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Abstract In this study, antimicrobial packaging was

prepared by mixing colloidal silver nanoparticles with

cellulose nanofiber (CNF) and depositing this hybrid

coating (CNF/Ag) as a layer on different paper

substrates. The CNF/Ag-coated papers were then

characterized by scanning electron microscopy

(SEM). In addition, their antimicrobial activity, and

barrier and strength properties were assessed. SEM

showed deposition of Ag nanoparticles on the surface

of CNF and formation of a relatively smooth, dense

coating layer on the paper surface. The results also

demonstrated that the CNF/Ag coating exhibited good

antibacterial activity against Escherichia coli (Gram-

negative) and Staphylococcus aureus (Gram-positive)

bacteria. Although the coating coverage was influ-

enced by paper surface characteristics and coat

weights, almost all properties (except water absorption

of greaseproof paper) including the water vapor

transmission rate, oil resistance, and tensile strength

of the CNF/Ag-coated papers were improved in

comparison with uncoated papers.

Keywords Silver nanoparticles � Cellulose
nanofiber � Packaging paper � Coating � Antimicrobial

activity

Introduction

Packaging materials play an important role in food

safety and quality preservation, mainly due to

increased demands in terms of product safety, shelf-

life extension, cost efficiency, environmental issues,

and consumer convenience. Antibacterial packaging

material can help to maintain product quality and

prevent microbial adhesion. To improve packaging

performance, innovative modified and controlled

packaging materials are being developed and opti-

mized for potential commercial use. Antimicrobial

packaging materials may be produced by introducing

silver, gold, or copper nanoparticles into polymer film.

Various researchers have found that silver nanoparti-

cles are effective killers of pathogenic bacteria such as

E. coli, Bacillus subtilis, and S. aureus (Kim et al.

2007; Rai et al. 2009; Li et al. 2010). Also, packaging

materials must have adequate mechanical properties,

and provide a sufficient barrier to oxygen, water vapor,

and oil to prevent food deterioration. In recent years,

there has also been increasing interest in oil-resistant

papers and paperboards in new products (Kjellegren

and Engstrom 2005; Kjellgren et al. 2006; Perng and

Wang 2012). Different polymers, polymer blends, and
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composites are the most widely used barrier materials

in the world today. Cellulosic fibers, such as paper and

paperboard, have traditionally been used in packaging

for a wide range of food categories such as dry food

products, frozen or liquid foods, beverages, and even

fresh foods (Spence et al. 2010). Cellulose fibers are

fibrillated to obtain cellulose microfibril units (Mis-

soum et al. 2013). Such microfibrillated cellulose

(MFC) or nanofibrillated cellulose (NFC), being

organized in an irreversibly fixed supermolecular

cellulose network structure (Klemm et al. 2009), can

form smooth, strong, transparent films, with good

oxygen barrier properties (Chinga-Carrasco and

Syverud 2012). Several recent publications have

demonstrated applications of MFC in different fields

(Eichhorn et al. 2010; Siró and Plackett 2010; Klemm

et al. 2011; Lin and Dufresne 2014). However, little

has been reported about NFC use in paper applications

or the properties of NFC coatings (Aulin et al. 2010a;

Hii et al. 2012; Sehaqui et al. 2013).

In a recent study, Gottesman et al. (2011) devel-

oped antimicrobial packaging paper based on direct

coating of silver nanoparticles onto paper using

ultrasonic radiation. On the other hand, application

of MFC as a coating layer has been proposed to

enhance the barrier properties of paper (Syverud and

Stenius 2009; Aulin et al. 2010a). In this work, we

attempted to combine these two approaches, i.e.,

functionalizing cellulose nanofiber (CNF) with silver

nanoparticles and coating onto a paper surface, to

develop a material with specific properties for food

packaging applications. Hence, the antimicrobial

activity, morphology, tensile strength, water vapor

transmission rate (WVTR), oil resistance, and water

absorption of such coated papers were thoroughly

characterized after incorporation of silver nanoparti-

cles into the CNF coating structure.

Experimental

Materials

A greaseproof and a kraft paper (wrapping paper) with

different grammage levels were purchased from

Russia and used as base papers for coating purposes.

The kraft paper was unbleached and was not pigment

filled. The compositions of the base papers and their

grammage values are presented in Table 1.

Escherichia coli (PTCC-1399) as a model Gram-

negative bacterium and Staphylococcus aureus

(PTCC-1431) as a model Gram-positive bacterium

were provided by the Microbiological Resources

Centre, Department of Sciences and Food Industry

Engineering, University of Tehran. Nutrient broth was

purchased from Micro Media Company based in

Hungary. Nutrient agar was obtained from the German

company of Merck. Anhydrous calcium chloride was

obtained from AppliChem, Germany. Silver colloid

solution and cellulose nanofiber were purchased from

Iranian corporations Nano Novin Polymer and Nano

Pooshesh Felez Co., respectively. Castor oil, as edible

vegetable oil, and industrial paraffin, as mineral oil,

were purchased from Iran Dine Inc., and oil-soluble

red dye (Sudan III) was obtained from the Polish

company MP Biomedicals to make the colorless oils

easily detectable on paper samples by changing their

color to red.

Impregnation of CNF with silver nanoparticles

To impregnate CNF with silver nanoparticles (CNF/

Ag), the desired amount of CNF was dispersed into

colloid silver solution at different concentrations of 5,

10, 15, 20, and 25 ppm. The mixtures were then stirred

at 800 rpm for 30 min at room temperature.

Paper coating

Base paper sheets were cut with diameter of 11 cm and

set inside a fritted glass filter (P3 with pore size of 16–

40 lm). The sheets were coated by filtration and

deposition of CNF/Ag layers with variable weights on

the surface of the base papers. The coated papers were

enclosed with blotting papers and pressed between

plates at 4 bar. Then, the papers were allowed to dry at

temperature of 23 �C and relative humidity (RH) of

50 % for 72 h. The coat weight of the conditioned

papers was calculated using the following equation:

Table 1 Compositions of commercial base papers used for

coating

Base paper Furnish Basis weight (g/m2)

Kraft (wrapping) Unbleached sulfate 120

Greaseproof Bleached sulfate 50
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Characterization

Antimicrobial activity

The antimicrobial activity of the CNF/Ag-coated

papers was investigated against E. coli as a model

Gram-negative bacterium and S. aureus as a model

Gram-positive bacterium. The antimicrobial activity

of the CNF/Ag-coated papers was determined using

the following methods:

The colony-forming count method: CNF/Ag-coated

papers were cut into disc shape with 1.5 cm diameter.

Before inoculation of bacteria, the sample pieces were

sterilized by autoclaving at 120 �C for 15 min.

Samples were divided into two groups, each consisting

of eight pieces. The first group was seeded with 1 mL

sterile nutrient broth as sterile control, whereas the

second group was seeded with fresh E. coli and

S. aureus culture at concentration of 107 and 109

colony-forming units per mL (CFU/mL), respectively,

then incubated in a shaking incubator at 37 �C for

24 h. After incubation, 50 mL saline was added to

each of the groups, then all tubes were vortexed.

Afterwards, about 50 lL of suspension was drawn out

of each tube and distributed on a sterile plate. Then,

about 15–25 mL of nutrient agar medium, previously

sterilized and whose temperature had reached 45 �C,
was transported to the plate and completely mixed

with the suspension using figure-8 pattern rotational

movements. Finally, to count the number of colonies

formed, the plates were put inside an incubator for

24 h at 37 �C.
The same procedure was performed on control

samples. The percentage reduction in bacterial count

was calculated using the following equation (Li et al.

2006; Maneerung et al. 2008):

Morphology (SEM)

The morphology of the CNF/Ag-coated papers was

assessed using a TESCAN–WEGA scanning electron

microscope (SEM). Prior to observation, the surface of

the paper specimens was coated with a thin conducting

layer of gold.

Tensile strength

The tensile strength of the CNF/Ag-coated papers was

determined in accordance with Technical Association

of the Pulp and Paper Industry (TAPPI standard T404

om-92 using a Frank tester. The results are reported as

the mean of six measurements.

Water vapor transmission rate (WVTR)

The water vapor transmission rate of the CNF/Ag-

coated papers was determined gravimetrically accord-

ing to TAPPI standard method T448 om-98. This

method describes gravimetric determination of the

WVTR of sheet materials at 23 �C with atmosphere of

50 % RH on one side and desiccant on the other side.

In this method, calcium chloride (CaCl2) salt was

poured into a 6-mm-high Petri dish with internal

diameter of 9 cm. The coated sample (coated side

upwards and exposed to fresh air) was sealed on a Petri

dish using solid silicone oil to avoid air penetration.

The entire set, after weighing, was placed at

23 ± 1 �C and 50 % RH for 18 h. After this period,

the weight of the dish containing the sample was

measured. The amount of water vapor sorption by the

coated paper samples during y hours was calculated

using the following equation, with the results reported

in units of g/m2 day:

Coat weight ðg/m2Þ ¼ Weight of paper after coating�Weight of paper before coatingð Þ
Area of paper

: ð1Þ

Percentage reduction ¼ Viable count at 0 h� Viable count at 24 hð Þ
Viable count at 0 h

� 100: ð2Þ
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WVTR ¼ 24x=Ay g/m2 day
� �

; ð3Þ

where x is the sample weight change in grams during

y hours, and A is the area of paper under test in m2.

The measurements were conducted in three

replications.

Oil resistance

The oil resistance of the CNF/Ag-coated papers was

measured in accordance with TAPPI T 507. In this

test, the resistance of the paper against penetration of

paraffin (as mineral oil) and castor oil (as edible

vegetable oil) was investigated, with results reported

as the average of three measurements. Initially, the

colors of the liquid oils were changed to red by solving

Sudan III. Then, according to the pattern given in

TAPPI T 507, ten-layer arrangements including the

test samples were stacked and this order repeated up to

10 times. After that, a flat panel with mass of

400 ± 20 g was placed on top of the stacks. Finally,

the whole set was kept in an oven at 60 �C for 4 h. The

resistance of the coated papers to oil penetration is

reported as the percentage of blotter stained area as

analyzed using the image processing toolbox of

MATLAB 13a.

Water absorptiveness (Cobb test)

This test was carried out in accordance with TAPPI T

441 om-98, in which the quantity of water absorbed by

paper is determined. In this method, the coated paper

was placed in the apparatus and then 100 mL water

(23 ± 1 �C) was poured into the ring and onto the

sample. After 120 s, the water was evacuated and the

surplus water on the paper removed using a blotting

paper and moving a hand roller over the paper. The

weight of water absorbed by the sample was obtained

using the following equation:

Weight of water ðg/m2Þ
¼ ½Weight of coated paper after test ðg)
�Weight of coated paper before test ðg)� � 100:

ð4Þ

Results and discussion

Antimicrobial activity

The results indicated that the antimicrobial activity

was independent of the base paper composition but

was dramatically influenced at each coat weight by the

concentration of silver nanoparticles used to modify

the CNF. It was evident that the amount of silver

nanoparticles impregnated into the CNF with the same

colloid solution concentration would be higher for

heavy coat weights than light ones and so could

influence the antibacterial activity.

Therefore, the antimicrobial activity of CNF/Ag-

coated kraft paper with 1 g/m2 coat weight with

different amounts of silver nanoparticles against E. coli

and S. aureus is reported herein. As can be seen from

Table 2, the higher the concentration, the greater the

bacterial reduction; when it reached 20 ppm (and

higher concentrations) no bacteria survived, neither

E. coli nor S. aureus (100 % reduction). Moreover, no

bacterial growth was observed from the sterile control.

It is well known that silver nanoparticles exhibit

efficient antimicrobial activity due to their high surface

area, which provides better contact with microbes.

Some possible mechanisms of action have been

proposed, including cell membrane perforation, alter-

ation of selective permeability, interaction with thiol

group compounds found in respiratory enzymes, as well

as interaction with phosphorus-containing compounds

such as DNA and interference with the replication

process, resulting in bacteriostatic and bactericidal

effects (Feng et al. 2000; Rai et al. 2009).

Table 2 Antibacterial activity of uncoated and CNF/Ag-

coated kraft paper with different contents of silver

nanoparticles

Reduction/increase (%)

CNF/Ag-coated paper (Ag,

ppm)

Uncoated paper

5 10 15 20 25

S. aureus 73.3 85.3 88.2 100 100 40.90a

E. coli 78.3 89.3 96.6 100 100 35.77a

a Increase
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After 48 h of incubation, there was a 73.3 and

78.3 % decrease in viable S. aureus and E. coli,

respectively, on CNF/Ag-coated paper modified with

5 ppm colloid silver solution. For uncoated paper, not

only was there no reduction in viable counts, but the

viable counts of E. coli and S. aureus actually

increased, by 40.90 and 35.77 %, respectively. This

clearly demonstrated that the CNF/Ag-coated papers

with different contents of silver nanoparticles exhib-

ited good antimicrobial activity against both E. coli

(Gram negative) and S. aureus (Gram positive). The

antibacterial activity against S. aureus was lower than

that against E. coli, probably due to the difference in

the cell wall between Gram-positive and Gram-

negative bacteria. The cell wall of Gram-negative

bacteria consists of lipids, proteins, and lipopolysac-

charides (LPS), whereas Gram-positive bacteria (e.g.,

S. aureus) possess additional protection in the form of

a dense peptidoglycan cell wall that provides effective

protection against several biocides (Gottesman et al.

2011; Maneerung et al. 2008).

Surface microstructure

As mentioned above, the surface microstructures of

the CNF/Ag-coated and uncoated kraft and

greaseproof papers were studied using SEM. The

results of this study are summarized in Figs. 1, 2, and

3, which present micrographs of coated papers at

different magnifications. Uncoated kraft paper

(Fig. 1a, c) showed a very open and porous network

of randomly crossing fibers. As expected, the grease-

proof paper (Fig. 2a, c) revealed a closer and less

porous structure than the kraft paper.

We believe that the more open structure and surface

roughness of the kraft paper may contribute more to

physical interlocking of fibers and consequently to

development of strong adhesion between the deposited

CNF/Ag layer and the base paper; however, this

requires further delamination assessment, which was

not addressed in this work.

However, the network structure of the papers

became less apparent when the surface was coated

by CNF/Ag at coat weight of 2.5 (Fig. 1b, d) and

1.5 g/m2 (Fig. 2b, d) for kraft and greaseproof paper,

respectively. These micrographs depict that the coat-

ing covered the fibers at this coat weight, forming a

continuous film over the fibers (see also Fig. 3c, d).

When the same coat weight of CNF/Ag was applied on

both base substrates, the greaseproof paper exhibited a

denser structure, which correlates well with the oil

resistance measurements discussed in Sect. 3.5.

Fig. 1 SEM micrographs of uncoated kraft paper (a, c) and CNF/Ag-coated kraft paper with coat weight of 2.5 g/m2 (b, d)
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Also, SEM analysis of the specimens demonstrated

deposition and distribution of silver nanoparticles

particularly on the surface of CNF and inside the dense

network. Moreover, aggregated morphology of

nanoparticles was also observed (Fig. 3a, b). It has

been proposed that loading of fibers using a simple

mixing and physical adsorption method compared

with in situ synthesis often leads to aggregation and

relatively low distribution of silver nanoparticles

(Jiang et al. 2011; Raho et al. 2015).

In addition, comparing these results with findings of

other researchers (Syverud and Stenius 2009; Aulin

et al. 2010a), we can say that the effect of coating

technique is evident and that development of special

methods for coating CNF would improve the unifor-

mity of the coating structure.

Tensile properties

The use of CNF/Ag coating as the surface layer (with

coat weight of 0.5–2.5 g/m2) on the base papers

significantly increased the strength of the paper sheets.

When a strip of CNF/Ag-coated paper is exposed to a

tensile force, the whole combination of coating layer

and base paper carries the load. Since the tensile

strength of CNF-free films with strong network is

much greater than for conventional papers, the

enhancement of the whole material strength is evident.

The tensile strength index of the greaseproof and

kraft papers coated with CNF/Ag layers of different

weights is compared in Figs. 4 and 5, respectively. As

can be seen from these figures, an increase in the

tensile strength index of CNF/Ag-coated papers was

observed for both base papers (in comparison with

uncoated ones), and with increasing coating weight,

the strength of the coated greaseproof and kraft papers

was further enhanced. Therefore, for the samples of

greaseproof and kraft paper, the maximum strength

was observed for coat weight of 1.5 and 2.5 g/m2,

respectively. Among the tested samples, the strength

of the coated papers was the same for both 10 and

5 ppm concentrations. As a result, the use of silver

nanoparticles had no effect on the tensile strength, at

least in this range. However, it has been recognized

that silver nanoparticles can interact with hydroxyl

groups (Mbhele et al. 2003) to cause improved

mechanical strength and viscoelastic properties of

Ag-modified sheets (Csoka et al. 2012).

Fig. 2 SEMmicrographs of uncoated greaseproof paper (a, c) and CNF/Ag-coated greaseproof paper with coat weight of 1.5 g/m2 (b,
d)
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Fig. 3 SEM images (a,
b) showing silver

nanoparticle distribution on

CNF surface and (c,
d) cross-sectional view of

CNF/Ag-coated papers
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Obviously, addition of CNF helped to improve the

tensile strength of the papers, as also proved in the

research works of Savadekar and Mhaske (2012),

Syverud and Stenius (2009), and Fernandes et al.

(2010).

Water vapor transmission rate (WVTR)

Figures 6 and 7 present the WVTR results for the

greaseproof and kraft papers coated by CNF/Ag,

respectively. As illustrated in Fig. 6, the coated

greaseproof paper, compared with the control sample,

showed little resistance to water vapor penetration.

Meanwhile, according to Fig. 7, the coated kraft paper

exhibited higher resistance to water vapor transmis-

sion in comparison with the control sample. As the

base weight of the CNF coating on the paper surface

was increased, the water vapor transmission rate

decreased. Hence, the coated samples with coat weight

of 1.5 g/m2 for greaseproof paper and 2.5 g/m2 for

kraft paper (i.e., the samples with maximum coat

weight) displayed higher barrier properties compared

with those with lower coat weights. Among the tested

samples, the difference between the kraft papers with
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10 versus 5 ppm silver nanoparticles was negligible

and might be due to the use of more silver nanopar-

ticles and filling of paper surface pores.

The strong hydrophilic nature of CNF impairs its

barrier properties against water vapor, but the denser

structure of the CNF/Ag coating results in penetration

of less water through the coated paper thickness and

prevents the increased WVTR.

The WVTR of pure CNF film with thickness of

42 lm has been measured to be about 243 g/m2 day

(Rodionova et al. 2011), which is about 14 times

more than most commercial polyethylene plastic film

with thickness of 18.3 lm. However, it has been

reported that the WVTR of CNF film was signifi-

cantly lower compared with films made from

bleached softwood fibers (Nair et al. 2014).

Recently, heat treatment and acetylation of CNF

has been proposed to enhance its hydrophobicity

(Rodionova et al. 2011; Sharma et al. 2014), deserv-

ing more attention in future work.
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Oil resistance

Although the oil barrier property is rarely measured, it

is often an essential consideration in food and

packaging industries. Figures 8, 9, 10 and 11 display

the oil resistance of the coated greaseproof and kraft

papers against castor oil and paraffin. The results show

that the oil permeability drastically decreased as the

weight of the CNF/Ag coating was increased. For the

greaseproof paper with coat weight of 1.5 g/m2, the

castor oil permeability was about 13.3 and 15.8 % for

CNF impregnated with 10 and 5 ppm silver colloid

solution, respectively, while the paraffin permeability

was about 27.7 and 30.1 % for the same samples. For

kraft paper with coat weight of 2.5 g/m2, the castor oil

permeability was about 27.3 and 29 % for CNF

impregnated with 10 and 5 ppm silver colloid solu-

tion, respectively, while the paraffin permeability was

about 20.7 and 22.6 % for the same samples. The oil

permeability decreased considerably for the two
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coated papers compared with uncoated ones, but the

coated greaseproof paper was more resistant towards

the oils compared with the kraft paper. These results

are consistent with the works of Aulin et al. (2010a, b).

Oil resistance usually results from a relative

absence of pores in the paper and is mainly determined

by the largest pore size in the paper (Kjellgren 2005).

This barrier property is usually achieved by extensive

beating of fibers. Therefore, it is evident that deposi-

tion of a denser layer of CNF with high crystallinity on

the paper surface could boost this property. In other

words, the improved barrier properties were correlated

with a reduction in the surface porosity.

An alternative approach to achieve this property is

application of fluorochemicals as coating material on

papers. Recently, the surface of cellulose nanocrystals

as a biocompatible nanomaterial was fluorinated or

polyfluorinated to impart hydrophobic and oleophobic

properties for application in oil-resistant packaging

materials (Salam et al. 2015).

Water absorption

The results of the water absorption tests are presented

in Figs. 12 and 13 for both coated papers. As shown in

Fig. 12, the coated greaseproof paper showed no
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resistance to water absorption in comparison with the

control sample. As the base weight of the CNF was

increased, the resistance to water absorption

decreased. Therefore, the samples with base weight

of 1.5 g/m2 exhibited the lowest resistance. Among

the tested greaseproof samples, there was no signif-

icant difference between those containing 10 versus

5 ppm nanosilver.

According to the results presented in Fig. 13,

coated kraft paper, unlike for greaseproof paper,

showed higher resistance to water absorption com-

pared with the control sample. The coat weight of

CNF/Ag was directly proportional to the water

absorption resistance. Hence, samples with base

weight of 2.5 g/m2 showed the highest resistance.

Among the tested kraft samples, CNF impregnated

with 10 ppm silver colloid solution absorbed less

water compared with those impregnated with 5 ppm

(for given coat weight), although the difference was

negligible. This slight difference was probably due to

the use of more nanosilver and filling of the paper

surface and network pores.

The different behavior of the two substrates, i.e.,

greaseproof and kraft paper, coated with the same

material may be attributed to the water absorption

mechanisms. In kraft paper with an open surface

structure and presence of lignin, sorption of water into

pores could possibly be the predominant mechanism,

whereas the most important mechanism for grease-

proof paper is sorption of liquid into the fibers due to

the absence of large surface pores and high swelling

potential of the highly beaten fibers (Kjellgren 2005).

Hence, closing the surface of kraft paper with a dense

layer of CNF could influence its water absorption

potential more efficiently.

Conclusions

Novel antibacterial packaging papers were prepared

by impregnating cellulose nanofiber with silver

nanoparticles (CNF/Ag) and deposition as a coating

layer on top of two substrates, i.e., kraft or greaseproof

base paper. As evident from SEM analysis, impreg-

nation and then filtration of CNF/Ag caused formation

of a relatively uniform, dense layer with good

distribution of Ag nanoparticles on the CNF surface.

The formation of a continuous coat was less influenced

by the surface characteristics of the base papers,

particularly at high coat weights.

Measurements of antibacterial activity revealed

that the silver nanoparticles incorporated into the

coating structure had a significant effect, reducing the

percentage of E. coli and S. aureus bacteria. Silver

colloid solution with concentration of 5 and 10 ppm

could provide optimum amounts of silver nanoparti-

cles for preparing CNF/Ag antibacterial coating due to

the great effect on the percentage reduction of both

Gram-negative and Gram-positive bacteria.

According to the results, application of CNF/Ag

coatings on both kraft and greaseproof base papers

improved their mechanical and barrier properties.
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CNF/Ag-coated kraft paper with different coat

weights, in comparison with greaseproof base paper,

showed overall the best results for most of the barrier

properties. The role of the coating was particularly

more noticeable in terms of the resistance to oil

penetration. In spite of the hydrophilic nature of CNF,

the coating showed resistance to water vapor trans-

mission and water absorption when deposited on the

kraft surface. However, this coating on greaseproof

paper could not enhance the water absorption resis-

tance, a difference attributed to its water sorption

mechanism.

The results obviously show that application of

CNF/Ag hybrid coating on kraft and greaseproof paper

can enhance their potential as environmentally

friendly antimicrobial packaging materials, particu-

larly for oily solid food packaging applications.
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