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Introduction: Nanoparticles have the advantages of improving the solubility of poorly water-soluble drugs, facilitating the drug
across biological barriers, and reducing macrophage phagocytosis in pulmonary drug delivery. However, nanoparticles have a small
aerodynamic particle size, which makes it difficult to achieve optimal deposition when delivered directly to the lungs. Therefore,
delivering nanoparticles to the lungs effectively has become a popular research topic.

Methods: Nanoaggregate microparticles were used as a pulmonary drug delivery strategy for the improvement of the bioavailability
of cyclosporine A (CsA). The nanoaggregate microparticles were prepared with polyvinyl pyrrolidone (PVP) as the excipient by
combining the anti-solvent method and spray drying process. The physicochemical properties, aerodynamic properties, in vivo
pharmacokinetics and inhalation toxicity of nanoaggregate microparticles were systematically evaluated.

Results: The optimal nanoparticles exhibited mainly spherical shapes with the particle size and zeta potential of 180.52 nm and —19.8
mV. The nanoaggregate microparticles exhibited irregular shapes with the particle sizes of less than 1.6 pm and drug loading (DL)
values higher than 70%. Formulation NM-2 as the optimal nanoaggregate microparticles was suitable for pulmonary drug delivery and
probably deposited in the bronchiole and alveolar region, with FPF and MMAD values of 89.62% and 1.74 pm. In addition, inhaled
NM-2 had Cyn.y and AUC,., values approximately 1.7-fold and 1.8-fold higher than oral cyclosporine soft capsules (Neoral®). The
inhalation toxicity study suggested that pulmonary delivery of NM-2 did not result in lung function damage, inflammatory responses,
or tissue lesions.

Conclusion: The novel nanoaggregate microparticles for pulmonary drug delivery could effectively enhance the relative bioavail-
ability of CsA and had great potential for clinical application.

Keywords: pulmonary drug delivery, dry powder inhalers, nanoaggregate microparticles, aerosol performance, pharmacodynamic
study, inhalation toxicity

Introduction

In drug delivery system, nanoparticles have significant advantages over conventional microparticles and have attracted
much attention. Firstly, nanoparticles can improve the solubility and dissolution of poorly water-soluble drugs. In the
pharmaceutical industry, it is generally accepted that more than 40% of newly discovered drug candidates are poorly
soluble in water. Recently, it has been reported that the new chemical entities have a percentage of up to 90%, and the
compounds in development have a percentage of up to 75%."> Nanoparticles can significantly improve the solubility and
dissolution rate of drugs due to their larger specific surface area. Additionally, adjusting the physicochemical properties
of the nanoparticles can regulate the pharmacokinetics of the drug.® Secondly, nanoparticles can improve the ability of
drug to penetrate mucus. Nanoparticles can help the drug cross biological barriers and deliver it directly to the target site.
This increases the accumulation of drug in the lungs and allows it to be delivered to the site of the lesion, effectively
reducing the non-specific toxicity.* Finally, nanoparticle-based dry powder inhalers (DPIs) can significantly reduce
phagocytosis by macrophages in pulmonary drug delivery. Particles with a geometric size of 1-2 pm are easily
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phagocytosed by macrophages,” and nanoparticles decrease the likelihood of macrophage clearance.® Additionally,
nanoparticles can be deposited in the deep lung, resulting in better lung deposition rates and more precise treatment.

It should be noted that the direct use of drug nanoparticles for pulmonary drug delivery does not produce satisfactory
results. To achieve effective particle deposition in the lungs, DPIs should have an aerodynamic diameter ranging from 1
to 5 um.” However, nanoparticles typically have small aerodynamic particle sizes, and most of the particles will be
exhaled due to Brownian diffusion after inhalation.® Therefore, effective delivery of nanoparticles to the lungs has been
a popular research topic. Nanoaggregate microparticles are one of the most commonly used strategies, which are
generally prepared by drying a suspension of primary nanoparticles dissolved with excipients using various drying
methods.” When nanoaggregate microparticles are deposited in the lungs, they will be redistributed into primary
nanoparticles to produce therapeutic benefits. The production of nanoparticles involves primarily top-down and bottom-
up methods. The top-down method involves reducing large drug particles into nanoparticles through mechanical stress. "'
This method offers the advantages of simplicity and ease of large-scale preparation. However, it typically requires
a significant amount of time to reduce particle size to less than 100 nm, and mechanical stress during preparation may
inactivate peptide and protein drugs. The bottom-up method is a technique for recrystallizing and precipitating dissolved
drugs by controlling the conditions. Its advantages include simple instrumentation, low energy consumption, and the
ability to operate at room temperature. This method is especially suitable for drugs with poor thermal stability, and it is
easier to obtain nanoparticles with a small and uniform particle size and distribution."' Among the various bottom-up
methods, the anti-solvent method is one of the simplest and most cost-effective techniques, which is particularly suitable
for peptide and protein drugs with poor water solubility.'* Spray drying is a frequently used technique to prepare primary
nanoparticles into nanoaggregate microparticles, which has the advantages of high preparation efficiency, continuous
operation and controllable particle size. In addition, the morphology of nanoaggregate microparticles prepared by spray
drying is mostly dimpled, wrinkled and hollow, which is conducive to reducing the aerodynamic particle size of DPIs and
more appropriate for pulmonary drug delivery."

During the preparation of nanoaggregate microparticles, mannitol and lactose are the most commonly used excipients,
but they have their own shortcomings. Lactose is potentially capable of reacting with proteins in a Maillard reaction and
is not appropriate for proteins.'* In addition, lactose is highly hygroscopic and may reduce the aerosol properties of DPIs.
Mannitol is not reductive, but it can cause allergic reactions in some patients.'” Furthermore, mannitol is easily
recrystallized, which may reduce the redispersing and aerosol properties of nanoaggregate microparticles.'® Using
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polymers as excipients has become a viable approach to solve these problems. Polyvinyl pyrrolidone (PVP) is
a biodegradable and biocompatible polymer with the characteristics of non-toxic, an inert, pH stable and high tempera-
ture resistant, which plays an important role in a number of fields such as pharmaceutical preparations, biomedicine,
cosmetics and food industry.'”'® As a non-ionic surfactant, PVP is soluble not only in water but also in organic solvents
such as methanol and ethanol. It can be used to encapsulate both water-soluble and oil-soluble drugs and is widely used
as an excipient in the preparation of oral solid forms, oral liquid forms, eye drops, injections, transdermal preparations,
nasal sprays and so on.'®

Cyclosporine A (CsA) is a commonly used immunosuppressant for organ transplantation.'” However, its poor water
solubility results in low bioavailability when administered orally. As a result, large quantities of CsA must be used for an
extended period of time after transplantation, which can lead to side effects including hepatotoxicity and
nephrotoxicity.”*?! Thus, the design of novel dosage form of CsA with a low toxicity and high efficacy based on
a new drug delivery system is of great value and application prospect. Currently, a large number of clinical trials have
been conducted to evaluate the effect of nebulized inhalation of CsA solution in transplantation.”*** Recently, DPIs have
become a research hotspot in the development of new dosage form of CsA, and the reported technologies mainly include
freeze-drying, spray drying, spray freeze-drying or a combination of multiple methods.>*® The delivery strategies of
these DPIs can be divided into traditional microparticles, while there are few reports on nanoaggregate microparticles to
deliver CsA.

In this paper, we prepared nanoaggregate microparticles for pulmonary delivery of CsA by combining the anti-solvent
method and spray drying process. We focused on the effects of the organic solvent type, the CsA concentration and the
surfactant type upon the nanoparticle particle size and polydispersity index (PDI). We also systematically evaluated the
physicochemical properties, aecrodynamic properties, in vivo pharmacokinetics and inhalation toxicity of nanoaggregate
microparticles.

Materials and Methods

Materials

Methanol and acetonitrile were supplied by Merck KGaA (Germany). Acetone was purchased from Beijing Chemical
Industry Group Co., Ltd (China). Poloxamer 188, PEG 3000 and PEG 8000 were supplied by Shanghai Yuanye Bio-
Technology Co., Ltd (China). Tween 20, sodium dodecyl sulfate (SDS) and PVP K30 were supplied by J&K Scientific
Co., Ltd (China). Ethanol and hydroxypropyl methylcellulose (HPMC) were supplied by Shanghai Macklin Biochemical
Co., Ltd (China). Polyvinyl alcohol (PVA) was purchased from Xiya Reagent (China). CsA was supplied by BioDuly
(China). Cyclosporine D (CsD) and A549 cells were purchased from Meilunbio™ (China). DMEM was purchased from
Thermo Fisher Scientific Inc (USA).

Preparation of Nanoparticles

CsA nanoparticles were produced by means of the anti-solvent method. Briefly, CsA (5, 10, and 20 mg/mL) was
dissolved in organic solvents (methanol, ethanol, acetonitrile and acetone) and passed through a filter (0.45 pum) to
separate insoluble impurities. The resulting solution was added slowly to 100 mL of water with 0.1% surfactant at
a speed of 1 mL/min under the condition of room temperature and 1000 r/min. CsA nanoparticles were produced by
continuous stirring and sonication for 5 minutes after the dropwise addition was completed.

Preparation of Nanoaggregate Microparticles

CsA nanoaggregate microparticles were produced by using a spray drying process. Firstly, CsA nanoparticles underwent
centrifugation at 14000 r/min for 30 minutes, and the obtained precipitate was washed three times with pure water to
completely remove the surfactant. The precipitate was then re-dispersed by sonication with 100 mL of an aqueous
solution of PVP (0.04, 0.08, and 0.12 mg/mL). Finally, the re-dispersed nanoparticles were dried with a B-290 spray
dryer (BUCHI Ltd., Switzerland), resulting in the formation of CsA nanoaggregate microparticles. The closed-loop
blowing mode was used to operate the spray dryer using a B-295 device (BUCHI Ltd., Switzerland). The dual-fluid
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0.7 mm spray tip was utilized, and the entrance temperature was fixed at 170 °C. The injection rate was set to 20%, while
the gas flow rate and aspirator rate were set to 414 L/h and 100%.

Particle Size and Distribution

The Zetasizer Nano ZS90 (Malvern Panalytical Ltd., UK) was used by the dynamic light scattering technique to analyze the
zeta potential, PDI and particle size of CsA nanoparticles. The measurements were taken with the temperature of 25.0 £0.1 °C
and intense light scattering angle of 90°.

The Mastersizer 3000 (Malvern Panalytical Ltd., UK) was applied by the laser diffraction analysis technique to
analyze the particle size of CsA nanoaggregate microparticles. The measurements were taken with the aero dispersion
units. Dsq and Span were applied to define the particle size and distribution, respectively. The calculation of Span was
performed according to Eq. (1).

Dgg — Dig
Span = ———— 1
p Ds; (1)

Drug Loading (DL)

The HPLC method described in published literature was used to determine the DL of CsA in nanoaggregate microparticles.*’
Briefly, nanoaggregate microparticles were dissolved in ethanol-water (50:50, v/v), and the resulting solution was injected into
a 1260 Infinity II system (Agilent Technologies Inc., USA) to analyze the CsA content. The mobile phases and column were
set to water-acetonitrile (40:60, v/v) and ZORBAX 300 SB C8 column (4.6 mm x 250 mm, 5.0 um), respectively. The pump
speed and column temperature were fixed at 1.0 mL/min and 60 °C, respectively. The injection volume and detection
wavelength were set to 10 pL and 205 nm, respectively.

Scanning Electron Microscopy (SEM)
The surface structures of the particles were investigated using a SU8020 instrument (Hitachi Ltd., Japan). Before
imaging, the particles were covered with a layer of gold by an MC 1000 ion sputtering system (Hitachi Ltd., Japan).

Powder X-Ray Diffraction (PXRD)

The crystalline structure of the particles was investigated by means of PXRD with the Cu-Ka radiation and D8 Advance
diffractometer (Bruker, Germany). The tube current and tube voltage of 40 mA and 40 kV were used, respectively. At
a scanning speed of 2°/min, the diffraction images were recorded in the region from 3 to 40° 20.

Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)

The DSC curve of the particles was investigated by a Q 100 device (TA Instruments, USA). The DSC curve was recorded in

the range of 40 °C to 250 °C with a temperature rise speed of 10 °C/min, and the nitrogen stream was set to 20 mL/min.
The TGA curve of the particles was investigated by a Q 500 device (TA Instruments, USA). The TGA curve was

recorded in the range of 30 °C to 450 °C with a temperature rise speed of 10 °C/min, and the nitrogen stream was set to

60 mL/min.

In vitro Release Studies
Simulated lung fluid (SLF) was used to evaluate the in vitro release characteristics of the particles. Briefly, nanoaggregate
microparticles (ca. 2 mg CsA) were carefully measured and transferred to 100 mL of SLF. The stirring speed and
temperature of the SLF were controlled at 100 r/min and 37 °C, respectively, with an MR Hei-Tec device (Heidolph
Instruments GmbH & Co., KG., Germany). The release of CsA from nanoaggregate microparticles was monitored at
specific intervals using the HPLC method described above.

The SLF was developed in accordance with the published literature,*® which was made up of 0.01% dipalmitoylpho-
sphatidylcholine, 0.19 g/L Glycine, 0.16 g/L Najscitrate:2H,0, 0.12 g/ NH,4Cl, 0.15 g/L Na,HPO,, 0.18 g/L Na,SO,
‘10H,0, 0.10 g/L MgCl,, 2.70 g/L NaHCOs3, 6.40 g/L NaCl and 0.26 g/L CaCl, 2H,0.
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In vitro Aerosol Performance

A Next Generation Impactor (NGI, Copley Scientific Ltd., UK) was applied to investigate the simulated lung
deposit of nanoaggregate microparticles at 90 L/min. All processes were performed in accordance with the Chapter
<601> specification of United States Pharmacopoeia. The particles collected at each position of NGI were rinsed
with ethanol-water (50:50, v/v), and CsA was detected using the HPLC method described above. The mass median
aerodynamic diameter (MMAD) was employed to describe the aerodynamic diameter. The geometric standard
deviation (GSD) was employed to characterize the aerodynamic diameter distribution. The fine particle fraction
(FPF) was considered to be the fraction with the aerodynamic diameters less than 5 um. MMAD, GSD and FPF
were determined by means of the Inhalytix software.

Cell Viability Assays

In vitro cytotoxicity assay of nanoaggregate microparticles on A549 cells was investigated. A549 cells cultured in
DMEM medium were seeded at 2000 colonies/well in a 96-well plate and grown at 37 °C for 24 h. The cells were
exposed to nanoaggregate microparticles and then grown for 48 h, and the terminal concentration of CsA was as
high as 100 pg/mL. Following this, cells were then grown for 1 h with 20 pL of 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) applied to each well. The sample absorption
was checked at 490 nm (630 nm as a reference standard) with a Multiskan GO device (Thermo Fisher Scientific
Inc., USA), and the cytotoxicity on A549 cells was assessed according to Eq. (2).

o A — A
Cell viability(%) = —mple — “Wblank 10 )
Acontrol - Ablank
Where, Agmple refers to the absorbance of cells containing nanoaggregate microparticles, Aconyor refers to the
absorbance of cells excluding nanoaggregate microparticles, and Ayan refers to the absorbance of original cells.

In vivo Pharmacodynamic Study

Pharmacodynamic Study of CsA in Rats

Eighteen male SD rats were separated at random into three groups: intravenous administration of cyclosporine soft capsules
(Neoral®), oral administration of cyclosporine soft capsules, and inhalation administration of nanoaggregate microparticles.
The doses of administration for all three groups were 0.4 mg CsA/kg in accordance with the published literature.>* The rats
were anesthetized with isoflurane prior to inhalation administration of nanoaggregate microparticles, which were then
delivered via the trachea into the lungs with the help of the particle delivery equipment (Huironghe Technology Co., Ltd.,
Beijing, China). At predetermined intervals, an aliquot (50 pL) of blood was obtained via intubation of the rat jugular vein for
analysis using the HPLC-MS/MS method in accordance with the published literature.*’

Prior to testing, blood samples were processed as follows: 50 uL of cyclosporine D (600 ng/mL, internal standard), 50
pL of ZnSO,4 (0.5 mol/L) and 350 pL of methanol were transferred to the blood sample, and vortexed for 30s. The
mixture was stored at —20 °C for 30 min and then centrifuged at 14000 r/min for 10 min. After filtration with a membrane
(0.45 pum), the supernatant was infused into a 1290-6470 Triple Quad (Agilent Technologies Inc., USA) for analysis. The
column and column temperature were set to ZORBAX 300 SB C8 column (2.1 mm X% 100 mm, 1.8 pm) and 60 °C,
respectively. The mobile phases were set to 0.1% formic acid containing 10 mmol/L ammonium formate (A) and
acetonitrile (B). The pump speed and infused amount were fixed at 0.5 mL/min and 5 pL, respectively. The program for
gradient elution was adjusted as shown below: 50%A (0-3 min); 50%A—-30%A (3—5 min); 30%A—-50%A (5-5.1 min);
50%A (5.1-7 min). The ESI+ mode and MRM program were applied. The precursor ion and product ion of internal
standard were set to 609.5 and 156.2, respectively. The precursor ion and product ion of CsA were set to 602.5 and 156.2,
respectively.

Residue Study of CsA in the Lungs of Rats
The residue of CsA in the lungs of rats after inhalation of nanoaggregate microparticles was further examined, and the
method of inhalation administration and the doses of administration were consistent with those described above. At
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predetermined intervals, the residue of CsA in the alveolar macrophages was assessed by collecting bronchoalveolar lavage
(BAL) fluid from the rats, and the residue of CsA in the lungs was assessed by dissecting and sampling the lung tissue.

The method used to collect the BAL samples was based on literature with minor changes.’' Briefly, 3 mL of PBS
(pH = 7.4) was injected into the lungs and washed 3 times. The BAL cells were collected by centrifuging the BAL samples
at 1700 r/min for 10 min, which were resuspended in 0.5 mL of saline and disrupted with the milling method. The
suspension was diluted with 0.5 mL of methanol and then spun down at 14000 r/min for 10 min. Finally, the HPLC-MS/MS
method described above was used to process and detect the supernatant.

The lungs were extracted with 8 mL of ethyl acetate after homogenization in 2 mL of saline. The mixture was
centrifugated at 14000 r/min for 10 min to collect the organic phase. After three extractions, the organic phase was dried
by a rotary evaporator, and 10 mL of acetonitrile was added to redissolve the residues. The solution was centrifugated at
14000 r/min for 5 min after storage at —20 °C for 30 min. Then, 50 pL of the supernatant was mixed with 50 pL of
cyclosporine D (600 ng/mL) and 350 pL of acetonitrile. Finally, the above mentioned HPLC-MS/MS method was used to
detect the sample.

Repeated Dose Inhalation Toxicity

Twelve male SD rats were separated at random into three groups: control group, low-dose group and high-dose group.
The method of inhalation administration was consistent with that described above. The control group was treated with air.
The doses of inhaled nanoaggregate microparticles for low-dose group and high-dose group were 0.4 and 0.8 mg CsA/kg,
respectively. The rats were exposed to nanoaggregate microparticles through inhalation for 14 consecutive days and were
administered once daily.

The animals were monitored daily for health and weight during the study. After the experiment, the Madlab-4C/501H
instruments (Beijing Zhongshi Dichuang Technology Development Co., Ltd., China) was used to assess the pulmonary
function of rats. Briefly, the fur of neck was plucked when 1% pentobarbital sodium was injected intraperitoneally to
anesthetize the rat. Then, a 2 cm incision was cut from the neck to reveal the air tube. Finally, the FEV0.3/FVC value,
which was defined as forced expiratory volume over 0.3 s divided by forced vital capacity, was measured by inserting the
respiratory sensor into the air tube.

The BAL samples were obtained according to the method described above, which were used to assess cytokine levels
with ELISA test. The rats were executed to collect specimens. Blood samples were obtained to assess the biochemical
parameters. The tissues (kidney, lung, liver, pancreas and spleen) were obtained and weighed, which were placed in 10%
formalin solutions and then embedded in paraffin for H&E staining to perform the histopathologic evaluation.

Statistical Analysis
All experimental data were shown as mean + standard deviation (SD). Statistical significance was analyzed using ¢ tests,
and the value of P lower than 0.05 was deemed to be a statistically significant difference.

Results

Particle Size of Nanoparticles

Effect of Surfactant on Particle Size

The effect of surfactant on particle size and PDI of nanoparticles was investigated using ethanol as the solvent and the CsA
concentration of 10 mg/mL. As shown in Figure 1A and B, the particle size of the nanoparticles prepared using the same
surfactant basically tended to increase as the volume ratio of solvent to anti-solvent increased. Within the experimental
range, the particle sizes were all less than 350 nm and the PDIs were all less than 0.3 when poloxamer 188 was used as the
surfactant, indicating that the nanoparticles prepared with poloxamer 188 as the surfactant were more stable. Therefore,
poloxamer 188 was used as the surfactant in subsequent studies.

Effect of Organic Solvent on Particle Size
The effect of organic solvent, including methanol, ethanol, acetonitrile and acetone, on nanoparticle size and PDI was
investigated using poloxamer 188 as the surfactant and the CsA concentration of 10 mg/mL. As shown in Figure 1C and D,
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Figure | Influence of (A and B) surfactant, (C and D) organic solvent and (E and F) CsA concentration on particle size and PDI of nanoparticles (mean + SD, n = 3).

the nanoparticles prepared with different solvents had significant differences in particle size and PDI. Under the same
experimental conditions, the nanoparticles prepared using methanol as the solvent had the smallest particle size, with the

values of less than 300 nm and PDI less than 0.3. These results suggested that CsA nanoparticles prepared with methanol as
the solvent were superior.

Effect of CsA Concentration on Particle Size

The effect of CsA concentration on nanoparticle size and PDI was investigated using poloxamer 188 as the surfactant and
methanol as the solvent. As shown in Figure 1E and F, under the same experimental conditions, the particle size of
nanoparticles was smallest with the PDI less than 0.3 at a CsA concentration of 10 mg/mL. To achieve a high yield and
particle size less than 200 nm, the CsA nanoparticles were finally prepared using methanol as the solvent, poloxamer 188
as the surfactant, CsA concentration of 10 mg/mL and solvent to anti-solvent volume ratio of 0.04. Moreover, the particle
size was 180.52 + 3.20 nm with PDI and zeta potential values of 0.08 + 0.03 and —19.8 £ 0.4 mV, respectively.

Particle Size and DL of Nanoaggregate Microparticles

The nanoaggregate microparticles were prepared by using the spray drying method to dry the nanoparticles redispersed with
PVP solution. The results of DL, particle size and distribution of nanoaggregate microparticles were shown in Table 1. The
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Table | Content, Particle Size and Distribution of Nanoaggregate Microparticles (Mean * SD, n = 3)

Formulation | PVP (mg/mL) | Dso (Mm) Span Theoretical DL (%) DL (%)

NM-1| 0.04 1.39 £ 00! | 1.85+0.03 90.91 88.20 * 0.75
NM-2 0.08 1.46 £0.02 | 2.11 £0.25 83.33 80.19 = .12
NM-3 0.12 1.52 £0.02 | 2.27 £ 0.08 76.92 7187 £ 1.18

particle size and distribution of nanoaggregate microparticles exhibited an increasing tendency with the increase in PVP
concentration. The particle sizes were all less than 1.6 um and the Span values were all less than 2.3, indicating that
nanoaggregate microparticles had the small geometric particle size and narrow distribution. Furthermore, nanoaggregate
microparticles showed high DL values, none less than 70%. The DL values were all less than the theoretical values, which
could be attributed to incomplete precipitation and recovery of nanoparticles during the treatment process.

Appearance of Particles

Appearance of the nanoparticles and nanoaggregate microparticles was shown in Figure 2. The nanoparticles exhibited
mainly spherical or nearly spherical shapes, and the individual particle sizes were basically consistent with the results of
DLS detection. Completely different from nanoparticles in appearance and particle size, the nanoaggregate microparticles
exhibited irregular shapes with wrinkled or concave surfaces and larger particle sizes, indicating that the nanoaggregate
microparticles were successfully obtained. Additionally, such DPIs with these shapes could decrease particle interactions
and enhance the flow and aerosol properties of the particles, which were beneficial for pulmonary drug delivery.>*

PXRD

The PXRD curves of CsA, PVP and nanoaggregate microparticles were shown in Figure 3A. No typical crystalline peaks
were found for CsA and PVP, suggesting that they were both in the amorphous state.>>*® Similar to CsA and PVP, the

7

5.0kV 3.5mm x5.00k SE(TUL)

5.00um

5.00um 6mm x10.0k SE(TUL) 5.00um

Figure 2 Appearance of nanoparticles and nanoaggregate microparticles. (A) Nanoparticles. Nanoaggregate microparticles of (B) NM-| formulation, (C) NM-2 formulation,
and (D) NM-3 formulation. Scale bars correspond to 5.0 pm.
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Figure 3 Characteristics of nanoaggregate microparticles. (A) PXRD curves, (B) TGA curves and (C) DSC curves of CsA, PVP and nanoaggregate microparticles.
(D) Release profile of CsA from nanoaggregate microparticles (mean * SD, n = 3).

nanoaggregate microparticles (NM-1, NM-2, and NM-3) were all in the amorphous state, as evidenced by the absence of
clearly visible crystalline peaks. The use of amorphous formulations was advantageous for the poorly water-soluble drugs

because it could enhance their dissolving properties and pharmacological effect.>’>°

TGA and DSC

The thermal stability and water content of nanoaggregate microparticles were evaluated by the TGA and DSC methods,
and the results were shown in Figure 3B and C. The TGA curves of CsA, PVP and nanoaggregate microparticles did not
exhibit any significant weight loss under 120 °C, suggesting the absence of significant water content. CsA and PVP
started to show obvious weight loss at greater than 244 °C and 180 °C, respectively, indicating the beginning of their
thermal decomposition. Nanoaggregate microparticles (NM-1, NM-2, and NM-3) exhibited multistage weight loss at
temperatures above 200 °C as a result of the decomposition of PVP and drug, and the initial decomposition temperature
decreased as the PVP content increased. The data suggested a minor reduction in the thermal stability of nanoaggregate
microparticles in comparison to CsA.

The DSC curve of CsA displayed no strong endothermic peak, except for a weak endotherm at 132 °C, which
represented its glass transition temperature.*® This suggested that CsA was in the amorphous state. The DSC curve of
PVP displayed a broad and weak endothermic peak below 100 °C due to the loss of water. Additionally, a strong
endothermic peak was observed at 224 °C caused by the decomposition of PVP, which was also confirmed by the TGA
results. Interestingly, the DSC curves of nanoaggregate microparticles (NM-1, NM-2, and NM-3) all displayed no
obvious endothermic peak compared to CsA and PVP over the experimental temperature range. The DSC results

suggested that CsA, PVP and nanoaggregate microparticles were in the amorphous state, supporting the PXRD
conclusions.
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In vitro Release Studies

The dissolution property of the poorly water-soluble drug is a major consideration for the application in the clinic.*' As
shown in Figure 3D, approximately 50% of CsA was rapidly released from nanoaggregate microparticles (NM-1, NM-2,
and NM-3) within the first 30 min. The amount of dissolved CsA essentially reached equilibrium after 60 min, and no
crystallization was observed within 180 min. The dissolution profiles of three nanoaggregate microparticles were similar,
indicating that PVP did not significantly affect the dissolution rate of CsA. In addition, nanoaggregate microparticles
improved the dissolution rate of drug compared to raw CsA. The results could be attributed to two factors. Firstly, PVP is
commonly used as the excipient to enhance the dissolution properties of poorly water-soluble drugs, thereby increasing
their bioavailability.**** Secondly, nanoaggregate microparticles had the smaller particle size, which is a commonly used

strategy to enhance the dissolution properties of poorly water-soluble drugs.****

In vitro Aerosol Performance

The effective disposition of DPIs in the lungs is a critical factor in pulmonary drug delivery. Simulated drug lung deposition of
nanoaggregate microparticles was assessed by NGI, and the results were presented in Figure 4 and Table 2. The throat and pre-
separator of NGI mainly simulate the upper respiratory tract areas such as nose, pharynx and throat, while the impactor stages
mainly simulate the lower respiratory tract areas such as bronchi, bronchioles and alveoli. The nanoaggregate microparticles in
both throat and the pre-separator were found to have a deposition rate of below 5%, demonstrating that the nanoaggregate
microparticles did not contain significantly larger particles and were easily able to be inhaled and transported to the trachea. In
addition, the nanoaggregate microparticles were primarily precipitated in stage 3 to 5, predicting the small aerodynamic particle
size and narrow distribution. As a crucial factor in evaluating the number of respirable particles of DPIs, the FPF values for
nanoaggregate microparticles were calculated to be in the range of 82% to 90%. The MMAD values ranged from 1.7 to 2.1 pm,
indicating that nanoaggregate microparticles were suitable for pulmonary drug delivery and ideal for deposit in the bronchiole
and alveolar region.*>*” The GSD values were calculated to be less than 1.9, indicating that acrodynamic diameter distribution
of nanoaggregate microparticles was narrow. Furthermore, the formulation of NM-2 exhibited the highest FPF value and the
lowest MMAD and GSD values, making it the ideal DPIs for further research.
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Figure 4 Simulated drug lung deposition of nanoaggregate microparticles (mean + SD, n = 3).
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Table 2 The Aerodynamic Results of Nanoaggregate
Microparticles (Mean * SD, n = 3)

Formulation | FPF <5 pm (%) | MMAD (um) GSD

NM-I 87.87 + 431 1.89 + 0.07 1.87 £ 0.06
NM-2 89.62 + 0.74 1.74 £ 0.13 1.81 £0.07
NM-3 82.59 + 141 2.05 + 0.08 1.87 £ 0.02

In vitro Cytotoxicity Assays

The cytotoxic effect was performed to evaluate the initial safety feature of nanoaggregate microparticles (NM-2) in
human cells. The relationship between dose and cell viability of nanoaggregate microparticles on A549 cells was
evaluated after 48 h of exposure. As shown in Figure 5, it was found that the nanoaggregate microparticles showed
no in vitro cytotoxicity at a concentration of up to 100 pg/mL (equivalent to the level of CsA). Based on the lack of
cytotoxicity, the nanoaggregate microparticles with PVP as the excipient were deemed to be safe for pulmonary drug
delivery.

In vivo Pharmacodynamic Study

The pharmacodynamic curves in rats were presented in Figure 6A, and pharmacodynamic parameters were presented in
Table 3. The plasma level of CsA was significantly improved after inhaling nanoaggregate microparticles (NM-2) with
the Cpax and AUC_,, values of 90.1 ng/mL and 956.4 ng-h/mL, respectively, which were about 1.7-fold and 1.8-fold
increased over oral cyclosporine soft capsules. Inhaled nanoaggregate microparticles (NM-2) exhibited a slight increase
and decrease in Tp,.x and T}, values compared to oral cyclosporine soft capsules, respectively, which were not very
meaningful due to the minor change in values. In addition, the absolute bioavailability of inhaled nanoaggregate
microparticles (NM-2) was 37.8%, which could be obtained by calculating its AUC,._,, ratio to intravenous cyclosporine
soft capsules. The pharmacodynamic results indicate that pulmonary delivery of nanoaggregate microparticles can
effectively deliver CsA to the systemic circulation and achieve effective therapeutic concentration at a low systemic
exposure dose compared to oral delivery, which has a good prospect for clinical application.

In addition, the residue of CsA in BAL cells and lungs of rats following inhaled nanoaggregate microparticles (NM-2)
was further investigated. As shown in Figure 6B, the amount of CsA in rat lungs could be rapidly decreased to a very low
level when nanoaggregate microparticles were deposited into the moist lungs. This suggested that PVP as the excipient
could be rapidly dissolved to release primary CsA nanoparticles, which were then rapidly introduced into the systemic

150
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Figure 5 Cytotoxic effect of nanoaggregate microparticles on A549 cell line (mean  SD, n = 3).
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Figure 6 (A) Pharmacodynamic curves of CsA in rats (mean * SD, n = 6) and (B) residue of CsA in BAL cells and lungs of rats following inhaled nanoaggregate
microparticles (mean = SD, n = 4).

circulation. Furthermore, the CsA level in BAL cells was extremely low, demonstrating that nanoaggregate micropar-
ticles could significantly escape phagocytosis by macrophages. It was related to the nature of nanoaggregate micro-
particles, which had the excellent MMAD value (1.7 um) that allow them to be efficiently deposited into the deep lungs.
Meanwhile, the released primary nanoparticles could significantly reduce macrophage phagocytosis, enabling efficient

drug delivery.”*®

Inhalation Toxicity

PVP is considered to be a biocompatible polymer that is widely used in the pharmaceutical formulation and food
industry, and the pharmacokinetics and toxicity of PVP has been extensively evaluated.*” However, it is worth noting that
PVP has not been approved for use as an excipient for pulmonary drug delivery. On this basis, the repeated dose
inhalation toxicity study for 14 days was conducted on nanoaggregate microparticles (NM-2) to examine the suitability
for pulmonary drug delivery.

During the experiment, all the rats grew normally without any fatalities, and their body weight showed a uniform
increase, indicating that inhaled nanoaggregate microparticles did not have any significant effect on the appetite or
metabolism of rats (Figure 7A). The FEV0.3/FVC values of the rats in the experimental group were not significantly
different from those of the control group, indicating that the deposition of nanoaggregate microparticles into the lungs did
not have an impact on the respiratory system of rats during the experiment (Figure 7B). Compared with the control
group, the weights of the five major tissues of rats in the experimental group remained within an acceptable range,
indicating that nanoaggregate microparticles did not cause significant damage to the major tissues after entering the
systemic circulation and being metabolized (Figure 7C). Moreover, H&E staining results of the major tissues exhibited
no visible evidence of necrosis or lesions, indicating the good biocompatibility and safety of PVP as the excipient for
pulmonary drug delivery (Figure 8). Biochemical parameters of rats were also assessed and most of them fluctuated
within a small range compared to the control group, while a few parameters such as ALT, LDH and UA fluctuated within
a larger range but still within acceptable limits (Table 4).

Table 3 The Pharmacodynamic Parameters of CsA Formulations in Rats (Mean + SD, n = 6)

Formulation Cmax (ng/mL) | Toax (h) | T2 (h) | AUCq... (ng h/mL)
Cyclosporine soft capsules (oral) 54.4 = 10.1 22+08 | 7.1 +£25 585.2 + 98.0
Cyclosporine soft capsules (intravenous) - - - 2527.0 + 367.5
NM-2 (Inhalation) 90.1 £ 5.9 | 3.3 +£05*% | 63+ 2.1 956.4 + 289.9%

Notes: *p < 0.05, **p < 0.001 versus cyclosporine soft capsules (oral).
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Figure 7 Inhalation toxicity study to assess the effects of inhaled nanoaggregate microparticles in rats on (A) body weight (mean + SD, n = 4), (B) pulmonary function (mean
+ SD, n = 3), (C) tissue weight (mean * SD, n = 4), and (D-G) cytokines (mean * SD, n = 4). ns stands for no significant difference.

Cytokines modulate the immune of host reactions to trauma, inflammation and infection, and several of them have
a crucial function in the development of inflammation.”® IL-4 and IL-13 collaborate to promote the IgE generation from
B cells, stimulate the development of eosinophilic inflammation, and enhance mucus hypersecretion, airway fibrosis, and
re-molding.”' IL-5 enhances eosinophil differentiation from bone marrow and extends their survival in the airways,
making it a key player in eosinophilic inflammation.* TNF-a functionally induces a number of different inflammatory
molecules and plays a crucial role in inflammatory responses and the development of certain autoimmune and
inflammatory diseases.”> To further examine whether the inflammatory response occurred in the lungs after inhaled

International Journal of Nanomedicine 2024:19 hetps: 7541
Dove:


https://www.dovepress.com
https://www.dovepress.com

Huang et al

Dove

Low dose

Control

Kidney

Figure 8 H&E staining of main tissues of rats to assess inhalation toxicity of nanoaggregate microparticles.

Pancreas Spleen

nanoaggregate microparticles, the cytokine levels of IL-4, IL-5, IL-13 and TNF-a were further assessed (Figure 7D-G).
No significant differences were found in the levels of all cytokines between the low-dose and high-dose groups when
compared to the control group, indicating that inhaled nanoaggregate microparticles did not cause a significant inflam-
matory response in the lungs, confirming the biocompatibility and safety of PVP as the excipient for pulmonary drug
delivery. Similarly, Nair found no inflammatory response in rats exposed to the PVP solution at a concentration of 118

pg/mL for 8 h/day over a period of 30 days.>*

In conclusion, PVP as the excipient was safe and biocompatible for pulmonary drug delivery with broad application

prospects, and did not cause lung function damage, inflammatory responses, or tissue lesions.

Discussion

Pulmonary drug delivery has the characteristics of non-invasive administration, high blood drug concentration, rapid
absorption rate, no first-pass effect and low enzyme activity, making it an effective drug delivery system for improving
the bioavailability of CsA. In addition, pulmonary delivery of CsA can significantly reduce the systemic exposure dose,

Table 4 Evaluation of Biochemical Parameters in Rats (Mean % SD, n = 4)

Parameters Low Dose | High Dose Control
Albumin (g/L) 295 +£25 258+ 1.3 300 +£24
Alanine Transaminase (U/L) 543 + 3.6 838+ 1738 61.8 £ 149
Aspartate Transaminase (U/L) 328 £ 48 440 11.7 398 £ 132
Blood Urea Nitrogen (mmol/L) 6.3 +06 6.0 +08 6.8 +0.3
Glucose (mmol/L) 47 £ 0.6 45+0.6 54+05
Lactate Dehydrogenase (U/L) 2304 £ 364 | 216.7 +52.8 | 180.7 + 56.7
Total Protein (g/L) 535 £ 3.1 485 + 4.7 53.0%75
Uric Acid (umol/L) 196.0 + 53.8 | 89.5 335 | 1273 £ 440
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thereby reducing their toxic side effects.”> At present, the DPIs that have been reported for the delivery of CsA to the
lungs are mainly microparticles. In comparison, nanoparticles are more promising DPIs, but their effective delivery to the
lungs is a tricky problem because their aerodynamic diameter is small and easily exhaled. Therefore, nanoparticles
should be transformed into micrometer-scale nanocomposite structures with aecrodynamic diameters between 1 and 5 pm
to optimize delivery efficiency.

In this systematic and broad investigation, novel nanoaggregate microparticles for pulmonary delivery of CsA were
efficiently designed and successfully manufactured by combining the anti-solvent method and spray drying process. The
anti-solvent method for the preparation of nanoparticles is not only suitable for organic small-molecule drugs but also for
macromolecular drugs such as peptides and proteins. The optimal particle size was 180.52 nm when nanoparticles of CsA
were prepared by the anti-solvent method. This was advantageous for pulmonary drug delivery as it was able to evade
macrophage phagocytosis and pass directly from the alveoli into the systemic circulation.”>® Spray drying is a common
method for manufacturing DPIs because it can customize and optimize particle characteristics such as surface morphol-
ogy and particle size.”>® In this study, the nanoaggregate microparticles of CsA were further prepared by spray drying
with PVP as the excipient. The SEM results further confirmed the successful preparation of nanoaggregate microparticles
with wrinkled structures, as their geometric particle size was significantly larger than that of nanoparticles. In addition,
the particles with this morphology were advantageous for pulmonary drug delivery due to their ability to improve the
flowability of DPIs.

The PXRD and TGA results confirmed that the nanoaggregate microparticles had an amorphous structure and almost
no water content. This type of DPIs had advantages for pulmonary drug delivery, as high moisture content could lead to
particle aggregation and affect the aerosol properties of DPIs. It should be noted that particles with amorphous structure
had high moisture absorption and poor stability, which might undergo crystalline transformation during storage.’’
Therefore, future work should also consider long-term stability studies to evaluate their practical applicability in clinical
settings.

The NGI results demonstrated the excellent aerosol properties of nanoaggregate microparticles, as reflected by
significantly high FPF and MMAD values. In addition, the MMAD values were in the range of 1.7-2.1 um for targeting
the smaller airways. The in vivo pharmacokinetic results further confirmed that pulmonary delivery of nanoaggregate
microparticles significantly improved the relative bioavailability of CsA. Moreover, the extremely low content of CsA in
BAL cells demonstrated the significant escape of nanoaggregate microparticles from macrophage phagocytosis, which
further reflected the advantages of nanoparticles in pulmonary drug delivery. The inhalation toxicity results have
demonstrated that PVP has good safety and biocompatibility as an excipient for pulmonary drug delivery, which is
also of great significance for the approval of new carrier excipient.

Conclusions

Nanoaggregate microparticles for pulmonary delivery of CsA were prepared by combining the anti-solvent method and
spray drying process. The nanoaggregate microparticles exhibited high DL values, all above 70%. Formulation NM-2 as
the optimal nanoaggregate microparticles was suitable for pulmonary drug delivery and probably deposited in the
bronchiole and alveolar region, with FPF and MMAD values of 89.62% and 1.74 um, respectively. In addition, the
in vivo pharmacodynamic data suggested that pulmonary delivery of NM-2 in rats could effectively enhance the relative
bioavailability of drug in comparison to oral delivery. The inhalation toxicity study suggested that pulmonary delivery of
NM-2 did not result in lung function damage, inflammatory responses, or tissue lesions. In summary, the nanoaggregate
microparticles for pulmonary drug delivery may be a feasible delivery strategy to enhance the bioavailability of CsA.
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