach the Reileigh charge limit [11], as showed
in the following formula.

ax =8n(rer])
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Figure 3. (a) Schematic illustration of the concept of equivalent nozzle when using a titled nozzle; (b) The
relationship between the equivalent nozzle diameter and orifice angle; and (c) The relationship between
electric field and nozzle tip angle.
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The as-deposited HA relic size distribution by electrospraying with different nozzles.

where ¢, is the Rayleigh charge limit (C), y is the
surface tension, &, is the vacuum dielectric constant and
r, s the droplet radius (m).

When the charge on a single droplet reaches the limit,
droplet breaks up into two or more smaller droplets by
the over-limited charge. Therefore, when using the noz-
zle with 15° tip angle, the droplet fission occurred, and
smaller liquid droplets were therefore formed.

3.4. Ha Patterning Process with Refined
Taea Setup

Template-assisted electrohydrodynamic atomization
spraying (TAEA) was previously developed to create
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bioceramic patterns to up-regulate the bone cell behavior
[23]. To improve the resolution (the minimal diameter of
the pattern) of TAEA, the droplets with reduced dimen-
sions are compulsory. Based on the findings above, the
nozzle with 15° tip angle was chosen for HA patterning
trials. As shown in Figures 6(a) and (b), the HA line
pattern of < 10 pm in width and the fine square HA pat-
terns of the width below 10 pm were successfully a-
chieved. This is nearly one tenth in diameter of the pat-
terns reported previously. The resolution of TAEA was
dramatically improved, as expected. In addition, the inset
micrograph of Figure 5 clearly confirms that dense sur-
face topography assembled by the HA nanocrystals,
which favors the cellular attachment.
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Figure 6. HA patterns of (a) line shape and (b) square shape
prepared using TAEA spraying with the nozzle of 15° tip angle.
The inset shows the high magnification micrograph of the par-
tial HA patterns.

4. CONCLUSION

The study showed that the flow rate up-limit for the
stable cone-jet electrospraying mode was significantly
increased while reducing the nozzle tip angle. The HA
relic size distribution were found to dramatically decrease
with the decreased tip angle. Based on these findings, the
resolution of TAEA patterning process was further in-
creased within 10 pum. This investigation can be utilized
to improve biomaterials properties to a desired level to
suit more advanced applications without causing cum-
bersome operational drawbacks. Furthermore, this generic
theory can suggest new strategies for processing ad-
vanced nanostructured materials for biomedical applica-
tions.
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