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ABSTRACT
Isopropoxy benzene guanidine (IBG) is a novel substituted benzene guanidine analogue with 
antibacterial activity against multidrug-resistant bacteria. However, the bioavailability of IBG is not 
optimal due to its finite aqueous solubility, thus hampering its potential therapeutic exploitation. 
In this study, we prepared IBG/hydroxypropyl-β-CD (IBG/HP-β-CD) complex, and characterized it 
by differential scanning calorimetry, Fourier transform infrared spectroscopy, powder X-ray 
diffraction, and scanning electron microscopy. Physicochemical characterization indicated that the 
crystal morphology of IBG transformed into an amorphous state, thus forming IBG/HP-β-CD 
inclusion complexes. Complexation with HP-β-CD significantly improve the aqueous solubility, 
pharmaceutical properties, absorption, and bioavailability of IBG.

1.  Introduction

Antibiotic resistance is a serious threat to public health (Ardal 
et  al., 2020). ESKAPE pathogens (consisting of Enterococcus 
faecium, Staphylococcus aureus, Klebsiella pneumoniae, 
Acinetobacter baumannii, Pseudomonas aeruginosa, and 
Enterobacter species) are known for developing high levels of 
resistance to traditional antibiotic drugs, thus reducing treat-
ment options for serious infections, and increasing mortality 
due to treatment failure (De Oliveira et  al., 2020; Mancuso 
et  al., 2021). In addition, these pathogens have shown resis-
tance to first-line and last-resort antibiotics worldwide, lead-
ing to drug unavailability (Liu et  al., 2016; He et  al., 2019; 
Schwarz et  al., 2021). Therefore, new agents and new ways 
to counter drug-resistant infections are urgently needed 
(McEwen & Collignon, 2018).

Given that guanidine has strong organic bases and a 
hydrophilic nature, guanidine compounds have been widely 
used in the treatment of various diseases and have become 
candidates for the further structural modification of new 
promising drugs (Sączewski  & Balewski ,  2013; 
Massimba-Dibama et  al., 2015). Isopropoxy benzene guani-
dine (IBG), a new guanidine compound, which displayed 
potent bactericidal activity against multidrug-resistant 
Enterococci and clinical isolates of methicillin-resistant 
Staphylococcus aureus by targeting the cell membrane (Zhang 
et  al., 2019, 2021). Furthermore, the combination of IBG and 
colistin has synergistic antibacterial effect on colistin-resistant 

Salmonella (Kong et  al., 2022). IBG is expected to become a 
new antibacterial agent in the treatment of bacterial infec-
tions. However, its bioavailability is not optimal due to its 
limited aqueous solubility.

Cyclodextrins (CDs) have greatly promoted the develop-
ment of the pharmaceutical field (Shelley & Babu, 2018). CDs 
can overcome the low solubility of many drugs by complex-
ing with the main active ingredient (Lakkakula & Macedo, 
2014). HP-β-CD has excellent inclusion properties for many 
compounds and shows only limited toxicity in animals and 
humans (Gould & Scott, 2005; Carneiro et  al., 2019). Hu et  al. 
prepared the inclusion complex of koumine (KME) with 
HP-β-CD by solvent evaporation. KME/HP-β-CD showed 
52.34-fold greater solubility, enhanced absorption, and more 
than twofold greater relative bioavailability than KME(Hu 
et  al., 2021). Li et  al. prepared curcumin (CUR)/HP-β-CD by 
a simple procedure of water–ethanol cosolvent incubation–
lyophilization. Compared with that of CUR, the oral bioavail-
ability of CUR/HP-β-CD was boosted to 2.77-fold after 
intravenous administration in rats (Li et  al., 2018). In addition, 
HP-β-CD can be used in various medicinal products for oral, 
rectal, dermal, ophthalmic, and parenteral administrations, 
and is the safest among CD derivatives due to its inability 
to be absorbed through biological membranes (Irie & 
Uekama, 1997; Al-Heibshy et  al., 2020; Manta et  al., 2020).

This study aimed to encapsulate IBG into HP-β-CD to 
enhance the solubility and bioavailability of IBG. IBG/HP-β-CD 
was characterized by differential scanning calorimetry (DSC), 
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FT-IR spectroscopy (FT-IR), powder X-ray diffraction (PXRD), 
and scanning electron microscopy (SEM). Results confirmed 
that IBG was encapsulated into HP-β-CD. The oral bioavail-
ability of IBG and IBG/HP-β-CD was evaluated in rats.

2.  Materials and methods

2.1.  Materials and instruments

Isopropoxy benzene guanidine (99.9%) was provided by 
Guangzhou Insighter Biotechnology (Guangzhou, China). 
HP-β-CD was purchased from Shanghai Macklin Biochemical 
Co., Ltd (Lot:12087655). Thermal analyses were executed on 
DSC8000 (PE, USA). FTIR spectra were recorded on a Nicolet 
IS10 Fourier transform infrared spectrometer (Thermo Fisher), 
and PXRD spectra were recorded on an Ultima IV diffractom-
eter (Rigaku, Japan). SEM images were recorded on a 
micro-surface morphology equipment (EVO MA 15, ZEISS, 
Germany). High-performance liquid chromatographic (HPLC) 
analysis was performed in a Shimadzu LC-20A system (Japan).

2.2.  Phase solubility studies

Phase solubility studies were carried out following the 
method of Higuchi and Connors (Higuchi & Connors, 1965; 
Jansook et  al., 2018). An excessive amount of IBG was added 
to 2 mL aqueous solutions of different HP-β-CD concentra-
tions (2, 4, 6, 8, 12, 16, and 24 mM). All samples were shaken 
at 25 °C and 100 rpm for 72 h until equilibrium was reached. 
After centrifugation, the supernatants were filtered through 
a 0.45 μm membrane to remove undissolved IBG. The con-
centration of IBG in the HP-β-CD solutions was determined 
by HPLC, and the analyses were performed in triplicate (n = 3). 
Apparent stability constant (Ks) was calculated by the fol-
lowing equation (Nair et  al., 2014; Pinto et  al., 2020): 
Ks = slope/S0 (1-slope), where S0 represents the intrinsic sol-
ubility of the drug, and the slope is the slope of the linear 
phase solubility diagram.

2.3.  Preparation of IBG/HP-β-CD

The required IBG and HP-β-CD were weighed at a molar ratio 
of 1:3 to prepare the inclusion complex. HP-β-CD was dis-
solved in distilled water at room temperature, followed by 
the slow addition of IBG solution in methanol. The solution 
was stirred at a certain speed at 50 °C for a few hours. The 
mixture was cooled to room temperature and freeze dried 
to obtain a white powdery IBG/HP-β-CD. Physical mixtures 
were prepared by simply mixing IBG with HP-β-CD.

2.4.  Physicochemical characterization of the optimal 
IBG/HP-β-CD inclusion complexes

2.4.1.  FT-IR spectroscopy
The FT-IR spectra of the KBr pellets of IBG, HP-β-CD, phys-
ical mixtures, and inclusion complex of IBG with HP-β-CD 
were obtained using a Nicolet IS10 Fourier transform infra-
red spectrometer. Data were acquired between 4000 and 
500 cm − 1.

2.4.2.  DSC
Thermal analyses of IBG, HP-β-CD, physical mixtures, and 
inclusion complex were performed by differential scanning 
calorimetry (DSC8000, PE, USA). Sample was weighed (10 mg), 
placed in sealed aluminum pans, and scanned at 10 °C/min 
from 20 °C to 300 °C under flowing nitrogen gas. Thermograms 
were recorded.

2.4.3.  PXRD
PXRD analysis was performed at ambient temperature using 
an Ultima IV diffractometer (Rigaku, Japan) under Cu Kα 
radiation (λ = 1.54056 Å, generator setting: 40 kV and 40 mA). 
Diffraction data were collected at the 2θ scanning range 
between 3° and 60° with a step size of 0.02° and a counting 
time of 2 s/step.

2.4.4.  SEM
The surface morphology of IBG, HP-β-CD, mixture of IBG and 
HP-β-CD, and inclusion complex of IBG with HP-β-CD was 
studied using an EVO MA 15 (ZEISS, Germany) scanning elec-
tron microscope. The solid sample was mounted on alumi-
num stubs with double-sided carbon adhesive tape and then 
coated with gold for 30 min. Finally, SEM images were 
obtained at 10 kV to observe the surface morphology of the 
samples.

2.5.  Determination of IBG content in the inclusion 
complex

The IBG content in IBG/HP-β-CD was determined by HPLC 
(C18 column: 250 mm × 4.6 mm, 5 μm; mobile phase: 0.1% 
phosphoric acid and acetonitrile in a ratio of 40:60; wave-
length in UV detector: 323 nm). The standard curve of IBG 
(0.1–10 μg/mL) was determined to be Y = 114376X + 8114.8 
(R2=0.9997; Y: absorption peak area; X: concentration).

The inclusion rate and yield of inclusion compound IBG 
were used to evaluate the inclusion effects of inclusion com-
plexes and were calculated using the following formulas:

	Inclusion yield   IBG inclusion complex mg IBG mg  % /� � � � � � � � HHP CD mg  1� � � ��� �� �� 00%

	 Inclusion ratio   IBG complex mg IBG mg  1% / %� � � � � � ��� �� � 00

2.6.  Solubility of IBG and IBG/HP-β-CD and in vitro 
release study

Excessive amounts of IBG and IBG/HP-β-CD were added to 
distilled water to obtain a supersaturated solution (Hu et  al., 
2021). The samples were shaken at 37 °C for 24 h and 100 rpm. 
After centrifugation, the supernatants were filtered through 
a 0.22 μm membrane and analyzed by HPLC.

2.7.  Dissolution determination

Dissolution tests were performed using a USP apparatus 2 
(paddle) with degassed deionized water (900 mL) as the 
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medium at 37 ± 0.3 °C with 100 rpm rotating speed. IBG 
(100 mg), inclusion complex (containing 100 mg of IBG), and 
mixture of IBG (100 mg) and HP-β-CD (1200 mg) were used 
for the testing. The solution (5 mL) for each test was collected 
at 2, 5, 10, 15, 20, 30, 45, and 60 min. After each collection, 
5 mL of isothermal medium was supplemented. The collected 
solution was filtered through 0.22 mm microporous mem-
brane and analyzed by HPLC. Each test was repeated three 
times, and the dissolution rate was obtained from the stan-
dard regression curve equation.

2.8.  In vivo pharmacokinetic studies

Based on reference and proper modification (Ding et  al., 
2020), SD rats (200 ± 20 g) were fasted for 12 h with free access 
to water before oral administration. The rats were divided 
randomly into two groups (n = 6) and received IBG or IBG/
HP-β-CD by oral gavage at a drug dose of 20 mg/kg. After 
drug administration, 0.5 mL of blood sample was collected 
at 0.08, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 h. Each 
blood sample was centrifuged at 3000 r/min for 10 min at 
4 °C, and the supernatant was transferred to a centrifugal 
tube (2 mL). Afterward, 0.8 mL of 1% formic acid acetonitrile 
was added to 0.2 mL of plasma, followed by shaking for 1 min 
and centrifuging at 13,000 r/min for 10 min at 4 °C. The super-
natant was filtered with a 0.22 μm filter for HPLC analysis. 
The values of IBG plasma PK parameters in single-dose PK 
studies were obtained by non-compartmental analysis in 
Phoenix WinNonlin® 5.2 (Certara, L.P., Princeton, NJ, USA).

3  Results and discussion

3.1.  Phase solubility study

The phase solubility curve explains the complexation process 
and provides stoichiometry and Ks values for the inclusion 
complex (Pinto et  al., 2020). The phase solubility curve of 
IBG and HP-β-CD is shown in Figure 1. The water solubility 
of IBG increased linearly with the HP-β-CD concentration in 
the range of 2–24 mM. The equilibrium solubility of IBG in 
water was 0.33 ± 0.03 mg/mL. When the concentration of 

HP-β-CD was 24 mM, the solubility of IBG increased remark-
ably to 1.23 mg/mL (3.72-fold). According to the solubility 
diagrams by Higuchi and Connors, the phase solubility curve 
of IBG and HP-β-CD is a typical AL-type curve. The regression 
coefficient (R2) exceeded 0.99, and the slope value (0.1151) 
was less than 1, indicating that the stoichiometry ratio of 
the IBG/HP-β-CD system was 1:1. The Ks of IBG/HP-β-CD was 
calculated according to the parameters of the phase solubility 
plot. The optimal values of Ks ranged 50–2000 M − 1, with 
small values indicate an extremely weak drug-CD interaction, 
and values above this range indicate that the drug is not 
fully released from the inclusion complex (Loftsson et  al., 
2005). In this study, the Ks of IBG/HP-β-CD was calculated 
to be 151.24 M − 1, indicating a weak interaction between 
IBG and HP-β-CD.

3.2.  Preparation and optimization of IBG/HP-β-CD 
inclusion complexes

During the process formation of an inclusion complex, the 
inclusion effect is significantly affected by the reaction tem-
perature, stirring speed, and reaction time. HP-β-CD was 
dissolved in distilled water, and the resulting mixture was 
stirred at a certain speed on a magnetic stirrer at a specific 
temperature. IBG solution in methanol was added slowly and 
stirred at a specified temperature for a particular time. The 
solution was stored in a refrigerator at − 80 °C for 24 h and 
freeze dried for 48 h to obtain a white solid. The IBG inclusion 
complex was prepared under various conditions, such as the 
volume ratio of methanol and water from 1:9 to 3:7, different 
stirring speeds from 400 rpm to 600 rpm, various stirring tem-
peratures from 40 °C to 60 °C, and stirring times from 2 h to 
6 h. The IBG inclusion complex with the highest inclusion 
yield of 93.05% and the highest inclusion ratio of 80.45% 
was obtained under the following optimal condition: a 3:7 
ratio of methanol and water, a stirring speed of 500 rpm, a 
reaction temperature of 50 °C, and a reaction time of 4 h. 
Under these conditions, the resulted.

3.3.  Physicochemical characterization of the optimal 
IBG/HP-β-CD inclusion complexes

3.3.1.  SEM
The SEM images of IBG and its inclusion complex are pre-
sented in Figure 2. IBG showed prismatic crystals and compact 
structures (Figure 2(a)), and HP-β-CD exhibited amorphous 
spherical particles (Figure 2(b)). The micrographs of physical 
mixtures exhibited a mixture of prismatic crystals and amor-
phous spherical particles (Figure 2(c)). IBG/HP-β-CD displayed 
an amorphous sheet structure, and IBG was difficult to dis-
tinguish IBG from HP-β-CD in the inclusion complexes (Figure 
2(d)). These observations suggested that crystalline IBG may 
form a new solid phase complex in the cavity of HP-β-CD.

3.3.2.  DSC
The DSC thermograms of the raw IBG, HP-β-CD, physical 
mixtures, and IBG/HP-β-CD are presented in Figure 3. The 
DSC thermogram of raw IBG showed a characteristic sharp 

Figure 1.  Phase solubility diagrams of IBG with different HP-β-CD concentra-
tions in distilled water at 25 ± 0.5 °C (n = 3).
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endothermic peak at 218 °C indicating its crystallization state 
(Figure 3(a)). HP-β-CD did not show any endothermic peaks 
at 20–300 °C, indicating the absence of crystals (Figure 3(b)). 
The physical mixtures and IBG/HP-β-CD inclusion complexes 
showed an endothermic peak with reduced intensity and a 
slight change from the initial position compared with the 
bulk drug (Figures 3(c–d)). After the inclusion complex was 
formed, its endothermic peak completely disappeared in the 
thermogram, indicating that the IBG state was changed. The 
IBG molecules may have been embedded in the CD cavity, 
causing the crystalline drug to change to its amorphous 
properties (Hu et  al., 2021).

3.3.3.  PXRD
The PXRD results of IBG, HP-β-CD, physical mixtures, and IBG/
HP-β-CD are shown in Figure 4. The spectrum of raw IBG 
exhibited a series of high-intensity peaks at 2θ values of 
approximately 5.31°, 21.17°, 22.53°, 23.33°, and 24.10° (Figure 
4(a)), indicating its high crystallinity. The spectrum of HP-β-CD 
PXRD had no crystal peak, implying that it is essentially amor-
phous (Figure 4(b)). For the physical mixture, the PXRD spec-
trum still showed IBG corresponding to the peak intensity 
decrease (Figure 4(c)), suggesting that IBG still existed in the 
form of crystal. The PXRD pattern of IBG/HP-β-CD showed a 
broad hallow pattern similar to that of HP-β-CD, and the 
characteristic peak of raw IBG cannot be observed (Figure 
4(d)). The results further confirmed that IBG/HP-β -CD was 
formed in an amorphous state.

3.3.4.  FT-IR
The FT-IR spectra of raw IBG, HP-β-CD, physical mixtures, and 
IBG/HP-β-CD are shown in Figure 5. The peaks of IBG were 
found at 2975 (C–H stretching), 1652 (C = N stretching), 1509 
(benzene skeleton vibration), and 1247 cm − 1 (C–O–C bond 
stretching vibrations) (Figure 5(a)). The broad absorption band 
of HP-β-CD at 3403 cm − 1 was attributed to the stretching 
vibration of the free OH group. Other peaks of HP-β-CD were 
found at 2929 (C–H bending), 1654 (H–O–H bending), 1157 
(C–O stretching vibrations), and 1029 cm − 1(C–O–C stretching 
vibrations) (Figure 5(b)). The characteristic absorption bands 
similar to those of IBG and HP-β-CD were also observed in 
the spectra of the physical mixtures (Figure 5(c)), indicating 

Figure 2.  SEM images of raw IBG (a), HP-β-CD (b), physical mixtures (c), and IBG/HP-β-CD inclusion complexes (d).

Figure 3.  DSC curves of IBG (a), HP-β-CD (b), mixture of IBG and HP-β-CD (c), 
and IBG/HP-β-CD inclusion complexes (d).
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the weak interaction between IBG and HP-β-CD. The spectra 
of IBG/HP-β-CD was highly similar to that of HP-β-CD, and 
the characteristic absorptions peaks of IBG almost completely 
disappeared. This finding indicated that IBG was fully 
entrapped in the cavity of HP-β-CD.

3.4.  Solubility and in vitro release study

The water solubility of IBG, mixture of IBG and HP-β-CD, and 
inclusion complex of IBG with HP-β-CD was evaluated by 
preparing saturated solutions. The initial solubility of IBG was 
poor at 0.33 ± 0.03 mg/mL, but significantly increased to 
54.18 ± 1.57 mg/mL after complexing with HP-β-CD. The 
release profiles of IBG, physical mixtures, and inclusion com-
plexes in deionized water are shown in Figure 6. The IBG 
release rate reached 5% within 1 h, and IBG/HP-β-CD showed 

a faster dissolution rate than IBG. The release rate approached 
90% within 10 min and then plateaued.

3.5.  In vivo pharmacokinetic study

To the best of our knowledge, this work is the first pharma-
cokinetic study of IBG in vivo. The mean plasma IBG concen-
tration–time profiles following the oral administration of IBG 
and IBG/HP-β-CD in rats are presented in Figure 7, and the 
main pharmacokinetic parameters are listed in Table 1. At 
almost all time points, the plasma concentration of IBG from 
IBG/HP-β-CD was higher than that of raw IBG, indicating that 
the CD formulation could effectively enhance the plasma level 
of IBG. Compared with IBG suspension, IBG/HP-β-CD greatly 
enhanced the Cmax and AUC0-t values after oral administration. 
Statistically, the Cmax of IBG from IBG/HP-β-CD was 
0.18 ± 0.05 μg/mL, which was a significant (2.2-fold) improve-
ment compared with that of the IBG suspension (.08 ± .01 μg/
mL) (p < .01). In particular, the AUC0-t of IBG from IBG/HP-β-CD 
complex (0.75 ± .07 μg/mL·h) increased by 1.56-fold compared 

Figure 4.  PXRD patterns of IBG (a), HP-β-CD (b), mixture of IBG and HP-β-CD 
(c), and IBG/HP-β-CD inclusion complexes (d).

Figure 5.  FT-IR spectra of IBG (a), HP-β-CD (b), mixture of IBG and HP-β-CD 
(c), and IBG/HP-β-CD inclusion complexes (d).

Figure 6.  Dissolution curves of IBG, mixture of IBG and HP-β-CD, and IBG/
HP-β-CD inclusion complex.

Figure 7.  Mean plasma concentration–time curve following the oral admin-
istration of IBG and IBG/HP-β-CD inclusion complexes in rats (mean ± SD, n = 6).

Table 1.  Pharmacokinetic parameters of IBG and its inclusion complex.

Unit Value

Parameters Unit IBG IBG/HP-β-CD

Tmax h 0.67 ± 0.24 0.46 ± 0.22
Cmax μg/mL 0.08 ± 0.01 0.18 ± 0.05**
T1/2 h 17.02 ± 5.28 12.79 ± 5.50
AUC0-t μg·h /mL 0.48 ± 0.06 0.75 ± 0.07**

**p < .01, compared to IBG.
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with that of the IBG suspension (0.48 ± .06 μg/mL·h) (p < .01), 
indicating that the oral bioavailability of IBG was increased 
by 1.56-fold due to its complexation with HP-β-CD. The incre-
mental bioavailability of IBG may be attributed to the 
increased solubility of IBG when incorporated in the inclusion 
complexes, allowing the drug to maintain its soluble form in 
the gastrointestinal tract (Wang et  al., 2007; Shankar 
et  al., 2021).

4.  Conclusion

In this study, we devised a reliable and consistent method 
to prepare an inclusion complex of IBG/HP-β-CD with 
improved aqueous solubility (164-fold) compared with IBG 
itself. FTIR, DSC, PXRD, and SEM data indicated the successful 
formation of IBG/HP-β-CD inclusion complexes. 
Pharmacokinetic evaluation of IBG/HP-β-CD in rats showed 
that the pharmaceutical properties of absorption (Cmax: .08 
vs. 0.18 μg/mL) and bioavailability (0.48 vs. 0.75 μg·h/mL) of 
IBG were significantly improved. The results showed that IBG/
HP-β-CD can be used as an effective drug carrier to improve 
the solubility and bioavailability of IBG.
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