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Abstract
This systematic investigation assessed the potential applications of microfluidic devices in producing a uniform size distribution
of polycaprolactone (PCL) nanoparticles by applying the liquid non-solvent precipitation process. Five arrangements of
microfluidic devices are fabricated with different designs. The effects of different operational and geometrical factors such as
flow rate ratio (FRR), total flow rate (TFR), mixing channel width, mixing channel length, and confluence angles of the inlet
channels are investigated on the size, polydispersity index (PDI), and the size distribution of PCL particles. Further, a study was
performed to enhance the production throughput of PCL nanoparticles. The mean size of nanoparticles is precisely controlled
within the range of 40–370 nmwith PDI values of 0.2–0.37. According to the results, the optimal conditions for rapid production
of nanoparticles with a size smaller than 200 nm and PDI ≤ 0.31 are obtained at FRR of 8, TFR of 70 ml h−1, channel width of
200 μm, channel length of 20 mm, and the confluence angle of 60o. Furthermore, the microfluidic device with a wider channel
width of 600 μm provided a higher productivity rate of the PCL nanoparticles with a similar size and lower PDI than those
obtained by other widths.
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Introduction

Biodegradable and biocompatible polymeric nanoparticles
(NPs) have attracted considerable attention and are widely
recognized as successful drug delivery carriers [1–3].
Among the biodegradable polymers, polycaprolactone
(PCL) offers a considerable potential for the controlled drug
delivery due to its biocompatibility and biodegradability [4].

The size and size distribution of polymeric NPs are the key
parameters that play a significant role in the rate of drug re-
lease, drug loading, therapeutic efficacy, drug accumulation
on specific sites, and the clearance rate of drug from the body
[5, 6]. The size of NPs produced should be controlled as it can
affect their therapeutic outcomes, which is dictated by

production method of carriers [7]. Polymeric NPs are pro-
duced via traditional (bulk) methods such as emulsification/
solvent evaporation, salting-out, dialysis, nanoprecipitation,
and supercritical fluid technology [8]. Among these methods,
the nanoprecipitation is a simple and fast method at ambient
conditions without utilizing chemical additives or harsh for-
mulation processes [9]. In the nanoprecipitation process, two
organic and aqueous phases are required. When the organic
phase is slowly injected into a large quantity of the aqueous
phase, polymer precipitation occurs immediately after the
contact of the two phases [10]. The fluid dynamics in this
process should be controlled to produce monodisperse parti-
cles. The flow regime or the lateral mixing between two
phases strongly affects the nucleation and growth of the par-
ticles as well as their aggregation [11].

The NPs synthesized via bulk methods typically suffer
from no reproducibility and precise control over the mixing
of two phases. These conditions lead to the formation of poly-
disperse particles in the final products [11]. Thus,
microfluidic-based technologies with the ability of overcom-
ing the drawbacks of bulk methods are remarkable in the
development of carriers for drug delivery and its discovery
[7, 12–16].
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Microfluidics is a branch of engineering which deals with
the manipulation of fluids in channels with dimensions less
than a millimeter [17–19]. The microfluidic technologies offer
a few advantages such as decreasing the reagent consumption,
making a faster analysis, offering the ability to enhance the
production capacity using parallelization, uniform
nanostructural production, better control over process condi-
tions, low energy consumption, and reduced costs [17, 20].

In the previous decade, microfluidic devices were applied
to prepare PCL microparticles. Forinstance, Vladisavljevic
et al. [21] produced monodispersed microparticles of
poly(lactic-acid) (PLA) and PCL utilizing the emulsification
method in a flow focusing glass capillary device. They studied
the effect of the flow rates of two phases and the geometrical
structure of the device on the particle size. They found that the
particle size diminished with an increase in the flow rate ratio
of continuous phase to dispersed phase. Yang et al. [22] pre-
pared microcapsules of PCL using the microfluidic-
emulsification method. They showed that PCL microcapsules
can be applied as a smart drug delivery system.

A major issue when using PCL carriers for drug delivery
system (DDS) is its particle size which must be within the
range of 50–200 nm with a controllable size distribution [23,
24]. These conditions can be achieved by microfluidic hydro-
dynamic flow-focusing (MHFF) devices accompanied by a
non-solvent precipitation process.

In these devices, the production process occurs by intro-
ducing an stream containing polymer/organic solvents in the
central channel and injecting an aqueous solution into the side
channels [17, 25]. The flow regime in MHFF devices is usu-
ally defined to low Reynolds number and subsequently the
existence of a laminar flow [26]. Accordingly, a well-
defined interface (the hydrodynamic focused stream) forms
between two phases [27]. The mutual diffusion between the
solvent and the water molecules in their interface results in the
precipitation of polymer nuclei followed by the formation of
NPs. Note that these devices suffer from a limited production
throughput [28]. Thus, different designs have been applied to
produce more NPs. Most of these designs are complicated,
making their application difficult to enhance the production
throughput [29–31]. Thus, applying a simple design along
with easy fabrication method is more suitable and desirable.
Michelon et al. [25] applied several MHFFs with different
widths of mixing channel (outlet channel) for liposome pro-
duction. They found that a wide channel is suitable for a
greater productivity of liposomes with similar sizes and lower
PDIs than those obtained using narrow widths. Baby et al.
[10] also obtained a similar result for PLGA-PEG NPs using
MHFF devices. They argued that applying a high range of
total flow rate (TFR) in channels with larger dimensions leads
to an increase in the production rate. They also studied the
effect of mixing channel length on the size of PLGA-PEG
particles, and suggested that there were no significant

differences between the sizes of the obtained particles at dif-
ferent lengths due to selecting a short range of channel
lengths. The channel length is an important parameter as the
residence time of fluids can be controlled by utilizing various
lengths. Also, achieving a complete mixing depends on the
selected range of channel length at high TFR values.

In MHFF devices, the determination of the confluence an-
gle of inlet channels is very crucial to minimize the dynamic
perturbations of fluids at the intersection of inlet streams. This
is particularly important for the devices that are used to en-
hance the production throughput as the possibility of flow
perturbations increases at high TFRs [32]. Zizzari et al. [33]
applied two MHFF devices with confluence inlet angles of 45
and 90o to produce liposome particles. They observed that
smaller liposomes were synthesized at a confluence angle of
45o. Previously, the MHFF geometries used to produce poly-
meric NPs had angles between 45 and 90o in the intersections
of inlet channels [3, 9, 10, 34]. In order to clearly recognize the
influence of the angle on the size and size distribution of
polymeric NPs, two different angles of 60o and 120o were
investigated.

To the best of our knowledge, there are only limited studies
capturing the effect of different geometrical parameters of
MHFF such as width channel and length of mixing channel
on polymeric NPs characteristics [10, 25]. Note that one of the
most significant factors of MHFF devices is the precise choice
of their geometry for achieving an optimum range of NP sizes
with increased production rate. Thus, the authors believe that
no general, reliable rule has already been offered regarding the
effect of MHFF geometries on the size of PCL precipitated
particles and its production rate.

Our aim is to examine the nanoparticle production perfor-
mance of five different designs of MHFF devices for the syn-
thesis of PCL NPs. Thus, a precise study is carried out on the
influence of geometrical and operational parameters such as
channel width, channel length, confluence inlet angle, flow
rate ratio (FRR) of aqueous phase to organic phase, and
TFR on the particle size and particle size distribution of PCL
NPs. This allows engineering the polymer-based system with-
in the range of 50–200 nm. The production throughput of PCL
NPs is also studied. Finally, a comparison is made between the
results of the bulk mixing and MHFF methods.

Experimental

Chemicals

Tetrahydrofuran (THF) (HPLC grade, purity ≥99.9%) and
PCL (Mw = 14,000 g/mol) were purchased from Sigma-
Aldrich, Inc., Germany. Polyvinyl alcohol (PVA, Mw =
13,000–23,000 g/mol, 87–89% hydrolyzed) and Tween 80
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as surfactants were also purchased from Sigma-Aldrich, Inc.,
Germany.

Preparation of organic and aqueous phases

The polymeric solution or the organic phase was prepared by
dissolving PCL polymer in the THF solvent at the concentra-
tion of 0.3% w/v. To prepare the aqueous solution, PVA and
Tween 80 surfactants were dissolved in Milli-Q water as non-
solvent at 2% w/v and 3.2% w/v concentrations respectively.
PVA and Tween 80 surfactants were used together to prevent
the agglomeration and coalescence of the produced NPs in the
final suspension. Also, it was observed that the simultaneous
presence of PVA and Tween 80 prevents the aggregation of
particles into microchannels and leads to the formation of a
regular focusing flow. Further, PVA and Tween 80 were ap-
plied together for further reduction of the size of NPs, com-
pared to using one of them individually. Before being injected,
all solutions were passed through 0.22 μm filters (sterile sy-
ringe filter, FilterBio, Germany) to remove any particulate
impurity.

Fabrication of microfluidic devices

The glass microfluidic devices were fabricated through a stan-
dard process of wet-chemical etching and thermal fusion
bonding technique. The patterns of the devices’ channel were
designed using the AutoCAD software. The soda-lime glass
substrates were carefully cleaned by distilled water and dried
in an oven at 130 °C for 20 min. The surfaces were primed
with Microposit Primer fumes to improve the photoresist ad-
herence. Then, the glass substrates were coated with a Shipley
photoresist (Shipley S1813, Microchem, USA) and baked in
an oven at 95 °C for 35 min. Next, UV lithography was per-
formed, with the exposed areas developed by immersion in a
developer and cleaned by distilled water. Thus, the UV ex-
posed parts of the underlying glass were set open for subse-
quent etching. The channels were etched using an aqueous
solution of 5% buffered hydrofluoric acid during 7 h at
25°C. The outlet and inlet connection holes of the channels
were manufactured via drilling the micro-slide with carbide
drills. The glasses were washed several times with sulfuric
acid, ethanol, and ultra-pure water respectively, and dried in
an oven at 100 °C for 30 min. A flat glass plate was placed on
the etched plate. Finally, two glass plates were thermally
bonded at 675°C for 5 h. The geometrical specifications of
these devices are provided in Table 1.

PCL nanoparticle preparation by the microfluidic
device

The PCL NPs were produced by the hydrodynamic flow-
focusing (HFF) method in a controlled self-assembly process

using the liquid non-solvent precipitation (Fig. 1). The
microfluidic devices consist of a microchannel with three inlet
streams. One stream is the organic phase which flows in the
central channel, and two other streams are assigned to the
aqueous phase into the branch channels. The two aqueous
streams which flow at relatively high flow rates enclose the
PCL/THF stream as the focused stream in the central region of
the mixing channel, with the precipitation process occurring
immediately. Thus, the mutual diffusion of water and THF
molecules occurs throughout the focused stream region. In
all designs, a desired HFF condition was successfully
obtained.

The flow rates of the aqueous phase (Qaq) and organic
phase (Qor) were controlled by syringe pump modules
(model Borhan MSP-2, Iran) to facilitate the precise control
on the formation of focusing stream width and achieve a de-
sired FRR. The FRR was set within the range of 2 to 8 for
different designs. The aqueous and organic phases were
pumped with 5 ml and 1 ml glass syringes respectively. Poly
tetrafluoroethylene (PTFE) tubes (1.2 mm O.D. and 0.6 mm
I.D.) and connectors were applied to connect the microfluidic
device to the glass syringe. All experiments were performed at
room temperature with the HFF stream visualized using an
optical microscope (model CZM6, LABOMED, USA).
Bright-field micrographs were obtained by a camera (model
DigiRetina 500, TUSCEN, China). When the fluids’ stream
and the formation of the focusing stream became stable upon
varying the flow rates of the two phases, the final suspension
samples of PCL-assembled structures were collected at the
channel output using a glass-flask. Next, the organic solvent
of the collected sample evaporated completely in a vacuum
oven under reduced absolute pressures. After each experi-
ment, the microchannels were washed and dried.

Characterization of PCL nanoparticles

Size analysis. The size distribution, the mean size (diameter),
and PDI of NPs were determined via the dynamic light scat-
tering (DLS) technique using a Vasco particle analyzer
(Cordouan Technologies Ltd., Pessac, France) which mea-
sures the fluctuations of scattered light as a function of time.
All measurements were carried out at 25°C utilizing a refrac-
tive index of 1.331. The NPs were diluted 3-fold by Milli-Q
water before being transferred into the analyzer. The measure-
ment time was 120 s. Each experiment was repeated three
times (n = 3, mean ± S.D).

The morphology of PCL NPs was observed by Field emis-
sion scanning electron microscopy (FESEM) (model Mira 3-
Xmu, TESCAN, Czech Republic). The sample was prepared
as follows: one drop of NP suspension was poured on a clean
mica surface and left to dry at 30°C. Then, it was coated with
platinum in a Quorum MIRA3 Sputter Coater (Quorum
Technologies) and analyzed by an FEI Quanta FESEM.
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Results and discussion

The effect of the confluence angle with FRR variations
on nanoparticle characteristics of PCL

The confluence angle between the central channel and lateral
channels is a key parameter that has not been investigated for
the synthesis of polymeric NPs in microfluidic devices. For
this purpose, two angles of 60o (design 2) and 120o (design 4)

were chosen. The mean size and PDI of the produced NPs
were reported at a fixed TFR of 40 ml h−1 and four different
FRRs of 2, 4, 6 and 8. As shown in Fig. 2a, the size of NPs
diminished gradually from 157 ± 4.7 to 137 ± 4.6 nm at the
FRR of 2 and from 89 ± 3.7 to 71 ± 2.7 at the FRR of 8 upon a
decrease in the confluence angle from 120o to 60o respective-
ly. According to the results, a high FRR leads to the produc-
tion of small particles for both designs. Nevertheless, in the
microchannel with a smaller angle, the NPs are smaller as

Table 1 The geometrical specifications of five different microfluidic designs

GeometryConfluence 
inlet angles

Outlet 
length ( )

Channel
height ( )

Channel 
width ( )

Design
No.

60
o

22002001

60
o

22003002

60
o

22006003

120
o

22003004

120
o

42003005
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compared to the microchannel with a larger angle. At the
confluence angle of 60o, an increase in the FRR from 2 to 8
leads to a gradual reduction in the size of NPs and reflects a
more mutual diffusion of the THF/water molecules along the
mixing channel. On the other hand, at the confluence angle of
120o for the FRRs of 2 to 6, even a three-time increase did not
lead to a significant decline in the size of PCL NPs. In both
designs, the size of synthesized NPs increased within the FRR
range from 8 to 12 (data not shown). Further, for FRR beyond
12, the formation of HFF stream became unstable. Based on
the results, the desired FRR ranges between 2 and 8.

Mixing time is an effective parameter which controls
the formation process of the particles as well as the final
properties and amount of NPs. The mixing performance in
MHFF is explained by the diffusive mixing (slow mixing)
and convective–diffusive mixing (fast mixing) mecha-
nisms [35]. The convective–diffusive mixing takes place
in the region of focusing, while diffusive mixing is in-
duced in the downstream of the mixing channel [35]. At
high FRRs (rapid mixing), the particle formation moves
toward the convective–diffusive region and reduces the
focused stream width whereby the diffusion length to

150 µm

Fig. 1 Sketch of synthesis
process of PCL NPs in the MHFF
device while observing the
focusing stream width (wf)
formed by an optical microscope
at FRR of 4 and TFR = 40 ml h−1

Fig. 2 Effect of confluence angles on (a) the size and (b) PDI of PCL NPs with the FRR values variations at TFR of 40 ml h−1
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achieve a rapid mixing is reduced. Thus, a fall in the
particle size and their PDI is observed.

The FRR effect on NPs size can also be explained via the
theory of nucleation. The rate of nucleation strongly depends
on the supersaturation level which is influenced by the mixing
rate of two phases. A rapid mixing at high FRR results in a
high supersaturation gradient whereby spontaneous nucle-
ation and small nuclei formation occur. This condition permits
production of small polymeric nucleation sites which aggre-
gate to form uniform NPs.

The flow regime within the MHF devices is recognized as
laminar (Re < 100) [35]. In these conditions, the residence
time of the fluids in the microchannel is crucial. Indeed, the
residence time can be expressed as the maximum mixing time
required for the formation of NPs. In the device with a con-
fluence angle of 120o, direct collision of streams at the con-
vergent junction site of three inlets leads to the appearance of
free vortices. The vortices arise from the inertial forces of the
side streams (higher than central stream flow rate) acting on
the central stream. Thus, these conditions cause the initial
nucleation to occur much earlier than the confluence angle
of 60o at a constant length. This, in turn, results in a further
growth of the particles, and subsequently the particle size
grows. This suggests that fluids have a larger residence time
in the mixing channel. Thus, based on the obtained results, for
studying the productivity rate at high TFRs, the confluence
angle of 60o is desirable due to minimizing the perturbations
of streams at the intersection of inlet streams.

According to Fig. 2b, in both designs, the PDIs of the NPs
are all under 0.37 at different FRRs, suggesting a homoge-
neous population of the particles. However, this is followed by
an increase in the FRR from 2 to 8to improve the size distri-
bution (Fig. S1) and the formation of monodispersed NPs in
the design with confluence angle 60o due to a more uniform
nucleation. This supports previous findings in the literature [3,
29, 36–40].

Effect of TFR on nanoparticle characteristics of PCL

The influence of TFR on the self-assembly of PCL NPs is
studied using design 2 (Fig. 3). The TFR changes from 24 to
70ml h−1 at different FRRs of 2, 4, and 6. As illustrated in Fig.
3, an increase in the TFR from 24 to 70 mL h−1 leads to a
decline in the size of the synthesized NPs from 90 ± 9.92 to 91
± 3.96 nm, and from 118 ± 5.52 to 41 ± 2 nm at the FRRs of 2
and 6 respectively. Othman et al. [36] and Yang et al. [22]
examined the effect of TFR on the size of PCL particles and
achieved similar results.

The total flow rate determines the residence time inside the
microfluidic device through average flow velocity [41]. It is
directly proportional to the average flow velocity which is
inversely proportional to the residence time. The residence
time for different TFRs varied from 240 to 740 ms with the

time required for the complete mixing of the streams in design
2 calculated as 182.2 ms by Eq. S3. Thus, the residence time is
sufficient for a complete mixing and a homogeneous ex-
change of solvents, and then the formation of NPs. These
conditions justify the effect of TFR on the particle size distri-
bution. In addition, upon increasing TFR, the collision rate of
two streams increases due to the effects of shear force on the
interfaces of both phases, thereby providing a strong mixing
which results in the assembly of small PCL NPs. Further, the
shear rate as an efficient factor in the self-assembly dynamics
of the PCL NPs leads to the formation of a spherical-shape
structure.

However, at TFR >70 ml h−1, no focusing flow is formed
and backflow is observed at the inlet intersection. Thus, no
controlled synthesis of the NPs occurred in the microfluidic
device.

The obtained results reveal that MHFF can operate at
higher TFRs, which certainly increases the production
throughput along with the production of NPs with the same
size characteristics. The PDI values of the synthesized NPs
within the range of 0.3 to 0.37 are demonstrated in Fig. 3b
at different TFRs and FRRs.

The effect of channel length on nanoparticle
characteristics of PCL

The outlet channel length is an important parameter which has
not received enough attention in polymeric NP production,
whilst it can directly affect the size of PCL NPs. The effects
of channel length in the HFF region on the size of NPs and
their PDI are studied using designs 4 and 5. Figure 4 indicates
that a microchannel with a shorter length—20 mm—produces
particles with a smaller size for different FRRs. Since the
design 4 with a shorter channel length has a residence time
less than that of design 5 (channel length of 40 mm), a a better
control is achieved over the synthesis process.

Note the diffusion-driven mixing process is the same for
both devices, as mutual exchange/diffusion between two
phases occurs at their interface, whose width does not change
along the outlet channel. Under this condition, the nucleation
and particle growth mechanisms occur competitively. At the
beginning of the outlet channel, the nucleation is maximum,
as there is a high supersaturation. However, along the channel
length, due to the formation of solid phase and then supersat-
uration reduction, the nucleation is reduced and subsequently
the formed primary nuclei grow up to the end of the channel.
Thus, given the longer residence time of the particles in design
5, they have more chance for growth and aggregation.
Evidently, an increase occurred in the PCL particle size.

Thus, our finding emphasizes that the length of the mixing
channel is an effective parameter which can significantly af-
fect the mean size and size distribution of NPs.
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Low PDIs, ranging between 0.25 and 0.37, are observed
for both designs (Fig. 4b). A narrow particle size distribution
is obtained for design 4 at the FRRs of 2 and 8, due to the short
residence time of nanoparticles at a shorter mixing channel
length. However, the effect of FRR variation on the size dis-
tribution is more significant at longer channel lengths (Fig.
S2).

The effect of channel width on nanoparticle
characteristics of PCL

By selecting the confluence angle of 60o as the desired angle
between inlet channels, the variations of channel width and
subsequently the study of the productivity rate at this angle
have been performed for three different designs 1, 2, and 3.

In order to ensure a short diffusion distance (or narrow wf),
microfluidic devices with different outlet channel widths of
200, 300, and 600 μm were chosen. The mean size and PDI

of PCLNPs produced in these designs are shown in Fig. 5, at a
TFR of 40 ml h−1 and the FRR of 2 to 8. According to Fig. 5,
as the outlet channel width diminished, a smaller size of NPs
was obtained at the same FRR due to a reduction in the width
of the focused stream. Thus, the time required for a complete
mixing between solvent and non-solvent (Eq.S3) and diffu-
sion length decreased. The mixing time, 49 ms, was lower
than the residence time of 77 ms, considering an average ve-
locity of 0.26 m/s. Compared to design 1, applying design 3
(with a wider channel width, 600 μm) led to an increase in the
size of NPs; however, the mean size of the particles remained
almost at around 200 nm, which is within the optimal range of
drug delivery systems [10].

Figure 5b depicts low PDIs of the product within a range of
0.25 to 0.37 for different channel widths at FRRs of 2 and 8.
The results show that all of NPs are monodispersed, which is
critical for their actual applications. However, the PDI values
in design 3 are less than the PDI of two other designs upon

Fig. 3 (a) The variation of the particle size and (b) PDI with the variations of TFR and FRR in design 2 (channel width of 300 μm,channel length
of 20 mm)

Fig. 4 (a) Mean size and (b) PDI of PCL NPs as a function of outlet channel length of 20, 40 mm and FRR of 2 to 8 at TFR of 40 ml h−1
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FRR variations. It can be described according to the flow
velocity profile. Most probably, as the microchannel width
increases, the influence of the non-slip boundary condition
diminishes, causing zero velocity in the channel walls. Thus,
a uniform distribution of the flow velocity is acquired
throughout the mixing region. Michelon et al. [25] confirmed
that a wider width of the microchannel resulted in a more
uniform fluid velocity profile across the focusing region, thus
enabling the production of liposome NPs with a low PDI.
Hence, the generation of PCL NPs with a narrow particle
distribution can be obtained with adequate selection of FRR
and channel width (Fig. S3).

The variations in the mean size of NPs as a function of the
width of focused stream are shown in Fig. S4 for designs 1, 2,
and 3 with the channel widths of 200, 300, and 600 μm re-
spectively. A wider channel leads to a wider focused stream
and an increase in the mixing time at the same FRR. The mean
size of NPs can be up to three times wider in the channel width
of 600 μm than 200 μm. For the three designs, a good linear
relationship is observed between the mean size and width of
the focused stream with R2 values higher than 0.99. It is clear
that PCL particle size can be tuned by selecting a suitable FRR
value, which is a key parameter in determining wf. Thus, the
width of the focused stream is an indirect measure for deter-
mining and tuning the size of PCL NPs.

Influence of the mixing type on nanoparticle
characteristics of PCL

In order to identify the dependence of the NP size on the
production method, NPs are also synthesized using batch
method (S1) and the three mixing types of the two phases
are employed: (a) The organic phase is injected by a glass
syringe into the aqueous phase under continuous stirring at
the solvent/non-solvent volume ratio of 1:4; (b) the aqueous
and organic solution streams are pumped using syringe pumps

with the flow rates of 8 and 32 ml h−1 respectively; (c) the
organic phase is pumped using a syringe pump into the aque-
ous phase under continuous stirring at the solvent/non-solvent
volume ratio of 1:4; (d) mixing by the microfluidic device
(design 2), where the flow rates are similar to (b). According
to Fig. 6a, the NPs formed by the bulk mixing methods show
larger sizes ranging from 280 ± 13.8 to 421 ± 23.14 nm, than
those produced through design 2 with the size of 125 ±
5.3 nm. Furthermore, the PDI for the microfluidic NPs is
remarkably lower (0.3) than the particles prepared by the bulk
method with PDI values of 0.36 to 0.57. The high PDIs ac-
quired by the bulk samples are due to broad distributions of
the residence time of particles arising from non-uniform
mixing causing increased the structural heterogeneity of
NPs. In return, a significant increase in the uniformity of the
NPs obtained by microfluidic device is attributed to the con-
trolled removal of the THF in a precise fashion. Also, NPs
assembly in microfluidic device is reproducible and indepen-
dent of the user presence, along with an integrated and con-
tinuous mixing which is provided through hydrodynamic fo-
cused region.

Thus, the mixing nature is very important and the size
uniformity of the dispersed systems is a significant feature
for pharmaceutical formulations to assure batch-to-batch re-
producibility and uniform drug release profiles [42]. Thus, our
finding reveals that the microfluidic production of PCL NPs is
an appropriate method for medical applications.

The FESEM images of PCL NPs produced by the bulk
method (type (c)), designs 2, and 4, are shown in Fig. 6 (B),
(C), and (D) respectively at the same FRR and a fixed TFR of
40ml h−1. The results of bulk method reveal that the NPs have
a rough morphology and an asymmetric spherical shape,
while the PCL NPs produced using designs 2, 4 have perfect
spherical shapes and smooth surfaces during a controlled for-
mation process. Nevertheless, design 4 produces NPs with
less regular spherical shapes and a larger size compared to

Fig. 5 (a) Mean size and (b) PDI of PCL NP as functions of channel widths 200, 300, and 600 μm and FRR of 2 to 8 at a TFR of 40 ml h−1
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design 2. It can be explained that in the MHF device, the
mixing time and residence time are short (order ms). Thus,
there is no excessive growth for the formed particles.
Furthermore, the movement rate of soluble molecules to the
nucleus surface is almost the same in all directions, whereby
the particles become spherical in shape to minimize their sur-
face energy and maintain a more stable state. However, in the
bulk method, it is not possible to separate the nanoparticles’
nucleation from their growth mechanism as there is no precise
control over the mixing conditions [43]. Thus, this condition
can lead to excessive particle growth which affects the size
and shape of the formed particles [43, 44]. Note that the
FESEM results are in a good agreement with the results ex-
hibited by the DLS technique, suggesting that the size of PCL
NPs in the bulk method is larger compared to both designs.

Scaling-up effect on the particle mean size
and calculation of production rate

As mentioned in the previous section, a decline in the outlet
width of microfluidic devices successfully produces smaller

NPs. Nevertheless, the low production value leads to a very
low production yield, which makes this method undesirable
for large-scale applications.

A number of strategies could be adopted to enhance the
production rate of PCL NPs for industrial applications.
Initially, the initial concentration of PCL or TFR should be
elevated, and secondly the outlet channel width and the FRR
should be adjusted. Accordingly, the PCL NPs were synthe-
sized by applying designs 1, 2 and 3 in order to compare the
scale-up effect on the NPs size and their PDI. For this purpose,
at the same average flow velocity of 0.5 m s−1, the TFRs were
considered at 36, 54, and 108 ml h−1 for designs 1, 2, and 3
respectively. Hence, the production rate can be indicated via
the following equation [31]:

P ¼ QT Cp

1þ FRR
ð1Þ

where, P(mg/h), QT (=Qaq +Qor)(ml/h), and Cp (mg/ml) are
the production rate, total flow rate, and the polymer concen-
tration in the THF solvent, respectively.

Fig. 6 (a) The variations of the particle size and PDI in four types of
mixing methods: (a) mixing of PCL/THF through injection in the aque-
ous phase, (b) mixing of PCL/THF and aqueous streams, each being
pumped using syringe pumps, (c) injection of PCL-THF by a syringe

pump in the aqueous phase, and (d) mixing by the microfluidic device
(design 2). (b) FESEM images of PCL NPs synthesized using bulk meth-
od (types (c)), (c) design 2, microchannel with angle 60o, (d) design 4,
and microchannel with angle 120o

541J Flow Chem (2020) 10:533–543



The production rate grows as the channel width of the
microfluidic device increases at the same FRR of 8.
Furthermore, it is observed that the production rate increases
∼3 times, while the NP size reveals a slight variation among
88 ± 5.9, 108 ± 4.8, and 162 ± 3.6 nm as the channel width
grows. The calculated production rate is 13.2 mg h−1 for de-
sign 1, while it is 19.8 mg h−1 for design 2. The production
rate could be further improved to 39.55 mg h−1 for design 3.
The PDI of 0.28 in the microchannel width of 600 μm is

lower than the PDIs of 0.34 and 0.32 in the channel widths of
200 and 300 μm, respectively. These observations are in
agreement with the investigation reported by Michelon et al.
[25] for liposome formation. Thus, the PCL NPs can be
achieved with a narrow distribution through enhancing TFR
and using a wider channel width.
These results indicate that the channel width of microfluidic

devices has an important technological outcome for industrial
applications. In addition, wider microchannels are easier to
manufacture and operate than microchannels with a smaller
width because of clogging and issues related to increased
pressure drop.

Conclusion

For preparing biodegradable polycaprolactone nanoparticles
(PCL NPs), a microfluidic platform was developed based on
the nanoprecipitation process in 2D microfluidic hydrody-
namic flow-focusing (MHFF) devices. The mean size of the
NPs was precisely tuned by varying the flow rate ratio (FRR),
total flow rate (TFR), outlet channel width, outlet channel
length, and channels’ confluence angle in different designs
of microfluidic devices for achieving the optimal range of
the nanoparticles size for drug delivery systems (50–200 nm).
An increase in FRR and TFR resulted in the production of

tiny particles. The microchannel with smaller width was able
to synthesize smaller NPs as the focused stream width dimin-
ished. According to the results, in the microchannel with a
shorter length, 20 mm, smaller NPs were produced due to
the short residence time of the particles in the mixing channel.
A reasonable relationship was observed between the mean
size of NPs and the confluence angle, with a small confluence
angle of 60o being more favorable for producing smaller NPs.
The NPs produced by the bulk method showed a larger size
and polydispersity index (PDI) than the NPs obtained from the
MHFF device, which was also confirmed by the FESEM re-
sults. Amicrofluidic device with a wider width, 600 μm, and a
higher TFR, 108 ml h−1, could be applied for enhancing the
production throughput of NPs with a fine size and low PDI.
The versatility of microfluidic devices is promising and they
can be employed for industrial applications, with a possible
advantage of minimizing the degree of microfluidic
parallelization. Microchannel designs coupled with facile

fabrication method could be applied for the synthesis of poly-
meric NPs in nanomedical fields and cancer studies.
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