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Abstract: Trimethoprim (TMP), as a broad-spectrum bacteriostatic antibiotic, is widely used in clinical anti-infection
therapy and livestock breeding. However, its low water solubility leads to insufficient bioavailability, which has become a
key problem restricting its development. Cyclodextrins and their derivatives, with their unique cyclic structures, can form
inclusion complexes with TMP to improve its properties. This article reviews the pharmacological characteristics of TMP,
the types and properties of common cyclodextrins, focusing on introducing various preparation methods of trimethoprim
cyclodextrin inclusion complexes and multiple characterization methods for identifying the inclusion complexes, aiming to

provide a reference for further research and development of trimethoprim cyclodextrin inclusion complexes.
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1. Introduction

Trimethoprim (TMP), as a broad-spectrum antibacterial synergist, selectively inhibits bacterial dihydrofolate
reductase, blocks bacterial nucleic acid and protein synthesis, and is widely used in the treatment of bacterial
infections in clinical and veterinary fields. However, TMP has extremely poor water solubility, only 0.4 mg/mL,
and a bitter taste, which seriously limits its bioavailability and clinical efficacy. Although trimethoprim lactate has
good water solubility, it has strong hygroscopicity and poor stability, and faces many formulation problems when
compatible with alkaline drugs such as sulfonamides !"". To improve the physicochemical properties and biological
activity of TMP, researchers have turned their attention to cyclodextrins and their derivatives.

Cyclodextrins (CDs) are a class of cyclic oligosaccharides produced by the action of glucosyltransferases
from Bacillus on amylose > *. Under the action of cyclodextrin glucosyltransferase, a series of cyclic
oligosaccharides with 6-12 glucose units and molecules with 6, 7, and 8 glucose units of different degrees of
polymerization are obtained, which are named o-cyclodextrin, B-cyclodextrin, and y-cyclodextrin, respectively .
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Their solubilities in water are 145 mg/mL, 18.5 mg/mL, and 232 mg/mL"’

. Specifically, a-cyclodextrin has a small
inner cavity and can only include small molecules, which has certain limitations '*’. It can regulate gastrointestinal
reactions, improve constipation, reduce blood glucose concentration, help in weight loss, and can also be used as a
pharmaceutical excipient . B-cyclodextrin has an inner cavity diameter of 0.7-0.8 nm, low water solubility, low
production cost, and can be used as an antioxidant ™. y-cyclodextrin has a larger cavity and can include more
substances, which can increase the water solubility, reactivity, stability, and volatility of drugs, but its production
cost is high, and it cannot be produced in large quantities"'”'". Among them, B-CD is the most widely used, with
a suitable cavity size, easy availability, reasonable price, and a retention rate higher than that of o and y-CD "%, In
recent years, to solve the problems of formulation design and safety and effectiveness caused by drugs’ insufficient
solubility, stability, and bioavailability, researchers at home and abroad have prepared drug delivery systems
such as inclusion complexes, solid dispersions, and nanoparticles with cyclodextrins, which have expanded the
application of cyclodextrins and their derivatives in pharmaceutics .

In recent years, significant progress has been made in the research on trimethoprim cyclodextrin inclusion
complexes in terms of solubilization mechanisms and preparation technologies. This article systematically
reviews the preparation methods and structural characterization of TMP cyclodextrin inclusion complexes, aiming
to provide a reference for the research and development of new trimethoprim preparations and their clinical
applications.

2. Preparation technologies of trimethoprim cyclodextrin inclusion complexes

Common preparation technologies for trimethoprim cyclodextrin inclusion complexes include saturated aqueous
solution method, ultrasonic method, freeze-drying method, grinding method, etc. Different methods have different

effects on the formation efficiency and physicochemical properties of inclusion complexes.

2.1. Saturated aqueous solution method

The saturated aqueous solution method has a simple process and does not require expensive equipment, making
it one of the most commonly used methods for preparing inclusion complexes !"”’. It is also one of the commonly
used methods for preparing trimethoprim-cyclodextrin inclusion complexes'*. In this method, the guest drug
trimethoprim is added to an aqueous solution in which cyclodextrin is dissolved, and under appropriate conditions,
such as temperature, molar ratio, rotation speed, and time, sufficient mixing and stirring are carried out to allow
the inclusion of trimethoprim with cyclodextrin. After the reaction, the undissolved drug is removed by cooling
crystallization and suction filtration, and the product is obtained after drying. Zou ef al. used the saturated aqueous
solution method with a host-guest molar ratio of 3:1, a reaction system pH of 7.5, an inclusion time of 4 hours, a
rotation speed of 800 r/min, and vacuum drying and grinding at 60°C "*. The solubility of the obtained inclusion
complex was 26 times higher than that of the original drug. Li ef al. adopted the solvent method (a derivative
process of the saturated aqueous solution method), dissolving TMP in an aqueous solution containing 2% acetic
acid, and reacting with B-cyclodextrin at a molar ratio of 1:1, which significantly improved the water solubility
of TMP "% In addition, Hu prepared inclusion complexes of TMP with p-cyclodextrin and its derivatives by the
aqueous solution method (with a molar ratio of 1:1 for all), and found that the hydrophobic cavity of B-cyclodextrin
is more conducive to the embedding of TMP molecules, providing a reference for the process optimization of this
method """,
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2.2. Ultrasonic method

The ultrasonic method first prepares a mixed saturated solution of the guest substance and cyclodextrin, sets
the ultrasonic power, ultrasonic time, and the on and off time of each pulse, then uses ultrasonic equipment to
synthesize the inclusion complex, and finally obtains the powdery inclusion complex by drying methods (such
as spray drying or freeze-drying) ""*’. The ultrasonic method is suitable for the preparation of most inclusion
complexes, resulting in a high inclusion rate, and the inclusion complex is not easy to disintegrate during the
preparation process '’ The cavitation effect, mechanical effect, and thermal effect of ultrasound are used to
promote the inclusion reaction between trimethoprim and cyclodextrin. Sun et al. prepared inclusion complexes
by the ultrasonic-microwave freeze-drying method, and optimized ultrasound was used in the preparation of TMP-

sulfobutyl ether-B-CD inclusion complexes *”.

2.3. Freeze-drying method

Freeze-drying is the most widely used technology to improve the stability of compounds *'". The freeze-drying
method is suitable for the preparation of temperature-sensitive TMP-cyclodextrin inclusion complexes, which can
avoid the impact of high temperature on drug activity. Macedo OFL prepared inclusion complex samples by the
suspension method, adding TMP to HP-y-CD aqueous solution at a molar ratio of 1:1, stirring the suspension at a
dark temperature for 8 hours. After the drug was included, the water was removed by vacuum drying and freeze-

drying to obtain a loose powdery inclusion complex. This method is suitable for temperature-sensitive drugs .

2.4. Grinding method

Cyclodextrin is dissolved in water to prepare a saturated solution, and a solvent containing an appropriate amount
of the drug to be included is added. The mixture is ground into a paste under suitable conditions, such as grinding
temperature, time, and type of solvent. After suction filtration, washing, and filtration, the filtrate is concentrated
and dried to obtain the product. In the industry, colloid mills are mostly used for including drugs. The kneading
method is a simplified process of the grinding method. Cyclodextrin and a small amount of pure water are mixed
in a mortar at a specific molar ratio to form a paste. TMP is added and fully kneaded, and the product is obtained
after solvent washing and drying. This method is simple, efficient, and scalable **'. Figueiras A added B-CD to
a ceramic mortar with deionized water until a paste was obtained, slowly added TMP, kneaded the slurry, and
allowed the final product to equilibrate in the dark at room temperature and humidity for 72 hours to obtain the
inclusion complex. This method has difficulties in controlling the grinding time and operation degree, resulting in

poor drug inclusion rate and repeatability **.

3. Screening of cyclodextrin derivatives

Cyclodextrins themselves have the ability to recognize molecules and selectively include guest molecules >
Cyclodextrins are not easily decomposed in environments such as heat, acid, and alkali, and can improve the
solubility, stability, safety, and bioavailability of drugs or achieve other purposes ***”. Natural cyclodextrins have
disadvantages such as low water solubility and difficulty in perfectly including drugs. To improve these problems,
scientists have introduced groups such as sulfobutyl, hydroxypropyl, and methyl to form new cyclodextrin

derivatives, thereby changing their own properties and expanding their application range “*'. Cyclodextrins
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and their derivatives, with their unique cavity structures, physical and chemical properties, can form host-guest
inclusion complexes with a variety of drugs. Cyclodextrin derivatives, with their unique cylindrical structure,
moderately sized molecular weight, and hydrophilic exterior and hydrophobic interior characteristics, have
become carriers for various drugs, and form inclusion complexes with many small molecule drugs to improve
the solubility of poorly soluble drugs ™. CD derivatives obtained by introducing substituent groups on CD
have stronger solubility and solubilizing ability than the parent, and can improve water solubility when forming
inclusion complexes with water-insoluble functional components " The use of sulfobutyl ether, hydroxypropyl,
and carboxymethyl B-CD can obtain better CD-guest complex performance ™",

Drugs carried by cyclodextrins or their derivatives can significantly prolong the retention time of drugs in
the body, enhance the targeting of drugs, improve bioavailability, and improve drug properties **. Among various
cyclodextrins, B-cyclodextrin (B-CD) has become a new type of pharmaceutical excipient due to its special cavity
structure, non-toxicity, safety, and easy formation of stable hydrates. It is mainly used to mask the irritating odor of
drugs, increase drug stability, improve solubility and bioavailability, and also can play a sustained-release role .
Based on the advantages of B-cyclodextrin, the research on its derivatives has attracted much attention. At present,
three ideal pharmaceutical excipients with good water solubility are considered: hydroxypropyl-B-cyclodextrin
(HP-B-CD), methyl-B-cyclodextrin (Me-B-CD), and 2,6-dimethyl-B-cyclodextrin (DM-B-CD) “*. Among them,
methyl-B-cyclodextrin (M-B-CD), as the most effective solubilizer for insoluble substances among -CD alkylated
derivatives, can be used in oral preparations, suppositories, transdermal absorbents, nasal sprays, and other dosage
forms at very low doses for poorly soluble and highly active drugs "> In the research on trimethoprim (TMP),
B-cyclodextrin and its derivatives, such as hydroxypropyl-p-cyclodextrin and sulfobutyl ether-B-cyclodextrin have
become research hotspots due to the high matching degree between their cavity size and TMP molecules, and

different cyclodextrin derivatives have significant differences in the solubilizing effect on TMP.

4. Characterization methods of trimethoprim cyclodextrin inclusion complexes

In modern preparations, inclusion complexes are mainly used to increase the dissolution rate of drugs and improve
drug stability. During their formation, several physicochemical property changes occur, such as optical properties,
thermodynamics, electrochemistry, and solubility, which are used to evaluate whether cyclodextrins and guest
molecules form inclusion complexes. Sometimes the difference in a certain property is not obvious, so multiple
methods need to be comprehensively used for determination !'”. For example, Li et al. studied the inclusion
complex of TMP with B-cyclodextrin, used ultraviolet spectrophotometry and phase solubility method to determine
the properties of the inclusion complex in aqueous solution to prove that TMP was included, and characterized the
formation of solid inclusion complexes by differential scanning calorimetry (DSC) and powder X-ray diffraction
(X-RD) 6. 171

4.1. Phase solubility method

The apparent inclusion constant (Kc) of the inclusion complex is an important parameter determining the inclusion
properties of cyclodextrins. The magnitude of Kc reflects the strength of the binding force when cyclodextrins
and drug molecules form inclusion complexes, and the main determination method is the phase solubility method.
The phase solubility method is an important method to study the formation and stability of inclusion complexes.

By determining the solubility of TMP in cyclodextrin solutions of different concentrations and drawing a phase
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solubility diagram, the formation and stability constant of the inclusion complex can be judged. The solubility of
TMP increases with the increase of HP-B-CD concentration, and also increases with the increase of temperature ",
Zou et al. conducted a phase solubility study, and the phase solubility curve was a typical AL type, indicating that

TMP and HP-B-CD formed an inclusion complex within this concentration range "',

4.2. Differential scanning calorimetry

To accurately investigate the effect of temperature on volatile substances in the inclusion complex and verify
the formation of the inclusion complex, auxiliary evidence can be obtained from the thermogravimetric analysis
chart. The formation of the inclusion complex can be judged by studying the change of properties of different
substances with temperature . Differential scanning calorimetry (DSC) characterizes inclusion complexes by
measuring the heat flow change of samples under programmed temperature control, which is a commonly used
method for the characterization and analysis of cyclodextrin inclusion complexes. Lu ef al. used Chem3D Ultra
8.0 and SYBYL software for molecular simulation and phase solubility method to explore the possibility of
inclusion of trimethoprim by hydroxypropyl-p-cyclodextrin, and both thin-layer chromatography and differential
scanning calorimetry verified the formation of the inclusion complex *”. The DSC spectra of TMP, Me-B-CD,
and their inclusion complexes show obvious differences “”. The melting point of TMP is 199-203°C, and it has
been reported in the literature that TMP has a sharp melting endothermic peak near 199°C, and Me-3-CD has a
dehydration endothermic peak at 80—120°C *. After the formation of the inclusion complex, the melting peak of

TMP disappears or is significantly weakened, indicating that TMP molecules have entered the cavity of Me-B-CD
[42)

4.3. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy studies the inclusion effect by analyzing the changes in molecular
vibration frequencies, and obtains information by observing the absorption peaks of substances in the infrared
region "1, FTIR can reveal the transition of intramolecular vibrational energy levels and judge whether the
inclusion complex is formed by comparing the changes in infrared absorption of specific functional groups
between physical mixtures and inclusion complexes . The functional group bands related to the inclusion
of drugs with cyclodextrins are studied by infrared spectroscopy to obtain more evidence for the formation of
inclusion complexes *.

The interaction between CD and TMP molecules in solids can be evaluated by infrared spectroscopy. The
shift of TMP absorption spectrum indicates the change in the hydrogen bond mode of polymorphic substances
* In the characterization of TMP-cyclodextrin inclusion complexes, by comparing the infrared spectra of
TMP, cyclodextrin, physical mixtures, and inclusion complexes, it can be judged whether the inclusion complex
is formed. If an inclusion complex is formed, the characteristic absorption peak of TMP may shift, change in
intensity, or even disappear, and new absorption peaks may appear. When preparing TMP-sodium butyl ether-f3-
cyclodextrin complexes, Sun et al. found a new peak at 1162.34 cm™ in the TMP-SDS-B-cyclodextrin complexes.
It was speculated that this peak might be caused by the C-O-C stretching vibration of the TMP being included,
which preliminarily indicated that the complexes had been formed .

4.4. Nuclear magnetic resonance spectroscopy

Proton nuclear magnetic resonance spectroscopy is used to record the hydrogen spectra of inclusion complexes
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formed by TMP with different CDs. TMP interacts with protons on CD inside the cavity due to van der Waals
forces. By comparing the chemical shift changes of specific hydrogen atoms after physical mixing and inclusion
reaction, it can be judged from the spectrum whether TMP has entered the hydrophobic cavity of CD. If the drug
accumulates in the cavity of the inclusion material, the hydrogen atoms in the cavity will be shielded by the drug
molecules, resulting in a change in the chemical shift value, while the hydrogen atoms outside the cavity will not
change . Ma et al. judged the occurrence of the inclusion reaction based on the chemical shift of H in TMP in the
region of 5.0-8.0 7. In the physical mixture, the chemical shift of H in TMP molecules almost did not shift, while
in the inclusion complex, they all changed, indicating that each CD cavity contained TMP molecules.

4.5. Scanning electron microscope

Scanning electron microscope (SEM) excites various physical information through the interaction between
the light beam and the substance, and collects, amplifies, and images this physical information, to achieve the
purpose of characterizing the micro-morphology of the substance. By analyzing the signals generated by the
interaction between the light beam and the sample, SEM can characterize the micro-morphological structure of
the substance . When the drug is included by cyclodextrin, its lattice arrangement will change, which can be
observed under the electron microscope. The formation of the inclusion complex can be judged by comparing
the three-dimensional structure differences between the inclusion complex and the original drug molecules ™. Li
et al. conducted spray gold coating experiments on TMP raw materials, B-cyclodextrin, and TMP-B-cyclodextrin
complexes, respectively "', Scanning electron microscopy observations revealed that the TMP-B-cyclodextrin
complex contained no crystalline form of TMP but instead formed dense polymer aggregates. This suggests that
TMP molecules are dispersed within the B-cyclodextrin matrix, creating irregular agglomerates that enhance both
solubility and dissolution profiles through increased specific surface area.

Cyclodextrins have unique molecular structures and can interact with guest molecules, but it is impossible
to intuitively study the formation process of inclusion complexes only by experiments, so molecular simulation
is widely used to explore cyclodextrin inclusion complexes ®”. Molecular simulation is a computer simulation
method for simulating the properties of molecules or molecular systems, used to study the properties and three-
dimensional structures of molecules. Molecular simulation methods such as molecular docking and molecular
dynamics simulation can show the details of intermolecular interactions that cannot be captured by experiments,
and better understand the structure and inclusion mechanism of cyclodextrin inclusion complexes °". However,
the flexibility and asymmetric shape of cyclodextrins lead to a rather complex conformational space of the formed
inclusion complexes. There seem to be multiple binding modes, but usually only one of them is dominant, and this

main conformation can often be determined by molecular simulation .

5. Summary

In conclusion, the research on the inclusion of trimethoprim with cyclodextrins provides an effective way to
improve the physicochemical properties of TMP and enhance its bioavailability. This article systematically
combs the preparation methods, experimental characterization methods of trimethoprim cyclodextrin inclusion
complexes, and the synergistic role of molecular simulation technology in the structural verification and
mechanism analysis of inclusion complexes. These studies not only deepen the understanding of the laws of

host-guest interactions but also lay a theoretical and experimental foundation for the subsequent development of
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trimethoprim and cyclodextrin inclusion complexes.
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