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Abstract: Recently, polyrotaxanes containing cyclodextrin have been utilized in different fields, 

particularly in pharmaceutical applications. Herein, we describe a facile approach to enhance the 

efficiency and biological activity of the Streptomycin antibiotic by incorporating it into two novel 

pseudopolyrotaxanes, Chs/β-CD (1) and PSSNa/β-CD (2), as promising carriers. The chemical 

composition of the designed materials and Streptomycin (D) was confirmed before and after loading 

into pseudopolyrotaxanes (1 and 2) using FT-IR and 1H-NMR spectroscopy. The surface morphologies 

of the obtained carriers and drug were probed by scanning electron microscopy (SEM), whereas the 

crystallinity of the final products was evidenced by XRD. The thermal gravimetric analysis (TGA) of 

the prepared pseudopolyrotaxanes and the thermal stability of Streptomycin (D) before and after loading 

onto the pseudopolyrotaxanes were examined. Importantly, the antimicrobial activity of Streptomycin 

was examined versus some Gram-negative and Gram-positive bacteria (E. coli and S. aureus) before 

and after loading onto the polymers. The MIC values of the tested compounds Chs/β-CD (1), PSSNa/β-

CD (2), Chs/β-CD/D (3), and PSSNa/β-CD/D (4) against S. aureus and E. coli ranged from 16 ~ 0.125 

µg/mL. The drug, after loading onto Chs/β-CD, has inhibited bacterial growth, with an MIC of 4 µg/mL 

compared with Streptomycin (16 µg/mL). The major outcome of this study attests that loading of 

Streptomycin onto the newly designed pseudopolyrotaxanes drastically enhanced its physicochemical 

and biochemical properties, thereby affecting its pharmacological applications. 
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1. Introduction 

A drug designer has always focused on finding a compound that can be used to improve 

the properties of a known drug or discover a new type of drug. Cyclodextrins (CDs), for 

example, have an essential role in daily life as invisible constituents of common food products, 
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cosmetic and toiletry goods, textiles, and as enabling excipients in various medicinal products 

[1-4]. Consequently, the future without cyclodextrins is hard to envision. The enzymatic 

breakdown of starch produces cyclic oligosaccharides, or CDs, which have a special truncated 

cone form with a hydrophilic outer rim and a hydrophobic inner ring. The less polar guest 

molecules may fully or partially insert into the CDs' cavities [5]. One of the most common 

types of CDs is β-cyclodextrin (β-CD), which has seven glucose units and is inexpensive and 

easy to synthesize [6,7]. β-CD can form inclusion complexes with a variety of drugs via 

hydrophobic, electrostatic, and Van der Waals interactions, as well as hydrogen bonding [8-

11]. CD polymers could improve the physicochemical and biopharmaceutical properties of 

drugs by forming inclusion complexes with drugs in solution, masking organoleptic properties, 

enhancing permeability, and improving solubility. In addition, CDs reduce volatility and toxic 

effects [12,13]. Polymers have significant uses in drug formulations and delivery devices due 

to their high surface area and bulk properties.  They are acting as drug carriers. As a result, they 

ought to be soluble, nontoxic, and exhibit enormous development as hydrogels and liposomes. 

In their basic form, they function passively to extend circulation time and slow down the drug 

breakdown. The safe excretion of the drug is a vital issue as well [14].  

Numerous organic polymers, synthetic polymers, and copolymers are investigated as 

drug delivery carriers [15], and as solid support catalysts for organic synthesis [16-18]. Gelatin, 

albumin, chitosan, and hyaluronic acid are among the most popular natural polymers. The most 

widely used synthetic polymers are polyethylene glycol (PEG), polylactic acid (PLA), 

polyvinyl alcohol (PVA), and polyacrylic acid derivatives. The most widely used copolymer 

across a variety of pharmaceutical products is polylactic-co-glycolic acid (PLGA). These 

copolymers, composed of many subunits from two or more unique monomers, offer greater 

flexibility for various therapeutic purposes [19-21]. Chitosan is a naturally occurring polymer 

that has been extensively studied as a linear amino polysaccharide. Chitin from different animal 

sources was partially deacetylated to produce chitosan. It is a cationic copolymer made of β-

1,4 of D-glucosamine and N-acetylglucosamine. Due to its biocompatible, biodegradable, 

mucoadhesive, antimicrobial, and nontoxic characteristics, chitosan is used as a good chelating 

agent for metal ions, a coating and gelling agent, and a drug delivery carrier for numerous 

small- and macromolecules [15]. Cyclodextrin pseudopolyrotaxanes have attractive 

supramolecular structures with unique properties, designed by threading a polymer chain or a 

long molecule through many CD rings. Numerous synthetic polymers, such as biopolymers, 

conducting polymers, dyes, polypeptides, and enzymes, can form inclusion complexes with 

CDs to prepare pseudopolyrotaxanes. These types of supramolecular structures are extremely 

useful in diverse application areas [22-28].  

An antibiotic is a specific type of antimicrobial agent that works against bacteria. It is 

the most crucial form of antibacterial agent for preventing and treating bacterial infections 

[29,30]. They could either eliminate or suppress bacterial growth [31]. Antibiotics are 

ineffective against viruses such as influenza or the common cold; antiviral drugs, on the other 

hand, are used to inhibit viruses [32]. In contrast to antibiotics, which are a significant class of 

antibacterials used more frequently in medicine, antibacterials include antiseptic medications, 

antibacterial soaps, and chemical disinfectants [33], and are occasionally used in animal feed. 

A number of bacterial illnesses, including endocarditis, tuberculosis, brucellosis, Burkholderia 

infection, plague, tularemia, and rat bite fever, are treated with the antibiotic Streptomycin 

(Scheme 1). It is frequently administered along with isoniazid, rifampicin, and pyrazinamide 

for active tuberculosis, and is given by injection into a muscle or vein [34].  
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Streptomycin (D) 

Scheme 1. Chemical structure of the antibiotic used (D). 

Vertigo, nausea, facial numbness, fever, and rash are typical side effects of 

Streptomycin. The use of Streptomycin throughout pregnancy has the potential to leave the 

unborn child permanently deaf. It appears safe to use during lactation. It is not advised for those 

with myasthenia gravis or other neuromuscular diseases. It is an aminoglycoside [35, 36] and 

acts by avoiding the production of proteins by 30S ribosomal subunits. Streptomycin causes 

misreading of the mRNA, leading to the incorporation of incorrect amino acids into the 

growing polypeptide chain and the production of nonfunctional or defective proteins, thereby 

inhibiting bacterial growth. Streptomycin primarily targets bacterial ribosomes and does not 

affect human ribosomes to the same extent. From this point, the present study focuses on the 

synthesis and design of a new type of pseudopolyrotaxane structure that could enhance the 

physicochemical and biopharmaceutical properties of Streptomycin. Thus, two new inclusion 

polymer complexes containing cyclodextrin, chitosan, polystyrene sulphonate, Chs/β-CD (1) 

and PSSNa/β-CD (2) are synthesized as antibacterial systems. They also served as carriers for 

Streptomycin as Chs/β-CD/D (3) and PSSNa/β-CD/D (4). The current findings revealed that 

the drug's physicochemical properties also improve its antibacterial efficacy.  

2. Materials and Methods 

2.1. Materials. 

Streptomycin, β-cyclodextrin, chitosan with a deacetylation degree above 85%, and 

dimethylformamide (DMF) were purchased from Merck Co., Germany. Poly(styrene sulfonic 

acid) sodium salt and glacial acetic acid were obtained from Alfa Aesar GmbH and Co. KG. 

The thermal stability of the prepared materials was investigated using TGA (SDT Q600 V20.9 

Build 20) with an argon flow rate of 40 mL/min and a heating rate of 15°C/min to 300°C. The 

thermal analyzer was equipped with a data acquisition and handling system (TA-50WSI). 

2.2. Synthesis of the new carriers' polymers. 

2.2.1. Synthesis of pseudopolyrotaxane Chs/β-CD (1). 

The preparation of the Chitosan solution was done via dissolving 1 g of chitosan in 50 

ml of (1% v/v) glacial acetic acid for 2 h at 60°C in a magnetic stirrer until a clear solution was 

obtained, then the β-cyclodextrin solution was also prepared by dissolving 1.5 g of β-CD in 50 

ml of deionized water for 1 h at 60°C. The two solutions were mixed and stirred for an 

additional 24 h at 60°C. The obtained hydrogel was poured into a petri dish, and solvent 

evaporation at room temperature yielded the inclusion polymer complex (1) as a pale brown 

powder (85% yield, m.p. >300°C), as shown in Scheme 2. 
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2.2.2. Synthesis of pseudopolyrotaxane PSSNa/β-CD (2). 

According to Scheme 2, poly(styrene sulfonic acid) sodium salt (PSSNa) solution was 

prepared by dissolving 1 g of PSSNa in 50 ml of deionized water for 1 h at 60°C in a magnetic 

stirrer, then β-cyclodextrin solution was prepared by dissolving 1.5 g of β-CD in 50 ml of 

deionized water and mixed for 1 h at 80°C. The mixed solution was agitated for 24 h. at 60°C. 

The hydrogel was produced, then poured into a petri dish, and, at room temperature, the solvent 

was evaporated, yielding the inclusion polymer complex (2) as a pale-yellow powder (90% 

yield, m.p. >300°C). 

 
Scheme 2. Synthetic route for the pseudopolyrotaxane (1) Chs/β-CD; (2) PSSNa/β-CD. 

2.2.3. Loading Streptomycin (D) on pseudopolyrotaxanes Chs/β-CD (1) and PSSNa/β-CD (2) 

to form Chs/β-CD/D (3) PSSNa/β-CD/D (4). 

Streptomycin (D) was loaded onto the pseudopolyrotaxanes (1 and 2) via a colloidal 

tectonic structural approach, then 0.5 g of the inclusion complex was dissolved in 30 mL of 

DMF to produce a stable hydrogel. At room temperature, 0.25 g of the drug was dissolved in 

10 ml of DMF and added to the mixture. The reaction mixture was stirred for 20 h at 40°C. 

The obtained hydrogel emulsion was dried by freeze-drying to yield brown and yellow crystals, 

Chs/β-CD/D (3) and PSSNa/β-CD/D (4), as shown in Schemes 3 and 4. There are no side 

effects from DMF, which is used as a solvent in the loading process, as a small amount is used 

and no chemical reaction occurs between DMF and the materials. Samples are also dried before 

being applied to the bacteria. 

2.2.4. Antibacterial test. 

After overnight liquid cultures of Staphylococcus aureus (NCTC 8325-4) and 

Escherichia coli (BAA-2471), the antibacterial activity of drug (D), Chs/-CD (1), PSSNa/-

CD (2), Chs/-CD/D (3), and PSSNa/-CD/D (4) was quantified by measuring the MIC 

(Minimal Inhibitory Concentration), which is the minimum concentration needed from the 

antimicrobial agent to prevent the growth of microorganisms, a bacterial solution with (105 

CFU/mL) in 100 L MHB (Mueller-Hinton broth) was added to a microtitre plate (Nucleon, 

Germany) with two-fold dilutions of an antimicrobial agent, and the plate was then incubated 

at 37°C, to assess whether the broth was adequate for promoting the growth of the organism 

and verify its sterility. The outcomes included information from three distinct experiments. 
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Scheme 3. Synthetic route for loading of Streptomycin (D) on pseudopolyrotaxane Chs/β-CD. 

2.2.5. The effect of target compounds on biofilm formation. 

At a final concentration of 5 × 105 bacteria per mL, overnight cultures of S. aureus 

NCTC 8325-4 were diluted, then added to a new BHI in a 96-well microplate. The compound 

solution (16 μg/mL) was added to the wells, whereas PBS alone was added to the polymer-free 

wells as controls. After incubating the biofilms for 24 hours at 37°C with gentle shaking (35 

rpm), the wells were rinsed with PBS and stained for 20 minutes with 0.1% (w/v) crystal violet. 

After properly washing the plate with water, 200 L of 95% ethanol was added for 20 minutes 

to remove the biofilm bacteria stain. Using a plate reader, the alcohol solution's absorbance 

was measured at 595 nm. 
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Scheme 4. Synthetic route for loading of Streptomycin (D) on pseudopolyrotaxane PSSNa/β-CD. 

2.3. Characterizations. 

2.3.1. Fourier-transform infrared (FTIR). 

The structure of the obtained pseudopolyrotaxanes and the Streptomycin before and 

after loading was studied using Fourier-transform infrared spectroscopy at room temperature 

using an infrared spectrometer (Jasco Model 4100 – Japan) in the wavenumber region of 4000–

400 cm-1. 
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2.3.2. 1H-NMR spectroscopy. 

The chemical structure of the synthesized inclusion polymer complex (1,2). Also, 

Streptomycin after loading onto the prepared carriers was confirmed by 1H NMR, recorded at 

25°C on a Bruker AM-400 NMR spectrometer (Germany) at 400 MHz. The synthesized 

materials were dissolved in Aldrich DMSO-d6 solution. 

2.3.3. X‑ray diffraction (XRD). 

The phase structure and crystallite size of the products were investigated by XRD 

measurements taken at room temperature with a powder diffractometer (Brucker D8 Advance, 

Germany) equipped with a Cu K with Cu K radiation source, = 1.5406Å and 2θ in the range 

(5–80°). 

2.3.4. Scanning electron microscope (SEM). 

To examine the phase structure and crystallite size of the samples, X-ray diffraction 

spectra were recorded at room temperature using a powder diffractometer (Bruker D8 Advance, 

Germany) with a Cu Kα radiation source (λ = 1.5406 Å) and 2θ in the range of 5–80 °. A 

scanning electron microscope (SEM) (JEOL SEM Model JSM-5500 - Japan) was utilized to 

recognize the morphology of the materials obtained at an accelerating voltage of 10 kV. 

2.3.5. Thermogravimetric analysis (TGA). 

The thermal stability of the drug after loading on the prepared carriers was measured 

using a TGA (SDT Q600 V20.9 Build 20) with a 5°C/min heating rate up to 800°C and a 5 

ml/min nitrogen gas flow. A data collection and handling mechanism is built into the thermal 

analyzer (TA-50WSI). 

3. Results and Discussion  

3.1. FT-IR studies. 

Scheme 2 outlines the proposed mechanism for the synthesis of the 

pseudopolyrotaxanes Chs/β-CD (1) and PSSNa/β-CD (2). The polymer chains (Chs or PSSNa) 

were inserted into the macrocyclic molecules of β-CD via a threading method, in which 

chitosan chains and/or polystyrene sulfonate were threaded through the β-CD rings to form 

inclusion polymer complexes [36,37]. The effective forces on forming these complexes are 

hydrogen bonding, Vanderwalls forces, electrostatic bonds, and hydrophobic-hydrophobic 

interactions. Scheme 3 shows the proposed mechanism for loading Streptomycin into Chs/β-CD 

(1). Thus, Streptomycin was loaded onto the Chs/β-CD (1) by the formation of strong hydrogen 

bonding between the functional groups in the Chs/β-CD (NH2, NH, OH) inclusion complex 

and the active groups in Streptomycin (NH2, NH, CHO). The formation of a large number of 

hydrogen bonds improves the loading process and the stability of the drug [2].  

Scheme 4 shows the loading process of Streptomycin on PSSNa/β-CD (2), in which 

Streptomycin was loaded by the formation of hydrogen bonding between (NH2, NH, -O-, CHO) 

groups in Streptomycin and the active groups present in the inclusion polymer complex 

(PSSNa/β-CD). The chemical structure of pseudopolyrotaxane (1) was established by FT-IR 

spectra that showed some characteristic bands as follows: at 3382 cm-1 for hydroxyl groups 
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and at 2926 cm-1, a characteristic band for CH aliphatic in addition to a band at 1159 cm-1 due 

to C-O-C groups and a band at 1030 cm-1 due to C-H vibrations. The absorption bands of 

symmetric ν[OH] stretching and ν[CH-aliphatic] were shifted to lower frequencies compared 

to those of pure β-CD (Figure 1 due to the formation of strong hydrogen bonds. Also, the 

absorption bands of ν[O-H] stretching and ν[CH-aliphatic] were transported into lower 

frequencies as compared to those of pure β-CD. Moreover, the absorption bands of ν[C-O-C] 

and ν[C-O] stretching were shifted to higher frequencies. Table 1 displays the variation in 

absorption bands between pure β-CD and Chs/β-CD (1). The change in absorption band may 

clearly indicate the evolution of the inclusion complex between the chitosan and β-CD 

macrocycles. The rise in frequency is owing to the insertion of chitosan chains through the 

electron-rich cavities of the β-CD ring. In contrast, the decline in frequency results from the 

formation of Vander Waals forces and H-bonds between the hydroxyl groups of β-CD and the 

hydroxyl and amino groups of chitosan. The FT-IR spectrum of Streptomycin exhibited a band 

at 3370 cm−1 correlated to the NH2 groups, and a band at 2930 cm−1 due to the CH-aliphatic 

group. The absorption band at 1145 cm−1, which is referred to as the C-O-C vibration group, 

and the band at 1031 cm-1 due to C-O groups (Figure 1. The changes in absorbance bands 

between pure drug and Chs/β-CD/D (3) are summarized in Table 1. The change of the 

Streptomycin intensity before and after loading onto Chs/β-CD (1) is owing to the forces of 

Vander Waals and H-bonds between OH and NH2 groups, also, O and N atoms of pure drug 

and (OH, NH, and NH2) groups of Chs/β-CD (1). 

4000 3500 3000 2500 2000 1500 1000 500

T
 %

Wavenumber cm-1

 Chs /β-CD /D

 D

 Chs /β-CD

 β-CD

3400
2935

1156
1023

3382
2926

1159
1030

3370
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1145

1031

3365

2940

1160

1016

 
Figure 1. FT-IR spectra of pure β-CD, pure Drug, Chs/β-CD (1), and Chs/β-CD /D (3). 

 
Figure 2. FT-IR spectra of pure β-CD, pure Drug, PSSNa/β-CD (2), and PSSNa/β-CD/D (4). 

4000 3500 3000 2500 2000 1500 1000 500

T
 %

Wavenumber cm-1

 PSSNa /β-CD /D

 D

 PSSNa /β-CD

 β-CD

3400

2935

1156 1023

3370
2930

1145
1031

3384 3932 1162
1029

3350

2935

1154

1018

https://doi.org/10.33263/LIANBS144.265
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS144.265  

 https://nanobioletters.com/ 9 of 19 

 

Table 1. The difference in the frequencies between β-CD, Chs/β-CD (1), and between pure Drug and Chs/β-

CD/D (3). 

Functional group 
Wavenumber, cm-1 

Δδ 
Wavenumber, cm-1 

Δδ 
β-CD Chs/β-CD D Chs/β-CD/D 

ν[O-H]- ν[NH2] 

stretching 
3400 3382 -18 3370 3365 -5 

ν[CH-aliphatic] 2935 2926 -9 2930 2940 +10 

ν[C-O-C] 

vibration 
1156 1159 +3 1145 1160 +15 

ν[C-O] 

stretching 
1023 1030 +7 1031 1016 -15 

Pseudopolyrotaxane PSSNa/β-CD (2) is described in Scheme 2, and the frequency of 

the examined functional groups via FT-IR spectroscopy displayed many characteristic bands, 

for example, at 3384 cm-1 concerning hydroxyl groups, a band at 3012 cm-1 belongs to CH 

aromatic, a characteristic band at 1141 cm-1 due to C-O-C vibration, and a band at 1029 cm-1 

due to C-O groups. The absorption band of ν[OH] symmetric stretching and ν[CH-aromatic] 

was transferred to a lower frequency in contrast to those in pure β-CD (Figure 2. Also, the 

absorption band for both ν[O-H] stretching and ν[CH-aromatic] was moved to a lower 

frequency when compared to those in pure β-CD. Furthermore, the absorption bands of the 

ν[C–O-C] vibration and the ν[C-O] stretching were shifted to higher frequencies [2]. Table 2 

outlines the absorbance bands, alterations for pure β-CD and PSSNa/ β-CD (2). The movement 

of the absorbance bands may result from the formation of an inclusion complex between 

poly(styrene sulfonic acid) sodium salt and β-CD. Because of the addition of the poly(styrene 

sulfonic acid) sodium salt chain through the inner cavity of the cyclodextrin rings, the 

frequency was increased. Otherwise, the reduction in frequency is attributable to van der Waals 

forces and H-bonds between β-CD and poly(styrene sulfonic acid) sodium salt groups [36]. 

The variances of absorbance bands between pure drug and pseudopolyrotaxane/drug (4) are 

presented in Table 2. The alteration in the strength of Streptomycin before and after loading 

onto PSSNa/ β-CD (2) was owing to Vander Waals forces and H-bonds of the active groups in 

pure drug and the characteristic groups in the PSSNa/ β-CD (2) and gave a good indication for 

the loading of the drug into PSSNa/β-CD (2) 

Table 2. The difference in the frequencies between β-CD and PSSNa/β-CD and between pure Drug and 

PSSNa/β-CD/D (4). 

Functional group 
Wavenumber, cm-1 

Δδ 
Wavenumber, cm-1 

Δδ 
β-CD PSSNa/β-CD D PSSNa/β-CD/D 

ν[O-H]- ν[NH2] 

stretching 
3400 3384 -16 3370 3350 -20 

ν[CH-aliphatic]- 

ν[CH-aromatic] 
2935 2932 -3 3012 3006 -6 

ν[C-O-C] 

vibration 
1156 1141 +15 1145 1154 +9 

ν[C-O] 

stretching 
1023 1029 +6 1031 1018 -13 

3.2. 1H NMR analysis. 

The chemical structure of Chs/β-CD (1) was confirmed by 1H NMR spectroscopy. 1H 

NMR spectrum of Chs/β-CD (1) showed the appearance of signals due to aliphatic protons of 

β-CD in addition to the aliphatic protons of chitosan in the range of  3.18-4.78 ppm and a 

signal due to secondary alcohol protons at  5.73 ppm (Figure 3). Furthermore, the appearance 

of peaks due to (NH-CO-) groups in the region  8.08-8.17 ppm. The 1H NMR spectrum of the 

PSSNa/β-CD (2). Figure 3 indicated signals due to the aliphatic polystyrene chain at  1.08 
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(CH2) and 1.87 (CH), and β-CD protons appeared at  3.30-5.78 ppm. The chemical structure 

of the drug after loading into Chs/β-CD (1) is shown in Figure 3.  

 
(1) 

 
(2) 

 
(3) 

 
(4) 

Figure 3. 1H NMR for (1) Chs/β-CD; (2) PSSNa/β-CD; (3) Chs/β-CD/D; (4) PSSNa/β-CD/D in DMSO-d6. 

The 1H-NMR spectra of Chs/β-CD/D (3) indicate the appearance of a characteristic 

peak due to two methyl groups (CH3 and NHCH3) of Streptomycin (D) at  2.22 and 2.49 ppm. 

In addition, the presence of signals due to the aliphatic protons of β-CD and chitosan is 

observed in the region  3.19-5.69 ppm. As shown in Figure 3. The 1H NMR spectrum of 
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PSSNa/β-CD/D (4) indicated the appearance of characteristic peaks due to polystyrene chain 

at  1.08 (CH2) and 1.86 (CH) in addition to the presence of two signals for two methyl groups 

(CH3, NHCH3) of Streptomycin (D) at δ 1.88 and 2.47 ppm, in addition to the presence of 

signals due to aliphatic protons of β-CD in the region  3.28-5.74 ppm, as well as the 

appearance of the aromatic protons at δ 7.56 ppm.  

3.3. XRD analysis. 

XRD analysis demonstrates the loading of Streptomycin (D) on the two prepared 

carriers, Chs/β-CD (1) and PSSNa/β-CD (2), by comparing the crystal size and crystallinity of 

Streptomycin (D) before and after loading. The phase structure and the crystallite size of 

Streptomycin (D), Chs/β-CD (1), Chs/β-CD/D (3), PSSNa/β-CD (2), and PSSNa/β-CD/D (4) 

were investigated in Figures 4,5. XRD spectra were documented in the range of 5°−80°. The 

characteristic diffraction peaks of Streptomycin (D), Chs/β-CD (1), Chs/β-CD/D (3), PSSNa/β-

CD (2), and PSSNa/β-CD/D (4) were observed at 2θ (Table 3). From the results, it was 

observed that the crystalline nature of pure streptomycin D shows sharp peaks at 2θ = 13.68°, 

16.48°, 18.14°, 20.35°, and 21.22°, with a crystallinity value of 12.2% (indicating an 

amorphous nature). Figure 4. On the other hand, the XRD pattern of Streptomycin after loading 

into the pseudopolyrotaxane Chs/β-CD (1) exemplified a decrease in the signal intensities to 

10.48°, 12.27°, 18.00°, 19.35°, and 20. Similarly, the peaks of D were shifted to 10.70°, 12.50°, 

17.76°, 19.63°, and 20.86° upon loading with PSSNa/β-CD (2). The difference in the XRD 

pattern is due to loading development and the formation of hydrogen bonds between the 

streptomycin drug and the pseudopolyrotaxanes (1, 2), Figures 4 and 5, Table 3. The 

crystallinity value of Streptomycin (D) after loading into pseudopolyrotaxane Chs/β-CD (1) 

and pseudopolyrotaxane PSSNa/β-CD (2) was increased to 76.8% and 64.2%, respectively. 

The XRD diffractogram of the pure chitosan exhibits two prominent broad peaks at ~ 

10.96° and ~ 19.50° [6]. These two peaks are characteristic topographies of the semi-crystalline 

nature of chitosan. In addition, these peaks are due to hydroxyl and amino groups in the 

chitosan polymer. For pseudopolyrotaxane Chs/β-CD (1), these peaks display some structural 

changes, shifting to higher angles at ~12.27° and ~20.5°, and a clear increase in intensity with 

more sharpening. These new alterations give more evidence for the formation of (1).  

 
Figure 4. XRD spectra of D, Chs/β-CD (1), Chs/β-CD/D (3)b. 
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Figure 5. XRD spectra of D, PSSNa/β-CD (2), and PSSNa/β-CD/D (4). 

Table 3. XRD peaks and crystallinity of D, Chs/β-CD (1) Chs/β-CD/D (3), PSSNa/β-CD (2) and PSSNa/β-

CD/D (4). 

Compound 2 Theta, degree Intensity, au Crystallinity 

D 

13.68 30.03 

12.2% 

16.48 30.79 

18.14 34.19 

20.35 35.95 

21.22 35.59 

Chs/β-CD (1) 

10.43 59.95 

74.7% 

12.27 80.54 

18.58 68.33 

19.37 72.62 

20.5 59.08 

Chs/β-CD/D (3) 

10.48 70.64 

76.8% 

12.27 97.03 

18.00 62.25 

19.35 83.87 

20.58 70.45 

PSSNa/β-CD (2) 

12.71 73.25 

51.6% 

13.35 60.04 

18.09 75.74 

18.14 69.09 

19.55 33.16 

PSSNa/β-CD/D (4) 

10.70 40.70 

64.2% 

12.50 53.88 

17.76 38.11 

19.63 47.79 

20.86 42.88 

3.4. Surface morphology. 

The morphological structures of Streptomycin (D), Chs/β-CD (1), Chs/β-CD /D (3), 

PSSNa/β-CD (2), and PSSNa/β-CD/D (4) were indicated in Figure 6. The morphology 

structure of β-CD (A) and Streptomycin (B) is completely different from Chs/β-CD (C) and 

Chs/β-CD/D (E), which is referred to as the formation of pseudopolyrotaxane (1) and the 

effective loading of drug into the pseudopolyrotaxane (1). SEM image of Streptomycin (B) 

revealed amorphous, retractable, round-shaped particles. Furthermore, the SEM image of β-

CD (A) appeared as a three-dimensional block structure with an irregular shape, while the SEM 

image of Chs/β-CD (C) appeared as homogeneous amorphous morphology, and Chs/β-CD/D 

(E) had an irregular block-like structure, and the original morphologies of the individual 

compounds disappeared. On the other hand, the morphological structure of pure Streptomycin 

(B) was changed after loading on PSSNa/β-CD (D). SEM image of PSSNa/β-CD (D) appeared 
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as needle-shaped crystals having various sizes, while the PSSNa/β-CD/D (F) showed an 

irregular block-like structure.  

   

   
Figure 6. SEM images of (A) β-CD; (B) Streptomycin; (C) Chs/β-CD; (D) PSSNa/β-CD; (E) 

Chs/β-CD/D; (F) PSSNa/β-CD/D at magnification of 2000X. 

3.5. Thermal analysis.  

Figure 7 represents the thermal stability of Streptomycin D, Chs/β-CD (1), Chs/β-CD/D 

(3), PSSNa/β-CD and PSSNa/β-CD/D. Figure 7 indicates the change in the thermal stability of 

streptomycin D after loading on the prepared pseudopolyrotaxanes Chs/β-CD (1) and PSSNa/β-

CD (2). Thus, there are three weight-loss stages (mg) versus temperature, up to 800°C under 

nitrogen, with the initial portion of the TGA curve up to 100°C due to moisture removal. From 

this figure, the loading of D on Chs/β-CD (1) and PSSNa/β-CD (2) improved the thermal 

stability of Streptomycin D up to 400°C. This property is very important for preventing the 

thermal degradation of the drug and is required during storage. Since Streptomycin is 

composed of a network of hydrogen bonds, electrostatic interactions prevent oxidation 

reactions and volatile species.  

  
Figure 7. TGA curves of D, Chs/β-CD (1) and Chs/β-CD/D (3), PSSNa/β-CD (2) and PSSNa/β-CD/D (4). 
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3.6. Antibacterial performance evaluation. 

3.6.1. Minimal inhibitory concentration (MIC). 

The MIC values of the tested compounds Chs/β-CD (1), PSSNa/β-CD (2), Chs/β-CD/D 

(3), and PSSNa/β-CD/D (4) against S. aureus and E. coli ranged from 16 ~ 0.125 µg/mL. The 

obtained values were compared with the MICs of Streptomycin, which was used as the standard 

drug. Most of the tested compounds demonstrated poor activity against S. aureus, except 

Chs/β-CD/D, which greatly inhibited bacterial growth, with an MIC of 4 µg/mL compared with 

Streptomycin (16 µg/mL; Figures 8 and 9). On the other hand, the most effective compound 

against E. coli was Chs/β-CD/D, which inhibited bacterial growth with an MIC of 4 µg/mL, 

followed by PSSNa/β-CD/D and Chs/β-CD with MICs of 4 and 8 µg/mL, respectively, 

compared to Streptomycin (16 µg/mL). Also, no biological activity was recorded for β-CD and 

PSSNa/β-CD against the same strain (Figure 10). 

The results showed that the obtained PSSNa/β-CD and Chs/β-CD improved the 

solubility of the S. aureus and E. coli membranes and enhanced Streptomycin D penetration 

through them. In addition to, the drug after loading into the PSSNa/β-CD and Chs/β-CD was 

emerged with the surface of bacterial cell and causing damage in its external membrane and 

dispersion by the active transport, after that the drug was released from polymer carriers to link 

with protein cell via hydrogen bonds between the active groups in Streptomycin D (OH, NH, 

NH2, CO) and active groups in proteins. These interactions lead to the killing of bacterial cells.  

 
Figure 8. Antibacterial activities of Streptomycin, β-CD, PSSNa/β-CD, PSSNa/β-CD/D, Chs/β-CD and Chs/β-

CD/D against S. aureus. OD600 represents bacterial growth. The graph displays the standard error of the mean 

of triplicate wells from one of three similar experiments. 

 
Figure 9. Antibacterial activities of Streptomycin, β-CD, PSSNa/β-CD, PSSNa/β-CD/D, Chs/β-CD and Chs/β-

CD/D against E. coli. OD600 represents bacterial growth. The graph displays the standard error of the mean of 

triplicate wells from one of three similar experiments. 
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Figure 10. Minimum inhibitory concentration (MIC) of Streptomycin/S. aureus, Streptomycin/E. coli, PSSNa/β-

CD/D/E. coli, Chs/β-CD/D/S. aureus, Chs/β-CD/D/E. coli, and Chs/β-CD/E. coli. 

3.6.2. The effect of target compounds on biofilm formation. 

Streptomycin loaded into a pseudopolyrotaxane; Chs/β-CD can significantly inhibit 

biofilm formation by S. aureus and E. coli compared with Streptomycin alone. 

Pseudopolyrotaxane PSSNa/β-CD with or without loaded Streptomycin had nearly similar 

effects to Streptomycin alone on the biofilm formation of E. coli Figure 11. 

 
Figure 11. Effect of Streptomycin (PSSNa /β-CD/D (4)), (Chs/β-CD/D (3)) and (Chs/β-CD (1)) on biofilm 

formation by S. aureus and E. coli. The graph displays the standard error of the mean of triplicate wells from 

one of three similar experiments. *versus Streptomycin p < 0.05. 

Several studies demonstrated increased complexed drug bioactivity and concentration 

compared with free drug, due to better stability and protection from degradation [38]. The 

current results showed that Streptomycin, after loading onto pseudo-polyrotaxane (1) to form 

Chs/β-CD/D (3), was more active against biofilm formation by S. aureus or E. coli than the 

free drug. Even β-CD complexed with chitosan without Streptomycin (Chs/β-CD (1)) showed 

better antibacterial activity against E. coli. In contrast, the bioactivity of Streptomycin, when 

complexed with β-CD and PSSNa, against biofilm formation by E. coli showed that the 

complex is more active than the pristine drug.  

4. Conclusion 

Streptomycin is an antibiotic widely used to treat various bacterial infections. However, 

it has some adverse effects such as vertigo, vomiting, facial numbness, fever, and rash. For 
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these reasons, we aimed, in this study, to reduce these side effects by increasing the biological 

efficacy of Streptomycin, thereby minimizing the required drug dose for the desired treatment. 

This was accomplished via inserting biopolymer complexes (1) and (2); after that, Streptomycin 

was loaded into pseudopolyrotaxanes to afford the composites (3) and (4), thus improving the 

physicochemical properties and the efficiency of the drug. Significantly, the biological activity 

of the obtained composites has been greatly influenced by the loading of Streptomycin into 

pseudopolyrotaxanes (1) rather than pseudopolyrotaxanes (2), contrary to Gram-negative (E. 

coli) and Gram-positive (S. aureus) bacteria. The two types of products were also more active 

than the pure Streptomycin drug. Ultimately, activity is greater than the pure drug. This study 

focuses on improving the physical properties of Streptomycin, an antibiotic used to treat certain 

infectious diseases. In this study, the drug was improved by loading it on a new type of polymer 

containing cyclodextrin (polyrotaxanes). The biological efficiency of Streptomycin was proven 

after the loading process. This study can be applied to a wide range of drugs, especially those 

with high side effects (anti-cancer drugs), by improving their bioavailability and physical 

properties to increase their effectiveness and reduce their side effects. Generally, loading drugs 

into polymers is a promising strategy in drug delivery, offering several opportunities to enhance 

therapeutic outcomes, such as controlled and sustained release, targeted drug delivery, 

improved drug stability, and commercial and clinical potential. 
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