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A B S T R A C T

Poly(lactide-co-glycolide) (PLGA) microspheres are efficient delivery systems for controlled release of
low molecular weight drugs as well as therapeutic macromolecules. The most common microencapsu-
lation methods are based on emulsification procedures, in which emulsified droplets of polymer and drug
solidify into microspheres when the solvent is extracted from the polymeric phase. Although high
encapsulation efficiencies have been reported for hydrophobic small molecules, encapsulation of
hydrophilic and/or amphiphilic small molecules is challenging due to the partitioning of drug from the
polymeric phase into the external phase before solidification of the particles. This review addresses
formulation-related aspects for efficient encapsulation of small hydrophilic/amphiphilic molecules into
PLGA microspheres using conventional emulsification methods (e.g., oil/water, water/oil/water, solid/oil/
water, water/oil/oil) and highlights novel emulsification technologies such as microfluidics, membrane
emulsification and other techniques including spray drying and inkjet printing. Collectively, these novel
microencapsulation technologies afford production of this type of drug loaded microspheres in a robust
and well controlled manner.

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

Small drug molecules of biopharmaceutical classification type I
and III (hydrophilic or amphiphilic drugs) have good water
Fig. 1. Chemical structure of amphiphilic and hydrophilic small molecules used in thi
solubility and are extensively used for the treatment of various
diseases. Their clinical application can however be restricted due
to fast clearance or unfavorable biodistribution necessitating
frequent dosing (Chen, 2010; Vrignaud et al., 2011). The
s review. The images are arranged based on the order of mentioning in the text.
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therapeutic value of such compounds can be improved by
encapsulating these drugs into delivery systems, for example
polymeric microspheres, which allow sustained release and hence
a more patient-friendly dosing regimen. Biodegradable polymeric
microspheres possess several attractive features that contribute to
their widespread use in controlled drug delivery for a variety of
drugs, ranging from small molecules to proteins and plasmid DNA.
Microspheres can be administered relatively easily via subcutane-
ous or intramuscular injection, without the necessity of surgery.
Such locally injected depots provide long-term sustained drug
release, thus enabling the safe dosing of drugs with pharmacoki-
netics issues like rapid systemic clearance or with a narrow
therapeutic window (Chen, 2010; Vrignaud et al., 2011). Drug
loaded microspheres have also been administered with the
intention to overcome poor local distribution of drugs, for instance
by intracranial local injection or via administration in the eye
(Benny et al., 2005, 2009; Ford Versypt et al., 2013; Herrero-Vanrell
et al., 2014).

PLGA is a widely used biodegradable polymer for preparation of
drug-loaded microspheres (D’Aurizio et al., 2011a; Ozeki et al.,
2012; Shive and Anderson, 1997). It is commercially available in
different copolymer compositions, molecular weights and capping
groups which offers possibilities to tune degradation and drug
release kinetics (Casalini et al., 2014; Gasparini et al., 2010). The
common technology for the fabrication of drug-loaded PLGA
microspheres is emulsification e.g., oil/water (O/W), water/oil/
Table 1
Overview of encapsulation methods for preparation of PLGA microspheres loaded with

Drug Preparation method of
microspheres

Solvents for
organic phase

Comment 

Quinidine sulfate O/W emulsification Ethanol/DCM EE was impro

Risperidone O/W emulsification Methyl
dichloroacetate

Improved solv

5-fluorouracil W1/O/W2

emulsification
DCM Improved enc

Amoxicillin W1/O/W2 and S/O/W
emulsification

DCM
DCM

Solid dispersi

Lornoxicam S/O/W emulsification DCM Solid dispersi
Betamethasone
disodium phosphate

W/O1/O2 emulsification
W1/O/W2

Spray drying

Acetone, ethyl
acetate

Spray drying 

better EE than

Alendronate sodium W1/O/W2

W/O1/O2

S/O1/O2 emulsification

DCM; DCM/ACN EE was impro
external phas

Pamidronate sodium S/O1/O2 emulsification DCM/ACN EE was impro

Ciprofloxacin S/O1/O2 emulsification Acetone high EE obtai
non-aqueous 

Ganciclovir S/O1/O2 emulsification Acetone high EE was o

Rifampicin Membrane
emulsification

DCM Relatively mo
independent 

Rapamycin Membrane
emulsification

DCM microspheres
emulsification

Bupivacaine Co-flow capillary
device

DCM Homogenous 

Paclitaxel Ink jet printing N,N-
dimethylacetamide

Uniform shap

Triamcinolone Spray drying Acetone Spray dried m
Carmustine Spray drying DCM BCNU loaded 

subsequential
Gentamicin W1/O/W2

emulsification
DCM High EE was 

water phase
Haloperidol O/W emulsification DCM Acid terminat

PLGA.
5-fluorouracil S/O1/O2 emulsification DCM high EE were

phase
Imatinib mesylate W1/O/W2

emulsification
DCM high EE was a

water phase w
water (W1/O/W2), water/oil/oil (W/O1/O2), or solid/oil/water (S/O/
W). Apart from these conventional methods, novel emulsification
technologies such as microfluidics and membrane emulsification
have also been applied for the manufacturing of PLGA micro-
spheres (Falke et al., 2015; Kazazi-Hyseni et al., 2014; Ramazani
et al., 2015a,b; Xu et al., 2009b; Ye et al., 2010b; Zhang et al., 2011).
Other techniques of microparticle preparation, including spray
drying and inkjet printing are also discussed in this review
(Kolakovic et al., 2013; Marquette et al., 2014). These novel
technologies allow the production of drug loaded microspheres in
a robust and well controlled manner. Most of the examples
discussed in this review are PLGA-based microspheres loaded with
small hydrophilic and amphiphilic molecules (Fig. 1). Due to the
novelty of their processing methods, some hydrophobic small
molecules loaded microspheres or microspheres based on
polymers other than PLGA have also been exemplified. Encapsula-
tion of small hydrophilic and amphiphilic molecules in PLGA
microspheres using emulsification is challenging due to the
partitioning of the drug from the organic droplets to the larger
volume of the external water phase (Chaisri et al., 2009; Ng et al.,
2010b; Ramazani et al., 2015a). High encapsulation efficiency (EE)
and drug loading capacity (LC) are critical particularly for
expensive drugs and depots that provide prolonged drug release.
EE is expressed as the amount of encapsulated drug divided by the
amount of drug used for encapsulation. LC is the encapsulated
amount of drug divided by the total weight of drug and polymer
 small hydrophilic and amphiphilic drugs.

Reference

ved using ethanol as cosolvent Al-Maaieh and
Flanagan (2001)

ent extraction by aminolysis of organic solvent Sah and Lee (2006)

apsulation by reduction of inner water phase Parikh et al. (2003)

on of the drug using S/O/W method resulted in higher EE Xu et al. (2009a)

on resulted in high EE and LC Zhang et al. (2011)
and double emulsion with external organic phase showed

 W1/O/W2

Chaw et al. (2003)

ved by emulsification in liquid paraffin as non-aqueous
e

Nafea et al. (2007)

ved by emsulsification in non-aqueous external phase Weidenauer et al.
(2003)

ned was obtained with sorbitan monooleate (Span 80) as
external phase

Jeong et al. (2009)

btained with silicon oil as non-aqueous external phase Herrero-Vanrell
et al. (2000)

nodisperse microspheres were obtained, the EE was
of particle size

Ito and Makino
(2004)

 with narrow polydispersity were obtained by membrane Falke et al. (2015)

distribution of the drug in the microspheres Xu et al. (2009b)

e and size for each of the chosen geometries Lee et al. (2012)

icrospheres with up to 50% drug content were obtained da Silva et al. (2009)
microspheres were prepared by spray drying and
ly compression molded into wafers

Seong et al. (2003)

achieved by increasing the osmotic value of the external Chaisri et al. (2011)

ed PLGA showed higher EE compared to the ester capped Budhian et al.
(2005)

 achieved with paraffin oil containing lecithin as external Yeh et al. (2001)

chieved by lowering the solubility of the drug in external
ith high pH

Ramazani et al.
(2015)
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used for preparation of microspheres. In the first part of this study,
state-of-the-art technologies in microencapsulation are reviewed.
Table 1 summarizes the discussed drugs and encapsulation
methods. In the second part, process-related parameters are
discussed that are critical for obtaining high encapsulation
efficiency of small hydrophilic and amphiphilic molecules into
PLGA microspheres with a focus on emulsion solvent extraction/
evaporation-based methodologies.

2. Methods and strategies to encapsulate small hydrophilic and
amphiphilic drugs in PLGA microspheres

2.1. Aqueous emulsion solvent evaporation based methods

Hydrophobic drug molecules are often encapsulated in PLGA
microspheres by O/W solvent evaporation/extraction method
(D’Aurizio et al., 2011b; Wischke and Schwendeman, 2008). Both
the polymer and the drug are dissolved in a volatile organic
solvent, commonly dichloromethane (DCM), and the resulting
organic phase is emulsified under mechanical force in a continuous
aqueous phase which contains an emulsifier for instance poly
(vinyl alcohol) (PVA). Subsequently, as a result of solvent extraction
and evaporation, the primary droplets shrink and transform into
finally solid polymeric particles. To facilitate the encapsulation of
drugs that are poorly soluble in DCM, a variety of co-solvents (e.g.,
dimethyl sulfoxide, acetone, acetonitrile, dimethylformamide or
(m) ethanol) have been added to the polymer-DCM solution (Al-
Maaieh and Flanagan, 2001; Jaraswekin et al., 2007; Kazazi-Hyseni
et al., 2014). Utilizing water miscible cosolvents along with DCM
results in a relatively fast mass-transfer from the organic solvents
into the water phase and in a quick solidification of the particles. In
a study of Al-Maaieh and Flanagan (2001) it was shown that the EE
of quinidine sulfate, an antiarrhythmic drug, increased from 31% to
61%, resulting in a LC of 11% by using ethanol/DCM (1:5) instead of
DCM which only achieved a LC of 5%. The microspheres prepared
using ethanol/DCM or DCM as organic solvent were spherical with
a non-porous surface which released the drug in a sustained
manner for about one month. Additionally, the burst was higher for
microspheres prepared with only DCM instead of ethanol/DCM
(about 60% and 30% of the loading, respectively). Confocal
microscopy images of the fluorescent microspheres (quinidine is
fluorescent) showed that the drug was homogeneously distributed
in the polymer matrix when ethanol was used as a cosolvent, while
quinidine was heterogeneously distributed within and close to the
surface of the microspheres when only DCM was used. This
resulted in a higher burst release for microspheres prepared by
only DCM compared to DCM/ethanol. Sah et al. prepared PLGA
microspheres loaded with risperidone, an antipsychotic amphi-
philic drug, using methyl dichloroacetate (water solubility of 4.6 g/
l) instead of DCM (water solubility of 13 g/l) as solvent for the
dispersed phase. Methyl dichloroacetate will be hydrolyzed rapidly
into methanol and dichloroacetamide in diluted ammonia
solutions, which will enhance the speed of solvent extraction
from the formed emulsified droplets. This approach resulted in
microspheres with nearly 100% EE and 40% LC (Sah and Lee, 2006).
1HNMR, TGA and mass spectroscopy analysis showed that the
microspheres did not contain any significant amount of residual
methyl dichloroacetate demonstrating completely aminolysis of
the organic solvent. The cross-sectional view of the SEM images
displayed that the microspheres had a number of small inner
cavities. The authors did not investigate the in vitro drug release
from the microspheres, nor was it shown whether adding
ammonia to the aqueous phase causes hydrolysis of PLGA or
not. This is a concern since it has been suggested that aliphatic
polyesters are more susceptible to hydrolysis at alkaline pH (de
Jong et al., 2001; Göpferich 1996).
W1/O/W2 double emulsification is a practical approach to
encapsulate water-soluble drugs (Gaignaux et al., 2012; Ramazani
et al., 2015a; Ye et al., 2010b). First, an aqueous solution of the drug
is dispersed in the organic phase which contains the polymer. The
resulting primary W/O emulsion is subsequently dispersed into a
large volume of an emulsifier-containing external water phase.
Solidified microspheres are formed upon extraction and evapora-
tion of the organic solvent. The initial W1/O emulsion's stability is
of primary importance for obtaining high EE of the resulting
microspheres and is mostly governed by the volume ratio of the
inner water droplets (W1) to the volume of the organic phase.
When the inner water volume approaches the volume of the
organic phase the primary emulsion will break during subsequent
double emulsification and step solvent extraction steps, resulting
in polymeric particles with a low drug entrapment and a high burst
release (Rosca et al., 2004). Keeping the outer water phase’s
volume (W2) constant, the EE of 5-fluorouracil, a nucleoside
metabolic inhibitor, increased from 28% to 35% when the W1

volume decreased from 1.25 ml to 0.75 ml per 10 ml of organic
phase (Parikh et al., 2003).

As an alternative to double emulsification, solid drug particles
can be mixed into a polymer solution forming the initial drug-
containing dispersed phase. The S/O suspension can subsequently
be emulsified into polymeric droplets using similar procedures as
reported for the earlier discussed methods for preparing micro-
spheres. It is worth to mention that the drug particles have to be in
the lower micrometer range to enable their encapsulation in PLGA
microspheres, for instance by grinding, spray drying, spray freeze–
drying, lyophilization and/or utilizing supercritical fluids technol-
ogy (Martin and Cocero, 2008). Microspheres loaded with
amoxicillin, a b-lactam antibiotic, were prepared with either
W1/O/W2 emulsification or by S/O/W technique (Xu et al., 2009a).
EE of amoxicillin improved using the S/O/W technique from 35% to
61% as compared W1/O/W2 emulsification method with an
increase in LC from 7% to about 12% (Xu et al., 2009a). Moreover,
this method has been applied to encapsulate lornoxicam, a
nonsteroidal anti-inflammatory drug, into PLGA microspheres
with high EE (82%) and LC (12%) aimed for intra-articular drug
delivery (Zhang et al., 2011).

2.2. Non-aqueous emulsification methods

Aqueous emulsification of hydrophilic and amphiphilic mole-
cules in polymeric particles can be compromised by relatively high
drug flux into the continuous phase during the encapsulation
process. To circumvent this, emulsion systems with non-aqueous
external phases have been explored. In so-called W/O1/O2

emulsification methods a primary emulsion, prepared by an
aqueous solution of drug mixed with the polymer solution, is
dispersed into a large volume of a non-mixable organic oil which
contains a suitable emulsifier (e.g., cotton oil/lecithin). Using this
method, betamethasone phosphate disodium, a corticosteroid
drug, reached an EE of 78% in PLGA microspheres, while its
encapsulation was less than 15% using an aqueous W1/O/W2

emulsion method (Chaw et al., 2003). The EE of sodium
alendronate, an inhibitor of bone resorption, improved from 1%
for W1/O/W2 versus nearly 100% for W/O1/O2 and 86% for S/O1/O2

emulsification with liquid paraffin as external organic phase and
4% Span 85 as emulsifier (Nafea et al., 2007). The poor
encapsulation of alendronate using W1/O/W2 was attributed to
the high water solubility of this hydrophilic drug which favored its
partitioning into the external water phase before hardening of the
polymeric particles.

S/O1/O2 method employs micronized drug particles, similar as
described above for S/O/W preparation of polymeric microspheres.
While double emulsion methods with external water phases (W1/
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O/W2, S/O/W) failed to encapsulate sufficient amounts of
pamidronate disodium, a hydrophilic bisphosphonate drug for
preventing osteoporosis, the S/O1/O2 method resulted in a high EE
(�87%) and LC (�30%) of the drug (Weidenauer et al., 2003).
Similar approaches, using emulsion systems with external organic
phases, have been applied to encapsulate ciprofloxacin, a quino-
lone antibiotic, (Jeong et al., 2009) and ganciclovir, an antiviral
nucleoside analogue, (Herrero-Vanrell et al., 2000) into PLGA
microspheres. The S/O1/O2 method resulted in a high EE (98% and
95%) and LC (9.8% and 8.5%) of ciprofloxacin and ganciclovir loaded
microspheres, respectively.

2.3. Membrane emulsification procedures for preparation of
monodisperse microspheres

The particle size and size distribution are important for
controlling the microparticle degradation as well as release
kinetics of an encapsulated drug (Fredenberg et al., 2011; Tran
et al., 2011). The particle size distribution is also an important
factor in the in vivo fate of the particles by influencing the foreign
body reaction. Small microspheres (�5 mm) are phagocytosed,
while large microspheres (�30 mm) are not (Carr et al., 2012;
Schmidt et al., 2013; Zandstra et al., 2014). Therefore, controlling
the average particle size and size distribution can result in a better
batch-to-batch reproducibility and optimized therapeutic efficacy.
Recent advancements in microspheres manufacturing technology
Fig. 2. Schematic representation of membrane emulsification techniques for fabrica
approach. An organic phase containing drug and polymer is dispersed over the memb
emulsification approach. A primary W/O emulsion is formed by mixing the aqueous d
emulsion is subsequently processed over the membrane to generate monodisperse drople
permission from Elsevier.
permit the preparation of monodispersed microspheres with
controlled particle size distribution (Acharya et al., 2010; Ito et al.,
2010; Kazazi Hyseni et al., 2015; Tran et al., 2011).

One of the novel approaches for the fabrication of monodis-
perse microspheres is membrane emulsification (Makino et al.,
2004). The basic principle of microencapsulation using membrane
emulsification (ME) is similar to the previously described
emulsification methods. In ME, small droplets of the organic
phase are formed at the membrane pore openings and detach from
the membrane surface by the shear stress of continuous phase.
Depending on the process, microspheres can be formed by either
O/W or W1/O/W2 methods (Fig. 2). In the O/W membrane
emulsification approach, a continuous phase (emulsifier contain-
ing water) is flowing over the membrane through which the
dispersed phase (drug dissolved in polymer solution) is pumped,
resulting in the formation of emulsified droplets of uniform size. In
double W1/O/W2 membrane emulsification method, the primary
emulsion (W1/O) is formed by mixing the aqueous drug solution
into an organic solution (e.g., PLGA in DCM) using a homogenizer.
The W1/O emulsion is subsequently processed over the membrane
to generate monodisperse droplets (Qi et al., 2014; Vladisavljevi�c
and Schubert, 2003).

Shirasu Porous Glass (SPG) is the most commonly used
membrane for the preparation of monodisperse microspheres
(Vladisavljevi�c and Williams, 2005). The membranes are designed
by a phase separation process of calcium aluminum borosilicate
ting monodisperse microparticles. Upper panel: O/W membrane emulsification
rane into a continuous water phase. Bottom panel: double W1/O/W2 membrane
rug solution into an organic solution using conventional homogenizer. The W1/O
ts. Modified from Kazazi-Hyseni et al., (2014) Pharm. Res. 31 (2014) 2844–2856 with
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glass heated at 1350 �C and subsequent acid leakage to form the
membrane (Tran et al., 2011). The membranes are compatible with
different emulsions (O/W, W1/O/W2, S/O/W, and S/O1/O2) by
changing the surface chemistry to tune the hydrophilicity/
hydrophobicity balance of the membrane surface (Tran et al.,
2011). Using SPG membrane technology rifampicin loaded PLGA
microspheres with a narrow size distribution was obtained (Ito and
Makino, 2004). The EE of rifampicin ranged from 50–67% and it
was independent of the microsphere size. However, the release of
rifampicin was faster for microspheres of about 2 mm compared to
particles with average size of 9 mm. Nanomi company has
developed novel silicone-based membranes (MicrosievesTM)
fabricated by photolithographic technique (Mao et al., 2008).
The surface properties of this type of membranes can similarly be
altered as reported for SPG membranes. In a recent study of Falke
et al. using (2015) MicrosievesTM technology, rapamycin-loaded
monodisperse microspheres were fabricated by membrane sieving
technology. The resulting rapamycin-loaded microspheres had an
average particle size of (35 � 5 mm) and 14% LC of rapamycin. The
microspheres released rapamycin for about 12 days in an in vitro
release study.

2.4. Microfluidics for preparation of monodisperse microspheres

Monodisperse polymeric microspheres have also been pro-
duced by microfluidic technologies (Kang et al., 2008; Perez et al.,
2015). The microfluidic devices can be classified into co-flow
capillary devices, flow-focusing capillary devices and the combi-
nation of these two principles as depicted in Fig. 3 (Shah et al.,
Fig. 3. Schematic demonstration of microfluidic devices for fabricating monodisperse m
combination of co-flow and flow focusing for fabricating particles with W1/O/W2 emuls
(2008) 18–27.
2008). This figure shows a schematic drawing of microfluidic
devices for preparation of monodisperse particles using either
single or double emulsion techniques. In co-flow capillary devices
(Fig. 3A), the aqueous phase (e.g., PVA in water) is introduced into
the two side channels and the organic phase that contains drug and
polymer is directed into the central channel of the device, using
syringe pumps with constant flow rates. Monodisperse emulsion
droplets are continuously formed at the junction points of the
combined microfluidic channels. (Perez et al., 2015; Shah et al.,
2008).

Xu et al. (2009b) used a co-flow capillary device for preparation
of microspheres loaded bupivacaine, an amphiphilic local anes-
thetic drug. In their study, microspheres with defined sizes,
ranging from 10–50 mm depending on the applied flow rates were
engineered by co-flow microfluidics emulsification, with very low
polydispersity, while conventional emulsification produced par-
ticles with a broad size range. More importantly, striking differ-
ences were observed in the bupivacaine release profile of the
microspheres produced by these techniques, with lower burst
release and also overall lower release rates for the fluidics-based
microspheres. The authors suggested that a more homogenous
distribution of the drug in the microspheres prepared by micro-
fluidics contributed to the lower burst release, as well as the
absence of very small particles that are normally present in
microspheres prepared by conventional emulsification.

In flow-focusing capillary devices, the two fluid phases (i.e.,
organic phase containing drug and polymer and continuous water
phase) are introduced from opposite directions into the micro-
fluidic mixing cell (Fig. 3B). The internal organic phase is flow
icroparticles. A: co-flow capillary device, B: flow-focusing capillary device and C:
ion method. Modified with permission from Shah et al., (2008) Materials Today. 11
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focused hydrodynamically by the external aqueous fluid through
the orifice. As the organic phase enters the orifice, it breaks up (by
dripping or under jetting conditions) to generate monodisperse
emulsion droplets (Tran et al., 2011). Compared to the conventional
O/W emulsion method, blank PLGA microspheres that fabricated
by flow focusing technique were narrower in particle size
distribution (Perez et al., 2015).

Double emulsion based microspheres have also been prepared
by microfluidic flow focusing techniques with the combination of a
co-flow and flow focusing apparatus (Fig. 3C). Briefly, the inner
water phase (i.e., the phase that contains the drug dissolved in
water) is pushed through a narrowing circular tube delivering
small water droplets into the organic phase that is processed in a
flow-focusing device, thus forming W1/O/W2 emulsion droplets
(Marre and Jensen, 2010; Shah et al., 2008; Tu and Lee, 2012). Utada
et al. (2005) used such a microfluidic device for preparing
monodisperse microspheres that contained a single inner droplet
in a core-shell geometry. Despite the limited production scale of a
single microfluidic device (�50–300 mg/h), scaling up of this
technology is certainly possible by operating multiple microfluidic
devices in parallel simultaneously.

2.5. Ink jet printing for manufacturing microspheres with desired
shape

Inkjet printing (IJP) is a method for manufacturing differently
shaped devices (Agarwal et al., 2012; Kolakovic et al., 2013; Lee
et al., 2012) and can be classified into continuous and drop-on-
demand approaches. In the continuous approach, using a high-
pressure pump, a liquid ink (drug and polymer solution dissolved
in an organic solvent) is released through an orifice with defined
diameter (typically 50–80 mm) creating a constant current of ink.
The stream of ink breaks down into micro-droplets using a
piezoelectric crystal or by heating. In thermal IJP, small volumes of
the ink solvent are vaporized by a micro-heater creating the pulse
that ejects droplets from the printer head. In piezoelectric inkjet
printing, an electric current is applied to the ink in the nozzle by a
piezoelectric actuator causing a shock wave that pushes out the ink
through the nozzle (Fig. 4A). Ink viscosity and surface tension will
affect the geometry and size of the final particles. The viscosity of
the ink should be low (< 20 cP) as the piezoelectric printer used for
preparation of such particles has only low jetting power (Lee et al.,
2012; Sumerel et al., 2006). Moderate surface tension (30–70 mN/
m) of the ink is required for obtaining well defined printed
microspheres (Shah et al., 2008). Low surface tension causes
dripping of the ink from the outlet and high surface tension is not
good for proper distribution of the ink over the substrate. In drop-
Fig. 4. Production of drug-loaded PLGA microstructures by inkjet printing technology. A
controlling ink flow. B: Fluorescence microscopy images of paclitaxel-loaded PLGA micro
printed microparticles. Modified from Lee et al., (2012) Int. J. Pharm. 427 (2012) 305–3
on-demand method, drops of ink are only ejected as required while
in continuous mode printers, droplets are propelled in constant
manner. In the drop-on-demand method, thermal elements or
piezoelectric crystals are also used to break down the ink to
particles.

Printing technology allows the production of well-defined
structures with unique control over the three-dimensional
properties of the obtained products. Although best known for
production of larger constructs, 3D printing has also been applied
for the preparation of drug-loaded microspheres. Lee et al. (2012)
printed paclitaxel loaded with PLGA microspheres with diverse
shapes as shown in Fig. 4 using a continuous mode piezoelectric
printer. The ink used for printing of these microspheres consisted
of paclitaxel and PLGA dissolved in N,N-dimethylacetamide
(DMAc), a non-volatile solvent. The resulting microspheres with
10% LC showed a fairly uniform shape and size for each of the
chosen geometries (Fig. 4B). It is worth noting that the authors did
not check the residual content of organic solvent in the formed
microspheres. According to the United States Pharmacopeia (USP),
DMAc is classified as class 2 solvent and its content in formulations
should be limited to 1090 ppm. One of the attractive findings of the
above study is that the release rate of paclitaxel correlated nicely to
the total surface area of the printed particles, as determined using a
surface profilometer. It was found that the drug release was highest
for particles with a relatively larger surface area, with lowest
release for spherical particles (circle) and highest release for
relative open microstructures like grid and honeycomb printed
microspheres. (Fig. 4C) (Lee et al., 2012).

Regarding the ‘ink’ formulation, it is worth to mention that the
viscosity and surface tension plays a crucial role in the printing
process. As mentioned above, ink viscosity and surface tension will
affect the geometry and size of the final particles. There is no
optimum value for the viscosity and surface tension in inkjet
printing as they are dependent on the printer devices. Compared to
volatile solvents, organic solvents with high boiling points such as
DMSO (Scoutaris et al., 2011) and isobutanol (Tarcha et al., 2007)
are shown to prevent nozzle clogging during printing.

2.6. Spray drying techniques for preparation of microspheres

Spray-drying has intensively been studied for the production of
protein and plasmid DNA loaded microspheres (Daugherty et al.,
2011; Gavini et al., 2004; Marquette et al., 2014; Ye et al., 2010a).
This technology has also been applied for the encapsulation of
small molecules (Beck-Broichsitter et al., 2015; Chaw et al., 2003;
da Silva et al., 2009; Seong et al., 2003). Microdroplets of W/O
emulsions (i.e., emulsions containing the drug in the inner water
: schematic representation of the inkjet system which contains a Piezo element for
particles with different shapes. The scale bar is 500 mm. C: in vitro release profiles of
10 with permission from Elsevier.
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phase and the polymer in the organic phase) can be spray dried
using an appropriate nozzle, with a proper inlet/outlet tempera-
ture, to form microspheres. Such an approach is also feasible for or
any of the other types polymeric formulations discussed, like
dispersions of micronized drug particles in the polymer-containing
organic phase. Since no outer solvent phase is used in such a spray
drying process, high EE can be reached for hydrophilic and
amphiphilic drugs, as was demonstrated for betamethasone
phosphate (EE >90%, as compared to only 15% when emulsified
by conventional W1/O/W2 method) (Chaw et al., 2003). Similarly
high EE (90–98%) and LC (�50%) were achieved for spray-dried
PLGA microspheres of triamcinolone, a corticosteroid drug, (da
Silva et al., 2009). Moreover, spray drying technique was utilized to
encapsulate carmustine (BCNU), an anti-cancer drug, into PLGA
microspheres with about 90% encapsulation efficiency (Seong
et al., 2003). BCNU was released in vitro (pH 7.4 phosphate buffered
saline) from these microspheres up to 8 weeks.

Spray drying is a relatively simple and versatile method for
large-scale production of microspheres. However, it has its
drawbacks for temperature-sensitive drugs and for small batch
production (i.e., lab scale) as in this case the yield is usually low.

3. Optimization of formulation parameters to improve drug
encapsulation efficiency using emulsification methods

The solidification time is one of the mostly discussed factors
regarding encapsulation efficiency of drugs in PLGA microspheres
prepared using emulsion solvent evaporation methods (Katou
et al., 2008; Ng et al., 2010a; Yeo and Park, 2004). The solidification
of microspheres occurs in two steps, namely extraction and
evaporation. Since drug partitioning in the continuous phase
substantially retards when the polymer droplets have solidified,
process and formulation parameters which accelerate the solidifi-
cation of the particles will improve the EE of amphiphilic and
hydrophilic drugs (Ng et al., 2010a; Yeo and Park, 2004). Important
factors that contribute to the rate of solvent extraction/evaporation
are the solubility of the organic solvent in the external water phase,
its boiling point and the volume ratios of the dispersed phase and
continuous phase. The effect of these parameters and several other
factors that play a role in microsphere solidification and
consequently in drug encapsulation efficiency are addressed in
the following sections.

3.1. The influence of polymer concentration, molecular weight and
composition

Polymer molecular weight and concentration are positively
correlated to the organic phase’s viscosity that subsequently
correlates to the drug diffusion constant (Katou et al., 2008). A high
viscosity of the organic phase, either by using polymers of
relatively high molecular weight or by using high concentrations of
the polymer will result in high EE. Chaisri et al. (2011) showed that
increasing the PLGA concentration in DCM from 10% to 15%
resulted in an increase in gentamicin, an aminoglycoside
antibiotic, EE from 17% to 68%. A higher polymer concentration
does not only increase the viscosity of the organic phase but also
result (at the same solvent evaporation kinetics) in a faster
solidification of the PLGA droplets.

It has been shown that for PLGA, an increase in lactide/glycolide
ratio and a decrease in polymer molecular weight increases its
solubility in DCM (Yeo and Park, 2004). Furthermore, PLGA is
commercially available with either a terminal free carboxylic group
or an ester terminated (‘end-capped’ PLGA) group (Tracy et al.,
1999). End-capped PLGA usually has a methyl, ethyl or lauryl ester
and has a better solubility in DCM as compared to acid terminated
polymers (Yeo and Park, 2004). Budhian et al. (2005) loaded
haloperidol, an amphiphilic antipsychotic drug, into PLGA using O/
W emulsion solvent evaporation. The EE was 30% using acid
terminated PLGA as compared to 10% in particles based on capped
PLGA. The authors proposed that the interaction of haloperidol
with the carboxylic acid end groups of PLGA results in slower drug
diffusion from the polymeric particles prepared with acid
terminated PLGA. Based on the molar ratio of acid terminated
PLGA to haloperidol (1/3), about 30% of the loaded drug had the
ability to interact by hydrogen bonding with PLGA. However, the
authors did not verify the presence of hydrogen bonding between
the drug and the polymer by means of analytical techniques such
as FTIR spectroscopy (Blasi et al., 2007).

3.2. Solubility of drug in the external phase

Different approaches have been applied to decrease the efflux of
amphiphilic drugs into the external water phase. The encapsula-
tion of quinidine sulfate increased by adding different salts (NaCl,
NaBr, NaSCN, NaClO4 and Na2SO4) to the external medium (Al-
Maaieh and Flanagan, 2001). The EE of quinidine sulfate was 31%
without adding salt in the outer phase, whereas it increased up to
100% by adding 0.5 M NaSCN to the external water phase. Adding
Ca2+ as counter ion of alendronate to the external phase improved
the EE of alendronate from 4.5% (without using Ca2+) to 83.4% (by
using 1/2 alendronate/calcium ratio) (Cohen-Sela et al., 2009). The
High EE can be explained by the reduced alendronate solubility in
the organic/aqueous interphase. Ca2+ most likely neutralizes the
drug charge by coupling to the phosphate groups of alendronate.
The bis-alendronate calcium salt is more hydrophobic than sodium
alendronate, thus explaining its efficient partitioning into the
organic phase.

The water solubility of ionizable drugs is highly dependent on
the pH (Ramazani et al., 2015b). For efficient encapsulating of such
drugs, one should use an external buffer with pH that favors a high
logD of the drug, i.e., a pH at which the drug carries no net charge
and thus has the lowest aqueous solubility. On the other hand, the
pH of inner water phase has to be adjusted to a pH at which the
drug is charged. A charged drug has a higher water solubility and
this results in microspheres with high LC (Al-Maaieh and Flanagan,
2001; Labouta et al., 2009; Ramazani et al., 2015a). Imatinib
mesylate, a bcr-abl kinase inhibitor, was formulated in PLGA
microspheres with high EE and LC by optimizing the pH of the
internal (W1) and external (W2) water phases (Ramazani et al.,
2015a). The W2 consisted of buffers with pH values ranging from
5.0–9.0 which contained 1% PVA as emulsifier. It was found that the
EE of imatinib was significantly pH dependent: the EE was 10% at
pH 5.0 which increased to 90% for a pH 9.0 of W2 phase while the
pH of W1 phase was rather acidic (pH 5.0). Interestingly, only 4% of
mesylate, its counter ion, was encapsulated in the microspheres at
the same situation (W2 of pH 9.0). It was concluded that since
mesylate is extremely water soluble, it will not partition into the
organic phase. Conversely, imatinib, with a pKa of about 8, is
uncharged at pH 9.0 which can explain its high EE when the
particles were prepared using an external water phase of pH 9.0. To
avoid possible hydrolysis of the ester bonds of PLGA during
preparation of microspheres at high pH (Göpferich, 1996; Makadia
and Siegel, 2011), the external buffer was replaced by a buffer of pH
7.0 after solidification of the microspheres. In conclusion, adjusting
the pH of water phase is a key in improving the encapsulation
efficiency of ionizable drugs.

3.3. The effect of emulsifiers

In the W1/O/W2 emulsion method, the stability of the initial
W1/O emulsion is an important factor in achieving high EE of water
soluble drugs. The stability of the inner W1/O emulsion can be
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enhanced by adding emulsifiers such as PVA to the primary
emulsion. Such emulsifiers can however also increase the
solubility of drugs in the external W2 phase, thus leading to low
encapsulation efficiencies especially when concentrations above
their critical micelle concentration (CMC) are used (Giunchedi
et al., 1998). For example, increasing lecithin concentrations from
0.05% to 2% in the W2 phase resulted in a decrease in EE of 5-
fluorouracil from 79% to 35% (Yeh et al., 2001).

4. Conclusion

The present article provides an overview of methodologies for
the encapsulation of small hydrophilic and amphiphilic drugs into
PLGA microspheres. Furthermore, formulation-related parameters
which are important for efficient encapsulation of small hydro-
philic and amphiphilic molecules into PLGA microspheres are
discussed. Hydrophobic small drug molecules, due to their
inherently high logP, typically have a high EE in emulsion solvent
extraction/evaporation methods. On the other hand, hydrophilic
and amphiphilic compounds, with low to intermediate log P, have a
tendency to distribute into the excess of the external water phase,
which often results in low encapsulation efficiency. Therefore, the
development of new methods or improving the existing methods
for improving the encapsulation of small hydrophilic and
amphiphilic drugs in PLGA microspheres is of great interest. The
main factors involved in the preparation of PLGA microspheres
with high encapsulation efficiency are the PLGA concentration in
the organic phase, PLGA molecular weight and composition, the
water miscibility of the organic solvent and/or cosolvents that have
been utilized to dissolved the polymer or the drug, the type and
concentration of emulsifier and the pH of internal/external water
phases in case of ionizable drugs. In addition, water-free
methodologies such as emulsion with external organic phases,
spray drying and inkjet printing can produce microspheres with
high encapsulation efficiency. Novel double emulsion procedures
using microfluidics devices that can produce microspheres in a
robust and well controlled manner with controlled inner droplets
size are promising for efficient encapsulation of water soluble
drugs. These technological advancements in the field of particle
production can increase the number of long-acting small
molecules formulations entering the market in the near future.
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