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Abstract Polyethylenimine (PEI), a type of water-

soluble chain polymer containing a great number of

primary, secondary and tertiary amine groups in the

molecule, was used as an N-halamine precursor. It was

grafted onto dialdehyde cellulose membrane (DCM)

followed by chlorination to prepare a novel N-hala-

mine antibacterial cellulose membrane (Cl–PEI–

DCM). The appropriate conditions affecting the

aldehyde content of DCM and the active chlorine

(Cl?) content of Cl–PEI–DCM were systematically

studied at oxidation, grafting and chlorination stages,

respectively. The structure and properties of the

samples were investigated by SEM, ATR–FTIR,

XRD, XPS, light transmittance measurements and

tensile tests. The stability and rechargeability of the

Cl–PEI–DCM were evaluated, and its antibacterial

activity was tested against S. aureus and E. coli.

Results showed that the Cl? content of the chlorinated

samples was strongly dependent on the aldehyde

content of DCM and PEI concentration. Under the

optimum testing condition, the Cl? content of the Cl–

PEI–DCM reached 1.30 wt%. The hydroxyl groups on

the cellulose membrane were changed to aldehyde

groups and the successful introduction of PEI and N–

Cl bond were confirmed. The 1.30 wt% Cl–PEI–DCM

exhibited high antibacterial activity against both S.

aureus and E. coli, which can completely inactivate

two bacterial pathogens within 5 min even after

15 days of storage. Moreover, the Cl–PEI–DCM

membrane displayed good stability, rechargeability,

transparency and high mechanical strength. These

results demonstrated that the Cl–PEI–DCM can be

considered as a visualized wound dressing material or

antibacterial shoe insole.
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Introduction

As the increasing threat of microorganisms on envi-

ronment and human health, antibacterial materials

have achieved extensive attention (Toure et al. 2014;

Shankar and Rhim 2018). Various antibacterial agents,

including nanoparticles of noble metals and metal

oxides (Wang et al. 2017b; Qi et al. 2017), quaternary

ammonium compounds (Gerba 2015; Chen et al.

2019), chitosan (Cheung et al. 2015; Chen et al. 2016)

and N-halamines (Demir et al. 2017; Dong et al.

2017), are widely used over the years. Among them,

N-halamines have demonstrated many advantages

such as rapid inactivation against a broad spectrum

of microorganisms in brief contact times, safety to

humans and environment, regenerability as well as

low cost (Hui and Debiemme-Chouvy 2013; Liu et al.

2015).

Currently, the reported N-halamine precursors

focus on cyclic structure compounds with secondary

amine groups (Hou et al. 2017; Wang et al. 2017a).

Polyethylenimine (PEI), a type of water-soluble chain

polymer, contains a great number of primary, sec-

ondary and tertiary amine groups in the molecule. It

can be used as a potential N-halamine precursor.

Moreover, PEI of lower molecular weights exhibits

minimal toxicity (Parhiz et al. 2013). A series of

investigation on PEI as chelator of heavy metal ions,

cell-attachment promoter, gene and DNA vaccine

delivery reagent, and others have been performed (Li

et al. 2014; Zhang et al. 2018; Ciofani et al. 2008;

Sheppard et al. 2014). To our knowledge, the only

work reported to date concerning PEI-based N-hala-

mine antibacterial material has originated from the

laboratory of Goddard and coworkers (Bastarrachea

and Goddard 2013). They attached the branched PEI

coatings to the surface of stainless steel by layer

deposition technique. After chlorination, the obtained

N-halamine-modified stainless steel produced about a
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1.5 log inactivation of Listeria monocytogenes at a

contact time of 6 h.

Cellulose, the most abundant natural polymer in the

world, is highly attractive due to renewability,

nontoxicity, biodegradability, biocompatibility and

low price (Roy et al. 2009). It has been widely applied

in many fields such as textile, paper-making, pharma-

ceutics and cosmetics. However, cellulose itself has no

antibacterial property and is easy to breed bacteria in

use (Gu et al. 2018). The researches involving

antibacterial cellulose have received increasing atten-

tion in recent years (Kang et al. 2013; Li et al. 2015;

Demircan and Zhang 2017). Generally, unmodified

cellulose tends to form intermolecular and intramolec-

ular hydrogen bonds by its hydroxyl groups, limiting

the introduction of other active groups. A popular

method is periodate-mediated selective oxidation.

Periodate can cleave the C2–C3 bond of the glucopy-

ranoside ring under mild aqueous conditions, and

produced 2,3-dialdehyde cellulose (DCM) without

significant side products (Li et al. 2011). Afterward, a

variety of substituent groups like hydrazone deriva-

tives and imines (Schiff bases) can be introduced to the

resultant aldehyde groups (Kim et al. 2000). Espe-

cially, Schiff bases make the dialdehyde cellulose a

valuable intermediate for cellulose-based functional

materials (Zhang et al. 2014; Jin et al. 2015).

In the present study, dialdehyde groups were first

introduced into cellulose membrane (CM). Then

branched polyethylenimine was grafted onto dialde-

hyde cellulose (DCM) via Schiff base reaction and

followed by chlorination to obtain a novel antibacte-

rial cellulose membrane (Cl–PEI–DCM). The appro-

priate conditions affecting the aldehyde content of

DCM and the active chlorine (Cl?) content of Cl–PEI–

DCM were systematically investigated at the oxida-

tion, grafting and chlorination stages. The structure

and properties of the samples were characterized by

SEM, ATR–FTIR, XRD, XPS, light transmittance

measurements and tensile tests. The stability and

rechargeability of the Cl–PEI–DCM were evaluated,

and its antibacterial activity was challenged against S.

aureus and E. coli.

Experiments

Materials

Cotton pulp cellulose was provided by Bailu Chemical

Fiber Group Ltd. (Xinxiang, China), with DP of 550

and 95% a-cellulose. The pulp has been smashed and

dried in a vacuum oven (60 �C) for 5 h before

dissolution. Tetrabutylammonium hydroxide (TBAH,

15 wt%) solution was provided by Runjing Chemical

Co. Ltd. (Zhenjiang, P. R. China). The TBAH solution

was concentrated through distillation under reduced

pressure (- 98 kPa, 50 �C). The TBAH working

solution of desired concentration was prepared dilut-

ing its stock solution with deionized water.

Branched polyethylenimine (PEI, molecular weight

600, 99%) was purchased from Shanghai Aladdin Bio-

Chem Technology Co., Ltd. Dimethylsulfoxide

(DMSO), sodium periodate (NaIO4) and sodium

hypochlorite (NaClO, 10% chlorine) were supplied

by Chengdu Kelong Chemical Reagent Co. (Chengdu,

China).

S. aureus (ATCC 6538) and E. coli (ATCC 25922)

was provided by Guangdong Institute of Microbiol-

ogy, P. R. China. All other chemicals and materials

used in this study were purchased from commercial

sources, and were used without further purification.

Preparation of N-halamine antibacterial cellulose

membrane

Cellulose membrane (CM) was prepared according to

the method described in our previous paper (Cao et al.

2018). Then 2 g of CM was immersed in a NaIO4

solution with different initial concentrations (0.5–4 g/

L). The mixture was placed into a magnetic stirring

water bath pot and stirred for different time (15 min–

48 h) at given temperature (5–45 �C) in dark. The

desired pH (2–8) was adjusted using 1 mol/L NaOH

and 1 mol/L HCl. Thereafter, the oxidized CM was

washed with distilled water to prepare dialdehyde

cellulose membrane (DCM).

The obtained DCM was immersed in a PEI solution

with different initial concentrations (0.005–5 wt%).

The mixture was stirred for different time (5–240 min)

at room temperature. The desired pH (3–11) was

adjusted using 1 mol/L NaOH and 1 mol/L HCl.

Subsequently, the aminated cellulose membranes

were washed with distilled water and dried at 50 �C
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in an oven to prepare the N-halamine precursor PEI–

DCM.

The PEI–DCM samples were converted to hala-

mine structure by immersing them in a NaClO solution

with different initial concentrations (0.05–5 wt%).

The mixture was stirred for different time

(15–720 min) at room temperature. The desired pH

(3–12) was adjusted using 1 mol/L NaOH and 1 mol/

L HCl. Subsequently, the chlorinated samples were

washed with distilled water and dried at 35 �C in an

oven to finally obtain the antibacterial cellulose

membrane Cl–PEI–DCM.

At the same time, CM and DCM were dried at

50 �C in an oven to prepare blank and reference

samples.

Characterization of samples

The physical morphologies of the CM, DCM, PEI–

DCM and Cl–PEI–DCM were observed on a

JSM7800F PRIME (JEOL Com., Japan) electron

microscope. The samples were coated with a gold

film to improve their conductivity and the quality of

the SEM image. The surface functional groups of the

CM, DCM, PEI–DCM and Cl–PEI–DCM were

detected by a FTIR spectroscope (Nicolet 6700,

Thermo Fisher Scientific, America). The data in the

range of 4000–400 cm-1 were recorded with an ATR

accessory at a spectral resolution of 4 cm-1. The

surface element compositions of the samples were

obtained by XPS on an Escalab 250Xi electron

spectrometer (Thermo Fisher Scientific, USA) with

an Al Ka source. Their crystal structures were

determined by X-ray powder diffraction (XRD,

PANalytical X’Pert PRO, Holland). The scan was

collected in the 2h range from 5� to 60� using CuKa
radiation (k = 0.15418 nm) operated at 40 kV and

25 mA.

The transparency of the samples prepared at

different stages in the wavelength of 300–900 nm

was measured by a UV2550 ultraviolet–visible spec-

trophotometer (SHIMADZU, Japan) with air as the

control. Their tensile strength and elongation at break

were tested on a universal tensile machine AGS-J

(SHIMADZU, Japan) at room temperature (25 �C,

55% RH) according to ASTM:D638. The samples

were stretched at a speed of 2 mm/min. The average

value of each property was calculated according to 5

parallel tests.

Determination of aldehyde content and active

chlorine content

The aldehyde content of DCM was determined by

converting the dialdehyde cellulose to oximes via

Schiff base reaction with hydroxylamine (Lindh et al.

2014). The related calculation formula is as follows:

Aldehyde content ðlmol/gÞ ¼ 30 � V

w

where V is the consumed volume (mL) of the

methanol solution with 0.03 mol/L of sodium hydrox-

ide, and w is the weight (g) of DCM.

The loaded active chlorine (Cl?) content on the Cl–

PEI–DCM was determined by a standard iodometric/

thiosulfate titration (Kang et al. 2016). The detailed

procedure can be described as follows: A small

membrane sample (about 1.0 g) was suspended in

25 mL acetic acid solution (0.5 wt%). After adding

0.3 g potassium iodide, the reaction was performed in

the dark at room temperature for 30 min. Then 1 mL

starch solution (0.5 wt%) was added as an indicator.

The system was titrated with Na2S2O3 (0.005 mol/L)

until the blue color disappeared at the end point. The

Cl? content of the sample is calculated according to

the following formula:

Clþ ðwt%Þ ¼ C � V � 35:45

m� 2
� 100

where Cl? (wt%) is the weight percent of active

chlorine on the membrane, C and V stand for the

concentration (mol/L) and volume (L) of the con-

sumed Na2S2O3 solution in the titration, respectively.

And m is the weight (g) of the membrane sample.

Antibacterial test

The antibacterial activity of the PEI–DCM and

chlorinated samples was evaluated according to mod-

ified AATCC Test Method 100-1999 reported by the

earlier literature (Sun et al. 2001). A Gram positive

bacteria S. aureus and Gram negative bacteria E. coli

were used as model bacteria. First, the membrane

samples were cut into small pieces (ca. 4 cm2), one

piece of which was put in a sterilized container.

100 lL of the aqueous suspension containing 106

colony-forming units (CFU)/mL bacteria was added to

the center of the membrane, and then another identical

membrane was placed on the first membrane surface
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for different contact time. Then the entire sandwich

was placed into 10 mL of 0.5 wt% sodium thiosulfate

solution to neutralize all oxidative chlorine residues

and recover survival bacteria. The bacteria suspension

was serially diluted, and 100 lL of each dilution was

placed onto a nutrient agar plate. The plates were

incubated at 37 �C for 24 h, and bacterial colonies

were recorded for antibacterial efficacy analysis.

Stability and rechargeability testing

To study the stability of the Cl–PEI–DCM, the

samples were stored in a dark environment at ambient

temperature. Then the Cl? content was tested period-

ically using the iodometric/thiosulfate titration

method for a 30 day storage period.

For the rechargeability test, three dechlorination/

chlorination cycles were performed on the Cl–PEI–

DCM. In brief, the PEI–DCM membranes were

chlorinated under the optimum chlorination condi-

tions and washed with deionized water. After dried at

35 �C in an oven, the Cl? content of three samples

were determined via an iodometric/thiosulfate titra-

tion. The remaining membranes were soaked in a 0.3%

Na2S2O3 solution at room temperature to quench the

active chlorine and then chlorinated again.

Results and discussion

Optimization of NaIO4-oxidation conditions

In the preparation of DCM, the aldehyde content is

related to solution pH, NaIO4 concentration, oxidation

time and temperature. Meanwhile, the change of

aldehyde content has a great influence on the Cl?

content of the products. Hence, the Cl? content was

also used as an evaluation index in the optimization of

NaIO4-oxidation conditions. Figure 1a presents the

impact of solution pH on two indexes with NaIO4

concentration of 1 g/L, oxidation time of 6 h and

oxidation temperature of 25 �C. As the pH rose from 2

to 8, the aldehyde content of the obtained DCM firstly

increased from 93 to 201 lmol/g and then decreased

to 47 lmol/g. The reason was that the oxidation

potential of periodate is related to hydrogen ion

concentration and periodate acid is difficult to ionize

in strong acid solution. At the same time, the Cl?

content of the resultant samples increased rapidly from

0.57 to 0.77 wt% with raising the pH from 2 to 3, and

then gave a small change at the pH range of 3–5.

Afterward, further raising the pH to 8, the Cl? content

sharply decreased to 0.29 wt%. Thus NaIO4 solution

was kept at natural pH (ca. 5.3) for the follow-up

experiments.

Figure 1b shows the effects of oxidation tempera-

ture on the aldehyde content and Cl? content. It is

clear that there existed a linear correlation between the

aldehyde content and oxidation temperature. As the

oxidation temperature rising from 5 to 45 �C, the

aldehyde content of DCM continuously increased

from 12 to 353 lmol/g. However, the Cl? content

showed an obvious decrease after reaching the max-

imum value of 0.91 wt% at 30 �C. It was because that

aldehyde content would impact the introduction of

PEI. For the subsequent study, the oxidation of CM

was carried out at room temperature (25 �C).

Figure 1c, d show the influence of NaIO4 concen-

tration and oxidation time on the aldehyde content and

Cl? content. It was evident that prolonging oxidation

time or increasing NaIO4 concentration, the aldehyde

content gave a constant increase. By contrast, the Cl?

content of Cl–PEI–DCM showed a different trend

which increased sharply at first and then gradually

decreased with delaying oxidation time. Furthermore,

the time to reach the optimal value expanded with

reducing NaIO4 concentration. These results indicated

that the Cl? content of the chlorination samples was

strongly dependent on the aldehyde content of DCM.

When the aldehyde content was too low, only a little

PEI was grafted on the surface of cellulose membrane.

Improving the aldehyde content can increase the

grafting amount of PEI, but on the other hand, the

aldehyde groups could reacted with multiple primary

amino groups of PEI molecules, causing the decrease

of the available N–H bonds at chlorination stage.

Therefore, a controlled amount of aldehyde content

was necessary in order to prepare antimicrobial

cellulose membrane with higher Cl? content. In

consideration of cost and time, NaIO4 concentration

and oxidation time were fixed at 1 g/L and 6 h,

respectively.

Optimization of PEI-grafting conditions

Because it is difficult to measure the grafting amount

of PEI on the DCM, the Cl? content of the products

was adopted as the evaluation index for optimizing the
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PEI-grafting conditions as depicted in Fig. 2. From

Fig. 2a, it is clear that the Cl? content increased from

0.05 to 0.76 wt% as increasing the solution pH from 3

to 10.3 and then decreased with the further rise of pH.

Hence, the natural pH 10.3 is adopted for the

subsequent experiments. This suggested that alkaline

condition was beneficial to the Schiff base reaction

between PEI and DCM. The possible reasons were as

follows: (1) the amino groups on PEI are easy to

protonize under low pH, which is not conducive to the

Schiff base reaction. (2) The self-condensation of

aldehyde groups could happen at too high basicity,

dropping the grafting amount of PEI. When increasing

the grafting time from 5 to 240 min, the Cl? content

firstly increased from 0.22 to 0.76 wt% and then

decreased. It was expected because prolonging reac-

tion time, the reactive aldehyde groups were

consumed continuously. Therefore, 120 min was

chosen as the appropriate grafting time.

Figure 2b shows the effect of PEI concentration on

the Cl? content with DCM of different aldehyde

content used. It can be seen that the Cl? content

increased at the beginning, especially yielding a big

jump when PEI concentration changed from 0.01 to

0.05 wt%, and then gave a decrease. This could be

attributed to the fact that PEI is a flexible chain

macromolecule and its molecular conformation is

affected by PEI concentration in aqueous solution. The

‘‘random coil’’ state of PEI molecular chain extended

in an extremely dilute solution, and interwove even

twined with increasing the PEI concentration. This had

an important influence on the reaction between the

amino groups of PEI and the aldehyde groups of DCM.

Therefore, the PEI concentration was fixed at

0.05 wt% in sequence experiments. For the given

a

c
d

b

Fig. 1 Effects of solution pH (a), oxidation temperature (b) and

oxidation time at different NaIO4 concentrations (c, d) on the

aldehyde content of DCM and the Cl? content of Cl–PEI–DCM

at oxidation stage (PEI-grafting conditions: 0.05 wt% PEI

solution at natural pH, reaction time of 2 h at room temperature;

chlorination conditions: 2.5 wt% NaClO solution at pH 8,

chlorination time of 2 h at room temperature)
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PEI concentration, the change trend of the Cl? content

was in accordance with the result obtained in ‘‘Opti-

mization of NaIO4-oxidation conditions’’ section.

Effects of the chlorination parameters

Figure 3 shows the effects of solution pH, chlorination

time and NaClO concentration on the Cl? content of

Cl–PEI–DCM at chlorination stage. It can be observed

that the Cl? content increased slowly from 1.18 to

1.33 wt% with the pH rising from 3 to 6, and then

decreased rapidly to 0.06 wt% with the further

increase of solution pH (Fig. 3a). Hence, acidic

condition was good for the chlorination reaction of

PEI–DCM. This is because the ratios of Cl2, HOCl,

and OCl- in solution are pH dependent (Deborde and

von Gunten 2008). And the established chlorinating

strength of these species is Cl2 * HOCl[OCl-

a b

Fig. 2 Effects of solution pH (a), reaction time (a) and

concentration PEI with DCM of different aldehyde content

used (b) on the Cl? content of Cl–PEI–DCM at grafting stage

(oxidation conditions: 1 g/L NaIO4 solution at natural pH,

oxidation time of 6 h at 25 �C; chlorination conditions: 2.5 wt%

NaClO solution at pH 8, chlorination time of 2 h at room

temperature)

a b

Fig. 3 Effects of solution pH (a), chlorination time under

different pH conditions (a) and NaClO concentration under

different pH conditions (b) on the Cl? content of Cl–PEI–DCM

at chlorination stage (oxidation conditions: 1 g/L NaIO4

solution at natural pH, oxidation time of 6 h at 25 �C; PEI-

grafting conditions: 0.05 wt% PEI solution at natural pH,

reaction time of 2 h at room temperature)
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(Soice et al. 2003). When pH is below 2, Cl2 is the

major species. Between pH 2 and 7.5, HOCl predom-

inates. At pH greater than 7.5, the majority is OCl-,

and the solution is fairly stable above pH 12 where

HOCl is almost nonexistent.

The effects of chlorination time and NaClO

concentration on the Cl? content under different pH

conditions (6 and 8) were presented in Fig. 3a, b,

respectively. Though the chosen pH is different, the

Cl? content in the products gave the similar trend

which increased at first and then decreased with

chlorination time expanded. The higher Cl? content

can be found for the reaction system of pH 6 and the

time to reach the maximum value was shorter.

However, the same Cl? content cannot be obtained

for pH 8 even though the chlorination time was

increased. The related mechanism remains to be

studied. From Fig. 3b, it was obvious that the Cl?

content rapidly increased at first and then slowed down

with increasing the NaClO concentration. It was

ascribed to the fact that HClO was more stable in

dilute solution, resulting that less N–H was switched to

N–Cl. For the fixed PEI–DCM, the total available N–

H was limited and too high NaClO concentration gave

no additional contribution for the Cl? content. In

addition, increasing NaClO concentration cannot

compensate the effect caused by solution pH. Thereby,

the chlorination conditions recommended were

NaClO concentration of 2.5 wt%, solution pH of 6,

chlorination time of 1 h at room temperature, where

the Cl? content was 1.30 wt%.

Characterization of the samples

FTIR spectra were recorded to identify the functional

groups on the samples obtained at different stages, and

the results were showed in Fig. 4a. In the CM

spectrum, the strong adsorption at 3350 cm-1 was

due to the O–H stretching vibration. The bands in the

range from 3000 to 2800 cm-1 were ascribed to the C–

H stretching vibration. The peak at 1642 cm-1 was

principally contributed by the absorbed water, and the

small bands in the range of 1450–1200 cm-1 were

attributed to the C–H and O–H deformation vibrations.

The prominent band at 1160 cm-1 was assigned to

glycosidic linkages between the sugar units while the

sharp peak at 895 cm-1 corresponded to the ring

stretching of glucose. The strong absorption between

1100 and 900 cm-1 were attributed to the C–OH

deformation vibrations and/or C–O stretching vibra-

tions in cellulose. After NaIO4 oxidation, a character-

istic peak at 1738 cm-1 can be founded for DCM,

corresponding to the vibration of C=O bond. This

feature indicated that cellulose was successfully

oxidized by NaIO4, and the hydroxyl groups on the

cellulose membrane were partially changed to alde-

hyde groups. But the peak at 1738 cm-1 was weak

because the dialdehyde groups formed the hemialdal

and hemiacetal structures (Varma et al. 1997).

After grafting PEI, two new adsorption peaks

appeared at 1575 and 1542 cm-1, which were

attributed to the bend vibration of N–H in primary

amino and secondary amino groups. The peak at

1642 cm-1 became stronger, which was related to the

C=N formation in the grafting process. Meanwhile,

the adsorption peak locating at 3350 cm-1 became

stronger and broader, which was attributed to the

overlapping of N–H and O–H stretching vibration.

The increased intensity at 1060 cm-1 was ascribed to

the C–N stretching. In addition, the C–H stretching

vibration showed an obvious enhancement. All these

confirmed that PEI was successfully grafted to the

surface of the DCM.

After chlorination in NaClO solution, the absorp-

tion bands displayed either an obvious shift or

reduction. The bands at 1575 and 1542 cm-1 disap-

peared, suggesting that the N–H bonds were trans-

formed into N–Cl bonds. The reduced absorption at

1642 cm-1 was related to the oxidation of C=N double

bonds. Meanwhile, the stretching vibration band at

3350 cm-1 got weaker. One reason was that the amino

groups participated in the chlorination reaction. The

other could be that hydroxyl groups of cellulose

membrane were oxidized by NaClO.

To further verify the chemical reactions taking

place in the preparation, XPS was used to analyze the

surface chemical composition of the CM, DCM, PEI–

DCM and 1.30 wt% Cl–PEI–DCM. Figure 4b shows

the XPS survey spectra in the 0–1000 eV binding

energy region. Two strong peaks were observed at 285

and 532 eV for all the samples, which belonged to the

binding energies of C 1s and O 1s, respectively.

Compared with CM, the relative contribution of O

1s band increased from 15.23 to 21.13% after NaIO4

oxidation, and then decreased to 14.04% after grafting

PEI. The opposite change was attributed to the

formation and consumption of aldehyde groups.

Meanwhile, the N1s peak with binding energy at
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399.8 eV can be observed for the PEI–DCM, indicat-

ing that PEI molecules were successfully grafted onto

the surface of DCM. For the Cl–PEI–DCM, a new

peak corresponding to the binding energy of Cl 2p can

be observed clearly at 200.3 eV, indicating that the

chlorination process was successful.

The SEM images of the CM, DCM, PEI–HOCM

and 1.30 wt% Cl–PEI–DCM were depicted in Fig. 5.

An evident change can be found from the surface

morphologies of the samples. The CM had a coarser

surface with more cracks. After oxidation to DCM, the

cracks on the surface showed a slight decrease,

suggesting that the oxidation process had a small

effect on the membrane structure. After grafting PEI,

the PEI–DCM surface became relatively homoge-

neous and dense, revealing that the introduction of

macromolecular chains improved the membrane

structure. After chlorination treatment, the Cl–PEI–

A B

d

Fig. 4 FT-IR spectra (A) and XPS wide scan spectra (B) of the CM (a), DCM (b), PEI–DCM (c) and 1.30 wt% Cl–PEI–DCM (d)

Fig. 5 SEM images of the CM, DCM, PEI–DCM and 1.30 wt% Cl–PEI–DCM
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DCM surface further became denser and smoother,

which was related to the modification of N-halamine.

The XRD patterns of the CM, DCM, PEI–DCM and

1.30 wt% Cl–PEI–DCM were presented in Fig. 6.

According to our previous work (Cao et al. 2018), the

cellulose II and cellulose IV crystal structure coexisted

in the CM. The DCM and Cl–PEI–DCM had similar

XRD pattern with the CM, which demonstrated that

the NaIO4 oxidation and chlorination treatment had a

small influence on the crystallinity of cellulose

membrane.

The transparency of the samples obtained at

different stages was measured in the wavelength range

of 300–900 nm as shown in Fig. 7a. It can be found

that oxidation treatment reduced the light transmit-

tance of the membrane compared to the CM. Com-

parative speaking, the introduction of PEI and C–Cl

bond improved the transparency of the membrane. In

four samples, the transmittance of the Cl–PEI–DCM

was the highest. From the inset of Fig. 7a, the

transparency and flexibility of the Cl–PEI–DCM can

be visually observed. At the same time, the mechanical

properties of the Cl–PEI–DCM was tested, and the

tensile strength and elongation at break were given in

Fig. 7b. It can be seen that there were evident reduces

of about 13% for the tensile strength (from 130.12 to

112.80 MPa) and 15% for the elongation at break

(from 9.63 to 8.20%) at the oxidation stage. After-

ward, a slow decrease was observed for the tensile

strength at graft and chlorination stages. In contrast, a

remarkable enhancement of about 38% for the elon-

gation at break (from 8.20 to 11.33%) can be realized

after the introduction of PEI. The Cl–PEI–DCM still

remained a high tensile strength of 105 MPa and

elongation at break of 10.10%.

Antibacterial activity

The antibacterial efficacy of the PEI–DCM and

1.30 wt% Cl–PEI–DCM were determined with

Gram-positive bacteria S. aureus and Gram-negative

bacteria E. coli and the results were showed in

Table 1. It can be seen clearly that the chlorinated

sample exhibited high antibacterial efficacy against

both bacterial species, which can completely inacti-

vate all of S. aureus and E. coli within 5 min even after

15 days of storage. When shortening the contact time

from 5 to 1 min, it still provided higher than 99.50%

reduction for S. aureus and for E. coli after 30 days of

storage. By comparison, the PEI–DCM had low

reduction of bacteria concentration, which only pro-

vided 36.00% reduction of S. aureus and 21.40% of

E. coli within 30 min, respectively. Hence, the Cl–

PEI–DCM can be applied as a potential wound

dressing. Recently, the paper published by the Worley

group has demonstrated that N-halamine wound

dressings potentially can be employed to prevent

infections (Buket et al. 2017). The strong antibacterial

efficacy of the Cl–PEI–DCM was related to the direct

transfer of oxidative Cl(?I) from N-halamines to

microbial cell walls. This process can rupture recep-

tors in the cell, destroy or inhibit the enzymatic or

metabolic process, and inactivate the organisms (Li

et al. 2015).
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Fig. 6 XRD patterns of the

CM, DCM, PEI–DCM and

1.30 wt% Cl–PEI–DCM
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Stability and rechargeability of the Cl–PEI–DCM

The stability and rechargeability of the Cl–PEI–DCM

were evaluated and the results were presented in

Fig. 8. Though the Cl? content of the tested samples

gradually decreased with the increase of storage time,

about 77% of the initial chlorine loading was still

retained after 30 days of storage. When combined

with the antibacterial efficacy result, this stability is

enough to support its application. The loss of chlorine

could be caused by hydrolysis of N–Cl bonds (Liu

et al. 2015).

From Fig. 8, the rechargeability of the Cl–PEI–

DCM was confirmed via an iodometric/thiosulfate

titration. After three dechlorination/chlorination

cycles, more than 70% of oxidative chlorine content

can be recovered. This result indicated that the Cl–

PEI–DCM had good rechargeability.
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Fig. 7 The transparency (a) and mechanical properties (b) of the samples prepared at different stages

Table 1 Antibacterial efficacy of the PEI–DCM and 1.30 wt% Cl–PEI–DCM to bacteria S. aureus and E. coli

Sample Contact time (min) S. aureus reduction (%) E. coli reduction (%)

PEI–DCM 30 36.00 21.42

1.30 wt% Cl-PEI-DCM

The 1st day 1 99.82 99.56

(Exp 1a) 5 100 (no growth) 100 (no growth)

The 1st day 1 99.92 99.85

(Exp 2a) 5 100 (no growth) 100 (no growth)

The 1st day 1 99.97 99.74

(Exp 3a) 5 100 (no growth) 100 (no growth)

The 15th day 1 99.76 99.53

5 100 (no growth) 100 (no growth)

The 30th day 1 99.64 99.51

5 99.94 99.90

aData represented two different experiments being performed on different days with different inoculum populations. For Exp 1, the

inoculum population was 5.4 9 106 CUF/mL for S. aureus and 4.3 9 106 for E. coli. For Exp 2, the inoculum population was

3.6 9 106 CUF/mL for S. aureus and 8.7 9 106 for E. coli. For Exp 3, the inoculum population was 8.5 9 106 CUF/mL for S.

aureus and 7.9 9 106 for E. coli
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Conclusion

A novel N-halamine antibacterial cellulose membrane

was successfully fabricated via grafting PEI onto

dialdehyde cellulose followed by chloramination. The

appropriate conditions affecting the aldehyde content

of DCM and the active chlorine (Cl?) content of Cl–

PEI–DCM were systematically investigated at oxida-

tion, grafting and chlorination stages, respectively.

Results showed that the Cl? content of Cl–PEI–DCM

was strongly dependent on the aldehyde content of

DCM and PEI concentration. Under the optimum

testing condition, the Cl? content of the resultant

product reached 1.30 wt%. ATR–FTIR and XPS

results indicated that the hydroxyl groups on the CM

were changed to aldehyde groups. The PEI was

successfully grafted onto the surface of DCM, where

the primary amino and secondary amino groups were

preserved. After chlorination, the N–Cl bonds were

successfully introduced to the surface of Cl–PEI–

DCM. Compared with the PEI–DCM, the chlorinated

sample 1.30 wt% Cl–PEI–DCM exhibited high

antibacterial efficiency against S. aureus and E. coli.

They can completely inactivate two bacterial patho-

gens within 5 min even after 15 days of storage.

Moreover, the Cl–PEI–DCM displayed good stability,

rechargeability, transparency and high mechanical

strength, which can be considered as a visualized

wound dressing material or antibacterial shoe insole.
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