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Formation of drug–drug salt crystals and
co-amorphous forms of levofloxacin and
4-aminosalicylic acid for pulmonary applications†

Hiroshi Ueda, *a Jun Yee Tse,b Tetsuya Miyano, b Yuzuki Nakayama,c

Peiwen Mo, c Yuta Hatanaka,c Hiromasa Uchiyama, c Yuichi Tozukac and
Kazunori Kadota *c,d

A dry powder inhaler is a viable formulation for pulmonary delivery; however, the co-delivery of multiple

drugs requires a specially designed device. This study aimed to design multi-component crystal and

amorphous forms for the co-delivery of levofloxacin (LVF) and 4-aminosalicylic acid (ASA). New multi-

component crystals of LVF and ASA, crystal-I and crystal-II, were formed by solvent evaporation and slurry

conversion. Thermal analysis revealed that crystal-I and crystal-II were the hydrate and anhydrate forms,

respectively. Upon heating, each crystal was converted to different crystals. All polymorphs reverted to

crystal-I during storage. The co-amorphous (CA) form was obtained by spray drying, which exhibited a

relatively high glass transition temperature above 100 °C. Multi-component crystals and CA were esti-

mated as salts by single crystal X-ray diffraction and infrared spectroscopy. An in vitro aerodynamic per-

formance test was performed for LVF, ASA, physical mixture (PM), crystal-I, and CA. The fine particle frac-

tion (FPF, %) of LVF/ASA was 0.9/13.3 for pure drugs and 0.4/14.1 for PM. However, the FPF (%) for crystal-I

and CA significantly improved to 25.4/29.9 and 20.0/20.6, respectively, with the co-delivery of LVF and

ASA. We conclude that the design of multi-component crystals and co-amorphous forms is an effective

strategy for the simultaneous delivery of inhalation drugs.

Introduction

Drug delivery to targeted disease sites is vital for maximizing
its pharmacological effect. Peroral administration is con-
venient and common but it has the disadvantage of poor bio-
availability because of the increasing number of poorly water-
soluble drugs.1–3 Direct delivery of drugs to the disease site via
local administration is a counterpart of systemic drug delivery,
which allows a high concentration of the drug at the target
site, reducing the therapeutically effective dose of the drug.4–6

Dry powder inhaler (DPI) delivery is one of the most investi-
gated formulations for pulmonary treatment.7,8 Chronic

obstructive pulmonary disease (COPD) is a major therapeutic
area for DPI application and study.9,10 Self-administration is
convenient for patients with COPD requiring chronic drug
treatment. Drugs, such as salbutamol, budesonide, and fluti-
casone, have been developed as DPI formulations. Pulmonary
infections, such as those associated with cystic fibrosis, can be
caused directly or indirectly by various pathogens. The delivery
of antibiotics to the lungs using DPI formulations is an attrac-
tive treatment option.11,12 Tuberculosis drugs and convention-
al antibiotics have often been researched for DPI formulation
development. In addition to the efficient use of drugs, DPI for-
mulations are suitable for COPD or tuberculosis drugs that
have low solubility via the peroral route, and solubility
enhancement investigations have been conducted.13,14 Further
efforts such as control of the particle size/morphology and a
combination of carrier and storage conditions have been
studied to overcome physicochemical issues.7,8 The combi-
nation therapy of different drugs for the treatment of COPD
and pulmonary infections15–18 is a vital factor in designing an
inhalation delivery system. Conventionally designed medical
devices have been used for the application of inhaled formu-
lations for human use.19,20 However, the development of a
complex medical device for the simultaneous delivery of mul-
tiple drugs, each with different physicochemical and particle

†Electronic supplementary information (ESI) available. CCDC 2410276. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
org/10.1039/d4pm00250d

aAnalysis and Evaluation Laboratory, Shionogi & Co., Ltd, Osaka, 561-0825, Japan.

E-mail: hiroshi.ueda@shionogi.co.jp
bLaboratory for Medicinal Chemistry Research, Shionogi & Co., Ltd, Osaka,

561-0825, Japan
cDepartment of Formulation Design and Pharmaceutical Technology,

Faculty of Pharmacy, Osaka Medical and Pharmaceutical University, Osaka,

569-1094, Japan. E-mail: kazunori.kadota@ompu.ac.jp
dSchool of Pharmaceutical Sciences, Wakayama Medical University, Wakayama,

640-8156, Japan

264 | RSC Pharm., 2025, 2, 264–278 © 2025 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 1
1:

59
:0

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/RSCPharma
http://orcid.org/0000-0003-3061-2596
http://orcid.org/0000-0003-4126-251X
http://orcid.org/0009-0007-5699-3311
http://orcid.org/0000-0003-4752-6846
http://orcid.org/0000-0002-3370-6662
https://doi.org/10.1039/d4pm00250d
https://doi.org/10.1039/d4pm00250d
https://doi.org/10.1039/d4pm00250d
http://crossmark.crossref.org/dialog/?doi=10.1039/d4pm00250d&domain=pdf&date_stamp=2025-03-13
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4pm00250d
https://pubs.rsc.org/en/journals/journal/PM
https://pubs.rsc.org/en/journals/journal/PM?issueid=PM002002


properties, into the targeted compartments of the lungs is a
significant challenge.21,22

The modification of the physicochemical and particle pro-
perties often focuses on improving the inhalation properties of
drugs. Redesigning the chemical structures of compounds can
result in different physicochemical properties; however, it may
also affect their primary pharmacological, toxicological, and
pharmacokinetic aspects.23 Crystal engineering is a representa-
tive approach to altering physicochemical properties without
modifying the chemical structure. Drug molecules are regu-
larly arranged in a crystal lattice through intermolecular inter-
actions, and different arrangements of these molecules result
in polymorphic forms.24 Various polymorphic forms of drug
molecules have been discovered where differences in physico-
chemical properties such as solubility and stability were
characterized.25,26 Amorphization is a way to alter the physico-
chemical properties of a drug molecule through the disruption
of a crystal lattice, which often leads to a significant enhance-
ment in solubility.27 Polymorphic forms with different surface
morphologies and physicochemical properties exhibit
improved inhalation properties.28,29

Further applications of crystal engineering include design-
ing of multi-component crystals composed of different small
molecules. Salt is a common crystal form for drug discovery
and development. A drug molecule incorporating an ionizable
functional group can form ionic interactions with acidic/basic
metals or organic molecules through proton transfer.30,31 Salt
forms are widely utilized in drug discovery, with approximately
50% of recently approved small molecules being in their salt
form.32 However, the formation of salts is limited for acidic/
basic drug molecules. Recently, co-crystals with improved
physicochemical properties have emerged as a novel pharma-
ceutical form. Although co-crystals are composed of multi-
component molecules without ionic interactions, various
intermolecular forces such as hydrogen bonding, π–π inter-
actions, halogen bonding, and van der Waals interactions are
observed among different molecules in their crystal form.33

The pKa rule predicts co-crystal formation; molecules with
ΔpKa smaller than 2 or 3 constitute an index.34 According to
other reports, salt or co-crystal formation can occur when
ΔpKa is <4 or ≥1.35,36 Proton transfer can occur in molecules
with ΔpKa greater than 3–4, which are then converted to their
salt form.

The multi-component amorphous form composed of small
molecules is referred to as a co-amorphous (CA) system.37,38

Despite the lower physical stability of the amorphous state
than that of the crystalline state, CA is stabilized via inter-
molecular interactions between the components. While inac-
tive coformers are well combined for the salt/co-crystal/CA
form, drug–drug multi-component crystals and amorphous
forms have recently been the focus of combination therapy.39

These forms might have the potential for simultaneous deliv-
ery of drugs to the target site via the inhalation route without
conventionally used complex medical devices and involve the
formation of intermolecular interactions between drugs.
However, there are only a few studies on the application of

drug–drug multi-component crystals and amorphous forms
for inhalation delivery. The CA system of ciprofloxacin–querce-
tin designed by spray drying showed co-deposition of the com-
ponents deeper into the lungs.40 In our previous study, a levo-
floxacin (LVF) and theophylline (THE) CA system successfully
co-delivered the drugs and showed improvement in inhalation
properties.41 In another study, a co-crystal form of favipiravir
and THE resulted in improved inhalation properties, but sim-
ultaneous delivery was not evaluated.42 Therefore, there is a
requirement of the application of drug–drug multi-component
crystals and amorphous forms in inhaled formulations for the
co-delivery of drugs.

This study aimed to investigate the application of multi-
component drug–drug crystal and amorphous forms in an
inhaled formulation from the viewpoint of simultaneous deliv-
ery. The study focused on tuberculosis drugs as they are com-
monly used in combination therapy.43 LVF and 4-aminosa-
licylic acid (ASA) were employed as model tuberculosis drugs;
previous studies on the inhalation properties of individual
drugs are available.44–49 This study investigated the formation
of LVF–ASA salt/co-crystal or co-amorphous forms. The obtained
multi-component samples, LVF, and ASA were subjected to
physicochemical investigations, such as thermal and spectro-
scopic analyses, and stability tests. Finally, the inhalation pro-
perties of both drugs were evaluated using an in vitro aerody-
namic performance test.

Experimental
Materials

LVF (hemihydrate) and ASA were obtained from Ohara
Pharmaceutical Co., Ltd (Shiga, Japan) and Tokyo Chemical
Industry Co., Ltd (Tokyo, Japan), respectively. Purified water
and acetonitrile (MeCN) were purchased from Otsuka
Pharmaceutical Co., Ltd (Tokyo, Japan) and Kanto Chemical
Industry Co., Ltd (Tokyo, Japan), respectively. Ethanol (EtOH),
isopropyl alcohol (IPA), acetone, tetrahydrofuran (THF), and
ethyl acetate (EtOAc) were purchased from Fujifilm Wako Pure
Chemical Corporation (Osaka, Japan). Molecular weight and
pKa values were calculated using ACD/Percepta software (ver.
14.3.0; Advanced Chemistry Development Inc., Toronto,
Canada).

Preparation of a physical mixture

A physical mixture (PM) of LVF and ASA in an equivalent
molar ratio was prepared by mixing both using a mortar and
pestle for 1 min.

Jet-milling

To prepare the samples for the in vitro aerodynamic perform-
ance test, LVF, ASA, and PM were micronized using A-O jet-
milling apparatus (Seishin Enterprise Co., Ltd, Tokyo, Japan).
The samples were fed into the milling compartment by inject-
ing and milling at pressures of 0.6 and 0.5 MPa, respectively.
The crystal forms of the samples were compared before and
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after jet-milling. A jet-milled LVF from a previous study41 was
used.

Spray drying

Particle fabrication via spray drying using a mini spray dryer
B-290 (Büchi, Flawil, Switzerland) was conducted to prepare
multi-component formulations, according to previously estab-
lished conditions.41,50,51 In brief, aqueous solutions contain-
ing drugs (4 mg mL−1) were introduced into the drying
chamber at a rate of 5.5 mL min−1. The inlet temperature was
maintained at 130 °C. The atomized nitrogen gas flowed
through a 0.7 mm two-fluid spray nozzle, and the drying and
airflow rates were set to 473 L h−1 and 35 m3 h−1, respectively.
The amorphization of the spray-dried particles (SDPs) was veri-
fied using X-ray powder diffraction (XRPD).

Screening study of multi-component crystals

The multi-component crystals of LVF–ASA were screened by
slurry conversion and solvent evaporation using various
organic solvents. Approximately 50 mg of the LVF–ASA mixture
was weighed into each 1.6 mL glass vial (No. 01T; Maruemu
Corporation, Osaka, Japan), and 1.5 mL each of EtOH, IPA,
acetone, MeCN, THF, and EtOAc was added into each vial.
Magnetic stirring was performed at 300 rpm and 25 °C for one
week. The powder samples were obtained by filtration through
an Omnipore® 0.45 μm polytetrafluoroethylene membrane
(Merck KGaA, Darmstadt, Germany).

The solvent evaporation method was applied as follows:
approximately 5 mg of the LVF–ASA mixture was weighed into
each 4 mL glass vial (S-1; Nichiden-Rika Glass Co., Ltd, Kobe,
Japan), and 3.5 mL each of EtOH, IPA, acetone, MeCN, THF,
and EtOAc was added into each vial and magnetically stirred at
600 rpm and 50 °C for 15 min using Cool Stirrer CPS-300
(Scinics Corporation, Tokyo, Japan). The solvent was evapor-
ated at 1700 rpm and 40 °C for 1 h using a Genevac HT-8
Series II evaporation system (Genevac Ltd, Ipswich, UK). The
sample prepared using IPA did not evaporate, and a further
1 h of evaporation was performed.

X-ray powder diffraction

The crystal forms of LVF, ASA, and LVF–ASA crystal or amor-
phous states were determined by XRPD using SmartLab soft-
ware (Rigaku Corporation, Tokyo, Japan). The samples were
placed into a hole (diameter, 2 mm; depth, 0.1 mm) on an
aluminum plate. The samples were compressed using a
spatula to flatten their surfaces. The instrument was equipped
with a 9 kW rotating Cu Kα anode (λ = 0.154186 nm) and a
HyPix-3000 detector. The distance between the sample and the
detector was 331 mm, and the diffractometer was equipped
with a cross-beam optic to provide a parallel beam. A PSC with
2.5° and a slit of 0.05 mm height and 0.5 mm width was used;
thus, the beam footprint for all measurement configurations
was smaller than that of the sample. No slits were used on the
receiver side. The Cu Kα radiation point source was operated at
40 kV and 200 mA. The scan was performed from 3° to 33° (2θ)
with β axis rotation (20 rpm) during data collection; the

sampling step was 0.02° (2θ), and the count time was 40 s. The
data were analyzed using the SmartLab Studio II X64 software
(ver. 4.2.111.0; Rigaku Corporation, Tokyo, Japan).

Thermogravimetry-differential thermal analysis

The thermal behavior (change in weight against temperature)
was evaluated by thermogravimetry-differential thermal ana-
lysis (TG-DTA) using STA7200RV (Hitachi High-Tech Science
Corporation, Tokyo, Japan). Approximately 1–5 mg of each
sample was placed onto an aluminum pan followed by heating
under ambient conditions to 350 °C at a rate of 10 °C min−1.
The TA7000 standard analysis software (ver. 11.2; Hitachi
High-Tech Science Corporation, Tokyo, Japan) was used to
analyze the results. The top endothermic peaks were deter-
mined as the melting or dehydration point.

Differential scanning calorimetry

The melting point (Tm) of the crystalline samples and changes
in the heat flow profiles of the PM were measured by differential
scanning calorimetry (DSC) using Discovery DSC (TA
Instruments Japan, Tokyo, Japan). Nitrogen (50 mL min−1) was
used as a purge gas, and the instrument was calibrated using
an indium standard. Each sample (approximately 1–7 mg) was
weighed onto a Tzero aluminum pan and sealed with a Tzero
lid (TA Instruments Japan, Tokyo, Japan). The heat flow profiles
were obtained by heating at a rate of 20 °C min−1 from 0 °C to
the set point determined from the TG-DTA profile. To determine
the glass transition temperature (Tg), modulated DSC (mDSC)
was employed for amorphous samples. The sample was pre-
pared according to the method described above and heated at a
rate of 2 °C min−1 with a modulation amplitude of 0.2120 °C
and a 40 s period. Reversing and non-reversing heat flow signals
were obtained. DSC and mDSC data were analyzed using the
TRIOS software (ver. 3.3.1; TA Instruments Japan, Tokyo, Japan).
The top peaks were considered as the dehydration, melting, and
crystallization points because continuous thermal events of LVF
made the analysis of onset points difficult. For an amorphous
sample, the midpoint Tg was obtained.

X-ray powder diffraction under heating

The XRPD measurements under heating were performed using
Rigaku RINT 2100 Ultima and XRD-DSC Thermo Plus II
(Rigaku Corporation, Tokyo, Japan) instruments simul-
taneously. Approximately 5 mg of the sample was placed onto
an XRD/DSC aluminum pan (7 × 7 × 0.3 mm) (Rigaku
Corporation, Tokyo, Japan), and the surface was flattened. The
conditions were as follows: heating at a rate of 10 °C min−1

from 30 °C to 250 °C, a voltage of 40 kV, and a current of
40 mA. The X-ray data ranged from 5° to 35° (2-theta) with a
scan rate of 60° min−1 and a scan step of 0.02°. The resulting
data were analyzed using the XRDDSC (ver. 2. 04; Rigaku
Corporation).

Single crystal X-ray diffraction

Single crystals of the LVF–ASA multi-component system were
prepared by evaporating the solutions. LVF and ASA, each
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20 μmol, were added into 3 mL of EtOH or IPA followed by the
addition of 300 μL of water. The obtained solutions were
placed in a 20 mL glass vial (SV-20; Nichiden Rika Glass Co.
Ltd, Kobe, Japan). The crystal structure was analyzed by single
crystal X-ray diffraction (SXRD) combined with thin-layer
mirror monochromated Cu-Kα radiation (λ = 1.54184 Å).
Rigaku XtaLAB P200 system with CrysAlisPro 1.171.39.46e soft-
ware (Rigaku Oxford Diffraction) was used. The sample was
mounted and examined at 230 K under dry nitrogen purge and
re-examined after transformation to an anhydrate at 298 K.
The direct SHELXT method was used to solve the crystal struc-
ture.49 All calculations for observed reflections [I > 2σ(I)] were
performed with the CrysAlisPro 1.171.39.46e (Rigaku Oxford
Diffraction), except for refinement, which was performed
using the SHELXL program.52

Fourier-transform infrared spectroscopy

The molecular states of the functional groups in each crystal
were determined by Fourier-transform infrared spectroscopy
(FT-IR) using VERTEX 70 instrument (Bruker Optics K.K.,
Tokyo, Japan). The range of wavenumber was 4000–500 cm−1

with 64 scans and 4 cm−1 resolution. Peak positions in the
spectra were assigned using an ACD/Spectrus Processor (ver.
2015; Advanced Chemistry Development Inc.).

Stability test

Solid-state stability of the LVF–ASA crystal and amorphous
forms was studied at 40 °C periodically for one month. The
samples were stored in a desiccator with silica-gel or a satu-
rated solution of sodium chloride for maintaining 75% relative
humidity (RH).

Scanning electron microscopy

Scanning electron microscopy (SEM; Miniscope® TM3030,
Hitachi High-Technologies Corporation, Tokyo, Japan) at an
acceleration voltage of 15 kV was employed to characterize the
surface morphology and particle shapes of the samples. Prior
to SEM observation, each sample was sputter-coated with plati-
num for 2 min using a sputtering equipment set at 40 mA.

Particle size distribution

The particle size distributions of the jet-milled samples were
analyzed using HEROS & RODOS laser diffraction apparatus
(Japan Laser Corporation, Tokyo, Japan) equipped with R3/R1
lens under the following conditions: time base, 100 ms; start,
ch.15 ≥ 0.5%; and stop, 2 s ch.15 ≤ 0.5% or 10 s. The distri-
bution methods were cascade (0), distribution, and vacuum
pressures of 2 and 0.078 bar.

Particle density

The particle densities of the LVF–ASA multi-component crystal
and amorphous forms prepared by spray drying were
measured using a Quantachrome Ultrapic 1200e (Anton Paar
Japan K. K., Tokyo, Japan). The sample (0.15–0.2 g) was
weighed into a large cell followed by volume measurement

(cm3) under a helium gas flow. The density (g cm−3) was calcu-
lated from the values of weight and volume.

In vitro aerodynamic performance test

The in vitro inhalation properties of each powder were assessed
using a twin impinger (Copley Scientific Ltd, Nottingham, UK)
following a previously established method.53,54 Hydroxypropyl
methylcellulose capsules (size 3; Qualicaps, Nara, Japan) were
used to encapsulate each sample. Inhalation properties were
assessed using a Jethaler® device (Tokico System Solutions,
Ltd, Kanagawa, Japan),55,56 focusing on the emitted dose (ED)
and fine particle fraction (FPF), enabling comparison of the
inhalation efficiency and performance among samples. The
airflow through the twin impinger was set at 60 L min−1 for
5 s, employing stages 1 and 2 with an appropriate capsule,
device, and throat configuration. Briefly, ED and FPF were cal-
culated as previously described.57

ED ð%Þ ¼ emitted dose
total dose

� 100% ð1Þ

FPF ð%Þ ¼ fine particle dose
emitted dose

� 100% ð2Þ

The samples were evaluated three times, and the mean and
standard deviation were calculated. The FPF for the CA system
was compared against those of individual LVF and ASA, as well
as the PM of ASA/LVF, using one-way analysis of variance fol-
lowed by Tukey’s test (*P < 0.05, **P < 0.01) to determine stat-
istical significance.

High-performance liquid chromatography

The amount of LVF or ASA reaching each twin impinger com-
partment was determined using an SPD-20 A HPLC detector
(Shimadzu Co., Ltd, Kyoto, Japan) equipped with an LC-20AD
pump. COSMOSIL 5C18-MS-II was used at 40 °C as an HPLC
column (5 μm, 4.6 × 150 mm; Nacalai Tesque Inc., Kyoto,
Japan) for drug separation. The mobile phase, comprising
methanol and 0.1% trifluoroacetic acid aqueous solution
mixed at 25 : 75 w/w, was used at a flow rate of 1 mL min−1,
and the injection volume was 10 μL. Absorbance was measured
at 289 nm using a UV detector. The retention times of LVF and
ASA were 7.6 and 3.7 min, respectively.

Results and discussion
Physicochemical properties of LVF and ASA

Fig. 1 presents the chemical structures of LVF and ASA. LVF
contains carboxylic acid, carbonyl CvO, halogen connected to
an aromatic ring, and methylpiperazine. ASA contains car-
boxylic acid and amine connected to the aromatic ring. Log P
for LVF and ASA was calculated to be 0.17 and 1.46, respect-
ively. Log P of 2–3 is recommended for drug molecules as a
higher log P often causes solubility issues.58 Both compounds
have preferable log P, and solubility issues have not been
reported. The pKa values of LVF were calculated as follows: car-
boxylic acid (red circle) has a pKa value of 5.3 (acidic), whereas
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a pKa value of 7.4 (basic) was observed at the nitrogen in
methylpiperazine (blue circle) connected to methyl. Both
acidic and basic pKa values were also observed for ASA, but the
basic pKa corresponding to the amine (blue circle) connected
to the aromatic ring was weak at 2.2. The acidic pKa of car-
boxylic acid was 3.6. The ΔpKa value between the carboxylic
acid of ASA and the methylpiperazine of LVF was 3.8. As men-
tioned in the Introduction, ΔpKa > 3–4 is an index for the for-
mation of salts,34–36 suggesting the possibility of formation of
an LVF–ASA salt. However, their multi-component crystal
forms have not yet been reported.

Fig. 2 shows the XRPD profiles of LVF and ASA.
Representative peaks appeared at 6.6°, 9.7°, 13.1°, 15.8°, 19.4°,
20.0°, 26,4°, and 26.7° for LVF, indicating the reported hemihy-
drate form.59 In the XRPD profile of ASA, the peaks were
observed at 7.2°, 12.6°, 13.0°, 14.5°, 16.9°, 25.9°, and 26.7°,
which agreed with that of the anhydrate form.60

Fig. 3a and b show the TG-DTA profiles of LVF and ASA,
respectively. LVF showed two representative endothermic
peaks; the first one was at 81.1 °C with weight reduction by
2.5%, corresponding to the loss of half molar ratio of water.
The second peak was at 227.1 °C, which reflected the melting
event.42 The melting point of ASA was characterized at
143.1 °C.61 Fig. 3c shows the DSC profiles of LVF, ASA, and
LVF–ASA PM. An extended dehydration event was observed at
approximately 50–110 °C for LVF. Complex melting events were
observed between 227 °C and 240 °C. These endotherms and
exotherms reflected crystal transformation from the anhydrate
form following dehydration of the hemihydrate form to meta-
stable and stable forms.62 The melting event of ASA at 145.1 °C
was similar to the result of TG-DTA. LVF–ASA PM showed an
altered temperature profile compared with that of individual
drugs. The dehydration event shifted to a lower temperature. A
broad and weak endotherm was observed, with three peaks at
151.7 °C, 164.4 °C, and 172.6 °C. It is well known that changes
in temperature profiles, such as reduction/broadening/weaken-
ing of melting point and formation of a eutectic mixture by
mixing different molecules, are characteristic features of salt/
co-crystal formation.63,64

Screening of LVF–ASA crystals

Solvent-mediated crystal transformation, such as slurry under
suspension, is a major method for screening salts or co-
crystals.65,66 LVF, ASA, and PM were subjected to slurry conver-
sion in EtOH, IPA, MeCN, acetone, THF, and EtOAc. LVF and
ASA showed no change in crystal form after slurry conversion.
The XRPD profiles of LVF–ASA after slurry conversion are
shown in Fig. 4. The typical XRPD peaks of LVF and ASA
(Fig. 2) disappeared for all samples. Novel peaks were observed
at 4.3°, 8.6°, 10.1°, 10.7°, 11.8°, 13.2°, 17.3°, 18.2°, and 25.4°
in the sample utilizing EtOH. This XRPD pattern was con-
firmed in samples utilizing MeCN and EtOAc. Another crystal
form appeared in samples utilizing IPA, acetone, and THF
with new peaks at 6.3°, 7.2/7.3°, 9.0/9.1°, 11.5/11.6°, 14.2°,
14.6°, 15.8/15.9°, 17.8°, 18.2°, 18.5°, 25.4/25.5°, and 26.3°.
These XRPD patterns did not agree with the polymorphic
forms of each drug,59,60,62 and the results strongly suggest the
formation of novel crystal polymorphs of the LVF–ASA multi-
component system. The crystal forms obtained from EtOH/
MeCN/EtOAc and IPA/acetone/THF were represented as crystal-
I and crystal-II, respectively.

Fig. S1† shows the XRPD profiles of LVF–ASA after solvent
evaporation, and the screening studies are summarized in
Table 1. Solvent evaporation also induced the formation of
new LVF–ASA crystals. All samples except IPA resulted in the
formation of crystal-I, which is speculated as a relatively stable
form. IPA afforded crystal-II from both slurry conversion and
solvent evaporation. Solvent-dependent generation of poly-
morphic forms is well known. In the case of baloxavir mar-
boxil, a metastable form is typically induced by only MeCN
aqueous solution after slurry conversion via intermolecular
interaction with the solvent; however, stable forms were gener-
ated with other solvents.67 LVF–ASA crystal-I and crystal-II

Fig. 1 Chemical structures of levofloxacin (LVF) and 4-aminosalicylic
acid (ASA). The red and blue circles represent the acidic and basic func-
tional groups, respectively.

Fig. 2 XRPD profiles of (a) levofloxacin (LVF) and 4-aminosalicylic acid
(ASA). The values represent the 2-theta (°) of each diffraction peak.
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should have been induced via different interactions with each
organic solvent.

Thermal properties of LVF–ASA crystals

The physicochemical properties of crystal-I and crystal-II were
investigated by thermal analysis. Fig. 5a shows the TG-DTA

profile of crystal-I. A small endothermic peak appeared at
56.7 °C for crystal-I, along with weight reduction by 3.4%,
suggesting dehydration or desolvation. As shown in Table 1,
crystal-I was obtained from various solvents and assumed to
be in the hydrate form. A subsequent melting endotherm was
observed at 186.0 °C with significant weight reduction corres-
ponding to thermal degradation. In the case of crystal-II, de-
hydration/desolvation was not suggested, and the Tm was
observed at 191.3 °C (Fig. 5b). The difference in the Tm
between the crystal forms suggests that crystal-II is more stable
than dehydrated crystal-I.

Fig. 5c shows the DSC profiles of crystal-I and crystal-II. The
temperature profile showed a broad peak from approximately
20 to 100 °C for crystal-I, and the top of peak was at 73.8 °C.

Fig. 3 TG-DTA profiles of (a) levofloxacin (LVF) and (b) 4-aminosalicylic acid (ASA), and (c) DSC profiles of LVF, ASA, and their physical mixture (PM).
The values represent the temperature (°C) on endothermic or exothermic peaks.

Fig. 4 XRPD profiles of the levofloxacin (LVF)-4-aminosalicylic acid
(ASA) mixture after slurry conversion in ethanol (EtOH), isopropyl
alcohol (IPA), acetonitrile (MeCN), acetone, tetrahydrofuran (THF), and
ethyl acetate (EtOAc). The values represent the 2-theta (°) of each diffr-
action peak.

Table 1 Summary of crystal forms generated after screening studies in
ethanol (EtOH), isopropyl alcohol (IPA), acetonitrile (MeCN), acetone,
tetrahydrofuran (THF), and ethyl acetate (EtOAc)

Slurry conversion Solvent evaporation

EtOH Crystal-I Crystal-I
IPA Crystal-II Crystal-II
MeCN Crystal-I Crystal-I
Acetone Crystal-II Crystal-I
THF Crystal-II Crystal-I
EtOAc Crystal-I Crystal-I
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The second endotherm, which reflects the melting event,
occurred at 185.7/187.8 °C. The Tm of crystal-II was 192.4 °C.
The Tm values of crystal-I and crystal-II were similar to the
results of the TG-DTA analysis. The exothermic peaks were at
235.4 °C and 234.9 °C for crystal-I and crystal-II, respectively,
but thermal degradation was observed at these temperatures
in TG-DTA profiles (Fig. 5a and b). The disappearance of the
original Tm values of LVF and ASA and the generation of a
novel and single Tm for both crystal-I and crystal-II strongly
support the possibility of the formation of multi-component
crystal forms.

The thermal events observed in the DSC profiles were
further investigated using XRPD measurements under heating
conditions. Fig. 6a shows the XRPD profiles of crystal-I under
heating at approximately 30–240 °C. The profile in the range
30.3–35.8 °C agreed with that of crystal-I shown in Fig. 4, and
no change was observed until 77.3–83.2 °C. However, a novel
peak at 25.7° was observed at 175.3–180.8 °C. This reflects the
transformation of the hydrate to the anhydrate form because
dehydration was characterized in TG-DTA and DSC profiles
(Fig. 5a and c). This anhydrate form was represented as crystal-
III. All the peaks weakened at 186.3–191.5 °C. Different XRPD
patterns were observed at 197.4–203.1 °C and further trans-

formed at 219.8–225.6 °C. These patterns were similar to the β

and α forms of LVF, respectively.56 In the TG-DTA profile, ASA
showed thermal degradation at 143.1 °C after melting, but LVF
did not (Fig. 3a and b). It can be considered that crystal-I
melted at approximately 180–190 °C according to the DSC
profile (Fig. 5c), and ASA rapidly degraded. Subsequently, LVF
crystallized to the β form and transformed to a more stable α
form. The preparation of crystal-III has also been attempted.
Crystal-I was heated at 120 °C for 5 min or 60 °C under
reduced pressure under vacuum overnight. Although the
TG-DTA profile (Fig. 5a) suggested dehydration of crystal-I over
60 °C, the resulting crystal form showed crystal-I from the
XRPD profile. Reversible hydration–rehydration depending on
the temperature and/or humidity is well known for crystalline
materials.68–70 A crystal lattice of a hydrate is maintained after
dehydration by heating and/or drying, and subsequent cooling
and/or humidification induces rehydration via intermolecular
interaction between water and the host-molecule.69,70

The XRPD profile of crystal-II after heating is shown in
Fig. 6b. The initial profile measured at 31.4–37.0 °C agreed
with that of crystal-II (Fig. 4). However, new peaks at 6.8°,
12.2°, 15.2°, and 19.0° were confirmed at 150.2–155.6 °C.
These peaks rapidly grew at 188.6–193.4 °C, suggesting a

Fig. 5 TG-DTA profiles of (a) crystal-I and (b) crystal-II, and (c) DSC profiles of crystal-I and crystal-II. The values represent the temperature (°C) on
endothermic or exothermic peaks.
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crystal transformation. All peaks disappeared at 193.4–199.6 °C,
which corresponded to the Tm in the DSC profile (Fig. 5c).
Further heating induced generation of the β form of LVF at
199.7–205.2 °C and transformation to the α form at
227.5–233.0 °C similar to crystal-I. XRPD measurement under
heating could reveal the thermal events observed in the DSC
profile, and a new crystal form transformed from crystal-II was
discovered, which was represented as crystal-IV.

To obtain crystal-IV, heating of crystal-II at 170 °C for 1 min
was attempted. Fig. S2† shows a comparison between the
XRPD profiles of crystal-II and crystal-IV. The difference in the
peak positions between the polymorphs was characterized in
the range of 6–8°. The two peaks appeared at 6.3° and 7.3° for
crystal-II, but at 6.8° and 7.2° for crystal-IV. The preparation of
crystal-IV was successful because its XRPD pattern agreed with
the observed profile of heated crystal-II at 188.6–193.4°.

Preparation of amorphous LVF–ASA

Multi-component amorphous LVF–ASA was prepared by spray
drying. The SEM image shows a spherical morphology
(Fig. S5†). The particle sizes, D10/D50/D90, were 0.6/2.2/4.8 μm
(Table S1†), which were not significantly different from SDPs
used for previous inhalation studies.41,53–56 Spray drying suc-
cessfully led to the amorphization of LVF–ASA, with the dis-
appearance of all XRPD peaks (Fig. 10a and b). The mDSC pro-
files of SDPs are shown in Fig. 7. In reverse heat flow, a single
Tg was observed at 107.8 ± 1.0 °C. It was reported that the Tg of
LVF was 83.0 °C.41 Due to the high crystallization tendency, the
Tg of ASA could not be determined. Disappearance of native Tg
of the components and generation of a single Tg is a character-
istic feature of CA formation via intermolecular
interactions.37–41 The SDPs of LVF–ASA should form CA. The
non-reversing heat flow displayed other thermal events.
Exothermic peaks were shown at 112.0 ± 0.1 °C and 126.3 ±
0.0 °C, suggesting crystallization following glass transition. The
endothermic and exothermic peaks at 162.6 ± 0.1 °C and 198.3
± 1.0 °C reflected melting and recrystallization, respectively.

The XRPD profiles of CA under heating conditions are
shown in Fig. S3.† The halo pattern of CA was observed at

31.1–36.5 °C; however, generation of small peaks from 10–15°
and at 25.7° was characterized at 131.5–137.4 °C. These peaks
grew at 154.2–159.6 °C, and the pattern agreed with that of
crystal-III generated by the dehydration of crystal-I (Fig. 6a).
Further thermal events were similar to those of crystal-I and
crystal-II: melting (181.5–187.0 °C), crystallization of the β

form of LVF (192.7–198.6 °C), and transformation to the α

form (215.2–220.5 °C).

Single crystal X-ray diffraction of LVF–ASA crystals

SXRD was performed to determine the crystal form of LVF–
ASA. Crystal-I microcrystals were successfully obtained, but
crystal-II microcrystals could not be obtained due to poor
crystal growth. Crystal-III was obtained only upon heating of
crystal-I, and crystal-IV could only be prepared from crystal-II
as described above. The lattice parameters of crystal-I are
listed in Table 2. In the asymmetric unit, eight LVF, eight ASA,
and twelve water molecules existed, with only the disorder of
small parts of LVF. Fig. 8 shows representative intermolecular
interactions and bond distances. The carboxylic acid (OH) of

Fig. 6 XRPD profiles of (a) crystal-I and (b) crystal-II under heating conditions. The values represent the 2-theta (°) of each diffraction peak.

Fig. 7 mDSC profiles of LVF–ASA spray-dried particles (SDPs). The
values in the reversing and non-reversing heat flows represent the glass
transition temperature and temperatures on endothermic or exothermic
peaks, respectively.
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ASA interacted with the methylpiperazine (N) of LVF with an
OH–N bond distance of 1.72 Å. The bond distances of CvO
(1.25 Å) and C–O (1.27 Å) in the carboxylic acid of ASA were
similar. On the other hand, the bond distances of CvO (1.22 Å)
and C–O (1.32 Å) in the carboxylic acid of LVF were not equal.
In the co-crystal, the ratio of bond distances of CvO to C–O in
the carboxylic acid was not equal owing to the non-deprotona-
tion of OH.71 SXRD analysis revealed a hydrated salt form with
deprotonation of the carboxylic acid of ASA in crystal-I.

Infrared spectra of the LVF–ASA crystal and amorphous forms

The molecular states of LVF and ASA in each form were also
investigated by FT-IR analysis. Fig. 9 shows the FT-IR spectra
of LVF, ASA, and the LVF–ASA crystal and CA forms. The FT-IR

peaks of LVF were assigned to the functional groups according
to a previous report.72 The O–H stretching appeared at
3393 cm−1 and 3246 cm−1. The peaks observed in the range of
2937–2802 cm−1 indicated symmetric or C–H stretching or
asymmetric C–H stretching of the methylpiperazine ring. The
peak at 1720 cm−1 was characteristic of the CvO stretching of
the carboxylic acid. The peak at 1618 cm−1 represented CvC
stretching and C–C stretching of the aromatic ring. The aro-
matic ring C–C stretching and CH2 scissoring of the methyl-
piperazine were characterized by peaks at 1539 cm−1/
1518 cm−1 and 1468 cm−1/1439 cm−1, respectively.

The FT-IR peaks of ASA were assigned according to previous
reports.73,74 The peaks at 3493 cm−1 and 3385 cm−1 were repre-
sentative of O–H/N–H stretching. Broadening of the spectrum,
including the peaks at 2978 cm−1 and 2835 cm−1, was
observed in the range of 3200–2700 cm−1, which corresponded
to O–H stretching generated from an intramolecular inter-
action between the hydroxyl and carboxylic acid. The CvO
stretching of the carboxylic acid appeared as a broadened
pattern at approximately 1680–1620 cm−1. The peaks at
1609 cm−1, 1520 cm−1, and 1441 cm−1 corresponded to C–C
stretching of the aromatic ring.

The FT-IR spectral patterns of LVF–ASA crystals were
different from those of individual LVF and ASA, suggesting a
change in the molecular state. The peaks at 3493 cm−1 and
3385 cm−1 of ASA shifted to lower wavenumbers for crystal-I
(3447 cm−1 and 3367 cm−1), crystal-II (3460 cm−1 and
3354 cm−1), and crystal-IV (3470 cm−1 and 3354 cm−1). In this
range, the peak at 3393 cm−1 of LVF merged with the peaks of
ASA, and the peak at 3426 cm−1 showed a smaller shift in
crystal-I (3223 cm−1), crystal-II (3225 cm−1), and crystal-IV
(3240 cm−1). The peaks in the range of 3200–2700 cm−1 for both
LVF and ASA significantly weakened and induced a greater shift
in crystal-I, crystal-II, and crystal-IV. These spectral changes
suggest changes in the molecular states of the carboxylic acid
and methylpiperazine of LVF and the aromatic ring of ASA.

The CvO stretching of LVF at 1720 cm−1 showed a smaller
shift in crystal-I (1703 cm−1), crystal-II (1713 cm−1), and

Table 2 Lattice parameters of crystal-I

Crystal-I

Formula C25H25.5FN4O8.5
Fw 531.90
Temperature (K) 230
Crystal system Monoclinic
Space group P21
a (Å) 9.3759(2)
b (Å) 40.6565(10)
c (Å) 26.9361(8)
α (°) 90
β (°) 91.262(2)
γ (°) 90
V (Å3) 10 265.3(5)
Z 16
ρcalc g cm−3 1.39
μ/mm−1 0.941
F(000) 4488
Radiation CuKα (λ = 1.54184)
Reflections collected 113 151
Independent reflections 38 806
Data/restraints/parameters 38 806/1/2717
Goodness-of-fit on F2 1.004
Final R indexes [I ≥ 2σ (I)] R1 = 0.0699, wR2 = 0.1901
Final R indexes [all data] R1 = 0.1156, wR2 = 0.2286
Flack parameter −0.05(7)
CCDC number 2410276†

Fig. 8 Crystal structure of crystal-I analyzed by single crystal X-ray diffraction.
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crystal-IV (1713 cm−1). However, C–C stretching of the aromatic
ring at 1618 cm−1 appeared in similar positions at 1620 cm−1

for crystal-I, crystal-II, and crystal-IV. The aromatic ring C–C
stretching and CH2 scissoring of the methylpiperazine in the
range of 1540–1430 cm−1 significantly weakened or merged
with the peaks of ASA in the multi-component crystal forms.
The CvO stretching of ASA at approximately 1680–1620 cm−1

shortened the broadened range. The peak at 1609 cm−1 of ASA
disappeared, and a new peak was observed at 1580 cm−1

(crystal-I), 1582 cm−1 (crystal-II), and 1585 cm−1 (crystal-IV).
The other peaks of the aromatic ring (1520 cm−1 and
1441 cm−1) shifted and merged with the peaks of LVF. LVF–
ASA crystals showed peaks in the following range: crystal-I
(1529/1477/1446 cm−1), crystal-II (1526/1446 cm−1), and
crystal-IV (1522/1445 cm−1). These spectral changes suggest
changes in the molecular states of the carboxylic acid and aro-
matic ring of LVF and the aromatic ring of ASA.

It is well known that the FT-IR spectra are different among
polymorphs and salt/co-crystals formed via changes in intra-
molecular/intermolecular interactions.75,76 As described in
“Physicochemical properties of LVF and ASA”, ΔpKa between

the carboxylic acid of ASA and methylpiperazine of LVF
suggests the possibility of salt formation. From this viewpoint,
the changes in the FT-IR spectra of LVF/ASA were discussed.
Significant spectral changes such as peak shift and shape
change of the methylpiperazine in 3400–2700 cm−1 of LVF
were caused by the formation of salt with citric acid.75 In
addition, ASA alginate showed changes from native ASA: the
shape change of the CvO of ASA at approximately
1680–1620 cm−1 and a smaller peak shift of the aromatic ring
at 1609 cm−1. These changes are common in LVF–ASA crystals
prepared in this study. Furthermore, SXRD analysis revealed
that crystal-I was in its salt form via ionic interaction between
ASA and LVF. Hence, it is likely that the carboxylic acid (OH) of
ASA and the methylpiperazine (N) of LVF also formed salt in
crystal-II and crystal-IV via ionic interactions. The CA spectrum
showed a pattern similar to that of salt crystals, although some
peaks changed in shape, suggesting that the CA state was
stabilized by salt formation. Crystal-III could not be obtained
under ambient conditions; however, it was obtained by
heating crystal-I (Fig. 6a). Furthermore, crystal-III was reversi-
bly transformed to crystal-I, suggesting a salt form. Hence,
LVF–ASA crystal-I, crystal-II, crystal-III, and crystal-IV were
defined as salt crystal (SC)-I (hydrate), SC-II, SC-III, and SC-IV,
respectively.

Stability of LVF and ASA salt forms

The isothermal stabilities of LVF–ASA salt crystals and CA were
investigated. Fig. 10a shows the XRPD profiles before and after
storage at 40 °C with silica gel. LVF–ASA SC-I (hydrate), SC-IV,
and CA maintained their forms after storage. However, the
peak at 6.3° of SC-II split after storage, suggesting the gene-
ration of SC-IV. In contrast to stability under dry conditions,
humidity induced transformation of the samples. Fig. 10b
shows the XRPD profiles before and after storage at 40 °C/75%
RH. SC-I (hydrate) showed higher stability without transform-
ation, but all other forms rapidly converted to SC-I (hydrate)
on day 1, suggesting that humidity strongly induced hydration
of both salt crystals and CA. SC-I (hydrate) was only stable

Fig. 9 FT-IR spectra of levofloxacin (LVF), 4-aminosalicylic acid (ASA),
crystal-I, crystal-II, crystal-IV, and co-amorphous (CA) forms.

Fig. 10 XRPD profiles of salt crystal (SC)-I, SC-II, SC-IV, and co-amorphous (CA) forms after storage at (a) 40 °C with silica-gel and (b) 40 °C/75%
RH.
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under both dry and humidified conditions and subjected to
further study.

The phase diagram of the crystal transformation among
LVF–ASA salt crystals and CA is shown in Fig. 11.

Jet-milling of LVF and ASA

LVF and ASA were micronized by jet-milling prior to the in vitro
aerodynamic test. The crystal forms of LVF–ASA did not change
after jet-milling (Fig. S4†). LVF–ASA SC-I (hydrate) was obtained
from the storage of SDPs at CA at 40 °C/75% RH overnight.
Fig. S5† shows SEM images of the micronized LVF, ASA, and
SC-I (hydrate). The particle sizes, D10/D50/D90, of LVF, ASA,
and SC-I (hydrate) were 0.6/2.5/5.0 μm, 0.7/2.4/4.7 μm, and 0.8/
4.3/7.0 μm, respectively. Their particle sizes were comparable to
that of CA. The span was calculated in the range of 1.5–1.9,
which was similar among the samples, indicating their appro-
priateness as dry powder-inhaled particles.41,53–56 Jet-milling
reduces the geometric particle size of drugs; however, it is gen-
erally known that in dry milling methods like jet-milling, par-
ticle aggregation tends to occur below 5 µm.77,78 As a result, the
current particle size is close to the lower limit achievable by this
process for dry powder inhaler formulations.

In vitro aerodynamic properties of LVF–ASA crystal and
amorphous forms

The inhalation properties of each sample were compared
using twin impinger. The aerodynamic diameter (da) was cal-
culated using the following equation:79,80

da ¼ dg

ffiffiffiffiffiffiffi
ρe
λρs

r
ð3Þ

where ρs = 1 g cm−3, dg is the particle geometric diameter, ρe is
the effective particle density in the same unit as ρs, and λ is
the dynamic shape factor that is unitary in the case of spheri-
cal particles. The particle density of LVF–ASA CA and SC-I
(hydrate) was 1.41 g cm−3 and 1.44 g cm−3, respectively. The da
values of LVF–ASA CA and SC-I (hydrate) were 2.62 μm and
5.17 μm, respectively.

The deposition rate of each drug in PM varied significantly
in CA and SC-I (hydrate) (Fig. 12a, b and Table S2†). The FPF
values are shown in Fig. 13a, b and Table S3.† The FPF value
of untreated ASA was 13.3 ± 3.4%, whereas that of untreated LVF
was 1.1 ± 0.2%. The FPF value of LVF and ASA in PM was
0.8 ± 0.2% and 14.1 ± 0.8%, respectively. In both samples, the FPF
value of ASA was higher than that of LVF. Interestingly, LVF and
ASA in both LVF–ASA CA and SC-I (hydrate) demonstrated syn-
chronized delivery performance; the FPF values of LVF/ASA in CA
and SC-I (hydrate) were 20.0 ± 4.7/20.6 ± 4.5% and 25.4 ± 4.8/29.9
± 2.9%, respectively. Notably, the FPF value of LVF significantly
improved when it was co-formulated with ASA. A comparison of
the FPF values of CA and SC-I (hydrate) formulations revealed a
notable improvement in the FPF values of the crystallized salt. In
a previous study, the inhalation properties of THE-LVF co-amor-
phous inhalation formulations also achieved synchronized deliv-
ery to the lungs.41 LVF, with its relatively hydrophobic properties,
showed improvement in inhalation performance. A similar trend
was observed for LVF–ASA salt forms. The inhalation properties of
SC-I (hydrate) were superior to those of CA. This may be attributed
to the fact that the crystalline structure facilitates better dispersi-
bility in the inhalation device and inhibits aggregation between
particles compared with amorphous powders.81,82

Fig. 11 Phase diagram of crystal transformation for salt crystals (SCs) and co-amorphous (CA) forms.
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Conclusions

Multi-component crystal and amorphous forms were designed
by combining LVF and ASA for co-delivery to the lungs. Solvent
evaporation and slurry conversion led to the formation of LVF–
ASA SC polymorphs. Anhydrate metastable and stable forms
were formed, which were converted to the hydrate form after
storage. The CA form of LVF–ASA was obtained by spray
drying. The SC polymorphs and CA showed similar FT-IR pro-
files, suggesting that LVF and ASA formed salts in crystal and
CA forms. Both SC and CA significantly improved the FPF
values compared with individual drugs or PM as determined
by in vitro aerodynamic performance. Furthermore, LVF and
ASA were successfully co-delivered to the lung compartments.
This study demonstrated that multi-component drug–drug
crystal and amorphous forms are promising as inhalation
systems for simultaneous delivery without utilizing any
specialized device. The limitation of using a salt/co-crystal is

that the stoichiometry of components is fixed, and the admin-
istration of LVF and ASA to the lungs is not approved. Hence,
further investigation is required to overcome this issue based
on dose adjustment from the viewpoint of pharmacological
and toxicological effects, such as non-clinical and clinical
trials.
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Fig. 13 ED (%) and FPF (%) of levofloxacin (LVF)/4-aminosalicylic acid (ASA), physical mixture (PM), co-amorphous (CA) forms, and salt crystal (SC)-I
(hydrate): (a) LVF and (b) ASA. The error bars represent standard deviation (n = 3). The FPF data of SDPs were compared with that of PM by Tukey’s
test (*P < 0.05, **P < 0.01).
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