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a b s t r a c t

Pneumonia is a major contributor to infection-based hospitalizations and deaths in the United States.
Antibiotics such as azithromycin (AZM), although effective at managing pneumonia, often suffer from
off-target diffusion and poor bioavailability when administered orally or via intravenous injection. The
formation of biofilms at the disease sites makes the treatment more complicated by protecting bacteria
from antimicrobial agents and thus necessitating a much higher dosage of antibiotics to eradicate the
biofilms. As such, targeted pulmonary delivery of antibiotics has emerged as a promising alternative by
providing direct access to the lung while also allowing higher local therapeutic concentrations but
minimal systemic exposure. In this study, AZM was encapsulated in N-fumaroylated diketopiperazine
(FDKP) microparticles for efficient pulmonary delivery. Both in vitro and in vivo results demonstrated that
AZM@FDKP-MPs administered via intratracheal insufflation achieved at least a 3.4 times higher local
concentration and prolonged retention times compared to intravenous injection and oral administration,
suggesting their potential to better manage bacterial pneumonia.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Pneumonia is a major contributor to infection-based hospitali-
zations and deaths among all age groups in the United States, and is
responsible for 4 million deaths worldwide every year [1,2]. Even
with the introduction of pneumococcal conjugate vaccines, pneu-
monia has continued to be the eighth most expensive condition
treated in hospitals nationwide with an estimated economic
burden exceeding $1.62� 1010 in 2013 [3,4]. Pneumonia is most
commonly caused by viruses or bacteria such as S. pneumoniae,
with bacteria being the most common cause of community-
acquired pneumonia (CAP) [5,6]. In the case of bacterial pneu-
monia, the macrolide drug azithromycin (AZM), a semi-synthetic 9-
N-methylation derivative of erythromycin, is typically recom-
mended in the United States as a first-line outpatient treatment, or
Tu), th.webster@neu.edu
as part of a combination therapy in patients who require hospi-
talization [7e9]. AZM is a broad-spectrum antibiotic useful for the
treatment of a number of gram-positive, gram-negative, and
atypical bacterial infections that lead to pneumonia, such as those
caused by S. pneumoniae, haemophilus influenza, and clamydophila
pneumoniae [10,11]. The most common routes of administration of
AZM to treat pneumonia are orally, by intravenous injection, or by
intravenous infusion [12]. Although generally effective and suffi-
cient for managing bacterial pneumonia, these systemic delivery
methods will inevitably lead to off-target diffusion, poor bioavail-
ability and, consequently, higher doses to attain the necessary
concentrations in the lung, especially in the epithelial lining fluid.
Considering that AZM was the most prescribed antibiotic for out-
patients in the US in 2010 [13], the threat of developing bacterial
resistance is a concern. Moreover, bacteria such as S. pneumoniae
tend to form biofilms that protect them from antimicrobial agents
and host immune responses. These are a result of changes in
metabolic processes or poor antimicrobial diffusion and could in-
crease antibiotic resistance hundreds of times compared to plank-
tonic bacteria [14e17]. The targeted pulmonary delivery of AZM in
the form of dry powders provides direct access to the lungs,
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supplying increased local therapeutic concentrations with minimal
systemic exposure. Collectively, these characteristics decrease the
chance that bacteria will develop antibiotic resistance [18] [19]. As
such, targeted pulmonary delivery has become an attractive
method of managing lower respiratory tract infections. In addition,
the advances in dry powder inhalers make this route of drug
administration more efficient and more convenient for patients
[20].

The large surface area, thin alveolar epithelium and lack of first-
pass metabolism are all beneficial for efficient drug absorption in
the lung [21]. As a major port of entry, however, the lung has
evolved to protect the airways from exposure to unwanted foreign
materials via phagocytic and mucociliary clearance. While this
feature is effective in protecting the body from foreign invasion, it
represents a significant barrier for pulmonary drug delivery [20].
Consequently, engineering particles that can achieve effective
aerosolization, maximize lung deposition, and minimize macro-
phage uptake is of the utmost importance for effective pulmonary
delivery [22]. Towards this end, optimization of the aerosolization
performance of dry powders is dependent on several factors [23].
First, aerodynamic particle size and size distribution can signifi-
cantly impact the delivery of the particles throughout the lung. For
example, previous research has shown that optimal deep lung
deposition can be achieved with particles ranging from 1 to 5 mm
[24]. Second, surface morphology and hygroscopicity have been
shown to influence particle flow and atomization behavior
[25e31]. Previous studies have demonstrated that corrugated
particles with rougher surfaces may contribute to van der Waals
force changes between particles [32]. The hygroscopicity of drugs
and excipients has also been shown to play a role in aerosol gen-
eration and lung deposition by altering moisture absorption ca-
pacities, which may lead to particle dissolution or aggregation [33].
Finally, excipients are frequently incorporated as carriers or ex-
tenders to improve aerosolization properties. For pulmonary drug
delivery, excipients should be well-tolerated and have short
retention times in the lung. Common excipients used for pulmo-
nary drug delivery can be divided into three categories: (1) sugars,
such as lactose, mannitol, and glucose, which were once the most
widely used excipients with favorable safety profiles. Unfortu-
nately, sugar-based excipients usually result in large particle sizes
and can adversely affect particle lung deposition. This could lead to
lower drug accumulation in the lung and eventually compromise
effectiveness. (2) Lipids, such as 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), and cholesterol, are endogenous sub-
stances in the lung and can be further modified to improve aero-
solization properties. Dosage forms like liposome and solid lipid
microparticles (SLM) have been shown to improve drug retention
time and reduce toxicities. However, the relatively high price of
lipids have hindered their wide application as pulmonary delivery
excipients. (3) Biodegradable polymers such as PLGA have also been
widely investigated as pulmonary delivery vehicles due to their
good lung deposition ability. However, PLGA could easily degrade
into acidic products such as lactic acid and glycolic acid in the lung
and the accumulation of acidic degradation products may cause
long-term respiratory irritations and could eventually lead to
adverse immune responses in the lungs resulting in cough, edema
and neutrophil infiltration.

Towards this end, fumaryl diketopiperazine (FDKP) is an FDA-
approved, inert excipient that has been used as the primary
component in Afrezza® to assist in the delivery of recombinant
human insulin via inhalation [34,35]. FDKP possesses two carboxyl
groups and undergoes acid-induced intermolecular self-assembly
in acidic environments (pH< 5) to form microparticles with a
negatively charged surface [36]. Protein or small molecule
therapeutics with positive charges at acidic pH can therefore be
adsorbed onto the surface of FDKP microparticles via electrostatic
interactions. Furthermore, dry powders of drug-loaded FDKP mi-
croparticles can be obtained upon spray drying. Once deposited
into the lung, FDKP microparticles can dissolve at neutral pH and
release drugs rapidly. The FDKP is then distributed to other tissues
and excreted from the kidney in its original form [36].

In this study, FDKP was successfully synthesized and charac-
terized as a safe excipient to deliver AZM into the lung. FDKP mi-
croparticles (FDKP-MPs), AZM microparticles (AZM-MPs) and AZM
loaded FDKP microparticles (AZM@FDKP-MPs) were formulated
and compared for their physicochemical properties as well as their
aerodynamic behaviors to optimize the effectiveness of pulmonary
delivery. AZM@FDKP-MPs exhibited fantastic aerosolization per-
formance, improved moisture resistance and, most importantly,
exceptional deep lung deposition. In vitro antibacterial experiments
were carried out to confirm that the addition of FDKP had no
impact on the minimum inhibitory concentration (MIC) of AZM for
S. pneumonia. Finally, pharmacokinetic and pharmacodynamic
studies were conducted in a pneumonia mouse model to explore
whether the use of inhalable AZM@FDKP-MPs reduced the fre-
quency of administration and/or was more effective in reversing
disease progression compared to oral administration or intrave-
nous injection. Our findings in vivo clearly suggest that AZM@FDKP-
MPs administered via intratracheal insufflation achieved the
highest local concentration and prolonged retention time and
could, thus, be a successful and novel pneumonia treatment.

2. Materials and methods

2.1. Materials and animals

N6-trifluoroacetyl-L-lysine was purchased from Adamas-beta®

(Shanghai, China); 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) were
obtained fromAladdin® (Shanghai, China); Fumaric acidmonoethyl
ester was acquired from Dingchem™ (Shanghai, China); and azi-
thromycin (AZI) was supplied by Jiangchuan pharmaceutical Co.,
Ltd (Chengdu, China). All other reagents, if not specified, were
purchased from Sinopharm Chemical Reagent Co., Ltd and were of
analytical grade.

Female normal mice and BALB/c mice (w¼ 18e22 g) were pur-
chased from the Experimental Animal Center of Nanjing Qin-
glongshan. All animal experiments were conducted in accordance
with the Guide for Laboratory Animal Facilities and Care and were
approved by the Animal Ethics Committee of China Pharmaceutical
University.

2.2. Synthesis of fumaryl diketopiperazine (FDKP)

The FDKP was synthesized using a three-step reaction. Briefly,
10 g of N6-trifluoroacetyl-L-lysine and 1.76 g of phosphorus pent-
oxide were dissolved in 50mL of N-methyl-2-pyrrolidinone (NMP)
in a three-neck flask and were allowed to react at 165 �C for 1.5 h
under nitrogen protection and constant stirring. The reaction
mixture was cooled to room temperature and poured into 1000mL
of deionized water to allow for precipitation. The precipitates were
washed twice with deionized water and were vacuum dried for
24 h to obtain trifluoroacetyl-diketopiperazine (TFA-DKP) [37].
TFA-DKP was then hydrolyzed using a 5% sodium hydroxide solu-
tion to remove the trifluoroacetyl group and then added dropwise
into an active ester solution formed by EDC, NHS and fumaric acid
monoethyl ester. The mixture was allowed to react for 24 h with a
pH adjusted to around 7e8 and was poured into deionized water
for precipitation. The precipitates were collected and were further
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hydrolyzed using a sodium hydroxide water-methanol (1:1) solu-
tion for another 6 h to allow for complete hydrolysis until the so-
lution turned clear. The pH was then adjusted to 2e3 using
hydrochloric acid (0.1M) to allow for the precipitation of FDKP, and
the precipitates were then collected by filtration. To further purify
the product, threemore cycles of precipitationwere carried out and
the final product was vacuum dried at 60 �C to obtain FDKP
powders.

2.3. Preparation of AZM microparticle powders (AZM-MPs), FDKP
microparticle powders (FDKP-MPs) and AZM-loaded FDKP
microparticle powders (AZM@FDKP-MPs)

An appropriate amount of AZM was dissolved in an acetic acid
aqueous solution (1%, v/v) and the pHwas adjusted to 6.4 due to the
stability limitation of AZM using an ammonia solution (1%, v/v).
Azithromycin microparticle powders (AZM-MPs) were then ob-
tained via spray-drying using the conditions described below.

To prepare FDKP microparticle powders (FDKP-MPs), 150mg of
FDKP was dissolved in 10mL of an ammonia aqueous solution (1%,
v/v) and 5mL of an acetic acid aqueous solution (10%, v/v) was
added dropwise with a constant flow pump at a speed of
2mLmin�1. The FDKP was precipitated and the suspension was
then adjusted to pH 4.5 using an ammonia aqueous solution (1%, v/
v). The suspension was then homogenized for 8min at 140 psi to
reduce the particle size with a high pressure homogenizer (AH
2010, ATS Engineering Inc., Canada). FDKP-MPs were obtained
upon spray-drying.

Azithromycin-loaded FDKP microparticle powder (AZM@FDKP-
MPs) was prepared at pH 4.5 and pH 6.4. To prepare AZM@FDKP-
MPs at pH 4.5, an appropriate amount (50, 100, and 150mg) of
AZM was dissolved in 2mL of an acetic acid aqueous solution (pH
was adjusted to 4.5 with a 1% (v/v) ammonia solution) and was
added dropwise into the FDKP suspension (prepared according to
the procedures above) undermagnetic stirring. The suspensionwas
then spray-dried to obtain AZM@FDKP-MP (pH 4.5). Similarly,
AZM@FDKP-MPs at pH 6.4 were prepared by dissolving 100mg of
azithromycin and 150mg of a FDKP aqueous solution and the pH
was adjusted to 6.4 with either acetic acid or ammonia (1%, v/v).
The mixed solution was finally spray-dried to obtain AZM@FDKP-
MP (pH 6.4).

All samples were spray-dried using the following conditions:
inlet temperature of 140 �C, aspiration pump rate at 100%
(35m3 h�1), air atomization flow rate at 600 L h�1, and liquid feed
rate at 1.5mLmin�1 (5%). Drug loading was calculated according to
Equation (1).

Drug loadingð%Þ ¼ Drug content in microparticles
Quantity of microparticles

� 100%

(1)

2.4. Particle size and density

The mean particle sizes of spray drying microparticles were
measured using a laser diffraction particle size analyzer (BT2001,
Jilin better instrument, China). All measurements were done in
triplicate (n¼ 3) at 25 �C and 50% relative humidity.

Carr's index and angle of repose (a) were both used to charac-
terize the flowability of dry powders. AZM-MPs, FDKP-MPs and
AZM@FDKP-MPs (pH 4.5 and pH 6.4) powders were filled into a 5-
mL cylinder and the volume of the powders was recorded as the
bulk volume. The cylinder containing the sample was then tapped
mechanically until a further volume change was observed and the
final volume of the powderwas recorded as the tapped volume. The
bulk density (BD), tapped density (TD) and Carr's index were
calculated using Equations (2)e(4). The angle of repose was
determined by passing a fixed amount of powders through a funnel
that was set at a predetermined height and the angles (a) were
calculated according to Equation (5):

BD ¼ Weight of powders
Bulk volume

(2)

TD ¼ Weight of powders
Tap volume

(3)

Carr0s index ¼ TD� BD
TD

� 100% (4)

tanðaÞ ¼ height
radius of cone

(5)

In which the height and the radius were the height and the
radius accumulated powder cone.

The theoretical aerodynamic diameters of microparticles (Daer)
were calculated according to Equation (6):

Daer ¼
ffiffiffiffiffiffiffi
TD
r1

s
� D (6)

In which r1¼1 g cm�3; D was the geometric diameter detected
by a laser diffraction particle size analyzer.
2.5. Scanning electron microscopy (SEM)

The shape and size of AZM-MPs, FDKP-MPs and AZM@FDKP-
MPs (pH 4.5 and pH 6.4) were visualized by scanning electron
microscopy (Hitachi SU8010, Hitachi Limited, Japan). The particles
were sprinkled onto a double-sided adhesive tape stuck on a silicon
stub. The powders were sputter-coated with gold using a Hitachi
ion sputter coater (E1010, Hitachi Limited, Japan) and were
observed under scanning electron microscopy operating at 15 kV.
2.6. X-ray powder diffraction (XRPD)

XRPD patterns of AZM-MPs, FDKP-MPs and AZM@FDKP-MPs
(pH 4.5 and pH 6.4) were investigated at ambient temperature
with an X-ray powder diffractometer (D8 Advance, Bruker®, Ger-
many). The powders were loaded onto a horizontal square recess of
a sample holder and a razor blade was used to smooth the powder
sample evenly into the square. Excess powders were removed from
the sides of the sample holder. The surface of the powder should be
smooth and level with the sides of the holder by flattening gently
with the razor blade and were measured with a slitedetector. The
scan was performed at 2.00� min�1 over a 2q range of 3.0e40.0�.
2.7. Differential scanning calorimetry (DSC)

Thermal phase transitions of the particles were analyzed using
DSC (DSC 204 HP NETZSCH®, Germany). Briefly, a fixed amount of
AZM-MPs, FDKP-MPs and AZM@FDKP-MPs (pH 4.5 and pH 6.4)
powders were transferred into an aluminum sample pan which
were then hermetically sealed. The powder samples were heated
from 40 to 400 �C at a rate of 10 �C$min�1. The ultra-high pure ni-
trogen was used as the purging gas and the purge rate was set at
50mLmin�1.
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2.8. Moisture absorption behavior

Moisture absorption behavior was characterized using a con-
stant room temperature and humidity chamber (SHH-100GD, YSEI,
Chong Qing, China). Each formulation was incubated for 24 h at a
relative humidity (RH) ranging from20% to 90% for 24 h. Theweight
of AZM-MPs, FDKP-MPs and AZM@FDKP-MPs (pH 4.5 and 6.4)
powders was determined before and after the moisture absorption
experiment.
2.9. Evaluation of aerosol dispersion performance in vitro by the
Next Generation Impactor (NGI)

The powder dispersion performance of dry powders was
determined using a Next Generation Impactor (NGI, Copley Scien-
tific Limited, Nottingham, UK) equipped with a stainless-steel in-
duction port, USP throat (Copley Scientific Limited, Nottingham,
UK) and specialized stainless steel NGI insert impactor stages
(Copley Scientific Limited, Nottingham, UK) [30] [38]. The NGI was
also coupled with a Copley HCP5 vacuum pump (Copley Scientific
Limited, Nottingham, UK) as well as a Copley TPK 2000 critical flow
controller (Copley Scientific Limited, Nottingham, UK). The airflow
rate was calibrated with a Copley DFM 2000 flow meter (Copley
Scientific Limited, Nottingham, UK) before each experiment [38].
10mg of AZM-MPs and AZM@FDKP-MPs (pH 4.5 and pH 6.4,
respectively) powders were loaded into hydroxypropyl methylcel-
lulose (HPMC) capsules and were subsequently released into the
NGI using a dry powder inhalation device (KRT-D01, Charamedical,
Tai An, China) with a flow rate of 60 Lmin�1 (to simulate the airflow
rate in adults) and a conducting time of 4 s. The effective aero-
dynamic cutoff diameter (Daer 50) for each impactor stage at this
flow condition was calibrated per the manufacturer's instructions:
Stage 1, 8.06 mm; Stage 2, 4.46 mm; Stage 3, 2.82 mm; Stage 4,
1.66 mm; Stage 5, 0.94 mm; Stage 6, 0.55 mm and Stage 7, 0.34 mm.
Each stagewas coveredwith 1% (w/v) of a Tween 80 solution to trap
the particles once they hit the surface of the stages. The particles
deposited on the stages were recovered and dissolved in themobile
phase (0.05MK2HPO4eacetonitrile (45:55, v/v, pH¼ 8.2)) andwere
analyzed for AZM concentration using reverse phase HPLC (Ulti-
mate 3000, Thermo Scientific, US) with a C18 column (Agilent
Zorbax Extend-C18, 4.6� 250mm, 5 mm). The column was main-
tained at 30 �C and the flow rate of the mobile phase
(0.05MK2HPO4eacetonitrile (45:55, v/v, pH¼ 8.2)) was set at
1mLmin�1. AZM was detected by monitoring the absorbance at
210 nmwith a UV-detector (VWD-3100, Thermo Scientific, US) and
concentrations of AZM on each stage were calculated using a
standard curve (A ¼ 21.924cþ0.0715, r ¼ 0.9997, linearity range
50 mg mL�1 to 300 mgmL�1). The emitted fraction (EF), fine particle
fraction (FPF) and respirable fraction (RF) were then calculated by
the following Equations (7)e(9):

EFð%Þ ¼ ED
TD

� 100% (7)

FPFð%Þ ¼ FPD
ED

� 100% (8)

RFð%Þ ¼ FPD
DD

� 100% (9)

Where emitted dose (ED) refers to the dose deposited on the
device, throat, pre-separator and all impactor stages, total dose (TD)
is the amount of powder loaded into the capsules, fine particle dose
(FPD) refers to the dose deposited on impactor stage 2e7, and
deposited dose (DD) represents the dose deposited on impactor
stage 1e7.
Finally, the mass median aerodynamic diameter (MMAD) and

the geometric standard deviation (GSD) of the AZM-MPs and
AZM@FDKP-MPs (pH 4.5 and pH 6.4) were calculated with online
software (MMAD Calculator, 2015) using the NGI data.

2.10. In vitro antibacterial activity of AZM@FDKP-MPs on
streptococcus pneumonia

Antibacterial activity of free AZM was compared with those of
FDKP and AZM@FDKP-MPs (pH 4.5 and pH 6.4) by determining the
minimal inhibitory concentration (MIC) of each formulation. A
single isolated streptococcus pneumonia (ATCC 49619) colony was
removed from its starter plate and inoculated into 5 mL of THY
culturing medium (3% Todd-Hewitt þ 0.2% Yeast Extract). Inocu-
lated colonies were cultured to late exponential phase in a shaking
incubator at 37 �C, 5% CO2 and then diluted in the media to achieve
an absorbance of 0.081 at a wavelength of 630 nm
(1.5� 108 CFUmL�1).

Spectrophotometrically measured bacterial densities were
verified by performing colony forming unit assays for the bacterial
species used. Bacterial solutions were seeded in a 96-well plate at a
density of 1.5� 105 CFUml�1 and were then co-cultured with AZM
or AZM@FDKP-MPs (pH 4.5 and pH 6.4) to obtain a final concen-
tration of AZM ranging from 0.0078 to 4 mgmL�1. FDKP-MPs at a
concentration of 6 mgmL�1 without AZM incorporation were also
included as the control to assess the bactericidal abilities of FDKP.
The mixtures were allowed to incubate under constant shaking
(100 rpm) at 37 �C for 24 h before measuring the optical density at
630 nm using an ELx800® microplate reader (BioTek Instruments,
Inc., Winooski, US). The MIC of each formulationwas defined as the
lowest concentration that inhibited visible growth of the bacteria
after 24 h, and an optical density less than 0.05 was considered as
zero bacterial growth in this study.

2.11. Pharmacokinetic study of AZM@FDKP-MPs (pH 4.5) in mice

A total of 126 normal mice were used to evaluate the pharma-
cokinetics of the AZM@FDKP-MPs. All mice were randomized
equally into three groups (n¼ 42) and were allowed to acclimate
for seven days prior to each experiment. Group Awas administered
with AZI@FDKP-MPs via intratracheal insufflation, group B and
group C were dosed through tail vain injection and oral adminis-
tration, respectively, using a AZM@FDKP-MPs PBS solution (pH 7.4).
Dosing was performed at predetermined time intervals and was
done on 6 mice at each time interval. To administer AZM@FDKP-
MPs by intratracheal insufflation, each mouse was anesthetized
with an intraperitoneal injection of 0.25mL chloral hydrate solu-
tion (5%) and was fixed on an oblique plane at an angle of 60�. An
endoscope was used to visualize the tracheal opening to assist the
insertion of a cannula tube (18 G, 3 cm) and dry powders of
AZM@FDKP-MPs (75mg kg�1) were insufflated with the help of a
syringe to ensure the delivery of all powders into the lung. For
group B, AZM@FDKP-MPs (75mg kg�1) was dissolved by PBS (pH
7.4) and was injected via the tail vein. For group C, AZM@FDKP-MPs
(75mg kg�1) was dissolved in PBS (pH 7.4) and was intragastrically
administered directly into the stomach.

All mice were sacrificed 0.5, 1, 2, 4, 8, 12 and 24 h after admin-
istration and lung tissues were immediately harvested, weighed
and homogenized with 1mL of a sodium hydroxide solution
(0.2M) at 8000 rpm for 1min using the tissue homogenizer (XHF-
D, Scientz, Ning Bo, China). 2mL of diethyl ether was added into the
tissue homogenate and was vortexed for 1min to extract the AZM.
The mixtures were then centrifuged at 8000 rpm for 5min at 4 �C
to allow for separation. The ether phase was transferred into a new
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centrifuge tube and was evaporated under N2 at room temperature.
The residues were finally dissolved in a mobile phase (0.01M
KH2PO4eacetonitrile (35:65, v/v, final pH 9.0)) and the amount of
AZM was determined using a pre-validated HPLC method as
described before (column temperature at 35 �C; flow rate at
1.0mLmin�1 and wavelength at 210 nm).

AZM content was expressed in %ID and was calculated using the
following Equation (10):

%ID in tissue ¼ 100� AZM content=ðadministered dose
� body weightÞ

(10)

2.12. Biodistribution of IR783/AZM@FDKP-MPs (pH 4.5)

IR783 is a near-infrared (NIR) dyewith goodwater solubility and
is used in NIR imaging to track the distribution of microparticles
in vivo. Here, IR783 and AZM co-loaded FDKP-MPs (pH4.5) (IR783/
AZM@FDKP-MPs, 75mg kg�1, IR78310 mg) were prepared andwere
similarly delivered via intratracheal insufflation, intravenous in-
jection, or intragastric administration in healthymice to investigate
the biodistribution of AZM@FDKP-MPs. The mice were anes-
thetized and imaged using an in vivo imaging system (IVIS®Spec-
trum, PerkinElmer, US) 5min, 2 h, 12 h and 24 h post
administration. The fluorescence distributionswere visualizedwith
the excitation and emission wavelengths at 745 nm and 840 nm,
respectively. The major organs (heart, liver, spleen, lung, and kid-
ney) were then excised, washed with saline and visualized using
the same set of parameters. Images were analyzed using the Living
Image 4.2 (IVIS®Spectrum, PerkinElmer, US).

2.13. Pharmacodynamic study of AZM@FDKP-MPs (pH 4.5) in a
mouse model of streptococcus infection

A total of 252 female BALB/c mice were randomized equally into
the following six groups (n¼ 42): (A) control group, (B) immuno-
suppressive control group, (C) pneumonia model group, (D)
AZIM@FDKP-MPs powders administrated by intratracheal insuf-
flation, (E) AZM@FDKP-MPs in a PBS solution (pH 7.4) adminis-
trated by intravenous injection, and (F) AZM@FDKP-MPs in a PBS
solution (pH 7.4) administrated by intragastric administration. All
mice were allowed to acclimate for seven days prior to the exper-
iments. To induce immunosuppression in groups B-F, 0.5mg kg�1

of cyclosporine (Novartis) was administered intraperitoneally once
a day for three consecutive days. Pneumonia models were then
established in groups C-F by intratracheal instillation of a
20 ml S. pneumonia suspension at a concentration of
6� 108 CFUmL�1. Dosing started 24 h after the inoculation (Fig. 7)
and all groups were dosed at predetermined intervals (6 mice at a
time). Specifically, AZM@FDKP-MPs powder (75mg kg�1) was
administrated via intratracheal insufflation every 3 days in group D
and AZM@FDKP-MPs PBS solution (pH 7.4) (75mg kg�1) was
administrated every day either via intravenous injection or intra-
gastric route in group E and F, respectively.

Relative body weight, relative lung weight and CFUs of strepto-
coccal pneumonia in lung tissues were determined to compare the
effects of varying treatments. Mice were sacrificed at 0, 1, 2, 4, 6, 8
and 10 day intervals and lung tissues were immediately harvested
and weighed. The left lobes pulmonis were fixed in 10% formalin
solution at 4 �C for 24 h and then transferred to ethanol (50%e100%,
v/v), xylene and paraffin, respectively, for tissue dehydration and
paraffin embedding. Five micron sections were prepared with a
rotary microtome (YD-202A, Jinhua YIDI Medical Appliance Co.,
LTD, China), stained with hematoxylin and eosin (H&E), and
examined under a light microscope. Images were acquired using a
JFMV300CG camera and JFMV controller software (Nan Jing Ji Fei
Technology Co., Ltd., Nan Jing, China). The right lung lobes were
carefully extracted without removing any bronchi and were ho-
mogenized (XHF-D, Scientz, Ning Bo, China) with 1mL of 0.9% sa-
line. The 50 mL homogenate was transferred into a culture flask and
diluted with 5mL of Todd-Hewitt and Yeast extract (THY) medium.
After culturing at 37 �C and 5% CO2 for 24 h in the incubator, the
bacterial density for each lung (per g) was determined by a UVeVis
spectrophotometer (752, JINGHUA Instruments, Shang Hai, China)
at 630 nm. Absorbance measurements were compared to the
standard curve, which was established by determining the absor-
bance of the standard Maxwell's tube, to determine the CFUs of
bacteria present. Relative lung weight and relative body weight
were calculated according to Equations (11) and (12).

Relative body weightð%Þ ¼ Wbody t

Wbody 0
� 100% (11)

Relative lung weightð%Þ ¼ Wlung t

Wlung 0
� 100% (12)

where W body t was the weight of each mouse at each time point, W
body 0 was the weight of each mouse at day 3, W lung t was the
weight of lung tissue at each time point, and W lung 0 was the
weight of lung tissue at day �3.

2.14. Statistical analysis

All experiments were conducted in triplicate and repeated at
least three different times. Statistical differences between means
were determined by SPSS using the student's t-test where p< .05
was considered statistically significant. All values are reported as
mean± SD.

3. Results

3.1. Synthesis and characterization of FDKP

FDKP was synthesized using a three-step reaction (Fig. 1) and
confirmed using 1H NMR (400MHz, DMSO‑d6, d), IR (KBr), and EI-
MS (Fig. 2). As shown in Fig. 2A, the signals at 8.10 ppm (s, 2H,
NH) and 8.45 ppm (s, 2H, NH) indicated the formation of two amide
bonds between the FDKP ring structure and the fumaric acid. The
synthesis of FDKP was further confirmed by the appearance of
amide bond peaks at 3293.3 (s) and 3194.8 (s) in the IR spectrum
(Fig. 2B), and the IR peaks (Fig. 2B) between 3200 and 2500 (w)
indicated two carboxyl groups on each end of the FDKP molecule.
Lastly, the mass spectrum (Fig. 2C) demonstrated three peaks atm/
z: 451 (100) (Mþ �H), 473 (18) (Mþ � 2H þ Na) and 474 (5)
(Mþ � H þ Na), which corresponded to the molecular peaks of
FDKP (Mw 452). Collectively, these tests validated the successful
synthesis of FDKP.

3.2. Physicochemical characterization of AZM-MPs, FDKP-MPs and
AZM@FDKP-MPs (pH4.5 and 6.4) spray-dry powders

AZM@FDKP-MPs was prepared at different mass ratios (Table 1)
of AZM and FDKP and was spray dried at pH 4.5 using the afore-
mentioned parameters. As shown in Table 1, an increase in the
proportion of AZM impeded the flowability of the dry powders
manifested by an increase in repose angle from 37� to over 48�.
Additionally, the theoretical Daer90 of the particles also exhibited a



Fig. 1. Synthesis of fumaryl diketopiperazine (FDKP).

Q. Wang et al. / Biomaterials 160 (2018) 107e123112
slight increase from 4.26 mmat a 1:3 ratio to 4.69 mmat a 3:3 ratio,
indicating a reduction of deposition in the lung. On the other hand,
an increasing mass ratio contributed significantly to the drug
loading of AZM, where an increase from 23.90% to roughly 48.20%
was observed. Considering that the antibiotic doses needed are
usually high in the treatment of pneumonia, drug loading should be
maximized without compromising the flowability too much. The
limitation for flowability is the angle of repose <40� or the Carr's
index <35% based on U.S. Pharmacopeia, which is considered not as
of good flowability but still acceptable for manufacturing [39].
Therefore, a mass ratio of AZM to FDKP of 2:3 was chosen for the
rest of the studies.

AZM loaded FDKP dry powders (AZM: FDKP mass ratio at 2:3)
were prepared at pH 4.5 and 6.4 and were characterized for particle
size, surface morphology, angle of repose, and Carr's index. All the
formulations were found to have a high powder yield of over 50%
(Table 2). The drug loading of AZM@FDKP-MPs at both pH condi-
tions were close to 40%, as calculated using equation (1). Based on
the results from the laser particle size analyzer, the geometric
diameter of AZM@FDKP-MPs (pH 4.5 and pH 6.4), as indicated by
D90, was smaller than 10 mm with a span value of less than 1.8,
indicating a narrow size distribution (Table 2). A large increase in
the D90 of AZM@FDKP-MPs (pH 4.5 and pH 6.4) was also noted
when compared with both FDKP-MPs and AZM-MPs. This may be
attributed to the AZM coating on the surface of FDKP-MPs at pH 4.5
or the change in self-assembly at higher pH. Additionally, the sur-
faces of AZM@FDKP-MPs (pH 4.5 and pH 6.4) were found to be
more rough and more porous than AZM-MPs, which decreased
particle density. A reduction in particle density has been shown to
promote atomization of the particles during inhalation [40]. The
Daer of AZM@FDKP-MPs (pH 4.5) also decreased compared to the
AZM-MPs and AZM@FDKP-MPs (pH 6.4) as calculated by equation
(6). This smaller Daer typically results in increased microparticle
deposition into the lung and ultimately improved drug accumula-
tion at the disease site.

To characterize the flowability of the dry powders, the Carr's
index and angle of repose were determined and calculated using
Equations (4) and (5). As reported in Table 2, AZM-MPs exhibited
poor flowability with a Carr's index of almost 50% and an angle of
repose over 50� compared with both the blank FDKP-MPs and
AZM@FDKP-MPs [39]. Due to their porous structures, FDKP-MPs
had a relatively low bulk and tapped density compared to AZM-
MPs and AZM@FDKP-MPs. To compare particle morphologies, all
formulations were visualized using SEM (Fig. 3). The AZM-MPs
(Fig. 3A) appeared spherical and exhibited a much smoother sur-
face than FDKP-MPs and AZM@FDKP-MPs. FDKP-MPs, on the other
hand, formed an array of microcrystalline plates in an acidic
environment which then self-assembled into microparticles
(Fig. 3B) [36,41], with rough surfaces and enhanced surface areas,
which is preferable for therapeutic encapsulation. The spherical
morphology of AZM@FDKP-MPs showed significant differences
when prepared at different pH values (Fig. 3C and D). The surface of
AZM@FDKP-MPs (pH 4.5) appeared smoother than FDKP-MPs,
which was likely due to the fact that the AZM coating of the MPs
filled pores during the spray drying process. In contrast,
AZM@FDKP-MPs (pH 6.4) were irregular spherical shapes and
displayed significant surface shrinkage.

To determine if microparticles prepared at different pH values
resulted in distinct crystalline structures due to different growth
mechanisms, the crystallinities of AZM, AZM-MPs, FDKP-MPs and
AZM@FDKP-MPs dry powders were analyzed using both X-ray
diffraction and DSC. Raw azithromycin showed sharp diffraction
peaks across a wide range of values, while only two broad peaks
around 2q¼ 10� and 18� were observed for spray dried AZM-MPs
(Fig. 4A). FDKP-MPs displayed a diffraction peak at 2q¼ 28�, indi-
cating that FDKP can crystallize in an acidic environment and form
microparticles. The same diffraction peak was also observed in the
AZM@FDKP-MPs when spray dried at pH 4.5. On the other hand,
preparing AZM@FDKP-MPs at pH 6.4 gave rise to a new diffraction
peak at 2q¼ 8�, which indicated that a new crystalline structure
was formed. This may be due to a different growth mechanism at
this pH.

The DSC thermograms of AZM presented two endothermic
peaks at 116.8 �C and 252.6 �C respectively (Fig. 4B), and the same
endothermic peaks were observed in the physical mixture of AZM
and FDKP. The peak at 116.8 �C disappeared in all spray-dried
powders, indicating that AZM became amorphous during the
spray drying process. An endothermic peak at 68 �C was observed
in AZM-MPs and endothermic peaks at 71 �C and 73.5 �C were
observed in AZM@FDKP-MPs prepared at both pH 4.5 and pH 6.4,
which corresponded to the melting of amorphous AZM during the
spray-drying process. Additionally, FDKP-MPs showed only one
endothermic peak at 334.4 �C, which was shifted to 324.3 �C upon
spray drying with AZM at pH 4.5. This corresponds to the melting
FDKP. The endothermic peak at 334.4 �C disappeared in
AZM@FDKP-MPs when spray dried at pH 6.4, which implied that
FDKP became amorphous when prepared at pH 6.4.

Hygroscopicity is a measurement of the moisture absorption
ability of the microparticles and is known to affect powder cohe-
sion. The hygroscopicity of all formulations was characterized in
this study to help optimize particle flowability and deposition. No
significant difference in hygroscopicity was observed between AZM
and AZM-MPs, with moisture absorption for both formulations
below 5% even at 90% relative humidity (RH). Incorporation of FDKP



Fig. 2. (A) 1H NMR, (B) IR and (C) MS spectrum of fumaryl diketopiperazine (FDKP).
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was seen to increase water absorption across RHs ranging from 50%
to 90%, with the largest increase observed by AZM@FDKP-MPs
prepared at pH 6.4. Specifically, AZM@FDKP-MPs (pH 4.5) started
to show an increase in moisture absorption at a RH as low as 50%.
The moisture absorption increased significantly at higher RHs,
reaching approximately 15% at 90% RH (Fig. 4C). The hygroscopicity
of AZM@FDKP-MPs prepared at pH 6.4 increased almost expo-
nentially as the RH increased. These MPs had a final absorption of
more than 40%, which is unfavorable for pulmonary delivery as the
particles are more likely to aggregate before reaching the target



Table 1
Laser particle size and flowability parameters of AZM@FDKP-MPs spray-dried at pH 4.5 (mean ± SD, n¼ 3).

AZI: FDKP Mass ratio D10 (mm) D50 (mm) D90 (mm) Repose angle (�) Daer90 (mm) Drug loading (%)

1:3 1.129± 0.231 3.271± 0.291 8.194± 0.319 36.67± 0.58 4.26± 0.194 23.90± 0.10
2:3 1.240± 0.076 3.221± 0.204 8.255± 0.458 39.33± 1.53 4.45± 0.217 38.63± 0.65
3:3 1.297± 0.120 3.36± 0.186 8.417± 0.332 48.67± 1.53 4.69± 0.173 48.20± 0.29

Note: Dx is a parameter to characterize particle size distribution and represents that x % of the particle size lies below Dx.

Table 2
Laser particle size and flowability parameters of AZM, FDKP and AZM@FDKP microparticles (mean± SD, n¼ 3).

Formulation Yield (%) D10 (mm) D90 (mm) Span value Repose angle (�) Carr's index (%) Daer90 (mm) Drug loading (%)

AZM-MPs 63.37± 2.67 1.282± 0.125 7.799± 0.374 1.657± 0.152 52.33± 2.89 49.7± 0.3 5.24± 0.231 /
FDKP-MPs 53.08± 2.13 1.042± 0.083 5.480± 0.212 1.647± 0.128 30.67± 0.58 29.1± 0.2 2.96± 0.113 /
AZM@FDKP-MPs (pH4.5) 54.11± 1.92 1.240± 0.076 8.255± 0.458 1.703± 0.183 39.33± 1.53 37.3± 0.2 4.45± 0.247 38.63± 0.65
AZM@FDKP-MPs (pH6.4) 50.71± 4.17 1.962± 0.116 10.72± 1.56 1.695± 0.206 37.33± 1.53 32.4± 0.4 5.47± 0.441 38.93± 0.28
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site.

3.3. Aerosol performance of spray-dried powders

To investigate the dispersibility and aerodynamic properties of
the different formulations, the aerosol performance of the powders
was characterized by the Next Generation Impactor (NGI). As
shown in Fig. 4D, approximately 20% of any formulation was
retained in the capsules or inhalers, which indicated that these
particles could be easily aerosolized and passed through the device.
In addition, AZM-MPswere found to have a higher deposition at the
throat with a much lower fine particle fraction (FPF) of around
38.04% compared with AZM@FDKP-MPs (Fig. 4 D, Table 3). These
results suggest a poor inhalation ability of AZM-MPs into the lung.
With the incorporation of FDKP, the aerosol deposition in the lung
was vastly improved as indicated by greater depositions on stage S2
to S4. The FPFs also increased to 64.60% and 53.14% for AZM@FDKP-
MPs (pH 4.5) and AZM@FDKP-MPs (pH 6.4), respectively. The mass
median aerodynamic diameter (MMAD), an important parameter
characterizing the aerodynamic properties of respirable micropar-
ticles, was found to decrease from 4.02 mm in AZM-MPs to about
3.8 mm in AZM@FDKP-MPs (pH 4.5 and pH 6.4). More importantly,
FPFs for AZM@FDKP-MPs were found to be well over 50%, sug-
gesting that drug accumulation in the deep lung could be highly
improved over AZM-MPs alone. Finally, AZM@FDKP-MPs prepared
at different pH values showed significant differences in FPF
(p< .01). According to the NGI evaluation, AZM@FDKP-MPs (pH 4.5)
had better aerodynamic properties and achieved more deposition
on S2 to S4 compared to MPs prepared at pH 6.4, which suggests a
more efficient delivery into the deep lung.

3.4. In vitro antibacterial evaluation

In order to evaluate the antibacterial efficacy of microparticles,
the minimal inhibitory concentration (MIC) was determined
against S. pneumonia using a previously reported microdilution
method [42,43]. The MIC of each formulation was defined as the
lowest concentration that inhibited visible growth of the bacteria
after 24 h, and an optical density less than 0.05 was considered as
zero bacterial growth in this study. The results in vitro demon-
strated that FDKP alone did not have any antibacterial effect on S.
pneumonia (Fig. 5) and that the inhibition of bacterial growth by
AZM was dose dependent. The MIC for all AZM formulations tested
was determined to be about 0.5 mgmL�1, with no significant dif-
ferences (p> .05) among AZM@FDKP-MPs (pH 4.5), AZM@FDKP-
MPs (pH 6.4) and AZM solutions. These results suggest that the
incorporation of FDKP did not affect the activity of AZM.
3.5. In vivo biodistribution of azithromycin in mice

The biodistribution of IR783/AZM@FDKP-MPs in mice and the
accumulation of particles in the heart, liver, spleen, lung and kidney
were visualized using an in vivo imaging system 5min, 2 h, 12 h,
and 24 h after particle administration. Fluorescence was observed
in the trachea and/or lung at all the time points following intra-
tracheal insufflation (Fig. 6A). In contrast, the fluorescence was
found to accumulate primarily in the liver and stomach, respec-
tively, following intravenous injection and intragastric adminis-
tration, and almost disappeared 12 h post administration (Fig. 6A),
indicating the clearance of microparticles occurred faster in both
cases compared to intratracheal administration. Examination of the
individual organs revealed that the fluorescence intensity in lung
tissues remained relatively strong even 24 h after administration
(Fig. 6B), an indication of prolonged retention time via pulmonary
delivery. In addition, the increase in fluorescence intensity in the
liver and kidney with time (Fig. 6A) suggested that the micropar-
ticles could eventually be eliminated from the body via biliary and/
or urinary excretion when administered intratracheally. On the
contrary, a much weaker fluorescence was detected in lung tissues
2 h after intravenous and intragastric administration, indicating
much lower particle concentrations and less efficient delivery to
the lung. Most microparticles were metabolized or excreted
through the liver or kidney as suggested by the relatively strong
fluorescence found in both organs in Fig. 6B.

To quantitatively investigate the pharmacokinetics of AZM, AZM
content in lung tissues was measured using HPLC at predetermined
time intervals following intravenous injection, intratracheal insuf-
flation, or intragastric administration. The results suggested that
pulmonary delivery could increase drug accumulation as well as
prolong retention time in lung tissues compared with intravenous
injection or oral administration. The highest amount of azi-
thromycin in lung tissues was achieved via intratracheal insuffla-
tion (4.25± 0.73%, 424.69± 70.82 mg g�1), which was 3.4 times
higher than intravenous injection (1.24± 0.33%,
123.73± 30.56 mg g�1, p< .01) and 10.5 times higher than intra-
gastric administration (0.41± 0.13%, 40.57± 10.67 mg g�1, p< .01)
(Fig. 6C). It was also found that a sufficiently high amount of azi-
thromycin (0.17± 0.08%, 16.73± 7.64 mg g�1, p< .05), a concentra-
tion significantly higher than the MIC of S. pneumonia
(0.5 mgmL�1), remained in lung tissues 12 h after intratracheal
insufflation compared with the intravenous injection and oral
administration, suggesting its potential as a long-lasting treatment
for inhibiting bacterial growth. Taken together, it was clearly shown
that pulmonary delivery of AZM had significant advantages over
both intravenous injection and intragastric administration.



Fig. 3. Scanning electron microscopy micrographs of AZM-MPs (A), FDKP-MPs (B), AZM@FDKP-MPs (pH 4.5) (C) and AZM@FDKP-MPs (pH 6.4) (D).
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Specifically, pulmonary delivery maintained higher local concen-
trations of the antibiotic, potentially reducing both the dosage and
frequency of administration for pneumonia treatment.
3.6. Pharmacodynamic study on S. pneumonia

Based on previous studies [44,45], the streptococcal pneumonia
mouse model can be established by continuous instillation of
S. pneumoniae solution intratracheally for 24 h. Cyclosporine, an
immunosuppressive agent, was used to inhibit immune cell func-
tion to allow for S. pneumoniae growth and infection [46e48]. Both
the relative body weight (Fig. 7A) and the relative lung weight
(Fig. 7B) increased steadily in the control group before the strep-
tococcal pneumonia infection. Contrarily, a rapid decrease in body
weight was observed in groups with the use of an immunosup-
pressive agent (Fig. 7A). The decrease in body weight was reversed



Fig. 4. (A) X-ray diffraction patterns; (B) DSC diagrams; (C) Hygroscopicity and (D) AZM dispersion performance of different formulations. Data ¼ mean þ/- SEM; N ¼ 3.

Table 3
Dispersion parameters of AZM@FDKP-MPs.

AZM-MPs AZM@FDKP-MPs (pH 4.5) AZM@FDKP-MPs (pH 6.4)

Emitted fraction/% 84.09± 0.28 90.93 ± 0.33**## 86.64 ± 0.12**
Fine particle fraction/% 38.04± 0.65 64.60 ± 0.41**## 53.14 ± 0.38**
Respirable fraction/% 83.79± 0.21 89.79 ± 0.09** 89.82 ± 0.06**
MMAD/mm 4.08± 0.11 3.82 ± 0.07** 3.84 ± 0.03*
GSD 2.33± 0.03 1.88 ± 0.04** 1.87 ± 0.01**

Note: Values represent mean ± SD, n ¼ 3. *p < .05 and **p < .01 compared to AZM-MPs; #p< .05 and ##p< .01 when compared to AZM@FDKP-MPs (pH 6.4).

Fig. 5. Growth of S. pneumoniawhen exposed to varying concentrations of AZM and AZM@FDKP MPs. An optical density of 0.05 represents zero bacterial growth. Data ¼ mean þ/-
SEM; N ¼ 3; ** p <0.01.
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in these groups as soon as the dosing of cyclosporine stopped. After
one day of AZM administration, the body weight of all treatment
groups increased (group D, E and F). The administration of
AZM@FDKP-MPs via intratracheal insufflation and intravenous in-
jection both showed significant antibacterial effects as illustrated
by the increase in relative body weight as well as the stabilized
relative lung weight with respect to time. The relative body weight
of mice in the intragastric group did not increase until the second
administration, suggesting that a lag time may exist for the oral
administration to take effect. To account for the normal growth of



Fig. 6. Biodistribution of IR783/AZM@FDKP-MPs in mice (A) and main organs (B) and AZM deposition in mouse lung tissues (C) at different time points after intratracheal
insufflation, intravenous injection and intragastric administration. Values represent mean ± SD, n ¼ 6. *p < .05 and **p < .01.
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Fig. 7. (A) Relative body weight, (B) relative lung weight, (C) lung weight/body weight and (D) CFU of streptococcal pneumonia per gram of lung tissues following different route of
administration. Values represent mean ± SD, n ¼ 6. *p < .05 and **p < .01.
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mice, the lung weight/body weight ratio was used as an indicator
for disease progression. Results showed that only the pneumonia
model group exhibited sustained increase in the lung weight/body
weight ratio (Fig. 7C), while the ratio of all other groups remained
stable. A further determination of the CFU of S. pneumoniae in lung
tissues revealed that there was a significant reduction of bacteria
density in both the intratracheal insufflation group and intravenous
injection group at day 2 (p< .05) and days 4e8 (p< .01) compared
with the intragastric administration group (Fig. 7D). A time lag of
the antibacterial effect was also observed for the intragastric group
in which the CFU of S. pneumoniae in lung tissues did not decrease
significantly until day 4. Finally, it is also worth noting that
although there were differences in antibacterial efficacy among
treatment groups, all treatments showed significant antibacterial
effects compared with the pneumonia model group as demon-
strated by the significant decrease in CFU of S. pneumoniae in lung
tissues from day 2e10 (p< .01).

To better understand the histopathological changes in lung tis-
sues, lung tissue was H&E stained and analyzed using a light mi-
croscope (Fig. 8). The alveoli of the control group (Fig. 8A) and the
immunosuppressive group (Fig. 8B) remained intact and were
uniform in size. The thicknesses of the alveolar cavity walls also
appeared normal and no infiltration of inflammatory cells was
observed in alveolar cells, suggesting administration of the
immunosuppressive agent alone did not induce pneumonia. In
contrast, significant inflammatory lesions, thickened alveolar cavity
walls and distinct alveolar sizes were all observed in the pneu-
monia model (Fig. 8C). In mice with pneumonia, the natural
structure of alveolar septum disappeared and abundant mucus
deposition was discovered to occupy the alveolar space as marked
by the black arrows in Fig. 8.

All treatment groups showed distinct inflammation in lung
tissues at day one, which further confirmed the successful estab-
lishment of the streptococcal pneumonia mouse model. One day
after administration of AZM, the thickness of the alveolar wall and
the alveolar structure recovered rapidly to its original size and
shape in the intratracheal insufflation group (Fig. 8D). Inflamma-
tory lesions, such as hyperemia and incrassation, of the alveolar
wall were significantly alleviated as well. Most importantly, it was
discovered that the incrassation of the alveolar wall almost dis-
appeared and the structure of the alveolar septum was fully
recovered five days after administration. Similar therapeutic effects
in alleviating the inflammatory lesions were also found in the
intravenous injection group (Fig. 8E). In contrast, the alveolar walls
remained thickened and the size of alveoli had large variations 1
day after oral administration (Fig. 8F). Significant shrinkage of in-
flammatory lesions, as well as the recovery of alveolar septum
structure, was not observed until 5 days after administration, which
was in accordance with previous results that oral administration of
AZM had a delayed therapeutic effect.
4. Discussion

As the most commonly used macrolide antibiotic, AZM has been
successfully used as a first-line treatment for community-acquired
pneumonia for over 15 years [10]. The wide use of antibiotics,
however, has raised concerns about the development of antibiotic
resistance. Pulmonary delivery has become an attractive method to
counteract this trend in that it provides direct access to the lung,
supplying increased local therapeutic concentrations with minimal
systemic exposure. Unfortunately, AZM-MPs demonstrated poor
flowability and aerosolization properties which impeded their
application in pulmonary delivery. FDKP, in this study, was chosen
as a carrier to vastly improve the aerodynamic properties of the



Fig. 8. Histology of lung tissues in control (A), immunosuppressive (B), pneumonia model (C), intratracheal insufflation (D), intravenous injection (E) and intragastric administration
(F) group 1 d, 2 d, 4 d and 6 d after the establishment of pneumonia mouse model. Sections were embedded in paraffin and stained with H & E (magnification 100� ). Mucus
deposition was marked by black arrows.
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microparticles and facilitate the pulmonary delivery of AZM. In vivo
results suggested that the pulmonary delivery of AZM achieved the
highest local concentration and prolonged retention time and may
represent a successful and novel pneumonia treatment.

FDKP is usually synthesized following a condensation reaction
between two trifluoroacetyl (TFA) protected L-lysine. However, the
formation of linear by-products significantly decreases the yield of
TFA-DKP. The yield can be largely improved to almost 50% with the
incorporation of a six-membered ring (N6) in TFA-L-lysine, which
provided additional steric hindrance.

To demonstrate the feasibility of using FDKP to improve the
pulmonary delivery of AZM, the physicochemical properties and
aerosol performance of the spray-dried AZM@FDKP-MPs were
investigated extensively. It has been reported that the optimal
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aerodynamic diameter for MP deep lung deposition is between 1
and 5 mm [49,50]. Specifically, inhaled particles with a Daer> 5 mm
will remain in the nose, mouth, or throat, whereas a Daer< 1 mm
will be exhaled after initial inhalation. More specifically, particles
with a Daer between 3 and 5 mm are expected to deposit in the
primary or secondary bronchi due to the inertial impaction phe-
nomenon, while particles with a Daer ranging from 1 to 3 mm are
capable of reaching tertiary bronchi, bronchioles or even alveoli via
sedimentation [24,51]. Using laser particle analysis, the Daer90 of
AZM@FDKP-MPs was found to be roughly 4 mm and they can
therefore be considered good candidates for AZM delivery into the
deep lung.

Flowability is also an indispensable part of the particles' aero-
dynamic behaviors and was therefore characterized by the Carr's
index and angle of repose. Results indicated that particle flowability
was significantly improved after the incorporation of FDKP. The
addition of FDKP to the AZM@FDKP-MP preparation led to particles
with lower densities and rougher surfaces compared with AZM-
MPs. Of equal importance is the pH; AZM@FDKP-MPs prepared at
different pH values showed significant differences in flowability,
possibly due to their different geometries or altered surface prop-
erties [52]. When prepared at pH 6.4, both FDKP and AZM were
dissolved in acetate buffer. FDKP anions attracted AZM cations via
electrostatic interactions during spray drying microparticle for-
mation. At pH 4.5, FDKP would first form microparticles in acetate
buffer by self-assembly. This was followed by the attraction of
cationic AZM, which filled pores on the surface of the microparti-
cles, resulting in much smoother surfaces. In general, rougher
surfaces resulted in lower interparticle interactions due to smaller
contact surface areas and larger interparticle distances [27]. Finally,
the concentration of the surface components of AZM@FDKP-MPs
may also affect their flowability. At pH 4.5, the surface of
AZM@FDKP-MPs was almost completely covered by AZM as
opposed tomicroparticles at pH 6.4, whose surface contained amix
of FDKP and AZM. This may contribute to decreased intermolecular
forces between particles and subsequent prevention of aggregation
[53,54]. In summary, it has been clearly demonstrated that the
incorporation of FDKP reduced interparticle interactions and
thereby improved the flowability of microparticles.

Microparticles were also analyzed for hygroscopicity, an indi-
cator of a material's ability to absorb water as a function of hu-
midity. Water absorption of microparticles can result in local
dissolution and recrystallization, which led to irreversible aggre-
gation of the particles though solid bridge formation. This could
significantly increase particle sizes and worsen the aerosolization
and flowability performance which is vital for optimal aerosol
generation and lung deposition [53,55]. The higher hygroscopicity
observed in AZM@FDKP-MPs (pH 6.4) compared to AZM@FDKP-
MPs (pH 4.5) can be explained by the different particle forming
mechanisms at each pH. For example, FDKP was exposed to the
surface of the microparticles at pH 6.4, which led to significant
water absorption at a high relative humidity. However, at pH 4.5,
the FDKP core was protected from its surroundings by the AZM
coating, making the microparticle more resistant to water
absorption.

To confirm the forming mechanisms when prepared at different
pH, the crystallinities of AZM@FDKP-MPs at pH 4.5 and pH 6.4 were
determined by X-ray diffraction and DSC, respectively. Raw AZM
exhibited a crystalline state, which is exemplified by a series of
sharp 2q peaks in the XRD pattern (Fig. 4A). The diffraction peaks
disappeared after spray-drying of AZM, indicating a transition of
the crystalline structure to an amorphous state. For FDKP, a sharp
peak was observed around 28�, suggesting that FDKP can form a
crystalline structure during precipitation at acidic conditions [36].
When precipitating at pH 4.5, it was hypothesized that FDKP
microparticles initially formed were followed by the absorption of
AZM, which resulted in the same diffraction peak observed in
FDKP-MPs as shown in Fig. 4A. For MPs formed at pH 6.4, the shift
in 2q peak suggested a different type of crystalline structure, which
further supported the hypothesis that FDKP and AZM could both
dissolve at pH 6.4 and form a complex by intermolecular forces
during the spray drying process. This change in crystal structure
may explain the observed difference in surface morphology of the
microparticles and thereby may have contributed to the improve-
ment in flowability and moisture absorption compared to particles
formed at pH 4.5.

DSC was also used to further characterize the crystallinities of
FDKP-AZM-MPs (pH 4.5 and pH 6.4). Raw AZM always contains
bound water. The dehydration of AZM therefore led to the endo-
thermic peak at 116.8 �C. The additional endothermic peak at
252.6 �C can be explained by the degradation of the ring structure.
During spray drying, the crystalline structure of AZM changed as
illustrated by the shift of endothermic peaks to about 70 �C. When
spray-drying with FDKP at both pH 4.5 and pH 6.4, there was no
significant shift of the endothermic peaks at around 70 �C and
250 �C, whereas the endothermic peak at 334 �C (represented the
melting of FDKP) disappeared when spray dried at pH 6.4. As
mentioned before, FDKP and AZM were both soluble at pH 6.4 and
can form a complex by intermolecular forces during the spray
drying process. This complex may have a higher melting point or
transform into an amorphous state, which could explain the
disappearance of the endothermic peaks of FDKP.

The aerodynamic properties of MPs were extensively investi-
gated using NGI [56e58]. The aerodynamic properties of MPs are
affected by several factors such as particle size, surface properties
as well as interparticulate forces (including van der Waals, elec-
trostatic, and capillary forces). AZM-MPs had high surface free
energy and could easily adhere to each other via strong inter-
particulate interactions, which led to particle aggregation and poor
re-dispersibility. As a result, most AZM-MPs deposited at the throat.
The incorporation of FDKP was hypothesized to improve the
dispersion of microparticles by decreasing the intermolecular
hydrogen bonding as FDKP has less hydrogen bond donors or ac-
ceptors. Indeed, significant improvements in EF, FPF and MMAD
were observed in AZM@FDKP-MPs. Furthermore, there were also
significant differences in the EF and FPF between particles prepared
at pH 4.5 and pH 6.4. We observed a higher deposition on S2 to S4
and FPF of AZM@FDKP-MPs (pH 4.5). This may be due to their lower
Daer90 compared to AZM@FDKP-MPs (pH 6.4), suggesting that
AZM@FDKP-MPs (pH 4.5) are potentially easier to inhale into the
lung. Based on the above reasons, spray-drying at pH 4.5 was
chosen for the AZM@FDKP microparticle preparation.

To evaluate the efficacy of pulmonary delivery of AZM against
community-acquired pneumonia, AZM@FDKP-MPs were adminis-
tered in a mouse model by either intratracheal insufflation, intra-
venous injection, or intragastric administration. The antibacterial
effect of AZM was found to be concentration-dependent and the
optimal effect was achieved when drug concentrations were
maintained above the MIC. Delivery of AZM by inhalation can
therefore theoretically provide better antibacterial effects than
intravenous injection or intragastric administration due to higher
local drug accumulation as well as longer retention times to
maintain MIC. As shown in Fig. 6C, the amount of AZM recovered
from lung tissues was 4.25± 0.73% (%ID) 0.5 h after intratracheal
insufflation, which was more than 4 times higher than intravenous
injection (0.98± 0.45%, p< .01) andmore than 70 times higher than
intragastric administration (0.059± 0.046%, p< .01). The AZM
concentration in lung tissues was still 0.12± 0.05% (%ID) 24 h after
intratracheal insufflation as opposed to 0.021± 0.013% (p< .01)
found in intravenous administration and below the detection limit
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in intragastric administration. This observation was further sup-
ported by in vivo imaging of the microparticle biodistribution
(Fig. 6B) where much higher fluorescence intensity, an indicator of
AZM concentration, was observed in lung tissues 5min, 2 h, 12 h,
and 24 h after intratracheal administration. The higher local con-
centration and long retention time via intratracheal insufflation
were likely due to the fact that it provided direct access to the lung,
whereas AZM administered by an intravenous or intragastric route
can be rapidly removed by polymorphonuclear leukocytes (PMN)
or macrophages after entering the blood circulation [59]. Although
the AZM concentrations of AZI@FDKP-MPs (pH 4.5) in lung tissues
decreased from 500 mgmL�1 to 30 mgmL�1 over the course of 24 h,
it was still significantly higher than the MICs of bacteria that can
cause pneumonia such as S. pneumonia (0.5 mgmL�1), mycoplasma
pneumonia (0.0027 mgmL�1) and legionella pneumophila
(1.0 mgmL�1) [49].

When bacteria are cultured in the presence of a drug concen-
tration higher than MIC, antibiotic resistance tends to develop with
time. To prevent resistance from developing, a novel measurement
of resistance, called mutant prevention concentration (MPC), has
been proposed [60]. MPC is defined as the threshold above which
the selective proliferation of resistant mutants occurs only rarely.
The concentration of antibiotics betweenMIC andMPC is called the
bacteria mutant selection window (MSW). When the drug con-
centration is within theMSW, mutant bacteriawill selectively grow
and can ultimately lead to the development of antibiotic resistance.
While it is hard to maintain an antibiotic concentration higher than
MPC for long time periods when administered via oral adminis-
tration or intravenous injection, it is possible to achieve a higher
local concentration than MPC with a smaller dosage of drugs by
pulmonary delivery, as demonstrated in the pharmacokinetics
study.

To demonstrate that the pulmonary delivery of AZM could
improve its antibacterial efficiency in vivo, a pneumonia mouse
model was established using S. pneumonia (ATCC 49619). This
model was used to systematically evaluate the pharmacodynamics
of various formulations of MPs via different routes of administra-
tion. Studies in vivo illustrated that the AZM@FDKP-MPs (pH 4.5)
administrated by intratracheal insufflation and intravenous injec-
tion performed better at inhibiting bacteria growth than intra-
gastric administration. We therefore hypothesized that
AZM@FDKP-MPs (pH 4.5) could be inhaled and deposited directly
at the lesion site, which helped avoid AZM systemic circulation
distribution and also helped maintain higher local drug concen-
trations (higher than MPC). High concentrations of AZM at the
infection site can inhibit the growth of S. pneumonia and provide
macrophages in the lung more time to eradicate bacteria, thereby
alleviating the inflammatory response. Contrarily, oral adminis-
tration of AZM exhibited a time lag in antibacterial effects as a
result of a longer absorption process and lower oral bioavailability.
Using oral administration, an AZM concentration higher than the
MIC was only maintained for 10 h and the growth of S. pneumonia
was not entirely stopped, which could easily lead to the develop-
ment of antibiotic resistance or reoccurrence. Although there was
no significant difference in antibacterial efficacy between intra-
tracheal insufflation and intravenous injection, AZM administrated
by inhalation reduced the frequency of administration, which could
help to improve patient compliance and reduce the possibility that
bacteria will develop resistance.

5. Conclusion

Antibiotic dry powder inhalations for targeted pulmonary de-
livery offer unique advantages in providing direct access to disease
sites and minimizing systemic exposure. However, its widespread
adoption has been limited by the scarce selection of excipients, as
only a few excipients have been approved by the FDA for use as
inhalation carriers, such as lactose and 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC). A large number of biocompatible carriers
(polymers, metals and cationic materials) commonly used in other
routes of administration may not be suitable for pulmonary de-
livery due to possible long-term toxicity and potential carcinoge-
nicity. In this study, we have demonstrated the use of FDKP,
approved by the FDA for insulin delivery, as a safe carrier for the
efficient pulmonary delivery of small molecule drugs like AZM.
AZM@FDKP-MPs formulated via spray drying exhibited fantastic
aerosolization performance, improved moisture resistance and,
most importantly, exceptional deep lung deposition. Results in vivo
clearly suggested that AZM@FDKP-MPs administered via intra-
tracheal insufflation achieved much higher local concentration and
prolonged retention time compared to intravenous injection and
oral administration. As such, AZM@FDKP-MPs have the potential to
minimize systemic exposure as well as to reduce the dose and/or
frequency of antibiotic administration, whichmay help tominimize
the possibility of bacterial resistance. In summary, this research
demonstrated an innovative approach of formulating existing
therapeutics for targeted pulmonary delivery to better manage
bacterial pneumonia. It also shed light on exciting opportunities to
utilize existing technologies to overcome the limitations of con-
ventional delivery routes, potentially improving both bioavail-
ability and therapeutic efficacy.
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