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Abstract

Diseases caused by upper respiratory tract (URT) and pulmonary infections have been a serious threat to human health for millennia and
lack of targeted effective therapeutic techniques. In this study, two kinds of cyclodextrin particles with typical particle shapes of nanocubes
and microbars were synthesized through a facile process. Subsequently, the particles were used as carriers for loading and stabilizing iodine
and characterizations were performed to demonstrate the loading mechanism. Next-generation impactor (NGI) experiments showed that
iodine-loaded microbars (I, @microbars) had a deposition rate of 79.75% in URT, while iodine-loaded nanocubes (I, @nanocubes) were
delivered to the deep lungs with a fine particle fraction (FPF) of 46.30%. Minimal inhibitory concentration (MIC) and minimal bactericidal
concentration (MBC) indicated that the iodine-loaded nanocubes and microbars had similar bactericidal effect to povidone iodine solution.
Cell viability studies and extracellular pro-inflammatory factor (TNF-a, IL-1p, IL-6) evaluations demonstrate noncytotoxic effects of
the blank carriers and anti-inflammatory effects of iodine-loaded samples. The irritation of the rat pharynx by I, @microbars was evalu-
ated for the behavioral observations, body weight changes, histopathological studies, and TNF-a, IL-1p, and IL-6 levels in pharyngeal
tissues. The results showed that I, @microbars had no irritation to rat pharyngeal tissues at therapeutic doses. In conclusion, the present
study provides novel treatment of URT infections via supramolecular cyclodextrin carriers for URT local therapy with iodine loading
by a solvent-free method, which enhances the stability and reduces the inherent irritation without inhibiting their antimicrobial effects.

KEY WORDS upper respiratory tract infection - inhalation - drug carrier - iodine - gas—solid reaction

Kaikai Zhanga, Xiaohong Renb and Jiacai Chenc are co-first

authors. INTRODUCTION
>4 Weifeng Zhu Respiratory infection is one of the common respiratory dis-
zwi0322@126.com eases, which seriously affects health-related quality of life
>4 Jiwen Zhang (1). Since the upper respiratory tract (URT) is the gatekeeper
jwzhang @simm.ac.cn of the respiratory microbiota, the proximity of URT to the
>4 LiWu external environment allows adherence and colonization of
wuli@simm.ac.cn diverse and abundant microbiota. URT infections mainly
I Key Laboratory of Modern Preparation of TCM, Ministry include rhinitis, pharyngitis, tonsillitis, and otitis media,
of Education, Jiangxi University of Chinese Medicine, No. accounting for about 87.5% of the total number of respira-
16 88, Meiling Road, Nanchang 330004, China tory infections (2, 3). The common respiratory pathogen
2 Center for Drug Delivery Systems, Shanghai Institute in infected patients was caused by viruses, bacteria, myco-
of Materia Medica, Chinese Academy of Sciences, No. 501, plasma, or chlamydia 4, 5). Additionally, the decline in
Haike Road, Shanghai 201210, China physical function and immunity of the elderly increases the
*  Nanjing University of Chinese Medicine, No. 138, Xianlin incidence of URT infections. Although most URT infections
Road, Nanjing 210000, China are self-limited, life-threatening complications occasionally
*  College of Pharmacy, Shenyang Pharmaceutical University, occur, and its multiplicity also causes a huge medical burden
No. 103, Wenhua Road, Shenyang 110016, China (6, 7). Nowadays, the COVID-19 epidemic that develops
°  NMPA Key Laboratory for Quality Research and Evaluation serious respiratory tract problem is still rampant all over the

of Pharmaceutical Excipients, National Institutes for Food

and Drug Control, Beijing 100050, China world. How to reduce the risk of virus infection in patients
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with respiratory infections has attracted the attention of
health organizations. Antibiotic drugs including cephalo-
sporins, macrolides, and quinolones are usually orally or
intravenously administered for the treatment of acute and
severe URT infections in clinical practice. However, the
overuse of antibiotics caused by these practices is a contrib-
uting factor to the development of drug resistance. Accord-
ing to recent surveys, up to 50% of antibiotics are abused in
the world every year due to inadequate regulation (8, 9). The
systemic administration route could cause adverse reactions
to other tissues while delivering drugs to the lesion. Even
worse, the emergence of resistance cannot be completely
eliminated even by topical administration, such as inhaled
antibiotics (10). In addition, not only does the drug resist-
ance caused by misuse leads to a crisis in the use of antibiot-
ics, but also the emergence of various “super drug-resistant
bacteria” poses a more serious threat to human health (11).
Therefore, it is particularly significant to design non-antibi-
otic anti-infective drugs for local delivery of URT.

The formulations for treatment of URT disease included
lozenges (12, 13), buccal tablets, sprays (14, 15), and tra-
ditional Chinese medicines. The lack of research on URT
topical therapeutic formulations has greatly limited the pro-
gress in the treatment of URT disease. Nevertheless, loz-
enges and buccal tablets are at risk of irritating the diges-
tive tract with primary dose absorbed via gastric-intestinal
tract. Sprays are limited due to weak portability, high cost,
and susceptibility to spoilage. The traditional Chinese
medicines are not delivered via inhalation for the therapy of
URT diseases. Recently, dry powder inhalers (DPIs) have
attracted more and more attention because they can deliver
active pharmaceutical ingredients (API) non-invasively
to the deep respiratory tract for achieving curative effect
(16-20). Besides, among the available inhalation formula-
tions, DPIs have become preferred for their advantages over
other inhalation formulations, e.g., low cost, environmental
friendly, high portability, good stability, and processability.
The particle size and shape were extremely important factors
to the behaviors of DPI in the respiratory tract (21, 22). To
effectively deliver particles into the lung, the aerodynamic
particle size must be within a suitable range of 1-5 pm. In
addition, particles with aerodynamic particle size smaller
than 3 pm are believed to be more suitable for alveolar drug
delivery, whereas particles of 3—5 um are expected to be
deposited more in the middle of the bronchial tree and in
the upper airways (23). Accordingly, it is very meaningful
to apply DPI’s morphology and particle size control technol-
ogy to design a suitable carrier for highly URT deposition,
thereby paving the way for the treatment of URT diseases.

Iodine, an inorganic substance, has been extensively stud-
ied and used for more than a century since its discovery
(24). Due to its broad spectrum (activity against aerobic and
anaerobic bacteria as well as viruses, chlamydia, and fungi)
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and low price, it is widely used for disinfection and steri-
lization both in vivo and in vitro. Despite a long history of
effective usage, iodine has not shown significant resistance
(25). Currently, the most frequently used iodine prepara-
tions are tincture of iodine and povidone iodine (PVP-I).
Tincture of iodine, prepared by dissolving iodine monomers
and potassium iodide in ethanol, is a topical skin infection
and disinfectant (26), which stains easily, irritates highly,
and requires deiodination after use. PVP-I is a complex of
polyvinylpyrrolidone and iodine monomers, with an effec-
tive iodine content of about 10%. Notably, iodine prepara-
tions, such as povidone iodine spray for topical usage, and
cydiodine buccal tablets are often used in the treatment of
URT diseases (27).

The application of cyclodextrin (CD) as a carrier for drug
loading has been long-standing, and a large number of studies
have shown that drugs encapsulated by CD exhibit advan-
tages such as reduced irritation (28), enhanced water solubil-
ity (29), increased stability (30), and improved bioavailabil-
ity (31). Therefore, selecting a suitable CD carrier to reduce
the irritation and improve solubility of the drug is a reliable
option. While respiratory drug delivery requires rapid drug
dissolution in the drug delivery area after inhalation, the
solubilities of f-CD (18 mg/mL) and a-CD (140 mg/mL)
are relatively low; thus, y-CD with higher solubility (240 mg/
mL) is the preferred choice for respiratory drug delivery. Fur-
thermore, 3-CD tends to bind to cholesterol in plasma to form
insoluble particles (32); while y-CD could be of injectable
grade, it is generally regarded as safe to be used as inhalation.

In this study, gamma-cyclodextrin (y-CD)-based carri-
ers with different size and morphology were designed by
an optimized controlled crystallization method. In addition,
gas—solid reaction technology was applied to load iodine into
the molecular cavities of the particles. A proof of concept
design was validated by aerodynamic deposition and other
characterizations for the treatment of URT infections.

MATERIALS AND METHODS
Materials

The y-CD was purchased from Maxdragon Biochem Co.,
Ltd (Guangdong, China). Pharmaceutical grade crystalline
iodine (I,) was provided by Shandong Jiejing Pharmaceutical
Co., Ltd (China). Yeast extract and tryptone were purchased
from Thermo Fisher Scientific Ltd (USA). Isopropanol and
methanol of HPLC grade were procured from J&K Scientific
Ltd (Shanghai, China). Bicinchoninic acid (BCA) assay was
provided by Cloud-Clone Co., Ltd (Wuhan, China). ELISA
for TNF-a, IL-1p, IL-6, potassium iodide (KI), agarose, and
other reagents of analytical grade were all obtained from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
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Lipopolysaccharide (LPS, L2630-10MG) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Water was puri-
fied by passing through a reverse osmosis unit of a Milli-Q
water system (Millipore, France).

Preparation of Nanocubes and Microbars of y-CD

The syntheses of nanocubes and microbars were based on the
previous reports with slight adjustments (33). y-CD (4.50 g)
and KI (0.518 g) were dissolved in 20 mL of deionized water
and filtered using a 0.45 pm syringe filter. The above filtrate
was stirred for 5 h at 50 “C and then dropped into vigorously
stirred isopropanol (125 mL, 1500 r/min) at room tempera-
ture. The white emulsion was centrifuged (4000 r/min, 5 min)
and the precipitate was washed once with ethanol (125 mL) to
obtain nanocubes or once with isopropanol (125 mL) to obtain
microbars. Ultimately, the precipitate was collected and dried
in the oven at 60 °C for 12 h.

Loading of |, into Nanocubes and Microbars

Gas—solid reaction was used for the loading of iodine in
this research. Previous investigation on the effects of reac-
tion temperature (45 °C, 60 °C, 75 °C) and duration (0.5 h,
1 h, 2 h) on iodine loading efficiency showed that the opti-
mal loading temperature was 60 °C and the ideal dura-
tion was 1 h. Briefly, dried nanocube or microbar powders
(2.50 g) were precisely weighed into EP tubes; 0.132 g,
0.278 g, 0.625 g, and 1.071 g of iodine were added to pre-
pare I, samples (I, @nanocubes, I, @microbars) containing
5%, 10%, 20% and 30% iodine; e.g., EP tubes were capped,
sealed and put in an oven at 60 ‘C for 1 h.

Quantification of I, Loaded in Nanocubes
and Microbars

The contents of iodine were detected by potentiometric titra-
tion. Briefly, samples were weighed precisely (20 mg) in
the titration cup and dissolved with 40 mL potassium iodide
aqueous solution (0.25 mol/L). Next, the solution was titrated
using sodium thiosulfate standard titrant (0.005 mmol/L) by
the automatic potentiometric titrator (ZDJ-4B, China). The
effective iodine content in the sample was calculated accord-
ing to the formula mentioned in the article (34).

Characterization

Scanning Electron Microscopy (SEM)

The morphologies of nanocubes, I, @nanocubes, micro-
bars, and I, @microbars were determined by SEM (SU7000,

Hitachi). Samples were sprinkled on the conductive glue and
coated with gold before observation.

Thermogravimetric Analysis (TGA)

Thermogravimetric analyzer (Perkin-Elmer Pyris, USA) was
used for thermogravimetric analysis (TGA) of iodine, y-CD,
nanocubes, I, @nanocubes, microbars, and I, @microbars
with a heating rate of 20 ‘C/min under nitrogen flow rate of
20 mL/min. The weight losses of the samples were measured
over the temperature range from 25 to 600 °C.

Differential Scanning Calorimetry (DSC)

The DSC curves of iodine, y-CD, nanocubes, I, @nanocubes,
microbars, and I, @microbars were measured with differen-
tial scanning calorimeter (PerkinElmer DSC 8500, USA) in
the temperature range from 25 to 300 ‘C, at heating rate of
10 °C/min, with nitrogen flow rate of 30 mL/min.

Synchrotron Radiation-Fourier Transform Infrared
Spectroscopy (SR-FTIR)

SR-FTIR spectra of iodine, y-CD, nanocubes, I, @nanocubes,
microbars, and I, @microbars were collected using a spec-
trometer (Nicolet 6700, Thermo Scientific, USA), which was
obtained in Shanghai Synchrotron Radiation Facility (SSRF).
Samples were mixed with KBr and compressed in a hydraulic
press to thin tablets. Each tablet was recorded with 64 scans in a
wavenumber range of 400-4000 cm™" at a resolution of 4 cm™".

Powder X-ray Diffractometry

Powder X-ray diffractometry (PXRD) of iodine, y-CD, nanocubes,
I, @nanocubes, microbars, and I, @microbars were performed to
measure the crystallinity of the powders. Diffractograms were col-
lected with a Bruker D8 Advance diffractometer (Bruker, Germany).
Powders were irradiated with monochromatized CuKa radiation
“A=154 A) and inspected at a tube voltage of 40 kV and current
of 40 mA at a scan speed of 0.1 s/step in a 26 angle range of 3-40°.

Evaluation of Powder Flowability

Hausner ratio and Carr index were measured to characterize
the flow properties of the powders based on the measure-
ment of the tapped density and bulk density of dry powders.
An appropriate amount of powder was placed in a 10 mL
graduated cylinder until 9 + 1 mL for its volume. The initial
volume V|, was read, and the final volume Vf was recorded
by tapping the cylinder until the volume of the powder no
longer changed. The mass of dry powder added was noted
as m,. The bulk density (p,) and the vibrational density (p,)
were calculated by Eq. 1 and Eq. 2, respectively. Hausner
ratio (HR) and Carr index (CI) were calculated according to
Eq. 3 and Eq. 4, respectively.
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Po = Mo/ Vo (1
Py =mg/Vy 2)
HR = p/p,, 3)
CI(%) = p‘p;tp" x 100 @

In Vitro Aerosol Dispersion Performance

The aerodynamic size is one of the critical factors affect-
ing the deposition efficiency of inhaled particles. As a
rule, particles of aerodynamic size 1-5 pm are served
as the primary component of pulmonary inhalation for-
mulations. NGI (NGI-094, Copley Scientific Ltd., Not-
tingham, UK) was used as a routine method determining
the aerodynamic size and deposition efficiency in vitro
of drug particles. The NGI experimental conditions were
set according to the United States Pharmacopeia (USP
35) Chapter < 601 > and relevant literature (35). Empty-
ing rate as an important indicator for evaluating DPIs was
also tested. In this study, NGI was used to determine the
deposition efficiency and emptying rate between two dif-
ferent carriers in URT. Firstly, shells of empty capsules
were precisely weighed (W)), filled each capsule with
nanocube or microbar powders 20 mg, and accurately
weighed respectively (W,). Adjust the flow-control valve
of critical flow controller (TPK 100i) until the pressure
drop across the inhaler was 4.0 kPa (the pressure drops
when the lungs inhale). Then, the flow rate (Q,,,) was
measured (inhaler: RSO1-M, Plastiape Spa). Aerosols
were produced with a run time of 3.7 s (I'=240/0,,,,) and
an air flow rate of 65 L/min (the actual average flow rate
measured in the experiment). Five capsules were taken at
a time, and measurements were repeated for 3 times. The
capsule weight was measured after emptying (W;), and
the emptying rate was calculated as shown in Eq. 5. All
parts were washed with solvent (methanol:water = 10:90,
v/v) and the samples were taken for HPLC.

Quantitation of y-CD was performed by HPLC-RID
(Agilent 1260, Agilent Technologies). The Inert Sustain
AQ-C18 column (250 mm X 4.6 mm, 5 pm) was used for
separation with column temperature at 30 “C. The mobile
phase was consisted of methanol and water (10:90,
v/v) and eluted at the flow rate of 1.0 mL/min with 50
pL of injection volume. Finally, the deposition ratio,
fine particle fraction (FPF, Eq. 6), and median mass
aerodynamic diameter (MMAD) of the particles were
calculated by using CITDAS 6.01 (Copley scientific,
Inc., Nottingham, UK) to investigate the inhalability of
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medicinal particles. The deposition rate in URT (adap-
tor, throat, preseparator stage 1) was calculated by Eq. 7.

. (W, —W3)
Emptying rate (%) = ————= x 100 6))
(W, —W,)
FPD
FPF(%) = —— x 1
(%) D % 100 (6)

Adaptor + Throat + Preseparator + Stage 1 %

1
ED 00

)

Upper airway deposition rate (%) =

Antimicrobial Activity Against S. aureus and E. coli

The antibacterial activities of the iodine-loaded nanocubes
and microbars were evaluated by the microplate microdilu-
tion method. Activated S. aureus CMCC (B) 26,112 and
E. coli CMCC (B) 44,102 were cultured into LB nutrient
medium and incubated at 37 °C for 6 h on a shaker at
200 rpm. Then, fresh S. aureus and E. coli were regulated
to 1 x 10° CFU/mL by turbidimetry. Potassium iodide was
selected as a co-solvent with a concentration of 0.25 mol/L.
so as to prepare the samples into homogeneous solutions
for a reasonable assessment of antimicrobial activity. I, @
nanocubes, I, @microbars, and PVP-I (5%) were prepared
as solutions containing 3 mg/mL or 2 mg/mL of iodine,
while the blank carriers’ concentration was the same as
the carriers’ concentration contained in the correspond-
ing iodine-loaded samples. Next, solutions were serially
diluted to 10 consecutive concentrations and added to
a 96-well plate (50 pL/well), with wells 1-10 being the
serial concentrations of the samples. As control, 50 pL
PBS, 50 pL and 100 pL KI solution were added to wells
11, 12 and 13, respectively. Then, 50 pL of bacterial sus-
pension diluted to 1 x 10® CFU/mL was added into wells
1-12, which was to verify that PBS or KI solution would
not have an effect on the growth and reproduction of bac-
teria. And the purpose of not adding bacterial solution in
well 13 was to verify that the blank solution would not
stain with miscellaneous bacteria during the whole anti-
bacterial experiment, and to ensure the reliability of the
experimental results. All the above wells were triplicated
in parallel in 3 rows. Then, PBS was added to the periph-
eral wells of the microplates to ensure stable humidity
levels. After that, the 96-well plate was slightly shaken to
make the mixture uniform. Minimum inhibitory concen-
tration (MIC) values were recorded and calculated after
18 h incubation at 37 °C. After the MIC determination
of the samples, aliquots of 50 pL from each well which
showed no visible bacterial growth were streaked onto LB
agar plates and incubated at 37 °C for 24 h. The mini-
mum bactericidal concentration (MBC) was the lowest
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concentration showing no colonies on the LB agar. All
the experiments were carried out in triplicate.

Cytotoxicity Analysis and Extracellular
Pro-inflammatory Factors (TNF-a, IL-1B, IL-6) Assay

Cell Counting Kit-8 (CCK-8) was used to investigate the
cytotoxicity of the iodine-loaded samples. Briefly, MHS
(alveolar macrophages) or A549 cells (human lung alveolar
carcinoma epithelial cells) were seeded into 96-well plates
and maintained in a humidified incubator with 95% air and
5% CO, at 37 °C. After being incubated overnight, a series
of samples (200 pL, molecular iodine concentration of I, @
nanocubes or I, @microbars: 0.78-12.50 pg/mL, concen-
tration of nanocubes or microbars: 15.62-250 pg/mL) was
added to the medium and incubated for 24 h. Then, CCK-8
solution (15 pL) was added to each well and incubated for
2—-4 h, and the absorbance was measured at 450 nm using
a microplate reader (Multiskan GO, Thermo Fisher). Cell
viability (%) was calculated as Eq. 8.

Ao — A
Cell viability (%) = (Asmpe = A x 100 ®)

( control — 4 Yblank

Extracellular pro-inflammatory factors (TNF-a, IL-1p,
IL-6) were determined using ELISA kits following the
manufacturer’s instructions. Briefly, MHS cells were
pre-treated with 5 pg/mL LPS for 2 h and then incubated
with iodine-loaded carriers at different concentrations
at 37 °C for 12 h. The culture mediums after incubations
(100 pL) were obtained and transferred to the ELISA
plate. After incubations at 25 °C for 2 h, each well was
washed with washing buffer. Then, the mouse conjugate
(100 pL) was added to each well for 2 h at room tem-
perature. After washing carefully, the plate was finally
incubated with substrate solution (100 pL) for 30 min at
room temperature and blocked by adding stop reagents.
The absorbance was detected by a microplate reader
(Multiskan GO, Thermo Fisher) at 450 nm wavelength.

Irritation of Pharyngeal Mucosa with I,@microbars
Animals

Eighteen healthy male Sprague Dawley rats, weighing
200+ 20 g (provided by Beijing HFK Bioscience Co. Ltd.),
were used for this study. All rats were acclimatized under
standard hygiene conditions for 7 days before the experi-
ments at a controlled temperature of 25+ 1 °C, humidity
of 50+ 10%, and a 12 h light/dark cycle. All animal experi-
ments were performed in compliance with the Institutional

Animal Care and Use Committee of Shanghai Institute of
Materia Medica, Chinese Academy of Sciences (IACUC
Application No. 2021-06-ZJW-35).

Experimental Design

Eighteen rats were randomly divided into 3 groups:
normal control group, low-dose group (0.4 mg/kg), and
high-dose group (0.8 mg/kg). The dose administered to
rats was calculated based on the clinically used dosage
(64 ng/kg) of cydiodine buccal tablets. The rats were
weighed and observed for normal pharyngeal area and
feeding behavior during experiment. After the admin-
istration group was anesthetized with isoflurane inha-
lation and immobilized, the rats’ tongues were gently
pulled out to expose the pharynx and the drug powder
(0.25% specification I, @microbars) was sprayed onto
the pharynx area once a day for 7 consecutive days.
The normal control group was subjected to the same
experimental operation except without administered. It
should be noted that all rats were fasted from food and
water for 30 min after each administration. After 12 h
of drug administration on day 7, the rats were fasted for
12 h and sacrificed. The pharyngeal tissues were taken
and followed by washing with sterile saline to remove
blood and mucus. The pharyngeal tissues of three ran-
domly selected rats in each group were fixed in neutral
paraformaldehyde to prepare paraffin sections. Then, the
mucosal morphology was observed under light micros-
copy after H&E staining. The other samples were placed
at — 80 °C for the detection of inflammatory factors.

RESULTS AND DISCUSSION
Morphology and Particle Size

The nanocubes and microbars of y-CD are displayed in
Fig. 1. The morphology of ethanol wash group presented
regular cubic shape with a side length of 200-600 nm. The
isopropanol wash sample exhibited bar shape and distributed
in the range of 1-5 pm. The pictures showed that the mor-
phology and size stayed no obvious change when iodine was
loaded. It meant that this solvent-free drug loading method
did not change the physical morphology of the two kinds of
drug carriers.

lodine Loading Efficiency
In the range of iodine material ratio of 5-20%, the drug

loading efficiencies of two carriers were similar, with both
above 90% (Table I). This indicated that the two carriers
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could achieve efficient loading of iodine under solvent-free
and mild conditions. When the material ratio was 30%, the
drug loading of nanocubes and microbars was 24.61% and
27.28%, respectively (Fig. 2), with significant differences
between them, suggesting that the two carriers have different
affinities for iodine. It should be noted that with the increase
of the proportion of iodine materials, the carriers gradually
saturated with iodine capture, and the uncaptured iodine
mainly attached to the vessel walls.

Powder Flowability

The flowability of the powder is naturally a key factor in
achieving effective respiratory deposition of DPI formula-
tions. In addition, good flow properties ensure the accu-
racy of dose and hence allow the fluidization and release of
powders from the drug delivery devices (36). The Hausner
ratio (HR) and Carr index (CI) were widely used to charac-
terize the flowability of powders as the key indicators for
powder flowability evaluation. Generally, powders with HR
between 1.12 and 1.18 and CI values between 11% and 15%
were recognized as a good flowability (37). Table II illus-
trates that the Hausner ratio and Carr index of microbars

o
o

and nanocubes did not change significantly before and after
iodine loading. Additionally, all four samples tested showed
poor flowability according to HR and CI values. On the one
hand, the poor mobility of microbars may lie in the rod-like
morphology of the particles, which easily lead to bridging. On
the other hand, nanocube particles possessed small diameter
and a large specific surface area, resulting in high friction.

Upper Respiratory Tract and Lung Deposition

Although the flowability of the four powder samples was
not high indicated by Hausner ratio and Carr index, the NGI
experiments showed that all four dry powders were able to be
emitted smoothly when tested in capsules, with an average
emptying rate of over 98%. This indicated that the properties
of respirable particles cannot be evaluated by conventional
flowability alone and that aerodynamic performance may
be more reliable. Figure 3 shows the deposition profiles of
microbars, nanocubes, I, @microbars, and I, @nanocubes on
each stage of NGI. The results of NGI experiments showed
significant differences in the distribution of the two forms
of carriers in the respiratory tract (Table III). Among them,
the depositions in URT (adaptor, throat, preseparator, stage

3
3

60
g g g g
g 4 g« $v
g £ E g
g 20 g 20 § 20 § 20
o o a o
0 0ttty I_I =1 o1 I—l . o1 |_| I_l
0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 12 23 34 45 12 23 34 45
Size (um) Size (um) Size (pm) Size (pm)
nanocubes l,@nanocubes microbars l,@microbars
Fig. 1 SEM images and particle size distributions of nanocubes, I, @nanocubes, microbars and I, @microbars
Tablg I' Iodine Loading and Material ratios Nanocubes Microbars
Efficiency of Two Carriers (%)
(Mean+SD, n=3) Iodine loading (%) Efficiency (%) Iodine loading (%) Efficiency (%)
5 4.84+0.04 96.78 +£0.73 4.77+0.01 95.31+0.11
10 9.21+0.05 92.12+0.45 9.62+0.11 96.16+1.13
20 18.39+0.18 91.96+0.90 19.09+0.02 95.43+0.09
30 24.61+0.24 82.04+0.80 27.28+0.37 90.94 +1.24
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301 mm nanocubes

microbars

lodine loading (%)

5%
Material ratio of iodine (%)

10% 20% 30%

Fig.2 Drug loading of two carriers in the material ratio range of
5-30% (mean+SD, n=23)

1) were significantly different. The deposition rate of micro-
bars in the upper airway was 79.27 +0.47%, while nanocube
particles were 43.18 +4.06%. The FPF values of microbars
and nanocubes were 16.41 +1.47% and 51.65+4.28%,

respectively. The above results suggested that even nano-
cubes had significant advantages for pulmonary delivery,
while the rod-shaped vector facilitated drug delivery to
the URT. In addition, the NGI distribution of two samples
loaded with iodine showed no significance with the blank
vector. For example, the deposition rate of I, @microbars
in the URT was nearly 80%, and I, @nanocubes had a FPF
of 46.30%, implying that different vectors have specific
potential for targeted drug delivery to specific parts of the
respiratory tract. The microbars facilitated drug delivery to
the URT, while the nanocubes have significant advantages
for pulmonary delivery. In addition, the NGI distributions
of the iodine-loaded samples were not significantly different
from those of the blank vectors, indicating both vectors have
great potential for targeted drug delivery to different parts
of the respiratory tract and the shape of KI-conjugated CD
particles controls the particle distribution in URT.

Characterizations for lodine Loading Mechanism

Figure 4a is the SR-FTIR spectra of iodine molecules, y-CD,
nanocubes, microbars, I, @nanocubes, and I, @microbars.

Tablell Flowability Parameters

of Powders (Mean £ SD. n=3) Samples Bulk density (g/mL) Tapped density (g/mL) Hausner ratio Carr index (%)
Nanocubes 0.19+0.01 0.35+£0.01 1.86£0.05 46.15+1.47
I, @nanocubes 0.19+0.00 0.34+0.01 1.83+0.06 45.26+1.78
Microbars 0.15+0.00 0.29+0.01 1.95+0.07 48.63+1.92
I, @microbars 0.15+0.00 0.30+0.01 1.96+0.04 49.02+1.00

I, @nanocubes, iodine-loaded nanocubes; I, @microbars, iodine-loaded microbars.

Fig.3 Aerodynamic deposi- 80- \? 90—
tion performance of nanocubes, < RS
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Among them, the characteristic absorption peak of iodine
molecule was at 1400.31 cm™'. The spectrum revealed the
existence of -OH (3383.35-3389.18 cm™!) group, this peak
was wide, and there was no significant change before and
after iodine loading. 2926-2932 cm™"! was the -CH,- stretch-
ing vibration peak. 1156-1157 cm™! was the asymmetric
stretching vibration peak of C—-O-C. 1025-1027 cm™! was
the C-O stretching vibration peak. The above data suggested
that the iodine molecule was loaded into the cavities of y-CD.

The PXRD (Fig. 4b) of I, @nanocubes and I, @microbars
showed no characteristic peaks of either iodine or the car-
ries. This might be attributed to the crystal defects due to the
position of iodine in the unit cell, in which I, combined with
I” and irregularly distributed in the frameworks weaken-
ing the diffraction peaks. The order of crystals also changed

Table Ill Aerodynamic Parameters of Two Carriers and the Iodine-
Loaded Particles (Mean+ SD, n=23)

Parameters Nanocubes  I,@nano- Microbars  I,@micro-
cubes bars
MMAD 226+0.59 2.54+033 3.89+0.82 3.84+0.54
(pm)
GSD 2.10+£0.14  2.48+024 3.16x+0.51 3.38+0.54
FPF (%)  51.65+4.28 46.30+6.07 16.41+1.47 17.03+£1.23

I,@nanocubes, iodine-loaded nanocubes; I,@microbars, iodine-
loaded microbars; MMAD, median mass aerodynamic diameter; GSD,
geometric standard deviation; FPF, fine particle fraction.

due to the strong interaction between the carries and I,. It
further indicated that iodine was loaded into y-CD cavities
and that this interaction changed the physical properties of
the two carriers.

From the analysis of the DSC pattern (Fig. 4c), the mol-
ecule iodine had an exothermic peak at 125 “C and a thermal
absorption peak at 114 °C and 185 “C, which corresponded to
the melting and boiling points of iodine, respectively. How-
ever, there was no obvious heat absorption or exothermic
peak for y-CD in the range of 25-300 °C. Interestingly, nano-
cubes and microbars showed thermal behaviors between 265
and 285 “C, which were inconsistent with y-CD. Meanwhile,
nanocubes and microbars did not show the characteristic
peaks of iodine molecules in the DSC patterns after iodine
loading and were not consistent with their thermal behaviors
before iodine loading, suggesting that iodine molecules have
entered and interacted with their cavities. The disappearance
of the peaks of I, @microbars and I, @nanocubes may be
caused by the interaction of molecular iodine with the car-
riers, which further validated the PXRD results.

From Fig. 4d, it can be observed that the weight loss of
iodine was 0.75% at 25-45 °C, and the sharp weight loss of
99.25% at 45-133 °C was due to the thermal sublimation
of iodine molecules. Nanocubes and microbars possessed a
highly similar thermal behavior according to the curves. In
addition, the weight loss of I, @nanocubes and I, @microbars
at 25-180 °C was basically the same as that of nanocubes and
microbars. However, in the range of 180-280 °C, the weight

Fig.4 Characterizations of a b
I,, y-CD, nanocubes, micro-
bars, I, @nanocubes, and I, @
microbars. a SR-FTIR spectra. m . A _J b N
< 1400.31
b PXRD patterns. ¢ DSC ther- v-CD 6D
mograms. d TGA thermograms = M\ -
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Table IV MIC and MBC of

. . Samples E. coli S. aureus
Each Sample Against E. coli
and S. aureus MIC (ug/mL) MBC (ug/mL) MIC (ug/mL) MBC (ug/mL)
I, @nanocubes 500 500 93.75 250
I, @microbars 500 500 93.75 250
PVP-1 500 500 93.75 250

MIC, minimal inhibitory concentration; MBC, minimal bactericidal concentration; I, @nanocubes, iodine-
loaded nanocubes; I, @microbars, iodine-loaded microbars; PVP-1, povidone iodine.

losses were 35.80% and 36.67%, respectively, distinct from
blank carriers. These phenomena indicated that iodine mol-
ecules were highly dispersed in the cavities of y-CD carriers
and the thermal stability was significantly improved.

Antibacterial Activity

Experiments were carried out to verify whether iodine
exhibited good antibacterial activity after inclusion by
cyclodextrin. The antibacterial activities of I, @nanocubes,
I, @microbars, PVP-I, and two blank carriers were meas-
ured by determining the minimum inhibitory concentration

a
150 150
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e} o)
S 3
S S
3 50 3 501
(&) o
0- 0-
‘).
N
> >
Q"\ Q"\
C
300+ . 4
—_— 1 —
E £3
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E 200 )
= £ 5
=} @
w 100 <
4 = 11
o =

0-

0.5 2 10
Concentration (ug/mL)

0.5 2
Concentration (ug/mL)

Fig.5 Cytotoxicity and anti-inflammatory effect study. a MHS cell
viability and in vitro cytotoxicity of blank carries, I, @nanocubes, and
I, @microbars, b A549 cell viability and in vitro cytotoxicity of blank
carries, I, @nanocubes, and I, @microbars (molecular iodine concen-
tration of I,@nanocubes or I, @microbars: 0.78-12.50 pg/mL, con-

(MIC) and minimum bactericidal concentration (MBC)
against E. coli and S. aureus. The MIC and MBC values of
each group of samples against standard strains of E. coli
and S. aureus are presented in Table IV. Both blank vectors
did not show inhibition against E. coli and S. aureus in the
concentration range of 0.035-27 mg/mL and therefore were
not listed in the table. The MIC and MBC of I, @nanocubes
and I,@microbars against E. coli were both 500 pg/mL,
which were the same as those of PVP-I. In addition, for S.
aureus, all groups of iodine-containing samples showed
superior bactericidal effects compared to E. coli in terms
of MIC and MBC results. Briefly, the MIC of the two

B nanocubes
microbars
Ea L@nanocubes
l,@microbars

Concentration (ug/mL)

e
- 1200
% —
— -l
E 800
o
2 M Control
© 400 A l,@nanocubes
— N l,@microbars
o_
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centration of nanocubes or microbars: 15.62-250 pg/mL). Levels of
TNF-a (c), IL-1p (d), and IL-6 (e) in LPS-stimulated MHS cells after
incubation with iodine-loaded samples (n=6, *P <0.05, **P<0.01,
###P <0.001)
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iodine-loaded samples against S. aureus was nearly 1/6 of
that against E. coli, and the MBC was half of that of the
latter. Thus, inclusion interaction did not affect the inhibi-
tory and bactericidal effects of iodine against E. coli and
S. aureus. Meanwhile, the different susceptibility of the
iodine-loaded samples to the two bacteria mentioned above
was due to the fact that iodine is more difficult to cross the
cell wall of Gram-negative bacteria (38, 39).

l,@nanocubes and I,@microbars Reduced Levels
of Pro-inflammatory Cytokines in MHS Cells

Since URT infections often cause a variety of inflamma-
tory reactions, we checked LPS-induced expression of
cytokines such as TNF-a, IL-1p, and IL-6 to investigate
whether iodine-loaded carriers affected the production of
pro-inflammatory mediators. Cytotoxicity of I, @nanocubes
and I, @microbars was assessed using the MHS and A549
cells to evaluate the expression of cytokines at the cellular
level. The cellular viability values of MHS and A549 cells
were all more than 90% for the concentrations under 12.5 pg/
mL of iodine, indicating minor toxicity (Fig. 5a, b). Based
on the results of the cytotoxicity assays, the concentrations

Q
O

(0.5, 2, and 10 pg/mL) of iodine were selected for inhibit-
ing tests of pro-inflammatory cytokines. Our data showed
that cells stimulated with LPS presented a large production
of TNF-a, IL-1p and IL-6, while cells cultured with I, @
microbars or I,@nanocubes at an iodine concentration of
10 pg/mL significantly reduced the production of TNF-a,
IL-1p and IL-6 in MHS cells (Fig. 5c—e).

Irritation of I, @microbars on Pharyngeal Tissue

The irritation of iodine was one of the major defects that
limit its use (40). After analyzing the nasal and oral appli-
cations of PVP-I, Frank et al. (41) concluded that it was
safe to use PVP-I in oral cavities at the concentration of
2.5% (0.25% available iodine). Therefore, 0.25% iodine-
loaded sample in this study was used for the evaluation of
pharyngeal irritation in rats. Evaluation indexes included
pharyngeal and behavioral observations of rats, body
weight changes, histopathological sections of the pharynx,
and inflammatory factors. During the whole experimental
period, all rats had normal drinking, feeding, and activity,
and did not show any abnormalities such as mouth scratch
or increase of oral secretion. Moreover, the body weight
of rats (Fig. 6a) in the two dosing groups showed similar
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Fig.6 Evaluation of pharyngeal irritation. a Body weight changes of rats. b H&E-stained slices of pharynx tissue from experimental rats. ¢ The
effects of I, @microbars on TNF-«, IL-1p, and IL-6 levels in pharynx tissue of rats (ns, not significant)
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increasing tendency as that in the blank group, and there
was no significant difference between the three groups.
In addition, no edema, congestion, bleeding, erosion, or
ulceration of the pharynx was observed in the daily phar-
yngeal observations of the rats. The pathological changes
of pharynx tissue were observed by H&E staining. As
shown in Fig. 6b, the structural stratifications of the phar-
yngeal tissues of the control rats were clear, the mucosal
epithelium was unkeratinized complex flat epithelium and
did not show hyperplasia. Moreover, no inflammatory cell
infiltration was found in the lamina propria. The glandular
structure of the submucosa was normal; no vascular dilata-
tion and bleeding were observed. There was no significant
difference between the pharyngeal mucosa of the rats in
the varied dose groups and the normal control rats. The
inflammatory factor content of each rat’s pharyngeal tis-
sue was divided by its own total protein content to obtain
the percentage share of inflammatory factors to eliminate
individual variability. Data analysis showed no significant
differences in the levels of inflammatory factors of the
0.4 mg/kg group or the 0.8 mg/kg group compared to the
normal control group (Fig. 6¢). The above results indi-
cated that both doses of iodine-carrying microbars were
not irritating to rat pharyngeal tissues under experimental
conditions of continuous administration for 7 days, imply-
ing that I, @microbars has great potential application for
the treatment of URT infections.

CONCLUSION

In conclusion, KI-conjugated CD carriers were designed
by controlled crystallization method and used for URT
targeted drug delivery. Characterizations illustrated that
the gas—solid reaction could efficiently encapsulate iodine
into both the carriers. The evacuation rate of the powders
was all above 98%, implying efficient drug release through
the capsule containers. The microbars mainly deposited
in the URT, while nanocubes were primarily delivered to
the deep lungs. The aerodynamic properties of the iodine-
loaded carriers did not change significantly at low drug
loading, suggesting the potential to use the carriers for
target delivery of drugs to a specific location in the res-
piratory tract. The results of antimicrobial, cellular, and
animal experiments showed that the carriers have good
biocompatibility and the iodine-loaded dry powders of
I, @microbars have antimicrobial effectiveness and low
irritation on pharyngeal tissues. Overall, the present study
provides novel treatment of URT infections via supramo-
lecular cyclodextrin carriers for URT local therapy with
iodine loading by a solvent-free method, which enhances
the stability and reduces the inherent irritation without
inhibiting their antimicrobial effects.
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