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Introduction

With the continuous improvement of people’s living 
standards, the demand for textiles is no longer limited 
to the original features of fabrics, such as warmth and 
comfort, but also tends to pursue their health care, 
protection, and other functions. In our daily life, the 
human body always secrete sweat. Lactic acid, urea, 
and other secretions in sweat will breed the growth of 
bacteria within fabric, which can, in turn, cause harm 
to human health. Cotton fabric is soft, breathable, and 
hygroscopic. It is more likely to breed bacteria and 
mold which cause discoloration, mildew, embrittle-
ment, degradation, and other problems. These may 
induce a variety of human body ailments (Chen et al. 
2016). Consequently, antibacterial finishing is an 
important approach to improve the comfortability of 
cotton fabric.

Although a variety of antibacterial agents have 
been developed, there are still problems to be 
resolved. Further researches should be implemented 
to make the properties of antibacterial agents better. 
At present, there have been three main categories of 
antibacterial agents for textiles on the market, namely, 
synthetic organic antibacterial agents (Muñoz-Bonilla 
and Fernández-García 2012; Hasan et  al. 2013; Bai 
et  al. 2015), inorganic antibacterial agents (Li et  al. 
2012; Raza et  al. 2021), and natural antibacterial 
agents (Gao and Cranston 2008). However, only a 
few can be widely used for the antibacterial finishing 
of textiles. Quaternary ammonium salts containing 
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12 to 18 carbon atoms are often used as bactericides 
and disinfectants for fibers. The advantages of these 
salts are their strong bactericidal power and abundant 
sources, but their binding force to fibers is poor and, 
therefore, they require to be combined with reactive 
resins (Shahid-ul-Islam and Kumar 2020; Lin et  al. 
2018). This method of combining is used to improve 
their durability, but they also have defects such as 
poor chemical stability (Buffa et al. 2020), high toxic-
ity (Mumcuoglu et  al. 2008), and short antibacterial 
aging (Han et  al. 2020). Silver is an inorganic anti-
bacterial agent which is often used in fabric finishing 
(Chen et al. 2012; Shameli et al. 2010). Silver ions are 
combined with a carrier by ion exchange or adsorp-
tion. This produces good antibacterial performance, 
but also has many problems, such as the large amount 
of silver required, high cost, uneven dispersion, and 
easy discoloration (Deng et al. 2015). With increasing 
awareness of environmental protection, natural anti-
bacterial agents have attracted increasing attention 
from related scientific research departments. Natu-
ral antibacterial agents cause little harm to human 
beings, animals, or the environment during their pro-
duction and usage, such as aloe (Xu and Deng 2011), 
chitosan (CS) (No et al. 2002), tea polyphenols (Wen 
et  al. 2020), hinokitiol (HT) (Phan et  al. 2020), and 
so on. They are safe and environmentally friendly. 
Nevertheless, they also have some problems, such as 
a short life, poor heat resistance, a narrow application 
range, limited production conditions, and so on (Chen 
et al. 2016).

To the best of our knowledge, the ideal antibac-
terial finishing agent should not only kill harmful 
microorganisms and prevent the spread of disease, 
but also meet the following requirements: low toxic-
ity to the human body and the environment, little neg-
ative impact on wearability of fabrics, and antibacte-
rial durability (Gao et al. 2019). Accordingly, the new 
antibacterial agent with high-efficient, low-toxicity, 
durable, and environmental properties.

Among the many natural antimicrobial agents, CS 
has attracted wide attention due to its excellent prop-
erties, such as being antibacterial, low cost, good film 
forming, biocompatible, biodegradable (Liu et  al. 
2004; Raza et al. 2020a, b), and contains rich amino 
and hydroxy function groups within its structure. 
However, CS generally only displays antibacterial 
activity in an acidic medium (which can only inhibit 
individual bacteria) and its antibacterial performance 

drops sharply after film formation (Yin et  al. 2020). 
Therefore, improving the antibacterial activity and 
broad spectrum of CS is an urgent problem to be 
overcome.

The structure of CS contains rich amino and 
hydroxy function groups, which is convenient for 
chemical modification to improve its antibacterial 
properties (Mittal et  al. 2021; Raza et  al. 2020a, b). 
At present, the main purpose of CS modification is 
to improve its broad-spectrum antibacterial activity. 
Most modification schemes designed by research-
ers have focused on introducing different chemical 
functional groups into the molecular structure of CS. 
Some researchers have tried to introduce natural mol-
ecules (catechin, curcumin, geraniol, lysine, and so 
on) into the structure of CS. But very few have stud-
ied the application of antibacterial agents in textiles. 
Zhou et al. prepared protocatechuic acid-grafted-qua-
ternized chitosan with excellent antibacterial proper-
ties against E. coli, S. aureus and MRSA (Zhou et al. 
2021). Yadav et al. fabricated a biobased antibacterial 
polymer film by grafting of vanillin-furfuryl amine 
benzoxazine on CS using Schiff-base chemistry 
(Yadav et al. 2021).

HT, a natural compound isolated from Japanese 
cypress and western red cedar, has the tropolone 
structure. It possesses good broad-spectrum antibac-
terial properties, strong antibacterial, antifungal, and 
insect prevention effects (Zhang et  al. 2018) as well 
as no significant cytotoxicity against human endothe-
lial and epithelial cells (Chang et al. 2019). Thus, it 
has been widely used in cosmetics, medicine, agri-
culture, textiles, and other fields. However, HT owns 
bad water solubility and was not suitable to be used 
as antibacterial agent in textile finishing. It can be 
considered the combination of CS and HT to achieve 
high-efficient antibacterial properties. The study of 
grafting HT onto CS has not been reported.

In this work, HT was grafted onto CS using the 
Mannich reaction. The properties of hinokitiol-
grafted-chitosan (HTCS) were initially investigated 
and then HTCS was applied as an antibacterial agent 
for the treatment of cotton. The antibacterial and 
wearing properties of the treated fabrics were studied 
to evaluate the application potential of HTCS as an 
antibacterial agent.
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Experimental

Materials

Cotton fabrics (thread density 14.578 tex, warp 133 
threads/inch, weft 72 threads/inch) were kindly sup-
plied by Shanghai Hualun Printing and Dyeing Co., 
Ltd.

CS (Viscosity 100 ~ 200  mPa·s, DA ≥ 95%), HT, 
paraformaldehyde, dibasic sodium phosphate, and 
potassium dihydrogen phosphate were obtained from 
Shanghai Macklin Biochemical Co., Ltd. Acetic 
acid, ethanol, N-hexane, ethyl acetate, sodium chlo-
ride, and N,N-Dimethylformamide (DMF) were sup-
plied by Hangzhou Gaojing Fine Chemical Industry 
Co., Ltd. Diethyl ether and acetone were supplied by 
Hangzhou Shuanglin Chemical Reagent Co., Ltd. Cit-
ric acid was supplied by Chengdu Dongjin Chemical 
Reagent Co., Ltd. Dimethyl sulfoxide (DMSO) was 
purchased from Shanghai Aladdin Bio-Chem Tech-
nology Co., Ltd. All the chemicals were of analytical 
grade.

S. aureus (ATCC 6538) and E. coli (ATCC 25,922) 
were purchased from Shanghai Luwei Technology 
Co., Ltd. Agar bacteriological (BR) was supplied by 
Hangzhou Baisi Biotechnology Co., Ltd.

Preparation of HTCS antibacterial agent

In an oil-bath reactor equipped with a magnetic stir-
rer and a reflux condenser, 1 mmol of CS and 50 mL 
2% v/v of acetic acid were mixed in a round-bottomed 
flask and stirred at 80 °C until the CS dissolved. Para-
formaldehyde was then added and the mixture stirred 
for 30 min before HT of the same mol as paraform-
aldehyde was added into the flask at the specific 
temperature required for reaction. The end point of 
the reaction was monitored through thin layer chro-
matography (TLC). N-hexane and ethyl acetate were 
selected as the developing agent, and their volume 
ratio was 1:1. The spots of the samples after the reac-
tion were compared with those before the reaction. 
When the spots of the raw materials disappeared or 
remained stable, the reaction was over. After cool-
ing, the unreacted HT and paraformaldehyde were 
extracted with diethyl ether. No raw material spots 
were found in the extracted samples by TLC, indicat-
ing that the extraction was completed. Since the reac-
tion takes place in a aqueous medium, the product 

remains in water after the extraction of HT with ether. 
Finally, hinokitiol-grafted-chitosan (HTCS) liq-
uor, the solid content of which was 0.738 wt%, was 
obtained by rotary evaporation to remove residual 
ether. The preparation route (Step a) is presented in 
Fig. 1.

Antibacterial treatment of cotton fabric

Cotton fabric of dimension 15 × 15  cm2 was impreg-
nated into a solution containing 18.8 wt% HTCS 
aqueous solution and 1.2 wt% citric acid at a bath 
ratio of 1: 30 at 90  °C for 10  min. The treated cot-
ton fabric was padded by a padder at the weight gain 
percentage about 85%. The antibacterial cotton fabric 
(F-HTCS) was obtained after drying initially at 80 °C 
for 3 min and then baking at 140 °C for 2 min. The 
process (Step b) is shown in Fig. 1.

Correspondingly, the antibacterial cotton fabrics 
using CS, HT, and HTCS as agents were marked as 
F-CS, F-HT, and F-HTCS, respectively.

Determination of degree of substitution

The element content of HTCS and CS was measured 
via an elemental analyzer (Vario MICRO cube, Ele-
mentar, Germany). The degree of substitution (DS) 
was calculated using Eq. 1 and Eq. 2 (Bi et al. 2021):

where DA denotes the acetyl degree of CS; MN and 
MC are the relative molecular masses of carbon and 
nitrogen atoms, respectively; RC/N means the ratio 
of carbon to nitrogen of HTCS; R’C/N represents the 
ratio of carbon to nitrogen of CS.

FTIR spectroscopy

The functional groups of the antibacterial agents were 
examined within the range 4000–400   cm−1 using a 
Fourier Transform Infrared Instrument (Nicolet 5700, 
USA).
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Scanning electron microscopy (SEM)

The shape changes of S. aureus and E. coli were 
observed by SEM (Vltra55, USA).

Solubility test

The dissolution of CS, HT, and HTCS in distilled 
water and six other organic solvents (acetone, anhy-
drous ethanol, acetic acid, diethyl ether, DMF, and 
DMSO) at room temperature were explored. In addi-
tion, in order to investigate the effects of pH on the 
solubility of CS and HTCS, the samples were dis-
solved in 0.1  mol/L HCl solution, respectively. The 
pH values were adjusted with 0.1 mol/L NaOH solu-
tion. The pH range was from 1 to 10. The transmit-
tance of the solution at 600 nm was recorded using a 
UV–Vis spectrophotometer (Lambda 35, Elmer Per-
kin, USA) (Bi et al. 2021).

Antibacterial testing

Minimum inhibitory concentration (MIC) was used 
as an effective qualitative method of antibacterial 

ability assessment. The MIC values of the antibacte-
rial agents were determined against S. aureus and E. 
coli by a continuous dilution method according to the 
literature (Su et  al. 2020). The minimum concentra-
tion at which the microplate reader could not observe 
the bacterial growth was taken as the MIC of the anti-
bacterial agent.

The antibacterial activity of the treated cotton fab-
ric was evaluated by the continuous dilution method 
according to AATCC test method 100–2012. The 
antibacterial rate of the treated cotton fabric was cal-
culated using Eq. 3 (Lin et al. 2018):

where A represents the number of viable bacteria per 
unit volume of culture for the untreated fabrics and B 
represents the number of viable bacteria per unit vol-
ume of culture for the treated fabrics.

Antibacterial durability test

The treated cotton fabrics were washed using the 
laundering method according to AATCC test method 

(3)Antibacterial rate (%) =
A − B

A
× 100

Fig. 1  Schematic illustration of the preparation route of HTCS (Step a) and the antibacterial treatment of cotton fabric (Step b)
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61–2013. The antibacterial durability was evaluated 
through the antibacterial rate of the treated cotton 
fabrics after 5, 10, 15, 20, and 25 washing cycles.

Tensile strength test

The breaking strength and elongation of the fabric 
in both the warp and weft directions were measured 
according to GB/T 3923.1-1997.

Hydrophilicity test

The capillary effect of the fabric was tested to access 
the hydrophilicity of the fabric according to GB/T 
21,655.1-2008.

Hand Parameters

According to AATCC test method 202-2012, its hand 
parameters were tested by a fabric sensory instrument 
(PhabrOmeter, Nucybertek, USA).

Determination of formaldehyde release of the fabric

The formaldehyde content of the treated cotton fabric 
was evaluated according to GB/T 2912.1-2009. Then, 
the safety grade of the treated cotton fabric was evalu-
ated according to GB 18,401-2010.

Results and discussion

Modification of CS by HT

Effect of molar ratio of HT to CS on the antibacterial 
properties of HTCS

A series of HTCS antibacterial agents were prepared 
by changing the molar ratios of HT and CS at 90 ℃. 
In order to observe the influence of HT and CS pro-
portions on the polymer grafting rate, an elemental 
analysis test was conducted, as shown in Table 1. The 
 RC/N of the nine products were all higher than that of 
CS, indicating the successful grafting of HT onto CS. 
From the table, it can be seen that the HT and CS pro-
portions had an obvious effect on the DS of deriva-
tives. As the proportions gradually increased, the 
 RC/N and DS of the product also gradually increased 

and reached the maximum value when the proportion 
was 2:1.

In order to explore the effect of HT and CS propor-
tions on the polymer structure, an FTIR test was con-
ducted. Figure 2a shows the FTIR spectra of HT, CS, 
and nine HTCS antibacterial agents. The overall FTIR 
spectrum of the HTCS antibacterial agent was similar 
to that of CS. For CS, the broad peak from 3200 to 
3500  cm−1 was assigned to be the absorbance of –OH 
and –NH stretching vibrations, and the weak peak 
from 2871 to 2917  cm−1 showed the stretching vibra-
tion of –CH. The peak at 1155  cm−1 was assigned to 
be the characteristics of its polysaccharide structure. 
The peak from 1028 to 1073  cm−1 was assigned to be 
the absorbance peak of C6 and C3 hydroxyl groups 
(Su et  al. 2020), respectively. For HT, the peaks at 
1600  cm−1, 1500  cm−1, and 1269  cm−1 characterized 
C=O stretching, C=C stretching, and C–O stretch-
ing (Phan et al. 2020). When the HT and CS propor-
tion was 2:1, the characteristic peaks of HT could be 
clearly observed on the polymer, indicating that this 
graft condition was best. This result was consistent 
with the results of elemental analysis.

In order to explore the influence of proportion on 
the antibacterial activity of antibacterial agents, MIC 
values were determined, as shown in Fig. 2b. It dem-
onstrated that CS had a poor antibacterial effect on E. 
coli, but after grafting HT, the antibacterial activity 
improved noticeably. When the HT and CS propor-
tion was 2:1, the HTCS antibacterial agent showed 
better antibacterial activity (0.043 and 0.054 mg/mL 
against S. aureus and E. coli, respectively) than HT 

Table 1  Element analysis of HTCS prepared at different 
molar ratios of HT and CS

Sample Elemental analysis DS (%)

N (%) C (%) RC/N

CS 7.07 38.1 5.38 0
HTCS-0.25 2.96 24.2 8.16 32.4
HTCS-0.5 4.24 35.5 8.37 34.9
HTCS-1 4.85 42.4 8.74 39.2
HTCS-1.25 2.95 28.9 9.81 51.7
HTCS-1.5 4.63 46.6 10.1 54.5
HTCS-1.75 3.69 42.7 11.6 72.1
HTCS-2 4.22 52.3 12.4 81.8
HTCS-2.25 4.58 55.1 12.0 80.1
HTCS-2.5 4.7 57.1 12.1 81.7
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alone (0.079 and 0.068 mg/mL against S. aureus and 
E. coli, respectively). Therefore, this proves that the 
grafting of HT onto CS greatly improved antibacterial 
activity.

Effect of reaction temperature on the antibacterial 
properties of HTCS

When the ratio of HT to CS was 2:1, a series of 
HTCS antibacterial agents were prepared by chang-
ing the reaction temperature. In order to observe the 
influence of temperature on the polymer grafting rate, 
an elemental analysis test was conducted, as shown in 
Table 2. The table shows that the reaction temperature 
had an obvious effect on the DS of the derivatives. 
As the reaction temperature increased, the DS of the 

product gradually increased at first, and reached the 
maximum value when the temperature was 90 °C.

In order to explore the effect of temperature change 
on the polymer structure, an FTIR test was con-
ducted. Figure 3a shows the FTIR spectra of HT, CS, 
and four HTCS antibacterial agents. The overall FTIR 
spectrum of the HTCS antibacterial agents was simi-
lar to that of CS. It suggested that the reaction tem-
perature had an obvious effect on the polymer struc-
ture. When the reaction temperature was 90  °C, the 
characteristic peaks of HT could be clearly observed 
on the polymer, indicating that this graft condition 
was best. This result was consistent with the results of 
elemental analysis.

In order to explore the influence of reaction tem-
perature on the antibacterial activity of antibacte-
rial agents, MIC values were determined, as shown 
in Fig.  3b. It was clearly seen that when the reac-
tion temperature was 90  °C, the HTCS antibacte-
rial agent had the best antibacterial activity (0.043 
and 0.054  mg/mL against S. aureus and E. coli, 
respectively).

Solubility of HTCS

In textile finishing, it is important for the antibacte-
rial agents to be resolved in water. Table  3 lists the 
solubility of CS, HT, and HTCS. It was found that CS 
was soluble in DMSO, slightly soluble in water, DMF 

Fig. 2  a FTIR spectra of HT, CS, HTCS-0.25, HTCS-0.5, HTCS-1, HTCS-1.25, HTCS-1.5, HTCS-1.75, HTCS-2, HTCS-2.25, and 
HTCS-2.5 antibacterial agents; b Effect of molar ratio of HT and CS on the antibacterial properties of HTCS

Table 2  Element analysis of HTCS prepared at different reac-
tion temperatures

Sample Elemental content DS (%)

N (%) C (%) RC/N

CS 7.07 38.1 5.38 0
HTCS-30℃ 4.49 37.4 8.33 34.4
HTCS-60℃ 3.50 32.3 9.22 44.8
HTCS-90℃ 4.22 52.3 12.4 81.8
HTCS-100℃ 3.05 54.3 12.0 77.0
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and acetic acid, and insoluble in acetone, ethanol, and 
ether. HT was also slightly soluble in water, but solu-
ble in other solvents. Compared to CS, the solubility 
of HTCS in water, DMF, and anhydrous ethanol was 
improved due to the grafting of HT. The water sol-
ubility of HTCS was beneficial for the treatment of 
fabric.

Figure 4 shows the dissolution of HTCS in the pH 
range of 1–10. The results exhibited that HTCS had 
good solubility in the pH range of 3–8, but their solu-
bility decreased in alkaline environments and highly 
acidic environments. It was understood that the gen-
eral pH of human sweat is 4.2–7.5, indicating that 
HTCS had a certain level of dissolution in this envi-
ronment, thereby playing an antibacterial role.

Antibacterial mechanism of HTCS

To investigate the mechanism of the interactions 
between HTCS and bacterial cells, we chose S. 

Fig. 3  a FTIR spectra of HT, CS, HTCS-30 °C, HTCS-60 °C, HTCS-90 °C, and HTCS-100 °C antibacterial agents; b Effect of 
reaction temperature on the antibacterial properties of HTCS

Table 3  Solubility of CS, 
HT, and HTCS antibacterial 
agent in different solvents

 + represents 
soluble, ± represents 
swollen, and – represents 
insoluble

Sample Solvent

Water acetone Anhydrous 
ethanol

Glacial 
acetic acid

Diethyl ether DMF DMSO

CS  ± – –  ± –  ±  + 
HT  ±  +  +  +  +  +  + 
HTCS  + –  ±  ± –  +  + 

Fig. 4  pH dependence of HTCS antibacterial agent at 600 nm 
wavelength
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aureus and E. coli as model bacterium. The untreated 
S. aureus cells and E. coli cells (Fig.  5a–d) can be 
seen to exhibit a spherical shape and a rodlike shape, 
respectively, with a smooth cell surface. Additionally, 
it was seen from Fig. 5e–g that some of the cell walls 
were indeed destroyed or disintegrated.

Antibacterial activity of cotton fabric using HTCS 
as antibacterial agent

The antibacterial activity of F-CS, F-HT, and 
F-HTCS were confirmed via the spread plate 
method, as shown in Fig.  6a. The calculated anti-
bacterial rates of all samples against two test 
strains, S. aureus and E. coli, are shown in Fig. 6b. 
The antibacterial rate of F-HTCS against S. aureus 

was 99.9% and against E. coli was 99.8%. The anti-
bacterial rate of CS and HT against S. aureus were 
63.2% and 71.7%, respectively. And the antibacte-
rial rate of CS and HT against E. coli were 52.5% 
and 78.5%, respectively. It can, therefore, be con-
firmed that F-HTCS displayed excellent antibacte-
rial activity.

Other related literature had reported that the anti-
bacterial activity of CS against S. aureus was bet-
ter than E. coli because the reaction on quaternary 
ammonium groups limited antibacterial activity 
against E. coli (No et al. 2002). Meanwhile, HT had 
good antibacterial activity against E. coli due to the 
presence of phenolic hydroxyl (Morita et  al. 2007). 
Therefore, it can be inferred that the antibacterial 
activity of HTCS had a synergistic effect with CS and 

Fig. 5  SEM images of bacteria in different antibacterial situations: a and b are the control sample of S. aureus; c and d are the con-
trol sample of E. coli; e and f are the bacteria of S. aureus after treatment; g and h are the bacteria of E. coli after treatment

Fig. 6  a Growth of S. aureus and E. coli in MHA plates and b Antibacterial rate of the original fabric (Control), F-CS, F-HT, and 
F-HTCS
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HT, and that the antimicrobial activity was greatly 
improved due to the grafting of HT onto CS.

Durability of cotton fabric using HTCS 
as antibacterial agent

The antibacterial durability of antibacterial cotton 
fabric (F-HTCS) was assessed by determining the 
change of the antibacterial rate after the washing 
durability test. From Fig. 7, it was found that the anti-
bacterial rate of the F-HTCS against S. aureus and 
E. coli was slightly reduced with an increase in the 
number of washing cycles. With the increase in the 
number of washing cycles, the change of antibacterial 
rate became smaller and the antibacterial rate of the 
F-HTCS against two test strains remained above 80%, 
indicating that the treated cotton fabrics could retain 
their antibacterial activity. Due to the addition of cit-
ric acid in the finishing solution, citric acid acted as a 
crosslinking agent to fix HTCS onto the fabric (Jabar 
et al. 2021). As a result, the durability of the antibac-
terial cotton fabric was excellent.

Wearability of cotton fabric using HTCS 
as antibacterial agent

Taking into consideration that antibacterial cotton 
fabrics should be comfortable on the skin, the nature 
of cotton fabrics, such as its water absorbability and 
softness, should be reserved in the finishing process. 
Therefore, these properties were tested in this study.

The wicking effect was measured to investigate 
the hydrophilicity of the antibacterial cotton fabric, 
as shown in Fig. 8a. The wicking height of the anti-
bacterial cotton fabrics showed a slightly faster rate in 
comparison with the untreated cotton fabrics.

The hand parameters were tested to compare the 
stiffness, softness, and smoothness of the untreated 
cotton fabric and antibacterial cotton fabric, as shown 
in Fig.  8b. The decrease amplitudes of stiffness and 
smoothness and the increase of softness were very 
low. It could be considered as only slight changes of 
the handle of the untreated and treated fabric. The 
antibacterial treatment using HTCS as agents had lit-
tle impact on the handle of the fabric.

Figure 8c shows the mechanical properties of cot-
ton fabrics finished with HTCS as compared with the 
untreated cotton fabrics. It was found that the maxi-
mum breaking elongation was improved from around 
7.99 to 9.22% in the weft direction (an increase of 

Fig. 7  a Growth of S. aureus and E. coli in MHA plates and b Antibacterial rate of F-HTCS after 5, 10, 15, 20, and 25 washing 
cycles
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1.23%) while it was reduced slightly from around 
17.0 to 16.2% in the warp direction (a decrease of 
0.78%). The effective concentration of HTCS in the 
finishing solution was 1.3  g/L. Its content was very 
low and pH value of the finishing liquid was about 
6.5, which caused little damage to the fabric. Conse-
quently, the hand parameters and mechanical proper-
ties of the treated fabric using HTCS as antibacterial 
agent retained the level of the untreated fabric.

Formaldehyde release of cotton fabric using HTCS 
as antibacterial agent

In order to verify the safety of the antibacterial cot-
ton fabric, the formaldehyde release of the treated 
cotton fabric using HTCS as an antibacterial agent 
was carried out at different pH values (Fig.  9). The 
formaldehyde release of antibacterial cotton fabric 
kept at 33 mg/kg at different pH values. According to 
the safety grades of classification standard, the anti-
bacterial cotton fabric complied with Grade B textile 
requirements (< 75 mg/kg), which products can be in 
direct contact with the skin. It demonstrated that the 
treated cotton fabric using HTCS as an antibacterial 
agent was relatively safe and had greatly potential 
application prospect.

Conclusions

HT was successfully grafted onto CS using the 
Mannich reaction to form HTCS. The optimal graft-
ing condition was at the molar ratio 2:1 of HT to 

CS at 90  °C. HTCS had good solubility in the pH 
range 3–8 and much higher antibacterial activity 
against both S. aureus and E. coli in comparison 
with CS and HT. Using HTCS as an antibacterial 
agent for the treatment of cotton fabric, the antibac-
terial rate of cotton fabric against S. aureus and E. 
coli achieved more than 99% and the remarkable 
increase in comparison with CS and HT, respec-
tively. In addition, F-HTCS maintained good anti-
bacterial durability after 25 washing cycles and 
preserved the inherent mechanical and physi-
cal properties of the untreated cotton fabric. The 
formaldehyde release test proved the safety of 
F-HTCS. HTCS is, therefore, expected to be a good 

Fig. 8  a Hydrophilicity, b Hand parameters, and c Breaking elongation of the untreated and treated cotton fabric using HTCS as 
antibacterial agent

Fig. 9  Formaldehyde release of the treated cotton fabric using 
HTCS as antibacterial agent under different pH values
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natural antibacterial agent with the potential for 
many applications.
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