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Abstract
Background. There is a lack of studies evaluating the toxicity of nitric oxide (NO) precursors in chitosan/L-
arginine hydrogels and their topical administration. However, clarifying the characteristics of these elements 
is essential for their possible use in non-surgical techniques of tooth movement acceleration. Such charac-
teristics include interaction with different cell types, metabolism and drug safety.

Objectives. This in vitro study aimed to assess the cytotoxicity of chitosan hydrogels on human HeLa cells 
using different concentrations of L-arginine.

Materials and methods. The hydrogels were synthesized in a materials engineering laboratory, with 
a controlled environment, using 4 different L-arginine concentrations of 0%, 10%, 15%, and 20%. Once 
the hydrogels were prepared, their physical and chemical properties were characterized, and viability analysis 
was performed using 2 different methods, including a 48-h assay with Artemia salina nauplii and a 24-h 
cell culture with human HeLa cells followed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) proliferation assay. Data analysis was performed using a Mann–Whitney U test to evaluate 
positive and negative controls in the cell culture, with a significance level of 0.01. A Wilcoxon paired test 
contrasted the 24-h compared to 48-h Artemia salina assays, with a Kruskal–Wallis and post hoc Dunn test 
used to compare groups using a significance level of 0.05.

Results. In the more viscous hydrogels, Artemia salina nauplii decreased drastically in 24 h, while the 15% 
and 20% hydrogels had no statistical differences from the negative control. The 10% and 20% hydrogels 
were statistically different from the negative control when comparing cell culture data.

Conclusions. Our findings suggest that chitosan/L-arginine hydrogels could be used in humans without 
toxic effects. However, more trials and tests are needed to evaluate tooth movement rate during orthodontic 
treatment.
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Background

The current goal of orthodontic processes is to reduce 
treatment time and avoid the deleterious effects of con-
trolled dental movement. As for the possibilities of move-
ment acceleration, there are multiple approaches, including 
vibration stimulation,1–3 low-intensity laser4,5 and surgical 
techniques (piezosin, corticotomy or surgeries to generate 
regional acceleration (RAP)).6–8 However, these approaches 
may negatively affect dental roots.9 There is a non-surgical 
or radiation alternative involving drug stimulation with 
hydrogels containing nitric oxide (NO) precursors as me-
diators to eliminate possible adverse effects.

Given the physical and chemical characteristics of hy-
drogels, they can be modulated through structural modi-
fications. Hydrogels composed of natural polymers are 
used in tissue engineering to control bioactive molecule 
delivery.10–13 Also, collagen scaffolds are used for drug de-
livery in tissue engineering.14

Chitosan is an alkaline deacetylated co-polymer of chitin 
of the amino-polysaccharide type, consisting of D-glucos-
amine and N-acetyl-D-glucosamine.10 Nitric oxide is an en-
dogenously produced diatomic molecule that plays a crucial 
role in physiological processes such as angiogenesis, healing, 
neurotransmission, smooth muscle relaxation, inflammation, 
and bone metabolism.15,16 The role of NO in osteogenesis de-
pends on its concentration, with models using NO disruption 
demonstrating inhibition of osteoblast differentiation and 
a decrease in their activity.17–19 Under normal physiological 
conditions, the effect of NO is biphasic, with the cytokines 
that promote osteoclastogenesis inhibited at high concentra-
tions and their impact enhanced at low concentrations.10,20–23

Since there are no studies reporting NO toxicity precur-
sors in chitosan/L-arginine hydrogels and their topical 
administration, it  is essential to clarify their character-
istics for use in non-surgical dental movement accelera-
tion techniques, their interaction with different cell types, 
metabolism, and drug safety. This study aimed to evaluate 
the cytotoxicity of multiple chitosan hydrogels using differ-
ent L-arginine concentrations in human HeLa cell cultures.

Materials and methods

Chitosan hydrogels

This in vitro study used a hybrid chitosan gel, obtained 
following the  formulation and protocols developed 
by the research group of Faculty of Stomatology (Merito-
rious Autonomous University of Puebla, Mexico),23,24 with 
a texture suitable for tipical intraoral use. Once the gel was 
synthesized, the amino acid (L-arginine) was adhered, and 
the link was made chemically.25

Hydrogels were obtained using L-arginine concentra-
tions of 0%, 10%, 15%, and 20%, according to protocols stan-
dardized by the laboratory. A hydrogel with a percentage 

lower than 10% was not selected because it was important 
to ensure an adequate arginine concentration.

The hydrogel was prepared with a dilution of L-arginine 
(Santa Cruz Biotechnology, Santa Cruz, USA), according 
to the required concentration (1.244 mg for 10%, 1.97 mg 
for 15% and 2.8 mg for 20%), with 10 mL of distilled wa-
ter until a homogeneous consistency was achieved. Then, 
0.5 mL of acetic acid and 0.2 mL of glycerol were added 
and mixed with 0.5 mg of low molecular weight chitosan 
(Sigma-Aldrich, St. Louis, USA). The hydrogel was kept 
refrigerated and used for experimentation within a week 
of fabrication.

Physicochemical characterization

The physicochemical characterization was done in the Ma-
terials Engineering and Chemistry Laboratory of the Uni-
versity of Valle (Cali, Colombia) after the different hydrogels 
were dried and processed. Gel samples were dried at 60°C 
for 72 h, and their chemical composition was studied us-
ing Fourier-transform infrared spectroscopy in attenuated 
total internal reflectance mode (ATR-FTIR) (Perkin-Elmer, 
Waltham, USA) with Shimadzu equipment (Spectrophotom-
eter FT-IR-8400; Shimadzu Corp., Kyoto, Japan) . A Fisher-
brand AccumetTM AB150 pH (Thermo Fisher Scientific, 
Waltham, USA) meter measured pH using a pH/ATC elec-
trode with a refillable epoxy body, previously calibrated with 
buffer solutions of pH at 4, 7 and 10. Density was determined 
with a 25 cm3 pycnometer (Brand, Wertheim, Germany). 
The amount of each sample required to fill the pycnometer 
was weighed, and the density was calculated as mass/volume.

Cytotoxicity and cell viability tests

To perform the cytotoxicity tests, we used the HeLa 
cell line available at the in vitro cell culture laboratory 
of the Department of Pharmacology of the University of 
Valle. Six evaluation groups were determined according 
to the percentage of L-arginine:

–  cells in medium alone (negative control);
–  cells seeded in chitosan gel with 0% L-arginine;
–  cells seeded in chitosan gel with 10% L-arginine;
–  cells seeded in chitosan gel with 15% L-arginine;
–  cells seeded in chitosan gel with 20% L-arginine;
–  cells with cisplatin (positive control).
For the hydrogel treatment, each group was seeded in 

96-mug plates under a humidified atmosphere of 5% CO2 
at 37°C for 24 h and allowed to proliferate. Thirty thousand 
(30,000) cells per mug were achieved following the protocol 
of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay manufacturer. Subsequently, the mugs 
were brought to a final volume of 200 μL using Hank’s bal-
anced salt solution (HBSS) without fetal bovine serum (FBS) 
since the formazan crystals of the MTT assay were not formed. 
We added 20 µL of hydrogel to each mug and incubated them 
for 24 h. Cell viability analysis was then carried out.
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MTT feasibility assay

Cell viability was evaluated using the MTT Cell Prolifera-
tion Assay Kit (Abcam ab211091; Abcam, Cambridge, UK), 
which is based on the conversion of the water-soluble com-
ponent MTT to an insoluble formazan product. Viable cells 
with active metabolism convert MTT to formazan, while 
dead cells lose their metabolic capacity and do not show any 
signal. A spectrophotometer was used to analyze the ab-
sorbance once the formazan crystallization process was 
completed to evaluate whether there was cell death. The ab-
sorbance measurement at optical density (OD) 590 nm is pro-
portional to the number of viable cells.27–29 To make the data 
more easily interpreted, the following equation was used30:

% viability = (OD treated cells/OD control cells) × 100

Artemia salina assay

Artemia salina culture was performed for 3 days within 
a sterile saline medium with a pH of 8.5 using 0.1 N NaOH 
under constant oxygenation and artificial light to simulate 
a natural and controlled saline environment. The speci-
mens were harvested once the newly hatched nauplii were 
available. Samples in culture dishes were divided into 
6 groups: 0%, 10%, 15%, and 20% L-arginine hydrogel, nega-
tive control with the same saline medium, and positive 
control with an enzymatic soap. Each group was analyzed 
in 5 dishes with 10 Artemia salina specimens in each mug 
to guarantee enough replicates for each treatment.

Once the number of samples per group was achieved, 
the hydrogels were introduced to the culture dishes for 
24 h and 48 h, with 20 µL of hydrogel added to each mug. 
Statistical analyses were carried out according to the num-
ber of Artemia salina specimens not seen alive under 
an optical microscope (Primo Star; Carl Zeiss AG, Jena, 
Germany) at ×4 magnification.

HeLa cell culture assay

The viability data of each hydrogel concentration was 
recorded in Microsoft Excel 2019 sheets (Microsoft Corp., 
Redmond, USA) and later analyzed in GraphPad Prism 
v. 9.11 (GraphPad, San Diego, USA). The analysis consisted 
of calculating measures of central tendency and disper-
sion of the serial tests for each material. A summary table 
and graph of mean values with the corresponding stan-
dard errors (SEs) were constructed. Viability distributions 
were compared between pairs of the experimental samples 
(compared to the positive and negative controls) using 
Mann–Whitney U test.

Statistical analyses

Culture data were expressed as the mean ± SE of in-
dependent experiments for each condition. Differences 

between treatment groups were analyzed with the Graph-
Pad software. Viability distributions were compared be-
tween pairs of the experimental samples (compared to 
the positive and negative controls) using Mann–Whitney 
U test. A significance level of less than 0.01 was used.

Artemia salina assay data were recorded in Excel and 
later analyzed in the Stata IC15 program (Stata Corp., 
College Station, USA). The  analysis consisted of  cal-
culating measures of central tendency and dispersion 
of the presence of nauplii for each hydrogel concentration 
(0%, 10%, 15%, and 20%). A summary table and graph 
of means with the corresponding SE were constructed. 
The number of nauplii per pair was compared between 
24 h and 48 h using a Wilcoxon paired test. The contrast 
between groups was performed using the Kruskal–Wallis 
test and post hoc in pairs with Dunn’s test; this analysis 
excluded the negative control. We used a significance 
level of 0.05.

Results

Physicochemical characterization

The results showed absorption bands that character-
ize chitosan in the 3,200–3,600 cm–1 region, which are 
due to stretching of the –OH and –NH bonds. The ab-
sorption bands near the 2,870 cm–1 and 1,404 cm–1 re-
gion corresponded to the stretching and bending vibra-
tion of the C–H single bond in the polymer chain (Fig. 1). 
The peaks present in the 1,638 cm–1 and 1,545 cm–1 region 
corresponded to amide bands I and II, respectively.

For the pH results, there was a difference in acidity that 
corresponded to the percentage of the amino acid added. 
For instance, the hydrogel with 0% L-arginine component 
had a 3.32 score on the acidity scale, while the one with 
20% had a more neutral score of 6.60.

Finally, the  density presented by  the  different types 
of hydrogels was 1.14 g/cm3 for the 0% hydrogel, 1.18 g/cm3 
for the 10% hydrogel, 1.09 g/cm3 for the 15% hydrogel, and 
1.07 g/cm3 for the 20% hydrogel.

Artemia salina culture

Microscopic analyses demonstrated a significant de-
crease in specimens at 24 h in the 0% and 10% hydrogels, 
while there was no such mortality in the less viscous hy-
drogels (15% and 20%).

The  mean number of  nauplii in  the  hydrogel was 
higher at the 20% (9.0 ±2.24) and 15% (8.2 ±1.79) con-
centrations at 24 h. After 48 h, the number of nauplii 
decreased, but the same pattern continued, with more 
Artemia salina nauplii at higher hydrogel concentra-
tions. For instance, an average of 7 (±1.73) nauplii were 
found in  the 20% hydrogel, while 6.8 (±1.30) nauplii 
were found in the 15% hydrogel. The differences were 
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statistically significant between 24 h and 48 h at all con-
centrations (Table 1).

When comparing the groups with each other in pairs 
(Table 2), statistically significant differences were found 
at 24 h (Kruskal–Wallis p = 0.001) and 48 h (Kruskal–
Wallis p = 0.001) (Fig. 2).

HeLa cell culture assay

Table 3 shows viability distributions between pairs of ex-
perimental samples compared to the controls (positive and 
negative). The bar graph of the mean and SE indicates higher 
viability in the 10% and 20% hydrogels, with 0.24 ±0.29 and 

Fig. 1. Infrared Fourier-transform spectra of chitosan and arginine gels

Table 1. The average number of Artemia salina nauplii at 24 h and 48 h according to the concentration of the experimental hydrogel

Materials n
24 h 48 h

p-value
Mean SD SE Mean SD SE

H-0% 5 2.2 0.84 0.37 0.8 0.84 0.37 0.038

H-10% 5 2.8 0.45 0.2 1.6 0.55 0.24 0.034

H-15% 5 8.2 1.79 0.8 6.8 1.30 0.58 0.038

H-20% 5 9 2.24 1 7 1.73 0.77 0.039

C– 4 6.5 1.29 0.65 6 0.82 0.41 0.157

C+ 4 0 0 0 0 0 0 –

SD – standard deviation; SE – standard error; H – hydrogel; C+ – positive control; C– – negative control.

Table 2. P-value of contrast tests by pairs (Dunn’s test)

Materials
24 h 48 h

C– H-0% H-10% H-15% C– H-0% H-10% H-15%

H-0% 0.007** – – – 0.011* – – –

H-10% 0.024* 0.309 – – 0.045* 0.264 – –

H-15% 0.207 0.000** 0.002** – 0.349 0.002** 0.014* –

H-20% 0.439 0.003** 0.012* 0.241 0.120 0.000** 0.001** 0.202

H – hydrogel; C+ – positive control; C– – negative control; *p < 0.05; **p < 0.01.
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0.16 ±0.06, respectively). Comparisons between the positive 
control and the hydrogel at different concentrations showed 
that the positive control values were lower than the mate-
rial. The largest absolute difference was obtained by the 10% 
hydrogel (0.20, in favor of the material), and the same results 
were obtained with the negative control (0.12). Further-
more, the 0% and the 15% hydrogels had values lower than 
the negative control. The differences in the data reported 
in Fig. 3 were not statistically significant.

Discussion

This study aimed to  assess the  cytotoxicity of  chi-
tosan hydrogels on human HeLa cells using different 
concentrations of  L-arginine. Based on  our findings, 
we suggest that adding 10% of L-arginine to hydrogels 
generates an efficient product that achieves the desired 
effect, is easy to handle, and reaches optimal levels of cell 
viability.

Fig. 2. Mean values of Artemia salina nauplii at 24 h and 48 h according to experimental hydrogel concentration

SD – standard deviation; C+ – positive control; C– – negative control.

Table 3. Spectrophotometric viability analysis of absorbance level

Materials Mean SD SE H-ABS vs C+ p-value* H-ABS vs C– p-value**

C+ 0.043 0.001 0.001 – – – –

H-0% 0.065 0.013 0.008 0.021 0.100 0.064 0.100

H-10% 0.245 0.290 0.167 0.201 0.100 0.116 0.600

H-15% 0.114 0.054 0.031 0.070 0.100 0.015 0.600

H-20% 0.158 0.056 0.032 0.115 0.100 0.029 0.600

C– 0.129 0.013 0.008 – – – –

0-ABS 0.042 0.001 0.001 – – – –

SD – standard deviation; SE – standard error; H – hydrogel; ABS – absorbance; C+ – positive control; C– – negative control; *significance of correlation 
between each hydrogel absorbance and the positive control; **significance of correlation between each hydrogel absorbance and the negative control.
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Artemia salina assay

The Artemia salina test is widely used for preliminary 
material compatibility studies.31 The Artemia salina cul-
ture was done using a saline medium in culture dishes and 
was impregnated with different hydrogels to assess the vi-
ability of the specimens. The MTT and Artemia salina as-
says were performed to validate the method. The hydrogel 
in the wells of Artemia salina was too dense and reduced 
the movement of the nauplii, and for that reason, the MTT 
assay was carried out.

Different concentrations of L-arginine were used since 
it is a precursor of NO synthase and can be found endog-
enously at a cellular level. Raising the levels of the precur-
sor (L-arginine) increases NO production or synthesis. 
Chitosan is a vehicle used to transport the amino acid and 
is stable over time.32

Pereira et al.31 reported a hydrogel with chitosan cross-
linked using ceftazidime and modified with acetyl-ace-
tone and ethylenediamine (Cacen) or diethylenetriamine 
(Cacdien), and carried out cytotoxicity tests with Artemia 
salina, obtaining low mortality (less than 10%). These re-
sults showed the non-toxic nature of the chitosan derivate 
elements. Likewise, Parvez et al.33 reported low cytotoxic-
ity in an Artemia salina assay using a matrix of chitosan 
and gelatin for healing purposes.

Our results were likely inf luenced by  the  viscos-
ity of  the  hydrogels, which reduced the  movement 
of  the specimens, unlike the  lower density hydrogels. 
Similar results were reported by Pereira et al. and Parvez 
et al.,31,33 where several samples died due to the high vis-
cosity that limited the entry of oxygen. A layer of high 
concentration of  the  scaffold inhibited the  perme-
ability of oxygen, producing sequential death of several 
specimens.

HeLa cell culture assay

Cytotoxicity analyses ensure the  biocompatibility 
of a material. Rakhshaei et al.34 reported obtaining a gelled 
chitosan compound cross-linked with zinc nanoparticles 
and Arg-Gly-Asp. The viability of our analysis at various 
concentrations achieved a significance greater than 100% 
at 24 h and increased at 48 h without statistical significance.

Cell dispersion through the scaffold and its pores has 
been observed from the 2nd day. Meanwhile, Rodriguez 
et al.35 highlighted the usefulness of low molecular weight 
chitosan hydrogels with polyvinyl alcohol (PVA) and evalu-
ated the cytotoxicity of the hydrogel at 1, 3 and 7 days 
in a non-somatic cell line (colorectal adenocarcinoma), 
obtaining cell viability higher than 80%. However, as a re-
sult, there was a decrease in biocompatibility on most 
of the samples and their dilutions by the 7th day. In our 
study, cell viability achieved a higher percentage when ar-
ginine was applied, with 50% without L-arginine and 190%, 
88% and 122% when 10%, 15% and 20% L-arginine were 
used, respectively. The characteristics of arginine explain 
this as a NO precursor that increases cellular metabolic 
capacity.36,37

Govindaraj and Raghavachari38 demonstrated 120% vi-
ability in their fibroblast culture with a hydrogel partially 
cross-linked with succinic acid and urea with genipin. Two 
chitosan hydrogels have been reported by in vitro studies us-
ing human bone carcinoma cells and rodent fibroblast lines, 
where the hydrogel with polyethylene glycol dimethacrylate 
(PEDGMA) had the highest cytotoxicity compared with 
the negative control and the hydrogel in both cell lines.39

A chitosan hydrogel with dopamine-inulin was tested, 
with acceptable cytotoxicity values in the same fibroblast 
cell line.12 In a study by Su et al.,13 the same cell line was 
used to assess their 2 variants of carboxymethyl hydro-
gels with chitosan/polylactide (CMCS-PLA) and CMCS, 

Fig. 3. Mean viability values 
according to the material used

SE – standard error; H – hydrogel; 
ABS – absorbance; C+ – positive 
control; C– – negative control 
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obtaining a viability of 97% after 72 h of evaluation. Other 
studies used different amino acids to improve physical-
chemical properties, mucoadhesion and solubility to de-
velop safe and efficient products.11,26

Physicochemical characterization

Hydrogels can retain liquids in their macrostructure, 
but their stability and integrity can vary with the addition 
of other elements, such as amino acids or medications. For 
this reason, density is a relevant property when supply-
ing hydrogels to patients. As reported by Sanchez et al.,40 
a chitosan hydrogel was obtained from purified technical 
shrimp, with this purified hydrogel displaying optimal 
physical characteristics. However, as described in the in vi-
tro tests and the scanning electron microscopy (SEM) 
analysis, a better arrangement and distribution of the hy-
drogel pores was observed when they were cross-linked 
with external chemical elements such as glutaraldehyde 
or glyoxal. The purified hydrogel was also compared with 
non-cross-linked hydrogels, obtaining better water reten-
tion, temperature affectation and scaffolding structure. 
The hydrogels prepared with L-arginine in our research 
presented an absorption band around 1,632 cm–1, that was 
assigned to the guanidine group, and a band at 1,689 cm–1, 
that was associated with the stretching vibration of the car-
boxy carbonyl group. The bands at 1,400 cm–1 and 762 cm–1 
were attributed to symmetric and asymmetric bending 
of the COO–, respectively.41,42 The increase in the amide 
I peak in formulations with arginine suggests that arginine 
was effectively linked to the chitosan polymer chain.42

Mohandas and Rangasamy43 found the same pH be-
havior of the hydrogel when they polymerized hydrogels 
with concentrations of L-arginine between 1.4 mM and 
22.9 mM, obtaining a more neutral pH as the concentra-
tion of the amino acid increased given the alkaline nature 
of arginine.

Conclusions

The  presence of  L-arginine in  our chitosan gels in-
creased the viability of HeLa cells compared to the sam-
ples without this component, which was caused by an in-
crease in the metabolic capacity of the NO precursors 
in the cultures.

The physical characteristics of the hydrogel with 10% 
L-arginine resulted in a better clinical application due 
to its density ratio and viability levels, with the density 
likely affecting the viability of Artemia salina nauplii. 
However, it is evident that hydrogels with lower densities 
were more viable. Based on our results, we suggest that 
chitosan/L-arginine hydrogels could be used in humans 
without toxic effects. However, more trials and tests are 
needed to evaluate tooth movement rate during orthodon-
tic treatment.

ORCID iDs
Santiago Herrera-Guardiola  https://orcid.org/0000-0002-0877-6909
Carlos H. Valencia-Llano  https://orcid.org/0000-0003-4892-9786
Miguel Á. Casillas-Santana  https://orcid.org/0000-0003-0288-9117
Farid A. Dipp-Velázquez  https://orcid.org/0000-0001-9788-8795
Juan F. Aristizábal-Pérez  https://orcid.org/0000-0003-4391-7188

References
1.	 Jing D, Xiao J, Li X, Li Y, Zhao Z. The effectiveness of vibrational stimu-

lus to accelerate orthodontic tooth movement: A systematic review. 
BMC Oral Health. 2017;17(1):143. doi:10.1186/s12903-017-0437-7

2.	 Aldosari M. Effects of vibration forces on maxillary expansion and orth-
odontic tooth movement [doctoral thesis]. Bloomington, USA: Indi-
ana University; 2015. https://scholarworks.iupui.edu/items/9de936ac-
12e7-4230-ab9c-9dc4ac332061. Accessed September 28, 2023.

3.	 Ellingson L. The effect of mechanical vibration on pain and rate 
of tooth movement during initial orthodontic alignment [doctoral 
thesis]. Omaha, USA: University of Nebraska Medical Center; 2017. 
https://digitalcommons.unmc.edu/cgi/viewcontent.cgi?article=1242 
&context=etd. Accessed September 28, 2023.

4.	 Genc G, Kocadereli İ, Tasar F, Kilinc K, El S, Sarkarati B. Effect of low-level 
laser therapy (LLLT) on orthodontic tooth movement. Lasers Med Sci.  
2013;28(1):41–47. doi:10.1007/s10103-012-1059-6

5.	 Dominguez Camacho A, Clarkson Lopez A, López Aldana R. An in vitro 
study of the reaction of periodontal and gingival fibroblasts to low-
level laser irradiation. J Oral Laser Appl. 2008;8:235–244. http://www.
quintpub.com/journals/jola/abstract.php?iss2_id=771&article_id= 
9014&article=4. Accessed September 28, 2023.

6.	 Wilcko MT, Wilcko WM, Pulver JJ, Bissada NF, Bouquot JE. Acceler-
ated osteogenic orthodontics technique: A 1-stage surgically facil-
itated rapid orthodontic technique with alveolar augmentation.  
J Oral Maxillofac Surg. 2009;67(10):2149–2159. doi:10.1016/j.joms. 
2009.04.095

7.	 Raja A, Reddy Y, Sreekanth C, Reddy B, Raj G, Reddy R. Speedy orthodon-
tics: A comprehensive review. J Oral Health Med Res. 2016;2(6):121–124. 
https://www.researchgate.net/profile/Ymuralidhar-Reddy/publica-
tion/349214177_Speedy_Orthodontics_A_Comprehensive_Review 
/links/60253db445851589399aa73d/Speedy-Orthodontics-A-Com-
prehensive-Review.pdf.

8.	 Aristizábal J. Accelerated orthodontics and express transit orthodon-
tics (ETO)®, a contemporary concept of high efficiency [in Spanish].  
Rev CES Odont. 2014;27:56–73. https://revistas.ces.edu.co/index.php/
odontologia/article/view/2782/2136. Accessed September 28, 2023.

9.	 Iglesias-Linares A, Morford LA, Hartsfield JK. Bone density and den-
tal external apical root resorption. Curr Osteoporos Rep. 2016;14(6): 
292–309. doi:10.1007/s11914-016-0340-1

10.	 Ralston SH, Ho LP, Helfrich MH, Grabowski PS, Johnston PW, Benja-
min N. Nitric oxide: A cytokine-induced regulator of bone resorption. 
J Bone Miner Res. 1995;10(7):1040–1049. doi:10.1002/jbmr.5650100708

11.	 Crini G, Badot PM. Application of chitosan, a natural aminopolysaccha-
ride, for dye removal from aqueous solutions by adsorption process-
es using batch studies: A review of recent literature. Prog Polym Sci.  
2008;33(4):399–447. doi:10.1016/j.progpolymsci.2007.11.001

12.	 Rahnama H, Nouri Khorasani S, Aminoroaya A, Molavian MR, Allafchian A,  
Khalili S. Facile preparation of chitosan-dopamine-inulin aldehyde 
hydrogel for drug delivery application. Int J Biol Macromol. 2021;185: 
716–724. doi:10.1016/j.ijbiomac.2021.06.199

13.	 Su F, Wang Y, Liu X, et al. Biocompatibility and in vivo degradation of chi-
tosan based hydrogels as potential drug carrier. J Biomater Sci Polym Ed.  
2018;29(13):1515–1528. doi:10.1080/09205063.2017.1412244

14.	 Udhayakumar S, Shankar KG, Sowndarya S, Venkatesh S, Muralidharan C,  
Rose C. L-arginine intercedes bio-crosslinking of a collagen–chitosan 
3D-hybrid scaffold for tissue engineering and regeneration: In silico,  
in vitro, and in vivo studies. RSC Adv. 2017;7(40):25070–25088. doi:10.1039 
/C7RA02842C

15.	 Sharma JN, Al-Omran A, Parvathy SS. Role of nitric oxide in inflamma-
tory diseases. Inflammopharmacology. 2007;15(6):252–259. doi:10.1007 
/s10787-007-0013-x

16.	 Mollace V, Muscoli C, Masini E, Cuzzocrea S, Salvemini D. Modula-
tion of prostaglandin biosynthesis by nitric oxide and nitric oxide 
donors. Pharmacol Rev. 2005;57(2):217–252. doi:10.1124/pr.57.2.1

https://www.doi.org/10.1186/s12903-017-0437-7
https://scholarworks.iupui.edu/items/9de936ac-12e7-4230-ab9c-9dc4ac332061
https://scholarworks.iupui.edu/items/9de936ac-12e7-4230-ab9c-9dc4ac332061
https://digitalcommons.unmc.edu/cgi/viewcontent.cgi?article=1242&context=etd
https://digitalcommons.unmc.edu/cgi/viewcontent.cgi?article=1242&context=etd
https://www.doi.org/10.1007/s10103-012-1059-6
http://www.quintpub.com/journals/jola/abstract.php?iss2_id=771&article_id=9014&article=4
http://www.quintpub.com/journals/jola/abstract.php?iss2_id=771&article_id=9014&article=4
http://www.quintpub.com/journals/jola/abstract.php?iss2_id=771&article_id=9014&article=4
https://www.doi.org/10.1016/j.joms.2009.04.095
https://www.doi.org/10.1016/j.joms.2009.04.095
https://www.researchgate.net/profile/Ymuralidhar-Reddy/publication/349214177_Speedy_Orthodontics_A_Comprehensive_Review/links/60253db445851589399aa73d/Speedy-Orthodontics-A-Comprehensive-Review.pdf
https://www.researchgate.net/profile/Ymuralidhar-Reddy/publication/349214177_Speedy_Orthodontics_A_Comprehensive_Review/links/60253db445851589399aa73d/Speedy-Orthodontics-A-Comprehensive-Review.pdf
https://www.researchgate.net/profile/Ymuralidhar-Reddy/publication/349214177_Speedy_Orthodontics_A_Comprehensive_Review/links/60253db445851589399aa73d/Speedy-Orthodontics-A-Comprehensive-Review.pdf
https://www.researchgate.net/profile/Ymuralidhar-Reddy/publication/349214177_Speedy_Orthodontics_A_Comprehensive_Review/links/60253db445851589399aa73d/Speedy-Orthodontics-A-Comprehensive-Review.pdf
https://revistas.ces.edu.co/index.php/odontologia/article/view/2782/2136
https://revistas.ces.edu.co/index.php/odontologia/article/view/2782/2136
https://www.doi.org/10.1007/s11914-016-0340-1
https://www.doi.org/10.1002/jbmr.5650100708
https://www.doi.org/10.1016/j.progpolymsci.2007.11.001
https://www.doi.org/10.1016/j.ijbiomac.2021.06.199
https://www.doi.org/10.1080/09205063.2017.1412244
https://www.doi.org/10.1039/C7RA02842C
https://www.doi.org/10.1039/C7RA02842C
https://www.doi.org/10.1007/s10787-007-0013-x
https://www.doi.org/10.1007/s10787-007-0013-x
https://www.doi.org/10.1124/pr.57.2.1


S. Herrera-Guardiola et al. Chitosan/L-arginine hydrogel14

17.	 Collin-Osdoby P, Rothe L, Bekker S, Anderson F, Osdoby P. Decreased 
nitric oxide levels stimulate osteoclastogenesis and bone resorp-
tion both in vitro and in vivo on the chick chorioallantoic membrane 
in association with neoangiogenesis. J Bone Miner Res. 2000;15(3): 
474–488. doi:10.1359/jbmr.2000.15.3.474

18.	 Aguirre J, Buttery L, O’Shaughnessy M, et al. Endothelial nitric oxide 
synthase gene-deficient mice demonstrate marked retardation 
in postnatal bone formation, reduced bone volume, and defects 
in osteoblast maturation and activity. Am J Pathol. 2001;158(1):247–257.  
doi:10.1016/S0002-9440(10)63963-6

19.	 Abdelkarem HM, Fadda LH, El-Sayed EM, Radwan OK. Potential role 
of L-arginine and vitamin E against bone loss induced by nano-zinc 
oxide in rats. J Diet Suppl. 2018;15(3):300–310. doi:10.1080/19390211. 
2017.1343889

20.	 Nilforoushan D, Gramoun A, Glogauer M, Manolson MF. Nitric oxide 
enhances osteoclastogenesis possibly by mediating cell fusion.  
Nitric Oxide. 2009;21(1):27–36. doi:10.1016/j.niox.2009.04.002

21.	 Wimalawansa SJ. Nitric oxide and bone. Ann N Y Acad Sci. 2010;1192(1): 
391–403. doi:10.1111/j.1749-6632.2009.05230.x

22.	 Yang J, Tang R, Yi J, et al. Diallyl disulfide alleviates inflammatory oste-
olysis by suppressing osteoclastogenesis via NF-κB–NFATc1 signal 
pathway. FASEB J. 2019;33(6):7261–7273. doi:10.1096/fj.201802172R

23.	 Lee Y, Park Y, Lee S, et al. Tissue engineered bone formation using 
chitosan/tricalcium phosphate sponges. J Periodontol. 2000;71(3): 
410–417. doi:10.1902/jop.2000.71.3.410

24.	 Sámano-Valencia C, Martínez-Castañón GA, Martínez-Martínez RE, 
et al. Bactericide efficiency of a combination of chitosan gel with sil-
ver nanoparticles. Mater Lett. 2013;106:413–416. doi:10.1016/j.matlet. 
2013.05.075

25.	 Sámano-Valencia C, Martínez-Castañón GA, Martínez-Gutiérrez F, 
et al. Characterization and biocompatibility of chitosan gels with silver 
and gold nanoparticles. J Nanomater. 2014;2014:543419. doi:10.1155 
/2014/543419

26.	 Cheng F, Wang B, Xia Y. Synthesis and characterization of O-acetyl-
chitosan acetic ester. Int J Polym Sci. 2018;2018:4960416. doi:10.1155 
/2018/4960416

27.	 Berridge MV, Herst PM, Tan AS. Tetrazolium dyes as tools in cell biol-
ogy: New insights into their cellular reduction. Biotechnol Ann Rev. 
2005;11:127–152. doi:10.1016/S1387-2656(05)11004-7

28.	 Stockert JC, Horobin RW, Colombo LL, Blázquez-Castro A. Tetrazoli-
um salts and formazan products in cell biology: Viability assessment, 
fluorescence imaging, and labeling perspectives. Acta Histochem.  
2018;120(3):159–167. doi:10.1016/j.acthis.2018.02.005

29.	 Mosmann T. Rapid colorimetric assay for cellular growth and survival: 
Application to proliferation and cytotoxicity assays. J Immunol Methods.  
1983;65(1–2):55–63. doi:10.1016/0022-1759(83)90303-4

30.	 Valencia AM, Valencia CH, Zuluaga F, Grande-Tovar CD. Synthesis 
and fabrication of films including graphene oxide functionalized 
with chitosan for regenerative medicine applications. Heliyon. 2021; 
7(5):e07058. doi:10.1016/j.heliyon.2021.e07058

31.	 Pereira LA, Da Silva Reis L, Batista FA, Mendes AN, Osajima JA,  
Silva-Filho EC. Biological properties of chitosan derivatives associ-
ated with the ceftazidime drug. Carbohydr Polym. 2019;222:115002. 
doi:10.1016/j.carbpol.2019.115002

32.	 Arqub SA, Gandhi V, Iverson MG, et al. The effect of the local admin-
istration of biological substances on the rate of orthodontic tooth 
movement: A systematic review of human studies. Prog Orthod. 2021; 
22(1):5. doi:10.1186/s40510-021-00349-5

33.	 Parvez S, Rahman MM, Khan MA, et al. Preparation and character-
ization of artificial skin using chitosan and gelatin composites for 
potential biomedical application. Polym Bull. 2012;69(6):715–731. 
doi:10.1007/s00289-012-0761-7

34.	 Rakhshaei R, Namazi H, Hamishehkar H, Kafil HS, Salehi R. In situ 
synthesized chitosan–gelatin/ZnO nanocomposite scaffold with 
drug delivery properties: Higher antibacterial and lower cytotoxicity 
effects. J Appl Polym Sci. 2019;136(22):47590. doi:10.1002/app.47590

35.	 Rodríguez-Rodríguez R, Velasquillo-Martínez C, Knauth P, et al. Ster-
ilized chitosan-based composite hydrogels: Physicochemical char-
acterization and in vitro cytotoxicity. J Biomed Mater Res A. 2020; 
108(1):81–93. doi:10.1002/jbm.a.36794

36.	 Hecker M, Sessa WC, Harris HJ, Anggård EE, Vane JR. The metabo-
lism of L-arginine and its significance for the biosynthesis of endo-
thelium-derived relaxing factor: Cultured endothelial cells recy-
cle L-citrulline to L-arginine. Proc Natl Acad Sci U S A. 1990;87(21): 
8612–8616. doi:10.1073/pnas.87.21.8612

37.	 Marzinzig M, Nussler AK, Stadler J, et al. Improved methods to mea-
sure end products of nitric oxide in biological fluids: Nitrite, nitrate, 
andS-nitrosothiols. Nitric Oxide. 1997;1(2):177–189. doi:10.1006/niox. 
1997.0116

38.	 Govindaraj P, Raghavachari D. Fabrication of macroporous soft hydro-
gels of chitosan scaffolds by hydrothermal reaction and cytotoxici-
ty to 3T3 L1 cells. J Polym Res. 2021;28(3):86. doi:10.1007/s10965-021-
02426-z

39.	 Li Q, Yang D, Ma G, et al. Synthesis and characterization of chitosan-
based hydrogels. Int J Biol Macromol. 2009;44(2):121–127. doi:10.1016/j.
ijbiomac.2008.11.001

40.	 Sanchez A, Sibaja Ballesteros M, Vega-Baudrit J, Madrigal S. Sinte-
sis y caracterización de hidrogeles de quitosano obtenido a par-
tir del camarón langostino (Pleuroncodes planipes) con potencia-
les aplicaciones biomedicas. Rev Iberoam Polim. 2007;8(4):241–267.  
https://reviberpol.files.wordpress.com/2019/08/2007-sanchez.pdf.

41.	 Wang K, Qi Z, Pan S, et al. Preparation, characterization and evaluation 
of a new film based on chitosan, arginine and gold nanoparticle deriva-
tives for wound-healing efficacy. RSC Adv. 2020;10(35):20886–20899.  
doi:10.1039/D0RA03704D

42.	 Antunes BP, Moreira AF, Gaspar VM, Correia IJ. Chitosan/arginine–chi-
tosan polymer blends for assembly of nanofibrous membranes for 
wound regeneration. Carbohydr Polym. 2015;130:104–112. doi:10.1016 
/j.carbpol.2015.04.072

43.	 Mohandas A, Rangasamy J. Nanocurcumin and arginine entrapped 
injectable chitosan hydrogel for restoration of hypoxia induced endo-
thelial dysfunction. Int J Biol Macromol. 2021;166:471–482. doi:10.1016 
/j.ijbiomac.2020.10.205

https://www.doi.org/10.1359/jbmr.2000.15.3.474
https://www.doi.org/10.1016/S0002-9440(10)63963-6
https://www.doi.org/10.1080/19390211.2017.1343889
https://www.doi.org/10.1080/19390211.2017.1343889
https://www.doi.org/10.1016/j.niox.2009.04.002
https://www.doi.org/10.1111/j.1749-6632.2009.05230.x
https://www.doi.org/10.1096/fj.201802172R
https://www.doi.org/10.1902/jop.2000.71.3.410
https://www.doi.org/10.1016/j.matlet.2013.05.075
https://www.doi.org/10.1016/j.matlet.2013.05.075
https://www.doi.org/10.1155/2014/543419
https://www.doi.org/10.1155/2014/543419
https://www.doi.org/10.1155/2018/4960416
https://www.doi.org/10.1155/2018/4960416
https://www.doi.org/10.1016/S1387-2656(05)11004-7
https://www.doi.org/10.1016/j.acthis.2018.02.005
https://www.doi.org/10.1016/0022-1759(83)90303-4
https://www.doi.org/10.1016/j.heliyon.2021.e07058
https://www.doi.org/10.1016/j.carbpol.2019.115002
https://www.doi.org/10.1186/s40510-021-00349-5
https://www.doi.org/10.1007/s00289-012-0761-7
https://www.doi.org/10.1002/app.47590
https://www.doi.org/10.1002/jbm.a.36794
https://www.doi.org/10.1073/pnas.87.21.8612
https://www.doi.org/10.1006/niox.1997.0116
https://www.doi.org/10.1006/niox.1997.0116
https://www.doi.org/10.1007/s10965-021-02426-z
https://www.doi.org/10.1007/s10965-021-02426-z
https://www.doi.org/10.1016/j.ijbiomac.2008.11.001
https://www.doi.org/10.1016/j.ijbiomac.2008.11.001
https://reviberpol.files.wordpress.com/2019/08/2007-sanchez.pdf
https://reviberpol.files.wordpress.com/2019/08/2007-sanchez.pdf
https://www.doi.org/10.1039/D0RA03704D
https://www.doi.org/10.1016/j.carbpol.2015.04.072
https://www.doi.org/10.1016/j.carbpol.2015.04.072
https://www.doi.org/10.1016/j.ijbiomac.2020.10.205
https://www.doi.org/10.1016/j.ijbiomac.2020.10.205

	Evaluation of cellular viability in chitosan/L-arginine hydrogels

