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Increasing consumer demand for high performance bio-based materials in order to develop microbiologically safer foods 

have forced the food industry to revise their packaging strategies.  One of the emerging fields within this industry is active 

packaging which prevents excess of antimicrobials in food formulation and, meanwhile, inhibits or reduces bacterial 

growth. In this study, a green process of immobilizing a peptide on bio-based carboxylated cellulose nanofibers (CNF) using 

coupling agent has been proposed. Validity of the grafting reaction, between nanocellulose, the coupling agent and 

peptide, was first analyzed by Quartz crystal microbalance-dissipation (QCM-D). Efficiency of the grafting reaction was 

characterized with Fourier Transform Infrared spectroscopy and thermogravimetric analysis which suggest the grafting of 

nisin on CNF. Finally, the amount of grafted nisin was quantified on the surface of CNF by conductometric titration and 

nitrogen content analysis. The antimicrobial activity and release experiment demonstrated that the nisin grafted CNF 

displayed excellent antimicrobial activity against different gram +ve bacteria (Bacillus subtilis and Staphylococcus Aureus) 

with significant 3.5 log reduction. The obtained results are promising and confirm the interest in such strategy.  

Introduction  

Infectious diseases are frequently spreading through food 

quality deterioration. According to the World health 

organization, globally, 351,000 people die every year due to 

the food poisoning 1. Therefore, to assure the safety of food 

products, it is necessary to control the contamination by 

limiting the growth of pathogenic bacteria during processing 

and storage.  

In traditional packaging, antimicrobial active compounds are 

mixed with food formulation for preservation. But, the 

presence of antimicrobials in bulk is unable to target the food 

surface where a large portion of spoilage and contamination 

occurs. Hence, bioactive antimicrobial packaging was 

introduced as an innovative approach to diminish microbial 

growth predominantly at the surface of food 2, 3. Various 

researchers have demonstrated the use of antimicrobial 

compounds, such as organic acids (sorbic acid, acetic acid), 

essential oils (Thymol, rosemary oil), enzymes (lysozyme), 

bacteriocins (nisin and pediocin), and metal particles (silver, 

zinc oxide) 4-7 incorporated or coated over polymer matrices.  

Indeed, this study primarily focuses on the use of a cationic, 

amphiphilic antimicrobial peptide nisin composed of 34 amino 

acids produced by strains of the bacterium Lactococcus lactis 

lactis 
8
. Nisin has already been exploited for decades as a food 

preservative and is also approved by the European food safety 

authority with acceptable uptake of 0.13 mg/kg/day/person 
9
.  

Nisin intervenes with cell wall synthesis by binding to lipid II, a 

core precursor of cell wall synthesis, and efficiently 

permeabilizing the cell membrane via the formation of pores 
10

. Converse to antibiotics, their mode of action does not 

encourage pathogenic resistance, hence, suppresses the 

evolution of new infectious diseases 
11

. 

In last decade, nisin has been either incorporated into various 

polymer matrices, for instance polyethylene brushes 
12

, LDPE 
13

, polypropylene 
14

, soy protein 
15

, or starch  
16

 , or in coatings 

over them 
17-19

. However, these direct applications have been 

limited in their beneficial effects and exhibit a loss in long-term 

activity.  

Still, only very few investigations have taken place with 

chemical covalent immobilization of nisin for example some 

studies tried to graft nisin on compounds such as multiwalled 

carbon nanotubes 
20

, or calcium alginates 
21-23

. 

Due to bio-based material requirements and needs from 

society, intensive research is being carried out to develop 

environmentally-friendly packaging materials to replace 

petroleum-based synthetic polymers. Nevertheless, by virtue 

of its properties (renewable, biodegradable, biocompatible 

and cost effective), cellulose carry on gaining attention for 

bioactive packaging 
24, 25

.   

Cellulose nanofibers (also called microfibrillated cellulose or 

nanofibrillated cellulose) is a novel cellulosic nanomaterial 

developed by a researcher team at ITT Rayonier Inc. in 1983 
26

. 

These slender materials  possess a diameter between 10 - 50 

nm and length >1 µm. CNF is a very promising material with 
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unique properties such as being light-weight, low density, high 

barrier, low coefficient of thermal expansion, extremely high 

surface area, flexible, and good strength properties 
27-29

. It is 

prepared by high shearing mechanical disintegration 
26

 which 

is major concern in its preparation as fibrillation consume 

energy as high as 78.8 MJ/kg 
30

.  

Pretreatment of the cellulose fibers before mechanical 

disintegration, not only decreases the energy consumption, 

but can also add novel surface properties to fibers. Thus, 

pretreatment with 2, 2, 6, 6- tetramethylpiperidine-1-oxyl 

(TEMPO) selectively converts the C6 groups of primary 

hydroxyl into carboxyl functions, which attracts attention for 

diverse applications 
31, 32

.   

Very recently, conventional CNF have been grafted with 

silanes, isocyanate, anhydrides, isothiocyanate and antibiotics 
33-39

 to impart antimicrobial properties. The novelty of this 

work lies in the selection of the type of CNF and active 

molecule (nisin), which was never attempted in previous 

investigations. It also proposes to use a new green strategy for 

grafting active molecule. Indeed even if such grafting has been 

recently performed onto nanocellulose for various molecules, 

none of them targeted antimicrobial properties using rather 

large molecule weight molecule like nisin. 

Consequently, in this study, we have developed a novel 

antimicrobial film with covalently linked nisin on the surface of 

TEMPO oxidized CNF especially for food packaging. In addition 

to reduction of energy consumption during mechanical 

disintegration of fibers, TEMPO pretreatment imparts 

additional properties to nanofibers which could be exploited 

for different application. Our novel TEMPO oxidized CNF film 

has enhanced the antimicrobial activity of the film against 

Bacillus subtilis and Staphylococcus aureus. 

Materials and Methods 

Materials 

For the preparation of nanocellullose, high quality bleached 

softwood cellulose (domsjo, Sweden) produced from a 

controlled mixture of Spruce and Pine (respectively 60 % and 

40 %) was used. Nisin Z was procured by Handary S.A. Various 

chemicals were purchased such as 2,2,6,6-

tetramethylpiperidine-1-oxyl radical (sigma Aldrich), 2-(N-

morpholino) ethanesulfonic acid (sigma Aldrich), N-

hydroxysuccinimide (sigma Aldrich), 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (sigma Aldrich), L-α-

lecithin (Merck), sodium thiosulphate (Roth), L-Histidine 

(Merck), Tween 80 (Merck), Potassium dihydrogen phosphate 

(KH2PO4) (Roth). A suspension of Bacillus Subtilis (10
7
 

spores/mL) was also purchased from Humeau (France). Spores 

were revived by growing in nutrient broth for 16 hours. A 

nutrient agar adapted to the development of the spores was 

also purchased from Humeau (France). Staphylococcus aureus 

ATCC 6538 was bought from Thermo scientific, USA. Petri 

dishes with a diameter of 90 mm and 60 mm were purchased 

from Roth (France) and used for the antibacterial tests.   

Preparation carboxylated CNF 

The dried cellulose fibers (15 g) were soaked in water (1 L) 

overnight aiming for a better dispersion of fibers during 

reaction. After redispersion, the cellulose fibers were 

transferred to a reactor with heating mantle, after TEMPO 

(0.24g, 0.1 mmol) and sodium bromide (1.5 g, 1mmol) were 

added. The TEMPO-mediated oxidation was started by pouring 

the 4.9 ml of the sodium hypochlorite solution (5.0 mmol 

NaClO per gram of cellulose at pH 10) slowly into the reactor 

and then consistency was filled with deionised water till 1.5 L. 

Then, the reaction was carried out at room temperature by 

stirring at 200 rpm. The pH was maintained at 10 by adding 0.5 

M sodium hydroxide (NaOH) using a pH regulator until no 

further decrease of pH was observed.  

The reaction was quenched by lowering the pH till 7 with 0.1 

M HCl. TEMPO-oxidized cellulose was thoroughly washed with 

deionized water by vacuum filtration using a nylon sieve with a 

pore diameter of 1 μm until the filtrate conductivity value 

reached less than 5 μS/cm.  After that, the TEMPO cellulose 

was stored at 4 °C for further treatment. Recovery ratios of the 

TEMPO oxidized celluloses after washing were over 90 %. The 

carboxylate content of the TEMPO-oxidized cellulose was 

determined using conductivity titration method. For the 

preparation of nanofibers, the pretreated fibers were passed 

through Masuko® grinder at 2500 rpm for 45 min under 

continuous recirculation 
40

. 

Chemical Grafting of Nisin on carboxylated CNF 

1g of dry TEMPO CNF was diluted with 160ml 2-(N-

morpholino)ethanesulfonic acid (MES) buffer (pH 4.5; MES 

10mM). The CNF suspension was stirred for 30 minutes. 0.84g 

of EDC (1- ethyl-3- (3-dimethylaminopropyl) carbodiimide) was 

solubilized in 10 mL of MES buffer; 0.5g of NHS (N-

hydroxysuccinimide) was solubilized in 10 ml of MES buffer. 

The required quantity of nisin was added to the TEMPO CNF 

suspension and then, EDC-NHS was added to the mixture. 

Finally the mixture was stirred during 24 hours at room 

temperature.  

The quantity of nisin was calculated on the basis carboxyl 

group on the surface of CNF. Two quantities were used to 

analyze the efficiency of grafting i.e. 1 and 4 equivalents with 

respect to the carboxyl group.  

 

Validation of grafting reaction between CNF and nisin (QCM-D) 

Adsorption measurements were performed with a Quartz 

Crystal Microbalance with Dissipation (QCM-D). The 

instrument (Q-Sense® E1, Biolin Scientific, Sweden) measures 

the resonance frequency of the oscillation of a quartz crystal 

based on the fundamental frequency (5 MHz) and selected 

overtones (15, 25, 35, 45, 55, and 75 MHz). However, only the 

seventh overtone is used in the data evaluation. Sorption 

curves were acquired using 100 nm gold-coated quartz crystals 

(QSX301, Biolin Scientific, Sweden). All measurements were 

performed under constant flow rate (100 µl/min) and 

temperature (23 °C). The adsorbed mass (ng/nm²) was 

estimated from the frequency change (Δf) using Sauerbrey’s 

equation 
41

.  
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Where: Δfm = change in frequency, f0 = fundamental 

frequency, Δm = change in mass, A = piezo-electrically active 

area, ρq = density of quartz (2.648 g/cm2), and μq = shear 

modulus of quartz (2.947 × 10-11 dynes/cm2).  

 

Grafting Characterization 

 

Attenuated total Reflectance-Fourier Transform Infrared 

spectroscopy (ATR-FTIR) 

ATR-FTIR spectra were recorded for neat and modified CNF in 

mode, using a Perkin Elmer Spectrum 65. All spectra were 

recorded between 4000 and 700 cm
-1

, with a resolution of 4 

cm
-1

 and 16 scans. All spectra were manually corrected for its 

baseline and then normalized according to the band at 1110 

cm
-1

. 

 
Nitrogen content 

Nitrogen contents were measured for unmodified and nisin 

modified CNF at “Service central d’analyse (Vernaison, 

France)”. For each sample, duplicates were performed and the 

values were averaged. 

 
Thermogravimetric analyses (TGA) 

A Perkin Elmer Simultaneous thermal Analyzer (STA 6000) was 

used. About 30 mg of sample was placed in a pan and tested at 

a heating rate of 10 °C/min from ambient temperature to 900 

°C, under air. All experiments were performed at least twice. 

 
Atomic force Microscopy (AFM) 

Neat CNF and grafted CNF were imaged using Atomic Force 

Microscope, AFM, (Nanoscope III, Veeco, Canada) 

characterized in tapping mode with a silicon cantilever 

(OTESPA, Bruker, USA) on a diluted suspension. Each sample 

was characterized in tapping mode with a silicon cantilever 

(OTESPA, Bruker, USA) at different locations. Images were 

subjected to the first order polynomial flattening in order to 

reduce the effects of bowing and tilt. 

 
Conductometric titration 

Conductometric titration was carried out to obtain the total 

carboxyl groups in the neat and grafted CNF film. Typically, 0.2 

g of dry CNF film was titrated with 0.01 M NaOH (aq) by adding 

approximately 0.1 mL in 30 second intervals. Total carboxylate 

content was calculated by on the basis of the used NaOH 

volume as follows: 

 

With X as the total carboxylate content in the sample, CNaOH 

the exact concentration of the sodium hydroxide solution in 

µmol/L, V2 the volume of the sodium hydroxide solution 

consumed in the 2
nd

 intersection point for weak acids, in liters 

and m the oven dry weight of sample. 

Finally, percentage of grafting was determined using the total 

carboxylate content before and after the reaction on each 

sample: 

Where, X(reference) is total carboxylate content of the neat CNF 

and X(sample) is the total carboxylate content of the Nisin-

grafted CNF. 

 

Antibacterial activity  

 

Qualitative assessment of antimicrobial releasing activity  

Qualitative antimicrobial activity was analyzed with AFNOR EN 

1104 standard by placing circular film of 20 mm diameter onto 

pre-inoculated agar (with B. Subtilis) then incubated for 3 days 

at 30 °C. The leaching ability of modified CNF was concluded 

measuring the diameter of the inhibition zone. All experiments 

were repeated three times. 

 
Quantitative assessment of antimicrobial activity  

The quantitative assessment of the antibacterial activity 

against B. subtilis a n d  S. aureus was based on the AATCC 

Test Method 100 (1998) under static conditions. The cell 

suspensions were prepared with 20 mL of nutrient broth and were 

grown overnight at 37 °C under horizontal shaking at 200 rpm. An 

aliquot of 200 µl of cell suspension was then placed onto at least 2 

replicates of each sample (modified and unmodified surfaces). 

After 24 hours of incubation at 37 °C, the bacteria were 

extracted by using 50 ml of neutralizing solution: L-α-lecithin 3 

g/L, sodium thiosulphate 5 g/L, L-histidine 1 g/L, Tween 80 30 

g/L, and a buffer solution (KH2PO4 0.68 g/L) 10 mL/L, (pH at 7.2 

± 0.2). The numbers of colony forming units (CFU) within 

the resulting suspensions are then enumerated using the 

plate count method. The bacteria log reduction, i.e. the 

antibacterial activity of the films, was calculated according to 

the following formula: 

All experiments were at least duplicated. 

Results and discussion 

Influence of the coupling agent on the interaction between CNF 

and nisin 

First, tempo oxidised cellulose was prepared and 

characterized. Gel like suspension and semi-transparent dried 

film was obtained as expected. Morphological nanostructure 

was confirmed by the AFM as detailed later in figure 5. 

Dimension of CNF calculated with the image J are 18 ± 4 nm 

which was in the range of classic Tempo CNF. 

Since, this was the first investigation for such strategy, it was 

extremely important to confirm the efficacy of nisin 

immobilization on the surface of nanofibers with the coupling 

agent. Therefore, Quartz Crystal Microbalance with Dissipation 

Monitoring (QCM-D) was first used to monitor the validity of 

 ��� =
−2	��		�
	
�	�
�μ�

 1 

 � =	
C���� 	× 	V	

m
 2 

 Grafting	efficiency	$%& = 100	 ×
X$reference& − X$samples&

X$reference&
 

3 

 Log reduction = log CFU T24 untreated sample−log CFU 

T24 treated sample 

4 
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the grafting reaction. QCM-D is a highly sensitive technique 

which is used to study the reaction binding kinetics of a 

molecule by analyzing its sorption and desorption from the 

quartz surface. Two different deposition cycles were 

preformed using CNF and nisin.  

A detailed description of the QCM-D, which represents the 

normalized change in frequency and dissipation of the 7th 

overtone in each deposition cycle, is shown in Figure 1. In first 

experiment, nisin solution (1 g/l) was directly in the flow 

contact on the carboxylated nanofibers previously coated on 

the functionalized gold plates. 

The introduction of carboxylated CNF on PEI treated Gold 

quartz results in the decrease of the ΔF (-30 Hz) and an 

increase in the corresponding ΔD. This change is attributed to 

the strong absorption of cellulose on the PEI.  After each 

deposition, the quartz was rinsed with deionized water to 

remove the excess of unbound compound and to negotiate 

the frequency response generated by them.  

Next, when peptide was passed into QCM-D module, there is 

instantaneous decrease in Δf and increase in ΔD in less than 2 

minutes corresponding to the strong adsorption of nisin on the 

nanofibers. After 3 minutes of deposition, there was slow 

depression which was contributed by swelling of the Tempo 

CNF owning to the absorption of water. The adsorption of nisin 

on CNF is mainly related to the weak forces such as hydrogen 

bonding and van der Waals interactions between the two.  

In another system of deposition, EDC/NHS was first absorbed 

on the surface of CNF and then nisin was allowed to interact 

with EDC/NHS. The EDC/NHS treatment of oxidized nanofibers 

film decreased the frequency (change over -44 Hz after rinsing) 

which indicates the formation of semi-stable NHS-esters. It is 

worthy to notice that no significant desorption of NHS-ester 

took place even after washing for 20 minutes. Nonetheless, 

these systems were found to differ with respect to the 

absorption of nisin. There is very low change in dissipation 

energy due to the formation of NHS ester, which reduces the 

swelling of the TEMPO CNF, thus resulting in a rigid layer of 

nisin which indeed confirms the reaction of CNF with nisin 42, 

43.  

 

 

Figure 1. Frequency and dissipation response of the 7th overtone produced by the 

absorption on PEI treated gold quartz sensor (a) injection of CNF Tempo (0.2 %) and 

then nisin (1g/l) (b) injection of CNF tempo (0.2 %) then 2nd injection with EDC/NHS 

solution in MES buffer, after final injection with nisin (1g/l). Pink area represents the 

washing after each injection with deionized water 

The mass/thickness of the layers can be determined by the 

Sauerbrey equation. However, this equation is only applicable 

to rigid layers. Another indication of a non-rigid viscoelastic 

film, which leads to a deviation from the Sauerbrey relation, is 

the frequency dependence of the overtones (∆F/n). The mass 

for the coupled TEMPO CNF after water rinsing was found to 

be 6 mg/m
2
 which corresponds the thickness of 4 nm on the 

gold surface considering a cellulose nanofibril density of 1500 

kg/m3. The mass of CNF was quite sufficient for uniform 

distribution on the gold plate reducing the non-specific 

adsorption of nisin on gold plates 44. 

 
Figure 2. AFM standard tapping mode height sensor images in air of quartz gold sensors 

after each deposition cycle (a) nanocellulose (b) nanocellulose -Peptide nisin (c) 

nanocellulose -EDC/NHS (d) nanocellulose -EDC/NHS-nisin.  z ranges from -19 to 20.6  

nm. 

AFM images are recorded to control the morphology of the 

cellulose after each injection (Figure 2). No large voids or pores 

were observed indicating the uniform distribution of TEMPO 

oxidized cellulose nanofibrils on the surface of the PEI treated 

gold surface. When EDC/NHS was deposited on the surface of 

cellulose, a gel like structure was formed with water and 

NHS/EDC, however, after rinsing and addition of nisin, fibrillar 

structure similar to the reference CNF was observed 45. 

EDC/NHS removes the charge on the nanofibrils by forming 

NHS esters that reduce the water binding capacity of fibrils. 

Therefore, rigid absorption of peptide nisin took place mainly 

on the CNF film surface, when EDC-NHS coupling agent is used.  

Grafting of CNF with nisin 

Actually, the pathway for covalent immobilization of nisin 

peptides on the surface of CNF consists of two prime steps. In 

a first step, COOH on nanofibers were activated by using an 
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EDC–NHS mixture. Then, the nisin peptide was covalently 

immobilized onto the surface through the nucleophilic 

reaction occurring between the terminal NH2 group of the 

peptide and the activated carboxylic functional group of the 

surface.  Figure 3 illustrates the structure of nisin and the 

reaction pathway demonstrating the main steps involved in 

the grafting of nisin peptide. 

This EDC-NHS intermediate grafting reaction is well known by 

peptidic reaction but is still barely used with nanocellulose, 

only very recent papers deals with such strategy and up our 

knowledge; nobody used it for grafting the peptide on Tempo 

CNF 
46-49

. In this case the risk of “homopolymerisation” 

(condensation) of nisin is present and can be limited by 

favoring the adsorption of EDC-NHA as shown with QCM-D. 

The main advantage of this grafting strategy is the use of 

aqueous system at room temperature. 

Prior to all the characterization, modified nanofibers were 

thoroughly washed with water using centrifugation to remove 

all physically adsorbed peptide. ATR-FTIR analysis was 

performed to characterize and determine changes in the 

infrared bands related to the nisin immobilization on the CNF. 

Normalized FTIR spectra of the neat and grafted CNF are 

presented in figure 4. Unmodified CNF display several bands 

characteristics of cellulose at 3,350 cm-1 (OH), 1,110 cm-1 (C-O 

of secondary alcohol and used for the normalization of all 

spectra), and 2,868 and 2970 cm-1 (C-H from –CH2-).  

In addition, TEMPO oxidized fibers also show a new peak 1550-

1610 cm-1 corresponding to the asymmetric –COO- stretching 

from TEMPO CNF carboxylates. The spectra reported 

characteristic changes in the region of 1750-850 cm
−1

 due to 

the grafting of nisin on nanocellulose. The spectra of nisin-

grafted CNF demonstrated distinct new characteristic bands at 

1640 cm
−1

, 1560 cm
−1

 and 1402 cm
−1

 associated with the 

presence of amide I group (C=O stretch combined with N−H 

deformation), amide II group (N−H deforma\on in amides 

combined with −NH3
+ 

deformation), and Amide III group (C−N 

stretch in primary amides combined with COO− symmetric 

stretch in carboxylic acid salts), respectively 
50

. The band 

around 2919 and 2849 has increased significantly after the 

addition or grafting of nisin. Moreover, direct mixing of the 

nisin into CNF demonstrated the band characteristic to both 

CNF and nisin.   
Atomic force microscopy (figure 5) of unmodified CNF 
suspension showed the morphology of nanofibers in 
dimension of 18 ± 4 nm. Generally, the estimated diameter of 
TEMPO nanofibers should be around 3-4 nm 40 .  It is 
important to mention here that the mechanical treatment 
used in this investigation was ultra-friction grinding system, 
which provides nanofibers of higher dimension compared to 
nanofibers treated with homogenizer 

51
. The average diameter 

of grafted CNF was 20 ± 7 nm and 21 ± 6 nm for CNF TEMPO-g-
1eq and CNF-TEMPO-g-4eq, respectively, which is not 
significantly different from unmodified CNF. In conclusion, no 
change in the morphology was observed after grafting owning 
to the non-swelling grafting solvent (MES buffer) used for the 

Figure 3 (a) Chemical structure of the lantibiotic Nisin Z (b) Primary structure of Nisin Z (Nisin Z contain asparagine  instead of Histidine at position 27) (c) Schematic 

illustration of the main steps involved in the grafting of peptide Nisin Z on the surface of tempo cellulose.  
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Figure 4. FT-IR spectra of the (a) Nisin, (b) CNF Tempo, (c) CNF Tempo-m-Nisin 

 (d) CNF Tempo-g-1-eq and (e) CNF Tempo-g-4eq 

reaction process. 

Apparent change in colour (from white to brown) was noticed 

after the grafting with the higher concentration of peptide of 

the film. In contrast, no change in colour was observed when 

the concentration used for grafting is 1 equivalent. This 

observation is in agreement with the FTIR results i.e. more 

pronounced bands were obtained with CNF Tempo-g-4eq.  

Influence of peptide grafting on thermal degradation  

Thermogravimetric analyses (TGA) were accomplished to 

determine the influence of nisin on the thermal stability of 

cellulose. Weight loss and derivative weight loss thermographs 

for reference and modified samples are represented in figure 

6.  The formation of sodium carboxylate groups from the C6 

primary hydroxyls of cellulose microfibrils surfaces by the 

TEMPO oxidation affects the thermal degradation.  

Degradation of TEMPO cellulose fibers starts at 200°C under 

nitrogen while with the conventional cellulose, its 

decomposition start at 300°C.  The initial decreases in weight 

observed at about 60-100 °C in the reference TEMPO CNF is a 

consequence of the loss of the residual moisture. But, this 

depression in weight for residual moisture is slightly lower in 

the grafted samples stating the presence of less moisture 

comparatively after grafting which is classical for all grafting 

procedures 
52

.  As already shown in previous literature, small 

modification might prove undirectly the grafting. Indeed it is 

well-known that nanocellulose grafting with large molecule 

like nisin can protect the nanocellulose from thermal 

degradation 
46, 53, 54

. 

As a result, grafting (or adsorption) of nisin on the CNF slightly 

improves the thermal stability of the cellulose (Table 1). 70 % 

weight loss was obtained at 490°C, 619°C and 570°C for CNF 

Tempo, CNF Tempo-g-1eq and CNF Tempo-g-4eq, respectively. 

However, at higher temperatures, disintegration of nisin-

grafted cellulose occurs, comparatively at lower temperature 

with the reference nanofibers due to the decomposition of 

grafting agent. Moreover, presence of higher quantity of nisin 

in CNF Tempo-g-4eq makes it more sensitive to higher 

temperatures than the CNF Tempo-g-1eq. 

The DTGA curves of TEMPO CNF demonstrate two evident 

peaks at 239 °C and 290 °C. The first peak in the DTGA curves 

come from the degradation of sodium anhydroglucuronate 

units, and the other peak at 290 °C indicates the thermally 

unstable anhydroglucuronate groups present at the crystal’s 

surface. Grafting with nisin slightly enhances the stability of 

anhydroglucuronate groups present on the crystal surfaces. 

Thus, the second peak increases to the 309 °C and 305 °C for 

CNF Tempo-g-1eq and CNF Tempo-g-4eq, respectively. 

Table 1 Temperature degradation profile at different relative weight loss for neat and 

nisin grafted CNF 

Weight loss (%) CNF Tempo CNF Tempo-g-1eq CNF Tempo-g-4eq 

10 214 223 226 

30 265 271 289 

50 306 318 332 

70 490 619 570 

80 900 866 850 

Quantification of peptide grafting on CNF 

Nitrogen content for neat and grafted CNF are shown in table 

2 using bulk elemental analysis. With the grafting of nisin on 

CNF, there is high content of nitrogen in grafted CNF compared 
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Figure 5. AFM Pictures of CNF Tempo, CNF Tempo-g-1-eq and CNF Tempo-g-4eq with films after grafting on the surface of cellulose (conc 0.1 %, tapping mode in air, area 3.3 X 3.3 

µm
2
) 
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to the neat CNF which verifies the grafting of CNF. Moreover, 

when grafted with 4 equivalent of nisin, nitrogen content on 

grafted fibers increased to 2.9 % compared to 1.8 % of 1 

equivalent CNF. Therefore, higher nitrogen content in grafted 

CNF is in accordance with the immobilization of nisin on the 

surface of nanocellulose.  

 
Table 2 Grafting efficiency of nisin on the surface of Nanofibres 

 Nitrogen 

content (%) 

Carboxyl content 

(mmol/g) 

Grafting 

(%) 

CNF Tempo 0 1087,5  

CNF Tempo-g-1eq 1.8 787 27.5 

CNF Tempo-g-4eq 2.9 590 45.7 

 

The presence of carboxyl content on the surface of TEMPO 

CNF was used to calculate the grafting efficiency. Carboxyl 

content on the surface was analysed by conductomertic 

titration and found to be 1088, 787 and 590 mmol/g for CNF 

Tempo, CNF Tempo-g-1eq and CNF Tempo-g-4eq respectively. 

From these values, it was concluded that 27.5 % of carboxyl 

group in CNF Tempo-g-1eq and 45.7 % in CNF Tempo-g-4eq 

were modified with nisin. 

Antibacterial Activity of grafted CNF films 

Qualitative assessment against B. subtilis 

First, a Qualitative test was done to check the antimicrobial 

activity of the non-grafted and grafted samples (figure 7). Neat 

CNF TEMPO was used as negative reference which did not 

demonstrate any activity against B. subtilis. Nisin mixed with  

 

 
Figure 6. Thermographs for the control (CNF and Nisin) and grafted CNF with different 

initial concentrations. 

CNF TEMPO was used as positive reference and an apparent 

zone of inhibition was formed around the sample after 3 days  
55.  
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Figure 7. (i) Qualitative analysis of grafting on antimicrobial activity of B. subtilis: (a) CNF Tempo (b) CNF Tempo-m-Nisin (c) CNF Tempo-g-1-eq (d) CNF Tempo-g-4eq, (ii) Effect of 

nisin on antimicrobial activity of Bacillus subtilis and Staphylococcus aureus on CNF Tempo, CNF Tempo-m-Nisin, CNF Tempo-g-1-eq, and CNF Tempo-g-4eq. 

(i) 

(ii) 
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Zone of inhibition was also formed by CNF Tempo-g-1-eq and 

CNF Tempo-g-4eq which can be attributed to the presence 

of non-covalent bonded nisin present in the CNF.  

In a previous study, it was stated that uncontrolled and non-

covalent immobilization of peptide forms an unstable layer but 

on the other hand activation of surface with EDC/NHS leads to 

the stable immobilization of peptide 
50

. Furthermore, this 

hypothesis was also proved with Quartz crystal microbalance 

with dissipation (QCM-D). 
Quantitative assessment against B. subtilis and S. aureus 

In addition, the capability to grafted CNF was quantitatively 

analysed against two gram positive bacterial strains (B. subtilis 

and S. aureus) over 24 hours in contact. Again, CNF TEMPO 

and CNF TEMPO mixed with nisin (CNF Tempo-m-Nisin) were 

used as negative and positive controls respectively. From the 

AFNOR qualitative test, it was evident that the antibacterial 

activity was by both active contact and leaching of nisin even 

after grafting. Therefore, first, the quantitative test was carried 

out with each sample without any further treatment.  

It was observed that regardless of the concentration or 

method of nisin incorporation, complete killing effect was seen 

against B. subtilis (Figure 7 (ii)). After that, the authors tried to 

remove the non-immobilised or free nisin from inside the 

nanoporous structure of CNF by washing for 48 hours. 

Washing with water efficiently removes 94 % (w/w) of the 

nisin which was recovered from CNF Tempo-m-Nisin when the 

nisin physically mixed with CNF fibers, but from the grafted 

CNF, less than 1.6 % (w/w) of the nisin was released.  

Subsequently, Antimicrobial activity was carried with these 

washed samples. Nevertheless, again complete killing was 

examined with B. subtilis. Despite, when treated with stronger 

and more resistant bacteria, S. aureus, physically mixed nisin 

after washing exhibited very low bactericidal activity but still 

showed a bacteriostatic activity with reduction of 0.7 log of 

the bacterial population over 24 hours. Moreover, this slight 

inhibition with CNF Tempo-m-Nisin could be attributed to the 

nisin strongly crosslinked with CNF which is difficult to remove 

after washing.  

Although, grafting with higher quantity (CNF Tempo-g-4eq) 

illustrates a significant reduction of bacterial population after 

24 hours i.e. 3.8 log CFU reduction. The different bacterial 

efficiency against S. aureus was obtained because of its high 

level of resistance abiding the effect of antimicrobials 
56

. Even 

more, grafted CNF at lower concentration (1 eq) was 

successful, which is evident of bactericidal activity against 

these highly resistant bacteria.   

Nisin classically used to preserve cheese or canned fruits and 

vegetable. These products retains significant amount of water 

which can wash off nisin from the packaging matrix. After 

grafting with nisin, peptide molecule stays on the surface of 

the matrix for longer period of time and provides longer shelf 

life to food products. In addition, the activity of nisin was not 

affected after grafting since only one amino group was 

changed among the large amount available.  

Conclusions 

In conclusion, nisin can be implemented with CNF either by 

direct incorporation or grafting on its surface. QCM-D 

confirmed the interface reaction between nisin and CNF with 

EDC/NHS but also gave evidence of the strong interaction 

between nisin and CNF without any coupling agent. 

In this study, a two-step procedure was proposed and 

developed for fabrication of antimicrobial film.  Surface 

modification of CNF was performed with an active molecule, 

nisin, was activated by using the coupling agents EDC/NHS. 

Surface functionalization was confirmed by the emergence of 

new band for amide group in FTIR and the presence of 

nitrogen after grafting. The presence of nisin improves thermal 

stability of CNF and washing of mixed nisin onto CNF is 

strongly more efficient than the grafted one.  

Conversely, qualitative antimicrobial test against B. subtilis 

revealed the leaching of nisin from the grafted nanofibers film 

thanks to the strong interaction between the nisin and CNF. 

Direct mixing of nisin with CNF demonstrated complete killing 

against B. subtilis even after washing, but the activity 

decreases when applied to more resistant bacteria, S. aureus.  

Even after washing for 48 hours, high bacterial killing (2.4 log 

CNF Tempo-g-1-eq and 3.8 log CNF Tempo-g-4eq) was 

reported.  

It is noteworthy that direct mixing loses its activity after the 

release of active molecule within the time period or in 

continuous washing by the liquid present in food formulation. 

The grafting ensures food preservation for a long period of 

time as molecules are situated at the surface of the packaging 

system.  

Nevertheless, it can be inferred from all the characteristics 

that the peptide grafted CNF have outstanding potential in 

antimicrobial active food packaging for products like cheese or 

canned vegetables. 
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