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Abstract: In recent years bioactive textiles have risen to the forefront of consumers perception due
to their potential protection against virus, fungi and bacteria. However, traditional textile staining
is an eco-damaging process that and current methods of textile functionalization are expensive,
complicated and with great environmental impact. With that in mind, this work sought to show
a possible solution for this problematic through the usage of a novel one step textile dyeing and
functionalization method based upon nanoencapsulated textile dyes (NTDs). To do so navy blue
everzol NTDs were produced with chitosan, cotton dyed, characterized through FTIR and SEM
and biological potential evaluated through biocompatibility screening and antimicrobial activity
against skin pathogens. The data obtained showed that NTDs effectively dyed the target textile
through a coating of the cotton fibre and that NTDs formed hydrogen bonds with the cellulose
fibre via electrostatic interactions of the chitosan amino groups with cotton sulphate groups. From
a biocompatibility perspective NTDs dyed cotton had no deleterious effects upon a skin cell line,
as it promoted cellular metabolism of HaCat cells, while traditionally died cotton reduced it by
10%. Last but not least, NTDs dyed cotton showed significant antimicrobial activity as it reduced
viable counts of MRSA, MSSA and A. baumannii between 1 and 2 log of CFU while traditional dyed
cotton had no antimicrobial activity. Considering these results the novel method proposed shows
is a viable and ecological alternative for the development of antimicrobial textiles with potential
biomedical applications.

Keywords: textile dyeing; functionalization; chitosan nanoparticles; biocompatibility; antimicrobial
cotton; nanoencapsulated dye

1. Introduction

The textile industry in developed countries is confronting the world’s marketing con-
ditions and competitive challenges, which are driving the development of advanced, highly
functional textiles and textiles with high sustainability and low environmental impact. The
actual usage of polymer and textiles has a vast number of advantages and attractiveness
as a material. However, conventional textile finishing techniques are quite hazardous as
chemicals are used in large quantities and the produced wastewaters need to be cleansed
before discharging. Textile fabrics must undergo a variety of treatments before dying
and printing, resulting in an increase in waste production (dyeing 1 kg of cotton requires
100 to 150 L of water and 0.6 kg of NaCl) and higher energy consumption thus creating
a problem that has been on the forefront of the industry worldwide [1–3]. Traditional
approaches for the management of this problem have been through effluent treatment with
the textile industry focusing on means to remediate the polluted wastewaters [4]. However,
effluent treatment is not an efficient solution and as such researchers are searching for new
approaches to ameliorate this problem [5,6]. One of the less ventured approaches is the
modification/alteration of the dyeing process, with existing works focusing mainly on
reducing the salt and alkali content required for dyeing [7,8] or even as recently shown by
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Mehdi, Hussain [9], water and salts free dyeing methods using alternative solvents. One of
the alternatives that has risen in later years is chitosan.

Chitosan is a polycationic polysaccharide and one of the most promising biopolymers
as it possesses no toxicity and due to its high biocompatibility and biodegradability has
been approved by the FDA for topical applications [10]. Additionally, the presence of amino
groups in chitosan’s structure confers it high biological activity and reactivity which makes
it and its derivatives, such as nanoparticles, prime candidates for textile functionaliza-
tion [11,12]. In fact, in later years chitosan and its nanoparticles (NPs) have been described
as being technologically viable alternatives to traditional textile finishing agents as they
are capable of granting textiles antimicrobial activity, making them shrink-proof and enhanced
breaking strength, wrinkle-resistance and even textile dyeing [11,13–15]. Between chitosan
and its NPs, the latter have proven themselves to be the better candidate for particular
interest as they have a high loading capacity and ability to limit compounds’ interaction
with the external environment leading to reduced compound-mediated toxicity [16,17].
Recent proof of this potential has been given in a previous work by Costa, Silva [10] which
showed that chitosan NPs were capable of cotton dyeing with disperse and reactive dyes
without any chemical adjuvant or salt in the reaction.

Considering all of the above, this work sought to show for the first time the potential of
a novel chitosan NPs-based chemical and salt-free textile dying method for the development
of bioactive textiles. This premise was based upon the hypothesis that the previously
described [10] nanoencapsulated textile dyes (NTDs) dyeing method was capable of in
one single-step dyeing and functionalizing textiles without any chemical adjuvant and
salt addition. To do so, cotton was selected as a model fabric and NTDs dyed cotton was
evaluated for its biocompatibility and antimicrobial activity. Additionally, this work also
sought to understand the dyeing mechanics of the proposed methodology through Fourier
transform infrared spectrometer (FTIR) and scanning electron microscopy (SEM) analysis.

2. Materials and Methods
2.1. Sources of Chemicals and Solutions Preparation

Low molecular weight chitosan (LMW) was obtained from Sigma-Aldrich (St. Louis,
MO, USA) and presented a deacetylation degree (DD) between 75 and 85% and a molecular
weight (MW) of 107 kDa. Sodium Tripolyphosphate (TPP). Navy blue everzol (a reactive
dye traditionally used for dyeing natural cellulose fibers), cotton and navy blue everzol
dyed cotton using traditional methods were kindly donated by Aquitex S.A. and was
prepared using ultra-pure water (Millipore SIM FILTER, Burlington, MA, USA) and stirred
until complete dissolution.

2.2. Nanoencapsulated Dyes Production and Textile Dying

Navy blue everzol NTDs production and textile dyeing were performed as previously
described by Costa, Silva [10]. Briefly, LMW chitosan was dissolved at 2 mg/mL in
acetic acid that was 1.75× more concentrated and the pH value was adjusted to 5 with
NaOH. TPP was used at chitosan to TPP relation of 7:1. Navy blue everzol was used at
25 mg/mL dissolved in deionized water. The process began with the addition of 4 mL
of chitosan, placed under stirring at 500 rpm, to which a mixture of dye and TPP (1 and
2 mL, respectively) were gently added dropwise, at room temperature. The produced
nanoparticles were shown to have an average size of 350 nm with a polydispersity index of
11.22 nm and a zeta potential of +32.7 ± 3.2 mV through dynamic light scattering (DLS,
Malvern Instruments NanoZSP (Worcestershire, UK)). Following this, cotton disks were
dyed through the pad-dry-cure procedure as described by Costa, Silva [10].

2.3. FTIR-ATR Analysis

The spectra of cotton and dyed cotton were obtained with a FTIR (PerkinElmer
Spectrum-100), with a horizontal attenuated total reflectance (ATR) accessory, with a
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diamond/ZnSe crystal. All spectra were acquired with 128 scans and 32 cm−1 resolution,
in the region of 4500 to 450 cm−1. Three replicates were collected for each sample.

2.4. Surface Evaluation by Scanning Electron Microscopy

Dyed textile surface morphology was evaluated by scanning electron microscopy using
a JSM-5600LV microscope (from JEOL, Tokyo, Japan). For SEM observation, the samples
were placed on top of double-sided adhesive carbon tape (NEM tape, from Nisshin, Japan),
and coated with gold/palladium, using a Sputter Coater (from Polaron, Bad Schwalbach,
Germany). SEM was operated in high-vacuum mode, using a spot size of 16–30 and an
accelerating voltage of 18–30 kV.

2.5. Biocompatibility Evaluation
2.5.1. Cell Line Growth Conditions

Human keratinocyte cell line (HaCat) was obtained from Cell Line Services (Appen-
heim, Denmark). The cells were cultured, at 37 ◦C in a humidified atmosphere of 95% air
and 5% CO2, as monolayers using Dulbecco’s Modified Eagle’s Medium (DMEM) with
4.5 g/L glucose, L-glutamine without pyruvate (Lonza, Verviers, Belgium) containing
10% (v/v) fetal bovine serum (FBS, Biowest, Nuaillé, France) and 1% (v/v) Penicillin-
Streptomycin-Fungizone (Lonza, Verviers, Belgium).

2.5.2. Biocompatibility Assays

Dyed cotton biocompatibility was assayed through adaptation of the procedure previ-
ously described by Maryan, Montazer [18]. Briefly, HaCat cells were seeded in the wells
of a 96 well microplate and allowed to adhere for 24 h. Simultaneously, cotton fabrics
(non-dyed, with navy blue everzol and with nanodye) were cut into 1 × 1 cm pieces, which
were then soaked in 2 mL of DMEM for 24 h. After 24 h the media was removed, and the
cells were washed with PBS. Following this media with leached substances (direct and
1/2 diluted) was added. After 24 h, 25 µL of XTT working solution were added to each well
and the cells were incubated, in the dark, for 2 h. The optical density (OD) at 485 nm was
then measured using a microplate reader (FLUOstar, OPTIMA, BMG Labtech, Ortenberg,
Germany). All assays were performed in quintuplicate.

2.6. Antimicrobial Activity
2.6.1. Microorganisms

Acinetobacter baumannii (A. baumannii) and methicillin-resistant Staphylococcus aureus
(MRSA) were obtained from the culture collection of the Göteburg University (CCUG)
(Sweden) (CCUG 61012). Methicillin-sensitive Staphylococcus aureus (MSSA) was obtained
from American Type Culture Collection (ATCC 25923).

2.6.2. Antimicrobial Activity

The antimicrobial activity of the impregnated cotton disks was performed accordingly
to the ISO 20743 standard [19]. Briefly, inocula were grown overnight, at 37 ◦C, in Tryptic
Soy Broth (Biokar Diagnostics, Beauvais, France) after which the bacterial load was adjusted
to a concentration between 1 × 105 to 3 × 105 CFU/mL. Following this, 200 µL of adjusted
inoculum was added to 0.40 g (± 0.05 g) of cotton dyed with blue navy everzol NPs
(25 mg/mL). Simultaneously, two controls were accessed; one with non-dyed cotton the
other with cotton dyed with navy blue everzol at 25 mg/mL. Viable counts were determined
at 0 and 24 h and plated by the drop method as previously described by Costa, Silva [20] in
Plate Count Agar (Biokar Diagnostics, Beauvais, France). Plates were then incubated at
37 ◦C for 24 h and the results were given in log of CFU. All assays were done in sextuplicate.

2.7. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics v21.0.0 (New York, NY,
USA) software. As the data followed a normal distribution, One-way ANOVA coupled
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with Turkey’s post hoc test was used to assess the differences between the results observed
with differences being considered significant for p-values below 0.05.

3. Results
3.1. FTIR-ATR

As can be seen in Figure 1 the characteristic peaks of cotton can be seen in the blank
cotton with the peaks at 3334 cm−1 representing the cellulose molecule intra-molecular
hydrogen bonding, the peaks between 2972 and 2897 cm−1 representing the CH2 symmet-
rical and asymmetrical stretching, the peaks at 1423 and 1316 cm−1 represent, respectively,
the CH2 scissoring and rocking of the cellulose carbon structure, the peak at 1040 cm−1

represents the C-O stretch and the peaks at 890 and 600 cm−1 represent, respectively, the
β-linkage of cellulose and the OH out-of-plane bending.
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Figure 1. FTIR characterization of cotton dyed with nanoencapsulated navy blue everzol.

When considering the FTIR spectra obtained for the cotton dyed with navy blue
everzol NTDs 12 peaks could be observed, of which 7 were characteristic of cotton and
5 characteristic of chitosan NPs. The cotton characteristic peaks identified were the ones at
334 cm−1, which represented the cellulose molecule O-H groups intra-molecular hydrogen
bonding, the ones at 1411 and 1338 cm−1, which represent the CH2 scissoring and rocking
of the cellulose carbon structure, the one at 1295 cm−1, which may represent the C=O
stretching or the NH2 deformation of the cellulose structure, and the peak 600 cm−1 which
represents and the OH out-of-plane bending. On the other hand, the NPs characteristic
peaks identified were the one at 2910 cm−1, which represents the CH2 vibrations of the
pyranose ring, the ones at 1546 and 1485 cm−1, which represent the NH2 deformation and
the CH2 bending of NPs, and the ones at 1120 and 1026 cm−1 which represent the P=O
stretching in NPs and the COH stretching and C-N vibrations.

3.2. Surface Evaluation by SEM

When comparing the SEM imaging (Figure 2) results obtained for cotton and NTDs
dyed cotton it is possible to see that navy blue everzol NTDs dyed the fabrics through a
coating of the individual fibers, as a layer of NTDs over the surface can be observed in
Figure 2b. This was particularly evident at the filament crossings where accumulations of
NTDs can be seen (white arrows).
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3.3. Biocompatibility Assays

The textile biocompatibility results obtained can be observed in Figure 3. Analysis of
the results showed NTDs dyed cotton was not cytotoxic towards HaCat cells while tradi-
tionally dyed cotton presented statistically significant higher (p < 0.01) HaCat metabolism
inhibition values, with no concentration-related effect being observed.
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3.4. Antimicrobial Activity Assays

When analysing the results obtained it is possible to see (Figure 4) that for all microor-
ganisms tested NTDs dyed cotton had higher antimicrobial activity than traditionally dyed
cotton with statistically significant (p < 0.05) lower viable counts being obtained.

Additionally, it is interesting to note that for all tested microorganisms traditionally
dyed cotton did not present any statistically significant (p > 0.05) reductions of viable
counts relative to the undyed control. In fact, except for MRSA, viable counts registered for
both controls (undyed and traditional) were virtually equal. When considering the NTDs
dyed cotton the more antibiotic-resistant microorganisms tested presented the highest
reductions, as reductions of 1, 1.43 and 2 log of CFU were registered for MSSA, MRSA and
A. baumannii respectively.



Polymers 2022, 14, 4821 6 of 10

Polymers 2022, 14, x FOR PEER REVIEW 6 of 10 
 

 

 
Figure 4. Antimicrobial activity results of cotton dyed traditionally and with navy blue everzol 
NTDs obtained by viable cell enumeration. All values, in log CFU/mL, corresponding to the average 
of 6 replicates. Different letters represent statistically significant differences found (p < 0.05). CD—
traditionally dyed cotton; CND—NTDs dyed cotton. 

Additionally, it is interesting to note that for all tested microorganisms traditionally 
dyed cotton did not present any statistically significant (p > 0.05) reductions of viable 
counts relative to the undyed control. In fact, except for MRSA, viable counts registered 
for both controls (undyed and traditional) were virtually equal. When considering the 
NTDs dyed cotton the more antibiotic-resistant microorganisms tested presented the 
highest reductions, as reductions of 1, 1.43 and 2 log of CFU were registered for MSSA, 
MRSA and A. baumannii respectively. 

4. Discussion 
Chitosan and its NPs are widely described in the literature as enhancers of traditional 

textile dyeing techniques and as previously seen in the conjugation of the nanoencapsu-
lation process with the pad-dry-cure technique possess potential as an environmentally 
friendly alternative for textile dyeing [10,21]. However, as no previous works exist de-
scribing the incorporation of chitosan NTDs into cotton, comparisons must be drawn 
against void chitosan NPs and traditional dyeing technologies when possible. 

When regarding the FTIR results of the NTDs dyed cotton the spectra obtained is 
similar to those previously reported in the literature with the successful incorporation of 
the chitosan NTDs into cotton being characterized by the presence of amino groups in the 
spectra of the dyed textile [22]. Another indicator of the successful incorporation of the 
navy blue everzol NTDs into cotton was the broadening and weakening of the band at 
3334 cm−1 , which represents the cellulose intra-molecular hydrogen bonding in cotton, 
from cotton to NTDs dyed cotton, similar to what was described by Wang, She [23] and 
by Hasanin, Swielam [24]. These alterations align themselves with the void chitosan NPs-
cotton mechanism previously proposed by Wu, Yu [25], De Mesquita, Donnici [26] and 
Tawfik and El-Masry [27], which states that void chitosan NPs presence leads to the break-
ing of the intermolecular hydrogen bonds of cellulose and into the formation of cellulose–
chitosan hydrogen bonds and that the displacement of bands is attributed to the electro-
static interactions between the positively charged amino groups of chitosan and the neg-
atively charged sulphate groups of the fiber surface. 

SEM imaging of the fiber surface showed a smooth surface for cotton and a coated 
surface for NTDs dyed cotton. This is similar to the findings for void chitosan NPs of 
AbdElhady [28], Raza and Anwar [22], Wang, She [23] and Gadkari, Ali [29], which 

Figure 4. Antimicrobial activity results of cotton dyed traditionally and with navy blue everzol NTDs
obtained by viable cell enumeration. All values, in log CFU/mL, corresponding to the average of
6 replicates. Different letters represent statistically significant differences found (p < 0.05). CD—
traditionally dyed cotton; CND—NTDs dyed cotton.

4. Discussion

Chitosan and its NPs are widely described in the literature as enhancers of traditional
textile dyeing techniques and as previously seen in the conjugation of the nanoencapsu-
lation process with the pad-dry-cure technique possess potential as an environmentally
friendly alternative for textile dyeing [10,21]. However, as no previous works exist describ-
ing the incorporation of chitosan NTDs into cotton, comparisons must be drawn against
void chitosan NPs and traditional dyeing technologies when possible.

When regarding the FTIR results of the NTDs dyed cotton the spectra obtained is
similar to those previously reported in the literature with the successful incorporation
of the chitosan NTDs into cotton being characterized by the presence of amino groups
in the spectra of the dyed textile [22]. Another indicator of the successful incorporation
of the navy blue everzol NTDs into cotton was the broadening and weakening of the
band at 3334 cm−1, which represents the cellulose intra-molecular hydrogen bonding in
cotton, from cotton to NTDs dyed cotton, similar to what was described by Wang, She [23]
and by Hasanin, Swielam [24]. These alterations align themselves with the void chitosan
NPs-cotton mechanism previously proposed by Wu, Yu [25], De Mesquita, Donnici [26]
and Tawfik and El-Masry [27], which states that void chitosan NPs presence leads to the
breaking of the intermolecular hydrogen bonds of cellulose and into the formation of
cellulose–chitosan hydrogen bonds and that the displacement of bands is attributed to the
electrostatic interactions between the positively charged amino groups of chitosan and the
negatively charged sulphate groups of the fiber surface.

SEM imaging of the fiber surface showed a smooth surface for cotton and a coated
surface for NTDs dyed cotton. This is similar to the findings for void chitosan NPs
of AbdElhady [28], Raza and Anwar [22], Wang, She [23] and Gadkari, Ali [29], which
observed that after void NPs treatment cotton fibers presented NPs adsorbed to their
surface and that NPs lost their spherical shape adopting a flat structure (as seen here)
when adsorbed to the textile fiber and conferring a smoother texture to the fiber surface, as
previously described [30].

With the increase in textile functionalization, as an answer to ever-rising consumer
demands, textile biocompatibility has become paramount, as different chemicals and
textile finishing agents may lead to a loss of biocompatibility of textile fabrics [31,32]. As
shown in a previous work dye loaded NTDs on their own, and contrary to the free dyes,
are biocompatible with the HaCat cell line [10]. Similarly, cotton disks dyed with navy
blue everzol NTDs were biocompatible with HaCat cells while a small cytotoxic effect



Polymers 2022, 14, 4821 7 of 10

was observed for the traditionally dyed cotton. The biocompatibility observed for the
NTDs dyed cotton is in line with that reported in various works for chitosan and void
chitosan nanoparticles finishes. Chandrasekar, Vijayakumar [31] showed that void chitosan
nanocomposite finishes of textiles caused no hyperaemia, haemorrhage, and coagulation,
thus making them biocompatible; Tseng, Hsu [33] showed that nylon fabrics leaching
products treated with chitosan had no cytotoxicity towards L929 fibroblasts, Petkova,
Francesko [34] reported that cotton with a chitosan nanocoating had no cytotoxic effects
towards skin fibroblasts and Alminderej, Ammar [32] showed that cotton treated with
chitosan was not cytotoxic towards the Hep G2 cell line. On the other hand, François,
Adeline [35] showed that polystyrene treated with chitosan led to a drop in L132 cells
viability, probably due to the chitosan carboxylic acids present in the fibers. Lastly, the
slight toxicity observed for the traditionally dyed cotton leaching products comes in line
with the work of Bierhalz and Moraes [36], which stated that cotton threads were toxic
towards human fibroblasts due to the compound used to dye them and with the various
works which previously showed that reactive dyes had cytotoxic properties [37–41].

Antimicrobial functionalization of textiles is one of the most common finishing treat-
ments applied to textiles nowadays, as the textile industry strived to answer consumer
demands and produce products with added value [42–44]. Chitosan and chitosan-based
NPs have garnered attention due to their textile applications and their usage as a finish-
ing agent capable of imprinting antibacterial activity to fabrics [45–47]. However, and to
the best of our knowledge, chitosan NPs have only been used as a finishing agent and
not as a bioactive vehicle for textile dyeing. As such, comparisons of the dyed cotton’s
antimicrobial activity must be drawn against works in which NPs were used as finishing
agents. The antimicrobial activity results here reported for NTDs dyed cotton are similar to
the ones in works previously published dealing with NPs functionalized cotton. Hebeish,
Sharaf [21], Shahid ul and Butola [48], Joshi, Khanna [49] and Raza and Anwar [22] showed
that functionalized cotton reduced Escherichia coli (E. coli), Micrococcus luteus (M. luteus)
and S. aureus growth. Similarly, Ali, Rajendran [47] showed that polyester functionalized
with chitosan NPs reduced S. aureus growth by 90% a value which is in line with the ones
obtained in this work as growth was reduced by 97.84 ± 0.30% and 90.00 ± 1.66% for MRSA
and MSSA, respectively. When considering loaded, or hybrid NPs, previous results fall in
line with the activity here observed as AbdElhady [28] showed that cotton swathes treated
with chitosan zinc oxide NPs inhibited E. coli and S. aureus growth. El.Shafei and Abou-
Okeil [50] reported that cotton treated with ZnO/carboxymethyl chitosan nanocomposite
also inhibited E. coli and S. aureus growth and Perelshtein, Ruderman [51] reported that
cotton coated with chitosan-Zn NPs reduced E. coli and Enterococcus faecalis activity. Sim-
ilarly, Farouk, Moussa [52] showed that cotton and a cotton/polyester blend impregnated
with ZnO-chitosan NPs were capable of significantly reducing E. coli and M. luteus survival.
However, some caution must be exercised as in these studies the antimicrobial activity
cannot be attributed only to the chitosan NPs as zinc, under the right conditions, is known
to possess antimicrobial potential. More recently, Arenas-Chávez, de Hollanda [53] showed
that cotton functionalized with a nanocomposite of chitosan and silver had antimicrobial
activity against E. coli and S. aureus, but with most of the antimicrobial activity being
attributed to the zinc constituent of the nanocomposite. Similarly, Saleh, Khaffaga [54]
reported that cotton treated with a chitosan-copper nanocomposites had antimicrobial
activity against S. aureus and E. coli with the antimicrobial activity being attributed to the
nanocomposite has a whole.

5. Conclusions

Overall, the results obtained showed the potential of this novel one-step green chitosan
nanoparticle based dyeing method for the development of dyed cotton fibers with potential
for biomedical related applications. The navy blue everzol NTDs dyed cotton presented
significant antimicrobial activity against MRSA, MSSA and A. baumannii, without requiring
any additional functional finishing and had no deleterious effect towards a skin cell line
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metabolism, contrary to cotton traditionally dyed. Despite stability assays being necessary
to further understand the full potential of this environment friendly dyeing technique,
these results prove the successful development of an easy, environmentally friendly process
that allows cotton to be dyed and functionalized in one step and to be used in future
biomedical textiles.
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Nanoparticles Functionalized Viscose Fabrics as Potentially Durable Antibacterial Medical Textiles. Materials 2021, 14, 3762.
[CrossRef]

18. Maryan, A.S.; Montazer, M.; Harifi, T.; Rad, M.M. Aged-look vat dyed cotton with anti-bacterial/anti-fungal properties by
treatment with nano clay and enzymes. Carbohydr. Polym. 2013, 95, 338–347. [CrossRef]

19. ISO 20743; Textiles-Determination of Antibacterial Activity of Textile Products. ISO: Geneva, Switzerland, 2013; p. 32.

http://doi.org/10.1016/j.heliyon.2019.e02711
http://www.ncbi.nlm.nih.gov/pubmed/31840123
http://doi.org/10.1007/s10311-015-0533-3
http://doi.org/10.1007/s00284-020-02202-0
http://www.ncbi.nlm.nih.gov/pubmed/32951066
http://doi.org/10.1155/2021/5314404
http://doi.org/10.1016/j.jclepro.2019.04.006
http://doi.org/10.1016/j.jclepro.2019.04.277
http://doi.org/10.1002/app.52279
http://doi.org/10.1016/j.carbpol.2020.117120
http://doi.org/10.1021/acsabm.1c00078
http://doi.org/10.1002/app.50482
http://doi.org/10.1016/j.carbpol.2019.115352
http://doi.org/10.1016/j.ijbiomac.2018.06.150
http://www.ncbi.nlm.nih.gov/pubmed/29969637
http://doi.org/10.1007/s12221-018-7896-6
http://doi.org/10.2147/IJN.S17296
http://www.ncbi.nlm.nih.gov/pubmed/21589644
http://doi.org/10.3390/ma14133762
http://doi.org/10.1016/j.carbpol.2013.02.063


Polymers 2022, 14, 4821 9 of 10

20. Costa, E.M.; Silva, S.; Veiga, M.; Tavaria, F.; Pintado, M.M. Exploring chitosan nanoparticles as effective inhibitors of antibiotic
resistant skin microorganisms–From in vitro to ex vitro testing. Carbohydr. Polym. 2018, 201, 340–346. [CrossRef]

21. Hebeish, A.; Sharaf, S.; Farouk, A. Utilization of chitosan nanoparticles as a green finish in multifunctionalization of cotton textile.
Int. J. Biol. Macromol. 2013, 60, 10–17. [CrossRef]

22. Raza, Z.A.; Anwar, F. Fabrication of chitosan nanoparticles and multi-response optimization in their application on cotton fabric
by using a Taguchi approach. Nano-Struct. Nano-Objects 2017, 10, 80–90. [CrossRef]

23. Wang, M.; She, Y.; Xiao, Z.; Hu, J.; Zhou, R.; Zhang, J. The green adsorption of chitosan tripolyphosphate nanoparticles on cotton
fiber surfaces. Carbohydr. Polym. 2014, 101, 812–818. [CrossRef]

24. Hasanin, M.; Swielam, E.M.; Atwa, N.A.; Agwa, M.M. Novel design of bandages using cotton pads, doped with chitosan,
glycogen and ZnO nanoparticles, having enhanced antimicrobial and wounds healing effects. Int. J. Biol. Macromol. 2022, 197,
121–130. [CrossRef] [PubMed]

25. Wu, Y.-B.; Yu, S.-H.; Mi, F.-L.; Wu, C.-W.; Shyu, S.-S.; Peng, C.-K.; Chao, A.-C. Preparation and characterization on mechanical and
antibacterial properties of chitsoan/cellulose blends. Carbohydr. Polym. 2004, 57, 435–440. [CrossRef]

26. De Mesquita, J.P.; Donnici, C.L.; Pereira, F.V. Biobased Nanocomposites from Layer-by-Layer Assembly of Cellulose Nanowhiskers
with Chitosan. Biomacromolecules 2010, 11, 473–480. [CrossRef] [PubMed]

27. Tawfik, T.M.; El-Masry, A.M. Preparation of chitosan nanoparticles and its utilization as novel powerful enhancer for both dyeing
properties and antimicrobial activity of cotton fabrics. Biointerface Res. Appl. Chem. 2021, 11, 13652–13666.

28. Abdelhady, M.M. Preparation and Characterization of Chitosan/Zinc Oxide Nanoparticles for Imparting Antimicrobial and UV
Protection to Cotton Fabric. Int. J. Carbohydr. Chem. 2012, 2012, 6. [CrossRef]

29. Gadkari, R.R.; Ali, S.W.; Joshi, M.; Rajendran, S.; Das, A.; Alagirusamy, R. Leveraging antibacterial efficacy of silver loaded
chitosan nanoparticles on layer-by-layer self-assembled coated cotton fabric. Int. J. Biol. Macromol. 2020, 162, 548–560. [CrossRef]

30. Yang, X.; Wang, Z.; Zhang, Y.; Liu, W. A Biocompatible and Sustainable Anti-ultraviolet Functionalization of Cotton Fabric with
Nanocellulose and Chitosan Nanocomposites. Fibers Polym. 2020, 21, 2521–2529. [CrossRef]

31. Chandrasekar, S.; Vijayakumar, S.; Rajendran, R. Application of chitosan and herbal nanocomposites to develop antibacterial
medical textile. Biomed. Aging Pathol. 2014, 4, 59–64. [CrossRef]

32. Alminderej, F.M.; Ammar, C.; El-Ghoul, Y. Functionalization, characterization and microbiological performance of new bio-
compatible cellulosic dressing grafted chitosan and Suaeda fruticosa polysaccharide extract. Cellulose 2021, 28, 9821–9835.
[CrossRef]

33. Tseng, H.-J.; Hsu, S.-H.; Wu, M.-W.; Hsueh, T.-H.; Tu, P.-C. Nylon textiles grafted with chitosan by open air plasma and their
antimicrobial effect. Fibers Polym. 2009, 10, 53–59. [CrossRef]

34. Petkova, P.; Francesko, A.; Fernandes, M.M.; Mendoza, E.; Perelshtein, I.; Gedanken, A.; Tzanov, T. Sonochemical Coating of
Textiles with Hybrid ZnO/Chitosan Antimicrobial Nanoparticles. ACS Appl. Mater. Interfaces 2014, 6, 1164–1172. [CrossRef]
[PubMed]

35. François, A.-V.; Martin, A.; Chai, F.; Neut, C.; Tabary, N.; Martel, B.; Blanchemain, N. Chitosan finishing nonwoven textiles loaded
with silver and iodide for antibacterial wound dressing applications. Biomed. Mater. 2015, 10, 015023.

36. Bierhalz, A.C.; Moraes, M. Composite membranes of alginate and chitosan reinforced with cotton or linen fibers incorporating
epidermal growth factor. Mater. Sci. Eng. C 2017, 76, 287–294. [CrossRef] [PubMed]

37. Nayak, M.C.; Isloor, A.M.; Moslehyani, A.; Ismail, N.; Ismail, A. Fabrication of novel PPSU/ZSM-5 ultrafiltration hollow fiber
membranes for separation of proteins and hazardous reactive dyes. J. Taiwan Inst. Chem. Eng. 2018, 82, 342–350. [CrossRef]

38. Alver, E.; Bulut, M.; Metin, A.; Çiftçi, H. One step effective removal of Congo Red in chitosan nanoparticles by encapsulation.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2017, 171, 132–138. [CrossRef]

39. Wasim, M.; Sagar, S.; Sabir, A.; Shafiq, M.; Jamil, T. Decoration of open pore network in Polyvinylidene fluoride/MWCNTs with
chitosan for the removal of reactive orange 16 dye. Carbohydr. Polym. 2017, 174, 474–483. [CrossRef] [PubMed]

40. Chaudhari, A.U.; Paul, D.; Dhotre, D.; Kodam, K.M. Effective biotransformation and detoxification of anthraquinone dye reactive
blue 4 by using aerobic bacterial granules. Water Res. 2017, 122, 603–613. [CrossRef] [PubMed]

41. Jha, P.; Jobby, R.; Desai, N. Remediation of textile azo dye acid red 114 by hairy roots of Ipomoea carnea Jacq. and assessment of
degraded dye toxicity with human keratinocyte cell line. J. Hazard. Mater. 2016, 311, 158–167. [CrossRef] [PubMed]

42. Jocic, D.; Vílchez, S.; Topalovic, T.; Navarro, A.; Jovancic, P.; Julià, M.R.; Erra, P. Chitosan/acid dye interactions in wool dyeing
system. Carbohydr. Polym. 2005, 60, 51–59. [CrossRef]

43. Luo, S.; Van Ooij, W.J. Surface modification of textile fibers for improvement of adhesion to polymeric matrices: A review. J.
Adhes. Sci. Technol. 2002, 16, 1715–1735. [CrossRef]

44. Song, X.; Padrão, J. 16-Testing, characterization and regulations of antimicrobial textiles. In Antimicrobial Textiles from Natural
Resources; Mondal, M.I.H., Ed.; Woodhead Publishing: Sawston, UK, 2021; pp. 485–511.

45. Periolatto, M.; Ferrero, F.; Vineis, C.; Rombaldoni, F. Multifunctional finishing of wool fabrics by chitosan UV-grafting: An
approach. Carbohydr. Polym. 2013, 98, 624–629. [CrossRef] [PubMed]

46. Bhuiyan, M.A.R.; Hossain, M.A.; Zakaria, M.; Islam, M.N.; Uddin, M.Z. Chitosan Coated Cotton Fiber: Physical and Antimicrobial
Properties for Apparel Use. J. Polym. Environ. 2017, 25, 334–342. [CrossRef]

47. Ali, S.W.; Rajendran, S.; Joshi, M. Synthesis and characterization of chitosan and silver loaded chitosan nanoparticles for bioactive
polyester. Carbohydr. Polym. 2011, 83, 438–446. [CrossRef]

http://doi.org/10.1016/j.carbpol.2018.08.083
http://doi.org/10.1016/j.ijbiomac.2013.04.078
http://doi.org/10.1016/j.nanoso.2017.03.007
http://doi.org/10.1016/j.carbpol.2013.10.023
http://doi.org/10.1016/j.ijbiomac.2021.12.106
http://www.ncbi.nlm.nih.gov/pubmed/34963623
http://doi.org/10.1016/j.carbpol.2004.05.013
http://doi.org/10.1021/bm9011985
http://www.ncbi.nlm.nih.gov/pubmed/20055503
http://doi.org/10.1155/2012/840591
http://doi.org/10.1016/j.ijbiomac.2020.06.137
http://doi.org/10.1007/s12221-020-1339-x
http://doi.org/10.1016/j.biomag.2013.10.007
http://doi.org/10.1007/s10570-021-04155-4
http://doi.org/10.1007/s12221-009-0053-5
http://doi.org/10.1021/am404852d
http://www.ncbi.nlm.nih.gov/pubmed/24383795
http://doi.org/10.1016/j.msec.2017.03.015
http://www.ncbi.nlm.nih.gov/pubmed/28482529
http://doi.org/10.1016/j.jtice.2017.11.019
http://doi.org/10.1016/j.saa.2016.07.046
http://doi.org/10.1016/j.carbpol.2017.06.086
http://www.ncbi.nlm.nih.gov/pubmed/28821094
http://doi.org/10.1016/j.watres.2017.06.005
http://www.ncbi.nlm.nih.gov/pubmed/28628882
http://doi.org/10.1016/j.jhazmat.2016.02.058
http://www.ncbi.nlm.nih.gov/pubmed/26971029
http://doi.org/10.1016/j.carbpol.2004.11.021
http://doi.org/10.1163/156856102320396102
http://doi.org/10.1016/j.carbpol.2013.06.054
http://www.ncbi.nlm.nih.gov/pubmed/23987391
http://doi.org/10.1007/s10924-016-0815-2
http://doi.org/10.1016/j.carbpol.2010.08.004


Polymers 2022, 14, 4821 10 of 10

48. Shahid ul, I.; Butola, B.S. Recent advances in chitosan polysaccharide and its derivatives in antimicrobial modification of textile
materials. Int. J. Biol. Macromol. 2019, 121, 905–912. [CrossRef] [PubMed]

49. Joshi, M.; Khanna, R.; Shekhar, R.; Jha, K. Chitosan nanocoating on cotton textile substrate using layer-by-layer self-assembly
technique. J. Appl. Polym. Sci. 2011, 119, 2793–2799. [CrossRef]

50. El Shafei, A.; Abou-Okeil, A. ZnO/carboxymethyl chitosan bionano-composite to impart antibacterial and UV protection for
cotton fabric. Carbohydr. Polym. 2011, 83, 920–925. [CrossRef]

51. Perelshtein, I.; Ruderman, E. Chitosan and chitosan-ZnO-based complex nanoparticles: Formation, characterization, and
antibacterial activity. J. Mater. Chem. B 2013, 1, 1968–1976. [CrossRef] [PubMed]

52. Farouk, A.; Moussa, S.; Ulbricht, M.; Textor, T. ZnO Nanoparticles-Chitosan Composite as Antibacterial Finish for Textiles. Int. J.
Carbohydr. Chem. 2012, 2012, 8. [CrossRef]

53. Arenas-Chávez, C.A.; de Hollanda, L.M.; Arce-Esquivel, A.A.; Alvarez-Risco, A.; Del-Aguila-Arcentales, S.; Yáñez, J.A.;
Vera-Gonzales, C. Antibacterial and Antifungal Activity of Functionalized Cotton Fabric with Nanocomposite Based on Silver
Nanoparticles and Carboxymethyl Chitosan. Processes 2022, 10, 1088. [CrossRef]

54. Saleh, S.N.; Khaffaga, M.M.; Ali, N.M.; Hassan, M.S.; El-Naggar, A.W.M.; Rabie, A.G.M. Antibacterial functionalization of cotton
and cotton/polyester fabrics applying hybrid coating of copper/chitosan nanocomposites loaded polymer blends via gamma
irradiation. Int. J. Biol. Macromol. 2021, 183, 23–34. [CrossRef]

http://doi.org/10.1016/j.ijbiomac.2018.10.102
http://www.ncbi.nlm.nih.gov/pubmed/30342136
http://doi.org/10.1002/app.32867
http://doi.org/10.1016/j.carbpol.2010.08.083
http://doi.org/10.1039/c3tb00555k
http://www.ncbi.nlm.nih.gov/pubmed/32260910
http://doi.org/10.1155/2012/693629
http://doi.org/10.3390/pr10061088
http://doi.org/10.1016/j.ijbiomac.2021.04.059

	Introduction 
	Materials and Methods 
	Sources of Chemicals and Solutions Preparation 
	Nanoencapsulated Dyes Production and Textile Dying 
	FTIR-ATR Analysis 
	Surface Evaluation by Scanning Electron Microscopy 
	Biocompatibility Evaluation 
	Cell Line Growth Conditions 
	Biocompatibility Assays 

	Antimicrobial Activity 
	Microorganisms 
	Antimicrobial Activity 

	Statistical Analysis 

	Results 
	FTIR-ATR 
	Surface Evaluation by SEM 
	Biocompatibility Assays 
	Antimicrobial Activity Assays 

	Discussion 
	Conclusions 
	References

