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a  b  s  t  r  a  c  t

Lipid–polymer  hybrid  nanoparticles  –  polymeric  nanoparticles  enveloped  by  lipid  layers  –  have  emerged
as  a potent  therapeutic  nano-carrier  alternative  to liposomes  and  polymeric  nanoparticles.  Herein  we
perform  comparative  studies  of  employing  spray  drying  (SD)  and  spray  freeze  drying  (SFD)  to produce
inhalable  dry-powder  form  of  drug-loaded  lipid–polymer  hybrid  nanoparticles.  Poly(lactic-co-glycolic
acid),  lecithin,  and  levofloxacin  are  employed  as  the polymer,  lipid,  and  drug  models,  respectively.  The
hybrid nanoparticles  are  transformed  into  micro-scale  nanoparticle  aggregates  (or  nano-aggregates)  via
SD  and  SFD,  where  the  effects  of  (1)  different  excipients  (i.e.  mannitol,  polyvinyl  alcohol  (PVA),  and
leucine),  and  (2)  nanoparticle  to excipient  ratio  on  nano-aggregate  characteristics  (e.g. size,  flowability,
aqueous  reconstitution,  aerosolization  efficiency)  are  examined.  In both  methods,  PVA is  found  more
ry powder inhaler
eucine

effective  than  mannitol  for aqueous  reconstitution,  whereas  hydrophobic  leucineis  needed  to  achieve
effective  aerosolization  as it reduces  nano-aggregate  agglomeration.  Using  PVA,  both  methods  are  equally
capable of  producing  nano-aggregates  having  size,  density,  flowability,  yield  and  reconstitutibility  in  the
range ideal  for  inhaled  delivery.  Nevertheless,  nano-aggregates  produced  by SFD  are  superior  to  SD  in
terms  of their  aerosolization  efficiency  manifested  in  the  higher  emitted  dose  and  fine  particle  fraction
with  lower  mass  median  aerodynamic  diameter.

© 2012 Elsevier B.V. All rights reserved.

Nomenclature

�bulk bulk density (g/cm3)
�eff effective density (g/cm3)
�S unit density (1 g/cm3)
�tap tap density (g/cm3)
dA measured aerodynamic diameter from cascade

impactor (�m)
dA, theory theoretical aerodynamic diameter calculated from

Eq. (1) (�m)
. Introduction

Pulmonary delivery of therapeutic nanoparticles has recently
ained significant interests because of its bioavailability enhance-
ent potential attributed to the unique ability of nanoparticles

o evade the lung phagocytic and mucociliary clearance mech-
nisms resulting in prolonged drug residence time (Rogueda
nd Traini, 2007). A majority of studies on inhaled therapeu-
ic nanoparticles employ polymeric nano-carriers, in particular
oly(lactic-co-glycolic acid) (PLGA), owed to its well-established
iocompatibility and biodegradability. Specific to dry powder
nhaler (DPI), the extensive use of PLGA nanoparticles as carriers
re even more evident.

Abbreviations: CI, cohesion index; DCM, dichloromethane; DPI, dry powder
nhaler; ED, emitted dose; FPF, fine particle fraction; GRAS, generally recognized as
afe;  IP, induction port; LC, lecithin; LEU, leucine; MMAD, mass median aerodynamic
iameter; NGI, next generation impactor; NP, nanoparticles; PCS, photon correlation
pectroscopy; PDT, powder dispatchment tube; PLGA, poly(lactic-co-glycolic acid);
S, pre-separator; PVA, polyvinyl alcohol; SD, spray drying; SEM, scanning electron
icroscope; SFD, spray freeze drying.
∗ Corresponding author. Tel.: +65 6514 8381; fax: +65 6794 7553.

E-mail address: kunnong@ntu.edu.sg (K. Hadinoto).
1 These authors contributed equally to this work.

dG geometric diameter (�m)
Sf nanoparticle size after aggregate reconstitution

(nm)

378-5173/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.12.045
Si raw nanoparticle size before SD or SFD (nm)
Tg glass transition temperature (◦C)

Unlike other biocompatible and biodegradable polymers (e.g.
polycaprolactone), PLGA nanoparticles are structurally robust and
thermally insensitive, such that they can be transformed from the

aqueous suspension form into inhalable dry powders by spray dry-
ing, without the need of rigorous formulation steps other than
inclusion of drying adjuvants, while preserving their physico-
chemical characteristics (e.g. size, drug loading). A number of DPI

dx.doi.org/10.1016/j.ijpharm.2011.12.045
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:kunnong@ntu.edu.sg
dx.doi.org/10.1016/j.ijpharm.2011.12.045
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Fig. 1. Illustration of drug-loaded lipid–polymer hybrid nanoparticles.
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freeze drying) to produce inhalable PLGA–LC nano-aggregates. The
spray-freeze-dried and spray-dried nano-aggregates are exam-
ined in terms of their morphology, production yield, flowability,
ormulations of spray-dried PLGA nanoparticles in the form of
icro-scale spherical aggregates of the nanoparticles have been

resented for various therapeutic functions ranging from drug
Ohashi et al., 2009; Sung et al., 2009; Tomoda et al., 2009) to gene
Jensen et al., 2010; Takashima et al., 2007) deliveries.

Recently, a new class of therapeutic nano-carriers known as
ipid–polymer hybrid nanoparticles has emerged as a potentially

ore potent alternative to polymeric nanoparticles. Lipid–polymer
ybrid nanoparticles are polymeric nanoparticles enveloped by

ipid layers (Fig. 1), which combine the main beneficial char-
cteristics of liposomal drug delivery – cell affinity and cell
argeting ability – with those of polymeric nanoparticles –
tructural integrity, controlled release, and ease of functional-
zation to achieve high serum stability (Zhang et al., 2008).
urthermore, hybrid nanoparticles are generally more hydropho-
ic than surfactant-stabilized polymeric nanoparticles resulting in

ncreased cell uptake and lower cytotoxicity (Su et al., 2011). In
ddition, the inclusion of lipid coat enables the hybrid nanoparticles
o encapsulate not only water-insoluble drugs, but also water-
oluble drugs with greater encapsulation efficiency (Cheow and
adinoto, 2011).

Unsurprisingly, PLGA has been the most widely used polymer
or the hybrid nanoparticle formulation (Bershteyn et al., 2008;
heow and Hadinoto, 2011; Hu et al., 2010; Zheng et al., 2010).
ybrid PLGA nanoparticles are typically prepared by a modified
mulsification method, similar to that employed in the non-hybrid
LGA nanoparticle preparation. Whereas polyvinyl alcohol (PVA)
s used as the surfactant stabilizer in non-hybrid PLGA nanoparti-
les owed to its high biocompatibility, both natural and synthetic
hospholipids are used, in place of PVA, to prepare hybrid PLGA
anoparticles.

Herein we investigate the feasibility of creating DPI formulation
f lipid–polymer hybrid nanoparticles containing PLGA and lecithin
LC) as the polymer and lipid constituents, respectively. Lecithin is

 component of cell membranes and has been incorporated into
arious pharmaceutical products, mostly as an emulsifying or sol-
bilizing agent in intramuscular and intravenous injectables (Wade
nd Weller, 1994). Instead of the conventional DPI formulation,
hich employs coarse inert particles as the carriers of drug-bearing
articles, we aim to formulate the PLGA–LC nanoparticles into
icro-scale nanoparticle aggregate (or nano-aggregate) structures

or carrier-free DPI delivery. The nano-aggregates possess large
eometric size (dG) and low density (�eff) resulting in theoretical
erodynamic diameter (dA, theory in Eq. (1)) between 1 and 5 �m
deal for pulmonary delivery. The large d (>5 �m)  of the nano-
G
ggregates make them readily aerosolized off the inhaler without
harmaceutics 424 (2012) 98– 106 99

the need of coarse carrier particles, while remain effectively deposit
in the lung owed to the small dA, theory (Sung et al., 2009).

dA, theory = dG

√
�eff

�S
where �S = 1 g/cm3 (1)

In addition to the aerosolization and lung deposition efficiency,
another important characteristic of the nano-aggregates is their
ability to reconstitute back into individual nanoparticles once
they deposit in the aqueous environment of the airway lumen.
Nano-aggregate reconstitutibility is crucial for the nanoparticles
to evade the lung clearance mechanisms, therefore maintaining
their therapeutic functions. To ensure nano-aggregate reconstitu-
tion, Generally Recognized as Safe (GRAS) excipients (e.g. lactose,
leucine) are typically included in the spray drying process, where
the roles of the excipients are as (1) drying adjuvants that protect
the structural integrity of the polymeric nanoparticles upon expo-
sure to high temperature and (2) “interstitial bridges” that occupy
the interstitial space between the nanoparticles, hence preventing
the polymeric nanoparticles from forming irreversible interparticle
fusion upon heating above their glass transition temperature.

In an aqueous environment, the “interstitial bridges” would
dissolve, therefore releasing the nanoparticles from the aggre-
gate network. The extent of the reconstitution depends on the
hydrophilicity of the excipients. Unlike spray-dried PLGA–PVA
nano-aggregates, which readily disassociate in water even when
poorly water-soluble leucine (≈25 mg/mL) is used as the excip-
ient, our preliminary results on spray drying of hybrid PLGA–LC
nanoparticles, using highly water soluble mannitol (≈180 mg/mL)
as the excipient, indicate poorly reconstituted nano-aggregates.
Adding leucine does improve the nano-aggregate reconstitution to
a certain extent, however, it fails to fully reconstitute the nano-
aggregates into individual nanoparticles. For brevity, the results
of our preliminary experiments are not presented here, but in the
Supplementary Data (Table S1).

The poor reconstitutibility of the PLGA–LC hybrid nano-
aggregates is thought to be caused by lecithin being in its wax-like
phase at temperature above 40 ◦C (Small, 1967). It is believed
that following the nano-aggregate formation, the wax-like lecithin
present on the nanoparticle surface causes inter-nanoparticle
fusions within the aggregates. As the temperature decreases from
40 ◦C to 45 ◦C in the spray-dryer outlet to room temperature
in the powder collection vessel, the inter-nanoparticle fusions
become permanent as lecithin transform into its partially crys-
talline powder state at temperature below 40 ◦C (Small, 1967). In
addition to the poor reconstitution, the PLGA–LC nano-aggregates
are highly cohesive due to the hygroscopic nature of both manni-
tol and lecithin resulting in low spray drying yield and extremely
poor aerosolization off the inhaler. Therefore, DPI formulation of
hybrid nanoparticles having better nano-aggregate constitution
and aerosolization efficiency is pursued here.

First, we investigate the use of PVA as the spray-drying excipi-
ent in place of mannitol, where we  postulate that the presence of
PVA will minimize inter-nanoparticle fusions as our earlier study
(Cheow et al., 2011) has demonstrated that PVA coats polymeric
nanoparticle surfaces upon its precipitation. Furthermore, spray
drying of drug solution with PVA has been found to produce par-
ticles with low moisture content, despite the high hydrophilicity
of PVA, resulting in effective aerosolization (Salama et al., 2008).
Second, recognizing the adverse effect of high-temperature drying
on the hybrid nano-aggregate reconstitution, we explore the fea-
sibility of employing a low-temperature drying process (i.e. spray
aqueous reconstitution, and aerosolization efficiency. Antibiotic
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evofloxacin is loaded into the nanoparticles to create a model
or drug-loaded lipid–polymer hybrid nanoparticles. Mannitol and
VA are used as hydrophilic excipients, and leucine as hydrophobic
xcipient.

. Materials and methods

.1. Materials

PLGA 50:50 Purasorb 5004A is a gift from Purac Biomaterials
Netherlands). d-Mannitol, l-leucine (LEU), soy-bean lecithin (LC),
VA (MW  = 13–23,000), levofloxacin, and dichloromethane (DCM)
re all purchased from Sigma–Aldrich (USA).

.2. Methods

.2.1. Lipid–polymer hybrid nanoparticle preparation and
haracterization

The hybrid PLGA–LC nanoparticles are prepared by a w1/o/w2
ouble-emulsification-solvent-evaporation method. Briefly, 30 mg
C and 90 mg  PLGA are dissolved in 3 mL  DCM to form the oil phase,
hile 9 mg  of the drug is dissolved in 300 �L deionized water to

orm the internal aqueous phase (w1). Next, the aqueous drug solu-
ion is emulsified in the PLGA organic solution by sonication for 60 s.
he resultant nano-emulsion is poured into 12 mL  deionized water
w2) and is sonicated again for 60 s. Afterwards, the nano-emulsion
s stirred overnight at room temperature to evaporate off DCM,
nd the resultant nanoparticle suspension is centrifuged twice at
1,000 rpm to remove the non-encapsulated drug and excess LC.

The size and zeta potential of the hybrid nanoparticles are mea-
ured by photon correlation spectroscopy (PCS) using Brookhaven
0Plus Nanoparticle Size Analyzer (Brookhaven Instruments Cor-
oration, USA). Steric stabilizer is not included in the current
ormulation as the nanoparticles produced are already stable. The
rug encapsulation efficiency is determined from the ratio of the
ncapsulated drug to the drug initially added. The encapsulated
rug is determined by subtracting the drug present in the super-
atant after centrifugation from the drug initially added. The drug
oncentration in the supernatant is measured by UV-VIS spec-
rophotometer (UV Mini-1240, Shimadzu, Japan) at 254 nm.  The
rug loading is determined from the ratio of the encapsulated drug
o the total nanoparticle mass.

.2.2. Spray drying of lipid–polymer hybrid nanoparticles
BUCHI B-290 mini spray dryer (BÜCHI, Switzerland) is employed

n the spray-drying (SD) experiment using a two-fluid atomizer
ith a nozzle diameter of 1.5 mm.  The feed and atomizing gas flow

ates are fixed at 0.18 L/h and 333 L/h, respectively. The total solid
oncentration (i.e. nanoparticles + excipient) in the feed is main-
ained at 1.0% (w/v). The ratio of nanoparticle to excipient in the
eed is varied from 80% to 50% (w/w) nanoparticle content. 10%
v/v) aqueous ethanol solution with boiling point equal to 92 ◦C is
sed as the SD medium. The lower boiling point enables the pro-
uction of sufficiently dry products at a lower inlet temperature
i.e. 80 ◦C), than that required when water is used as the medium
i.e. 100 ◦C). The lower inlet temperature in turn leads to a lower
utlet temperature around 40–45 ◦C hence minimizing the high-
emperature exposure of LC. Furthermore, the outlet temperature
s below the glass transition temperature of PLGA50:50 Purasorb
004A (Tg ≈ 47 ◦C) (D’Aurizio et al., 2011), therefore ensuring that
tructural integrity of the nanoparticles is preserved.
.2.3. Spray freeze drying of lipid–polymer hybrid nanoparticles
In spray freeze drying (SFD), nano-aggregates are produced

y atomizing the feed solution into liquid nitrogen followed by
yophilization of the frozen droplets after evaporating the liquid
Fig. 2. Schematic diagrams of (A) SFD setup and (B) powder dispatchment tube
(PDT).

nitrogen. The SFD experiment is performed in a modified B-290
mini spray-dryer (Fig. 2A), where the drying chamber is removed
and replaced with a polypropylene vessel containing 400 mL  of
liquid nitrogen under constant stirring at 500 rpm. The distance
between the nozzle tip and liquid nitrogen surface is fixed at 10 cm.
The total solid concentration in the feed is maintained at 2.5% (w/v).
A higher feed concentration is needed in SFD compared to SD in
order to obtain a reasonable production yield. Consequently, the
feed and atomizing gas flow rates must be adjusted to 0.27 L/h and
410 L/h, respectively, in order to obtain nano-aggregates with the
desired morphology (Kho and Hadinoto, 2011). Nanoparticle con-
tents in the feed are varied between 50 and 60% (w/w). The frozen
droplets are lyophilized at −52 ◦C and 0.05 mbar for 24 h in Alpha
1-2 LD Plus freeze dryer (Martin Christ, Germany).

2.2.4. Powder characterizations: morphology, production yield,
and flowability

The SD and SFD powders are stored in a dry cabinet for 48 h
prior to characterizations, which are performed with minimum
of two replicates. The production yield is calculated from the
mass ratio of the collected powders to the total solid in the feed.
Nano-aggregate morphology is characterized by scanning electron
microscope (SEM) JSM-6700F (JEOL, USA). The volume-averaged dG

is determined from 1000 particle counts of the SEM images using
ImageJ software (NIH, USA). �eff is determined from the tap den-
sity, �tap, using a tap densitometer (Quantachromme, USA) after
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000 taps. dA, theory is calculated from Eq. (1) using experimental
easurements of dG and �eff.
The powder flowability is characterized by Carr’s index cal-

ulated from Eq. (2),  where �bulk is the bulk particle density
etermined by measuring the volume of powders of a known mass

n a 5 mL  measuring cylinder without tapping. The particles are
ategorized as free-flowing when Carr’s index ≤25 and having
oor-flowability when Carr’s index ≥40. Experimental uncertain-
ies in the characterization of dG, �eff, yield, and Carr’s index are
7%, 8%, 10%, and 7%, respectively. A t-test analysis (  ̨ = 0.05) is
erformed to evaluate statistical significances of the mean values
btained from different experimental groups.

arr’s index =
(

1 − �bulk

�top

)
× 100% (2)

.2.5. Characterization of nano-aggregate reconstitution
Nano-aggregate reconstitution in an aqueous medium is char-

cterized from the change in the nanoparticle size before and after
econstitution. Sf is the volume-averaged size of the nanoparticles
ecovered after reconstitution, whereas Si is the volume-averaged
aw nanoparticle size before SD or SFD (Kho and Hadinoto, 2010).
f/Si ratio ≈1 denotes complete reconstitution, whereas Sf/Si ratio
1 denotes poor reconstitution. We  select Sf/Si ≤ 1.5 as the demar-

ation for effective nano-aggregate reconstitution. Briefly, 10 mg
f the nano-aggregates is added into 2 mL  of deionized water
nder gentle stirring. The suspension is centrifuged at 6000 rpm
or 10 min  after which 1.5 mL  of the supernatant is collected and Sf
s measured by PCS. The nano-aggregate reconstitution characteri-
ation is performed in triplicates. The experimental uncertainty in
f/Si characterization is ±3%.

.2.6. Characterization of nano-aggregate aerosolization
fficiency

Four parameters, i.e. (1) emitted dose (ED), (2) fine particle frac-
ion (FPF), (3) mass median aerodynamic diameter (MMAD), and
4) cohesion index (CI) are examined to characterize the nano-
ggregate aerosolization efficiency. A seven-stage Next Generation
mpactor (NGI, Copley Scientific, UK) equipped with an induction
ort (IP) and a pre-separator (PS) is used. ED is defined as the mass
ercentage of the powders that are successfully entrained off the

nhaler and recovered in the NGI. FPF is defined as the mass per-
entage of the recovered powders with cut-off dA ≤ 5 �m,  whereas
MAD  is defined as the mass median dA value of the recovered

owders. CI is defined as the ratio of MMAD  to dA, theory, where
igh CI indicates strong agglomeration of the entrained nano-
ggregates. Experimental uncertainties in the ED, FPF, MMAD, and
I characterizations are ±8%, 3%, 3%, and 11%, respectively, from a
inimum of two replicates.
A powder dispatchment tube (PDT) is employed in place of an
nhaler to enable the aerosolization efficiency to be examined inde-
endent of the inhaler type (Louey et al., 2006). The use of PDT has
een validated using two commercial inhalers (i.e. inhalator and
otahaler) (Louey et al., 2006). The PDT consists of three sections,

able 1
D: nano-aggregate physical characteristics with PVA and leucine as the excipients.

Run NP (%, w/w) PVA (%, w/w) LEU (%, w/w)  dG (�m) �e

0 80 20 – 2.6 0.
1.1

70
30  – 8.6 0.

1.2  22 8 8.6 0.
2.1

60
40  – 8.2 0.

2.2  30 10 5.4 0.
2.3  10 30 6.7 0.
3.1

50
15  35 5.9 0.

3.2  10 40 8.7 0.
harmaceutics 424 (2012) 98– 106 101

namely (i) the inlet, (ii) sample feed, and (iii) outlet connected to
the IP of NGI (Fig. 2B). 5 mg  of powders are placed in the sample feed
section equipped with a removable mesh that functions as powder
disperser. Using the critical flow controller (Copley Scientific, UK),
the airflow rate is set at 85 L/min to ensure the recommended 4 kPa
pressure drop in the PDT. The airflow duration is set at 2.8 s to mimic
four liters of air drawn in human inhalation. The effective cut-off dA
for each stage at 85 L/min is 6.7, 3.7, 2.4, 1.4, 0.8, 0.5 and 0.3 �m for
stages 1–7, respectively. The PS and stages are coated with silicone
grease to prevent re-entrainment of the powders after deposition.

The amount of the recovered powders is quantified using col-
orimetric assay of the excipients, i.e. mannitol (Sanchez, 1998) and
PVA (Finley, 1961). As both SD and SFD are based on suspension-
to-droplet approach, the excipient content in the sprayed droplets,
as well as in the dry powders, is proportional to the nanoparticle
to excipient ratio in the feed. Therefore, by knowing the amount
of excipient recovered from the dry powders, the amount of nano-
aggregates deposited can be calculated based on the nanoparticle
to excipient ratio in the feed.

For mannitol, the recovered powders are suspended in 2 mL
deionized water to dissolve the mannitol. Next, the suspension
is centrifuged at 14,000 rpm for 12 min. The supernatant is col-
lected and diluted to 2 mL  with deionized water. 1 mL  of 5 mM
sodium periodate is added to the supernatant and agitated for
15 s. Afterwards, 1 mL  solution containing 0.1 M acetylacetone, 2 M
ammonium acetate, and 0.02 M sodium thiosulfate is added and
agitated for 15 s. The mixture is heated at 100 ◦C for 2 min  followed
by cooling in an ice bath. The mannitol absorbance is measured at
412 nm using UV-VIS spectrophotometer. For PVA, the same pro-
cedures up to the supernatant dilution step are employed. Next,
1.2 mL  of 4% (w/v) boric acid solution, 0.24 mL  of iodine solution –
1.27% (w/v) iodine in 2.5% (w/v) potassium iodide, and 0.56 mL  of
deionized water are added to the supernatant resulting in the for-
mation of PVA–iodine complex. The PVA concentration is measured
by UV-VIS spectrophotometer at 644 nm.

3. Results and discussion

3.1. Lipid–polymer hybrid nanoparticles

The volume-averaged size of the PLGA–LC nanoparticles is
≈420 ± 30 nm with zeta potential in the range of (–) 25–30 mV
denoting their high colloidal stability. The drug is successfully
encapsulated into the hybrid nanoparticles at ≈19% encapsulation
efficiency resulting in drug loading ≈2.0% (w/w).

3.2. Spray-dried lipid–polymer hybrid nano-aggregates

The physical characteristics and aerosolization efficiency of the
spray-dried PLGA–LC nano-aggregates using PVA as the excipient

are presented in Tables 1 and 2, respectively. The reported values
are the average of the replicates. The effect of the nanoparticle
to excipient ratio is investigated first. At 80% (w/w)  nanoparticle
content in Run 0, nano-aggregates of very small dG (<3 �m)  and

ff (g/cm3) dA, theory (�m) Yield (%, w/w) Carr’s index Sf/Si

13 0.9 69 41 2.7
21 4.0 65 25 1.3
25 4.3 21 22 1.7
21 3.8 38 25 1.2
25 2.7 36 22 1.5
24 3.3 16 37 1.8
22 2.8 24 33 1.2
29 4.7 23 38 1.1
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Table 2
SD: nano-aggregate aerosolization characteristics with PVA and leucine as the
excipients.

Run ED (%, w/w)  FPF (%, w/w) MMAD  (�m) CI

1.1
<10

Poor
aerosolization

1.2
2.1 <10 Poor

aerosolization
2.2  62 3 7.8 2.9
2.3 51 10 6.8 2.0
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1

obtained in commercial DPI products. In contrast, the lower leucine
3.1  66 12 7.0 2.5
3.2  68 23 6.6 1.4

ow �eff (≈0.13 g/cm3) are produced resulting in dA, theory that is
oo small for lung deposition (<1 �m)  and poor flowability due to
he small size (Carr’s index >40). Furthermore, the nano-aggregates
re poorly reconstituted as reflected in the high Sf/Si ratio. Never-
heless, at the same nanoparticle to excipient ratio, the Sf/Si ratio
btained with PVA (≈2.7) is considerably lower than that obtained
ith mannitol (≈7.8) presented earlier (see Supplementary Data).

Lowering the nanoparticle content to 70% (w/w) in Run 1.1
roduces nano-aggregates of larger dG (≈8–9 �m)  as PVA begins
o occupy the bulk of the particles, while keeping �eff low
≈0.21 g/cm3). As a result, nano-aggregates having better flowabil-
ty (Carr’s index ≈ 25) and dA, theory (≈4 �m)  suitable for effective
ung deposition are produced at a reasonably high yield (≈65%,

/w). Importantly, the nano-aggregate reconstitution is greatly
mproved resulting in Sf/Si ≈ 1.3, which is again significantly lower
han that obtained using mannitol at the same nanoparticle con-
ent (Sf/Si ≈ 7). The experimental results therefore agree with our
ostulate that the inclusion of amphiphilic PVA would minimize
he inter-nanoparticle fusions attributed to the closer interaction
etween amphiphilic LC and PVA at the nanoparticle surface com-
ared to that with mannitol.

The nano-aggregates in Run 1.1, however, exhibit poor
erosolization off the PDT as manifested in ED < 10% (w/w). Despite
he good flowability during tapping, the nano-aggregates, upon
xposure to flowing air, tend to form highly cohesive agglomerates
endering them difficult to be entrained. Lowering the nanoparti-
le content to 60% (w/w) in Run 2.1 leads to similar observations,
.e. low ED and similar dG, �eff, Carr’s index, and Sf/Si values,
lbeit a lower production yield (≈38%, w/w). In this regard, our
arlier works on SD and SFD of polycaprolactone nanoparticles
ave demonstrated that leucine, owed to its non hygroscopicity,
inimizes nano-aggregate agglomeration resulting in improved

erosolization efficiency (Kho and Hadinoto, 2011). For this rea-
on, leucine is added into the formulation to facilitate the PLGA–LC
ano-aggregate aerosolization. The effect of leucine to PVA concen-
ration ratio is investigated next at 70% and 60% (w/w)  nanoparticle
ontents.

At 70% (w/w) nanoparticle content, the inclusion of leucine
t 8% (w/w) concentration in Run 1.2 has minimal impacts on
he aerosolization, where ED remains low at <10% (w/w). In fact,
ano-aggregates having largely similar characteristics (i.e. dG, �eff,
owability) as those in Run 1.1 are produced. Importantly, the

eucine inclusion has adverse effects on the production yield, which
ecreases to ≈21% (w/w), and on the Sf/Si ratio, which increases
o ≈1.7, from 65% (w/w) and 1.3, respectively, in the absence of
eucine. The higher Sf/Si ratio is not unexpected as the presence
f hydrophobic leucine reduces particle wetting hence retarding
issolution of the “interstitial bridges”. A further increase in the

eucine concentration is therefore not pursued as it will lead to

ven higher Sf/Si values.

At 60% (w/w) nanoparticle content, the presence of leucine at
0% (w/w) concentration in Run 2.2 is able to increase ED to a
harmaceutics 424 (2012) 98– 106

respectable value of ≈62% (w/w). The FPF, however, remains low
<5% (w/w) indicating that the nano-aggregates are aerosolized off
the inhaler in the form of agglomerates (CI ≈ 2.9), such that they
predominantly end up in the PS, which results in MMAD ≈7.8 �m
too large for effective lung deposition. In terms of the physical char-
acteristics, the nano-aggregates produced are slightly smaller at
dG ≈ 5–6 �m,  but with minimal variations in �eff, dA, theory, yield,
and flowability. Not unexpectedly, the Sf/Si ratio is increased
slightly to ≈1.5 compared to that without leucine.

In an attempt to increase the FPF, the leucine concentration is
increased to 30% (w/w), while lowering the PVA concentration to
10% (w/w)  in Run 2.3. A higher FPF (≈10%, w/w) resulting in MMAD
≈6.8 �m and CI ≈ 2.0, which remains far from ideal, is obtained, but
with a lower ED ≈51% (w/w). The Sf/Si ratio expectedly increases
further to ≈1.8. Again, relatively minimal variations are observed in
dG, �eff, and dA, theory. In contrast, the yield is reduced considerably
to 16% (w/w)  as a larger amount of particles are observed to adhere
to the cyclone separator walls, which indicates an increased pres-
ence of fine particles that cannot be recovered, hence the lower
yield. For the recovered particles, they exhibit lower flowability
(Carr’s index ≈37), which may  explain for the lower ED.

A higher FPF can be obtained by increasing the leucine con-
centration further, however, it will lead to even higher Sf/Si and
further reductions in ED, yield, and flowability rendering it an infea-
sible option. In order to increase the leucine concentration further
without adversely affecting the other characteristics of the nano-
aggregates, the nanoparticle concentration is reduced to 50% (w/w)
in Runs 3.1 and 3.2. Theoretically, by lowering the nanoparticle
concentration to 50% (w/w), a lower amount of PVA is needed to
achieve effective reconstitution of the nano-aggregates, such that
a higher leucine to PVA ratio, which would improve the FPF, can be
afforded without jeopardizing the nano-aggregate reconstitution.

Previously, at 60% (w/w) nanoparticle concentration, a mini-
mum  leucine to PVA ratio equal to 1:3 (Run 2.2) is needed to
obtain reconstitutable nano-aggregates (Sf/Si ≈ 1.5). In contrast, at
50% (w/w)  nanoparticle concentration, higher leucine to PVA ratios
of 2.3:1 in Run 3.1 and 4:1 in Run 3.2 can produce highly reconsti-
tutable nano-aggregates, which is reflected in their low Sf/Si ratios
(≈1.1–1.2). The size distributions of the reconstituted nanoparti-
cles from Runs 3.1 and 3.2 are shown in Fig. 3A to be minimally
varied from the raw nanoparticle size, except for the presence of a
minute peak in the ≈100 nm range, which is likely contributed by
fragments of the nanoparticles or the excipients.

Importantly, the nano-aggregates in Runs 3.1 and 3.2 remain
to possess dG and dA, theory in the desirable range despite the high
leucine content. On this note, the higher leucine to PVA ratio
in Run 3.2 results in a larger volume-averaged dG than that in
Run 3.1 due to the existence of a secondary peak at ≈18 �min
addition to the primary peak at ≈10 �m (Fig. 3B), whereas the nano-
aggregates in Run 3.1 exhibit a highly uniform size distribution with
a monomodal peak at ≈8 �m.  SEM images of the nano-aggregates
indicate that they have a dimpled spherical shape (Fig. 4A) and a
hollow morphology (Fig. 4B) resulting in the low �eff.

Similar to the observations in Run 2.3, spray drying at high
leucine to PVA ratios in Runs 3.1 and 3.2 results in (1) low produc-
tion yields around 23–24% (w/w), which are again due to increased
particle adhesion in the cyclone separator walls and (2) less than
ideal flowability (Carr’s index ≈33–38). As a result of the less than
ideal flowability, Runs 3.1 and 3.2 fail to significantly improve the
ED, which remains to be below 70% (w/w). In terms of the FPF,
the leucine to PVA ratio equal to 4:1 in Run 3.2 improves the FPF
significantly to ≈23% (w/w), therefore approaching the typical FPF
to PVA ratio in Run 3.1 has a minimal impact on the FPF (≈12% w/w).
The NGI deposition patterns of the nano-aggregates in Fig. 5

indicate that a significant fraction of the aerosolized particles from
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Fig. 4. SEM images of the spray-dried PLGA–LC nano-aggregates from Run 3.1 (A)
general particle population and (B) a closer look reveals the hollow morphology
reflected in the low �eff.
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ig. 3. (A) Nanoparticle size distributions after aqueous reconstitution of the nano-
ggregates and (B) geometric size distribution of the spray-dried PLGA–LC nano-
ggregates from Runs 3.1 and 3.2.

un 3.1 end up in the PS, which signifies that the particles remain
gglomerated in their aerosolized state, as manifested in the high
I (≈2.5), resulting in the low FPF. The fraction of the aerosolized
articles that end up in the PS is reduced considerably in Run 3.2
s the increased presence of leucine results in better agglomerate
ispersion reflected in the lower CI of ≈1.4. The NGI deposition
atterns, however, indicate that a majority of the particles in Run
.2 deposit in stage 1, instead of in stages 2 or 3 that have lower
ut-off dA, resulting in high MMAD  (≈6.6 �m). Therefore, despite
he greatly improved FPF, the nano-aggregates produced in Run 3.2
ould still exhibit low particle deposition in the lung.

In summary, the spray-dried PLGA–LC nano-aggregates remain
o exhibit far from ideal aerosolization characteristics in terms of
D (<70%, w/w) and MMAD  (>5 �m),  despite spray drying at 1:1
anoparticle to excipient ratio and at a high leucine to PVA ratio.
he optimal formulation (i.e. Run 3.2) manages to increase the FPF
o a respectable value of ≈23%, but at the expense of the production
ield (≈20% w/w) and flowability (Carr’s index >25). Decreasing the
anoparticle content to below 50% (w/w) may  enable the leucine to

VA ratio to be increased beyond 4:1 to decrease the MMAD, with-
ut any adverse effect on the aqueous reconstitution. However, it
ill likely lead to even lower ED and production yield. Furthermore,
aving lower nanoparticle contents is impractical considering that

PDT IP PS 1 765432 MOC

Fig. 5. NGI deposition patterns of the spray-dried PLGA–LC nano-aggregates from
Runs 3.1 and 3.2.
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Table 3
SFD: nano-aggregate physical and aerosolization characteristics with mannitol and leucine as the excipients at 60% (w/w) nanoparticle content.

LEU: Mannitol dG (�m) �eff (g/cm3) dA, theory (�m)  Yield (%, w/w)  Carr’s index Sf/Si ED (%, w/w) FPF (%, w/w) MMAD (�m) CI
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he typical drug loading in polymeric nano-carriers is less than 10%
w/w), such that the nanoparticle to excipient ratio must be kept as
igh as possible. Therefore, an alternative method to spray drying

s investigated next.

.3. Spray-freeze-dried lipid–polymer hybrid nano-aggregates

The SFD experiments are started at 60% (w/w) nanoparticle con-
ent for both the mannitol and PVA formulations based on the
D results, where higher nanoparticle contents lead to less than
ptimal nano-aggregate reconstitution. Also from the SD results,
eucine is added in both mannitol and PVA formulations to facilitate
ano-aggregate aerosolization.

.3.1. Using mannitol as excipient
At 60% (w/w) nanoparticle content and leucine to mannitol ratio

qual to 1:1.7, the spray-freeze-dried PLGA–LC nano-aggregates
ossess all the desirable physical characteristics for pulmonary
elivery (Table 3), where large dG (≈18 �m),  low �eff (≈0.04 g/cm3),
esulting in dA, theory ≈ 3–4 �m,  and good flowability (Carr’s index
25) are observed. The production yield, however, is rather
ow at ≈22% (w/w). Importantly, similar to the findings in the
D experiment using mannitol and leucine as the excipients,
he spray-freeze-dried nano-aggregates are poorly reconstitutable
Sf/Si ≈ 2.9), despite the high excipient content. Unlike their
pray-dried counterparts, however, the spray-freeze-dried nano-
ggregates are readily aerosolized off the PDT owed to their good
owability and low density resulting in ED ≈90% (w/w). The FPF,
owever, is low at ≈6% (w/w) suggesting that the nano-aggregates
re aerosolized in the form of agglomerates (MMAD  ≈10 �m and
I ≈ 2.9).

Increasing the leucine to mannitol concentration ratio to 1:1
oes not improve the FPF and leads to a higher Sf/Si ratio (≈3.4)
s expected, while it has relatively minimal impacts on the other
haracteristics (e.g. dG, �eff, Carr’s index, ED). The results of the
FD experiments therefore reaffirm the findings of the SD experi-
ents that mannitol is not suitable to function as the “interstitial

ridges” of the hybrid nanoparticle aggregates. Even though the
ano-aggregate reconstitution can possibly be improved by lower-

ng the nanoparticle content, a large amount of mannitol will likely
e needed considering that presently Sf/Si ratio is much larger than
ne. Importantly, the high requirement in the mannitol amount
ould limit the amount of leucine that can be added, therefore ren-
ering improvement in the FPF becomes unlikely. For this reason,
e focus on the use of PVA as the excipient in the SFD formulation.
.3.2. Using PVA as excipient
The physical and aerosolization characteristics of the spray-

reeze-dried PLGA–LC nano-aggregates as a function of the leucine

able 4
FD: nano-aggregate physical characteristics with PVA and leucine as the excipients.

Run NP (%, w/w) PVA (%, w/w) LEU (%, w/w)  dG (�m) �e

A.1
60

20 20 17 0.
A.2  15 25 15 0.
A.3  10 30 17 0.
B.1

50
15  35 15 0.

B.2  10 40 17 0.
7 2.9 90 6 9.8 2.9
3 3.4 87 5 10.6 2.9

to PVA concentration ratio are presented in Tables 4 and 5,
respectively. At 60% (w/w) nanoparticle content and leucine to
PVA ratio equal to 1:1 (Run A1), the nano-aggregates produced
are highly similar in terms of their physical characteristics (e.g. dG,
�eff, yield, Carr’s index) to those produced with mannitol at exactly
the same conditions. One exception is in their Sf/Si ratios, where
replacing mannitol with PVA results in highly reconstitutable
nano-aggregates (Sf/Si ≈ 1). This result therefore further confirms
that PVA is the more appropriate excipient for DPI formulations of
hybrid nanoparticles involving lecithin.

In terms of the aerosolization characteristics, the nano-
aggregates from Run A1 are readily aerosolized off the PDT
(ED ≈ 85%, w/w), but a majority of the particles end up in the PS
(data not shown) as reflected in the FPF being less than 5% (w/w).
To improve the FPF, the leucine to PVA ratio is increased to 1.7:1 in
Run A.2 improving the FPF to ≈15% (w/w), while variations in the
other characteristics are statistically insignificant, except for the
yield that is more than doubled to ≈47% (w/w). The MMAD, how-
ever, is still too high at ≈7.6 �m,  where the high CI (≈3.0) suggests
that the aerosolized particles are agglomerated upon entering the
NGI.

Increasing the leucine to PVA ratio further to 3:1 in Run A.3,
which should help dispersing the aerosolized particles better,
only increases the FPF slightly to ≈19% (w/w) and lowers the
MMAD  to ≈6.4 �m.  While the high leucine to PVA ratio in Run
A.3 has relatively insignificant impacts on the nano-aggregate
physical characteristics, the aqueous reconstitution deteriorates
due to poorer particle wetting at high leucine concentrations
resulting in Sf/Si ≈ 1.9. Therefore, the only means to improve
the MMAD  is by lowering the nanoparticle content below 60%
(w/w).

At 50% (w/w)  nanoparticle content, the nano-aggregates remain
highly reconstitutable (Sf/Si ≈ 1.0) at leucine to PVA concentration
ratio equal to 2.3:1 in Run B.1, whereas at 60% (w/w) nanoparti-
cle content, the maximum leucine to PVA concentration ratio for
effective reconstitution is 1.7:1 (Run A.2). Excluding the aqueous
reconstitution, nano-aggregates of relatively similar characteris-
tics (e.g. dG, �eff, dA, theory, yield, and Carr’s index) are produced
at 50 and 60% (w/w)  nanoparticle contents. Nevertheless, the size
distribution of the nanoparticles from Run B.1 after reconstitution
in Fig. 6 suggests that the reconstituted nanoparticles are slightly
smaller (Sf ≈ 350 nm), which is likely contributed by the lyophiliza-
tion step. Furthermore, a secondary peak around 100 nm appears
after reconstitution similar to the spray-dried nano-aggregates due
to presence of fragments.
SEM image of the nano-aggregates from Run B.1 in Fig. 7A
denote their spherical shape and highly porous structure, which
is inherent in spray-freeze-dried powders attributed to interstitial
sublimation of the ice crystals. A closer look at the nano-aggregate

ff (g/cm3) dA, theory (�m)  Yield (%, w/w) Carr’s index Sf/Si

06 4.1 20 20 1.0
03 2.6 47 15 1.1
02 2.3 34 18 1.9
03 2.5 33 17 1.0
02 2.2 26 21 1.2
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Fig. 7. SEM images of the spray-freeze-dried PLGA–LC nano-aggregates from Run
B.1  (A) general particle population and (B) a closer look reveals the porous morphol-
ogy  reflected in the low �eff.

Table 5
SFD: nano-aggregate aerosolization characteristics with PVA and leucine as the
excipients.

Run ED (%, w/w) FPF (%, w/w) MMAD  (�m) CI

A.1 85 2 14.2 3.4
A.2 87  15 7.6 3.0
A.3  84 19 6.4 2.8

B.1  92 26 5.6 2.2
B.2  92 26 5.8 2.7

surface in Fig. 7B reveals that the PLGA–LC nanoparticles are
physically dispersed in the porous matrix of PVA. The spray-
freeze-dried nano-aggregates are considerably larger and lighter
than their spray-dried counterparts (i.e. 18 versus 9 �m and 0.03
versus 0.3 g/cm3, respectively), however, the spray-freeze-dried
powders exhibit a wider range of size distribution as shown in
Fig. 8A.

By having a higher leucine to PVA ratio in Run B.1, the FPF
is increased to ≈26% (w/w)  and ED remains high at ≈92% (w/w)
resulting in MMAD  ≈5.6 �m,  which are closer to the typical ED, FPF,
and MMAD  values obtained in commercial DPI products. The NGI
deposition patterns of the nano-aggregates are presented in Fig. 8B
showing that a significant fraction of the particles are recovered
in stages 2 and 3. The CI, however, remains high at ≈2.2 suggest-

ing that agglomeration of the aerosolized particles is still prevalent
despite the increased presence of leucine. In an attempt to reduce
the MMAD  and in turn CI, the leucine to PVA ratio is increased to 4:1
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n Run B.2. The results, however, indicate that the higher leucine to
VA concentration ratio in Run B.2 does not lead to improvement
n the aerosolization characteristics.

In summary, SFD of the PLGA–LC nanoparticles at 50% (w/w)
anoparticle content and leucine to PVA ratio equal to 2.3:1 is
apable of producing nano-aggregates having the physical and
erosolization characteristics ideal for inhaled delivery to the lung.
evertheless, the current production yield at 33% (w/w) leaves
uch room for improvement. Unlike the SD yield, which is influ-

nced by many parameters (e.g. temperature, flowrate, particle
ollection), the SFD yield is governed by the spray-freezing step,
here the final amount of the product depends on how much of

he sprayed droplet is lost on the walls of the liquid nitrogen vessel.
herefore, we believe that the SFD yield can be increased by simply
sing a wider liquid nitrogen container. Comparing the optimal SFD
ormulation (i.e. Run B.1) with that of the SD formulation (i.e. Run
.2), SFD is found to be vastly superior to SD for DPI formulation
f hybrid nanoparticles as it produces nano-aggregates of larger
G resulting in easier physical handling, higher yield and reconsti-
utibility, better flowability, as well as higher ED, FPF, and lower

MAD.

. Conclusion

Inhalable dry-powder form of drug-loaded lipid–polymer
ybrid nanoparticles has been successfully produced by SD and SFD

n the form of micro-scale aggregates of the nanoparticles. Hollow
impled spherical nano-aggregates are produced by SD, whereas
FD produces large spherical porous nano-aggregates. For both SD
nd SFD, PVA has been found to be more effective than manni-
ol in facilitating the nano-aggregate reconstitution. In addition,
he inclusion of leucine is crucial to achieve effective aerosoliza-
ion of the nano-aggregates. Overall, nano-aggregates produced by
FD exhibit superior characteristics compared to those produced
y SD in terms of size, yield, flowability, aqueous reconstitutibil-

ty, and aerosolization efficiency. One caveat about SFD is that the
ybrid nanoparticles exhibit a slight change in size after reconsti-
ution from the nano-aggregates, which is believed to occur in the
yophilization step. A study on the effect of the lyophilization con-
ition on the reconstituted nanoparticle size is currently ongoing

n our laboratory.
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