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An innovative strategy of fabricating uniform spore like drug particles to improve pulmonary drug deliv-
ery efficiency was disclosed in the present study. Spore like particles were prepared through combination
of high gravity controlled precipitation and spray drying process with insulin as model drug first, show-
ing rough surface and hollow core. The shell of such spore-like particle was composed of nanoparticles
in loose agglomerate and could form nanosuspension upon contacting antisolvent. Further characteriza-
tion confirmed secondary structure and bio-activity was well preserved in spore like particles of insulin.
Stable aerosol performance at different dosages with fine powder fraction (FPF) of 80% and comparable
FPF (69-76%) for formulated powder were achieved, significantly higher than marketed product Exu-
bera. On the other hand spore like particles of bovine serum albumin, lysozyme and salbutamol sulfate
showed similar high FPF of 80%, regardless of different shape of primary nanoparticles, indicating various
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application of this new process in significant improvement of pulmonary drug delivery.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Micro and nanometer scale structures present on biological sur-
face of plant and animal show specific properties which inspire the
researchers to craft inventions and open up new horizons for scien-
tific research and applications (Sanchez et al., 2005). For instance,
based on the study on the wettability of lotus leaves (Jiang et al.,
2004) or insect organs (Gao and Jiang, 2004; Gao et al., 2007;
Zheng et al., 2010), superhydrophobic or superhydrophilic material
was developed for oil/water separation (Feng et al., 2004), filtra-
tion or textile applications (Sun et al., 2005). In current pulmonary
drug delivery systems, a lung deposition ratio of only 5.5-40.5%
is achieved (Newman and Busse, 2002). Therefore, investigation
of novel strategies to improve lung drug deposition is pertinent.
Our research to enhance lung deposition of drugs has taken clue
from bioaerosols, such as spores and pollens, observed in nature
(Supplementary Fig. S1). For example, puffball (Calvatia excipuli-
formis) spores have a deposition of 67.2% within the alveoli (Geiser
et al., 2000). The high lung deposition could be attributed to small
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aerodynamic size of 2-3 pm and rough spherical surface of spores.
Based on these findings we hypothesized that the spore like parti-
cles may achieve deep lung depositions. Therefore, it is worthwhile
to fabricate drug particles similar to spores to improve pulmonary
drug delivery efficiency particularly in dry powder inhalations
(DPI).

To fabricate spore like drug particles for deep lung deposition,
particle size and particle morphology should be fabricated pre-
cisely to achieve optimal aerodynamic performance. Compared
to conventional particle size reduction methods such as milling
and homogenization, spray drying of drug solution or emulsion
to obtain uniform microparticles is simpler and more efficient
(Okuyama et al., 2006; Vehring, 2008). Particle size, particle
morphology and density have been reported to influence aerosol
performance significantly (Adi et al., 2008; Crowder et al., 2002;
Hassan and Lau, 2009). In this way Edwards et al. developed large
porous particles (LPP) which have low mass density with geomet-
ric size greater than 5pum and enter the lower respiratory tract
due to small aerodynamic size (Edwards et al., 1997; Tsapis et al.,
2002; Vanbever et al., 1999). However, the excipient-included LPP
resulted in slow drug release in some cases (Dailey et al., 2003).
Therefore, preparation of LPP formulations may not be suitable
for drugs which require rapid onset of action. In this article, we
demonstrate a “bottom-up” approach, spray drying of nanosuspen-
sion from high gravity controlled precipitation (HGCP), to prepare
pure drug particles similar to spores with high fine powder fraction
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Fig. 1. Schematic of process for the preparation of spore like particles.

(FPF) (Fig. 1). HGCP in the form of a rotating packed bed (RPB) is
a more efficient, cost-effective and easy to scale up method over
milling, homogenization, spray freezing into liquid and supercrit-
ical antisolvent precipitation to prepare nanosuspension and has
been employed to produce nanoparticles for various applications
in recent years (Chen et al., 2004; Date and Patravale, 2004; Zhang
et al,, 2009). In the HGCP reactor drug solution is mixed with anti-
solvent in a high gravity environment to achieve micromixing and
induce nanoprecipitation, thus nanosuspension with narrow size
distribution could be obtained for subsequent spray drying so that
uniform particles size and controlled morphology can be achieved.

2. Materials and methods
2.1. Materials and reagents

Human insulin (rDNA origin) was purchased from Biocon Ltd.
Lactohale LH100 was purchased from Frisland food DOMO, the
sieved fraction (63-90wm) used to prepare the blended for-
mulation powders. Salbutamol base was obtained from Vamsi
labs. Bovine serum albumin (BSA) and lysozyme were obtained
from Sigma Aldrich. Isopropyl alcohol (IPA, Tedia), concentrated
hydrochloride (37%, HCl, Merck), sulfuric acid (2 M, Honeywell),
deionized water (Fisher scientific) and ammonium acetate (99.8%,
NH40ACc, Riedel-de-hoen) were all of AR grade.

2.2. Preparation of spore like particles

1 g insulin raw was dissolved in 95 ml 0.01 M HCI (0.5 ml 37%HCI
to 500 ml H,0). 5ml 20 mg/ml NH40Ac was added to the above
solution to obtain nearly saturated insulin solution. Lysozyme
solution at 20 mg/ml was prepared in DI water including 50 mM
NH4O0Ac. BSA solution was prepared in the same conditions to
lysozyme. The precipitation of above drug was conducted in the
same way by mixing with IPA through HGCP. The drug solution
and IPA was pumped into continuous HGCP at 30 ml/min and
270 ml/min, respectively, with RPB running at 30 Hz, milky slurry
formed immediately and flowed out from the exit. The slurry was
centrifuged at 5000 rpm for 5 min and the wet cake was washed by
IPA twice to remove the impurity.

Preparation of salbutamol sulfate was different from the above
method and aging step was introduced. 5 g salbutamol base was
dissolved in 500 ml IPA at 60 °C with the aid of ultrasonication, then
the solution was cooled to room temperature. The salbutamol base
solution (10 mg/ml) was loaded into batch HGCP reactor, and 5 ml
of 2 M sulfuric acid was introduced quickly into the HGCP reactor
through inlet while the reactor was running at 50 Hz. After 20 min,
the slurry was released and centrifuged at 5000 rpm for 10 min. The
cake was washed with IPA twice to remove the impurities.

The above wet cake was redispersed in IPA at 1% which was
kept under stirring and in ice bath during spray drying. The spray
drying conditions were as follows: aspiration rate 100%, feed rate

4 ml/min, inlet and outlet temperature of 70°C and 40 °C, respec-
tively, atomization nitrogen flow rate 8 I/min. The collected powder
was vacuum dried at 25 °C for 2 days.

2.3. Characterization of spore like particles

The particle size distribution (PSD) of the precipitated insulin
slurry (without treatment after precipitation) and redispersion of
insulin spore like particles in IPA (10mg drug in 10ml IPA by
ultrasonic 1 min) was determined using dynamic light scattering
particle size analyzer (DLS, LB-550, Horiba). The detailed parame-
ters of DLS are: refractive index 1.6; refractive index of IPA: 1.378;
result was expressed in volume.

For morphology observation, the samples were mounted to
double-sided carbon tapes on aluminum sample stubs and Au sput-
tered at 35 mA for 1 min. The particle morphology was then viewed
using scanning electron microscopy (54200, Hitachi) at 10 kV. For
the cross-sectional observation, the particle was cut using an ion
beam.

Circular dichroism was performed to verify the structure stabil-
ity of insulin particles. Raw insulin and spore like insulin powders
were dissolved in 0.01 M HCI (5 mg/ml). 60 .1 sample solution was
loaded to the cuvette (0.1 mm path length) and was scanned using
circular dichroism spectrometer (Jasco, J-710) in the wavelength
range of 180-260 nm. The scans were obtained at bandwidth of
1 nm, step size of 0.5 and time per step of 3 s. Deconvolution of the
spectrum was performed using CDNN software and the percentage
of alpha-helix and random coil was given.

In the efficacy study, six female Wistar rats (Vital River Labora-
tory Animal Technology Co. Ltd, approximately 7-8 weeks of age
and 150-250 g of body weight) were randomized and assigned to
negative group (blank vehicle), raw insulin and spore like insulin
group. Insulin injection solution (either control or HGCP insulin)
was prepared to a 1 mg/ml solution using diluent. The diluent con-
sists of 0.2 g phenol dissolved in 100 ml physiological saline water
(<1.3% according to FDA) with pH adjusted to 2.5 using HCI. This
stock solution can be diluted with the diluent to the desired con-
centration. The stock solution should be prepared fresh and used
soonest possible.

Blood samples were collected from study rats at 4 time points
(pre-dose and 30, 60, and 120 min post dose). The dosing solutions
of insulin were administered to study rats via subcutaneous injec-
tion at 100 pg/kg. Clinical observations, mortality/moribundity and
body weights of the animals were recorded according to the sched-
ules. Each rat was food-fasted overnight prior to dosing and sample
collection. Specifically, blood samples were collected from the jugu-
lar vein. Glucose (GLU) was analyzed using Hitachi 7080 chemistry
analyzer. Comparisons of all data collected at each interval on body
weights, and clinical pathology data (Glucose concentration) were
performed using one-way analysis of variance (ANOVA) method,
followed by Dunnett’'s method (Provantis™ 7.0.3, which is inte-
grated with the industry standard SAS statistical analysis tool).
The efficacy study was conducted in the immunology department,
approved by the IAUCU of Vital Bridge which is licensed with
accreditation number 001209 by AAALAC.

Other characterization methods could be
Supplementary data.

referred in

2.4. Aerosol performance of spore like particles and formulation

The aerosol performance of spore like particles of various com-
pounds was investigated by loading approximately 10 mg pure
drug powders into a HPMC size 3 capsule (Capsugel). The dis-
persion was performed with the Aeroliser dry powder inhaler
(Plastiape) at 601/min for 4s into a multistage liquid impinger
(MSLI, Copley, UK) pre-loaded with 20 ml of solvent. For insulin
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Fig. 2. SEM images of raw insulin (a), HGCP precipitated insulin slurry (b), spray dried spore like insulin particles (c), redispersion of spore like insulin particles (d), spray
dried spore like lysozyme (e), spore like BSA (f), spore like salbutamol sulfate (g) and formulated spore like insulin with lactose (h).

or lysozyme, the solvent is 0.01 M HCl. For BSA or salbutamol
sulfate, water is used. Drug deposition in the capsule, inhaler,
throat, four stages and the filter was extracted with certain sol-
vent, for insulin or lysozyme using 0.01 M HCl and for BSA or
salbutamol sulfate using water, respectively, and analyzed using
UV absorption at 276 nm (UV2450, Shimadzu). Standard curve

of insulin A76=0.9512*C (mg/ml)—0.003, R=0.9999; Lysozyme
Ag76=2.5721*C (mg/ml) — 0.0081, R=0.9995; BSA Ay76=0.6174*C
(mg/ml)+0.0068, R=0.9999; Salbutamol sulfate A;76=5.5288*C
(mg/ml)+0.0207, R=0.9991. FPF is defined as the fraction of drug
particles in stage 3, stage 4 and filter relative to the total recovered
drug mass.
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The effects of capsule size (size 3, 4) on aerosol performance of
insulin particles and formulated powder at different dosages (1 mg,
3 mg) were investigated further. The formulated powder was pre-
pared by blending 1g spore like insulin particles with 9g lactose
(63-90 wm) sieved from lactohale LH100 in a glass bottle by an
Inversina Powder Mixer for 1h at the speed of 40 rpm. 10 mg of
the formulated powder was weighed out to check its blend unifor-
mity (relative to labeled content). Insulin deposition at each stage
was analyzed by HPLC purity method. Each test was performed in
triplicate.

2.5. Stability investigation

Pure spore like insulin particles and raw insulin sealed in glass
bottle were stored at 25 °C/60% RH (RT) and fridge (4-8 °C), respec-
tively. The chemical stability including purity, degradation and
aggregation, as well as the dispersion performance were investi-
gated up to 3 months with raw insulin as reference. Each test was
performed in triplicate.

3. Results and discussion
3.1. Preparation and characterization of spore like particles

We began our work with insulin as model drug. Uniform insulin
nanosuspension with mean particle size of 200 nm was obtained
subsequent to precipitation through HGCP (Figs. 2b and 3a). How-
ever, post spray drying, it was evident that insulin nanoparticles
contributed to form the rough surface of spherical micron size
spore like particles with hollow core (Fig. 2c, inset). Rough sur-
face is advantageous for the particles to release and form fine
aerosol as it is thought to lower adhesive forces and decrease
inter particular agglomeration (Tang et al., 2004). In addition, the
hollow core of spore like insulin particles resulted in lower par-
ticle density and improved aerosol performance (Edwards et al.,
1997). The effective particle density was 0.36 g/cm3, calculated
from tap density measurement (Tsapis et al., 2002), which was
lower than particle density 0.78 g/cm> of the spores (C. excip-
uliformis) (Geiser et al., 2000). Therefore higher lung deposition
compared to natural spores (C. excipuliformis) can be anticipated.
The rough shell was composed of layers of nanoparticles, thicker
than LPP. Thus, spore like insulin particle had greater structural
integrity and uniform redispersion with size and morphology sim-
ilar to that of precipitated nanoparticles was observed when the
particles were dispersed in IPA (Figs. 2d and 3a). It indicated that
insulin spore like particles were in the form of loose agglomer-
ates rather than hard aggregation after spray drying, which were
locked by van der Waals forces (Velev et al., 1996). Specific sur-
face area (SSA) of 116 m?/g suggests that nanoparticles were in
loose agglomerates. This could be advantageous since fast dis-
solution and rapid action could be achieved in pulmonary drug
delivery.

Powder characterization was performed using X-ray powder
diffraction (XRD, peak pattern), differential scanning calorimetry
(DSC), thermal gravimetric analysis (TGA) and Fourier transform
Infrared spectroscopy (FTIR) (Supplementary Fig. S2a-d). No
significant differences were observed between raw insulin and
spore like insulin particles. Hence, high resolution XRD analysis
was used. The raw insulin showed ring patterns (Supplementary
Fig. S2e), which rely on the crystal size and crystallinity of par-
ticles (Lim et al., 2009). In contrast, ring like patterns were not
observed in spore like insulin particles (Supplementary Fig. S2f).
This confirms the amorphous nature of the spore like insulin.
Subsequent to HGCP and spray drying process, spore like insulin
had purity of 99%, with A21 deamidation (0.45%) and aggregation
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Fig. 3. (a) Particle size distribution of HGCP precipitated insulin slurry and redis-
persion of spore like insulin. (b) Circular dichroism spectrums of raw insulin and
spore like insulin. (c) Serum glucose level at different post-dose time point after
administration of insulin raw and spore like insulin in rats (n=2).

(0.59%) was achieved. The spore like insulin particles were within
the USP limits (Supplementary Table S1). Furthermore, circular
dichroism analysis showed similar a-helix and random coil (97.2%
and 0.6%, 96.8% and 0.8% for raw insulin and spray dried powders,
respectively) indicating the secondary structure of insulin was
retained (Fig. 3b). IPA residue in spore like insulin particles was
0.06%, which was within the USP limit of 0.5%. A simple efficacy
test in Wistar rats showed that spore like insulin decreased serum
glucose level to the same extent as raw insulin, which indicates
that efficacy was preserved well in the spore like insulin particles
(Fig. 3c). Based on the above characterization, it can be concluded
that spore like insulin particles were prepared using our method-
ology without loss of chemical purity, stereoscopic structure and
efficacy.

3.2. Aerosol performance and stability

The aerosol dispersion test of spore like insulin was performed
via monodose DPI inhaler (Plastiape) through piercing the drug
loaded capsule. It was found that dosage (1-10mg) and capsule
size (size 3 or 4) did not influence the FPF and deposition at
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Fig. 4. (a) Effects of dosage and capsule size on the aerosol dispersion of spore like
insulin (n=3). (b) Aerosol performance of spore like lysozyme, BSA and salbuta-
mol sulfate particles (n=3). (c) Effects of dosage and capsule size on the aerosol
performance of insulin DPI formulation (n=3).

each stage significantly when tested at 601/min (Fig. 4a). Spore
like insulin particles could achieve FPF above 80%, with mass
mean aerodynamic diameter (MMAD) about 1.6 wm. During sta-
bility investigations, spore like insulin particles sealed in glass
bottle were found to be stable for 3 months at room temperature
(Supplementary Table S1). It was evident that amorphous spore like
insulin was more stable than the crystalline raw insulin, as indi-
cated by lower amount of A21 deamidation and aggregation. This
was in agreement with Pikal et al.’s observation for insulin par-
ticles (Pikal and Rigsbee, 1997). Spore like insulin particle did not
show any significant change in aerosol performance when stored at
room temperature or in refrigerator for 3 months (Supplementary
Fig. S3).

The fabrication strategy of spore like particles could be applied
to other pharmaceutically active molecules, such as lysozyme,
bovine serum albumin and salbutamol sulfate (Fig. 2e-g). As shown
in Fig. 4b, high FPF of above 80% was achieved in different spore like
particles produced by our methodology, regardless of morphology
of primary nanoparticles. Previously salbutamol sulfate spherical
agglomerates composed of mixture of nano and microparticles with

FPFbetween 43 and 54% (Chiou et al.,2007) were reported. It is clear
that uniform nanoparticles are the key to achieve high FPF.

3.3. Formulation development and evaluation

Although, it is possible to regulate and load as low as 1 mg of
pure drug into capsules or blisters during industrial production,
carrier is often necessary at such lower dosage. In the following tri-
als, insulin powder was selected as model drug to be blended with
lactose carrier to check dosage flexibility. Blending with sieved lac-
tose (63-90 wm, from lactohale LH-100) in the ratio of 1:9 in the
mixer for 1h, uniform formulation could be obtained with con-
tent uniformity of 93.87% 4 3.53% (n=10). From SEM observations,
it was found that spore like insulin particles adhered on to sur-
face of lactose. No obvious powder fragments indicated that the
shell of insulin powders was strong enough to withstand attri-
tion in mixing process (Fig. 2h). Formulated powder equivalent to
1 mg or 3 mg of insulin was loaded into capsule (HPMC, size 3 or 4)
to compare the aerosol performance with pure spore like insulin.
As shown in Fig. 4c, no significant difference in FPF was observed
in size 3 and 4 capsule for 3 mg dosage. FPF of 74% and 76% was
observed for formulated powders, compared to 84% noted for spore
like insulin (Fig. 4a). Although, lower FPF was observed at 1 mg
dosage, FPF might be improved in smaller capsule. Formulation in
size 4 capsules reached FPF of 69%. The FPF performance of formu-
lated powder of spore like insulin was much better as compared to
the marketed insulin formulation Exubera®, FPF was only 33% and
45% for 1 mg and 3 mg, respectively (White et al., 2005).

In our process, uniform nanosuspension was obtained through
HGCP which later formed spore like particles on spray drying.
The process is simple, efficient and easy to scale up, which offers
uniform particle size and morphology. Spray drying step in the
process contributes to rough surface, hollow core and low den-
sity of powder. Compared to LPP (Edwards et al., 1997) or powders
obtained from direct spray drying of drug solutions (Adi et al.,
2008), rough shell of spore like particles comprises of multiple lay-
ers of nanoparticles. Multilayer structures of spore like particles
offer several advantages particularly they are stronger compared to
LPP hence withstand blending process. Rough surface was reported
to decrease adhesion forces thereby decreasing inter particular
agglomeration, allow particles to be easily released from the inhaler
or the carrier and form aerosol with high FPF (Adi et al., 2008;
Tang et al.,, 2004). Low particle density was found to decrease the
aerodynamic diameter of particles and improve aerosol perfor-
mance (Edwards et al., 1997). The above mentioned characteristics
of spore like particle might have resulted in high FPF and com-
parable aerosol performance in formulated powder after blended
with lactose carrier. In our process, the precipitated slurry was
centrifuged; particles were then washed and redispersed in IPA
prior to spray drying rather than directly spray dried, to minimize
the effect of dissolved or un-precipitated drug. It is reported that
the dissolved drug fraction may cause stability concerns, such as
recrystallization or protein degradation and aggregation (Maltesen
etal., 2008)in powder produced from direct spray drying drug solu-
tion. No significant bridging-effect existed during spray drying due
to the absence of dissolved drug. Further the nanoparticles con-
stitute the shell of spore like particles in loose agglomerate and
formed nanosuspension when contacted anti-solvents (Fig. 2d). It
is assumed that such distinct advantage of spore like particles may
lead to less macrophage clearance (Todoroff and Vanvever, 2011),
fast dissolution and rapid action if applied in vivo. With respect
to high FPF of 80% in spore like particles of various drugs (Fig. 4b)
and well-preserved bio-activity in spore like insulin, our process
provides a simple and efficient way for pulmonary drug delivery
especially for therapeutic proteins.
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4. Conclusion

In conclusion, we have presented a strategy of fabricating inhal-
able spore like particles through combined HGCP and spray drying
process. This method supports the large scale production of spore
like particles. The shell of hollow spore like particles composed of
nanoparticles which are in loose agglomerates thus possibly have
better therapeutic effects. The major advantages of such spore like
particles include high FPF of 80%, small MMAD of 1.6 wm and sta-
ble aerosol performance at different dosages. In addition, flexible
dosage can be achieved by blending with lactose carrier, with desir-
able FPF comparable to pure spore like drug particles. In summary,
spore like particles achieved through HGCP and spray drying offers
significant improvement in pulmonary drug delivery.
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