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� A one-step method for producing
drug-loaded microbubbles (MBs) was
demonstrated.

� tPA-loaded MBs were produced via
CEHDA technique.

� tPA-lipid MBs exhibited great
potential as theranostic agents.

� Microbubbles with less bubble
aggregation can be obtained using
CEHDA process.
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In the present work, we demonstrated for the first time a simple method for the fabrication of drug-
loaded Microbubbles (MBs) by a single step via coaxial electrohydrodynamic atomization (CEHDA). As
a proof of concept, a therapeutic agent (tissue plasminogen activator, tPA) and two types of shell mate-
rials (phospholipid and bovine serum albumin, BSA) were selected to produce tPA-entrapped MBs.
Investigation using fluorescein isothiocyanate (FITC) labelled tPA revealed that the tPA-loaded MBs were
successfully fabricated in a one-step procedure and the tPA was located in the shell layer for both the BSA
and lipid MBs. By optimization of the operating conditions in terms of voltage, core/shell flow rate ratio as
well as tPA volume ratio, minimum bubble sizes for tPA-BSA and tPA-lipid MBs were obtained. The fab-
ricated tPA-BSA MBs was �41 lm in mean diameter while �41% of the tPA-lipid MBs ranged from 3 to
6 lm and �36% of them ranged from 6 to 9 lm under optimal operating conditions. Sensitivity analysis
on the effects of key process parameters was also performed to guide design and manipulation of bubble
sizes. The investigation of gas phase showed that the usage of sulphur hexafluoride (SF6) as the core can
enhance the stability of tPA-lipid bubbles. The presented one-step method displayed great flexibility for
producing tPA-loaded MBs and thus can potentially serve as a new tool to generate/engineer tPA-bubbles
for applications in ischemic stroke therapy.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Microbubbles (MBs) are small (less than 1 mm in diameter),
gas-filled cavities widely used in diagnostic or therapeutic medical
applications [1–4]. They are well known as ultrasound contrast
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Nomenclature

d distance from the scatterers, m
db diameter of bubble, m
d0 orifice diameter, m
I scattered intensity
I0 incident intensity
K wave number
L Ostwald coefficient
Qg gas flow rate, m3/s
Ql liquid flow rate, m3/s

R bubble radius, m
t time, s
V scattering volume, m3

cc compressibility term
cd density term
h scattering angle, �
r surface tension, N/m
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agents for medical ultrasound imaging due to their ability to scat-
ter and reflect ultrasound. In addition to their diagnostic applica-
tions, by incorporating drugs into their shell layers, these MBs
could be used as drug carriers which could be traced using a
low-intensity ultrasound and burst at the target sites using high-
intensity ultrasound. For this reason, using MBs for targeted drug/-
gene delivery has become an active research area [5–11]. Various
shell materials have been studied to produce the optimal MB qual-
ity for drug delivery applications [12–15]. Recently, the MBs asso-
ciated with ultrasound have also been used to enhance stroke
therapy [16–19].

As the second leading cause for death, stroke accounts for
approximately 9.7% of deaths per year [20]. Ischemic stroke com-
prises 85% of all strokes and presents an increasing trend in its inci-
dence [21]. It occurs when a blood vessel supplying the brain is
blocked by a clot, depriving it of oxygen and other nutrients, caus-
ing rapidly increasing damage of the brain tissue [22,23]. The only
Food and Drug Administration (FDA) approved treatment for
ischemic stroke patients is the intravenous administration of a
thrombolytic agent, tissue plasminogen activator (tPA), to dissolve
the fibrin clot. The treatment with tPA has to be initiated within
4.5 h of symptom-onset [24,25]. However, even when the above
condition is met, studies still showed low full recovery rate due
to the slow and incomplete thrombolysis by tPA [16]. In addition,
tPA therapy is associated with an increased risks of intracranial
haemorrhage [25]. It has been reported recently that employment
of MBs could enhance thrombolysis, thus increasing its therapeutic
efficiency [19]. Ultrasound alone or in combination with MBs can
enhance clot dissolution by forming cavitation [26] to induce
reversible changes in the fibrin mesh of a thrombus and accelerat-
ing the transport and penetration of thrombolytic agent into the
clot [16,17]. Besides, recent studies have also shown that throm-
bolytic drug-loaded MBs combined with low-frequency ultrasound
accelerated thrombolysis in vitro and reduced the dose of the
thrombolytic drugs [18]. Controlled and localized release of tPA
could potentially serve to minimize the side effects and lower
the required dosage amount. This could be achieved through the
employment of tPA-loaded MBs which could be traced using a
low-intensity ultrasound and burst at the target site using high-
intensity ultrasound. Furthermore, these tPA-loaded MBs may help
in reducing the incidence of symptomatic hemorrhage by reducing
the dose of tPA.

Normal MBs with no drug loaded are frequently fabricated
through the use of sonication or agitation. These methods result
in the fabrication of MBs with a broad size distribution, hence
requiring additional process to sieve out the small enough MBs
(<10 lm) for biomedical applications [27]. It has been stated that
microfluidic devices [28–31] have the capability of well controlling
the size distribution of MBs but the productivity is relatively
low [32,33] and microchannel blockage is also an issue to be
addressed [30,34,35]. More recently, co-axial electrohydrodynamic
atomization (CEHDA) method was used in the production of core-
shell particles [36–38]. Due to the limitations observed in the
sonication, agitation and microfluidic methods relating to bubble
production, Farook et al. [27,32,39] came up with the idea to mod-
ify the CEHDA process to produce nearly monodisperse MBs. In a
similar context, Chang et al. [40,41] modified the CEHDA method
for production of hollow-shell capsules. Unfortunately, none of
the previous works studied the feasibility of producing drug-
loaded MBs via CEHDA. Moreover, comparing with normal MBs,
the existing approaches used in the fabrication of therapeutic
agent loaded MBs are complicated, requiring several processing
stages which involves preparation of solution, lyophilization, gas
filling, sterilization and bubble reconstruction [11,18]. The newly
developed single-step pressurized gyration process, however, gives
microbubbles a size much larger than 10 lm and with relatively
broad bubble size distribution [42].

In the present study, we aim to explore a simple and robust
method to obtain tPA-loaded MBs for therapeutic applications in
ischemic stroke. For the first time, we demonstrated a one-step
fabrication method of these MBs by using CEHDA technique. As a
proof of the concept, bovine serum albumin (BSA) and phospho-
lipid were selected as shell materials to produce the tPA-loaded
MBs. Investigations using fluorescein isothiocyanate (FITC) labelled
tPA for the preparation of tPA-loaded MBs were performed to test
the success of this one-step method. Besides, to fabricate injectable
MBs, further optimizations of operating parameters were investi-
gated via Taguchi experimental design for both BSA and lipid bub-
bles. Detailed studies on the effects of those key process
parameters were also performed. Simplicity of varying gas core
to SF6 showed the high flexibility of this one-step process. Finally,
possible structures of the produced tPA-lipid MBs were discussed.
2. Experimental method

2.1. Materials

Bovine serum albumin (BSA, A9418), glycerol (G5516), poly-
ethylene glycol-400 (PEG-400, 202398), 1,3-propanediol
(P500404), dimethyl sulfoxide (DMSO, 276855) and fluorescein
isothiocyanate (FITC, F7250) were purchased from Sigma-Aldrich
Chem. Co. (St. Louis, MO USA). Polyethylene glycol-2000 (PEG-
2000, 81221) was obtained from Fluka (Germany). Phosphate Buf-
fered Saline (PBS, PB0344 10X, Ultra-Pure Grade) was obtained
from Vivantis Technologies Sdn. Bhd. (Selangor Darul Ehsan,
Malaysia). 1,2-Bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocho
line (870016P) was obtained from Avanti Polar Lipids (Alabama,
USA). Actilyse (recombinant-tissue plasminogen activator, rtPA)
was supplied with courtesy of the National University Health Sys-
tem which was purchased from Boehringer Ingelheim (Germany).
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2.2. Preparation of shell layer solutions

2.2.1. Preparation of BSA-tPA Suspensions
50 mg/ml BSA suspension was prepared by dissolving 5 g of BSA

powder in 100 ml of 10 vol% glycerol solution and then thoroughly
mixed using a magnetic stirrer for 30 min at 60 �C. The 50 mg/ml
BSA solution was further diluted using the prepared 10 vol% glyc-
erol solution to form 5 mg/ml BSA solution. tPA (1 mg/ml) was
mixed with the BSA solution (5 mg/ml), and the volume ratio of
tPA/BSA solution was varied at 0.25, 0.5 and 1 to form various con-
centration of tPA-BSA suspension. 5 mg/ml BSA solution was used
as the collecting medium.

2.2.2. Preparation of lipid-tPA suspensions
For 50 ml of phospholipid suspension, 40 mg of powdered 1,2-

bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine (M.W.:
914.28 g/mol) and 9.8 mg of PEG-2000 were measured out using
a RADWAG Analytical XA 60/220/X weighing scale. The powdered
1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine and
PEG-2000 were dissolved in 1 ml of glycerol, 4 ml of 1,3-
propanediol and 5 ml of deionised water with gentle stirring using
a magnetic stirrer and gentle heating at 50 �C for 10 min. 40 ml of
deionised water was further added to the mixture with magnetic
stirring for another 10 min. The undissolved lipids were dispersed
by sonicating the mixture with a Sonics Vibra-cell sonicator at 30%
intensity for 1 min. Subsequently, pure tPA (1 mg/ml) was added to
the pre-prepared phospholipid suspension at varying ratios to
form tPA-L-a-phosphatidylcholine suspensions with 0.1, 0.2 and
0.4 tPA volume fractions. 1� Phosphate Buffered Saline (PBS) solu-
tion was prepared as the collecting medium.

2.3. Synthesis of fluorescein isothiocyanate (FITC) labelled tPA

FITC was dissolved in DMSO to form 1 mg/ml solution. Then
1 ml FITC-DMSO solution was mixed with 10 ml tPA solution
(1 mg/ml) in a centrifuge tube for the reaction. After wrapping
the tube by alumina foil, the mixture was incubated for 90 min
at 37 �C in GFL Shaking Water Bath 1092 (Gesellschaft für
Labortechnik, Germany). The unreacted FITC was removed by using
Pierce Concentrator (PES, 30K, Thermo Scientific, USA) prior to
mixing with shell layer solution. The concentrated FITC labelled
tPA was transferred into the shell layer solution for preparation
of MBs.

2.4. Characterisation of MBs

The fabricated tPA-loaded MBs were characterised using optical
microscopy with a Leica DM4000 B LED Light Microscope (Leica
Microsystems, Inc., Germany). Images of the fabricated MBs over
various regions were acquired randomly by connecting the com-
puter and the microscope via Leica DFC310FX Camera (Leica
Microsystems, Inc., Germany) to ensure a comprehensive and accu-
rate characterisation of the number density and size distribution of
the fabricated MBs. Further analysis with an image processing soft-
ware, ImageJ, of the acquired images was conducted to estimate
the mean bubble diameters and number density of the MBs. Fluo-
rescence was observed using Leica DM4000 B LED Light Micro-
scope under fluorescence mode for FITC labelled tPA bubbles.

2.5. Experimental setup and procedure

Fig. 1 depicts the overall illustration of the preparation of shell
layer solution, combination of tPA and shell layer materials, a one-
step method for the fabrication of tPA-loaded MBs, resultant MBs
and potential application in thrombolysis. For the experimental
setup, namely, the CEHDA devices, the shell layer suspensions
were pumped through the outer layer of a co-axial capillary needle
and core gases were passing through the inner layer of the needle.
The shell layer suspension was supplied to the needle using a Ter-
umo SS-10L Hypodermic Syringe while the core gas was supplied
with a Terumo SS-50L Hypodermic Syringe using KD Scientific
KDS100 Infusion Pumps (KD Scientific, Inc., Holliston, MA). An elec-
trical field was set up between the co-axial capillary needle (Ramé-
hart instrument co., USA) and the collecting dish using a Glassman
High Voltage Incorporated FC25 120 Watt Rack High Voltage DC
Power Supplies Unit (Glassman High Voltage, Inc., USA) by con-
necting the positive electrode to the needle and grounding the col-
lecting dish with a ground electrode. The diameter of the inner
needle was 0.2 mm with wall thickness of 0.1 mm whereas the
outer needle diameter was 0.5 mm with a wall thickness of
0.11 mm. The distance between the tip of the needle and the col-
lecting dish was maintained to be 8 cm for all the experimental
runs.
3. Results and discussion

3.1. Fabrication and verification of tPA-loaded MBs

In the CEHDA process, the shell layer fluid was passed through
the outer needle while gas phase was passed through the inner
needle. A bubble expansion can be observed at the tip of nozzle
when there was no electric stress exerted on the liquid interface
at low flow rates (Fig. 2(a)). With the increase of flow rates and
voltage, a liquid droplet with several gas bubbles inside dripping
down from the tip can be obtained (Fig. 2(b)). Further increase in
the applied voltage gives an obvious change in the dripping mode.
For BSA solution, a bubble chaining mode was observed (Fig. 2(c)–
(d)) while a single bubble dripping mode was observed for lipid
solution (Fig. 2(e)). With the further increase of voltage, coning
mode (Fig. 2(f)) commences. In this study, this mode was found
to be very unstable, frequently swapping between the coning mode
and the unstable cone-jet mode (Fig. 2(g)). Stable cone-jet mode
can be achieved by increasing the voltage from this point onwards
(Fig. 2(h)). The detailed voltage ranges for the different bubbling
modes are listed in Table 1. The air flow rate was varied from
10 ml/h to 90 ml/h. For each fixed value of air flow rate, the thresh-
old values for the changes of bubble modes were determined by
gradually increasing the voltage and then observing the transition
from one mode to another. The suspension flow rate was main-
tained at 9 ml/h. With the cone-jet mode, which was also identified
as microbubbling mode [27], MBs were produced continuously for
both BSA and phospholipid as shell materials. During the experi-
ment, it was also found that BSA bubbles was found to be preferen-
tially collected in the BSA solution while 1� PBS solution presented
better performance as a collection medium for phospholipid bub-
bles. The fabricated tPA-BSA MBs were observed to be more stable
using the BSA solution as a collection medium, and its bubble num-
ber is much more than that by using PBS as a collecting medium.
Henceforth, BSA solution was used to collect tPA-BSA MBs to
achieve comparable bubble number for the subsequent
investigations.

To verify the success of preparation of tPA-loaded MBs in a sin-
gle step by CEHDA, tPA was labelled with FITC and thenmixed with
shell layer materials, namely, BSA and phospholipid. Fig. 3 gives
the optical micrographs as well as the fluorescence images of fab-
ricated MBs by CEHDA. It can be seen that both BSA and phospho-
lipid as shell materials successfully generated MBs by CEHDA.
From the fluorescence images shown in Fig. 3, FITC labelled tPA
can be observed in the shell layers of the fabricated bubbles which
confirms the success of this method. In addition, the produced BSA
MBs were much bigger than lipid MBs. This may be due to the



Fig. 1. Illustrations of (i) preparation of shell layer solution, (ii) molecular structures of tPA, BSA and lipid, (iii) one-step CEHDA method for the fabrication of tPA-loaded MBs,
(iv) fabricated tPA-BSA MBs (A) and tPA-lipid MBs (B), (v) fluorescence images of FITC labelled tPA-BSA MBs (A) and tPA-lipid MBs (B), and (vi) potential application in
thrombolysis via low intensity ultrasound for diagnosis and high intensity ultrasound for triggering the release.

Fig. 2. Representative modes of CEHDA bubbling: (a) bubble expansion without voltage applied at low flow rates; (b) bubble drop dripping mode; (c)–(d) bubble chaining
mode; (e) single microbubble dripping mode; (f) unstable coning mode; (g) unstable bubble cone-jet mode and (h) microbubble cone-jet mode at the tip of nozzle. Scale bar is
500 lm.
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molecular size of the BSA being larger than that of the lipid. Further
discussion on the comparison between BSA and lipid MBs will be
presented in the latter section.
3.2. Optimization and the effect of processing parameters

Although tPA-loaded MBs can be produced by CEHDA in one
step, the size of the fabricated MBs must be smaller than that of
a red blood cell (<10 lm) [43] to ensure that they can pass through
capillaries and be effective for intravascular medical applications.
Therefore, optimization of the processing parameters is necessary
to obtain a minimal bubble size.
Taguchi method [44] is often used to attain the optimal setting
from a set of controlled parameters by evaluating the performance
of the response variables by conducting experiments designed in
an orthogonal array. Orthogonal arrays allow for well-balanced
experiments to be designed, as well as reduce the number of
experiments required for the optimization of the operating param-
eters [45]. In this study, three operating parameters were identi-
fied, each with three different levels (Table 2), for the
optimization using the Taguchi orthogonal array design. The rea-
son for the selected levels for voltage and air/suspension flow rate
ratio was to ensure continuous bubble production. An L9 orthogo-
nal array was employed to investigate the effects of voltage,



Table 1
Voltage ranges of different modes for CEHDA microbubbling at various gas flow rates.

Mode Type of shell
suspension

Gas flow rate (ml/h)

10 20 30 40 50 60 70 80 90

Voltage range for bubble drop dripping mode (kV) tPA-BSA NA 0–8.1b 0–7.5b 0–7.6b 0–7.5b 0–7.2b 0–7.2b 0–7.0b 0–6.6b

tPA-lipid NA 0–7.6b 0–7.7b 0–7.4b 0–7.2b 0–7.2b 0–7.1b 0–7.2b 0–7.2b

Voltage range for bubble chaining mode (kV) tPA-BSA NA 8.1–
8.5b

7.5–
8.1b

7.6–
8.1b

7.5–
8.1a

7.2–8.3a 7.2–
8.2a

7.0–
8.2a

6.6–
7.9a

tPA-lipid NA NA NA NA NA NA NA NA NA

Voltage range for single microbubble dripping
mode (kV)

tPA-BSA NA NA NA NA NA NA NA NA NA
tPA-lipid NA 7.6–

8.5b
7.7–
8.9b

7.4–
8.8a

7.2–
8.8a

7.2–8.5a 7.1–
9.3a

7.2–
9.7a

7.2–
9.1a

Voltage range for bubble coning mode (kV) tPA-BSA NA 8.5–
9.3b

8.1–
8.5b

8.1–
8.9b

8.1–
8.6b

8.3–8.7b 8.2–
8.7b

8.2–
8.8b

7.9–
8.2b

tPA-lipid NA 8.5–
9.3b)

8.9–
9.4b

8.8–
9.3b

8.8–
9.4b

8.5–
10.8b

9.3–
10b

9.7–
10.5b

9.1–
10.7b

Voltage range for microbubbling mode (cone-jet
mode) (kV)

tPA-BSA NA 9.3–
10.3b

8.5–
14.3b

8.9–
15.3b

>8.6a >8.7a >8.8a >8.2a >8.2a

tPA-lipid NA 9.3–
11.2b

9.4–
10.8b

9.3–
11.8a

9.4–
15.2a

10.8–
15.0a

>10a >10.5a >10.7a

NA: Not applicable.
a Continuous.
b Intermittent.

Fig. 3. Optical micrographs of FITC labelled tPA MBs produced by CEHDA with shell layer materials of BSA and phospholipid.
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air/suspension flow rate ratio and volume fraction of tPA in the
shell suspension on the mean bubble diameter.

The ability of each operating parameter to produce MBs of the
smallest sizes was evaluated using the mean bubble diameter
obtained from the experimental runs through the use of the
signal-to-noise (S/N) ratio. In the case where a smaller characteris-
tic yields a better result, the following equation is used:

S=N ratio ¼ �10 log
P

y2i
n

� �
ð1Þ
where yi represents the performance characteristic of the experi-
ment for a particular trial i. The performance characteristic in this
case is the mean microbubble diameter. n represents the number
of trials per experiment conducted.

3.2.1. Optimization for tPA-BSA MBs fabrication
For the tPA-BSA MBs, the S/N ratios were calculated for each

experimental run and tabulated in the Table 3. With the calculated
S/N ratio for each experimental run, the mean bubble diameter
responses for the 3 parameters have been integrated and the



Table 2
Controllable factors and levels applied in the experiments.

tPA-BSA MBs

Factors Voltage
(kV)

Air/suspension ratio (ml/h:
ml/h)

tPA/BSA vol. ratio

Level 1 8.8 48/9 1
Level 2 10.8 72/9 1/2
Level 3 12.8 90/9 1/4

tPA-lipid MBs

Factors Voltage
(kV)

Air/suspension ratio (ml/h:
ml/h)

volume fraction of
tPA

Level 1 8.8 48/9 0.1
Level 2 10.8 72/9 0.2
Level 3 12.8 90/9 0.4
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results are shown in Table 4. The primary goal of the experimental
runs is to minimize the mean bubble size produced for stroke
treatment. As the �log utilized in the S/N ratio calculations repre-
sents a monotonic decreasing function, S/N ratio should be maxi-
mized. Hence, the optimum conditions for fabricating the
smallest sized MBs are the most positive S/N ratio within each col-
umn in Table 4 (indicated with footnotes). Based on the analysis of
the S/N ratio, optimum conditions concluded from the table are at
an applied voltage of 12.8 kV, air/suspension flow rate ratio of
48/9 ml/h and a suspension tPA/BSA volume ratio of 1/4. Under
the optimal condition, the mean size of the fabricated tPA-BSA
MBs is �41 lm, with the corresponding polydispersity index of
�0.26. Based on a theoretical calculation according to minimum
size and suspension flow rate, an example bubble yield of this pro-
cess is �4 � 106 #/min for tPA-BSA MBs.

Analysis of variance (ANOVA) detects differences in average
performances of the parameters conducted based on statistical
analysis. As such, it enables the examination of significance and
interactions of the main parameters through the comparison of
mean square against plausible experimental errors. The ANOVA
results for the Taguchi array are displayed in Table 5. The F-test
aids in determining the design parameter which has the most sig-
nificant effect on the performance characteristic. The degree of
freedom for each parameter was calculated by the number of levels
involved for that parameter minus 1. The F-ratio calculated is a
ratio of the factor mean square to the residual error. Hence, the
percentage calculated in Table 5 is described as the relative signif-
icance of each parameter on the mean MBs size. Markedly, voltage
(47.41%) and suspension volume ratio (44.53%) are the key factors
in affecting the size of MBs while gas/suspension flow rate ratio
(0.74%) remains of less significance.
3.2.2. Effect of processing parameters on mean size of tPA-BSA MBs
Having obtained the optimum conditions from the Taguchi

array, the effects of the processing parameters were investigated.
Fig. 4 shows the variations of the mean bubble diameter with
respect to changes in the applied voltage, tPA/BSA volume ratio
Table 3
Summary of factors, levels, obtained results and S/N ratio for tPA-BSA MBs.

Experiment Voltage (kV) Air/suspension ratio Vol ratio (tPA/BSA)

1 8.8 48/9 1
2 8.8 72/9 1/2
3 8.8 90/9 1/4
4 10.8 48/9 1/2
5 10.8 72/9 1/4
6 10.8 90/9 1
7 12.8 48/9 1/4
8 12.8 72/9 1
9 12.8 90/9 1/2
as well as air/suspension flow rate ratio at the optimal conditions
obtained by the Taguchi array analysis.

Fig. 4(a) depicts that an increase in applied voltage would give
smaller diameter MBs until an optimum voltage of 12.8 kV, after
which the mean bubble diameter increases with further incre-
ments in voltage. This phenomenon can be explained by the incre-
ment of a tangential electrical forces which induces smaller jet
diameter and hence resulting in the formation of smaller MBs.
Beyond the optimum voltage range, further decreases in microbub-
ble sizes might not be realizable. This may be attributed to the
higher surface charges at the gas-liquid interface inside the liquid
cone, which induces repulsion force within the liquid cone thus
widening the jet diameter, forming larger bubbles. Parallel obser-
vations described by Kim et al. [46] have been made where opera-
tion remains at the cone jet mode with no further reduction in
bubble size. As seen in Fig. 4(b), the increasing volume ratio of
tPA/BSA results in an increasing mean microbubble diameter. This
could be due to the properties changes of the materials (Table 6).
The measured properties of shell suspension suggest that the elec-
tric conductivity increases with the volume ratio of tPA/BSA solu-
tion. Solution with higher electric conductivity would lead to
more surface charges accumulating at the interfaces under an elec-
tric field. Although higher surface charge density at outer air-liquid
interface assists to have smaller jet diameter, as previously men-
tioned, the repulsion forces between interfaces within the liquid
cone might cause the expansion of the jet diameter and hence
growth in microbubble diameters.

Fig. 4(c) shows that the mean bubble diameter is directly pro-
portional to the air/suspension flow ratio. This decreasing gas ratio
results in the formation of a smaller gas core surrounded by the
fluid shell layer. The smaller gas core is caused by the reduction
in mass of the flowing substances. As a result, inertial forces would
be overcome by electrical forces, leading to a smaller jet diameter
and subsequently smaller bubbles as overall flow rate is reduced in
CEHDA. The reduction in microbubble sizes in accordance to a
decrease in the air flow rate at a constant suspension flow is in
agreement with previous research on microbubbling using both
microfluidic techniques [46] and CEHDA for other shell suspen-
sions [27,32]. For microfluidic systems, Ganan-Calvo et al. [47] pro-
posed an equation (Eq. (2)) for fluids under a laminar flow with
Reynold’s number within the range of 40–1000. The equation sta-
ted that mean bubble diameter varies with gas ratio in accordance
to a power law relation. Thus, bubble diameter decreased accord-
ingly with decreased gas flow. Due to a number of comparable fea-
tures between CEHDA and microfluidic systems, parallel trends are
expected between both methods. However, for CEHDA microbub-
bling, gas ratio has a relatively smaller effect on changes in
microbubble sizes. The power of gas ratio for CEHDA system is
0.37 by fitting the curve shown in Fig. 4(c), which was smaller than
that shown in Eq. (2).

db

d0
¼ 1:1

Qg

Ql

� �0:4

ð2Þ
Trial 1-Mean diameter (lm) Trial 2-Mean diameter (lm) S/N ratio

78.36 87.61 �38.39
73.21 72.28 �37.24
59.36 56.06 �35.23
71.32 70.56 �37.02
71.49 63.91 �36.63
83.67 82.41 �38.39
50.62 41.06 �33.27
64.84 57.32 �35.73
66.31 56.58 �35.80



Table 4
Average S/N ratios for different levels in Taguchi Array Analysis for tPA-BSA MBs.

Factors Voltage (kV) Air/suspension ratio tPA/BSA vol. ratio

Level 1 �36.95 �36.06a �37.50
Level 2 �37.34 �36.53 �36.68
Level 3 �34.76a �36.47 �34.87a

a Optimal condition.

Table 5
Results of analysis of variance (ANOVA) for tPA-BSA MBs.

Factors DOF (degree of
freedom)

Sum of
squares

Mean
square

F-
ratio

Percent
(%)

Voltage 2.00 11.61 5.81 29.57 47.41
Air/suspension

ratio
2.00 0.40 0.20 1.03 1.65

tPA/BSA vol.
ratio

2.00 10.91 5.45 27.77 44.53

Error/others 2.00 1.57 0.78 – 6.41
Total 8.00 24.49 – – 100.00

Fig. 4. Variations of mean bubble size versus (a) voltage, (b) tPA/BSA volu

Table 6
Physical properties of solutions used in this work.

No. Solutions Conductivity (lS/cm) Su

1 5 mg/ml BSA 60.10 0.0
2 1/4 tPA/BSA 1652.00 0.0
3 1/2 tPA/BSA 2492.50 0.0
4 1/1 tPA/BSA 3735.00 0.0
5 1 mg/ml phospholipid solution 55.23 0.0
6 0.2 vol% tPA phospholipid solution 2758 0.0
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It is important to note that the optimum conditions vary for dif-
ferent shell layer suspensions. The discovered optimum conditions
in this section mainly apply to tPA-BSA shell suspensions. There-
fore, for tPA-lipid MBs, the optimization of processing parameters
has to be performed as well.
3.2.3. Optimization for tPA-lipid MBs fabrication
Similarly, for tPA-lipid MBs, Table 7 summarizes the results

from the various experimental runs and the calculated S/N ratios
from the obtained mean diameters. The response of the mean bub-
ble diameter for the three different parameters were summarized
in Table 8. The values with footnotes indicated the S/N ratios of
the optimal operating condition for the corresponding factor.
Therefore, from the Taguchi array analysis, the optimal operating
conditions were determined to be 8.8 kV, 72/9 air/suspension flow
rate ratio and 0.2 tPA volume fraction. These values are in good
agreement with the study conducted by Pancholi et al. [48], where
a voltage of 8.5 kV produced MBs with the minimal diameter as
compared to the other voltages investigated. The minimum mean
bubble size in this study was found to be �8 lm with the
me ratio and (c) air/suspension flow rate ratio at optimal conditions.

rface tension (N/m) Viscosity (mPa�S) pH Density (g/cm3)

58 1.37 6.80 1.02
57 1.30 7.48 1.04
56 1.29 7.44 1.04
58 1.27 7.41 0.98
66 1.35 4.03 1.03
60 1.30 7.61 1.00



Table 7
Summary of factors, levels, obtained results and S/N ratio for tPA-lipid MBs.

Experiment Voltage
(kV)

Air/suspension
ratio

tPA vol.
fraction

Trial mean
diameter
(lm)

S/N
ratio

1 2

1 8.8 48/9 0.1 10.03 8.29 �19.28
2 8.8 72/9 0.2 8.49 7.70 �18.17
3 8.8 90/9 0.4 8.63 8.56 �18.68
4 10.8 48/9 0.2 8.15 8.32 �18.31
5 10.8 72/9 0.4 9.08 8.50 �18.89
6 10.8 90/9 0.1 9.16 9.28 �19.29
7 12.8 48/9 0.4 9.49 9.46 �19.54
8 12.8 72/9 0.1 9.52 9.33 �19.48
9 12.8 90/9 0.2 9.61 9.44 �19.58

Table 8
Average S/N ratios for different levels in Taguchi Array Analysis.

Level Voltage (kV) Air/suspension ratio tPA vol. fraction

1 �18.71a �19.04 �19.35
2 �18.83 �18.85a �18.69a

3 �19.53 �19.19 �19.04

a Optimal condition.

W.-C. Yan et al. / Chemical Engineering Journal 307 (2017) 168–180 175
polydispersity index of �0.43. With this bubble size and the corre-
sponding suspension flow rate, the example yield of tPA-lipid bub-
bles (�6 � 108 #/min) can be obtained.

From the ANOVA statistical analysis shown in Table 9, it can be
observed that the applied voltage affected the mean bubble diam-
eter to the greatest extent (46.71%), followed by tPA volume frac-
tion (26.11%) and the diameter is affected the least by the
air/suspension ratio (6.87%). The error accounts for the uncontrol-
lable factors or noise encountered during the experiment. For the
results to be considered reliable, the error value should not exceed
50% [49]. The error computed in this investigation was found to be
20.32%, which is well below the limit of 50%, exhibiting that the
error of the experiment is not significant to affect the reliability
of the results.

3.2.4. Effect of processing parameters on mean size of tPA-lipid MBs
The effects of individual operating parameter on the mean

diameter of tPA-lipid MBs are shown in Fig. 5. Fig. 5(a) depicts
the variation of the mean bubble diameter against applied voltage.
It could be observed that the mean diameter of the MBs increases
with an increasing voltage. This is analogous with the trend pred-
icated by the Taguchi array additive model. The results obtained
are in good agreement with a prior study [48] which showed that
the smallest phospholipid MBs were obtained in the voltage range
of 7.2–8.5 kV. It was also hypothesized that beyond an operating
voltage of 9.5 kV, an increase in bubble size was observed. This
was also predicted by the additive model of the Taguchi array anal-
ysis as shown in Fig. 5(a), where a more significant increase in the
mean microbubble diameter was observed above 9.8 kV. On the
Table 9
Results of analysis of variance (ANOVA) for tPA-lipid MBs.

Source of
variance

Degree of
freedom

Sum of
squares

Mean
squares

F-
ratio

Percent
(%)

Voltage 2 1.18 0.59 2.30 46.71
Air/suspension

ratio
2 0.17 0.09 0.34 6.87

tPA vol.
fraction

2 0.66 0.33 1.29 26.11

Error 2 0.51 0.26 – 20.32
Total 8 2.52 – – –
other hand, it is also worth noting that the bubble production
mode from voltages 8.8 to 10.8 kV is in an unstable coning mode
in this study.

Fig. 5(b) shows the variation of the mean bubble diameter with
respect to the changes in the air/suspension ratio. From the figure,
the mean bubble diameter deceases gradually with an increase in
the air/suspension ratio. This was, however, different from that
predicted in the additive model of the Taguchi array analysis which
predicted a decrease in mean bubble diameter when the air-
suspension ratio was increased to approximately 65 ml/h and an
increase in the mean bubble diameter thereafter, with any further
increase in the air-suspension ratio beyond 65 ml/h. Despite the
difference in general trend, the mean bubble diameter obtained
during the validation experiment do not vary significantly from
that predicted by the Taguchi array analysis, with the largest devi-
ation occurring when the air-suspension ratio is 90/9 at 0.37 lm. It
was determined in the ANOVA analysis in Section 3.2.3 that the
air/suspension ratio did not contribute greatly to the changes in
the mean diameter of the MBs from its low percentage contribu-
tion (6.87%). Following the determination of the extent of effects
of single factor using the ANOVA analysis, significant increases in
the air-suspension ratio did not result in a corresponding increase
in the mean bubble diameter of the MBs. Hence, this validates that
the influence of the air/suspension ratio on the mean bubble diam-
eter is small and this factor does not affect the mean bubble diam-
eter significantly as compared to the other factors. This could also
be deduced from the small value of the F-ratio computed in Table 9
as compared to the F-ratio of the other factors.

The findings in this section were found to differ from prior stud-
ies investigating the effects of varying operating air/suspension
ratio on phospholipid MBs. According to Farook et al. [39], the
mean microbubble diameter was found to decrease with decreas-
ing air/suspension ratio. It should be noted that the bubble fabrica-
tion was performed at the voltage of 8.8 kV when investigating the
effect of gas/suspension ratio. The bubble production falls in the
unstable coning mode in which the bubbling mode keep swapping
between coning mode and cone-jet mode. This could be the reason
why the discrepancy was observed. However, the increase in mean
diameter of the MBs did not increase significantly with increasing
gas ratio in their study, suggesting that the contribution of air/sus-
pension ratio could be small as well. In addition, as air flow rate
required is usually material dependent, the difference between lit-
erature results [39] and present study was due to the different
composition of the suspension. With the inclusion of tPA, the phys-
ical properties of the phospholipid shell suspension could have
been altered as well, resulting in a reduced contribution of the air/-
suspension ratio to changes in the mean diameter of the
microbubble.

The variation of the mean bubble diameter with respect to the
changes in the tPA volume ratio can be seen in Fig. 5(c). From
Fig. 5(c), it can be seen that the validation experiments conducted
produced results that are in good agreement with the prediction
from the additive model of Taguchi array analysis. Both curves
exhibit a decrease in the mean microbubble diameter when the
tPA volume fraction was increased up to approximately 0.2 tPA
volume fraction and an increase in the meanmicrobubble diameter
with further increase in tPA volume fraction passing the minimum
point. From Table 6, it is observed that the surface tension and vis-
cosity of the phospholipid solution containing 0.2 vol fraction of
tPA is lower than that of the pure phospholipid shell layer suspen-
sion while the conductivity is much larger. Conductivity, surface
tension, and viscosity of the solution are key components in the
CEHDA process. With an increase in tPA volume fraction, the sur-
face tension and viscosity would be reduced and conductivity
would be increased, facilitating the bubbling mode to approach
cone-jet mode. Before reaching the optimal point, the bubble



Fig. 5. Variations of mean bubble size versus (a) voltage, (b) air/suspension flow rate ratio and (c) tPA volume fraction at optimal conditions.
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production at this particular voltage might not be within the
micro-bubbling mode as well. After the optimal point, due to the
decrease of surface tension and viscosity and increase of conduc-
tivity, the bubble production might become closer to the cone-jet
mode. According to the results shown in Fig. 5(a) and Table 1,
larger mean microbubble diameter would be obtained.
3.3. Comparison of tPA-lipid MBs with tPA-BSA MBs

Employing CEHDA method, both tPA-lipid and tPA-BSA MBs
were produced in one step. As mentioned in previous section, bub-
ble size is one of the key parameter that must be well controlled.
From the optimization results, the minimum tPA-BSA MBs is
�41 lm in the mean diameter while the minimum size of tPA-
lipid MBs is �8 lm in average. For the potential application of
tPA-loaded MBs in ischemic stroke, the size of the bubbles must
be smaller than red blood cells (<10 lm) [43]. The large size of
the tPA-BSA MBs will be trapped in the capillary beds of the lung
when they are injected to the vein. Moreover, as shown in Fig. 6,
the burst tPA-BSA MBs become fragments which did not dissolve
in the solution immediately. This may lead to a delay or prevention
of tPA release. In addition, the thickness of the shell layer that
encloses the bubbles can impede the resonation ability. From
Fig. 3, it can be observed that the shell layer of tPA-BSA bubbles
is relatively thicker than that of tPA-lipid MBs. Therefore, although
albumin shelled MBs (OptisonTM, CE Healthcare) are currently
used as one of the contrast agents [43], it is not recommended to
choose BSA as shell material to fabricate tPA loaded MBs via the
presented method in this study.

In contrast, tPA-lipid MBs produced by the one-step method
exhibit great potential for intravascular administration. Fig. 7
shows the optical micrograph and size distribution of the fabri-
cated tPA-lipid MBs at optimal condition. The MBs shown in
Fig. 7(a) were well dispersed and aggregations were seldom found,
which differ from that shown in Fig. 8 (SonoVue MBs, Bracco,
Milan, Italy). It was reported that aggregation of the MBs in the cir-
culation must be avoided. By using CEHDA, owing to the charges at
the microbubble surface during the production process, repulsion
forces among bubbles facilitate the bubbles dispersion and thus
prevent the aggregation. Fig. 7(b) gives the size distribution of
the tPA-lipid MBs, showing that �41% of the MBs ranged from 3
to 6 lm and �36% ranged from 6 to 9 lm. This indicates that the
produced tPA-lipid MBs display the capability of passing through
the capillaries in body. On the other hand, the scattering intensity
of gas bubbles is proportional to the 6th power of the radius of the
bubble (Eq. (3)) [50]. Small bubbles are considerably less effective
in scattering ultrasound whereas larger bubble will give rise to bet-
ter scattering intensity. The relative large tPA-lipid MBs ranging
from 6 to 9 lm may assist in generating higher scattering signal
of ultrasound, hence enhancing the quality of diagnostic image.

I=I0 � 1

9d2 nVk
4r6ðcc þ cd cos hÞ2 ð3Þ

In addition, fragmentation and destruction of MBs are critical in
delivery applications where the therapeutic agent needs to be
easily released when an ultrasound trigger is applied. It was
reported that lipid MBs are more acoustically responsive [43].
Therefore, tPA-lipid MBs may serve as more desirable vehicles for
ultrasound-triggered tPA release.
3.4. SF6 filled tPA-lipid MBs

Another advantage of the one-step method in this study is that
it provides a high flexibility to vary not only shell material but also
core gas. The ability of MBs to retain their stability for a sufficient
period of time is important for the localized and controlled deliv-
ery of tPA to the target site. Core gas plays a critical role in the dis-
solution process of MBs. To compare with air-filled MBs, inert gas
SF6 was selected as core gas for the tPA-lipid MBs. Stability of the
SF6 as well as air filled MBs was investigated in terms of bubble



Fig. 6. Optical micrograph of tPA-BSA MBs over time. Operating conditions: tPA/BSA volume ratio = 1/2, Air/suspension flow = 72/9 ml/h and voltage = 10.8 kV. (a) t = 5 min,
(b) t = 10 min, (c) t = 15 min, and (d) t = 20 min. Observation area is 1.2 mm2. Scale bar is 200 lm.

Fig. 7. (a) Optical micrograph and (b) the size distribution of tPA-lipid MBs produced at optimal conditions (air/suspension flow rate ratio = 72/9 ml/h, tPA volume
fraction = 0.2 and voltage = 8.8 kV).
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number and size (Fig. 9). The normalized number is defined as the
ratio of the bubble number at different time points to the bubble
number at the starting time of the observation. The MBs were
observed under microscope immediately after the preparation.
The microbubble concentration was measured by haemocytometer
and was found to be �1.5 � 105 #/ml after the preparation.

From Fig. 9(a), it can be observed that tPA-loaded MBs contain-
ing SF6 as core were superior in stability to that fabricated by air.
This could be deduced from the ability of SF6 MBs to retain approx-
imately 40% of its original number after an hour while that of
air-filled MBs were reduced to approximately 0%. The average
number of MBs produced using air as core gas decreased at a faster
rate than that of SF6 as observed from the steeper gradient in the
first 20 min of the stability analysis. The decrease in mean number
was attributed to microbubble dissolution or bursting, implying
the relative instability of air-filled MBs as compared with SF6-
filled MBs. The time taken for both air-filled MBs and SF6-filled
MBs to reach 40% of their original number was also compared.
For air-filled MBs, it took approximately 15 min for the number
of MBs to be reduced to 40% of its original number, while for



Fig. 8. Morphology of the contrast agent from SonoVue (a) before the formation of
large bubbles, (b) after the formation of large bubbles.

Fig. 9. (a) Mean number density and (b) mean diameter of air and SF6 filled lipid
MBs over a span of one hour.
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SF6-filled bubbles, approximately 60 min was required for it to be
reduced to 40% of its original number as mentioned above. This
implies that the SF6-filled MBs could be four times more stable
than that of air-filled MBs.

The increased stability of SF6-filled MBs could be attributed to
the lower Ostwald coefficient, L, as compared to air. Ostwald coef-
ficient is the dimensionless ratio that compares the solubility of
gas in liquid to gas density. It is also known that the diffusion of
gas out of the MBs is inversely proportional to the square root of
its molecular weight. The higher the molecular weight of the core
gas, the slower the diffusion of the gas out of the microbubble,
resulting in longer persistence of the microbubble with a core
gas of higher molecular weight. It is to be noted that the tPA-
loaded phospholipid MBs filled with air and SF6 gas respectively
were studied under an environment where the collecting solutions
were not saturated with the respective gases. Hence, the stability
of the MBs can be further enhanced through the usage of a collect-
ing medium saturated with the core gas to reduce the rate of dis-
solution [51]. In this study, the shelf life of the bubbles was
evaluated by measuring the microbubble number over time as
well. The half-lives of the air-filled and SF6-filled tPA-loaded MBs
investigated in this study were estimated to be 10 min and
35 min respectively from Fig. 9(a). Other than using collecting
medium saturated with core gas, using low solubility gas and
freeze-drying the fabricated MBs might be alternative ways to pro-
long the shelf life of the bubbles. From an in vivo study point of
view, the stability of MBs after injection can be improved by using
high molecular weight inert gas, such as SF6 in this study and per-
fluorocarbons (CF4), or using lower surface tension shell material
which was suggested by mathematical models [52,53].

It is observed that the air-filled MBs exhibit a greater fluctua-
tion in the normalized mean microbubble diameter unlike that of
the SF6-filled MBs (Fig. 9(b)). The air-filled MBs also show a general
decrease in the mean microbubble size throughout the span of the
study unlike the SF6-filled MBs, which exhibit a relatively constant
mean microbubble diameter after the third minute. The excessive
fluctuation exhibited by the air-filled bubbles is likely due to the
rapid dissolution of most of the bubbles in the sample resulting
in the mean value of the microbubble diameter to fluctuate signif-
icantly. Both samples also exhibit a general downward trend in the
mean diameter of the MBs, with the air-filled MBs retaining 80% of
it mean microbubble diameter after an hour and the SF6-filled MBs
retaining 90% of its mean microbubble diameter after an hour. The
ability of the tPA-loaded MBs to retain its original diameter is also
important for its role in drug delivery. Therefore, the ability of both
the air-filled and SF6-filled MBs to maintain at least 80% of its orig-
inal diameter shows that even after an hour, the microbubble
would still be able to pass through the blood capillaries to its target
site to complete its role for the delivery of tPA to the target site.
Similar to the comparison analysis conducted for the mean number
count of the MBs, the SF6-filled MBs were also found to be more
superior to that of those fabricated using air as core gas due to both
its ability to retain 90% of its original diameter and its minimal
fluctuation of its normalized mean diameter.

Combining the results shown in Fig. 9(a)–(b), it can be hypoth-
esized that the mechanism of bubbles dissolution may involve two
steps: shrinkage due to the gas diffusion and bursting due to the
destruction of shell layer. The results from stability analysis of both



W.-C. Yan et al. / Chemical Engineering Journal 307 (2017) 168–180 179
the mean number and the mean diameter also indicate that the
SF6-filled MBs are more stable as compared to the air-filled
bubbles.

3.5. Discussion on possible structures of tPA-lipid MBs

It was observed that tPA-loaded phospholipid MBs fabricated in
this study exhibited different results compared to that of pure
phospholipid MBs investigated in prior studies [39]. The variation
in the mean bubble diameter could be attributed to the presence
of tPA in the shell layer of the MBs. On the other hand, tPA as an
enzyme may have a highly bioactive property. Therefore, it is
important to know the possible structure of the tPA-loaded
microbubble produced by this fabrication process. Taking into con-
sideration the molecular structures and hydrophobicity or
hydrophilicity, there could be three possible structures of the lipid
microbubble. It is known that lipid molecules possess hydrophobic
tails and hydrophilic heads. After the bubbles were ejected from
the liquid cone, the shell layer of the bubbles may consist of double
lipid layers between which a thin film of tPA solution is trapped.
The hydrophobic tails of the outer lipid layer point to the sur-
rounding gas phase while that of the inner lipid layer face to the
core gas. Due to the dissolution of the outer lipid layer, the first
possible structure may be formed with tPA molecules attached to
the mono lipid layer. As the time proceeds, free lipid molecules
may accumulate in the collection medium and even form a mono
lipid layer at the surface of the collection medium. When the sub-
sequently fabricated MBs are sprayed into the medium, the second
possible structure with several additional lipid bilayers may be
obtained due to the attachment of lipid molecules to the outer lipid
layer. In addition, there could be a third possibility, namely, tPA
molecules intercalate to the lipid shell layers during the fabrication
process since, in this structure, tPA is incorporated into the bubble
shell without necessarily being layered on top or beneath the shell.
4. Conclusions

In summary, we demonstrated for the first time a one-step fab-
rication method of tPA loaded MBs by using CEHDA technique. The
concept was verified by using bovine serum albumin (BSA) and
phospholipid as shell materials to produce the tPA-loaded MBs.
Results of the investigations using fluorescein isothiocyanate
(FITC) labelled tPA confirmed the success of this one-step method
for the preparation of tPA-loaded MBs. The optimizations of oper-
ating parameters via Taguchi experimental design for both BSA and
lipid bubbles suggested lipid to be the shell materials for this pro-
cess to fabricated tPA loaded MBs. Detailed studies on the effects of
those key processing parameters also showed that tPA-lipid bub-
bles exhibited promising size for applications in ischemic stroke
therapy. Furthermore, the experimental results from stability anal-
ysis indicated that SF6-filled MBs are more suitable for theranostic
applications as compared to air-filled bubbles. This one-step pro-
cess presented a high flexibility of producing tPA-loaded MBs
due to the simplicity of varying gas and shell materials. In addition,
well dispersed MBs achieving less bubble aggregation can be
obtained using this process.
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