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ABSTRACT
Microencapsulation of pesticide can reduce mammalian toxicity, phyto-toxicity, and protect the
pesticides from rapid environmental degradation. The aim of this study was to develop a liquid-
driven coaxial flow focusing (LDCFF) process for fabricating pesticide-loaded microcapsules having
high encapsulation efficiency, loading efficiency and yield. We have optimized and evaluated the
effects of process parameters on the size and morphology of pesticide-loaded microcapsules. The
release of pesticides from pesticide-loaded microcapsules has sustained release profiles, which
depends on their core-shell structure and shell material degradation process. LDCFF process ena-
bles successful encapsulation of pesticides in microcapsules with tunable characteristics important
in pesticide applications.
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1. Introduction

Pesticides are playing an important role in modern agricul-
tural productions. However, many pesticides would cause
environmental pollution in water, soil and atmosphere[1].
Besides, some pesticides like pyraclostrobin are to be sprayed
many times because of their instability caused by photolysis,
hydrolysis or other factors. Pyraclostrobin is a kind of broad-
spectrum fungicide with a pyrazole structure that is photo-
unstable. The photolysis half-life of pyraclostrobin in water is
1.7 days[2]. Pyraclostrobin-loaded microcapsules provide a
good approach for better efficacy. Therefore, the

microencapsulation of pesticide offers a relatively safer type
of pesticide delivery system[3,4]. Pesticide microcapsule for-
mulations have many advantages, such as reducing mamma-
lian toxicity, controlling evaporation, reducing phytotoxicity,
protecting pesticide from environmental degradation and
reducing environmental pollution caused by pesticide[5–8].

To prepare pesticide-loaded microcapsules, some of the
most commonly reported methods include interfacial poly-
merization[9,10], in situ polymerization[11] and complex coac-
ervation[12–14]. Although these methods have their individual
advantages, they also have some limitations. In
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polymerization process, the applied monomers are highly
reactive and the process is usually affected by side reactions.
These reactions are also highly sensitive to temperature and
pH, leading to difficult controlling of consistent microcap-
sule formation. Moreover, the complex coacervation method
often has relatively complicated process with low encapsula-
tion efficiency.

In recent years, microfluidic technology is being applied
in rapid trace detection of residual pesticides[15,16]. Besides,
it has already shown superior capabilities in microdroplet or
microsphere production, which can also serve as a method
to fabricate microcapsules[17]. For example, electrohydrody-
namic jetting and electroemulsification methods[18–20] can
produce microcapsules with small size and high encapsula-
tion efficiency. Under the influence of an electric field, the
fluid undergoes self-repulsion or attraction to form a micro-
capsule. However, it usually requires a very stable environ-
ment to ensure the operating status of the fluid. Glass
microcapillaries and PDMS microchannels methods[21–24]

can fabricate microcapsules with uniform size and high
encapsulation efficiency. However, these methods require a
high precision of the device and the production efficiency is
often relatively low. Recently, a simple and efficient 3D
coaxial flow focusing method is developed to produce
microcapsules[25,26]. Compared with the encapsulation
approaches mentioned above, the flow focusing approach is
able to produce microcapsules with low cost, high encapsu-
lation rate, high productivity, high consistency in size and
good controllability[27,28].

Here, a liquid-driven coaxial flow focusing (LDCFF) pro-
cess is developed to fabricate pyraclostrobin-loaded poly
(lactic-co-glycolic acid) (PLGA) microcapsules. The process
produces microcapsules by consecutive steps of double
emulsions’ formation followed by shell formation during
solvent evaporation. It is reported that biodegradable biopol-
ymers are readily available in production, like polyacryl-
amide[29], ethyl cellulose[30], starch[31], chitosan[32], and
PLGA[33]. We have chosen PLGA as a shell material exactly
based on its biodegradability. The final in vivo products of
PLGA metabolism are lactic acid and glycolic acid, doing no
harm to humans and environment, and therefore, PLGA is
suitable for the development of safe and green microcap-
sules. Process parameters can be easily adjusted to control
the size and shell thickness of the prepared microcapsules
and further to control pyraclostrobin release rates in the
PLGA degradation process. The effects of process parame-
ters on the morphology, size, encapsulation efficiency, and
controlled release behavior of the microcapsules are system-
atically investigated, providing valuable information for the
rational design of pesticide loaded microcapsules suitable for
industrial production and commercial applications.

2. Materials and methods

2.1. Materials

The chemicals and reagents used in our experiments are as
follows: Poly(vinyl alcohol) (PVA, Mw: 13000-23000 g/mol,
87-89% hydrolyzed, Sigma-Aldrich, St. Louis, MO),

poly(lactic-co-glycolic acid) (PLGA, Mw: 40000-50000,
80000-100000, 110000-130000 g/mol in trichloromethane of
25 �C, Shandong Institute of Medical Instrument, China),
acetonitrile and 99.5% dichloromethane (Sinopharm Chemical
Reagent Co., Ltd, China), methyindocarbocyanine perchlorate
(97%, Sigma-Aldrich, St. Louis, MO), 50wt% pyraclostrobin
suspension (Yingtaijiahe of Beijing, China). The distilled water
is obtained from Nanopure infinity water purification system
(Millipore Direct-Q3).

2.2. Methods

2.2.1. Experimental setup for LDCFF process
The schematic diagram of the LDCFF experimental setup,
including a stainless steel coaxial needle, three injection
pumps, a pressure chamber, and a monitor is shown in
Figure 1. The coaxial needle is fabricated by laser weld-
ing[28,34]. The coaxial needle consists of two needles nested
together, of which one has 0.25mm and 0.51mm inner and
outer diameters while the other has 0.90mm and 1.20mm
inner and outer diameters, respectively. The coaxial needle
with high sealing and concentricity could provide a uniform
flow field[35]. The coaxial needle is mounted in the pressure
chamber. The outlet of the coaxial needle faces a small ori-
fice with a diameter of 0.3mm and the vertical distance
between them is 1.2mm. Two syringe pumps (WK-101P,
Nanjing Anerke Electronics Technology Co., Ltd, China)
provide the continuous flows of inner core liquid and outer
shell liquid, and one syringe pump (WK-102P, Nanjing
Anerke Electronics Technology Co., Ltd, China) provides
continuous flow of focusing liquid. To achieve high product-
ivity by this method, a number of coaxial needles can be
easily scaled up and high flow rate pumps can be used dir-
ectly. A CCD camera (Allied Vision Technologies) equipped
with a microscope lens is used to monitor the fluid dynam-
ics in the LDCFF process. A strobe flashlight is used for illu-
mination in real time from the other side of the device. In
LDCFF process, a cone-jet structure driven by focusing

Figure 1. Schematic of the experimental setup for producing microcapsules by
the LDCFF process.
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liquid in the pressure chamber appears and then passes
through the orifice. After that, the jet breaks up into micro-
droplets as a result of the perturbation propagation along
the jet surface[33–39]. The pesticide suspension is well encap-
sulated in the oil phase and microcapsules are finally formed
after solvent evaporation. This LDCFF assembly is easy to
set up, making it available for industrial mass production.

2.2.2. Fabrication of pyraclostrobin-loaded PLGA
microcapsules

The pyraclostrobin-loaded PLGA microcapsules are fabri-
cated by LDCFF process as mentioned above. 100 g PVA is
dissolved in 1000mL distilled water to get the 0.1 g/mL PVA
aqueous solution. 2mL 0.1 g/mL PVA aqueous solution,
2mL 50wt% pyraclostrobin suspension and 6mL distilled
water are uniformly mixed to be used as the inner core
liquid. As for the outer shell liquid, 0.8 g PLGA is dissolved
in 10mL dichloromethane. 100mL 0.1 g/mL PVA aqueous
solution is diluted 10 times to be 0.01 g/mL PVA aqueous
solution and used as the focusing liquid. Typically, the flow
rates of inner core liquid (Qi), outer shell liquid (Qo) and
focusing liquid (Qf) are optimized to be Qi ¼ Qo ¼ 5mL/h,
Qf ¼ 800mL/h, respectively. The cone-jet mode can be gen-
erated instead of other modes[34] in the vicinity of such
parameters. With the perturbation propagating and amplify-
ing, the jet issuing from the orifice breaks into double emul-
sion microdroplets. After solvent evaporation for 12 h at
room temperature, the microcapsules are finally formed.
Then the microcapsules are washed three times with distilled
water and then dried for 24 h in a vacuum freeze dryer
(Songyuan Technology of Beijing, China). Also, PLGA with
different molecular weights (40000-50000, 80000-100000 and
1100000-1300000 g/mol) and concentrations (30, 60 and
90mg/mL) is used to prepare microcapsules. The cone-jet
mode could be stable in a wide range of process parameters,
so that the flow rates of the three phases can be adjusted to
fabricate microcapsules with different sizes and shell thick-
nesses. Usually, with the increase of Qf or decrease of Qi

and Qo, the size of microcapsules would decrease, while the
shell thickness would increase with the proportion of Qi and
Qo decreasing.

2.2.3. Characterization of pyraclostrobin-loaded PLGA
microcapsules

The cone-jet configuration and jet breakup process are
monitored by the CCD camera. The pyraclostrobin-loaded
PLGA microcapsules are characterized by optical micros-
copy, laser scanning confocal microscopy (methyindocarbo-
cyanine perchlorate is added into the outer shell liquid as
fluorescence dye) and scanning electron microscopy (SEM).
The size distribution of the PLGA microcapsules is counted
and analyzed by Image-Pro Plus software and Origin-Pro
8.0 software. The encapsulation efficiency (EE) should be
100% in theory for that the pyraclostrobin is suspended in
inner liquid and it would not leak out of the microdroplets
through the outer shell oil phase. During solvent evapor-
ation, a small amount of pyraclostrobin may dissolve in the

oil phase and adhere to the shell. As for the encapsulation
efficiency (EE), it can be calculated with the Eq. 1:

EE %ð Þ ¼
weight of loaded drugsð Þ=
total weight of drugsð Þ
� 100%

(1)

The specific measurement steps of the actual value of EE
are described as follows. Six samples were prepared by the
liquid-driven coaxial flow focusing under the same conditions
(Qi ¼ 10mL/h, Qo ¼ 5mL/h, Qf ¼ 800mL/h, and the collec-
tion time of 1.5min). After solvent evaporation for 12h at
room temperature, 3 samples were added by appropriate
amount of acetonitrile and water solution to 50mL (aceto-
nitrile and water volume ratio ¼ 1:1) and used for total
weight of drugs calculation. Supernatants of the remaining 3
samples were removed after washing and centrifuging. Then
the 3 samples were added by appropriate amount of aceto-
nitrile and water solution to 50mL (acetonitrile and water vol-
ume ratio ¼ 1:1) and used for weight of loaded drugs
calculation. The supernatants of the 6 samples were taken out
to measure the absorption spectrum after sonication and cen-
trifuging. The total weight of drugs and the weight of loaded
drugs were calculated to be 594.4 and 558.3lg based on the
standard absorption curve of pyraclostrobin (y¼ 0.058x -
0.014, R2 ¼ 0.998). So the actual value of EE can be calculated
to be 93.9% which is very close to the theoretical value.

As for the loading efficiency (LE), it can be calculated
with the Eq. 2:

LE %ð Þ ¼
weight of loaded drugsð Þ=
total weight of the microcapsulesð Þ
� 100%

(2)

Assuming that the EE equals to 100%, the LE can also be
calculated using the following Eq. 3:

LE %ð Þ ¼ CiQi

CiQi þ CoQo
¼ Qi

Qi þ Co
Ci
Qo

¼ Ci

Ci þ Co
Qo
Qi

(3)

where Ci, Co are the concentrations of the inner and outer
phases, Qi, Qo are the flow rates of the inner and outer phases,
respectively. Given Qi ¼ Qo, Ci¼0.1 and Co ¼0.08, the LE can
be calculated to be 55.56%. As the value of Ci or Qi increases,
the LE will increase. Considering suspending agent (there is
3wt% in 50wt % pyraclostrobin suspension), the actual value
of LE is slightly lower than the calculated value.

2.2.4. Sustained release experiment
The sustained release experiment is designed to compare and
simulate the release of different pyraclostrobin-loaded PLGA
microcapsules. Dialysis bags (width: 55mm, Mw: 3500,
Sangon Biotech Co., Ltd, China) are put into distilled water
for about 20min. Then 10mg pyraclostrobin-loaded PLGA
microcapsules are dispersed in 5mL distilled water and trans-
ferred into the dialysis bags and sealed. After that, the dialysis
bags are immersed in a mixture (300mL) of acetonitrile and
water (volume ratio ¼ 1:1). The whole system is put in a con-
stant temperature oscillator (THZ-320, Shanghai Jinghong
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Experimental Equipment Co., Ltd, China). 5mL outer liquid
is withdrawn and detected by UV spectrophotometer (UV-
1780, Shimadzu, Japan) because the pyraclostrobin has a char-
acteristic absorption peak at 275nm, and 5mL acetonitrile
and water (volume ratio ¼ 1:1) are put back, the procedure is
repeated every 1 h for 12h and every 12h following[19].

3. Results and discussion

3.1. Fabrication of pyraclostrobin-loaded PLGA
microcapsules

As mentioned above, the pyraclostrobin-loaded PLGA
microcapsules are fabricated by LDCFF process followed by
solvent evaporation. Figure 2 shows the details of the

microcapsules’ formation. Figure 2a shows that the fluids flow-
ing from the coaxial needle formed the stable cone, focused by
the focusing fluid and passing through the small orifice. Then
the jet breaks up into uniform microdroplets with pyraclostro-
bin suspension encapsulated by outer shell liquid, as shown in
Figure 2b. It should be noted that Figure 2a is reflective
image while Figure 2b is transparent image.

3.2. Characterization of pyraclostrobin-loaded PLGA
microcapsules

As the pyraclostrobin suspension is opaque, microcapsules
are black spheres by optical microscopy observation in
Figure 3a. The SEM image Figure 3b shows the surface con-
ditions of the microcapsules which is smooth with little

Figure 3. Characteristics of the produced PLGA microcapsules: (a) the microscopy image of morphology, (b) the SEM image of PLGA microcapsules and (c) the con-
focal fluorescence microscopic image; (d) the size distribution of PLGA microcapsules, the average of diameter is 51.95 lm, PDI ¼ 0.050, the liquid flow rates: Qi ¼
5mL/h, Qo ¼ 5mL/h, Qf ¼ 800mL/h (scale bar: 50 lm).

Figure 2. Illustration of the LDCFF process to fabricate PLGA microcapsules: (a) a steady cone-jet mode in the LDCFF process, (b) breakup of the liquid jet (scale
bar: 50 lm).
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porosity, so the pyraclostrobin suspended in water can not
escape from the microcapsules. Some methyindocarbocya-
nine perchlorate is added into the outer shell liquid as
fluorescence dye and the confocal fluorescence microscopic
image is shown in Figure 3c to prove the microcapsules’
core-shell structure. The pyraclostrobin suspension is totally
encapsulated by the outer shell liquid. After solvent evapor-
ation, distilled water washing and vacuum freezing drying,
the pyraclostrobin-loaded PLGA microcapsules are col-
lected. Those images can also explain why the EE should be
100% in theory for that there is no leakage of pyraclostro-
bin suspension in LDCFF process. When Qi ¼ Qo ¼ 5mL/
h, Qf ¼ 800mL/h, the average diameter of microcapsules is
51.95 lm and PDI is 5.0%, as is shown in Figure 3d. The
yield of microcapsules in LDCFF process is about
3.8� 104 Hz. In addition, the prepared microcapsules with
different PLGA molecular weights and concentrations are
shown in Figure 4. The results show that microcapsules
with good morphology can be obtained in a wide range
of parameters.

3.3. Size and shell thickness control of pyraclostrobin-
loaded PLGA microcapsules

In our experiment, microcapsules with tens to hundreds
microns can be fabricated. The properties of fluids would
also influence the size of the microcapsules. Figure 5a–d
show the relationships between the diameters of the pro-
duced microcapsules and the liquid flow rates of the three
phases. It should be noted that the sizes of microcapsules
here are measured from the microscopic images of the
microcapsules directly collected after the breakup of liquid
jets, which would be different from the SEM results shown
in Figure 4, as the post-processing for SEM imaging would
change the size of microcapsules.

The diameters of microcapsules increase with the increase
of Qi, Qo and QiþQo and decrease with the increase of Qf.
The Eq. 4 shows the scaling law:

D�a Qi þ Qoð Þ=Qf
� �1=2 � Dorif (4)

where a is a constant depending on the properties of fluids,
D, Dorif are the diameters of microcapsule and orifice, Qi,

Qo, Qf are the flow rates of inner core liquid, outer shell
liquid and focusing liquid, respectively. Adjusting Qi, Qo and
Qf can achieve the control of the microcapsules’ size and
shell thickness. When Qf increases or Qi and Qo decrease,
the sizes and shell thicknesses of microcapsules decrease.

The stability of the cone-jet configuration under different
flow rate ratios of internal and external phases (u¼ Qi/Qo)
is demonstrated in Figure 6. Microcapsules with different
shell thicknesses can also be prepared by adjusting flow rate
ratio u. Figure 6a–c show the experimental images of the
stable cone-jet morphology changing with u (7:3, 5:5, 1:9)
when Qi þ Qo ¼ 10mL/h, Qf ¼ 800mL/h. As u decreases,
the inner Taylor cone becomes thinner and the shell thick-
ness of the microcapsules becomes thicker. When u is
greater than a certain threshold, the prepared microdroplets
only have one core, as shown in Figure 6d,e. However,
when u is less than a certain threshold, the prepared micro-
droplets will have multiple cores, as shown in Figure 6f. The
shell thickness depends on the diameters of microcapsules
and the proportion of Qi, Qo. Also, the Eq. 5 shows the scal-
ing law when each of the prepared microdroplets has only
one core:

d� 1�Qi
1=3= Qi þ Qoð Þ1=3

h i
� D (5)

where d is the average shell thickness, D is the diameters of
microcapsules, Qi, Qo are the flow rates of inner core liquid,
outer shell liquid, respectively.

Figure 4. PLGA microcapsules with different molecular weights (40000-50000, 80000-100000 and 1100000-1300000 g/mol) and different concentrations (30, 60 and
90mg/mL) (scale bar: 50 lm). The liquid flow rates: Qi ¼ 5mL/h, Qo ¼ 5mL/h, Qf ¼ 800mL/h.
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3.4. Pyraclostrobin sustained release with different
PLGA microcapsules

We choose three typically different kinds of PLGA micro-
capsules to compare and simulate the pyraclostrobin release,
as shown in Figure 7. Sample A is made by Qi ¼ 6mL/h,
Qo ¼ 4mL/h, Qf ¼ 600mL/h, sample B is made by Qi ¼
6mL/h, Qo ¼ 6mL/h, Qf ¼ 600mL/h, sample C is made by
Qi ¼ 10mL/h, Qo ¼ 10mL/h, Qf ¼ 600mL/h respectively.

Based on the scaling law, the microcapsules’ sizes and shell
thicknesses increase from sample A to C. Samples A, B and
C show the different effects on pyraclostrobin cumulative
release profile. It can be easily seen that the drug release
would be faster with smaller size. On one hand, smaller size
of microcapsules results in shorter average distance between
the encapsulated pyraclostrobin and the surface of microcap-
sules, so the pyraclostrobin would be easier to diffuse into

Figure 5. Size control of PLGA microcapsules by changing Qi, Qo, Qf: (a) diameter D changes with Qi for Qf ¼ 600mL/h and Qo ¼ 5mL/h; (b) diameter D changes
with of Qo for Qf ¼ 600mL/h and Qi ¼ 5mL/h; (c) diameter D changes with Qi þ Qo for Qf ¼ 600mL/h and Qo¼ 5mL/h; (d) diameter D changes with Qf for Qi ¼
Qo ¼ 5mL/h.

Figure 6. Shell thickness control of PLGA microcapsules by changing flow rate ratios of internal and external phases (u¼ Qi/Qo): (a) � (c) sequence of experimental
images showing the cone-jet structure changing with u (7:3, 5:5, 1:9); (d) � (f) the morphologies of the produced microdroplets changing with u (7:3, 5:5, 1:9). The
liquid flow rates: Qi þ Qo ¼ 10mL/h, Qf ¼ 800mL/h (scale bar: 50lm).
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the external environment of the microcapsules. On the other
hand, small microcapsules get bigger specific surface area,
which causes the PLGA membrane eruption more easily by
the mixed solution. Generally, the mechanisms of drug
release from polymer microcapsules include three ways[40]:
the drug diffusing through the polymer matrix, diffusing
through pores inside polymer matrix (aqueous channels)
and liberation in the degradation or erosion process of the
polymer matrix. In our experiment, the mixed solution can
easily dissolve pyraclostrobin but it can not dissolve PLGA.
It could destroy the structure of PLGA membrane, which is
also simulated as the degradation and erosion of PLGA in
the natural environment (faster than natural degradation).
When PLGA is “degraded or eroded”, there would be a
faster release. Therefore, the “degradation” of PLGA micro-
capsules may be the possible reason of the shoulders in
the profiles.

4. Conclusions

In this work, we have prepared pyraclostrobin-loaded PLGA
microcapsules with controlled size, high EE and LE fabri-
cated by the LDCFF process. The influences of the liquid
flow rates on the size and shell thickness of the produced
microcapsules are investigated. The results indicate that the
sizes of microcapsules can be easily controlled by adjusting
the main process parameters Qi, Qo, Qf, and Dorif.
Pyraclostrobin sustained release profiles are further investi-
gated. The results show that the LDCFF process also offers
controlled release rates by just changing the diameter and
the shell thickness of microcapsules that are closely related
to the fluid flow rates and the concentration of wall materi-
als. The LDCFF method also provides a great potential in
producing microcapsules with different sizes, structures and
material combinations for various applications.
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