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Abstract 

 Hypothesis 

 The widespread use of antibacterial electrospun nanofibers is mostly restricted due to their low 

loading capacity to carry antibiotics and the need to use toxic organic solvents to boost the 

antibiotic loading capacity. Nanofibers based on natural excipients, such as cyclodextrin (CD)-

based nanofibers, can carry larger amounts of antibiotics while achieving better stability via 

inclusion complexation.  

 Experiments 

 Nanofibers were produced by electrospinning and analyzed by electron microscopy to 

investigate the morphology of fibers. The formation of inclusion-complexation was analyzed by 

1H NMR, FTIR, and XRD. Thermal analysis of the fibers was done using TGA. Ab initio modeling 

studies were done to calculate the complexation energies of antibiotics with CD. A disk-diffusion 

assay was used to test the antibacterial activity of the fibers. 

 Findings 

 Bead-free antibacterial nanofibers with mean diameters between 290 and 550 nm were produced. 

The formation of inclusion complexes (IC) between the CD and the antibiotics was confirmed by 

FTIR and 1H NMR, which was further verified by the disappearance of the crystalline peaks of 

antibiotics as determined by XRD analysis. Thermal analysis of the nanofibers revealed that the 

formulations showed good antibiotic encapsulation (45%–90%). Ab initio simulations revealed 

that gentamicin had the highest complexation energy, followed by kanamycin, chloramphenicol, 

and ampicillin. The antibacterial nanofibers rapidly dissolved in water and artificial saliva, 

successfully releasing the CD antibiotic complexes. The nanofibers showed high antibacterial 

activity against Gram-negative Escherichia coli.  
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1. Introduction 

Cyclodextrin (CD) is a cyclic oligosaccharide formed through an intramolecular 

transglycosylation reaction during the enzyme-mediated degradation of starch [1]. CD has a unique 

toroidal shape with a partially hydrophobic cavity interior and a hydrophilic exterior. CD 

molecules can host organic and inorganic molecules in their hydrophobic cavities, enabling their 

use as solubilization enhancers for various poorly water-soluble drug molecules [2-6]. This 

property has also been exploited by various materials to form complexes with drugs, pollutants, 

and targeted molecules of interest. For instance, CD has also been employed to produce 

supramolecular networks through key-lock mechanisms [7-9]. Materials composed solely of CD, 

such as electrospun polymer-free CD fibers, are of great interest because they contain highly 

functional CD and have a high surface-to-volume ratio [2]. 

The electrospinning of CD can be performed without the need for a polymer carrier [10]. The 

hydrogen bonds in CD drive nanofiber formation; a similar phenomenon has recently been 

observed for hydrogen-bonded tannic acid aggregates [11]. Inclusion complexes (ICs) of CD with 

various molecules can also be electrospun into nanofibers. CD nanofibers have thus been exploited 

by various applications, including drug delivery [2], tissue engineering [12], catalysis [13], water 

treatment [14], and food engineering [15]. Antimicrobial CD nanofibers have been developed that 

incorporate phytochemicals and synthetic chemicals with antimicrobial activity [17]. Bio-related 

applications of CD nanofibers require some additional antibacterial activity because CD by itself 
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is not antibacterial; in fact, bacteria can utilize and consume CD as a carbon source [16]. 

Nanofibers incorporated with essential oils and phytochemicals have low antibacterial activity, 

even at high loadings of antibacterial agents with molar ratios of 1:1 or 1:2 relative to the CD 

content. Therefore, the entrapment of highly potent antibiotics in nanofibers at lower ratios (e.g., 

1:0.05) is sought so that the uncomplexed CD can carry drug molecules via inclusion 

complexation.  

Because the cavity interior is partially hydrophobic, the IC increases the indirect water solubility 

of antibiotics. Moreover, the shielding effect of the CD cavity also protects the antibiotics against 

harsh surrounding conditions. Thus, polymer-free CD fibers spun from water have great potential 

in oral drug delivery, such as orally administered CD fibers with IC-incorporated antibiotics. 
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Fig. 1. The chemical structures of HP--CD (a) and antibiotics with high potency, namely 

chloramphenicol (CAP), ampicillin (AMP), kanamycin (KAN), and gentamicin (GEN) (b). 

Schematic for the inclusion complexation between the CD and the antibiotics (c), and the 

electrospinning process (d).  

In this study, we produce an oral delivery system of antibiotics based on electrospun 

CD@antibiotics nanofibers. We produce electrospun aqueous HP--CD solutions with various 

incorporated antibiotics (Fig. 1). We optimize the CD concentration to obtain ultrafine fibers for 

each antibiotic system, and we explore the IC between the CD and antibiotics through 1H NMR 

and XRD analyses. The FTIR and TGA analyses verify the presence of the antibiotics in the fibers. 

Furthermore, ab initio simulations confirm the formation of ICs between the CD and the individual 

antibiotic molecules in a vacuum and in an aqueous medium. We carry out dissolution tests in 

water and artificial saliva. Finally, we explore the fibers' antibacterial activity through a disk 

diffusion assay using Gram-negative bacteria (E. coli). 

2. Experimental Section 

2.1. Materials. 2-Hydroxypropyl-β-cyclodextrin (HP--CD) was purchased from Sigma 

Aldrich. The average degree of substitution was 0.5–1.3 units of 2-hydroxypropyl (C3H7O) per 

glucose unit (Mw= 1540 g mol-1). Kanamycin (KAN, Fischer, 99%), chloramphenicol (CAP, 

Fischer, 97%), gentamicin (GEN, Sigma Aldrich), and ampicillin (AMP, Sigma Aldrich, 95%) 

were used as received. Na2HPO4 (≥99.0%, Sigma Aldrich), KH2PO4 (≥99.0%, Sigma Aldrich) and 

NaCl (99%, Fisher Scientific) were used as received. One Shot™ TOP10 Chemically Competent 

Escherichia coli (E. coli) (InvitrogenTM) was employed for the bacterial tests. Millipore Type II 

water was used during the electrospinning experiments.  

2.2. Electrospinning of CD Nanofibers. HP--CD was dissolved in water and mixed with the 

antibiotic at respective stoichiometries of 1:0.05 and 1:1 under continuous stirring for two hours. 
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The solution was then transferred into a 1 mL disposable plastic Normjet™ Thermo Scientific 

syringe equipped with a sharp-edged metallic needle (Tyco, Kendall 30G). The syringe was placed 

horizontally on a KD Scientific - Legato® syringe pump and discharged at a specific speed. A high-

power voltage supply (SRS, Stanford Research System) was employed for the electrospinning. 

The nanofibers were collected on a square metal collector covered with aluminum foil. During the 

electrospinning process, the temperature was maintained at 21 °C, and the relative humidity was 

in the range of 50–55%. 

2.3. Characterization. 1H Nuclear magnetic resonance (NMR) spectra of CD, antibiotics, and 

CD@antibiotics fibers were recorded on a Bruker AVANCE-III spectrometer at a frequency of 

500 MHz using a sample concentration of 10 mg mL-1 in DMF-d7 and D2O. The decomposition 

temperatures of the fiber mats and CD were measured with a TGA Q5500 (TA Instruments) at a 

rate of 10 °C min-1 and up to 700 °C. FTIR spectra of the fibers and antibiotics were recorded on 

Nicolet™ iS™ 10 FTIR Spectrometer equipped with a Smart Diamond ATR accessory over 128 

scans with a resolution of 4 nm. The morphology of the electrospun nanofibers was explored by 

scanning electron microscopy (SEM) (Magellan SEM, FEI). Before SEM analysis, the fiber 

specimens were coated with 5 nm Pt with a sputtering system. The mean diameters of the 

electrospun nanofibers were determined from the respective SEM images over 100 nanofibers by 

ImageJ software (NIH, US National Institutes of Health). The crystal structures of the fibers and 

antibiotics were analyzed using X-ray diffraction (XRD, Bruker, D8 Advance) with Cu-Kα 

radiation. 

2.4. Dissolutions Tests. Dissolution tests were performed using water and artificial saliva. The 

artificial saliva was prepared using Na2HPO4 (1.19 g), KH2PO4 (0.095 g), and NaCl (4 g) in 500 

mL distilled water. The pH of the solution was adjusted to 6.8 by adding phosphoric acid. The 
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electrospun mats were put on the wetted tissues in a plastic petri dish, and the dissolution was 

recorded by a camera. Images were taken during the dissolution process at set times. 

2.5. Computational Modelling. Ab initio computational methods [18, 19] using the framework 

of density functional theory (DFT) [20, 21] were used to calculate the ground-state properties of 

the molecules. The Perdew-Burke-Ernzerhof form of generalized gradient approximation [22] was 

employed to determine the exchange-correlation term. The Grimme approach was used to describe 

the weak intermolecular forces between molecules (i.e., van der Waals forces) [23]. The projector 

augmented-wave method [24] was implemented to describe the element potentials. During the 

modeling studies, each hydroxypropyl (HP) -CD molecule was decorated with four HP units 

(degree of substitution: 0.6). The structural relaxations were carried out by conjugate gradient 

optimization, allowing 10-5 eV energy tolerance between two sequential steps and a maximum 

0.01 eV Å-1 force on atoms. The implicit self-consistent description was used to analyze the 

interaction between the solute and solvent [25].  

The interaction energy (Eint) is defined as 

int ( ) ( ) ( )T T TE E CD E guest E IC          (Eq. 1) 

where ET(CD), ET(guest), and ET(IC) are the ground-state energy of HP-β-CD, the single 

antibiotic molecule (for 1:1 stoichiometry), and the IC, respectively. The IC is considered to be 

formed when Eint is maximized, and the maximum value of Eint for the given configuration is 

defined as the complexation energy (Ecomp). 

Solvation energy (Esolv) is defined as 

   solv T Twater vacuum
E E IC E IC          (Eq. 2) 
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ET[IC]water and ET[IC]vacuum are the ground-state energy of antibiotic/HP-β-CD-IC in water and 

a vacuum, respectively. 

2.6. Disk Diffusion Assay. The antibacterial activity of the electrospun nanofibers produced 

from aqueous CD solutions with different antibiotics was tested using the agar diffusion method 

against Gram-negative bacteria, Escherichia coli (E. coli) RSHM (strain TOP10), which is a 

commercial derivative of the more general strain DH10B). The used E. coli strain showed 

resistance to chloramphenicol. The bacteria (E. coli) were grown overnight, followed by a 3-fold 

dilution of 50 μL (6 × 108 CFU mL-1 of E. coli) bacteria with PBS buffer. The diluted bacteria 

were poured onto the 2X YT agar plates. Afterward, the circular fiber samples 

(diameter = 4.54 mm) were placed on the agar plates and incubated at 37 °C for 24 h. The widths 

of the inhibition zone (i.e., transparent area) were measured. All experiments were performed in 

triplicate. 

3. Results and Discussion 

 We prepared the HP--CD and antibiotics aqueous mixtures by continuous mixing at room 

temperature for at least 2 h. The solutions were turbid in the presence of antibiotics, suggesting the 

formation of ICs between the CD and the antibiotics (Fig. S1a) [6]. We then electrospun the 

solutions, which formed nanofibrous mats of the HP--CD@antibiotics. Fig. S1b shows optical 

photos of the mats of the electrospun aqueous HP--CD solutions containing antibiotics. The white 

mats had good flexibility and could be folded without developing cracks, demonstrating their free-

standing nature. The high concentrations of hydrogen bonds between the HP--CD molecules 

helped to maintain the fiber structure, even when folded [10].  
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We produced HP--CD fibers at concentrations of 180% (w/v), which is in the same range as 

electrospun aqueous HP--CD solutions previously reported in the literature [26]. Bead-free fibers 

with a smooth fiber texture were formed at a concentration of 180% (w/v). In contrast, beaded 

fibers were formed at concentrations of less than 20%. The fiber diameters of the HP--CD 

nanofibers electrospun varied depending on the incorporated antibiotic. The texture of the HP--

CD@antibiotic fibers was smooth without any apparent porous surface texture. The mean 

diameters of the fibers prepared in the presence of AMP, CAP, GEN, and KAN at 1:1 

stoichiometry were 340±220, 460±295, 550±225, and 290±170 nm, respectively. The mean 

diameters of the fibers were slightly higher for the fibers with lower antibiotic content. The 

respective diameters were 470±150, 500±190, 540±230, and 450±190 nm for HP--CD@AMP, 

HP--CD@CAP, HP--CD@AMP, HP--CD@GEN, and HP--CD@KAN. This slight decrease 

in fiber diameter with increasing antibiotic content may be attributed to conductivity, which 

increases with increased levels of antibiotic.  
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Fig. 2. Scanning electron micrographs of the HP--CD@antibiotics fibers and pristine HP--CD 

fibers produced at 1:1 (a-d) stoichiometry: (a-i) HP--CD@AMP (1:0.05), (b-i) HP--CD@CAP, 

(c-i) HP--CD@GEN, and (d-i) HP--CD@KAN. The statistical diameter distributions of the 

respective fibers are shown between (a-ii) and (d-ii). Scanning electron micrographs of the HP--

CD@antibiotics fibers and pristine HP--CD fibers produced at 1:0.05 (e-h) stoichiometry (e-i) 

HP--CD@AMP, (f-i) HP--CD@CAP, and (g-i) HP--CD@GEN, and (h-i) HP--CD@KAN. 

The statistical diameter distributions of the respective fibers are shown between e-ii and h-ii.  
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FTIR analysis can demonstrate the formation of ICs because the host-guest interactions result in 

the disappearance, broadening, or shifting of the characteristic FTIR bands of the guest molecules 

present in the CD cavity. The FTIR spectrum of HP--CD shows a broad stretching band of 

hydroxyl groups on the primary and secondary faces of the cavity, while the vibrations of the C–

C/C–O stretching and the antisymmetric stretching of the C–O–C glycosidic bridge appear 

between 1020 and 1150 cm-1 (Fig. 3). Because these zones are dominated by the HP--CD, the 

characteristic peaks of the guest molecules in the respective zones are masked by the host. The N-

H stretching vibration peak around 1600 cm-1 is visible for both GEN and KAN powder that shifted 

to a higher frequency for the fibers, which can be attributed to their IC with HP--CD molecules. 

Likewise, the N–O stretching vibrations at around 1550 cm-1 (asymmetrical) and 1365 cm-1 

(symmetrical) of CAP shift in the FTIR spectrum of the HP--CD@CAP fibers. The FTIR 

spectrum of AMP displays bands at 3250, 1690, and 1605 cm-1, corresponding to the –OH 

vibration, the C=O stretching vibrations of the four-membered lactam rings, and the N–H 

stretching vibrations of the primary amines, respectively (Fig. 3). Overall, the appearance and shift 

of the characteristic peaks of the antibiotics in the FTIR spectra of the IC fibers demonstrate their 

complexation with the CD molecules within the fibers.  
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Fig. 3. FTIR spectra of the antibiotics and the nanofibrous mats upon inclusion complexation. 

The dashed lines correspond to the preserved characteristic bond vibrations of the antibiotics in 

the fibers. The nanofibers were produced at 180% (w/v) HP--CD. The molar ratio between HP-

-CD and the respective antibiotic is 1:1. The left panel shows the full range, while the right panel 

shows the narrow range of the respective FTIR spectra. 

 

We explored the formation of ICs between the antibiotics and the HP--CD via 1H-NMR 

analysis. Figure 4 shows the 1H-NMR spectra of the HP--CD and HP--CD@antibiotic 

nanofibrous mats dissolved in DMF-d7 (KAN and GEN-containing fibers) and D2O (CAP and 

AMP fibers). The methyl protons of the hydroxypropyl group appeared at 1.1 ppm, while the 

backbone protons of the CD appeared between 3.5 and 4.5 ppm. For the antibiotic-embedded CD 

fibers, the protons of the antibiotics in the 1H-NMR spectra of their respective fibers demonstrate 

their presence.  
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Fig. 4. 1H-NMR spectra of (a) GEN powder and HP--CD@GEN fibers, (b) CAP powder and 

HP--CD@CAP fibers, (c) KAN powder and HP--CD@KAN fibers, and (d) AMP powder and 

HP--CD@AMP fibers. The molar ratio between HP--CD and the respective antibiotic is 1:1. 

 

We explored the formation of ICs between the HP--CD and the antibiotics through thermal 

analyses of the fiber mats. Fig. 5 shows the TGA curves of the fiber mats composed of HP--

CD@antibiotics and the pristine components. The decomposition of HP--CD takes place in two 

phases. In the first phase (300–380 °C), we observe a significant mass loss, followed by a second 

phase where a slow decomposition occurs. The thermal decomposition (Td) temperature of the HP-

-CD is 356 °C, while the onset decomposition temperature is 313 °C. The antibiotics force the 

thermal decomposition temperature below 300 °C. The 1st derivative peak temperatures  (Tp) are 

216, 210, 210, and 265°C for the pristine AMP, CAP, GEN, and KAN powders, respectively. The 

TGA curves of the HP--CD@antibiotic fibers show three transition zones. In the first zone, the 

mass loss at temperatures below 100 °C can be attributed to the adsorbed water, followed by the 

decomposition of antibiotics. The decomposition of the HP--CD molecule takes place between 

300 and 550 °C. Since the sample does not have any inorganic component above 550 °C, no residue 



 14 

of the HP--CD remains. The presence of antibiotics significantly alters the decomposition pattern 

of the fibrous systems. In the case of the HP--CD@AMP fiber, the onset decomposition 

temperature increases to 280 °C. The onset decomposition temperature for HP--CD@CAP, HP-

-CD@GEN, and HP--CD@KAN are 265, 255, and 278 °C, respectively. All HP--

CD@antibiotic fibers show a single transition thermal decomposition curve between 200 and 350 

°C. The increased thermal stability of the antibiotics in the fibers demonstrates the formation of 

ICs.  
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Fig. 5. TGA and differential TG thermograms of the HP--CD@antibiotics fibers and blank HP-

-CD fibers: (a) blank (cHP--CD =180% (w/v)), (b) AMP (cHP--CD = 180% (w/v)), (c) CAP (cHP--

CD = 180% (w/v)), (d) GEN (cHP--CD = 180% (w/v)), and (e) KAN (cHP--CD =180% (w/v)). Insets 

show the thermograms of the respective antibiotics. The (i) series on the left show the thermograms 

of the HP--CD and HP--CD@antibitiotics fibers, and the (ii) series on the right show the first 

derivatives of the thermograms of the HP--CD and HP--CD@antibitiotics fibers. 

The formation of ICs between the CD and antibiotics was also confirmed by XRD analysis. The 

disappearance of the crystalline peaks of the antibiotics upon complexation suggests the successful 

incorporation of the antibiotics into the host. We obtained XRD patterns of the antibiotics before 

and after electrospinning with CD (Fig. 6), where the antibiotics (AMP and CAP) showed highly 

crystalline peaks. However, after their complexation with the HP--CD and the electrospinning of 

their respective solutions, the crystalline peaks largely disappeared. The dominant crystalline 

peaks of AMP at 5.84o [15.11 Å], 15.81o [5.60 Å], 17,35o [5.10 Å], 19.84o [4.47 Å], and 23.25o 

[3.82 Å] disappeared in the IC fibers produced at a 1:1 molar ratio. Similarly, the crystalline peaks 

of CAP at 13.05o [6.77 Å], 15.85o [5.58 Å], 19.03o [4.65 Å], 20.79 [4.26 Å], 24.02o [3.70 Å], and 

25.96o [3.42 Å] mostly disappeared. Even though very small peaks of the CAP were detectable for 

the fibers prepared at a 1:1 molar ratio, those peaks were invisible for the fibers prepared using 

lower CAP content at 1:0.05 molar ratio (Fig. 6b). 

Overall, the absence of crystalline peaks of antibiotics in the fibers confirmed that there were no 

AMP crystals in the fibers (1:1), demonstrating the formation of IC fibers between the HP--CD 

and AMP. On the other hand, very small crystalline peaks of CAP were visible in the fibers (1:1), 

while these became invisible for the fibers prepared with lower antibiotic content (1:0.05). The 

overall crystalline nature of the antibiotics was lost due to their inclusion complexation with HP-
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-CD molecules, as verified by the turbid appearance of the solutions of HP--CD and antibiotics 

(Fig. S1b). 

 

Fig. 6. Wide-angle XRD patterns of the antibiotics and inclusion-complexation nanofibers with 

HP--CD. 

Because of the hydrophilic and polymer-free structure, the HP--CD@antibiotic nanofibers 

rapidly dissolved in water. We carried out dissolution experiments of the electrospun mats on 

tissues wetted with artificial saliva (Fig. 7). Upon contact, the mats began to dissolve on the wet 

tissues, and the complete dissolution of the mats took only a few seconds. We observed a similar 

rapid dissolution trend for the HP--CD@AMP and HP--CD@CAP fibers. The dissolution time 

of the GEN-containing fibers was somewhat longer than the other HP--CD@antibiotic fibers. All 

of the fibers were immediately dissolved upon contact with the wet substrates, highlighting the 

potential use of the antibiotic-loaded CD nanofibers for oral drug delivery. Iversen et al. reported 

that switching from intravenously to orally administered antibiotics is as effective and safe as 

continued intravenous antibiotic treatment [27]. CDs are biocompatible, edible molecules that can 
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be electrospun from water without the need for any polymer carrier. These characteristics 

underline the excellent potential for nanofibers to be employed for orally administered antibiotics. 

 

Fig. 7. Dissolution test for the HP--CD fibers containing GEN, KAN, CAP, and AMP. 

Dissolution tests were carried out using artificial saliva at room temperature. The images were 

taken from the respective dissolution test videos provided in the Supporting Information. 

 

Molecular modeling studies can reveal the complexation between the antibiotics and the HP--

CD (Fig. 8). We investigated the structural optimization of both the antibiotics and the HP--CD 

and their inclusion complexation in a vacuum and in water using a first-principles approach. We 

performed the inclusion-complexation modeling study using the orientation (head and tail) of the 

antibiotics with respect to the wide and narrow rim of the HP--CD. The complexation energy 

(Ecomp) was calculated for the most favorable configurations using the formula in Eq-1. The 

calculated results for 1:1 stoichiometry for both the vacuum and water environment are 
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summarized in Table 1. We found that the complexation energies depended on the structural 

orientation and the antibiotic molecule. 

We observed the complexation energies for head-orientation, which followed the order of 

CAP>GEN>KAN>AMP covering the range of -36.6 to -14.8 kcal mol-1 in a vacuum, and 

GEN>KAN>CAP>AMP covering the range of -24.8 to -11.9 kcal mol-1 in water. These results 

were in line with the solubility of the antibiotics. GEN had the lowest water solubility of the 

antibiotics used and was thus more favorable for complexation with the HP--CD molecule. 

Moreover, these results were in line with the FTIR results of the nanofibrous mats, which revealed 

band shifts in the presence of HP--CD, demonstrating the formation of the inclusion complexes 

(see Fig. 3). The TGA analysis of the fibrous mats also revealed an increase in the degradation 

temperatures of the antibiotics in the CD fibers, demonstrating the formation of inclusion 

complexation. We also calculated the solvation energies in water according to the formula in Eq-

2. 

where Ewater and Evacuum are the total energies of IC (or HP--CD:antibiotics-IC) in a solvent and 

vacuum, respectively. Esolv does not indicate absolute solubility, but it reveals the solubility trend. 

The respective Esolv values for the complexes are listed in Table 1. 
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Fig. 8. Molecular simulation for the inclusion complexation of HP--CD with antibiotics. The 

complexation energy of the respective inclusion complexation in a vacuum and in water is given 

in Table 1. 

Table 1. Complexation and solvation energies of the inclusion complexes of antibiotics with 

HP--CD from different geometries in a vacuum and in water. 

 𝑬𝒄𝒐𝒎𝒑
𝒗𝒂𝒄𝒖𝒖𝒎 (kcal mol-1) 𝑬𝒄𝒐𝒎𝒑

𝒘𝒂𝒕𝒆𝒓(kcal mol-1)  𝑬𝒔𝒐𝒍(kcal mol-1) 

 IC from 

head 

IC from 

tail 

IC from 

head 

IC from 

tail 

 IC from head 

HP--CD@KAN 

IC -25.39 -22.38 -17.77 ND  8.61 

HP--CD@CAP 

IC -36.64 -16.12 -17.53 ND  19.11 

HP--CD@AMP 

IC -14.84 -12.79 -11.99 ND  2.85 

HP--CD@GEN 

IC -30.83 -21.52 -24.89 ND  11.48 

ND: Not determined. 

We explored the antibacterial activity of the fibers through a disk-diffusion assay using Gram-

negative bacteria (E. coli). Fig. 9 shows the E. coli-seeded agar Petri dishes after exposure to fibers 

for 24 h. The pristine HP--CD did not exhibit any antibacterial activity, and thus we did not 

observe any bacterial-inhibition zone (Fig. 9a). We used water-insoluble polyimide fibers as a 

negative control to show the sample size (Fig. 9b). As expected, we did not observe any inhibition 

zone around the control sample because it did not have any antibacterial activity. However, the 
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HP--CD@antibiotic nanofibers (1:0.05) showed obvious transparent circles due to the inhibition 

of E. coli growth in this region. The external diameters of the circles were 13.99±0.32 mm for HP-

-CD@GEN, 12.66±1.79 mm for HP--CD@KAN, 8.98±1.45 mm for HP--CD@AMP, and 0 

for HP--CD@CAP (Table 2). The HP--CD@AMP fiber prepared at a 1:1 molar ratio revealed 

an external diameter of 21.18±0.43 mm. We observed the highest antibacterial activity for the 

fibers containing GEN, followed by KAN and then AMP. The fibers containing CAP did not 

exhibit any inhibition owing to the CAP resistance of the used E. coli strain. Even though the 

loadings of antibiotics were relatively low, we attributed the high antibacterial activity of the fibers 

to the high potency antibacterial activity of AMP and KAN.  

 

Fig. 9. Antibacterial activity of the HP--CD@antibiotic nanofibrous mats against E. coli 

through a disk-diffusion assay: (a) pristine HP--CD fibers; (b) control, water-insoluble polyimide 

fibers showing the initial diameter of the mats; (c) HP--CD@AMP fibers (1:0.05), (d) HP--
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CD@KAN fibers(1:0.05), (e) HP--CD@GEN fibers (1:0.05), and (f) HP--CD@AMP fibers 

(1:1). Treatment time is 24 h at 37 oC. 

Drug-loaded CD nanofibers that have been described in the literature to date mostly suffer from 

an inability to carry large amounts of drugs, typically less than 10 wt% [28, 29], and furthermore, 

these studies mainly focused on a single drug molecule. In our work, CD nanofibers with high 

antibiotic content were produced through the electrospinning of aqueous IC solutions, and four 

different antibiotics with high potency were investigated. Good antibiotic encapsulation (45%–

90%) was observed by TGA analysis. These fast-dissolving nanofibers have great potential to be 

used for oral administration of antibiotics. Furthermore, CDs self-assemble in water, forming 

aggregates bound by mainly hydrogen bonds. The electrospinning of such aggregates could 

produce continuous fibers, and the concept presented here could be employed for other aggregates 

with a high hydrogen-bonding potential. Since the resulting fibers are composed of hydrophilic 

CD aggregates, the surface of the fibers starts to dissolve upon contact with water, dissolving the 

complete fibrous mat within seconds. 

Table 2. Diameters of bacterial inhibition rings for the HP--CD@antibiotics nanofibers with 

different encapsulated drug contents. Sample diameter: 4.54 ±0.05 mm; n.a. = not applicable. 

Samples HP--CD@antibiotic 

(mol:mol) 

External diameter 

(mm) 

Diameter difference 

(mm) 

HP--CD n.a. 0 - 4.54±0.1 

HP--CD@GEN 1:0.05 13.99±0.3 9.45±0.2 

HP--CD@KAN 1:0.05 12.66±1.8 8.12±1.5 

HP--CD@AMP 1:0.05 8.98±1.4 4.44±1.3 

HP--CD@CAP 1:0.05 0 - 4.54±0.1 

HP--CD@AMP 1:1 21.18±0.4 16.64±0.4 

 

4. Conclusions 

Compared to previously reported approaches that were limited to low drug loadings [28, 29], the present 

research demonstrates the formulation of CD nanofibers with high drug loadings. Bead-free CD nanofibers 
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with high antibiotic loadings were produced through the electrospinning of cyclodextrin-antibiotic 

inclusion complexes from water. 1H-NMR and XRD analysis confirmed the inclusion complexation 

between the HP--CD and the antibiotics with the appearance of proton peaks of antibiotics in the spectra 

of the nanofibers and disappearance of crystalline peaks in the X-ray diffraction patterns, respectively. 

Likewise, FTIR analyses confirmed the presence of antibiotics in the fibers. The ab initio computational 

studies revealed that the HP--CD preferably hosts antibiotics from the head side. The highest complexation 

energy in a vacuum was for CAP, followed by GEN>KAN>AMP, while in water, the order followed 

GEN>KAN>CAP>AMP. The formulations showed good antibiotic encapsulation (45%–90%). The 

nanofibrous mats successfully demonstrated high antibacterial activity in a disk-diffusion assay, inhibiting 

the growth of Gram-negative E. coli. We found the highest antibacterial activity for HP--CD@GEN, 

followed by HP--CD@KAN, and then HP--CD@AMP fibers. The hydrophilic and uncross-linked nature 

of these fibers allows for their rapid dissolution in water and artificial saliva (within a few seconds), thus 

releasing the antibiotics. Our findings highlight the potential use of polymer-free cyclodextrin-antibiotic 

nanofibers as fast-dissolving oral drug delivery devices and orally administered antibiotics. Unlike many 

reported studies with low drug loadings, the presented concept allows high drug loadings. Therefore, it has 

great potential to be employed for oral drug delivery of poorly water-soluble drugs. A similar concept can 

be applied by incorporating antiviral molecules with further chemical cross-linking to produce stable 

antiviral nanofibrous materials to develop antiviral nanofibrous masks. 
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