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A B S T R A C T

The increasing realisation of the impact of size and surface properties on the bio-distribution of drug
loaded colloidal particles has driven the application of micro fabrication technologies for the precise
engineering of drug loaded microparticles. This paper demonstrates an alternative approach for
producing size controlled drug loaded PLGA based microparticles using silicon Microfluidic Flow
Focusing Devices (MFFDs). Based on the precise geometry and dimensions of the flow focusing channel,
microparticle size was successfully optimised by modifying the polymer type, disperse phase (Qd) flow
rate, and continuous phase (Qc) flow rate. The microparticles produced ranged in sizes from 5 to 50 mm
and were highly monodisperse (coefficient of variation <5%). A comparison of Ciclosporin (CsA) loaded
PLGA microparticles produced by MFFDs vs conventional production techniques was also performed.
MFFDs produced microparticles with a narrower size distribution profile, relative to the conventional
approaches. In-vitro release kinetics of CsA was found to be influenced by the production technique, with
the MFFD approach demonstrating the slowest rate of release over 7 days (4.99 � 0.26%). Finally, MFFDs
were utilised to produce pegylated microparticles using the block co-polymer, PEG-PLGA. In contrast to
the smooth microparticles produced using PLGA, PEG-PLGA microparticles displayed a highly porous
surface morphology and rapid CsA release, with 85 � 6.68% CsA released after 24 h. The findings from this
study demonstrate the utility of silicon MFFDs for the precise control of size and surface morphology of
PLGA based microparticles with potential drug delivery applications.
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1. Introduction

Biodegradable microparticles have widespread applications in
the drug delivery domain, including protein/peptide, vaccine and
gene delivery strategies. The processing techniques for producing
drug loaded microparticles require precise control of size and
surface morphology of the microparticles formed, using rapid and
scalable preparation steps with minimal loss of drug. Increasingly,
the size and shape of drug loaded microparticles is considered a
key determinant of in-vivo bio-distribution and efficacy (Petros
and Desimone, 2010). Micro-engineering strategies are therefore
required in the production of size-controlled and surface
functionalised drug loaded microparticles.
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Microfluidic Flow Focusing Devices (MFFDs) are a lab-on-chip
platform designed to manipulate fluid flow in microchannels with
high precision and reduced consumption of reagents (Hung and
Lee, 2007). This microfabrication technology is an evolving field for
a diverse range of applications (Bashir, 2004). Its applications in
point-of-care testing (POCT), high throughput screening, and
bioanalysis have previously been reported (Whitesides, 2006;
Yager et al., 2006). The potential for microfluidics as a platform in
the fabrication of drug delivery systems has recently been
recognised (Zhang et al., 2013; Gañán-Calvo et al., 2013).

Many of the conventional techniques utilised to produce biodegrad-
able PLGA based microparticles, such as spray drying and emulsifi-
cation/solvent evaporation (ESE), incorporate a “top-down” fabrication
approach involving microparticle  production following breakup of a
largerbulkemulsionphase.Controlofmicroparticlesizewithsuch“top-
down” approaches is dependent on externally controlled parameters,
suchashomogenisation,sonicationorjetbreak-upofthebulkemulsion.
This can necessitate extended processing phases to achieve appropriate
microparticle size and reduce polydispersity, which may also have
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detrimental effects on drug loadings and encapsulation efficiencies
(Paudel et al., 2013). Particle morphology also tends to be poorly
controlled and highly dependent on experimental procedures, such as
polymer concentration, agitation conditions, and the rate of solvent
elimination (Rosca et al., 2004).

Recently, other key enabling microfabrication technologies
have been investigated to produce PLGA based microparticles. Low
Temperature Co-fired Ceramic (LTCC) micromixers utilise a
modified process based upon the traditional emulsification/
solvent evaporation technique to produce drug loaded micro-
spheres (Ribeiro-Costa et al., 2009). A similar microfabrication
technique is microfluidisation. Unlike LTCC micromixers, micro-
fluidisation utilises a high pressure chamber to facilitate liquid
movement in the microchannels to the point where droplet
impingement occurs to produce smaller droplet sizes. However,
the difficulties with instrument operation, cleaning, and scale-up
make microfluidisation less favourable than conventional proc-
essing techniques (Maa and Hsu, 1999).

Microfluidics involves hydrodynamic manipulation of fluids in
microchannels with dimensions of tens of micrometres. Droplet-
based microfluidics is a subcategory of microfluidics that, in
contrast with continuous (or analogical) microfluidics, can
independently control discrete volumes of fluids in immiscible
phases with low Reynolds number and laminar flow regimes,
enabling precise control of microparticle formation (Gañán-Calvo
et al., 2013). MFFDs therefore offer an alternative “bottom-up”
approach to microparticle production and the potential to address
some of the limitations associated with conventional processing
techniques (Kang et al., 2008). MFFDs incorporate flows of two
immiscible fluids in microchannels: the continuous phase and the
disperse phase (containing drug and polymer). The continuous
phase (Qc) is injected through two outside channels and the
disperse phase (Qd) is injected through a central channel into a
flow focusing junction (Fig. 1). Fluid dynamics at the flow focusing
region governs droplet break up, where droplets of the disperse
phase are produced as a result of the shear force and interfacial
tension at the fluid–fluid interface (Whitesides, 2006).
Fig. 1. (A) Schematic drawing of the silicon microfluidic chip. (B) Magnified view of the fl

silicon microfluidic device with glass capillary inserts (200 mm o.d.) in each inlet.
Microfluidics has previously demonstrated utility in the
production of hydrogel based microparticles using the water
soluble polymers, alginate and methacrylate (Yeh et al., 2009; De
Geest et al., 2005). Poly(D,L lactide-co-glycolide) (PLGA) polymer
has been chosen in this study as it is biocompatible, GRAS
approved, and is widely utilised for the sustained release of both
polar and non-polar drugs. The potential of microfluidics to
produce PLGA microparticles has previously been reported
utilising a polydimethylsiloxane (PDMS)-based MFFD device (Xu
et al., 2009). However, poor compatibility of PDMS with organic
solvents is a significant limitation, resulting in wetting and
swelling of the microchannel walls, which oftentimes necessitates
a surface pre-treatment step. The current study advances the
aforementioned by utilising a more robust silicon MFFD device
that is resistant to organic solvents (e.g. dichloromethane), does
not require a surface pre-treatment step, is capable of withstand-
ing high fluid flow rates and is amenable to scale-up applications.

The aim of this work was to investigate the potential of silicon
based MFFDs to produce precisely controlled drug loaded PLGA
based microparticles. Ciclosporin A (CsA) was chosen as a model
peptide for evaluation of drug release characteristics. Fluid
dynamics at the flow-focusing junction were optimised to generate
monodisperse microparticles in the outlet channel. A comparison
of PLGA based microparticles produced by MFFDs vs conventional
production techniques was performed. The potential to produce
microparticles using PEG-PLGA block co-polymers was also
evaluated.

2. Materials and methods

2.1. Materials

Ciclosporin A (CsA) (from Tolypocladium inflatum, purity � 95%)
was purchased from Sigma–Aldrich. Various types of Poly(D,L-
lactide-co-glycolide) (Table 1) were purchased from Boehringer
Ingelheim (Germany). HPLC grade dichloromethane, acetonitrile,
ow focusing region within the silicon microfluidic device. (C) Image of a fabricated



Table 1
Composition of the Resomer1 PLGA polymers used.

Name Polymer type Composition LA:GA ratio PEG content (%) Inherent viscosity (dl/g)

PLGA
(Low viscosity)

Monoblock PLGA 73:27 – 0.32

PLGA (Medium viscosity) Monoblock PLGA 85:15 – 0.55
PEG-PLGA Diblock PEG-PLGA 6000 1:1 10 0.72
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and water were purchased from Sigma–Aldrich. All other
chemicals and reagents were of analytical grade.

2.2. Fabrication of silicon microfluidic flow focusing devices

Silicon based MFFDs were fabricated using standard photolith-
ographic and deep reactive ion etching (DRIE) processes (Lo et al.,
2010). Access holes were patterned and etched onto the front side
of a silicon wafer. The final device was sealed by anodic bonding of
the silicon wafer to a heat resistant borosilicate glass wafer. The
cross sectional dimensions of the flow focusing channel were
50 mm wide and 100 mm deep. The total length of the silicon
microfluidic device was 25 mm. The silicon MFFDs were diced and
a 1 mm access hole was drilled into the outlet channel using a
Maxima1 round bur drill bit (Henry Schein1). A NanoportTM

assembly (Upchurch Scientific1) containing a preformed adhesive
ring was placed over the hole and heat sealed at 160 �C for 1 h.
Fused glass capillaries (100 mm i.d., 200 mm o.d.) (Composite Metal
Services, UK) were sealed to the inlet of the microchannels using
UV optical adhesive (Norland products, Inc.). The capillaries
connected the microchannels to the syringe pumps using
polytetrafluoroethylene (PTFE) tubing sleeves and MicroTight1

fittings (Upchurch Scientific).

2.3. Production of PLGA based microparticles using silicon MFFDs

The continuous phase (Qc) consisted of an aqueous solution of
PVA (1% w/v, Mw 6000, 80 mol% hydrolysed, Polysciences, Inc.) as
surfactant. The disperse phase (Qd) composed of 2.5 ml dichloro-
methane (DCM) containing 100 mg (4% w/v PLGA or PEG-PLGA
copolymer and 20 mg (0.8% w/v) Ciclosporin A (CsA). The flow rates
of Qd and Qc were optimised to facilitate droplet formation at the
flow focusing channel and avoid co-laminar flows (Xu et al., 2009).
The flow rates of Qd ranged between 0.3 and 1.2 ml/h while the flow
rates of Qc were adjusted between 15 and 90 ml/h to facilitate
uniform droplet formation at the flow focusing channel. Teflon
tubing connected the NanoportTM to a 250 ml round bottomed
flask, which was suspended in approximately 10 ml of continuous
phase (1% w/v PVA solution). At 30 min intervals, the round
bottomed flask containing polymer microdroplets was removed
and mounted on a rotary evaporator (Büchi, Switzerland). DCM
solvent was removed under reduced pressure (100 mtorr) at 37 �C
for 3 min. The hardened microparticles were collected in a 50 ml
collection tube, centrifuged (4000 rpm, 3 min) and rinsed with
deionised water three times to remove any residual surfactant. The
supernatant was discarded and the microparticles were snap
frozen in liquid nitrogen and lyophilised under reduced pressure
(800 mtorr) at –80 �C for 24 h.

2.4. Production of PLGA microparticles using emulsification/solvent
evaporation technique

Emulsification/solvent evaporation (ESE) was carried out based
on a previous method with some minor modifications (Mao et al.,
2008). A solution of 4% (w/v) PLGA or PEG-PLGA containing 100 mg
CsA (0.8% w/v) was dissolved in 12.5 ml of DCM. This was added to
20 ml of 1% w/v aqueous PVA solution and homogenised using a
paddle at 2000 rpm for 3 min (IKA1-WERKE, Germany). The
resulting suspension was left stirring at room temperature for 4 h
to evaporate the organic solvent. Residual solvent was removed
under reduced pressure (70 mtorr) at 37 �C for 3 min using a rotary
evaporator (Büchi, Switzerland). The suspension was then
centrifuged at 4000 rpm for 3 min and washed three times with
deionised water to remove residual surfactant. The supernatant
was discarded and the microparticles were snap frozen in liquid
nitrogen and lyophilised at –80 �C for 24 h at 800 mtorr.

2.5. Production of PLGA microparticles using the spray drying
technique

Spray drying was carried out based on a similar method
described previously with some modifications (Ramtoola et al.,
2011). A solution containing 1000 mg of PLGA (4% w/v) and 200 mg
CsA (0.8% w/v) was dissolved in 25 ml of dichloromethane (DCM) at
room temperature and spray dried in a Büchi B290 mini spray
dryer (Flawil, Switzerland) with a 0.5 mm spray nozzle diameter.
The process parameters used were; feed rate 3 ml/min, aspirator
setting (100%), inlet temperature (50 � 2 �C), outlet temperature
(37 � 2 �C). The PLGA solution was spray dried using the closed loop
system at a spray flow rate of 500 l/h and spray flow pressure of
6 bar. The spray dried product was recovered from the sample
collector.

2.6. Microparticle characterisation

Microparticle size was carried out using a Malvern mastersizer
to determine the volume mean diameter (VMD) and polydispersity
of samples by laser light diffraction using the hydro 2000 SM small
volume dispersion unit (Malvern Instruments). In brief, approxi-
mately 50 mg of drug loaded microparticles was weighed out and
dispersed in 20 ml of 0.1% (w/v) tween 20 solution and sonicated
for 10 min based on a method described previously (Mao et al.,
2007). Volume mean diameter, D(v,0.5), was calculated at the
midpoint of the entire size distribution. The Span was calculated
as:

Span ¼ D½v; 0:9� � D½v; 0:1�
D½v; 0:5�

D[v, 0.9], D[v, 0.5], and D[v,0.1] are the particle size diameters
determined at the 90th, 50th, and 10th percentile of particles sized,
respectively (Buske et al., 2012).

2.7. Determination of Capillary number

The dimensionless Capillary (Ca) number was calculated using
the following equation (Fu et al., 2012);

Ca ¼ mv

g

where m is the viscosity of the continuous phase (mN s/m2), n is the
velocity of the continuous phase (m/s), and g is the interfacial

kpark
Highlight

kpark
Highlight



K. Keohane et al. / International Journal of Pharmaceutics 467 (2014) 60–69 63
tension between the disperse phase and continuous phase (mN/
m).

Viscosity of the continuous phase (1% w/v PVA) was measured
at ambient temperatures with a vibroviscometer (SV-10, A&D
Company Ltd., Japan). 35 ml of the fluid was poured into a
measurement vessel. Two sensor plates were immersed in the fluid
sample and viscosity was measured by detecting the electric
current necessary to resonate the sensor plates. Velocity of the
continuous phase ranged from 3.2 m/s to 4.8 m/s based on the flow
rates previously established (Section 2.3). Interfacial tension at the
liquid–liquid interface was measured using the Du Noüy ring
method by addition of the disperse phase (1% w/v low viscosity
PLGA) and continuous phase in equal volumes (10 ml) to a beaker.
The force required to raise the ring was measured and related to
the interfacial tension between the two liquids. All results were
analysed in triplicate.

2.8. Scanning electron microscopy

The shape and surface morphology of the microparticles was
characterised by scanning electron microscopy (JEOL 5200M).
Samples were mounted onto double sided adhesive tape attached
to an aluminium stub and sputter coated with a layer of gold
(69 nm) (Polaron SC500). The samples were examined under
accelerating voltage (2–5 kV) at a 9 mm working distance.

2.9. Specific surface area

The specific surface area of the microparticles was determined
by gas adsorption based on a similar method described previously
(Buske et al., 2012). Samples were prepared by degassing under
vacuum (N2) at room temperature for 24 h. Measurements were
determined using a Gemini VI surface area analyser (Micro-
meritics1), with pure nitrogen as adsorbate at a temperature of
77 K. The data was interpreted based on the Brunauer, Emmett and
Fig. 2. (A) Illustration of the experimental setup procedure. (B) Image depicting droplet f
images of monodisperse PLGA (low viscosity) microparticles. Qd:Qc phase flow rate wa
Teller (BET) adsorption isotherm equation (Brunauer et al., 1938).
Each batch was analysed in triplicate.

2.10. In-Vitro CsA release

In-vitro CsA release was performed using a USP type IV flow
through apparatus based on a method described previously
(Bhardwaj and Burgess, 2010). The apparatus was equipped with
22.6 mm diameter cells and the temperature of the water bath was
maintained at 37 �C. The bottom of each cell was filled with 2.0 g of
1 mm sized glass beads to create a laminar flow profile. For release
studies, 40 mg of encapsulated CsA/PLGA or CsA/PEG-PLGA
containing approximately 6.7 mg of CsA was weighed out and
added to each dissolution cell. Release experiments were carried
out over 7 days using the closed loop system at a flow rate of 4 ml/
min. The dissolution media consisted of 250 ml of 0.1 M hydro-
chloric acid (HCL) and 0.5% (w/v) SDS (USP 32 CsA monograph).
Sink conditions were maintained throughout the experiment. pH
was adjusted to 7.4 using 37% (v/v) HCL. In the case of PLGA, 1 ml
samples were collected every 24 h and filtered through a 0.45 mm
membrane filter. In the case of PEG-PLGA, 1 ml samples were taken
at 1, 2, 3, 4, 6, 8, 12, and 24 h timepoints. All samples were
replenished with fresh media. In-vitro release experiments were
carried out in triplicate (n = 3). CsA was quantified using a validated
HPLC–UV method using a Kinetex1 C18 column (4.6 � 100 mm,
Phenomenex) at 214 nm. The flow rate of the acetonitrile:water
(50:50%, v/v) mobile phase was 1 ml/min with a sample injection
volume of 20 ml. The column temperature was maintained at 60 �C.

2.11. Encapsulation efficiency

Encapsulation efficiency (%EE) of the microparticles was
determined by dissolving 11 mg of microparticles in 1 ml of
dichloromethane. The solution was filtered through a 0.45 mm
filter and the filtrate was analysed at 214 nm by HPLC-UV. %EE was
evaluated by the following equation (Khan et al., 2013);
ormation in the MFFD device. (C) and (D) Optical and scanning electron microscopy
s 0.5:40 ml/h.
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%Encapsulation efficiency ¼ CsA encapsulated
CsA total

� 100

2.12. Data analysis

Results are expressed as the mean � standard deviation of three
different samples. The difference between the means were
assessed using one way analysis of variance (ANOVA) followed
by a post-hoc Student’s T-test. Results were considered statistically
significant at p < 0.05.

3. Results

3.1. Generation of PLGA based microparticles on silicon MFFDs

Silicon based Microfluidic Flow Focusing Devices (MFFDs) were
fabricated according to the protocol outlined in the methods
section. The design incorporated a flow focusing geometry, where
Qc flowed perpendicular to Qd. Initial studies were carried out to
assess the potential to generate uniform droplet formation in the
outlet channel of the MFFD device. Flow rates were optimised to
yield uniform, monodisperse microdroplet formation, with an
initial Qd:Qc flow rate of 0.5:40 ml/h, respectively. At high Qc

(40 ml/h), uniform droplet break up at the flow focusing channel
was observed. The microparticles formed were collected, dried and
visualised by electron microscopy. Highly uniform, spherical PLGA
microparticles were observed (Fig. 2d). Particle size analysis
confirmed the formation of a monodisperse size distribution, with
mean D(0.5) particle size of 24.77 � 0.96 mm and a coefficient of
variation of 3.87%. Furthermore, the silicon based chips demon-
strated significant improvements over comparable PDMS chips (in
house data not shown), as silicon was solvent resistant, re-usable
and capable of withstanding high fluid pressures.
Fig. 3. (A) Effect of polymer viscosity on microparticle size at an initial Qd:Qc phase flow r
using PLGA (low viscosity) polymer. (C) Effect of Capillary number on microparticle size 

was between 60 and 90 ml/h. Data represents the mean SD (n = 3). *p < 0.05; **p < 0.01
3.2. Optimisation of processing conditions to generate size tuneable
microparticles

The influence of formulation variables and fluid hydrodynamics
on microparticle sizes was investigated. Firstly, the impact of
disperse phase viscosity was evaluated utilising two different
grades of PLGA [low viscosity (0.32 dl/g) and medium viscosity
(0.55 dl/g)]. Both polymers were evaluated at 1%, 4%, and 8% (w/v)
concentration at a fixed Qd:Qc flow rate of 0.5:40 ml/h (Fig. 3a).
There was a significant decrease in microparticle size with low
viscosity PLGA, in comparison to medium viscosity PLGA (p < 0.05).
In addition, as polymer concentration increased, microparticle size
decreased. Although this trend was observed with both PLGA
grades, the size reduction was not significant at 4% and 8% (w/v)
concentration with low viscosity PLGA.

The impact of fluid hydrodynamics on microparticle size was
subsequently evaluated, by modifying Qd and Qc using 4% (w/v)
PLGA (low viscosity) concentration (Fig. 3b). The Qd flow rates
selected were 0.3, 0.6, and 1.2 ml/h and the Qc flow rates were 15,
30, and 60 ml/h. When Qd was 0.3 ml/h, the smallest microparticle
sizes were obtained when Qc flow rate was highest i.e. 60 ml/h
(7.62 � 0.24 mm). This was smaller than the microparticle sizes
obtained at Qd:Qc flow rates of 0.3:15 and 0.3:30 ml/h, respectively.
Furthermore, at a constant Qc flow rate, an increase in microparti-
cle size was observed with increasing Qd flow rate from 0.3 to
1.2 ml/h.

It has been previously reported that droplet formation is highly
dependent on viscosity and interfacial forces. The relationship
between Ca number and microparticle size was therefore
evaluated using 1% (w/v) low viscosity PLGA solution (Fig. 3c).
Results demonstrated that the smallest microparticles
(5.29 � 0.46 mm) were produced when Ca number was highest
(0.212). At low Ca numbers (0.141), microparticle size increased
ate of 0.5:40 ml/h. (B) Influence of Qd:Qc phase flow rate on microparticle formation
using 1% (w/v) PLGA (low viscosity) polymer. Qd flow rate was 0.5 ml/h. Qc flow rate
 vs polymer viscosity.



Fig. 4. Microparticle size and span distribution obtained with silicon MFFD devices
and compared against conventional production techniques. All experiments were
conducted using PLGA (low viscosity) polymer. Data represents the mean SD (n = 3).
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approximately 5-fold (23.99 � 1.81 mm). The calculated interfacial
tension between Qd and Qc was 29 mN/m, while the viscosity of Qc

was 1.28 mPa.

3.3. Comparison of MFFDs with conventional production techniques

PLGA microparticles prepared using silicon MFFDs were
compared to microparticles produced using both conventional
techniques (spray drying, ESE), based on previous published
procedures (Ramtoola et al., 2011; Sansdrap and Moës, 1993; Mao
et al., 2008). The composition of the microparticles prepared using
each processing technique is outlined in Table 2. As indicated in
Fig. 4, the size of the PLGA microparticles produced by MFFDs was
comparable in terms of D(0.5) to both spray drying and ESE.
However, the span of the size distribution, defined as the width of
microparticle size distribution at the 10th, 50th, and 90th
percentile (Coimbra et al., 2008), was significantly smaller
(1.53 � 0.07) with MFFDs compared to the conventional processing
techniques (5.39 � 0.60, 6.08 � 0.14, respectively) (p < 0.01). The
morphology and surface aspect of the PLGA microparticles
prepared using each technique was compared using SEM. The
electron micrographs confirmed the highly uniform and monodis-
perse size of PLGA based microparticles obtained using silicon
MFFDs (Fig. 5e and f), relative to both ESE and spray-drying
(Fig. 5a–d).

In terms of drug loading, %EE of CsA loaded PLGA microparticles
(95 � 5%) was significantly higher than either spray drying or ESE
(p < 0.01) (Table 3). The %EE of spray dried PLGA was only 54 � 5%,
which compared less favourably to ESE (69 � 2%). Drug release
characteristics of CsA from PLGA microparticles were evaluated in
a type IV flow through apparatus. As indicated in Fig. 6, %CsA
released from MFFD produced PLGA microparticles was lower
compared to the both ESE and spray drying. Although no
quantifiable CsA was detected for the first 2 days, from day 3
onwards, there was a gradual increase, which culminated in
approximately 6% released after 7 days (5.99 � 0.31%). By
comparison, %CsA released from ESE and spray drying during
the first 2 days were 4.94 � 2.55% and 2.21 �0.40%, respectively.
Cumulative release after 7 days was significantly higher at
20.51 �0.82% and 17.21 �1.12%, respectively (p < 0.001).

3.4. PEG-PLGA based microparticles produced using MFFDs

PEGylated PLGA based microparticles have attracted consider-
able interest as a means of providing a stearic surface barrier,
minimising uptake by the reticuloendothelial system (RES) and
prolonging the circulation half-life in blood (Karnik et al., 2008).
The inclusion of a hydrophilic PEG moiety may also influence
surface morphology and drug release characteristics (Ruan and
Feng, 2003). Thus, the potential to produce PEG-PLGA micro-
particles was subsequently evaluated using MFFDs. The mean
particle size of PEG-PLGA microparticles was 15.4 � 0.1 mm
(Table 3). This was approximately 2-fold larger compared to PLGA
(i.e. non-pegylated) using similar flow rates (Qd:Qc 0.5:60 ml/h).

SEM images revealed the formation of porous, uniform PEG-
PLGA microparticles using the MFFD technique (Fig. 7a and b). The
Table 2
Composition of the microparticles prepared using MFFD and conventional production 

Process conditions ESE 

PLGA conc. (% w/v) 4 

CsA loading (%) 16.7 

Solvent Phase DCM 

Aqueous phase (% w/v) 1% PVA 
highly porous ‘sponge-like’ structure was particularly noteworthy
and in contrast to the polydisperse, irregular shaped PEG-PLGA
microparticles produced using the ESE technique (Fig. 7c and d).
The difference in surface morphology most likely reflected the
controlled ‘bottom-up’ droplet formation with MFFDs vs the ‘top-
down’ high shear generated droplet formation associated with ESE.
Furthermore, as outlined in Table 3, MFFD produced PEG-PLGA
batches had a significantly higher specific surface area
(7.32 � 0.02 m2/g) compared to the same polymer produced using
ESE (1.26 � 0.01 m2/g) (p < 0.05).

Drug release from PEG-PLGA microparticles was significantly
faster than PLGA (p < 0.05) (Fig. 8). After 24 h, 96 � 4.29% and
92 � 2.21% of CsA was released from the polymer using MFFD and
ESE techniques, respectively. No significant difference in %CsA
released was observed between the two methods. By comparison,
the rate of release after 24 h from PLGA microparticles using the
spray drying, ESE and MFFD techniques was negligible
(0.56 � 0.33%, 0%, 0%, respectively). Hence, the incorporation of a
hydrophilic PEG side chain within the microparticle resulted in
faster CsA release.

4. Discussion

The control of size and surface characteristics on the bio-
distribution and release of drug loaded microparticles is important
to achieving an optimal pharmacokinetic effect (Kost and Langer,
2001). Therefore, there is a need to develop novel ‘bottom-up’
microfabrication techniques for the precise control of size and
shape of drug loaded microparticles. Microfluidic technologies are
emerging as innovative tools for controlling fluid dynamics in
microchannels, therein enabling size-tunable droplet formation
(Kang et al., 2008). The findings of the current study demonstrate
the potential of silicon MFFDs to advance the current state-of-the-
art in ‘bottom-up’ microparticle production processes and the
utility thereof in overcoming limitations of conventional ‘top-
down’ approaches for the production of monodisperse PLGA based
microparticles.
techniques.

Spray drying MFFD

4 4
16.7 16.7
DCM DCM
– 1% PVA



Fig. 5. Representative scanning electron microscopic images of PLGA (low viscosity) microparticles produced from various processing techniques. (A) and (B) spray drying, (C)
and (D) ESE (E) and (F) silicon MFFD.
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The ability to produce monodisperse microparticles using
MFFDs is dependent, however, on a number of key experimental
parameters that govern uniform droplet break up at the flow
focusing channel. Critical experimental parameters identified were
the flow rates, the ratio of Qd:Qc, polymer type and polymer
concentration. A clear relationship between fluid dynamics in the
Table 3
Results of processing conditions on the encapsulation efficiency, particle size and spec
mean SD (n = 3).

Process Encapsulation efficiency Actual yield 

% �SD % �S

ESE 69 2 73 2 

Spray drying 54 5 46 15 

Silicon MFFD 95** 5 73 3 

–

ESEa 68 1 76 2 

Silicon MFFDa 93** 2 76 6 

*p < 0.05 vs ESE.
**p < 0.01 vs spray drying and ESE.

a Microparticles produced using PEG-PLGA copolymer.
microchannels and microparticle size was demonstrated, with a
near linear relationship observed between Ca number and
microparticle size within the size range of 5–24 mm (Fig. 3c). A
similar relationship between Ca number and droplet size has
previously been reported, which reflects the impact of these
changes in Ca number on droplet break up (Tan et al., 2004).
ific surface area of PLGA and PEG-PLGA based microparticles. Data represents the

Particle size (mm) Specific surface (BET)

D d(0.5) �SD m2/g �SD

7.6 0.1 1.15 0.01
9.7 1.2 2.13 0.02
6.7 0.3 1.57 0.02

14.9 2.0 1.26 0.01
15.4 0.1 7.32* 0.02



Fig. 6. Comparison of in-vitro Ciclosporin A release profiles from PLGA micro-
particles prepared using silicon MFFDs and conventional ESE and spray drying
techniques. Data represents the mean � SD (n = 3).
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However, while a linear relationship between droplet size and Ca
number was evident at the flow rates used in the current study, it
cannot be inferred that at higher flow rates (i.e. increasing Ca)
further decreases in droplet sizes may be predicted. On the
contrary, Stan et al. (2009) demonstrated that over an extended
range of Ca numbers, the relationship between Ca and droplet size
was best predicted using a logarithmic model and that at higher Ca
numbers, droplet sizes appeared to plateau (Stan et al., 2009).

MFFDs offer a number of potential advantages in the production
of biodegradable microparticles, compared to conventional
technologies. The MFFD approach offered precise control of
microparticle size, with a monodisperse size distribution (i.e. less
polydispersity), compared to ESE and spray drying (Fig. 4). The
reduced shear stresses using MFFDs compared to ESE may assist in
maintaining the bioactivity of shear sensitive biopharmaceutical
Fig. 7. Scanning electron microscopy images of; (A) and (B) MFFD produced porous P
drugs, such as proteins (Xu et al., 2009). In addition, MFFDs
produced microparticles at ambient temperatures, unlike spray
drying, which utilises elevated temperatures to evaporate aqueous
and organic solvents. Furthermore, a change in microparticle size
was readily obtained by altering flow rates (i.e. Capillary number).
Conventional methods of manufacturing can lead to polydisperse
batch sizes, due to the random nature of microparticle formation
(Vladisavljevi�c et al., 2014). While a number of studies have
evaluated the impact of processing conditions on microparticle
size using both ESE and spray drying, the relationships obtained
were complex, involving a number of processing parameters (Rizi
et al., 2011;Nilkumhang and Basit, 2009).

Higher drug loading efficiencies were observed utilising the
MFFD approach (95 � 5%), relative to both ESE and spray drying,
most likely reflecting a greater extent of drug loss using the
conventional process techniques. In addition, processing via
MFFDs was found to influence drug release characteristics, with
a slower CsA release from PLGA microparticles compared to similar
size microparticles produced using the conventional “top-down”
techniques. The delayed release of CsA through the PLGA matrix
most likely reflects the rate limiting diffusional mass transport
through the polymer core. It is hypothesised that with the spray
drying and ESE processes, the continuous breakup of larger
droplets into smaller droplets may lead to more surface bound
drug and less homogenous drug distribution within the micropar-
ticle core. Consequently, drug release may be faster using these
approaches. However, the “bottom-up” approach using MFFDs
may result in less drug migration to the surface of the micro-
particles, more homogeneous distribution within the polymeric
core and slower drug release from the microparticles. This
hypothesis may also be used to support the observation of a
higher encapsulation efficiency obtained during processing via
MFFDs reflecting lower drug loss from the surface of the
microparticles into the external aqueous phase.

A comparison of PEG-PLGA microparticles produced using
MFFDs and ESE confirmed the potential of the MFFD approach to
EG-PLGA microparticles and (C) and (D) ESE produced PEG-PLGA microparticles.



Fig. 8. Comparison of in-vitro Ciclosporin A release profiles from PEG-PLGA
microparticles prepared using silicon MFFDs and conventional ESE. Data represents
the mean � SD (n = 3).
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influence the surface morphology of PLGA microparticles. The
benefits of incorporating a PEG moiety onto the PLGA structure
provides “stealth” properties for immune evasion, which may
therefore improve site specific delivery (Avgoustakis, 2004; Karnik
et al., 2008). PEG–PLGA has previously demonstrated enhanced
translocation and deposition in inflamed intestinal mucosa
compared to non-functionalised PLGA microparticles with poten-
tial therapeutic applications in inflammatory bowel disease (IBD)
(Lautenschläger et al., 2013). Highly porous and uniform PEG-PLGA
microparticles were produced using the MFFD approach (Fig. 7a
and b), displaying a larger surface area than non-pegylated
microparticles (7.32 � 0.02 m2/g, 1.57 � 0.02 m2/g, respectively).
Porous microparticles have previously demonstrated potential
applications in pulmonary drug delivery, given that the lung has a
large surface area (�100–140 m2) and a highly permeable
epithelium for absorption of microparticles >5 mm (Giovagnoli
et al., 2007).

The mechanism of drug release from PLGA based micro-
particles has been previously attributed to a diffusion controlled
process from the polymer matrix, followed by hydrolytic
degradation of the polymer (Ronneberger et al., 1996; Korber,
2010). In the case of PEG-PLGA, the hydrophilic PEG moiety has
been cited as one of the reasons for rapid release of CsA (Patel
et al., 2012). Formulations prepared using PEG undergoes initial
hydration to form an intermediate diffusion layer. This leads to
enhanced wetting of the microparticle, allowing water to
penetrate the surface. This subsequently results in the rapid
disintegration of the polymer matrix, eroding the polymer and
facilitating enhanced drug release (Patel et al., 2012). This was
characterised by an initial burst release, where approximately
85% of CsA was released within the first 2 h (Fig. 8). A recent study
demonstrated that erosion in the presence of PEG is faster than
formulations without PEG and can be controlled by either
increasing or decreasing the PEG content (Buske et al., 2012).

Although PDMS is the most commonly used material to
fabricate microfluidic chips due to its relative cost effectiveness
and ease of fabrication, it displays poor resistance to organic
solvents. A surface pre-treatment step (plasma oxidation) has
previously shown to increase the longevity of PDMS devices to
approximately 5 h (Xu et al., 2009). However, this is dependent on
the surface of the microchannels remaining hydrophilic, which
can gradually become hydrophobic upon exposure to organic
solvents. Another disadvantage of PDMS is its elasticity, which
can limit the incorporation of design features with specific aspect
ratios due to shrinking or sagging of the MFFD device (Sia and
Whitesides, 2003). Alternative microfluidic platforms have been
explored, including co-axial glass capillary microfluidic devices,
which have recently been reported for the production of
monodisperse PLGA-based microspheres (Wu et al., 2013).
Although optically transparent, the fabrication of co-axial glass
capillaries can be a labour intensive, manual microfabrication
process, which is not ideal for large scale-up applications
(Vladisavljevi�c et al., 2013). Results from the current study
demonstrate the suitability of silicon based MFFDs to withstand
the effects of organic solvents, which facilitated extended use and
re-use of the chips. This is an important consideration, where
continuous long-term operation is critical for industrial scale-up
applications of microfluidics technology (Vladisavljevi�c et al.,
2013).

5. Conclusions

In this study, CsA loaded PLGA and PEG-PLGA microparticles
were successfully prepared using silicon MFFDs. The findings from
this study demonstrate the utility of MFFDs for the precise control
of size and surface morphology of PLGA based microparticles over
an extended period of time. In these experiments, it was possible to
control the formation and size of the microdroplets at the flow
focusing channel. The results demonstrated that by modifying the
polymer type and Qd:Qc flow rates, microparticle size could be
successfully controlled using silicon MFFDs. A comparison against
conventional production techniques resulted in more uniform
microparticle sizes, with improved encapsulation efficiency and
slower drug release rates. Finally, novel PEG-PLGA microparticles
were produced using MFFDs, with a higher surface area, highly
porous morphology and faster drug release profile, relative to PLGA
microparticles that do not contain a hydrophilic PEG side chain.
The findings from this study demonstrate the efficacy of this
“bottom-up” microfabrication approach for the production of size-
tunable drug loaded PLGA-based microparticles and the utility
thereof in overcoming limitations of conventional “top-down”
approaches.
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