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Abstract: Recently, the demand for novel food-packaging materials with antimicrobial properties 

has been increasing drastically. In this report, we attempt to implant zinc ions on the surface of 

commercial paper sheets by using a hydrothermal method to create hydrozincite nanoflake 

structures. The formation of the hydrozincite nanostructure was attributed to zinc-ion adsorption 

on the calcite’s surface, a common filler used in commercial paper sheets. The 

zinc-modified paper sheet (PZn) demonstrated a high efficiency to inhibit C. albicans and E. coli 

growth. It is attributed to the release of the Zn2+ ions into the acidic microbial medium. Along with 

the eco-friendliness, and biocompatible properties of the paper substrate, the PZn demonstrated a 

promising application in food packing. 
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1. Introduction * 

Nowadays, food packaging plays a crucial 

role in our daily lives by protecting food 

products from contamination and spoilage 

caused by microorganisms, moisture, ambient 

air, dust, and mechanical interactions [1, 2]. To 

address these challenges, developing 

antibacterial and antifungal packaging materials 

has garnered significant attention from research 

teams worldwide [3]. These materials are 

_______ 
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designed to incorporate agents such as 

nanomaterials, or metal ions,… that can inhibit 

or kill microbes, thereby ensuring the safety 

and quality of packaged food items.  
There are many types of polymer films such 

as polyvinyl chloride, polypropylene, 

polyethylene-co-vinyl acetate, and polylactic 

acid have been effectively utilized as a food 

packing material due to their statical physical 

and chemical durability [4-6]. Among all 

natural and synthetic films, cellulose-based 

membranes are the most appealing. The reason 

is that cellulose is a particularly common 

natural polymer, which can be collected from 

many sources such as wood, cotton, 
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microorganisms, or even waste. Moreover, 

cellulose has some precious characteristics 

including biocompatibility, recyclability, 

biodegradability, and eco-friendliness [7]. 

Recently, many research groups developed 

antibacterial and antifungal food packing based 

on cellulose. For instance, the group of Pangye 

worked on antibacterial and antifungal 

dialdehyde cellophane, a cellulose derivative 

[8]. The results have shown that the dialdehyde 

cellophane had antibacterial and antifungal 

activity against four gram-positive bacteria, and 

could well preserve strawberries and tofu. 

Several recent researches have shown that some 

metal ions including Ag+ [9, 10], Cu2+ [11], 

Ga2+ [12], and Zn2+ [13]  cause different types 

of microbial cell damage such as membrane 

degradation, protein dysfunction, and oxidative 

stress. Among those metal ions, zinc-based 

compounds containing Zn2+ ions were generally 

acknowledged as a potential metal-based 

antibacterial and antifungal agent because of 

their non-toxicity for humans [13], and capacity 

to inhibit a broad variety of harmful 

microorganisms [14, 15]. Some research teams 

have developed antibacterial and antifungal 

food packing materials from compounds of zinc 

and cellulose-based films. One of the good 

examples should be nanocomposite film made 

of chitosan, carboxymethyl cellulose, and zinc 

oxide [16], which has antibacterial and 

antifungal activities. The films were also 

applied to extend the storage life of white soft 

cheese. Another noticeable example is the work 

of Jamileh’s team on the reinforcement of 

polylactic acid films by using zinc sulfide 

quantum dots and cellulose nanocrystals [17]. 

The proposed material could hinder the 

development of Escherichia coli (E. coli) and 

was demonstrated as an appropriate candidate 

for food packing. 

In this article, we reported an economical 

hydrothermal technique for zinc ion 

implantation on the surface of commercial 

paper sheets. For determining the optical 

properties and morphology of the 

as-synthesized material, we used X-ray 

diffraction (XRD) patterns, photoluminescence 

spectroscopy (PL), Raman scattering, and 

scanning electron microscope (SEM) images. 

For the antibacterial and antifungal activities 

application, we examined the antibacterial and 

antifungal properties of the material towards 

E. coli and Candida albicans (C. albicans) by 

using an optical density measurement method. 

2. Material and Methods 

2.1. Materials 

The commercial paper sheets of Double A 

(1991) PLC were purchased from our local 

market. Other chemicals including zinc acetate 

dihydrate Zn(CH3COO)2.2H2O (Merck, >99% 

purity), ethanol CH3CH2OH (Merck, >99% 

purity), zinc nitrate tetrahydrate 

Zn(NO3)2.4H2O (Sigma, >99% purity), 

hexamethylenetetramine (CH2)6N4 (Merck, 

>99% purity), peptone (Himedia), yeast extract 

(Himedia), meat extract (TM Media), sodium 

chloride NaCl (GHTECH, ≥99. 5% purity), and 

glucose (Xilong) were provided with high 

purity. The microbial strains including E. coli 

and C. albicans were achieved from Vietnam 

Academy of Science and Technology. 

2.2. Modified Paper Sheets by Zinc Ion 

The hydrothermal method was implemented 

for zinc ions implantation on a commercial paper 

sheet. First, a 100 mL solution of ethanol and 

5 mM Zn(CH3COO)2.2H2O was prepared. The 

paper sheet was immersed in the solution for 3 

minutes at 60 °C before being dried at 70 °C. 

These steps were carried out six times. We then 

put the paper sheets in an enclosed container 

containing an aqueous solution of 40 mM 

(CH2)6N4 and 40 mM Zn(NO3)2.4H2O. The 

container was maintained at 90 °C for 3 hours. 

Finally, we cleaned the paper sheets with 

deionized water and allowed them to dry at 70 °C. 

2.3. Optical Investigations 

The information about the morphology of 

the bare paper sheets (denoted by P0) and the 

zinc-implanted paper sheets (PZn) was seized 

by a scanning electron microscope (SEM) 

(FE-SEM s-4800, Hitachi). The size of the 
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nanostructures was then measured by using 

Image J. We used a photoluminescence (PL) 

setup in which the samples were excited by a 

325 nm He-Cd laser (Kimmon), and the PL 

spectrum was analyzed by a high-resolution 

spectrometer (SP 2500i, Princeton). X-ray 

diffractometer (Siemens D5005) was used to 

analyze the crystalline structures of the 

material. The Raman shifts of the samples were 

investigated by Raman spectroscopy (Labram 

Hr800, Horiba) 

2.4. Antibacterial and Antifungal Property 

Investigation of the Materials 

We chose E. coli and C. albicans which 

represent bacteria and fungi for the test. The 

cultured medium for E. coli is nutrient broth, 

and for C. albicans is YEPD broth [28]. Firstly, 

we poured 10 mL medium of each microbe into 

flasks. The starting density of E. coli and 

C. albicans was (1.1±0.2)×105 and 

(4.5±0.4)×104 CFU/mL, respectively. In each 

test, three sample groups including an untreated 

control group, a group treated with a P0 sample, 

and a last group treated with a PZn sample were 

prepared. Afterward, we incubated the samples at 

37 °C for 24 hours and repeated the test 3 times. 

Finally, we determined optical density (OD) at 

600 nm wavelength by using a spectrophotometer 

(Helios Epsilon, Thermo Spectronic). The growth 

inhibition of each sample can be estimated by the 

following formula:  

 [18], where 

is growth inhibition in percent,  is the 

OD value of the control sample, and is OD value 

of the sample treated by the materials. 

3. Result and Discussion 

3.1. Characteristics of As-Synthesized Zinc-

Modified Paper 

Figure 1 indicates the XRD patterns of the 

samples P0 and PZn. It can be easily noticed 

that in the XRD pattern of the P0 sample 

(Figure 1a), the first two peaks at 15.48° and 

22.40° (marked as asterisks) are the 

characteristic peaks of cellulose I [19, 20]. The 

other peaks (marked as diamond) correspond to 

the lattices of calcite (CaCO3) that are usually 

used as a filler in commercial paper products 

[21]. Figure 1b represents the XRD patterns of 

PZn. The two peaks of cellulose can be 

observed, which proves that the hydrothermal 

process did not create any significant influence 

on the cellulose lattice structure. However, the 

peaks of calcite were replaced by several new 

peaks at 12.81°, 27.90°, 30.69°, 32.70°, 34.65°, 

and 35.64° referred to the phase of hydrozincite 

(Zn5(OH)6(CO3)2) [22–25]. The corresponding 

Miller’s indices of these peaks are (200), (020), 

(311), (401), (-221), and (510), respectively. 

The absence of calcite peaks together with the 

appearance of hydrozincite characteristic peaks 

proves that during the synthesizing process the 

chemical interaction between calcite and zinc 

ions generated hydrozincite. This finding is also 

a good agreement with previous works [22-25]. 

As indicated in Figure 1c, the PL spectrum 

of the P0 sample has a high-intensity emission 

peak at 438 nm because of the appearance of 

gelatin [26] and cellulose fibers [27]. As seen in 

the figure, the PL spectrum of the PZn sample 

demonstrates a significantly lower intensity at 

438 nm than that of the P0 sample by a factor of 

1.5. The decrease in PZn's PL spectra compared 

to P0 can be attributed to several factors. 

Hydrozincite, as referenced in the study [28], 

has high absorbance in the 200-500 nm range, 

which covers the excitation wavelength and the 

PL emission range of the commercial paper 

(325 nm and 400-500 nm, respectively). 

When the hydrozincite nanostructure was 

grown on the paper's surface, it absorbed a 

portion of the excitation beam. This led to a 

reduction of the energy available for the paper's 

PL emission. Additionally, hydrozincite also 

absorbed the paper's PL emission, further 

decreasing the observed intensity. Moreover, 

the emission in the shorter wavelength of 

hydrozincite (350-400 nm) resulted in a slight 

blue shift in PZn's spectrum. These again 

confirm the successful implementation of Zn2+ 

ions on the surface of the commercial paper. 
 

P 

k 
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Figure 1. XRD patterns of the (a) P0 sample and (b) PZn sample, (c,d) PL spectrum of P0 and PZn samples. 

 

Figure 2. Raman shift of (a) P0 sample (b) PZn sample, and (c) EDS spectrum of the PZn sample. 
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Figure 2 represents the Raman shifts of P0 

and PZn samples. As seen in Figure 2a, the 

Raman shift of the P0 indicates the specific bands 

of cellulose. The region of 375-550 cm-1 is 

attributed to the C-C-C, C-O-C, O-C-C, and O-C-

O bending modes [29]. The region in range from 

1095 to 1120 cm-1 refers to the C-O-C stretching 

symmetric, and the band around 1377 cm-1 

corresponds to the H-C-H, H-C-C, H-O-C, and 

C-O-H bending [29]. Moreover, the Raman shift 

of the P0 sample also displays the instinct bands 

of calcite crystals [30]. These bands include 

several peaks at 1086, 712, and 282 cm-1, which 

are related to the stretching mode of carbonate 

ions (CO3
2-), the bending modes of carbonate 

ions, and the translational and rotational lattice 

modes, respectively. The band shifts around 

1600 cm-1 are relevant to lignin groups. The 

Raman shift of the PZn samples is shown in 

Figure 2b. Besides some band shifts from the 

bare paper sheets, we can observe some new 

featured band shifts at around 1062 and 879 cm-1. 

They are relevant to the vibration of CO3
2- ions 

in hydrozincite [31]. The others were 980 and 

1545 cm- 1 which correspond to the deformation 

of OH- ions and CO3
2- ions in the hydrozincite 

crystals [23, 31]. The appearance of 

characteristic band shift of hydrozincite crystals 

again confirms the successful growth of 

hydrozincite on the commercial paper sheet.  

The formation of hydrozincite on the paper 

sheets could be explained by the calcite crystals' 

absorbance of Zn2+ ions in the aqueous 

medium. In this process, the absorbed Zn2+ ion 

replaced Ca2+ ions on the surface of paper to 

form hydrozincite nanostructures [32]. The ion 

exchange process was confirmed by the EDS 

spectrum of the PZn sample in Figure 2c, 

showing characteristic peaks of carbon, oxygen, 

and zinc at energy levels of 0.27, 0.52, and 1.01 

keV. The PZn sample contained 8.03% zinc 

atoms, as indicated in Table 1. The absence of 

calcium peaks in the EDS spectrum indicates 

that the ion exchange process between Zn2+ and 

Ca2+ was completed, resulting in the formation 

of hydrozincite in the PZn sample. 

Table 1. Atomic density of elements 

in a PZn sample 

Elements Atomic density 

C 47.56 % 

O 44.41 % 

Zn 8.03 % 

R 
 

 

Figure 3. SEM images of (a-b) P0 sample and (c-d) PZn sample. 
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Figure 3 shows the SEM images of bare 

paper (P0) and hydrozincite nanostructure 

synthesized on paper (PZn). The surface 

morphology of the P0 sample demonstrates a 

bunch of cellulose fibers with variable 

diameters. On top of the fiber, a cluster of large 

grains is also observed which is referred to as 

calcite crystals. Interestingly, for the PZn, the 

whole surface is entirely covered by the flake 

shape structures of hydrozincite (Figure 3c, d). 

The size of the hydrozincite nanoflakes is 

approximately 422 ± 89 nm in diameter. Due to 

the high density and even distribution of the 

nanoflake structures, the materials can easily 

contact with the microbial cells. Furthermore, 

the nanoflake morphology of the PZn contains 

sharp edges and spikes which can damage the 

microorganisms. These fostered the 

antibacterial and antifungal properties of the 

nanomaterials. We will discuss more in detail in 

the next part. 

3.2. Antibacterial and Antifungal Activities Test 

Figure 4 illustrates the results of the 

antibacterial and antifungal tests. The starting 

density of bacteria and fungi was in order of 105 

and 104 CFU/mL, respectively. After 24 hours 

of growing, the OD600 value of control 

samples became significant at 1.203±0.052 for 

E. coli and 1.667±0.108 for C. albicans. In fact, 

at that time, the population of the 

microorganisms was saturated, which led to the 

large value of the OD600. For the P0 samples, 

similar results were also observed, which 

demonstrated that the bare paper sheets used in 

this study are highly biocompatible and did not 

cause any damage to the living organisms. The 

differences only came from the group with PZn 

treatment. When tested against C. albicans, the 

PZn samples were able to reduce the OD600 

value (a measure of microbial growth) by 

almost half compared to the control sample 

after 24 hours. This indicates a growth 

inhibition of 52.14% for C. albicans, 

highlighting the effective antifungal properties 

of the PZn material. Moreover, when exposed 

to E. coli, the PZn samples resulted in an 

OD600 value of approximately 0, indicating 

that the bacterial population was almost entirely 

inhibited. This corresponds to a remarkable 

growth inhibition rate of 98.95% for E. coli, 

indicating strong antibacterial activity of the 

PZn material. These findings confirm that the 

PZn samples possess potent antibacterial and 

antifungal properties, making them highly 

effective in inhibiting the growth and 

development of C. albicans and E. coli. Such 

promising results further emphasize the 

potential of PZn as a valuable component in the 

development of antibacterial and antifungal 

packaging materials for food preservation 

and safety. 
O 

 

Figure 4. OD value of (a) E. coli, and (b) C. albicans (Control- untreated group, P0- group treated 

by blank paper sheets, and PZn-group treated by Zn-modified paper sheets) after 24 hours of growth). 
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The antibacterial and antifungal properties 

of hydrozincite nanomaterial were not 

comprehensively reported. In these works, we 

propose that the mechanism behind the 

antibacterial and fungal effects is the 

dispensation of Zn2+ ions from the hydrozincite 

nanomaterial into the liquid medium [33]. Note 

that, hydrozincite is well known as a quite 

stable material in ambient air and neutral to 

alkaline conditions, but it can be dissolved in 

acidic solutions [34]. However, when 

microorganisms are introduced into the 

medium. Their metabolic activities can create 

an acidic environment [35-38], leading to 

erosion of the hydrozincite structure and 

subsequent release of Zn2+ ions. As a result, 

Zn2+ ions can be released from the hydrozincite, 

thus, passing through the cell membrane, and 

finally causing damage to the organelles [39]. 

The conditional release of Zn2+ ions paves the 

future applications of PZn materials not only 

for antimicrobial applications but also for future 

biological and medical applications. 

4. Conclusion 

We have successfully implanted Zn2+ ions 

on commercial paper sheets by using an 

economical hydrothermal technique. The XRD 

patterns, the PL spectrum, and the SEM images 

of the PZn demonstrated that the hydrozincite 

nanoflakes were successfully grown on the 

commercial paper sheets with high quality. The 

results of the antibacterial and antifungal test 

showed that the PZn sheets have antibacterial 

and antifungal activities, especially strong 

inhibition against E. coli. The remarkable 

antimicrobial properties of the PZn were 

attributed to the conditional release of Zn2+ ion 

from the hydrozincite nanoflakes, and due to 

the notable nanoflake morphology of the PZn. 

Along with the eco-friendliness, and the 

biocompatibility of the paper substrate, the 

Zn-implanted paper sheets showed a high 

potential application in food packing. 
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