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a b s t r a c t
In this study, the potential of electrohydrodynamic atomization or electrospraying to produce nanometerorder CGTase particles from aqueous suspension was demonstrated. CGTase enzyme was prepared in
acetate buffer solution (1% v/v), followed by electrospraying in stable Taylor cone-jet mode. The deposits
were collected on aluminium foil (collector) at variable distances from the tip of spraying needle, ranging
from 10 to 25 cm. The Coulomb ﬁssion that occurs during electrospraying process successfully transformed the enzyme to the solid state without any functional group deterioration. The functional group
veriﬁcation was conducted by FTIR analysis. Comparison between the deposit and the as-received enzyme
in dry state indicates almost identical spectra. By increasing the distance of the collector from the needle
tip, the average particle size of the solidiﬁed enzyme was reduced from 200 ± 117 nm to 75 ± 34 nm. The
average particle sizes produced from the droplet ﬁssion were in agreement with the scaling law models.
Enzyme activity analysis showed that the enzyme retained its initial activity after the electrospraying
process. The enzyme particles collected at the longest distance (25 cm) demonstrated the highest enzyme
activity, which indicates that the activity was controlled by the enzyme particle size.
© 2014 Elsevier Inc. All rights reserved.

1. Introduction
Cyclodextrin glucanotransferase (CGTase, EC 2.4.1.19) is an
industrially important enzyme that catalyses the formation of
cyclodextrins (CDs) from starch and other related carbohydrates
[1] through transglycosylation reactions. CDs can form inclusion
complexes with many organic and inorganic compounds within
the cavity of their ring structure composed of d-glucose units [2].
Because of this feature, they are widely used in the food, pharmaceutical, cosmetic and chemical industries [3]. Generally, enzymes
in industries are formulated in liquid or solid form. Transformation
of an enzyme from liquid to solid form improves enzyme stability and shelf life [4]. Due to removal of water from the enzyme, it
restricts the enzyme mobility [5] and limits a variety of physical

∗ Corresponding author. Tel.: +60 389466359; fax: +60 389464440.
E-mail addresses: nazli@eng.upm.edu.my, ringopie.habibi@gmail.com
(M.N. Naim).
http://dx.doi.org/10.1016/j.enzmictec.2014.06.002
0141-0229/© 2014 Elsevier Inc. All rights reserved.

effects (unfolding, surface adsorption, aggregation) and chemical
degradation pathways (covalent bond modiﬁcation through oxidation and deamidation) during processing, storage and shipping, as
discussed elsewhere [6,7].
The most common methods that have been applied to produce enzymes in solid form are freeze drying and spray drying.
However, loss of biological activity occurs due to exposure of the
enzymes to various types of stresses during these transformation or
solidiﬁcation process. Slow freezing might cause irreversible crystal formation, and excessive heat during spray drying may degrade
the compounds [4,8]. In addition, both solidiﬁcation processes are
unable to produce a monodisperse or uniform particle size distribution [9] which is desirable to improve enzymatic performance
[10]. With a uniform particle size, particle density and diffusion
rates within a matrix can be controlled more precisely, while a
size reduction down to the nano-meter scale offers a larger surface area, and hence increased reaction rates [8,11]. In this regard,
we decided to explore the feasibility of electrospraying, a wellestablished liquid atomization method that is capable of producing
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monodispersed particles in the sub-micron to nano size range by
means of electrostatic forces [12]. We therefore used this method
to transform the CGTase enzyme from solution to dry particles.
Electrospraying is a technique that has been widely used in
biotechnology applications. The emerging utilization of the electrospraying method is attributed to the unique advantages offered,
i.e. the production of monodisperse particles in cone-jet mode, a
reduction in the number of molecular aggregates due to the coalescences of droplets with the same polarity, a reduction in the
risk of product contamination, operation under ambient conditions,
cost effectiveness and simple operation [13,14]. In view of these
advantages, a few types of biologically active substances such as
DNA, insulin, proteins and enzymes have been successfully electrosprayed with preserved biological activity [11,15,16]. However,
only limited reports can be found in the literature on the use of electrospraying to produce enzyme particles, and most of this research
has focused on producing particles for pharmaceutical applications
[17]. In this study, the production of CGTase particles using the
electrospraying method was demonstrated by varying the distance
between the needle tip and the collector. Transglycosylation reaction of the electrosprayed enzyme on starch was conducted to study
the effect of electrospraying on the enzyme activity as this is a major
concern for future application of this route in biocatalysis.
2. Materials and methods
2.1. Materials
CGTase (EC 2.4.1.19) from Bacillus macerans was purchased from
Amano Enzyme, Inc. (Japan), and was used without further puriﬁcation. Soluble starch, which was used as the substrate for the
CGTase activity assay, was purchased from Merck (Germany).␣-CD
was purchased from Sigma-Aldrich (M) Sdn. Bhd. (USA). All other
chemicals used were of reagent grade.
2.2. Preparation and characterization of CGTase solution
1% CGTase in deionized water was prepared and the zeta potential and particle size of the solution was analysed using a Zetasizer
Nano ZS instrument (Malvern Instrument Ltd., Worcestershire) as a
function of pH through the auto-titration method. The initial pH of
the solution was 6.51 and the value was adjusted from pH 2.0 to pH
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10.0 with the addition of 0.1 M HCl and 0.1 M NaOH, respectively.
The zeta potential and particle size were measured three times
with at least 10 scans for each measurement. The zeta sizer instrument has a built-in Dispersion Technology Software (DTS V4.20) to
collect and interpret the data from the device. The electrical conductivity of the solutions was measured using a conductivity probe
(Mettler Toledo, Tokyo). All measurements were conducted at room
temperature.
2.3. Production of CGTase particles
Atomization of the CGTase solution was performed using an
electrospraying system (Fig. 1). The prepared enzyme solution in
acetate buffer (100 mM, pH 6) was placed in a 2.5 ml plastic syringe,
connected to a 21G ﬂat-end stainless-steel needle which acted as
the nozzle. The length, inner diameter and outer diameter of the
nozzle were 38.1 mm, 0.51 mm and 0.81 mm, respectively. The ﬂow
rate of the solution through the nozzle was controlled by an infusion
syringe pump (NE-300, New Era Pump Systems Inc., New York). An
electric ﬁeld was applied to the nozzle using a high voltage power
supply (AMI-10K3P, Max-Electronics Co. Ltd., Tokyo) with positive
polarity.
A ring electrode with an inner diameter of 18 mm and an outer
diameter of 25 mm was positioned perpendicular to the needle
tip. The purpose of the ring electrode conﬁguration was to reduce
the potential differences between the cone and the grounded collector (counter electrode) [13]. Electrospraying was performed in
Taylor-cone jet mode in a closed-type chamber. The distance of
the needle tip from the substrate was varied in the range of 10
to 25 cm. The electrospraying modes were observed using a digital camera equipped with a macro lens. Grounded aluminium foil
(20 mm × 25 mm) was used to collect the particles. The deposits
on the collector were quantiﬁed by weighing using a microbalance
(Mettler-Toledo, Tokyo) before and after electrospraying process.
The electrospraying current was recorded with a digital electrometer (R8240, Advantest Co. Ltd., Tokyo), which was connected to
the grounded collector. The collector which holds the deposited
particles was placed in a petri dish and kept overnight in a vacuum desiccators. The samples were then stored at 4 ◦ C for further
reactions. The electrospraying parameters used in this study are
summarized in Table 1. These parameters were determined after a
series of preliminary experiments to establish the cone-jet mode.

Fig. 1. Electrospraying setup and mechanism.
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Parameters

Range

Voltage (kV)
Flow rate (ml/h)
Tip to collector distance (cm)
Electrospraying duration (min)

3.44–3.60
0.1–1
10–25
30

2.4. Scaling laws for estimation of droplet size
Scaling laws proposed by Hartman [18], Fernandez de La Mora
[19] and Ganan-Calvo [20] in Eqs. (1)–(3), respectively, were used
to estimate size of the electrosprayed droplet:


dd =

ε0 Q 3
K

1/6

−1/6

dd = 1.66εr

(1)

 Qε ε 1/3
r 0
K

 Qε ε 1/3
r 0

dd = 1.2164

K

(2)
(3)

where dd , , ε0 , Q, , K and εr represent the droplet diameter, liquid density ( = 1000 kg/m3 ), electrical permittivity of the vacuum
(8.8 × 10−12 C2 /N/m2 ), liquid ﬂow rate (m3 /s), surface tension of the
liquid ( = 0.072 N/m), conductivity of the liquid (Sm−1 ) and relative permittivity (dimensionless number with magnitude of 78.36),
respectively [14,21].
Based on the scaling laws, two main parameters that control the
droplet size are ﬂow rate and electrical conductivity of the solution [14]. Therefore, to estimate the droplet size, the liquid ﬂow
rate was determined experimentally based on the stable cone-jet
formation and the solution conductivity was measured using conductivity meter. Then, the rest of the properties were assumed to
be equivalent to water which will be used in the calculation as only
1% of CGTase was dispersed in the solution [21].
Assuming that, during the electrospraying process, droplet
evaporation occurs without substantial mass loss by other mechanism, then the particle diameter, dp can be calculated according to
Eq. (4) described by [22]:
dd = dd 1/3

(4)

where  is the volume fraction of the enzyme in the solution.
2.5. Scanning electron microscopy (SEM)
A scanning electron microscope (SEM) (JSM 6510, JEOL, Tokyo)
was used to observe the morphology of the collected particles on
the aluminium foil. The analysis was performed using an accelerating voltage of 10 kV. Prior to the analysis, all samples were
sputter-coated with gold (JFC1200, JEOL, Tokyo) under a vacuum
to avoid a charging effect during SEM observations. The sizes of at
least 250 particles were determined using ImageJ software (NIH,
Bethesda) and the values are presented as the average.
2.6. Fourier transform infra-red (FTIR) spectroscopy
FTIR spectroscopy was used to study the changes in CGTase
functional groups (primary and secondary amino groups) after electrospraying. The analysis was conducted using a Nicolet Nexus-470
spectrometer (Thermo Electron Corp., Waltham). Samples prepared by normal drying were used as the control and the spectra
were collected in the range of 4000 to 800 cm−1 with 32 scans and
a scan resolution of 4 cm−1 .

2.7. Enzyme activity
Enzyme activity analysis was carried out to investigate the
effect of the electrospraying process on the catalytic activity of the
enzyme. The dry mass of the deposits were calculated based on
the changes in mass of the collector before and after electrospraying. CGTase activity was measured as ␣-CD formation activity, as
previously described [23] with slight modiﬁcations [24]. The ␣-CD
concentration was assayed by the decrease in absorbance at 506 nm
caused by the formation of a methyl orange ␣-CD complex. For
this analysis, the electrosprayed enzyme was dissolved in 1 ml of
reaction mixture containing 1% soluble starch solution in 50 mM
phosphate buffer (pH 6) by placing the collector containing the
deposited particles into the solution [25]. Then, the collector was
removed before the reaction mixture was heated to 60 ◦ C for 5 min.
The reaction was stopped with immediate cooling in chilled water
followed by the addition of 0.1 ml of HCl (1.2 M). After that, 2 ml
of methyl orange (ﬁnal concentration of 0.035 mM) were added
into the reaction solution. The mixtures were maintained at room
temperature for 15 min. Absorbance was measured using a UV–vis
spectrometer (Ultrospec 3100 Pro, GE Healthcare Sdn Bhd., Kuala
Lumpur). One unit of enzyme activity was deﬁned as the amount
of enzyme that produced 1 M of ␣-CD per minute under the assay
conditions.
2.8. Statistical analysis
Statistical analyses were performed using GraphPad Prism version 6.0 (La Jolla, CA) software. A statistical difference between
groups was analyzed using the Mann–Whitney non-parametric test
(for comparison of two groups) and the one-way analysis of variance (ANOVA) (for comparison of more than two groups). p-Values
<0·05 were considered signiﬁcant.
3. Results and discussion
3.1. Characterization of CGTase in liquid phase
To investigate the behavior of CGTase in the liquid phase, the
zeta potential and particle size were plotted as a function of pH
(Fig. 2). The isoelectric point of the solution was found to be at
pH 3.82. At this point, the zeta potential value, which correlates
with the net surface charge of the enzyme, is zero. Thus, charge
repulsion among the enzyme is minimal, which increases the tendency of particle aggregation and results in larger particles. This
mechanism is referred to as the speciﬁc electrostatic interaction
effect [6]. However, the largest particle size here was obtained
at a pH lower than the isoelectric point (pH 3.23), where the net
charge was positive (+5.75 mV). Therefore, in this case, the effect
of non-speciﬁc electrostatic interactions is more dominant than
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Electrospraying parameters used to obtain a stable cone-jet Table 2: Predicted
droplet size calculated using scaling law models and comparison of the corresponding particle size calculated using Eq. (4) with SEM.
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Fig. 2. Particle size and zeta potential of CGTase solution as a function pH.
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the speciﬁc electrostatic interaction [26]. Non-speciﬁc electrostatic
interactions involve destabilization of the folded enzyme conformation at a pH level below or above isoelectric point due to the
higher charge density of the folded enzyme than its unfolded counterpart. As a consequence, the electrostatic free energy is reduced,
which leads to enzyme aggregation [6].
The smallest particle size was observed in the range pH of 4.78 to
6.27 due to an increase in the enzyme net charge, which increased
the repulsive forces among particles and enhanced solution stability. Above pH 6.27, even though the zeta potential value was at the
highest magnitude, the particle size increased gradually as a result
of non-speciﬁc electrostatic interactions, as discussed previously.
Based on this result, the stable region for the enzyme is in the pH
range of 4.78 to 6.27. Therefore, the electrospraying enzyme solution was prepared at pH 6, considering both solution stability and
optimum pH for maintaining the enzyme activity as provided by
the enzyme manufacturer.
Prior to electrospraying, a 1% enzyme in acetate buffer solution (100 mM, pH 6) was freshly prepared. This concentration
was chosen after screening the electrospraying of CGTase without dilution. It was found that the cone-jet mode could not be
formed, and the SEM analysis revealed that the enzyme existed
in large agglomerates (data not shown). This phenomena could be
occurred due to the high probability of particle collisions at very
high enzyme concentrations [27], thus increasing the tendency to
agglomerate. Additionally, a low concentration guarantees minimal
non-speciﬁc associations during electrospraying [28]. Other studies
have proposed that the conductivity of the prepared solution prior
to electrospraying should be in the range of 1 S/cm to 10 mS/cm
[16]. The electrical conductivity of the non-diluted enzyme was
found to be 35.6 mS/cm. Dilution of the enzyme to 1% lowered the
conductivity value to 8.36 mS/cm, which is within the suggested
range.
3.2. Electrospraying with cone-jet mode
There are a few modes that can be used when conducting
an electrospraying experiment. These modes can be classiﬁed as
dripping, pulsing, cone-jet and multi-jet [29]. The ability of electrospraying to be operated under cone-jet mode is the key advantage
that differentiates this method with other particle production
methods. The cone-jet mode offers the generation of monodispersed particles with a narrow size distribution. Additionally, the
size of particles can be controlled, depending on solution properties
and processing parameters, to beneﬁt the desired application.
The electrospraying mechanism under cone-jet mode is illustrated in Fig. 1. It involves four major processes: generation of
charged droplets, shrinkage of the droplets due to solvent evaporation, repeated disintegration of the droplets into dry particles
and, ﬁnally, collection or deposition of the particles [30]. To generate a charged droplet, a strong electric ﬁeld is required, typically on
the order of 106 V/m. The applied ﬁeld at the capillary tip is given
by [21]:
EC =



2VC
rc ln 4d/rc



(5)

where Vc , d and rc are the applied voltage, distance between the
capillary and counter-electrode and radius of the capillary, respectively. The required electric ﬁeld at the capillary (onset electric ﬁeld,
Eon ) for the formation of a jet at the apex of the cone is determined
by the following equation [31]:


Eon ≈

2 cos 
(ε0 rc )



0.5

(6)
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where  is the surface tension of the solvent,  is the half angle
of the cone which was determined photographically by Taylor as
49.3◦ [21] and ε0 is the permittivity of the vacuum. Combining Eqs.
(5) and (6), the onset voltage, Von can be predicted as:



Von ≈

rc  cos 
(2ε0 )



ln

 4d 
rc

(7)

Substituting εo = 8.8 × 10−12 J−1 C2 and  = 49.3◦ , Eq. (7) can be
simpliﬁed as:
Von ≈ 2 × 105 (rc )0.5 ln

 4d 
rc

(8)

Based on these equations, the predicted Eon and Von for our
experiment were calculated to be 6.04 × 106 V/m and 3.30 kV,
respectively, while the electric ﬁeld at the capillary tip, Ec , was
7.12 × 106 V/m (with an applied voltage of 3.50 kV). It should be
noted that the applied voltage should be a few hundred volts higher
that Von to establish stable electrospraying operation. Therefore,
the applied voltage of 3.44 to 3.60 kV that was observed for stable
cone-jet mode in our study is in accordance with the theoretical
calculation.
3.3. SEM analysis
Micrographs obtained from the SEM analysis of the deposited
CGTase particles on aluminium foil with various collection distances are shown in Fig. 3. From this ﬁgure, we can see the
morphological changes of the particles as the collection distance
was varied from 10 to 25 cm. “Wet” deposition was observed when
the enzyme particles were collected at a distance of 10 cm. The
existence of solvent residue with the enzyme particles showed
that incomplete solvent evaporation had occurred. Wet deposition
usually produces inhomogeneous semi-solid, ﬂat particles which
solidify after deposition [32]. Single enzyme particles with enzyme
clusters containing a few particles were observed in Fig. 4. The number of clusters was reduced as the collection distance increased. At
the longest collection distance (25 cm), no enzyme clusters (aggregation) existed and only the single/individual particle morphology
was observed. The size distributions of the deposited particles were
plotted to study the changes in particle size with collection distance. It was found that the longest collection distance produced the
smallest particles with a narrow size distribution, which conﬁrmed
that droplet shrinkage and ﬁssion occurred before deposition on the
grounded collector.
The deposition mechanisms at variable distances are illustrated
in Fig. 4. With an increase in collector distance, the droplets have a
longer ﬂight time and solvent evaporation time, giving more time
for columbic explosion to occur, hence leading to the production
of smaller particles [10,33]. Columbic explosion or ﬁssion occurs
once the charged droplet reaches a Rayleigh limit, where the charge
repulsion on the surface of the droplet is greater than the surface
tension which holds the droplets together [34]. A loss in droplet
mass during a single ﬁssion event is typically not large enough
to affect particle size. However, as the droplet undergoes multiple ﬁssions, the resulting particle size will be reduced [22]. Based
on this result, it was conﬁrmed that by changing the tip to collector
distance, the electrospraying method employed in this study was
capable of producing nearly monodisperse CGTase nanoparticles
with an average size of 75 ± 34 nm.
3.4. Predicted droplet size from scaling laws
The particle sizes obtained from the SEM images (Fig. 4) were
compared with the estimated droplet size from scaling laws
modeled by Hartman et al. [18], de la Mora and Loscertales [19] and
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Fig. 3. SEM images of deposited CGTase particles on aluminium foil and its size distribution with varied distance.
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(9)

64 2  ε0 dd /2

where q is the droplet charge which can be determined from the
following equation:
q=

dd I
V

(10)

The current, I was measured with an electrometer connected
to the collector while the droplet velocity, V, at variable collector
distances, D, can be expressed as [15]:



V = 1.9

Q
D



(ε0 dd )

1/2

102

c) Normal drying
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Fig. 5. FTIR spectra of CGTase deposited on a glass slide by electrospraying and the
normal drying approach.

Ganan-Calvo [20] in Eqs. (1)–(3), respectively, to validate the effectiveness of the developed electrospraying system. The parameters
to predict the mean droplet size were obtained from the literature
as stated in Section 2.4. In Table 2, it is shown that the particle sizes
obtained from SEM were in agreement with the predicted sizes.
The particle sizes calculated from the Hartman model were the
closest to the experimental results. Therefore, the predicted droplet
size from the Hartman model was further used to determine the
ﬁssility of the droplet, X, using Eq. (9), which represents the possibility of the droplet to undergo ﬁssion. The equation was described
by [35] as the ratio of the electrostatic repulsion force and the force
acting on the droplet surface:
X=

104

94

Particle size (nm)

*
Average particle size of CGTase deposited at 25 cm from the needle tip (smallest
solid particles as indicated in SEM images).

q2

b) Electrospraying

106

96

Table 2
Predicted droplet size calculated using scaling law models and comparison of the
corresponding particle size calculated using Eq. (4) with SEM.
Model

108

(11)

where  is viscosity of the solution which equivalent to water viscosity(1.8 × 10−5 N sm−2 ).
Salata [35] has demonstrated that for X < 1, the chances of
droplets disintegration are minimal. Droplet ﬁssion occurs at
X ≥ 1where the charge repulsion on the droplet surface increases
after successive solvent evaporation. As a result, the droplet

become unstable and disintegrates into several progeny droplets. In
the case of X  1, the droplet is break down into very ﬁne progeny
droplets “whose ﬁneness however has a limit”. The X value at different collector distance obtained in this study is presented in Table 3.
It was found that all X  1 which indicates that the mother droplets
has undergo subsequent ﬁssion event before reaching the collector.
Longer collector distance allows the mother droplets to experience
more ﬁssion event than shorter distance, thus producing smaller
particles as observed in Fig. 4.

3.5. Fourier transform infra-red (FTIR) spectroscopy
Fig. 5 shows the IR spectra of CGTase particles produced through
the electrospraying method and normal drying method from the
same CGTase solution. For this analysis, the enzyme was deposited
on a glass substrate instead of aluminium foil. This is because, from
our preliminary measurements, the peaks from the enzyme and
the aluminium foil cannot be distinguished due to the existence
of a few overlapping peaks. CGTase characteristic peaks are the
bands related to primary and secondary amino groups [36]. The
primary amide I band, which usually absorbs at ∼1650 cm−1 , is
caused by C O stretching vibrations which are sensitive to the secondary structure of the enzyme backbone. Therefore, it was used
for secondary structure analysis. The amide II band is mainly due to
C N stretching and N H bending vibrations in the enzyme backbone near 1550 cm−1 [37]. The bands at 1644 cm−1 and 1560 cm−1 ,
which correspond to amide I and amide II, respectively, can be seen
in the electrospraying CGTase spectra (Fig. 5(c)). This spectrum
was compared with the CGTase spectra obtained using the normal drying method, where the bands were observed at 1642 cm−1
and 1564 cm−1 for amide I and II. It was shown that the spectrum
of the electrosprayed enzyme was nearly identical to that of the
dehydrated enzyme.

Table 3
Current, velocity, charge and ﬁssility of droplets at varied collector distances.
Collector distance (cm)

Current (nA)

Droplet velocity (m/s)

Droplet charge (C)

Fissility (X)

10
15
20
25

40
35
31
28

1.82
1.22
0.91
0.73

8.38 × 10−15
7.34 × 10−15
6.50 × 10−15
5.87 × 10−15

2.51
1.92
1.51
1.22
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3.6. Effect of electrospraying on enzyme activity

ECO = 3 × 106

 1 + 0.03 
r 0.5

(12)

By using this equation, the onset corona, Eco , was found to
be 8.63 × 106 V/m, which shows that an additional 1.51 × 106 V/m
electric ﬁeld (with regards to the electric ﬁeld applied at the capillary, Ec ) would be required to initiate corona formation. Meanwhile,
current measurement is very important to ensure the stability of
the electrospraying system. Complete enzyme inactivation at a high
electrospraying current (>500 nA) and voltage (>7 kV) has been
reported by [15]. Gomez et al. [11] suggested that electrospraying
should be conducted at spraying current lower than 100 nA to avoid
droplet charging. The use of a low conductivity solution as well as
a low electrospraying current (28–40 nA) in our system aimed to
minimize this effect. Under these mild conditions and with the precautions discussed above, the factors that could potentially damage
the enzyme were minimized during electrospraying, but complete
preservation of enzyme activity is not guaranteed.
In order to study the effect of enzyme activity after the droplet
solidiﬁcation, each of the electrospraying experiment condition
was conducted in Taylor cone-jet mode. During the process, the
electrospraying conditions were varies (ﬂow rate, distance, and
deposition time) and all the enzyme activities were recorded and
analysed. For reference purpose, one the electrosprayed sample
was compared with the native enzyme (same weight percentage).
The deposited CGTase was placed in a desiccator overnight prior to
the enzyme activity analysis. A surface consisting of drops of the
native enzyme solution was also prepared and treated in the same
way for reference purposes. The enzyme activity was characterized
by observing the decrease in absorbance caused by the formation
of methyl orange ␣-CD complexes. For the reference comparison
(Fig. 6), the result shows that the difference between the native
and electrosprayed enzyme activity is not statistically signiﬁcant
(p > 0.05) which indicates that the electrospraying system used in
this study has no adverse effect on the enzyme.
In term of the enzyme activity, the size of the solidiﬁed droplets
has more signiﬁcant effect in comparison with the weight percentage of the solidiﬁed droplets. To study the condition, the tip to
collector distance was investigated by varying the distance from
10 to 25 cm. Based on the graph shown in Fig. 7, increased in

40
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Fig. 6. Activity of electrosprayed enzyme and the native enzyme.
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In an enzymatic reaction, the performance of the enzyme is
usually determined by its catalytic activity, which often affected
by many factors. Electrospraying is a safe and gentle process for
biomolecules, and causes no damage to the native structure [12].
However, several conditions in the electrospraying process may
contribute to enzyme activity losses [15]. Therefore, proper selection of electrospraying conditions is needed to preserve the activity.
Electrochemical reactions inside the capillary during electrospraying may cause a dramatic drop in the pH of the solution,
aspreviously reported [38]. In our case, we intended to minimize
this effect with the use of a buffered solution in which the pH
is stable. Intensiﬁcation of the electric ﬁeld around the particles
during solvent evaporation could interfere with protein conformation, which may also cause denaturation [11]. Regarding this
problem, the counter electrode’s ring conﬁguration that was used
in this study is beneﬁcial to prevent a rapid increase in the electric
ﬁeld near the cone-tip due to the uniform external electric ﬁeld
generated by the ring electrode [39].
Other factor, such as the formation of a corona discharge, may
occur during the electrospraying process. Corona discharge generates hot atoms and radicals that might react with protein molecules.
An empirical equation to predict the onset of electric ﬁeld corona
initiation, Eco , for a capillary with a radius r > 100 m has been
derived as [39]:
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Fig. 7. Effect of collector distance on enzyme activity.

collector distance resulted in signiﬁcant increase of enzyme activity (p < 0.0001). This result can be explained by the results obtained
from SEM analysis in Fig. 3, where the longest tip to collector distance produced the smallest particle size. The increase in enzyme
activity with smaller particle size is related to the increased dissolution rate and saturation stability of the particles with a large
surface area [40] in accordance with the Noyes Whitney and
Ostwald–Freundlich equations [41]. Additionally, the wet deposition observed at the nearest collection distance may have broken
the enzyme intra molecular disulphide bonds and formed new
intermolecular bonds, which could have led to enzyme aggregation, resulting in low enzyme activity. This phenomenon occur due
to the low elastic modulus of the protein deposited in its hydrated
state, which is up to 20 times lower than that of the protein in the
dry state, which reduces its ability to adapt its native conformation
[15,25].
4. Conclusions
(1) The electrostatic charge applied in electrospraying process and
conducted in cone-jet mode produced nanometer-sized CGTase
enzyme particles with an average particle size of 75 nm.
(2) Increasing the distance from tip to collector signiﬁcantly reduce
the particle size due to droplet ﬁssion. The droplet ﬁssion mechanism was uttilized to evaporate the droplets’s solvent.
(3) Dry particles collected at 25 cm (longest) shows the highest
enzyme activity than other distances.
(4) The functional groups of solidiﬁed enzyme were preserved and
undeteriorated after the electrospraying process.
(5) Activity of the native and electrosprayed enzyme was not statistically different which indicates that electrospraying is a
promising method for producing solidiﬁed enzyme particles in
nanometer-order
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