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Abstract: In this study, a novel oral formulation of berberine hydrochloride (BBH) hydrogel was
successfully synthesized through physical cross-linking using chitosan (CS) and carboxymethyl-{3-
cyclodextrin (CMCD). The characterization results confirmed the successful synthesis of CS/CMCD
hydrogel and the subsequent loading of BBH into this composite (CS/CMCD/BBH) was effectively
accomplished. BBH was used as a model drug and the resulting hydrogel demonstrated a sustained
drug release profile. In addition to its improved solubility and sustained release characteristics, the
hydrogel exhibited excellent antibacterial activity against common pathogens such as Escherichia
coli (E. coli), Staphylococcus aureus (S. aureus), and Candida albicans (C. albicans). Additionally, in
vitro studies indicated that the hydrogel was not cytotoxic to NIH3T3 and HaCaT cells, suggesting
its safety for biomedical applications. This lack of cytotoxic effects, combined with the mechanical
strength, solubility improvements, and antibacterial properties of the hydrogel, positions the
CS/CMCD/BBH hydrogel as a promising candidate for effective oral delivery of BBH. By addressing
the solubility and delivery challenges of BBH, this hydrogel offers a viable solution for the oral
administration of berberine hydrochloride, with potential applications in various biomedical fields.

Keywords: berberine hydrochloride;  Chitosan/Carboxymethyl-B-Cyclodextrin;  hydrogel
formulation; Solubility enhancement; oral drug delivery

1. Introduction

Berberine hydrochloride is a natural alkaloid with a wide range of therapeutic applications,
including antimicrobial [1-4], anti-inflammatory [5], anticancer [6-9], and antidiabetic effects [10].
Despite its potential, the clinical use of BBH has been severely limited by its low solubility and
stability, particularly when administered orally [11-13]. These challenges require the development of
innovative drug delivery systems to improve their bioavailability and therapeutic efficacy [14,15].
Hydrogels have emerged as a promising solution for drug delivery, capable of improving the
solubility and stability of hydrophobic drugs [16,17]. Among the different hydrogel forming
materials, chitosan and carboxymethyl-3-cyclodextrin deserve special attention ([18]). Chitosan is a
biocompatible polymer with excellent film forming properties, while CMCD is known for its ability
to form inclusion complexes with hydrophobic molecules, thereby improving their solubility [19].
Chitosan cross-linked with -cyclodextrin forms a chitosan hydrogel, making it a good carrier for
poorly water-soluble drugs [20]. p-Cyclodextrin is a cyclic oligosaccharide composed of seven
glucose units [21,22]. It has a hydrophobic internal cavity and a hydrophilic external surface, allowing
it to form inclusion complexes with hydrophobic drugs, such as BBH [23,24]. 3-Cyclodextrin can
improve the solubility, stability and bioavailability of poorly soluble drugs by encapsulating them in
its cavity [25,26]. By combining the advantages of chitosan and (3-cyclodextrin, a physically cross-
linked CS/CMCD hydrogel can be developed as an effective carrier for BBH [27]. The physical cross-
linking between CS and CMCD allows easy fabrication of hydrogels without the need for chemical
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cross-linkers, thereby preserving the biocompatibility and bioactivity of the encapsulated drug [28].
The hydrogel matrix can provide sustained release of BBH, ensuring a prolonged therapeutic effect
and minimizing the frequency of administration [29]. Several studies have explored the application
of CS/B-cyclodextrin hydrogels as drug carriers, demonstrating their potential to improve drug
delivery [30,31]. For example, Hui et al. developed a BBH-loaded chitosan/B-cyclodextrin hydrogel
that showed improved solubility, sustained release, and enhanced antibacterial activity [31]. Another
study by Lin et al. investigated a nanocellulose/B-cyclodextrin hydrogel for ocular delivery of BBH,
which exhibited sustained drug release and improved therapeutic efficacy [32]. Tsai et al.
investigated chitosan/B-cyclodextrin hydrogels for transdermal delivery of BBH and showed that the
hydrogel formulation effectively improved therapeutic outcomes in a mouse model of psoriasis,
indicating its potential as a delivery system. transdermal administration for BBH [30,33]. Therefore,
physically cross-linked hydrogels are more favorable for biomedical applications, including drug
delivery systems [34,35]. In this study, we developed an oral, physically cross-linked hydrogel
formulation of BBH by loading it onto a CS/CMCD hydrogel matrix. Our results showed that the
physical cross-linking interaction between CS and CMCD leads to the formation of stable complexes.
This approach exploits the solubility-enhancing properties of CMCD as well as the biocompatibility
and stability offered by chitosan. The resulting hydrogel formulation not only significantly increases
the solubility of BBH, but also ensures its sustained release and improved bioavailability, thereby
addressing the major limitations of free BBH in oral administration. Our results demonstrate the
superior performance of this innovative formulation compared to free BBH.

2. Results

2.1. Wavelength Study and Solubility

The wavelength study confirmed the characteristic absorption peaks of BBH in the ultraviolet-
visible (UV-Vis) spectrum. BBH is known to exhibit strong absorption at approximately 250, 350 and
430 nm in the UV-visible region of the electromagnetic spectrum [36]. The absorption spectrum of
BBH typically shows two distinct peaks. The first peak occurs in the UV range (approximately 260-
280 nm), while the second peak occurs in the visible range (approximately 350-400 nm). In the
wavelength range of 200-400 nm, the absorption at 263 nm is stronger than that at 345 nm, so 263 nm
is used as the detection wavelength. The scan result is shown in Figure Al in the Appendix A. This
result is consistent with the work of Li et al [8].

The solubilization effect of BBH was evaluated by the solubility phase method [36]. The phase
solubility diagram is shown in Figure A2 in the Appendix A. The graph was created with
concentration (ug/mL) on the x-axis and absorbance on the y-axis. The absorbance values obtained
from the standard solutions at their corresponding concentrations are shown in Table Al in the
appendix A. Regression analysis was performed on the plotted data to determine the best-fit line that
represents the relationship between concentration and absorbance. The most common regression
method for this purpose is linear regression. The equation of the line was calculated as y = mx + ¢,
where y is the absorbance, x is the concentration, m is the slope, and c is the y-intercept. Once the
standard curve was established, we used it to determine the concentration of an unknown sample of
BBH by measuring its absorbance and applying the equation of the best-fit line obtained from the
standard curve.

2.2. Synthesis of CS/CMCD and Synthesis of CS/CMCD Loaded BBH Hydrogel

The synthesis of the CS/CMCD complex hydrogel involved the combination of CS and CMCD
through physical cross-linking, followed by a freeze-drying process to form a stable network. The
resulting hydrogel exhibits a three-dimensional network structure, with CMCD molecules trapped
within the chitosan matrix (Figure A3 in Appendix A and Video S1). This structure gives the hydrogel
properties such as controlled drug release, high water absorption capacity (as shown in Table 1). The
formation of hydrogels from highly concentrated and less concentrated solutions indicates strong
physical cross-linking interactions between CS and CMCD. The carboxymethyl groups of CMCD
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interact with the amino groups of chitosan via hydrogen bonds and electrostatic interactions, leading
to the formation of physical cross-links between the polymer chains. The concentrations of CS and
CMCD in solution impact the gelation behavior and properties of the resulting hydrogel. Higher
concentrations of both components generally result in the formation of stronger and stiffer hydrogels.
The development and properties of the CS/CMCD hydrogel highlight its potential as an effective oral
delivery system for BBH. The synthesis of CS/CMCD hydrogel involved the cross-linking of CS and
CMCD. BBH was subsequently loaded into the hydrogel matrix during the synthesis process. The
synthesis was confirmed by various characterization techniques, which provided detailed insights
into the structure and composition of the hydrogel and its BBH loaded counterpart.

2.3. Characterization of CS/CMCD and CS/CMCD/BBH Hydrogels

2.3.1. Analysis of Water Content

Water content determination (WCD) analysis is a process used to measure the amount of water
present in a substance or sample [37]. The method used here was loss on drying (LOD); this method
involves weighing a sample before and after drying until a constant weight is reached. The weight
loss corresponds to the water content of the sample. The weight of the product was recorded for each
set of samples. Analysis of the water content of CS/CMCD hydrogels showed a slight increase in
water retention in samples with high concentration of CMCD, as shown in Table 1. This increase is
attributed to the hydrophilic nature of CMCD, which improves the water retention capacity of the
hydrogel matrix. The higher water content is beneficial for the sustained release of BBH.

Table 1. Water Content determination of CS/CMCD hydrogels.

Sample (g) First weighing (g) Second weighing (g) Water content (g  WCD (%)

CS/CMCD(1:10) 3.972+0.005 1.211+0.005 2.760+0.001 69.5
CS/CMCD(1:8) 3.567+0.0005 1.198+0.005 2.369+0.001 66.4
CS/CMCD(1:6) 3.248+0.005 1.192+0.005 2.056+0.001 63.3
CS/CMCD(1:4) 2.989+0.005 1.172+0.005 1.817+0 60.1
CS/CMCD(1:2) 0.937+0.005 0.394+0.005 0.539+0.001 57.5
CS/CMCD(1:1) 0.195+0.005 0.112+0.005 0.083+0 42.4

2.3.2. Proton NMR

THNMR spectra of CS, CMCD, CS/CMCD hydrogel are shows in Figure A4 in the Appendix A,
"THNMR spectra of BBH, and CS/CMCD/BBH hydrogel are shown in Figure 1. In the CS and CMCD
spectra, multiple proton signals at 4.08-3.80 ppm are attributed to the H protons of the CS and CMCD.
A new signal at 3.35-4.09 ppm is caused by the H proton of the CMCD, and the peak at 5.21 ppm as
reported by Hui et al. [31,38,39], 2024 corresponds to the proton peak of glucosamine in the CS.
Furthermore, the peak at 3.2-4.0 ppm is attributed to the glucopyranose ring of CS. These
observations confirm that the predicted CS/CMCD product was synthesized efficiently. In the
THNMR spectrum of the CS/CMCD/BBH hydrogel, a peak at 3.35 or 5 ppm corresponds to the
chemical shifts of the composite CS/CMCD/BBH H proton. The peaks at 9.905 ppm and 7.095 ppm
are attributed to the H protons of the BBH, while the peak at 3.353 ppm is attributed to the C-H2
proton of the BBH. The presence of these characteristic peaks of BBH in the CS5/CMCD/BBH spectra
confirms the successful incorporation of BBH into the hydrogel matrix and, supporting the enhanced
solubility and stability of BBH in the oral formulation.

d0i:10.20944/preprints202407.1733.v1
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Figure 5. 'HNMR spectra of the BBH and CS/CMCD/BBH (1%CS_6%CMCD_1%BBH) hydrogel.

2.3.3. FTIR

The FTIR spectra of CS, CMCD, and CS/CMCD hydrogel with different CMCD formulations are
shown in Figure A5 in Appendix A. In the infrared spectrum of CS, the peak at 3367 cm! corresponds
to an amine symmetry vibration, while the peak at 2927 cm! is indicative of a stretching vibration of
CH. The peaks at 890 cm-1, 902 cm-1 and 1155 cm! are associated with the sugar structure of chitosan.
Furthermore, the broad peak at 1080 cm! corresponds to the stretching vibration of CO. Other notable
peaks include those at 1600 cm™, 1320 cm!, 896 cm cm! and 500 cm?, which are assigned to the amino
proton group and the intermediate group, respectively. In the infrared spectrum of CMCD, broad
absorption peaks at 2928 cm™ and 1419 cm are assigned to the -OH and -C-O groups. The broad
absorption peak at 3000 cm™ is due to the hydroxyl group. The spectrum of CS/CMCD hydrogel
shows the a-pyranose vibration of CMCD at 1030 cm™! and the secondary amide band of chitosan at
1600 cm [40]. These results confirm the successful synthesis of the CS5/CMCD hydrogel. The FTIR
spectra of BBH and CS/CMCD/BBH hydrogel is displays in Figure 2. The BBH spectrum shows
characteristic peaks at 1616, 1579, 1178, 1141 and 1233cm-!. The peak at 1616 cm! is identified as the
quaternary ammonium ion C=N. The peaks at 1178 cm cm™ and 1141 cm-1 are due to the vibration of
the C-O bond in BBH [41,42]. Comparing the spectra of BBH with the CS/CMCD/BBH hydrogel, a
notable shift of protons from the C=N peak from 1616 cm-1 to 1670 cm™ is observed. In addition, the
C-0O vibration peak disappeared and new peaks appeared in the range of 500-600 cm-1 due to C
skeletal vibrations. Moreover, the peak intensity between 2000 and 3000 cm™ decreased, indicating a
change in the IR range within the complex. These spectral changes suggest strong interactions
between BBH and the hydrogel matrix [43]. Therefore, FTIR analysis provides strong evidence for
the successful synthesis of CS5/CMCD hydrogel and efficient encapsulation of BBH in this matrix. The
observed spectral shifts and changes indicate significant interactions between BBH and hydrogel
components, which are crucial for improving the solubility and stability of BBH for oral
administration.
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Figure 2. FTIR images of the BBH and CS/CMCD/BBH hydrogel with different formulations of
CMCD.

2.3.4. XRD

The XRD patterns of CS, CMCD, CS/CMCD hydrogel with different CMCD formulations are
shown in Figure A6 in the Appendix A. The XRD patterns of BBH and CS/CMCD/BBH hydrogel are
shown in Figure 3. The XRD profile of the CS showed distinct crystal peaks at approximately 20 =
10°-11°, attributed to the presence of amine I (-N-CO-CH3), and at 19°-22°, attributed to the amine II
(-NH2) [44]. These peaks are indicative of the crystalline nature of chitosan.The XRD pattern of the
CMCD showed characteristic intense peaks in the range of 15° to 30° [45]. This pattern reflects the
crystal structure of CMCD. In the case of CS/CMCD hydrogel, the XRD pattern exhibited a more
amorphous nature, as indicated by the broadened peaks around 20 = 7.90°-10° and 26 = 21.0°. The
results demonstrated that the interaction between CS and CMCD led to the formation of a hydrogel
with increased amorphous characteristics. The appearance or disappearance of specific diffraction
peaks and the change in crystallinity confirmed the successful incorporation of CMCD into the CS
backbone, resulting in the formation of the CS/CMCD hydrogel. The XRD pattern of BBH showed
common crystal peaks at 20 = 8.6°, 9.1°, 12.9°, 16.2°, 20.9°, 25.4°, 30.5° and 45, 3° [25,46]. These peaks
illustrate the crystalline nature of the BBH [47]. When BBH was incorporated into the CS/CMCD
hydrogel, the resulting XRD pattern showed a more amorphous structure. This amorphization
indicates that the BBH is well dispersed in the hydrogel matrix. The enhanced amorphous nature of
the CS/CMCD/BBH hydrogel is significant because it contributes to the increased solubility of BBH,
an essential factor for its effectiveness in oral administration.
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Figure 3. XRD images of the BBH and CS5/CMCD/BBH with different formulaions of CMCD.

2.3.5. TGA

The thermal stability of CS, CMCD and CS/CMCD are shown in figure A7 in the Appendix A.
The TGA of BHH and CS/CMCD/BBH are shown in Figure 4. TGA of CS typically exhibits weight
loss in two stages. The TGA curve of CS shows a weight first stage at about 46-125 °C with weight
loss of 10.2% due to loss of residual or physically adsorbed water on membranes surfaces. Then the
weight loss starts at 295 °C and that continues up to 545 °C during which there was 41.5% weight loss
due to the degradation of CS. TGA Curve of CMCD shows a weight loss in three stages. The first
stage starts under 100 °C with a 14.8% mass loss can be attributed to the evaporation of superficial
water associated with the cyclodextrin. The second stage, at around 110 °C with a 10% mass loss, can
be attributed to the evaporation of internal water [48]. Then, the third stage at around 307 °C can be
related to the degradation of the 3-CD [49]. At this point, 65.7% of the mass is reduced. TGA Curve
of CS/CMCD shows a weight loss in two stages. The first stage starts with weight loss at the ranges
from 25 to 258 °C with 8% of the adsorbed and bound water weight loss on membranes surfaces. The
second stage weight loss start from 275 to 742 °C during which there is 37.5% of weight loss due to
the degradation of chitosan at. There is 29.5% weight loss observed in the ranges from 750 to 995 °C
that contributes to the decomposition of CMCD at CS/CMCD interaction indicated a high degree of
thermal stability of the composite. The CS/CMCD might improve the thermal stability through
hydrogen bonding and electrostatic attraction interactions. The TGA curve for BBH exhibits weight
loss in four stages. The initial weight loss of BBH start at 109°C with 8.3% of weight loss is attributed
to the evaporation of moisture or which corresponded to the loss of moisture [50]. The second stage
start between 109 and 188°C, with 1.3% of weight loss, signified the melting temperature of the BBH.
the third step showed 20.6% of weight loss at 250°C, revealing decomposition of the BBH [35]. The
fourth step in the 250-790°C range was ascribed to the destruction of the BBH skeleton structure. The
TGA curve for CS/CMCD/BBH, the maximum weight loss occurred at about 265°C with 18.3% of
weight loss reached approximately 500°C, and disintegration was finished at 549°C, showing that
CS/CMCD/BBH displays great intensity obstruction. However, The TGA curves demonstrated that
the CS/CMCD/BBH hydrogel had a slightly lower decomposition temperature compared to the
CS/CMCD hydrogel, likely due to the presence of BBH. Additionally, the curves showed that the
thermal stability of the BBH-based polymer was not impacted by the temperature during the process.
The TGA curves demonstrated that the CS/CMCD/BBH hydrogel had a slightly lower decomposition
temperature compared to the C5/CMCD hydrogel, likely due to the presence of BBH. However, the
thermal stability remained adequate for potential oral administration applications.
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Figure 4. TGA of BBH and CS/CMCD/BBH hydrogel with different formmulations of CMCD.

2.3.6. Mechanical Properties

Tensile tests were also carried out to evaluate the mechanical properties of the hydrogels, as
shown in Figure A8 in Appendix A. The hydrogels demonstrated exceptionally high compressive
strength and toughness. Notably, no fracture was observed even at a strain of 100% for any of the
hydrogels tested. When the concentration of CMCD in CS/CMCD hydrogels increased from 2% to
10%, the compressive stress increased accordingly from 20 MPa to 180 MPa. This improvement is
attributed to the increased chemical cross-linking and hydrogen bonds due to the higher CMCD
content, significantly improving the toughness of the hydrogels. For the CS hydrogels, although the
strain value increased significantly beyond 100%, the strain did not show a corresponding significant
increase. The addition of CMCD was found to be crucial in increasing the degree of chemical cross-
linking and hydrogen bonding, leading to a notable improvement in toughness and cross-linking
density. Nevertheless, the mechanical properties of the CS/CMCD hydrogel remained within
acceptable ranges for oral formulations, ensuring that the hydrogel maintains its structural integrity
while effectively delivering the drug.

2.3.7.SEM

The SEM images of CS/CMCD hydrogels are shown in Figure A9 (Appendix A) and Figure 5
shows the SEM images of the CS/CMCD/BBH hydrogel. Compared with the CS/CMCD/BBH
hydrogel shown in Figure 9, the gel structure of CS/CMCD/BBH becomes looser, the wall thickness
increases, and the pore size becomes more uneven. The layered gel structure is more pronounced,
forming a dense, uniform and orderly hydrogel network. However, there was no significant
difference between the microstructures. As shown in Figure A9a (Appendix A), the pore size of the
prepared hydrogels increases with the concentration of CMCD, but all hydrogels maintain an
interconnected network structure. Figure A9b (Appendix A) purely describes the construction of the
CS/CMCD structure interaction, revealing interconnected pores and a network of connected pores
throughout the hydrogel matrix. This further confirms the interaction or cross-linking reaction
[51,52]. Furthermore, the hydrogels prepared in this study demonstrate improved performance,
essential for efficient drug loading and release, compared to hydrogels prepared in similar studies in
which cross-linkers are added and still exhibit poor mechanical properties and signs of toxicity
[53,54]. This improvement is crucial for their potential application in drug delivery systems,
providing a more reliable and efficient method for the oral administration of BBH [55].
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Figure 5. SEM image of CS/CMCD/BBH with different formulation of CMCD, scale bars equal to 20
um and 200 pum. a) 1% CS_1%CMCD_1%BBH, b) 1% CS_2%CMCD_1%BBH, c¢) 1%
CS_4%CMCD_1%BBH, d) 1% CS_6%CMCD_1%BBH, e) 1% CS_8%CMCD_1%BBH, 1%
CS_10%CMCD_1%BBH.

2.4. Drug Release and Loading System

2.4.1. Loading Capacity and Encapsulation Efficiency

The loading capacity (LC) and encapsulation efficiency (EE) of BBH in the CS/CMCD hydrogel
were calculated based on the experimental data obtained from the analytical methods described
below. The results demonstrate the ability of the hydrogel to effectively entrap and deliver BHH, as
shown in Table 2. The loaded weight of CS/CMCD was 10 times greater than the initial weight, and
the LC capacity and EE capacity of the composite were approximately 92% and 85%, respectively. A
higher LC and EE indicate a greater drug-loading capability and better drug retention within the
hydrogel matrix. The determination of the LC and EE of BBH in the CS/CMCD composite provides
essential quantitative data for evaluating the efficacy of the hydrogel as a drug delivery system. The
results contribute to the development of an efficient formulation for enhancing the solubility,
stability, and controlled release of BBH, thus improving its therapeutic potential.


https://doi.org/10.20944/preprints202407.1733.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 July 2024 d0i:10.20944/preprints202407.1733.v1

Table 2. Determination of the LC and EE of BBH-loaded CS/CMCD.

Hydrogel weight Loaded weight
(mg) (mg)
18.6+2.57+1.656 260.9+4.17 242.3+1.656 92.3+0.86 85.7+5.15

Drug weight (mg) LC (%) EE (%)

2.4.2. Drug Release Profile

Drug release studies are conducted to study how a drug is released from a particular delivery
system over time [56-58]. In this study, the in vitro release of BBH from the CS/CMCD hydrogel was
evaluated using the basket method by simulating body fluids and performing periodic sampling to
measure the concentration of the drug released [59]. The environments used were simulated gastric
fluid (SGF) with a pH of 2.1, simulated intestinal fluid (SIF) with a pH of 6.8, simulated colon fluid
(SCF) with a pH of 7.2, and the simulated basic liquid (SBF) with a pH of 12. As shown in Figure 6,
the drug release patterns in all simulated fluids exhibited two distinct stages. An initial abrupt release
followed by a sustained release or extended diffusion controlled release. The initial abrupt release
can be attributed to the presence of the drug on the hydrogel surface and the high concentration
gradient of the drug, which acts as a driving force to release the drug from the hydrogel matrix.
Following this burst release, the drug was released steadily over time, likely due to the formation of
inclusion complexes between the drug and CMCD and the structure of the hydrogel network that
hindered diffusion. drug molecules. The hydrogel in SIF showed lower release efficiency, with only
10% in 24 h. In the SCF, approximately 15% of the BBH was released within 24 h, while in the SBF the
release was approximately 35%. SGF posted a 50% release in the same period. The release rate of BBH
was fastest in SGF, followed by SBF, then SIF, and finally SCF. The faster release of SGF could be due
to the protonation of CS in the acidic medium, which increases the swelling of the hydrogel composite
matrix, making its structure looser and allowing faster drug release. Conversely, the slower release
in SCF could be due to the formation of inclusion complexes between CMCD and drug molecules,
resulting in a slower drug release rate. Therefore, the sustained release of BBH from the CS/CMCD
hydrogel was effectively modulated, thereby improving its bioavailability and therapeutic efficacy.
This controlled release profile highlights the potential of the CS/CMCD/BBH hydrogel as a viable
drug delivery system for oral administration, addressing the solubility and delivery challenges
associated with BBH.
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Figure 6. The release profile of BBH solution at different pH values at room temperature.
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2.5. Anti-Bacterial Effect of CS/CMCD and CS/CMCD/BBH Hydrogels

The antibacterial activities of C5/CMCD and CS/CMCD/BBH hydrogels against E.coli, S. aureus,
and C. albicans were evaluated using the agar diffusion method. As shown in Figure 7a,b, the
CS/CMCD hydrogel demonstrated less antibacterial activity against E. coli, S. aureus, and C. albicans
compared to CS alone. However, the CS/CMCD/BBH hydrogel exhibited significantly better
antibacterial activity against these pathogens. This increased activity is likely due to the antibacterial
properties of BBH, which disrupt the structure and function of microbial cells, interfere with their
DNA, and inhibit various enzymes [2]. The inhibition zone areas for E. coli, S. aureus, and C. albicans
were significantly larger for the C5/CMCD/BBH hydrogel compared to CS/CMCD. The sustained
release of BBH from the hydrogel into the solid medium contributed to this effect. As shown in Figure
7b, the CS/CMCD/BBH hydrogel maintained good antibacterial activity against E. coli for 24 hours,
with inhibition zone diameters greater than 10 mm, and the inhibition persisted for 48 and 72 hours.
Similarly, the hydrogels showed more pronounced inhibitory regions against S. aureus and C.
albicans, with inhibition diameters greater than 15 mm on the first day and lasting antibacterial effects
for up to three days. Even after three days, the hydrogel still demonstrated significant inhibition
compared to CS alone. The data suggest that BBH is well permeated into the hydrogel, resulting in a
longer lasting antibacterial effect. Therefore, CS/CMCD/BBH hydrogel exhibited sustained
antibacterial action for three days against E. coli, S. aureus and C. albicans on agar plates. This sustained
antibacterial activity is attributable to the inherent properties of BBH, making the formulation
suitable for the treatment of infections requiring prolonged antibacterial action.
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Figure 7. Anti-bacterial effect of a) Twenty-four hour, b) fourty-eight hour, c) senven-two hour
invasion zones of the samples: d) E. coli, S. aureus, and C. albicans after 24 h incubation. Mean +sd (
n=3).
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2.6. Cytotoxicity Effect of CS/CMCD and CS/CMCD/BHH Hydrogels

The cellular toxicity of CS/CMCD hydrogels was studied to evaluate their biocompatibility.
Fibroblast cells (NIH/3T3) and keratinocyte cells (HaCaT) were cultured on scaffolds, and their
cellular cytotoxicity was assessed using live/dead assays and quantification of cell proliferation via
CCK-8 trials. Cells were directly cultured on the samples and on extraction media derived from the
samples. The CCK-8 assay is commonly used to quantify the cell viability of cells growing on or inside
bioengineered scaffolds [60]. To check the initial cell viability of CS/CMCD/BBH, CS/CMCD and
BBH, live/dead assays were performed (Figure 8). As shown in Figure 8a, live NIH3T3 cells exhibited
green fluorescence when treated with calcein AM. The CS/CMCD/BBH hydrogel showed almost no
dead cells. After 24 hours of seeding on CS/CMCD/BBH, the cells were both alive and well attached
to the samples. Furthermore, cells adhering to CS/CMCD hydrogels exhibited a stretched
morphology after 24 hours, indicating high cellular affinity of CS/CMCD hydrogels. Cell proliferation
on each sample was confirmed after 3 to 5 days of culture under direct contact and extract conditions.
As shown in Figure 8b and Figure A10 in th Appendix A, the cell proliferation rate was compared to
the 1-day control group (free cells) for quantification. The CS/CMCD/BBH hydrogel showed a
significant difference in proliferation rates compared to the control group on day 1 of culture, with a
30% higher rate in solvent extraction culture than in contact culture direct. There was no significant
difference in proliferation rates between the CS/CMCD/BBH group and the control group in direct
contact culture, with only a difference of 22%. This trend continued for 2 days. However, on day 3,
there was a significant difference in proliferation rates between the CS/CMCD/BBH group and the
control group, with the CS/CMCD/BBH group showing an increase of more than 100%. For the
CS/CMCD hydrogel as shown in Figure A9 in the Appendix A, there was no significant difference in
proliferation rates compared to the control group on day 1, with only a 11% difference. This trend
continued through 5 days, except for a significant difference on day 3, where the CS/CMCD group
showed a 25% increase compared to the control group. No statistical differences were found between
the two groups for the remainder of the testing period, indicating that although CS/CMCD
modification may slightly alter its physicochemical properties, it does not induce cytotoxic effects.
These results demonstrate that the CS/CMCD/BBH hydrogel is biocompatible and safe for use at
therapeutic concentrations, highlighting its potential for safe oral administration.

d0i:10.20944/preprints202407.1733.v1
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3. Discussion and Conclusion

In this study, an innovative hydrogel of chitosan (CS) and carboxymethyl-3-cyclodextrin
(CMCD) was developed by physical cross-linking to serve as an oral formulation for berberine
hydrochloride (BBH). This formulation improves the solubility of BBH and addresses the limitations
of its suitability for oral administration. The results demonstrated that the CS/CMCD composite was
successfully prepared. An increase in the amount of negative protons in HNRM improved the quality
of the composite. FTIR analysis indicated intermolecular interactions within the hydrogel and SEM
images revealed a three-dimensional porous structure. XRD and TGA characterizations showed that
the synthesized CS/CMCD significantly improved the solubility of BBH. Loading capacity (LDC)
studies showed that BBH was well loaded into the CS/CMCD matrix up to 90%, and encapsulation
efficiency (EE) indicated that 82% of the drug was encapsulated in the hydrogel matrix.

The hydrogel also showed a good swelling rate in water of up to 50%. The prepared hydrogel
demonstrated slow and sustained release of BBH, with the drug release profile varying under
different pH values. Additionally, the CS/CMCD/BBH hydrogel exhibited good biocompatibility,
with no significant impact on cell viability during the initial five-day period. After 24 hours, analyzes
on the living dead revealed signs of cell proliferation. CS/CMCD/BBH hydrogels exhibited good
antibacterial activity against Staphylococcus aureus, with a maximum inhibitory diameter of 28 mm
and sustained inhibition for three days in solid media. The hydrogel also had a significant
antibacterial effect on Escherichia coli, with a maximum inhibitory diameter of 10 mm and an
antibacterial effect lasting 48 hours in a solid medium. These results suggest that the prepared
hydrogel can serve as a novel controlled drug release carrier and a promising material for drug
delivery systems, including antibacterial wound dressings.

The study provides valuable evidence for the application of hydrogels in biomedical materials
and their potential in the development of multifunctional biomedical materials. However, further
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research and development is required to optimize formulation parameters, study long-term stability,
and evaluate the safety profile of CS/CMCD hydrogels for BBH delivery. Additionally, real-time in
vivo studies of hydrogels could provide valuable information for their future clinical application.

4. Materials and Methods

4.1. Chemicals, Microbial Strains, and Cell Strains

CS was obtained from Aladdin Industrial Biotechnology Co., Ltd. (Shanghai), China; CMCD
was purchased from Shandong Binzhou Zhiyuan Biotechnology Co., Ltd.; 50 kDa cut-off dialysis
membrane and acetic acid were purchased from Biosharp, USA; and BBH was obtained from
Chemical Reagent Co., Ltd. Escherichia coli, Staphylococcus aureus and Candida albicans, fibroblasts or
NIH3T3 cells and epithelial cells or HaCaT cells were obtained from Tongji Medical College of
Huazhong University of Science and Technology.

4.2. Selection of Detection Wavelength

BBH was prepared according to the method of Huang et al. [61] with slight modifications. First,
the wavelength was selected by accurately weighing 0.05000 g of BBH with an analytical balance,
dissolving it in a 500 ml beaker, and then diluting it with a 1 L volumetric flask to obtain a certain
concentration of BBH solution. A Thermo Fisher Scientific Multiscan-GO full-wavelength microplate
reader was used to scan the spectrum of the BBH solution, and water was used as a blank control.

4.2. Determination of the Solubility

To determine the solubility of BBH using a standard curve or a single spectrum, we prepared a
series of BBH standard solutions with known concentrations. The concentrations covered a range of
values that allowed accurate determination of the concentration of unknown samples. We prepared
standard solutions with concentrations ranging from 1.0 pug/mL to 0.1 pg/mL. Thermo Fisher
Scientific Multiscan-GO spectrophotometry was used to determine the absorption (OD) at 263 nm, as
described in Table 1 in the appendix.

4.3. Synthesis of CS/CMCD and Synthesis of BBH-Loaded CS/CMCD

A CS/CMCD physical crossling hydrogel was obtained by magnetic stirring to form a physical
bond cross-linking reaction. Typically, CS was dissolved in a 1% acetic acid solution, and CMCD at
different ratios (10%, 8%, 6%, 4%, 2%, and 1%) was dissolved in deionized water. After rigorous
mixing, CMCD solution was added to the CS solution, which was stirred at room temperature and
allowed to react for a few minutes. Then, a dialysis membrane bag (MW: 3500, 36 MM, Biosharp,
USA. Atomic cut-off: 2 kDa) was used for dialysis in distilled water for 5 days to expel unreacted
reagents, as demonstrated in Figure 1. The dialysate was replaced with deionized water every 4
hours. Finally, the reactants were removed from the solution and freeze-dried to obtain a white
flocculated CS/CMCD composite hydrogel. The CS/CMCD hydrogel composite loaded with solid
BBH was prepared by the lyophilization method at a molar ratio based on the results of the CS/CMCD
synthesis studies. Briefly, 1% BBH was dissolved in water at 45°C for 2 minutes and rapidly filtered
through 0.45 um pore size syringe filters to remove free BBH. The solution was added to the
CS/CMCD solution, and the resulting loaded composite hydrogel was stirred continuously for 1 h
before slowly cooling to room temperature. The prepared CS/CMCD/BBH complex hydrogel was
transferred to a dialysis bag, dialyzed against deionized water for 72 hours and replaced every 4
hours to remove any unbound berberine hydrochloride.
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Figure 1. The CS/CMCD/BBH hydrogel composite formulation.

4.4. Characterization of the CS/CMCD and CS/CMCD/BBH Composite Biomaterials

Fourier transform infrared spectroscopy (FTIR) of the CS/CMCD and CS/CMCD/BBH
composites was performed with a Fourier transform infrared spectrometer (Bruker VERTEX 70,
Germany). The samples (CS, CMCD, CS/CMCD/BBH, and CS/CMCD/BBH) were prepared using the
dry KBr disk method. The experimental data were recorded in the range of 400 to 4000 cm™.
Furthermore, proton nuclear magnetic resonance analysis of the composite biomaterials was
performed by a nuclear magnetic resonance spectrometer (AV300 NMR, Bruker, Switzerland) using
a 1% solution of deuterium acetic acid (D20) for dissolution, while the X-ray diffraction of the
composite biomaterial dry powders was recorded by using an X-ray diffractometer (40 kV, 100 mA).
In addition, thermogravimetric analysis of the samples was performed using a TGA spectrometer
(TGAS800, Perkin, USA). The tensile properties of the CS/CMCD were tested using a mechanical
performance testing machine (i-Strentek 1510 10 N (2.20 Ibf)), with a diameter of 30 mm and a height
of 1.28 mm, and the tensile properties were measured at 25°C at 5 mm compression at a rate of 5
mm/minute, and the software automatically recorded the curve of force versus deformation. Finally,
the morphology of the samples was observed using an FEI Sirion 200 scanning electron microscope.
Determination of the water content (WDC) of the CS/CMCD was performed using the loss on drying
method. The initial weight of the composite compound was measured, and the sample was then
completely freeze-dried. The WDC was calculated as follows:

iw

WD) = () x 100 )
dw

The (iw) is equivalent to the first weighing, and the (dw) is equivalent to the second

4.5. Drug Loading and Drug Delivery System

4.5.1. Determination of the Loading Capacity and Encapsulation Efficiency

The loading capacity (LC) of BBH in the chitosan/B-cyclodextrin hydrogel was determined by
quantifying the amount of BBH entrapped in the hydrogel matrix. The encapsulation efficiency (EE)
represents the percentage of BBH effectively encapsulated within the hydrogel matrix. Briefly, the
CS/CMCD was weighed and placed in BBH at 45°C for 24 hours. Then, it was removed and placed
under vacuum for 5 min to remove the access BBH, weighed, and then dried overnight. After freeze-
drying, the sample was weighed again. The loading capacity was calculated by dividing the amount
of drug loaded into the hydrogel by the weight of the hydrogel itself. The encapsulation efficiency
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was calculated by dividing the amount of drug loaded into the hydrogel by the total amount of drug
initially added and then multiplying by 100 to express it as a percentage (Massella et al 2018). The EE
and LC of BBH were calculated according to the following formulas:

wl — w0
EE% = — x 100 )
wf
wl — w0
LC% = — x 100 3)
wl

where w0, wf, and wl are the amount of blank composite material, the weight of the initial drug, and
the amount of remaining drug, respectively.

4.5.2. In Vitro Drug Loading and Drug Release

First, BBH was prepared according to the method of Huang et al. (2013) with slight
modifications. Briefly, 1 mg/ml BBH was dissolved in water, mixed, and slightly heated. The
CS/CMCD composite was added to the BBH solution and heated for 1 min at 45°C. Then, the samples
were frozen and dried for 40 h to obtain a loaded or charged CS/CMCD/BBH complex, as shown in
Figure 5 in appendix A. The dosage of BBH was calculated with a calibration curve of 0.1 ug/ml- 10
mg/ml'. The corresponding regression equation was (pg/ml')=-0.007+0.2929x, R>=0.9994 (where x is
the absorbance of the drug, y is the drug concentration, and R? is the drug loading concentration), as
described in Figure 2. Second, the drug release curve of BBH from CS/CMCD was obtained using the
rotating basket method at a speed of 100 revolutions per minute in the automatic dissolution
apparatus, and the in vitro release curve at 37°C was drawn. The oral drug delivery system is
simulated. An acidic solution with a pH of 2.1 in the culture medium stimulates the gastric
environment, a basic solution with a pH of 6.8 simulates the intestinal environment, and a neutral
solution with a pH of 7.4 simulates the colon environment. For the rigor of the experiment, we also
discussed the release behavior in alkaline media. The dissolution medium of 10 mg of drug was 9 ml
of SGA:HCL solution, SIE:HCL solution, and SCE:phosphate buffer or NaOH solution (i.e., pH 2.1,
6.8,7.4, and 12), and the temperature was maintained at 37°C + 0.5°C. The sample (1 ml) was removed
after 0.5h,1h,2h,4h, 6 h,8h, 12 h, 24 h, 36 h, and 48 h and immediately changed to 10 ml of the
new preheating medium after 72 h. The maximum absorption wavelength of the drug was obtained
by scanning the whole waveband.

4.6. Antimicrobial Assessment

Antibacterial tests were carried out on CS, BBH, CS/CMCD/BBH, and CS/CMCD composites by
the uniform diffusion method. In this study, three bacteria and yeasts were selected for antibacterial
testing: the gram-negative bacteria Escherichia coli and the gram-positive bacteria Staphylococcus
aureus and Candida albicans. Microbial culture media were prepared with MHB and YPDA media at
37°C. The inoculum density (105c.F. of broth culture solution was evaluated by an MC-Farland 0.5
standard solution, spectrophotometer and 1:10 second dilution method. The surface of the agar plate
was inoculated to distribute the microorganisms. The hydrogel was cut into small discs with a
diameter of 1 cm and placed on agar. The agar plates containing the samples were labelled separately,
placed upside down and incubated at 37°C for 24 hours. After 24 hours, the samples were removed
and observed. The diameter of the zones of inhibition was recorded at 24, 48, and 72 hours.

4.7. Cell Viability Cytotoxicity Assay

The cytotoxicity of the CS/CMCD composite was evaluated by the CCK-8 method (CK04 cell
counting detection kit) in fibroblast and epithelial cell lines. The cells were seeded at a concentration
of 1x10* in a 96-well plate and incubated overnight. Then, different concentrations of the CS/CMCD
hydrogel were added to each well. After incubating for 48 hours, 10 ul of CCK-8 solution was added
to each well. After incubating for 30 minutes in a humid environment containing 5% CO: at 37°C, the

d0i:10.20944/preprints202407.1733.v1
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absorbance was measured at 450 nm using a microplate reader (Multiscan GO Thermo Fisher USA).
Cell viability was calculated using the following formula.

0OD1 - 0D2

———— 4
OD3 — 0D2 x 100 (4)

Cell viability =

4.8. Drug Efficacy Assay

The cytotoxicity of the BBH-loaded CS/CMCD hydrogel was evaluated in 3T3 cells and HatCat
cells. The cells were seeded in 96-well plates at 1 x 10 cells per well and incubated at 37°C overnight.
The cells were added to different formulations of the sample composite biomaterials and incubated
for several minutes, after which 10 pl of CCK-8 solution was added to each well after incubation for
24, 48 or 72 h. After 30 min of incubation at 37°C in a humidified atmosphere containing 5% CO, the
absorbance was measured at 450 nm using a microplate reader (Thermo Fisher, USA). The cell
viability was calculated using the following formula.

OD1 — 0D2

- e 5
0D3 —0D2 x 100 @)

Cell viability =

4.9. Confocal or Staining Assay

To confirm the cytotoxicity of the drug, the cellular uptake of CS/CMCD/BBH into the NIH 3T3
cell line was studied. NIH 3T3 cells (5 x 10¢/well) were seeded on 8-chamber slides (Lab Tek II,
Thermo Fisher) and incubated overnight. Then, the CS/CMCD/BBH (containing 5 pg/mL BBH) was
diluted in culture medium and incubated with the cells for 1 h at 37°C. After the medium containing
the CS/CMCD/BBH was removed, the cells were washed with PBS three times, stained with DAPI
solution for 15 min, and eventually washed three times with PBS. The sample was imaged with a
confocal laser scanning microscope (Olympus, FV1000) using an excitation wavelength of 405 nm
and blue emission at 425 nm to observe the DAPI nuclei, while an excitation wavelength of 535 nm
and red emission at 595 nm were used to observe the intracellular contents of BBH. The cellular
uptake of the CS/CMCD hydrogel composite and free BBH was investigated as controls.

4.10. Statistical Analysis

All the statistical analyses and measurements were performed using Origin PROLAB. The data
obtained were analysed using analysis of variance (ANOVA) in triplicate, and the results are
expressed as the mean + standard deviation.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Video S1: CS/CMCD hydrogel.
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Figure A1. Selection of detection wavelength of BBH.
Table A1l. Absorption spectrum of BBH from 0.1 to 10 pg/ml-1.

Conc. (mmol/L) OD value Absorbance value Absorbance value
0.1 3.1123 0.0537
0.2 3.1581 0.0995
04 3.2017 0.1431
0.6 3.2441 0.1735
0.8 3.2725 0.2139
1.0 3.3204 0.2618
10 6.0000 2.9414
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Figure A2. Phase solubilty curve of BBH in aqueous solution.
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Figure A7. TGA image of CS, CMCD and CS/CMCD with different formulation of CS/CMCD.
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Figure A8. Tensil image of CS, CMCD and CS/CMCD hydrogel with different formulations of CMCD.
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Figure A9. SEM image of of CS/CMCD with different formulation of CMCD: a) 1% CS_1%CMCD, b)
1% CS_2%CMCD, c¢) 1% CS_4%CMCD, d) 1% CS_6%CMCD, e) 1% CS_8%CMCD, f) 1%
CS_10%CMCD, g, h, i and j image illustrating the crosllikng reaction of CS/CMCd interaction, scale
bare equal to 100um, 50pum and 400um.
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Figure A10. Cytotoxicity CS/CMCD samples performing on NHI3T3 and Hacat cell a,b) through
solvent extaction method, c,d) direct contact with samples.

References

1.  Almowallad, S.; Al-Massabi, R. Berberine Modulates Cardiovascular Diseases as a Multitarget-Mediated
Alkaloid with Insights into Its Downstream Signals Using in Silico Prospective Screening Approaches.
Saudi Journal of Biological Sciences 2024, 31, 103977. https://doi.org/10.1016/j.sjbs.2024.103977.

2. Wuy, S; Yang, K; Hong, Y.; Gong, Y.; Nj, J.; Yang, N.; Ding, W. A New Perspective on the Antimicrobial
Mechanism of Berberine Hydrochloride Against Staphylococcus Aureus Revealed by Untargeted
Metabolomic Studies. Front. Microbiol. 2022, 13, 917414. https://doi.org/10.3389/fmicb.2022.917414.

3.  Peng, L.;Kang, S.;Yin, Z; Jia, R.; Song, X.; Li, L.; Li, Z,; Zou, Y.; Liang, X; Li, L.; et al. Antibacterial Activity
and Mechanism of Berberine against Streptococcus Agalactiae. Int | Clin Exp Pathol 2015, 8, 5217-5223.

4. Bandyopadhyay, S.; Patra, P.H.; Mahanti, A.; Mondal, D.K.; Dandapat, P.; Bandyopadhyay, S.; Samanta, I.;
Lodh, C.; Bera, A.K,; Bhattacharyya, D.; et al. Potential Antibacterial Activity of Berberine against Multi
Drug Resistant Enterovirulent Escherichia Coli Isolated from Yaks (Poephagus Grunniens) with
Haemorrhagic Diarrhoea. Asian  Pacific  Journal —of Tropical Medicine 2013, 6, 315-319.
https://doi.org/10.1016/51995-7645(13)60063-2.

5. Nagz, I; Masoud, M.S.; Chauhdary, Z.; Shah, M.A.; Panichayupakaranant, P. Anti-inflammatory Potential
of Berberine-rich Extract via Modulation of Inflammation Biomarkers. Journal of Food Biochemistry 2022, 46.
https://doi.org/10.1111/jfbc.14389.

6. Mujtaba, M.A.; Akhter, M.H.; Alam, Md.S.; Ali, M.D.; Hussain, A. An Updated Review on Therapeutic
Potential and Recent Advances in Drug Delivery of Berberine: Current Status and Future Prospect. CPB
2022, 23, 60-71. https://doi.org/10.2174/1389201022666210208152113.

7.  Dominguez-Delgado, C.L.; Rodriguez-Cruz, I.M.; Fuentes-Prado, E.; Escobar-Chavez, J.J.; Vidal-Romero,
G.; Garcia-Gonzalez, L.; Puente-Lee, R.I. Drug Carrier Systems Using Chitosan for Non Parenteral Routes.
In Pharmacology and Therapeutics; Gowder, S.].T., Ed.; InTech, 2014 ISBN 978-953-51-1620-2.

8.  Garg, U, Chauhan, S; Nagaich, U.; Jain, N. Current Advances in Chitosan Nanoparticles Based Drug
Delivery and Targeting. Adv Pharm Bull 2019, 9, 195-204. https://doi.org/10.15171/apb.2019.023.


https://doi.org/10.20944/preprints202407.1733.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 July 2024 d0i:10.20944/preprints202407.1733.v1

23

9.  Parhi, R. Drug Delivery Applications of Chitin and Chitosan: A Review. Environ Chem Lett 2020, 18, 577-
594. https://doi.org/10.1007/s10311-020-00963-5.

10. Utami, A.R.; Maksum, L.P.; Deawati, Y. Berberine and Its Study as an Antidiabetic Compound. Biology (Basel)
2023, 12, 973. https://doi.org/10.3390/biology12070973.

11.  Awasthi, S.; Hasan, N.; Nadeem, M.; Rizvi, M.A.; Alam, K.; Kesharwani, P.; Ahmad, F.]. Optimized
Formulation of Berberine Hydrochloride Loaded Nanoemulgel for Management of Skin Cancer. Colloids
and Surfaces  A: Physicochemical and  Engineering  Aspects 2024, 687, 133406.
https://doi.org/10.1016/j.colsurfa.2024.133406.

12.  Majidzadeh, H.; Araj-Khodaei, M.; Ghaffari, M.; Torbati, M.; Ezzati Nazhad Dolatabadji, ]J.; Hamblin, M.R.
Nano-Based Delivery Systems for Berberine: A Modern Anti-Cancer Herbal Medicine. Colloids and Surfaces
B: Biointerfaces 2020, 194, 111188. https://doi.org/10.1016/j.colsurfb.2020.111188.

13. Tan,].;Luo, Y.;Guo, Y.,; Zhou, Y.; Liao, X,; Li, D.; Lai, X.; Liu, Y. Development of Alginate-Based Hydrogels:
Crosslinking Strategies and Biomedical Applications. International Journal of Biological Macromolecules 2023,
239, 124275. https://doi.org/10.1016/j.ijpiomac.2023.124275.

14. Mirhadi, E.; Rezaee, M.; Malaekeh-Nikouei, B. Nano Strategies for Berberine Delivery, a Natural Alkaloid
of Berberis. Biomedicine & Pharmacotherapy 2018, 104, 465-473. https://doi.org/10.1016/j.biopha.2018.05.067.

15. Javed Igbal, M.; Quispe, C.; Javed, Z.; Sadia, H.; Qadri, Q.R.; Raza, S.; Salehi, B.; Cruz-Martins, N.;
Abdulwanis Mohamed, Z.; Sani Jaafaru, M.; et al. Nanotechnology-Based Strategies for Berberine Delivery
System in Cancer Treatment: Pulling Strings to Keep Berberine in Power. Front. Mol. Biosci. 2021, 7, 624494.
https://doi.org/10.3389/fmolb.2020.624494.

16. Vigata, M.; Meinert, C.; Hutmacher, D.W.; Bock, N. Hydrogels as Drug Delivery Systems: A Review of
Current  Characterization and  Evaluation Techniques.  Pharmaceutics 2020, 12, 1188.
https://doi.org/10.3390/pharmaceutics12121188.

17. Farooq, T.; Sohail, M.; Shah, S.A.; Mahmood, A.; Mohammad Qalawlus, A.H.; Rehman Kashif, M.U;
Kousar, M. Colloidal Curcumin-Laden pH-Responsive Hydrogels: A Promising Approach to Enhance
Solubility, Dissolution, and Permeation of Hydrophobic Drug. Journal of Drug Delivery Science and
Technology 2023, 84, 104471. https://doi.org/10.1016/j.jddst.2023.104471.

18. Najm, A, Niculescu, A.-G.; Bolocan, A.; Radulescu, M.; Grumezescu, A.M.; Beuran, M.; Gaspar, B.S.
Chitosan and Cyclodextrins-Versatile Materials Used to Create Drug Delivery Systems for Gastrointestinal
Cancers. Pharmaceutics 2023, 16, 43. https://doi.org/10.3390/pharmaceutics16010043.

19. Le-Deygen, LM.; Skuredina, A.A.; Mamaeva, P.V.; Kolmogorov, LM.; Kudryashova, E.V. Conjugates of
Chitosan with (-Cyclodextrins as Promising Carriers for the Delivery of Levofloxacin: Spectral and
Microbiological Studies. Life 2023, 13, 272. https://doi.org/10.3390/1ife13020272.

20. Jafernik, K.; Ladniak, A.; Blicharska, E.; Czarnek, K.; Ekiert, H.; Wiacek, A.E.; Szopa, A. Chitosan-Based
Nanoparticles as Effective Drug Delivery Systems—A Review. Molecules 2023, 28, 1963.
https://doi.org/10.3390/molecules28041963.

21. Xu, P.-W,; Yuan, X.-F.; Li, H.; Zhu, Y.; Zhao, B. Preparation, Characterization, and Physicochemical
Property of the Inclusion Complexes of Cannabisin A with B-Cyclodextrin and Hydroxypropyl-p3-
Cyclodextrin. Journal of Molecular Structure 2023, 1272, 134168.
https://doi.org/10.1016/j.molstruc.2022.134168.

22. Sahu, K.M,; Patra, S.; Swain, S.K. Host-Guest Drug Delivery by B-Cyclodextrin Assisted Polysaccharide
Vehicles: A Review. International Journal of Biological Macromolecules 2023, 240, 124338.
https://doi.org/10.1016/j.ijpiomac.2023.124338.

23. Huang, L.; Chen, X,; Nguyen, T.X,; Tang, H.; Zhang, L.; Yang, G. Nano-Cellulose 3D-Networks as
Controlled-Release Drug Carriers. J. Mater. Chem. B 2013, 1, 2976. https://doi.org/10.1039/c3tb20149;.

24. Sarabia-Vallejo, A Caja, M.D.M.; Olives, AL; Martin, M.A.; Menéndez, ].C. Cyclodextrin Inclusion
Complexes for Improved Drug Bioavailability and Activity: Synthetic and Analytical Aspects.
Pharmaceutics 2023, 15, 2345. https://doi.org/10.3390/pharmaceutics15092345.

25. Gao, S.; Zong, L; Zhang, Y., Zhang, Y.; Guo, X,; Guo, G, Zhao, L.; Ye, F; Fu, Y. Antifungal
Pentachloronitrobenzene/Hydroxypropyl-Beta-Cyclodextrin ~ Inclusion ~Complex Nanofibers by
Electrospun with No Polymer: Fabrication and Characterization. Journal of Cleaner Production 2023, 413,
137499. https://doi.org/10.1016/j.jclepro.2023.137499.

26. Pardeshi, C.V.; Kothawade, R.V.; Markad, A.R.; Pardeshi, S.R.; Kulkarni, A.D.; Chaudhari, P.J.; Longhi,
M.R; Dhas, N.; Naik, J.B.; Surana, S.J.; et al. Sulfobutylether-p3-Cyclodextrin: A Functional Biopolymer for
Drug Delivery Applications. Carbohydrate Polymers 2023, 301, 120347.
https://doi.org/10.1016/j.carbpol.2022.120347.

27. Lee, S.J.; Nah, H.; Ko, W.-K; Lee, D.; Moon, H.-J.; Lee, ].S.; Heo, M.; Hwang, Y.-S.; Bang, ].B.; An, S.-H,; et
al. Facile Preparation of [B-Cyclodextrin-Grafted Chitosan Electrospun Nanofibrous Scaffolds as a
Hydrophobic Drug Delivery Vehicle for Tissue Engineering Applications. ACS Omega 2021, 6, 28307-28315.
https://doi.org/10.1021/acsomega.1c04481.


https://doi.org/10.20944/preprints202407.1733.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 July 2024 d0i:10.20944/preprints202407.1733.v1

24

28. Wang, D,; Jia, M,; Wang, L.; Song, S.; Feng, J.; Zhang, X. Chitosan and p-Cyclodextrin-Epichlorohydrin
Polymer Composite Film as a Plant Healthcare Material for Carbendazim-Controlled Release to Protect
Rape against Sclerotinia  Sclerotiorum  (Lib.) de Bary. Materials 2017, 10, 343.
https://doi.org/10.3390/ma10040343.

29. Kwon, M,; Lim, D.Y.; Lee, C.H,; Jeon, J.-H.; Choi, M.-K,; Song, I.-S. Enhanced Intestinal Absorption and
Pharmacokinetic Modulation of Berberine and Its Metabolites through the Inhibition of P-Glycoprotein and
Intestinal Metabolism in Rats Using a Berberine Mixed Micelle Formulation. Pharmaceutics 2020, 12, 882.
https://doi.org/10.3390/pharmaceutics12090882.

30. Tsai, C.-J.; Hsu, L.-R.; Fang, J.-Y.; Lin, H.-H. Chitosan Hydrogel as a Base for Transdermal Delivery of
Berberine and Its Evaluation in Rat Skin. Biological & Pharmaceutical Bulletin 1999, 22, 397-401.
https://doi.org/10.1248/bpb.22.397.

31. Zhou, HY,; Tong, ].N.; Ren, L]J.; Hao, P.Y.; Zheng, H.J.; Guo, XM.; Chen, Y.W,; Li, ].B.; Park, HJ.
Preparation and Performance of Chitosan/Cyclodextrin-g-Glutamic Acid Thermosensitive Hydrogel.
Journal of Drug Delivery Science and Technology 2022, 74, 103504. https://doi.org/10.1016/j.jddst.2022.103504.

32. Xiao, L.; Poudel, A.J.; Huang, L.; Wang, Y.; Abdalla, AM.E.; Yang, G. Nanocellulose Hyperfine Network
Achieves Sustained Release of Berberine Hydrochloride Solubilized with B-Cyclodextrin for Potential Anti-
Infection Oral Administration. International Journal of Biological Macromolecules 2020, 153, 633-640.
https://doi.org/10.1016/j.ijpiomac.2020.03.030.

33. Malik, N.S.; Ahmad, M.; Algahtani, M.S.; Mahmood, A.; Barkat, K.; Khan, M.T.; Tulain, U.R.; Rashid, A. 3-
Cyclodextrin Chitosan-Based Hydrogels with Tunable pH-Responsive Properties for Controlled Release of
Acyclovir: Design, Characterization, Safety, and Pharmacokinetic Evaluation. Drug Delivery 2021, 28, 1093—
1108. https://doi.org/10.1080/10717544.2021.1921074.

34. Johari, N.; Moroni, L.; Samadikuchaksaraei, A. Tuning the Conformation and Mechanical Properties of Silk
Fibroin Hydrogels. European Polymer Journal 2020, 134, 109842.
https://doi.org/10.1016/j.eurpolym;.2020.109842.

35. Tenodrio, F.S.; Do Amaral Montanheiro, T.L.; Dos Santos, A.M.I.; Dos Santos Silva, M.; Lemes, A.P.; Tada,
D.B. Chitosan Hydrogel Covalently Crosslinked by Gold Nanoparticle: Eliminating the Use of Toxic
Crosslinkers. | of Applied Polymer Sci 2021, 138, 49819. https://doi.org/10.1002/app.49819.

36. Lin, Y.-C,; Lin, Z.-R; Tsai, L.-W.; Perevedentseva, E.; Karmenyan, A.; Cheng, C.-L. Spectral Analysis of
Nanodiamond-Berberine Complex Interaction with Living Cells for Nanoparticle Mediated Drug Delivery.
JBPE 2017, 3, 010305. https://doi.org/10.18287/]JBPE17.03.010305.

37. Zhang, X.N.; Wang, Y.J.; Sun, S.; Hou, L.; Wu, P.; Wu, ZL.; Zheng, Q. A Tough and Stiff Hydrogel with
Tunable Water Content and Mechanical Properties Based on the Synergistic Effect of Hydrogen Bonding
and Hydrophobic Interaction. Macromolecules 2018, 51, 8136-8146.
https://doi.org/10.1021/acs.macromol.8b01496.

38. Tripathi, A.N.; Chauhan, L.; Thankachan, P.P.; Barthwal, R. Quantum Chemical and Nuclear Magnetic
Resonance Spectral Studies on Molecular Properties and Electronic Structure of Berberine and
Berberrubine. Magnetic Reson in Chemistry 2007, 45, 647-655. https://doi.org/10.1002/mrc.2019.

39. Department of chemistry, North East Frontier Technical University , Arunachal Pradesh, India; Manikyam,
H.K.; Ramesh, C.; School of pharmaceutical Management, IIHMR University, Jaipur, Rajasthan India;
Poluri, K.M.; Department of Biotechnology, Indian Institute of Technology Roorkee, Roorkee, India; Assad,
A.; Department of Mathematics, Indian Institute of Technology Roorkee, Roorkee, India Microwave
Assisted Subcritical Water Extraction of Berberine Hydrochloride from the Roots of Berberis Aristata Using
Harmony Search Algorithm. JHMR 2017, 1-9. https://doi.org/10.28933/jhmr-2017-11-0101.

40. Galante, R.; Rediguieri, C.F.; Kikuchi, L.S.; Vasquez, P.A.S.; Colago, R.; Serro, A.P.; Pinto, T.].A. About the
Sterilization ~of Chitosan Hydrogel Nanoparticles. PLoS ONE 2016, 11, e0168862.
https://doi.org/10.1371/journal.pone.0168862.

41. Zhou, HY,; Hao, P.Y,; Jiang, S.Q.; Zhang, W.H.; Ren, L.J.; Zheng, H.].; Chen, Y.W.; Chen, J.L.; Park, H.J.
Preparation and Antibacterial Activity of Chitosan Grafted Cyclodextrin Hydrogel Loaded Berberine
Hydrochloride Using Dual Gelling Agent. Journal of Molecular Structure 2024, 1295, 136709.
https://doi.org/10.1016/j.molstruc.2023.136709.

42. Koide, T.; Iwata, M.; Maekawa, K.; Saito, H.; Tanimoto, T.; Okada, S. [Berberine Hydrochloride Reference
Standard (Control 001) of National Institute of Health Sciences]. Kokuritsu Iyakuhin Shokuhin Eisei Kenkyusho
Hokoku 2001, 97-100.

43. Nagase, Y.; Hirata, M.; Wada, K.; Arima, H.; Hirayama, F.; Irie, T.; Kikuchi, M.; Uekama, K. Improvement
of Some Pharmaceutical Properties of DY-9760e by Sulfobutyl Ether 3-Cyclodextrin. International Journal of
Pharmaceutics 2001, 229, 163-172. https://doi.org/10.1016/S0378-5173(01)00851-1.

44. Anirudhan, T.S,; Divya, P.L.; Nima, J. Synthesis and Characterization of Novel Drug Delivery System Using
Modified Chitosan Based Hydrogel Grafted with Cyclodextrin. Chemical Engineering Journal 2016, 284,
1259-1269. https://doi.org/10.1016/j.cej.2015.09.057.


https://doi.org/10.20944/preprints202407.1733.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 July 2024 d0i:10.20944/preprints202407.1733.v1

25

45. Yang, Y.; Liu, Y.; Chen, S.; Cheong, K.-L.; Teng, B. Carboxymethyl 3-Cyclodextrin Grafted Carboxymethyl
Chitosan Hydrogel-Based Microparticles for Oral Insulin Delivery. Carbohydrate Polymers 2020, 246, 116617.
https://doi.org/10.1016/j.carbpol.2020.116617.

46. Sahibzada, M.U.K,; Sadiq, A.; Faidah, H.S.; Khurram, M.; Amin, M.U.; Haseeb, A.; Kakar, M. Berberine
Nanoparticles with Enhanced in Vitro Bioavailability: Characterization and Antimicrobial Activity
[Retraction]. DDDT 2024, Volume 18, 257-258. https://doi.org/10.2147/DDDT.5462238.

47. Mishra, A.K,; Sharma, A K. Synthesis of y-Cyclodextrin/Chitosan Composites for the Efficient Removal of
Cd(II) from Aqueous Solution. International Journal of Biological Macromolecules 2011, 49, 504-512.
https://doi.org/10.1016/j.ijpiomac.2011.06.002.

48. Mishra, A.K,; Allauddin, S.; Radhika, K.R.; Narayan, R.; Raju, K.V.5.N. Effect of NCO/OH Ratio and Ce-Zr
Nanoparticles on the Thermo-mechanical Properties of Hyperbranched Polyurethane Urea Coatings.
Polymers for Advanced Techs 2011, 22, 882-890. https://doi.org/10.1002/pat.1592.

49. Trotta, F.; Zanetti, M.; Camino, G. Thermal Degradation of Cyclodextrins. Polymer Degradation and Stability
2000, 69, 373-379. https://doi.org/10.1016/S0141-3910(00)00084-7.

50. Gao, J.; Fan, D,; Song, P.; Zhang, S.; Liu, X. Preparation and Application of pH-Responsive Composite
Hydrogel Beads as Potential Delivery Carrier Candidates for Controlled Release of Berberine
Hydrochloride. R. Soc. open sci. 2020, 7, 200676. https://doi.org/10.1098/rs0s.200676.

51. Sgarminato, V.; Tonda-Turo, C.; Ciardelli, G. Reviewing Recently Developed Technologies to Direct Cell
Activity through the Control of Pore Size: From the Macro- to the Nanoscale. | Biomed Mater Res B Appl
Biomater 2020, 108, 1176-1185. https://doi.org/10.1002/jbm.b.34467.

52.  Murphy, C.M.; Haugh, M.G.; O’Brien, F.J. The Effect of Mean Pore Size on Cell Attachment, Proliferation
and Migration in Collagen-Glycosaminoglycan Scaffolds for Bone Tissue Engineering. Biomaterials 2010, 31,
461-466. https://doi.org/10.1016/j.biomaterials.2009.09.063.

53. Wu, S.; Zhou, Y.; Yu, Y.; Zhou, X,; Du, W.; Wan, M,; Fan, Y.; Zhou, X.; Xu, X.; Zheng, L. Evaluation of
Chitosan Hydrogel for Sustained Delivery of VEGF for Odontogenic Differentiation of Dental Pulp Stem
Cells. Stem Cells International 2019, 2019, 1-14. https://doi.org/10.1155/2019/1515040.

54. Assaad, E.; Maire, M.; Lerouge, S. Injectable Thermosensitive Chitosan Hydrogels with Controlled Gelation
Kinetics and Enhanced Mechanical Resistance. Carbohydrate Polymers 2015, 130, 87-96.
https://doi.org/10.1016/j.carbpol.2015.04.063.

55. Tong, J.; Hou, X.; Cui, D.; Chen, W.; Yao, H.; Xiong, B.; Cai, L.; Zhang, H.; Jiang, L. A Berberine
Hydrochloride-Carboxymethyl Chitosan Hydrogel Protects against Staphylococcus Aureus Infection in a
Rat Mastitis Model. Carbohydr Polym 2022, 278, 118910. https://doi.org/10.1016/j.carbpol.2021.118910.

56. Siegel, R.A.; Rathbone, M.]. Overview of Controlled Release Mechanisms. In Fundamentals and Applications
of Controlled Release Drug Delivery; Siepmann, J., Siegel, R.A., Rathbone, M.]., Eds.; Springer US: Boston, MA,
2012; pp. 19-43 ISBN 978-1-4614-0880-2.

57.  Controlled Release in Oral Drug Delivery; Wilson, C.G., Crowley, P.]J., Eds.; Springer US: Boston, MA, 2011;
ISBN 978-1-4614-1003-4.

58. Arun Rasheed Cyclodextrins as Drug Carrier Molecule: A Review. Sci. Pharm. 2008, 76, 567-598.
https://doi.org/10.3797/scipharm.0808-05.

59. Chen, T, Jiang, Y.; Wang, C.; Cai, Z.; Chen, H.; Zhu, J.; Tao, P.; Wu, M. The pH-Triggered Drug Release
and Simultaneous Carrier Decomposition of Effervescent SiO 2 -Drug-Na 2 CO s Composite Nanoparticles:
To Improve the Antitumor Activity of Hydrophobic Drugs. RSC Adv. 2021, 11, 5335-5347.
https://doi.org/10.1039/DORA07896D.

60. Hu, C; He, S; Lee, Y.J; He, Y.; Kong, EM,; Li, H.; Anastasio, M.A.; Popescu, G. Live-Dead Assay on
Unlabeled Cells Using Phase Imaging with Computational Specificity. Nat Commun 2022, 13, 713.
https://doi.org/10.1038/s41467-022-28214-x.

61. Huang, L.; Chen, X,; Nguyen, T.X,; Tang, H.; Zhang, L.; Yang, G. Nano-Cellulose 3D-Networks as
Controlled-Release Drug Carriers. |. Mater. Chem. B 2013, 1, 2976. https://doi.org/10.1039/c3tb20149;j.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202407.1733.v1

