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The use of nanoparticles for pulmonary delivery poses challenges such as the presence of anatomical barriers and
the loss of bioactive components. Excipients are often used to facilitate delivery. Excipients suitable for nano-
particle delivery are still being explored. Herein we introduce for the first time, spray-dried glycine micro-
particle-based excipients loaded with nanoparticles of the size range known to be taken up by alveolar mac-
rophages. Using a microfluidic jet spray dryer, we produced glycine microparticles-based excipients which are

spherical, uniform, cenospheric (hollow at core), and “coral-like” with average diameter of 60 *= 10 pm,
29 + 0.8% porosity, and showed their effective loading with glycine coated iron oxide superparamagnetic
nanoparticles (GSPIONs). Our loading protocol with nanoparticles further increased microsphere porosity and
improved aerodynamic performance unlike the dense, solid commercial excipient, Lactohale200™. This de-
monstrates a feasible approach for delivery of such nanoparticles in the lung.

1. Introduction

The pulmonary route of drug delivery enables targeting of both
local area and systemic circulation by escaping the ‘first-pass metabo-
lism’ (defined as the loss of a substantial fraction of a bioactive drug
before entering systemic circulation, due to its accumulation and pro-
cessing in the gut and the liver). In addition, pulmonary delivery can
improve the stability of compounds, drugs and nanoparticles in the
solid-state, at a relatively low product cost. The large alveolar surface
area, thin epithelium, and high vascularization of the lungs also max-
imize drug absorption and hence can help prevent loss of bioactive
drugs. Surface functionalized nanoparticles have been used for drug
delivery in the lung, with increased drug bioavailability, and capable in
some instances of enhanced interaction with target lung resident cells,
such as alveolar macrophages (van Rijt et al., 2014). The theoretical
optimum location to deposit a drug largely depends on the disease type.
For example, drug delivery to the upper airways is needed for asthma
while for alveolar lung diseases such as COPD and fibrosis it needs to be
delivered deep in the lung (van Rijt et al., 2014). In general particles of
size greater than 5 pm are deposited in the trachea while that between 1

and 5pm are largely phagocytosed and < 1 um (Carvalho et al., 2011)
are deposited in the alveoli (Paranjpe and Miiller-Goymann, 2014) for
uptake by immune cells. Newer delivery strategies include modifying
particle characteristics to change the way they either carry or release
the drugs. However, the administration of these nanoparticles poses
several problems. Current challenges with pulmonary delivery of some
nanoparticles include cytotoxicity, lack of biodegradability, particle
instability due to aggregation and/or particle—particle interactions
(Yang et al., 2008), and the triggering of damaging pro-inflammatory
pathways, amongst other factors (Chakraborty, 2018). Some non-bio-
degradable nanoparticles can cause the production of reactive oxygen
species (ROS) and autophagy leading to the apoptosis of cells (Anozie
and Dalhaimer, 2017). Moreover, the accumulation of non-biodegrad-
able or slowly degrading particles can cause chronic inflammation in
the region of accumulation (Medina, 2007). Therefore biodegradable
particles are usually preferred for pulmonary delivery (Aragao-
Santiago, 2016). Although we can overcome these problems, still ana-
tomical barriers such as a narrowing airway lumen as particles travel
further out towards the alveoli, and the presence of airway mucus, pose
problems. Nearly 25% of ultrafine particles (size < 100nm) are
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cleared from the lung by mucociliary function in the airways followed
by a slower antigen-presenting cell (APC, such as the alveolar macro-
phage) mediated processes in the lung periphery (Moller, 2008). In
COPD patients and smokers, the mucociliary clearance mechanism is
impaired due to pulmonary inflammation, with airway remodelling
resulting in mucus hypersecretion. However, there are several me-
chanisms which show incomplete mucociliary clearance, for example,
particle displacement due to surface forces caused by surfactants on top
of the mucus layer, and of the periciliary fluid towards the epithelium.
Moreover, discontinuities in the mucus layer caused by excipients may
be capable of reducing local proinflammatory mediators, some of which
also promote mucus production. The neutral amino acid glycine has
been suggested to have some beneficial properties in this context (Liu
et al., 2005; Vargas, 2017), and offers an exciting material to develop
useful excipients to use in the lung.

Inhalable biodegradable nanoparticles, as suspensions administered
by nebulization, are a growing trend in the pharmaceutical industry
(Dailey, 2003), although they have several drawbacks including the
inconvenience having to use bulky devices, variability in droplet size
(due to nebulizer differences), low delivery efficiency, and the possi-
bility of damage to the active ingredient due to high shear forces (Yang,
2015). A glycine excipient-based system as a dry powder to deliver
nanoparticles could offer a useful alternative, due to ease of adminis-
tration, convenient portability, bulk production, and glycine preventing
mucus hypersecretion. Glycine as an excipient is advantageous in terms
of cost, availability, low hygroscopicity, excellent physical stability,
water solubility along with a sweet taste (Rowe, 2013; Chongprasert
etal., 2001). In addition, glycine improves insulin sensitivity along with
reduction of alterations induced by hyperglycemia (Nuttall et al., 2002;
Alvarado-Vasquez, 2003), by inhibition of oxidative processes
(Alvarado-Vasquez, 2003), and has numerous therapeutic benefits such
as in treatment of inflammatory bowel disease (Liu et al., 2017), ul-
cerative colitis (Tsune, 2003), schizophrenia (Javitt, 2001), rheumatoid
arthritis (Li, 2001) and inhibiting mucus-producing goblet cells (Liu
et al., 2005; Vargas, 2017). This inhibitory effect of D-glycine in pre-
venting mucus production has not been observed in other excipients
such as L-glycine or other amino acids, making D-glycine an ideal ex-
cipient for the pulmonary delivery of nanoparticles. There has been
recent interest also in delivering smaller nanoparticles 10-20 nm to the
lung to improve delivery to alveolar macrophages (Feng, 2018;
Katsnelson, 2012), a property that has been used to eliminate these cells
using nanoparticles loaded with drugs and improve the outcomes from
lung cancer in animal models (Ponzoni, 2018). It would, therefore, be
advantageous to develop a formulation of glycine excipient-based
system as a dry powder capable of encapsulating biodegradable nano-
particles in this size range. Several methods such as spray-drying and
freeze-drying can be employed (Liu et al., 2005). However, spray drying
is a favored method for development of inhalable dry powder (Yang,
2015; Nandiyanto and Okuyama, 2011) due to its scalability, adapt-
ability, cost, encapsulation efficiency (Sou, 2016) as well as generating
uniform, monodisperse particles with higher stability and nanoparticle
entrapment capability (Lin, 2017; Wu, 2011). Glycine has been used to
encapsulate antibiotics for inhalation, however the dryer used (Buchi
290) generates non-uniform, agglomerates of spray-dried powder due
to aerosolization of glycine, instead of even microparticle formation, as
could be produced with the much more advanced micro-fluidic jet
spray dryer which uses a piezoelectric droplet generator (Lin, 2017; Lin,
2015; Liu, 2011). Using the micro-fluidic jet spray-dryer, we can alter
the particles’ physicochemical properties including size, distribution,
density, shape, morphology without aggregation issues of nanoparticles
(Seville et al., 2007), as the nanoparticles are suspended in the bulk
excipient (glycine for example). We utilized this principle to design our
inhalable spray-dried glycine microparticle-based excipient to carry
GSPION to protect them from mucociliary clearance.

In this study, we investigated the feasibility of using a micro-fluidic
jet spray dryer to produce inhalable nanoparticles in a glycine-based
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excipient for pulmonary delivery. Although the use of glycine as a
freeze-dried excipient is known in the literature (Liu et al., 2005; Rowe,
2013; Chongprasert et al., 2001; Wang, 2000), these are much larger
and pyramidal, with little potential utility as an excipient for lung de-
livery. Spray-dried glycine microparticles of a suitable size, and aero-
dynamic performance, as an excipient for embedded biodegradable
nanoparticles, have not been explored. Therefore, in this study, we
loaded biodegradable super-paramagnetic iron oxide nanoparticles
surface-functionalized with glycine (GSPIONs), as model nanoparticles
for use with spray-dried glycine excipient. The feasibility (proof of
concept) and characterization of the spray-dried excipient in the form
of microparticles were evaluated in terms of their aerodynamic prop-
erties and GSPIONs encapsulation capability. This work provides a
foundation for the use of spray-dried glycine excipient microparticles
containing biodegradable nanoparticles for the potential treatment of
respiratory diseases, and to study the mechanism of immune cell in-
teractions in the lung.

2. Experimental
2.1. Materials

D-Glycine (ReagentPlus® G7126; =99.9% HPLC grade), Iron (II)
Chloride, Iron (III) Chloride, ammonium persulfate (A3678, =98%),
ninhydrin (151173, ACS) was obtained from Sigma-Aldrich. Sodium
chloride was obtained from Merck (106404). Phosphate buffered saline
(PBS) was prepared in-house by dissolving 2.76 g Sodium dihydrogen
phosphate (NaH,PO4H0), 11.35 g Sodium mono-hydrogen phosphate
anhydrous (NaHPO,) and 43.76 g sodium chloride (NaCl) in 3L Milli-Q
water and pH adjusted to 7.2, followed by making up the volume to 5 L.
Ammonia solution 25% (EMSURE®, ISO, Reag. Ph Eur), hydrochloric
acid 37% (EMSURE®, ACS, ISO, Reag. Ph Eur) and absolute ethanol
(EMSURE®, ACS, ISO, Reag. Ph Eur) was obtained from Merck.
Lactohale200™ was purchased from DFE pharma (product code
585686).

2.1.1. Glycine coated iron oxide nanoparticles (GSPIONs)

Glycine coated iron oxide nanoparticles were produced using a
modified alkaline co-precipitation procedure as per (Barick and Hassan,
2012). The average diameter of the particles was measured using
Quantax analysis system (Delgado, 2007; Ohshima, 1995). The
GSPIONs were dispersed with a narrow standard deviation (SD) with an
average size of 12 * 5nm. XRD analysis revealed the formation of
crystalline metastable cubic yFe,Os structure with lattice constant
a = 8.212A. The electron diffraction pattern and the HRTEM image of
GSPIONs confirmed the degree of crystallinity of their constituents. The
size and structure of GSPIONs for loading onto the microparticles were
confirmed by high-resolution transmission electron microscopy (HR-
TEM), X-ray diffraction (XRD) and field-dependent magnetization. X-
ray Diffraction (XRD) pattern was recorded on a Rigaku Miniflex dif-
fractometer with CuKa radiation and crystal structure were analyzed
using the Crystallography Open Database (COD). The infrared spectra
were recorded in the range of 4000-450 cm ™! on a Fourier Transform
Infrared Spectrometer (FTIR, Perkin Elmer Spectrum 100 spectro-
meter). HR-TEM images were acquired by the FEI Tecnai G2 F20 S-
TWIN FEGTEM connected to a wide-angle Orius SCD200D CCD camera.
HR-TEM procedures were conducted in the Monash Centre for Electron
Microscopy (MCEM). The GSPIONs were biocompatible and did not
alter the viability of A549 cell (human adenocarcinomic alveolar basal
epithelial cells) at concentrations up to 400 pg/ml (data are shown in
supplementary information Fig. 2) when compared to normal/un-
treated A549 cells. In addition, the GSPIONs suspended in a biological
medium (RPMI 1640 + 10% FBS) showed stability in the pH range of
5-8 (data are shown in supplementary information Fig. 3), within the
pH range encountered at the respiratory tract from nose to lung (Fischer
and Widdicombe, 2006). The efficiency of chemisorption of glycine
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onto iron oxide nanoparticles was 38% by extrapolation from a nin-
hydrin standard curve and HRTEM coupled with EDX mapping for
carbon and nitrogen with iron as control.

2.2. Fabrication of glycine microparticle-based excipient for encapsulating
GSPIONs

Glycine microparticle-based excipient was fabricated by spray
drying using a microfluidic jet spray dryer (Wu, 2011; Liu, 2011) to
produce monodisperse particles. This dryer uses a piezoelectric pulse
for droplet generation, rendering even droplets. The dryer uses a nozzle
of a specific bore diameter. To prevent clogging due to small nozzle
bore, a nozzle with a bore diameter of 100 um was used as it was found
to block below this bore-size. An aqueous solution of 8 wt% and 18 wt%
glycine was used as precursors for the process. Glycine solution was
spray-dried at 173 °C inlet drying temperature. Small amounts of the
spray-dried glycine powder were placed in a Petri plate and were stored
under dry condition (< 20% RH) or at humid (~76% RH) at room
temperature. To reduce the size of glycine micro-carriers, we tried
synthesizing them using a commercial spray dryer, Buchi 190 (De Souza
et al., 2000) (the detailed procedure can be found in the Supplementary
Information 1). However, we discontinued using the Buchi 190 spray
drier as it produced non-uniform particles (see Supplementary
Information Fig. 1A-C). Hence from this point forward when we men-
tion spray-dried glycine microparticle-based excipient, they were syn-
thesized by the micro-fluidic jet spray dryer.

The GSPIONs were loaded/embedded on to the spherical glycine
microparticle-based excipient. In a typical process, 0.01% (w/v) of
GSPION dispersed in DI water was used for loading onto the glycine
microparticles for spray drying. These GSPIONS were mixed in an
aqueous solution of 17.99 wt% glycine. The inlet temperature was
maintained at 173 °C. The GSPIONs loaded glycine microparticle-based
excipients were kept in a desiccator with silica beads to avoid moisture
(as moisture would solubilize the excipient letting out the nano-
particles).

2.3. Morphology and characterization of GSPION encapsulated in glycine
microparticle-based excipient

The size, structure and porosity of the microparticle-based excipient
were measured using SEM and X-Ray CT. To determine the size and
structure of the microparticles a FEI Nova NanoSEM 450 FEGSEM was
used with a Bruker Quantax 400 X-Ray analysis system. SEM proce-
dures were conducted in the Monash Centre for Electron Microscopy
(MCEM). Images were acquired in both high and low vacuum to obtain
high-resolution images at accelerating voltages between 2kV and 3 kV
with spot size 2.0-3.0. To determine the porosity of the microparticles
an ultra-high resolution (0.75 um, Zeiss Xradia XRM520Versa) X-ray
Microscopy Facility (Xradia, Pleasanton, CA, USA) was used for image
acquisition in this study. Image projections were acquired by rotating
the load-stage 360° around its vertical axis. The frame size of the pro-
jections was 1024 x 1024 pixels. Scans were performed at 80 kV, 3W
with voxel size 0.75 um. Voxels are defined here as pores. Scanning
parameters used for all the samples were kept consistent for compar-
ison. The 2D projections were reconstructed to 3D volumes. The re-
constructed images were post-processed using an image processing
software Avizo (V9.1.1, FEI, Hillsboro, OR, USA) (al Mahbub, and
Haque, 2016). Images of microparticles were cropped from the whole
apparatus assembly followed by removal of noises using appropriate
filters. Subsequently, the solid and void phases (pores) of the image
were segmented and the voids were measured.

2.3.1. Quantitative and qualitative analysis of spray-dried glycine
microparticle-based excipients encapsulating GSPIONs

The GSPION loaded onto spray-dried glycine microparticle-based
excipients were analyzed both by Energy Dispersive Xray (EDX) and
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Thermogravimetric analysis (TGA) to find the location, behaviour and
loading of the nanoparticles in the microparticle-based excipient. A
Bruker Quantax 400 EDX attached to the Nova SEM was used to map C,
N, O and Fe at an accelerating voltage of 15kV with WD 5.4 mm. To
confirm the loading of the GSPIONSs into the microparticles, TGA was
performed using a Perkin Elmer STA8000 TGA analyser in-between
temperatures 50 °C-600 °C. The difference in the degradation profile of
the uncoated SPIONs and the GSPION loaded in the microparticle-based
excipients were analyzed.

2.3.2. Iron concentration measurement in GSPION-loaded on to glycine
microparticle-based excipients

Iron concentration is a direct measurement of the efficiency of en-
capsulation by the spray-dried glycine microparticles-based excipients.
Iron concentration was measured by adapting a method of Rad et al
(Rad, 2007) which utilizes the complex formed by ferric ions with the
chloride. A standard curve was created by dissolving ferric nitrate in
5M HCl at concentrations from 1 to 200 ug/ml Fe** ions. For mea-
suring the concentration of a batch of nanoparticles synthesized, the
nanoparticles were dissolved in 5M HCI and the absorbance at 345 nm
based on the standard curve. Ammonium persulfate is dissolved in HCI
to oxidize Fe** ions to Fe** ions. A microplate reader was used to
calculate the absorbance of the assay at 345 nm with a final volume of
100 uL/well. Glycine concentration was measured using a modified
ninhydrin assay as glycine was used as a model drug/compound for
coating on the nanoparticle surface. An 8% w/v ninhydrin solution was
made by dissolving 4 g ninhydrin and dissolving in 50 mL acetone.
Standard glycine stock was prepared by dissolving 0.05 g/mL glycine in
1 mL PBS. 50 L of glycine stock solution was added to the first well and
serially diluted to 1/12th of the initial concentration at a final volume
of 50 uL. This was used to draw a standard curve to determine the
concentration of glycine coated to iron oxide nanoparticles. To de-
termine the concentration of the chemisorbed glycine in the nano-
particles, glycine coated SPIONs suspended in PBS was used in tripli-
cates. 100 pL of ninhydrin reagent was then added to all the wells. The
plate was covered with aluminium foil and incubated in a heating block
at 95 °C for 15 min. The plate was cooled to RT and 100 pL of 50%v/v
ethanol. The absorbance was recorded in a micro-plate reader at
570 nm.

2.3.3. Determination of the aerodynamic performance of GSPION loaded
on to spray dried glycine microparticle-based excipients

The aerodynamic performance of glycine microparticle-based ex-
cipient was compared with a commercial excipient Lactohale200™
(lactose-pharmaceutical grade), using a Next Generation Impactor
(NGI) (Copley Scientific. Nottingham, UK). In addition, a proof of
concept for pulmonary delivery of both the excipients was compared
where Lactohale200™ is well established as an excipient in commercial
dry powder but lacking mucus preventing effects. A pump was used to
disperse the particles in air stream which could flow through the in-
strument and impacted on eight consecutive stages of the impactor. A
Ventolin®  rotahaler®  (Allen + hanburys  Respiratory  care,
GlaxoSmithKline) DPI device was attached to the NGI mouthpiece. Four
gelatinous capsules (size 3) were used per sample. Each capsule was
filled with 50 mg powder of either spray-dried glycine microparticles-
based excipients or with Lactohale200™ (control). Samples containing
spray-dried glycine microparticles-based excipients (i.e. spray-dried
glycine) were spray-dried with or without the GSPIONs nanoparticles.
The powder was discharged from the rotahaler® into the NGI. Using a
critical flow controller TPK2000 (Copley Scientific, UK), the airflow
was set to 45 L/min for 6 s to mimic 4.5L of air drawn in human in-
halation. After actuation, the contents of the individual stages were
washed with 5mL of PBS and any powder deposit was dissolved and
collected. The concentration of glycine was measured by ninhydrin
assay against a standard curve (in Section 2.5.2) with each stage per
sample taken in triplicates. Data was analyzed as the fraction of the
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Fig. 1. Commercial glycine and crystallinity of spray died glycine microcarriers. (A) SEM image showing commercially available glycine powder showing bipyr-
amidal shape and 450 um size; (B) XRD spectra with signature peaks at (1 0 0), (00 2) and (1 0 1) of spray-dried glycine microparticles based excipients showing

crystallinity of the synthesized microparticles.

recovered dose from 50 mg of loaded sample in the capsule (as ex-
cipients form the bulk of any capsule). A two-way ANOVA with post-
hoc T-test was used to find significance in between the different sam-
ples at different stages.

3. Results and discussion

3.1. Generation of uniform, mono-disperse glycine microparticles-based
excipients by microfluidic jet spray drying

Commercially available glycine powder has a size ranging from 450
to 600 um and is bipyramidal in shape and hence not suitable as ex-
cipients for lung delivery (Fig. 1A). The glycine microparticles gener-
ated by the microfluidic jet spray dryer were around 60 + 10 pum and
were monodisperse, porous and uniform. This size is similar to the dso
values of commercial excipients for use in the lung such as like Lacto-
hale200™, albeit still above the theoretical ideal size suggested size for
optimal wide-spread pulmonary delivery (upper respiratory tract < 5
um, lower respiratory tract 1-5 pm and alveoli < 1 um) (van Rijt et al.,
2014). The main purpose of these glycine microparticles is however as
excipients to help prevent mucociliary expulsion of the nanoparticles,
and not directly as pulmonary delivery vehicles, making them therefore
theoretically also fit-for-purpose. These potential excipient micro-
particles were therefore further characterized for their surface mor-
phology and structure.

The spray-dried glycine microparticles displayed a spherical shape

for all samples (Fig. 2Fig. 2A-D). Crystalline glycine particles produced
by cooling or evaporation produces particles which are needle-like,
bipyramidal or plate-like (Lin, 2015), and hence may cause airway ir-
ritation (Telko and Hickey, 2005), and lead to inflammation (Rydman,
2014; Larsen, 2016), upon use as excipients. However, the bipyramidal
shape of the particles (commercially available glycine powder as shown
in Fig. 1A) has been transformed to a spherical shape due to the process
of spray drying to produce monodisperse particles (Lin, 2017; Lin,
2015). Microparticles with different feed concentrations (8 wt% and
18 wt%) of glycine, displayed similar sizes around 60 pm for the final
spherical dry powder formed. The spray-dried microparticles with
18 wt% glycine concentration was dense with a single hole at the point
of droplet disengagement (Fig. 2A, B). The microparticles spray dried
with 8 wt% glycine concentration displayed a hollow microsphere
(Fig. 2C) and a coral-like structure as reported here and previously (Lin,
2015) unlike randomly shaped particles of Lactohale200™. Further-
more, XRD data of the glycine microparticle-based excipients without
the GSPIONSs, shows three peaks indicating the extent of crystallinity
(Fig. 1B). When these microparticles were stored at 76% relative hu-
midity (RH), they became more porous and coral-like (Fig. 2D) in-
dicating that an increase in moisture would lead to the disintegration of
the particle. The inlet temperature also played a major role in spray
drying. At an elevated temperature of 185 °C, the crystal formed was in
large blocks compared to that spray-dried at 173 °C. When the velocity
of air during the spray drying process was increased to 400 ms™ %,
several striations were observed under immersion mode (ultra-high
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EL

Fig. 2. SEM images of spray-dried glycine microparticle-based excipient synthesized using a microfluidic jet spray drier. (A) Glycine microparticles synthesized with
a feed concentration of 18 wt% showing similar spherical shape, uniform but (B) dense, monodispersed having a single large pore; (C) Glycine microparticles
synthesized with a feed concentration of 8 wt% showing crystalline, spherical, uniform microparticles with (D) a hollow core (cenospheric) along with a highly
porous surface; (E) High resolution image of the microparticle surface showing striation (wave and ridges).

resolution) of the microscope (Fig. 2E). The crystals joined to form the
microparticle and is like a cenosphere (hollow shell-like) (Fig. 2D, 2-3).
Therefore, the 18 wt% feed concentrations were discontinued and for
the rest of the experiments, spray-dried glycine microparticle-based
excipients were formed with 8 wt% feed concentration and the ex-
cipient particles stored under 76% RH to generate a high degree of
porosity. The pores are induced into the particles by humidity treat-
ment due to internal flow of glycine by capillary forces exerted on the
condensing water as observed by us previously (Lin, 2015). The in-
troduction of porosity is a key feature for this microparticle-based

excipient, rendering them hollow, cenospheric for an improved aero-
dynamic performance, unlike solid, dense Lactohale200™.

3.2. Characteristic features for spray-dried glycine microparticle-based
excipients for pulmonary delivery of GSPIONs

Iron oxide nanoparticles and particularly superparamagnetic iron
oxide nanoparticles (SPIONs) are found in many biomedical applica-
tions (reviewed in (Chakraborty, 2018). Such nanoparticles are biode-
gradable as iron oxide nanoparticles are broken down through the
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endosomes (Mazuel, 2016) and are non-toxic to cells even at high
concentrations, up to 400 pug/ml (Ghasempour, 2015), similar to our
observations (Supplementary Information Fig. 2). The magnetic prop-
erty of the particles can make them useful for use as magnetic re-
sonance imaging (MRI) contrast agents, which could be used in the lung
to track pulmonary delivery and potential uptake by lung resident
immune cells. Coating iron oxide nanoparticles with amino acids pro-
vide stability and can provide improved biocompatibility (Fischer and
Widdicombe, 2006). Glycine is a neutral dietary amino-acid as well as a
cell preserving agent. We coated iron oxide nanoparticles with glycine
using a modified alkaline co-precipitation procedure (Barick and
Hassan, 2012), which yielded crystalline superparamagnetic particles
(GSPION) in the TEM size range of 12 + 5 (Feng, 2018; Barick and
Hassan, 2012). Recent studies with iron oxide nanoparticles have
shown that TEM size of 10nm is ideal for uptake by macrophages
(Feng, 2018) especially alveolar macrophages (Katsnelson, 2012).

To explore a practical way to deliver such nanoparticles into the
lungs using a suitable excipient, GSPIONs were loaded at a concentra-
tion of 200 ug/ml onto 8 wt% glycine feed concentration to generate
microparticle-based excipients. The spray-dried microparticles en-
capsulating GSPIONs were uniform in size with low standard deviation
(Fig. 3A). Upon dissolving the microparticle-based excipients con-
taining the GSPIONs in PBS and quantifying for their iron content, we
found the iron concentration to be 2.45 ug/ml. These spray-dried gly-
cine microparticles appeared to be hollow inside (Fig. 3B) making them
potentially aerodynamically efficient, unlike solid, dense Lacto-
hale200™ who are current market products. To note, the “coral-like”
surface of the microparticle-based excipient changed to a rough surface
due to the presence of GSPIONs (Fig. 3C).

We next evaluated the aerodynamic performance of the micro-
particles-based excipient. The X-ray CT reconstituted 3D images of the
glycine microparticles-based excipients containing the GSPIONSs (Fig. 4)
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showed the presence of pores (pointed by arrows) on the outer surface
(Fig. 4A) along with a high degree of uniformity in their size (Fig. 4).
Moreover, when we observed the cross-section of these microparticles,
we found that due to the GSPIONSs presence, there was the formation of
longitudinal pores (showed by arrows) making the particles very light
and aerodynamically efficient (Fig. 4B, Supplementary video 1). We
compared our spray-dried glycine microparticle-based excipient with
commercial Lactohale200™ for aerodynamic performance which is de-
fined in terms of its porosity, equivalent spherical diameter and aero-
dynamic volume (Supplementary video 2). We found that our micro-
particles have a median porosity of 29%, 377439 um® volume and
80 um aerodynamic diameter. In Lactohale200™, the pores were not
detected at our voxel size due to the dense nature of Lactohale200™
which also explains its reported early deposition in the respiratory tract
(Hazare and Menon, 2009). Lactohale200™ particles were of non-uni-
form shape with high poly-dispersity index. The MSDS of Lacto-
hale200™ indicates a physical diameter (dso = 50-100 um) whereas it
is reported in the literature to be around 62.8 um (Le, 2012). A sum-
mary of the comparison between GSPIONs loaded on to glycine mi-
croparticles-based excipients versus that of the same excipient without
GSPIONs are shown in Table 1.

We also evaluated the location of the GSPIONs using EDX (to vali-
date our XRay CT data) and investigated whether the glycine micro-
particles used as excipient shields the GSPIONs from degrading by
thermogravimetric analysis. Whether the protective effect of using
spray drying to form glycine microparticles is extended to other APIs
coated on SPIONs, will be of interest to explore in subsequent studies.
On examination of the location of the GSPIONs by EDX (Fig. 5A) it was
observed that the nanoparticles were located mainly on the inside. Due
to the simultaneous effect of drying and crystallization, there is the
formation of a wave-like structure (Fig. 3B) and ridges (Fig. 3C) (Islam
and Langrish, 2010). Since glycine is an amino acid, the presence of

Fig. 3. GSPIONs loaded on to spray-dried glycine microparticles-based excipients. (A) The average size ranged from 60 to 80 pm with both smooth and uneven
surface morphology. The spherical structure of the microparticles was maintained. There were several cracks on the crystal (A3). (B) The glycine microparticles-based
excipient was found to be rough from inside with wall like growth inside the hollow microsphere (B3). (C) On higher magnification, wave like structure (C2) was
observed on the surface which is due to GSPION deposition with ridges marked by high velocity air (C3).



A. Chakraborty, et al.

Al

Table 1
Morphometry analysis of Glycine microparticles based excipients and
Lactohale200™ for three representative particles per sample.

Sample Particle Volume (um®)  Equivalent Porosity (%)
Z-axis Spherical
position Diameter
(um)
Glycine 460-555 305,227.401 83.55 29.45
microparticles 456-556 271,511.45 80.45 29.7
based excipients ~ 500-598 295,580.39 82.66 29.2
Lactohale200™ 393-524 495,553.36 98.2 28.7
419-540 523,816.03 100.03 29.44
415-536 537,571.69 100.9 29.38

carbon, nitrogen, oxygen was mapped using the EDX (showed in
Supplementary Fig. 1D). However, the microparticles were unstable at
a high accelerating voltage of 15kV (probably due to heat), for EDX,
therefore, the inside of the micro-carriers could not be mapped. It can
be said that due to fast evaporation there is a bubble formation in the

A
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Fig. 4. XRay CT 3D reconstituted images of
GSPIONs loaded on to spray-dried glycine micro-
particles-based excipients (A) Surface of the micro-
particles showing pores (white arrows) by a voxel
size of 0.75um with (B) the presence of a highly
porous core showing longitudinal pores upon
looking into their cross-sections. Inset showing the
narrow particle size distribution confirming their
uniformity and monodisperse nature. Three re-
presentative particles were used for measurement
and statistical analysis.

core where the nucleation starts to take place with the GSPIONS serving
as a nucleus and concentrating at the core with larger crystal forma-
tions (Fig. 3B2-3).

TGA confirmed the loading of the GSPIONs on to the spray-dried
glycine microparticles-based excipients. A comparative analysis of
spray-dried glycine microparticles-based excipients loaded with
GSPIONs, empty glycine microparticles, and GSPIONs by itself were
carried out (Fig. 5B). GSPIONs showed negligible weight loss in be-
tween 50 °C and 600 °C (the range of temperature analyzed). A two-
stage degradation was visible in glycine microparticles and GSPION
loaded glycine microparticles. The excipient concentration of glycine
used at 8 wt% yields 26% residue due to coke formation under N, at-
mosphere because of pyrolysis. The GSPIONs loaded glycine micro-
particles had a significant change of weight in between 220 °C and
280 °C which can be due to physisorbed water, making the dissolution
of the excipient ideal upon encountering mucus. Both empty and
GSPION loaded glycine microparticles-based excipients showed stabi-
lity from 180 °C to 220 °C and thermal decomposition starting beyond
220 °C irrespective of GSPIONs. There is less mass loss in GSPION

GSPION loaded in Glycine microparticles
based excipient
Glycine microparticles based excipient

GSPIONs only

(@}

Weight loss(%)
a o N N
=) o ) 3

Fraction recovered mass (%)

N
a

1l

o
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Temperature (°C)
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Fig. 5. (A) The location of the GSPIONs was determined by EDX mapping for iron and other elements such as carbon, nitrogen, oxygen. Iron is present relatively at
low abundance on the surface which is also confirmed by the peak intensity of the different elements present (inset); (B) Thermogravimetric analysis showing
stability and protective nature of spray-dried glycine microparticles-based excipients loaded with GSPIONs, the microparticles only and the GSPIONs alone without
the excipient; (C) Distribution of glycine microparticles-based excipients loaded with or without GSPIONs in comparison to commercial excipient Lactohale200™

collected from the next generation impactor at various stages. Data represented as Mean +

SD with n = 4 and 3 assay replicates/stage.



A. Chakraborty, et al.

loaded glycine microparticles, in comparison to empty glycine micro-
particles. This signifies that the GSPIONs are protected from degrada-
tion by the spray-dried microparticles and serves well as an excipient.
Moreover, the degradation from 300 °C to 450 °C was quite significant
as there is a release of several gaseous hydrocarbons. This also de-
monstrates that the GSPIONs are protected by the glycine micro-
particles from degrading. The presence of the GSPIONs at the core is
also confirmed as the GSPIONs themselves have a very small weight
loss of 5%. This also confirmed the presence of coating of glycine on the
SPION surface.

The NGI dispersion data for glycine microparticle-based excipients
with and without GPSIONs as well as the excipient Lactohale200™ are
plotted in Fig. 5C. The emitted fraction of Lactohale200™
(78.48 = 1.28%) was higher than the glycine microparticles-based
excipient alone (55.83 * 1.02%) but were comparable to that of
GSPIONs loaded on to glycine microparticles-based excipients
(73.76 £ 0.98%). The fraction/ratio of recovered powder at stages 1-5
were (0.194 + 7.8 x 10, 0.192 + 1.7 X 10, 0.177 + 9.9 x 103,
0.11 + 2.7 x 10%, 0.11 + 7.2 x 10®) for Lactohale200™ which is
similar to our GSPIONs loaded glycine microparticles as excipients
(0.188 + 1.5x10%  0.187 = 1.1 x 103,  0.162 = 5.7 x 1073,
0.101 * 5.9 x 10, 0.099 + 7. x 10). Inspection of the NGI data
showed that the majority of the particles deposited in decreasing order
from stages 1-5. The maximum glycine microparticle based excipients
deposited in stage 1 and 2 was 9.37 = 0.07 mg and 9.36 + 0.05mg
whereas for Lactohale200™ it was measured to be 9.69 *+ 0.04 mg and
9.63 + 0.08 mg. This suggests that the majority of the excipients (both
glycine microparticles and Lactohale200™) are deposited in the
pharynx and the trachea. The particles deposited beyond stage 5 were
almost negligible and beyond the detection limit of the assay (data not
shown). Spray-dried glycine microparticles-based excipient without
GSPIONs majorly deposited in between stage 1 and 2 and limited
availability was observed in between stage 3-5. When we compared
spray-dried glycine microparticles-based excipients with GSPIONs to
that of Lactohale200™ at individual stages, it was found that at stage 1,
2 and 4, there is no significant difference in their deposition between
Lactohale200™ and GSPIONSs loaded on to glycine microparticles-based
excipients. Whereas, the glycine microparticles-based excipients
without the GSPIONs were significantly less deposited across all the
stages. This deposition is related to the porosity of the microparticles as
observed before. The glycine microparticle-based excipient was found
to be highly porous (29% porosity from X-ray CT data, refer to Fig. 4),
crystalline (refer to Fig. 1B), wave-ridge, “coral-like”, cenospheric
(hollow core, refer to Figs. 2 and 3) micro-carriers with aerodynamic
diameter (80 = 10pm, from 3D reconstruction of XRay CT images)
generated during spray drying with GSPIONs. At a flow rate of 45L/
min which is the normal inspiratory flow rate in a human (with a
pulmonary disease such as COPD or fibrosis), the microparticles-based
excipient carrying the GSPIONs demonstrate a proof of concept that
they can travel longer whereas the microparticles alone are carried less
due to reduced porosity although both the structures show spherical
morphology. Processing of the NGI data also allowed us to compare
between the mass median diameter of the microparticles (80 + 10 pm)
in comparison to large physical diameters (dso = 50-100 um) values of
commercial Lactohale200™. The aerodynamic size of the GSPION
loaded onto glycine microparticles-based excipient and the dsq value of
Lactohale200™ coincide and can be correlated with the limited de-
position at the different stages of the impactor. Therefore, the micro-
particles-based excipient has similar aerodynamic performance and
capable of pulmonary administration of the GSPIONs. The fabricated
glycine microparticle-based excipients have better aerodynamic per-
formance despite having large geometric diameter because of their low
densities. The low density of glycine (8 wt%) used as feed concentration
to generate the microparticles, owed to cenospheric, highly porous
morphologies, causing their aerodynamic diameter to lie within the
range for effective depositions past the oropharyngeal region. In
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addition, the solubility of glycine microparticles-based excipient
(240 mg/ml) was higher than that of Lactohale200™ (190 mg/ml) at
25 °C, owing to its porous nature and availability of physisorbed water.

An advantage of the glycine microparticle excipient system for na-
noparticle delivery is that, due to the porosity and aerodynamic per-
formance of the microparticles, they can be delivered to the upper
airways past the oropharyngeal region, protecting the GSPIONs from
the mucus layer. Humidity subsequently will induce partial dissolution
of the glycine and subsequent recrystallization. The free energy is
proportionally related to crystal area, and therefore small crystal grains
tend to grow into larger ones with the ultrafine grains showed in high-
resolution SEM images forming larger crystal grains (Lin, 2015). This
phenomenon is important to generate discontinuities in the mucus
layer, as well as to release the GSPIONs after impact, for their sub-
sequent periciliary flow towards the smaller airways, and subsequently
into the peripheral lung. The released GSPIONSs, could be further pro-
moted to localize to specific alveolar regions if so desired, by applica-
tion of an external magnet, as described by Swai and colleagues (Swali,
2009).

4. Conclusion

In summary, our data suggest that spray-dried glycine micro-
particles synthesized using a micro-fluidic jet spray dryer could be a
very useful excipient for the pulmonary delivery of functionalized na-
noparticles. These novel glycine microparticle excipients are porous,
aerodynamically stable, monodisperse and uniform, which offers ad-
vantages over other available commercial excipients in terms of avail-
ability, cost of production, ease of encapsulation, homogeneity, hy-
groscopicity and in preventing mucus clearance for pulmonary delivery.

Using this excipient to encapsulate functionalized super-para-
magnetic iron oxide nanoparticles coated with glycine (GSPIONS) is
beneficial for use as carriers for pulmonary delivery. The GSPIONs
tested are of the reported size ideal for uptake by lung resident immune
cells, neutrophils and alveolar macrophages. Overall, these data de-
monstrate that spray-drying can be used to design inhalable, biode-
gradable microparticle-based excipient system for protecting and/or
encapsulating functional nanoparticles for pulmonary delivery. It also
provides future directions to deliver these nanoparticles as therapeutics
in the attenuation of airway inflammation. Our findings provide new
insights into spray-drying of amino acids to design uniform, mono-
disperse excipients capable of passing the oropharyngeal region for
pulmonary drug delivery and supports the hypothesis to deliver inhal-
able surface-functionalized nanoparticles in the lung periphery without
entrapment in the mucus. Finally, our findings suggest the possible use
of lung-specific particulate vaccines, drug delivery systems, and im-
munomodulators. The nanoparticles are inhalable as a dry powder in-
haler formed using spray-dried glycine microparticle based excipient,
which increases patient comfort and provides a better logistical way for
efficient, routine drug administration.
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