
Molecules 2013, 18, 6269-6280; doi:10.3390/molecules18066269 
 

molecules 
ISSN 1420-3049 

www.mdpi.com/journal/molecules 

Article 

Synthesis, Antibacterial and Thermal Studies of Cellulose 
Nanocrystal Stabilized ZnO-Ag Heterostructure Nanoparticles  

Susan Azizi *, Mansor B. Ahmad *, Mohd Zobir Hussein and Nor Azowa Ibrahim 

Department of Chemistry, Faculty of Science, University Putra Malaysia, 43400 UPM Serdang, 

Selangor, Malaysia; E-Mails: mzobir@science.upm.edu.my (M.Z.H.); 

norazowa@science.upm.edu.my (N.A.I.) 

* Authors to whom correspondence should be addressed; E-Mails: azisusan@gmail.com (S.A.); 

mansorahmad@upm.edu.my (M.B.A.); Tel.: +601-622-8029 (S.A.);  

Tel.: +603-8946-6775 (M.B.A.); Fax: +603-8943-5380 (M.B.A.). 

Received: 6 May 2013; in revised form: 22 May 2013 / Accepted: 22 May 2013 /  

Published: 28 May 2013 

 

Abstract: Synthesis of ZnO-Ag heterostructure nanoparticles was carried out by a 

precipitation method with cellulose nanocrystals (CNCs) as a stabilizer for antimicrobial 

and thermal studies. ZnO-Ag nanoparticles were obtained from various weight percentages 

of added AgNO3 relative to Zn precursors for evaluating the best composition with 

enhanced functional properties. The ZnO-Ag/CNCs samples were characterized 

systematically by TEM, XRD, UV, TGA and DTG. From the TEM studies we observed 

that ZnO-Ag heterostructure nanoparticles have spherical shapes with size diameters in a 

9–35 nm range. The antibacterial activities of samples were assessed against the bacterial 

species Salmonella choleraesuis and Staphylococcus aureus. The CNCs-stabilized ZnO-Ag 

exhibited greater bactericidal activity compared to cellulose-free ZnO-Ag heterostructure 

nanoparticles of the same particle size. The incorporation of ZnO-Ag hetreostructure 

nanoparticles significantly increased the thermal stability of cellulose nanocrystals. 
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1. Introduction 

Recently, heterostructure nanoparticles have been considered of broad interest owing to their 

potential applications in nanodevices [1], biomedicine [2], and photocatalysis [3–5]. Among the 
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diverse heterostructure materials, metal-semiconductors are one of the most general heterostructures 

because of their unique optical, electrical, biomedical, and catalytic properties [6]. Compared to all 

other metal-semiconductor materials, ZnO-Ag has received considerable attention, not only because 

ZnO with various nano-sized structures can be simply made via a series of simple processes [7], but 

also because Ag nanoparticles have good chemical and physical properties. Nano-sized ZnO is a 

bactericide and inhibits both Gram-positive and Gram-negative bacteria [8]. Furthermore, doped Ag 

reduces the ionization energy of acceptors in ZnO and consequently enhances the emission [9]. 

Therefore, Ag ions can enhance the antimicrobial ability of ZnO [10,11].  

In recent years, the use of nanofibular materials as a scaffold to prepare metallic nanoparticles has 

merited substantial attention owing to their important potential applications in the fields of catalysis, 

electronic nanodevices, optoelectronics, sensors, biomedical, and nanocomposites [12,13]. Distinct 

from conventional stabilizers, the physical size of the nanofabular materials and embedded particles 

are both in the submicrometer or nanometer range, thus the characteristic large surface area of 

nanofibular stabilizer and nanoparticles is maintained [14]. Furthermore, these hybrids can possess 

both the advantages of nanofibers, such as light weight, flexibility and moldability, and of inorganic 

particles such as exceptional functionality, high strength and thermal stability. 

Cellulose nanocrystals, which are typically crystalline rod-like particles, can be easily extracted 

from a variety of renewable sources by controlled acid hydrolysis of cellulose. They have some 

notable properties, such as large aspect ratio, good dissolvability in water, excellent mechanical 

properties, and a high capacity for absorption of guest molecules and cations [15]. Cellulose 

nanocrystals have found applications in material science, for instance, the reinforcement of polymers [16], 

however, they have low thermal stability, which limits their applications as reinforcements. The use of 

inorganic nanoparticles may enhance the thermal properties of CNCs which can be useful for high 

performance applications. In addition, a small number of biomedical applications have been reported 

for cellulose nanocrystals. Only one study shows that CNCs can be used for preparing colloidal 

suspensions with strong antimicrobial power [17].  

In this study, for the first time, ZnO-Ag heterostructure nanoparticles were synthesized with 

cellulose nanocrystals as a new stabilizer in order to prevent the formation of aggregated ZnO-Ag 

hetreostructure nanoparticles and improve the stability of the nanoparticle dispersion. These  

ZnO-Ag/CNCs materials have been examined for their antibacterial and thermal properties. It was 

expected that the synthesized ZnO-Ag/CNCs hetreostructure nanoparticles would exhibit excellent 

antimicrobial, thermal, and mechanical properties, and then, the synthesized ZnO-Ag/CNCs materials 

might be used in the fields of biomedicine and nanocomposites as a good antimicrobial and 

multifunctional filler, respectively. 

2. Results and Discussion 

The sequential addition of zinc acetate dihydrate (Zn(AcO)2·2H2O) and AgNO3 is important for the 

formation of Ag nanoparticles on ZnO surface [18]. CNCs have good dispersability in water and the 

suspension does not sediment owing to the plentiful hydroxyl groups and as a consequence of the 

sulfate groups on the surface of CNCs introduced during the sulfuric acid hydrolysis [19]. The first 

stage involves absorption of Zn2+ cations onto the negatively charged hydroxyl (OH) functional 

groups, through electrostatic interactions between oxygen atoms of the polar hydroxyls and metallic 

cations. These effects control the size by inhibiting the agglomeration of metallic particles formed in 
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the synthesis process. Consequently nanoparticles which are synthesized in CNCs may be ideally 

small. With the drop wise addition of NaOH, Zn(OH)2 is slowly formed. Under thermal conditions, 

ZnO is formed. With the addition of AgNO3, Ag+ ions are reduced to Ag nanoparticles in alkaline 

suspension. The possible reactions are as follows: 

Zn2+---CNCs + 2OH− → Zn(OH)2---CNCs (1)  

Zn(OH)2---CNCs → ZnO---CNCs + H2O (2) 

2CNCs….ZnO + 2Ag+ + 2(OH)− → 2CNCs….ZnO….Ag°+ H2O + 1/2O2  (3) 

2.1. Structure Characterization 

The XRD patterns of original CNCs and CNCs-stabilized ZnO-Ag nanoparticles are shown in  

Figure 1. Three sets of diffraction peaks corresponding to CNCs, ZnO and Ag are detected in the all  

ZnO-Ag/CNCs samples.  

Figure 1. XRD patterns of ZnO-Ag/CNCs and CNCs. 

 

The peaks of ZnO and Ag can be assigned to hexagonal wurtzite ZnO and face-centered-cubic (fcc) 

Ag, which are in agreement with the data of JCPDS 36-1451 and JCPDS 4-0783, respectively. No 

impurity diffraction peaks are seen in the patterns. Furthermore, there are no important changes in any 

of the peaks, indicating no ZnO1-xAgxO solid solution and collapse of crystal structure in the samples. 

The slight displacement of ZnO diffraction peaks to higher angles, may be due to the increased defects 

in the ZnO-Ag interface [20]. This suggests that the obtained nanoparticles are ZnO-Ag 

heterostructures. In addition, the diffraction peaks of ZnO became gradually broad and weak as the 

content of Ag is increased, implying the average particle size of the ZnO decreased. In order to 

calculate the average particle size of the ZnO nanoparticles, we adopt the Scherrer formula using the full 

width at half maximum (FWHM) value of the ZnO diffraction peaks [21]: 
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d =
0.94λ

βCosθ
  (1) 

where d, λ, θ, and β are the average particle size, the XRD wavelength of 0.154 Å, Bragg diffraction 

angle, and the FWHM of the diffraction peak of ZnO (1 0 1) plane at 36.25°, respectively. The average 

particle sizes of ZnO nanoparticles are about 28.08, 19.45, 15.86, 12.21, and 5.24 nm for samples 1 to 

5, respectively. These results suggest that the effect of different Ag content on the average particle size 

of ZnO nanoparticles is relatively significant. 

The nanostructure of the samples was characterized by using transmission electron microscopy 

(TEM). The TEM images shown in Figure 2a–e are for ZnO-Ag heterostructures stabilized in CNCs 

with different silver loading contents, in which some transparent and dark particles were found. It can 

be seen that, for each sample, there are small sized spherical particles with a narrow size distribution 

relatively well dispersed within the CNCs. This is in agreement with the effect of CNCs for controlling 

the size and preventing aggregation of metallic nanoparticles. The detailed composition of particles 

was characterized by using EDS analysis (Figure 3a–c). From the EDS spectrum (Figure 3a) it was 

found that the signals of C, Zn, and O, but not Ag, were observed in particles with transparent areas 

(Figure 2c, zone A), indicating these particles are related to ZnO. At the interface, between dark and 

transparent areas (Figure 2c, zone B), the peaks of C, Zn, O, and Ag were found (Figure 3b). 

Figure 2. TEM images of ZnO-Ag/CNCs of (a) 1.0. (b) 3.0. (c) 5.0. (d) 7.0. (e) 10.0. wt% 

of Ag concentrations. 
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Figure 3. EDS spectra of 5.0 wt% ZnO-Ag nanoparticles at circles marked (a) A. (b) B. 

and (c) C from Figure 2c. 

   

The EDS spectrum (Figure 3c) from the dark area (Figure 2c, zone C), indicates the peak of Ag is 

strong while the signals of Zn and O are barely observable. These results show that the silver 

nanoparticles with dark shades are attached on the surface of transparent ZnO particles, and, free Ag 

nanoparticles are barely observed, indicating the successful combination of Ag nanoparticles with ZnO 

particles. The TEM images show that the size of particles decreased with increased Ag content. The 

average particles sizes are about 34.76, 26.20, 21.72, 17.46 and 8.83 nm for samples 1, 2, 3, 4, and 5, 

respectively. Therefore, Ag may have an inhibitory effect on the growth of zinc oxide crystallites. 

These results are in agreement with the obtained average particle size of ZnO nanoparticles from XRD 

patterns. This inhibition effect of silver particles also was reported by Lin and coworkers [22] when Ag 

nanoparticles were doped on the surface of cuprous oxide crystallites. 

The optical properties of the samples were measured by UV–vis absorption spectroscopy. From 

Figure 4 is observed that the ZnO-Ag nanoparticles show two absorption peaks in the UV and visible 

regions. The absorption at visible wavelengths increases with increasing Ag content because of the 

surface plasmon resonance of the Ag nanoparticles, confirming the presence of Ag nanoparticles 

which is consistent with the XRD and TEM results. On the other hand, the range and intensity of the 

absorption in the UV wavelength, which is assigned to the absorption of ZnO crystals, decreases with 

increasing Ag content due to the reduced absorption of ZnO particles in the presence of a thick layer of 

Ag nanoparticles. A similar observation also was reported by Yin and coworkers [23] for Ag-ZnO 

nanocomposites. The absorption results were also in agreement with the visual inspection—the color 

of the powder shifts from light purple to dark red, with increasing Ag loadings from sample 1 to 5.  

2.2. Thermogravimetric Analysis 

Thermogravimetric analysis was performed in order to determine the effect of the synthesized  

ZnO-Ag heterostructure nanoparticles on the thermal stability of the cellulose nanocrystals. Figure 5 

shows the TGA and DTG curves of the original cellulose nanocrystals and the ZnO-Ag/CNCs samples.  
  

a b c
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Figure 4. UV-vis absorbance spectra of ZnO-Ag/CNCs samples. 

 

Figure 5. (a) TGA and (b) DTG thermograms of ZnO-Ag/CNCs and CNCs. 

(a) 

 

(b) 

The thermal decomposition pathways of the cellulose nanocrystals include depolymerisation, 

dehydration, and decomposition of glycosyl units, followed by the formation of a charred residue [24]. 

The two main steps observed in the ZnO-Ag/CNCs nanoparticles correspond to the thermal 

degradation of the CNCs [25], which started around 138 °C with a maximum rate of weight loss at 201 °C 

and 20.43 wt% residue at the end of the degradation. The onsets of thermal degradation for the  

ZnO-Ag/CNCs were found at higher temperatures, with maximum rates of weight loss at 300, 304, 

312, 314 and 320 °C with 56.29, 61.33, 63.48, 75.90, and 78.59 wt% residues at the end of degradation 

for the samples 1, 2, 3, 4, and 5, respectively. It can be seen that thermal stability of CNCs was 

increased by about 100 °C with the incorporation of ZnO-Ag nanoparticles, and was more 

considerable for the smaller sized ZnO-Ag nanoparticles with greater surface area. These 

improvements can be assigned to the high interaction between cellulose nanocrystals and ZnO-Ag 

nanoparticles. The ZnO-Ag nanoparticles with high aspect ratio are able to preserve the temperature 
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and inhibit the heat transmission efficiently. The amount of ZnO-Ag nanoparticles was estimated by 

comparing the percentage residue of the ZnO-Ag/CNCs samples and the CNCs at the end of 

degradation. The content of ZnO-Ag was estimated to be about 15.43, 20.47, 22.62, 35.04, and  

37.73 wt% for samples 1, 2, 3, 4, and 5, respectively. 

2.3. Antibacterial Assessment 

The antibacterial ability of the ZnO-Ag/CNCs samples was determined in terms of the inhibition 

zone created on agar around the paper discs as shown in Figure 6a,b. Table 1 shows the average 

diameters of the inhibition zones of all ZnO-Ag/CNCs samples and ZnO-Ag heterostructure 

nanoparticle-free cellulose against Staphylococcus aureus and Salmonella choleraesuis. As shown in 

Table 1, with the increase of Ag content, the diameter (D) of the inhibition zone increased gradually. 

The small crystal size and large surface area of the heterostructure nanoparticles may contribute to 

antibacterial enhancement. The antibacterial ability of ZnO-Ag is related to the photocatalysis and 

metal release process [26,27]. When ZnO nanoparticles are under light irradiation, electron–hole pairs 

are created. The hole (h+) reacted with OH− on the surface of nanoparticles, generating hydroxyl 

radicals (OH•), superoxide anion (O2−) and perhydroxyl radicals (HO2
•). These highly active free 

radicals harmed the bacterial cells resulting in decomposition and complete damage [28]. It can be 

seen that the antibacterial ability of the ZnO-Ag/CNCs samples was stronger against the Gram-positive 

Staphylococcus aureus compared to the Gram-negative Salmonella choleraesuis. Stronger antibacterial 

power against Gram-positive bacteria has also been formerly reported [29–31]. The cell walls of 

Gram-negative bacteria contain an external lipopolysaccharide (LPS) membrane that shields the 

peptidoglycan layer. Furthermore, it helps bacteria to survive in environs where exterior materials exist 

that can damage them. Furthermore, ZnO-Ag heterostructure nanoparticles (35 nm) without CNCs 

displayed a less powerful influence toward Gram-positive and negative bacteria in comparison to 

sample 1. Our outcomes suggest that the activity of ZnO-Ag/CNCs could be the result of a high 

contact of the well dispersed and stabilized heterostructure nanoparticles with the bacteria, through a tight 

joining of CNCs to the bacterial envelope. 

Figure 6. Inhibition zone of ZnO-Ag/CNCs and ZnO-Ag free-cellulose against (a) Gram-

positive and (b) Gram-negative bacteria. 
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Table 1. Inhibition zone of ZnO-Ag/CNCs and ZnO-Ag free-cellulose. 

Sample Diameter of zone (mm) 

Gram-positive 
Staphylococcus aureus 

Gram-negative Salmonella 
choleraesuis 

1 10.8 9.4 
2 11.4 10.3 
3 11.3 10.5 
4 13.5 11.8 
5 13.6 12.7 

ZnO-Ag  9.1 8.7 

3. Experimental 

3.1. Materials 

All the chemicals were analytical grade and used as received without more purification. Cotton 

cellulose from filter paper (Q1, Whatman) was supplied by Fisher Scientific (Pittsburgh, PA, USA). 

Sulfuric acid (95%–98%, reagent grade) was purchased from Scharlau (Barcelona, Spain). Ethanol and 

sodium hydroxide were provided by Sigma Aldrich (St. Louis. USA). Zinc acetate dehydrate (99%) 

and silver nitrate (99.98%), used as precursors, were provided by Merck (Darmstadt, Germany). All 

the solutions were prepared with deionized water. 

3.2. Extraction of Cellulose Nanocrystals 

Extraction of the CNCs was carried out according to a previous work [32]. The cellulose powder 

harvested from one filter paper (2 g) was hydrolyzed with a sulfuric acid solution (20 mL, 64 w/w%) at 

45 °C for 60 min. The resultant suspension was diluted 10-fold with cold water (4 °C) followed by 

centrifugation and dialysis until a neutral pH was reached. Finally, the sample was freeze-dried. 

3.3. Preparation of ZnO-Ag/CNCs Nanoparticles 

The ZnO-Ag/CNCs was synthesized as follows: Zn(AcO)2·2H2O alcoholic solution samples (50.0 mL, 

10.0 wt%) were dispersed to five separated CNCs suspensions (100.0 mL, 2.0 wt%) by magnetic 

stirring. After complete mixing, a sodium hydroxide solution (5.0 mol/L) was added dropwise to the 

mixed solutions under continuous stirring at 80 °C until pH > 10 was reached. After observing a milky 

color suspension, aqueous AgNO3 solution samples with different concentrations (20 mL, 1.0, 3.0, 5.0, 

7.0, 10.0 wt%, relative to Zn(AcO)2·2H2O), were separately to the five above suspensions (sample 1, 2, 

3, 4, and 5, respectively) under strongly stirring, and the reaction was continued for 2 h. The products 

were collected through centrifugation and careful washing three times with distilled water. The final 

products were obtained by drying at 100 °C for 1 h for complete transformation of the remaining zinc 

hydroxide to zinc oxide. 
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3.4. Antibacterial Activity Testing  

The samples were assessed for antibacterial ability against the Gram-negative sp. Salmonella 

choleraesuis and the Gram-positive one Staphylococcus aureus. Six paper discs, containing 5 μL of 

the ZnO-Ag/CNC suspensions were placed onto an agar plate that was inoculated with bacteria. 

Ampicillin and streptomycin were used as standard antibacterial agents for negative and positive 

inhibitory controls, respectively. The bacterial inoculum was standardized to 0.5 MF units, which 

meant that approximately 108 colony-forming units of each bacterium were inoculated on a plate. The 

plates were inverted and incubated under light at 37 °C for 24 h, then the zone of complete inhibition 

was measured to the nearest whole millimeter, using sliding calipers or a ruler held on the back of the 

inverted petri plate. Three replicate tests were carried out in the same conditions for each sample. 

Furthermore, an assay for cellulose-free ZnO-Ag heterostructure nanoparticles with particle size of 35 nm 

was also carried out to show the advantage of using CNCs on the antimicrobial power of  

ZnO-Ag nanoparticles. 

3.5. Characterization 

Wide-angle X-ray diffraction (WXRD) patterns of the ZnO-Ag/CNCs and the CNCs were recorded 

using an XPERT-PRO diffractometer at 40 kV and 30 mA from 10° to 80° with nickel-filtered Cu  

(λ = 1.542 Å) at room temperature. The size and morphology of the ZnO-Ag/CNCs were seen using a 

Hitachi H-700 transmission electron microscope with an acceleration voltage of 120 kV at room 

temperature. The TEM sample was prepared via dropping the sample suspension on a Cu grid coated 

with carbon film, and then the specimens were negatively stained with 1% uranyl acetate and allowed 

to dry at room temperature. The components of samples were evaluated by the energy-dispersive X-ray 

spectroscopy (EDS). The UV-visible spectra of the nanoparticles were recorded over the range of 200 

to 800 nm with a Lambda 25-Perkin Elmer UV-vis spectrophotometer. The thermal behavior of the 

ZnO-Ag/CNCs powders was recorded with a thermogravimetric analyzer TGA7 (Perkin-Elmer) in a 

nitrogen atmosphere at a heating rate of 10 °C/min from 25 to 600 °C. 

4. Conclusions 

ZnO-Ag heterostructure nanoparticles with a spherical shape and average size of less than 35 nm 

were successfully synthesized in cellulose nanocrystals (CNCs). The antibacterial tests showed that 

CNCs can strongly enhance the antibacterial power of ZnO-Ag heterostructure nanoparticles. The 

antibacterial results compared favourably with most of other assays conducted with the same species. 

Furthermore, we demonstrated that the incorporation of ZnO-Ag in CNCs can significantly improve 

the poor thermal property of CNCs. The synthesized ZnO-Ag/CNCs heterostructure nanoparticles with 

strong antimicrobial ability and high thermal stability are expected to find notable applications in the 

pharmaceutical and nanocomposite fields. 

Acknowledgments 

The authors are grateful to staff of the Department of Chemistry UPM for their technical assistance, 

and Universiti Putra Malaysia for the research grant RUGS 9199840. 



Molecules 2013, 18 6278 

 

Conflict of Interest 

The authors declare no conflict of interest. 

References  

1. Sadaf, J.R.; Israr, M.Q.; Kishwar, S.; Nur, O.; Willander, M. White electroluminescence using 

ZnO nanotubes/GaN heterostructure light-emitting diode. Nanoscale Res. Lett. 2010, 5, 957–960. 

2. Wang, L.; Sun,Y.; Wang, J.; Yu, A.; Zhang, H.; Song, D. Water-soluble ZnO-Au nanocomposite-

based probe for enhanced protein detection in a SPR biosensor system. J. Colloid Interface Sci. 

2010, 351, 392–397. 

3. Zou, C.W.; Rao, Y.F.; Alyamani, A.; Chu, W.; Chen, M.J.; Patterson, D.A.; Emanuelsson, E.A.; 

Gao, W. Heterogeneous lollipop-like V2O5/ZnO array: A promising composite nanostructure for 

visible light photocatalysis. Langmuir 2010, 26, 11615–11620. 

4. Yuan, J.; Choo, E.S.; Tang, X.; Sheng, Y.; Ding, J.; Xue, J. Synthesis of ZnO-Pt nanoflowers and 

their photocatalytic applications. Nanotechnolgy 2010, 21, 185606–185706. 

5. Sathish Kumar, P.S.; Manivel, A.; Anandan, S. Synthesis of Ag-ZnO nanoparticles for enhanced 

photocatalytic degradation of acid red 88 in aqueous environment. Water Sci. Technol. 2009, 59, 

1423–1430. 

6. Yang, Z.; Zhang, P.; Ding, Y.; Jiang, Y.; Long, Z.; Dai, W. Facile synthesis of Ag/ZnO 

heterostructures assisted by UV irradiation:Highly photocatalytic property and enhanced 

photostability. Mater. Res. Bull. 2011, 46, 1625–1631.  

7. Yin, Y.T.; Que, W.X.; Kam, C.H. ZnO nanorods on ZnO seed layer derived by sol–gel process.  

J. Sol-Gel Sci. Technol. 2010, 53, 605–612. 

8. Karunakaran, V.; Rajeswari, P.; Sankar, G. Antibacterial and photocatalytic activities of 

sonochemically prepared ZnO and Ag-ZnO. J. Alloys Compd. 2010, 508, 587–591. 

9. Chen, R.Q.; Zou, C.W.; Bian, J.M.; Sandhu, A.; Gao, W. Microstructure and optical properties of 

Ag-doped ZnO nanostructures prepared by a wet oxidation doping process. Nanotechnology 2011, 

22, 105706–105713. 

10. Liu, Y.; Kim, H. Characterization and antibacterial properties of genipin-crosslinked 

chitosan/poly(ethylene glycol)/ZnO/Ag nanocomposites. Carbohydr. Polym. 2012, 89, 111–116. 

11. Karunakaran, C.; Rajeswari, V.; Gomathisankar, P. Optical, electrical, photocatalytic, and 

bactericidal properties of micro wave synthesized nanocrystalline Ag-ZnO and ZnO. Solid State 

Sci. 2011, 13, 923–928. 

12. Liu, R.L.; Huang, Y.X.; Xiao, A.H.; Liu, H.Q. Preparation and photocatalytic property of 

mesoporous ZnO/SnO2 composite nanofibers. J. Alloys Compd. 2010, 503, 103–110. 

13. Yin, Z.Y.; Sun, S.; Salim, T.; Wu, S.X.; Huang, X.; He, Q.Y.; Lam, Y.M.; Zhang, H. Organic 

photovoltaic devices using highly flexible reduced graphene oxide films as transparent electrodes. 

ACS Nano. 2010, 4, 5263–5268. 

14. Patel, A.C.; Li, S.X.; Wang, C.; Zhang, W.J.; Wei, Y. Electrospinning of porous silica nanofibers 

containing silver nanoparticles for catalytic applications. Chem. Mater. 2007, 19, 1231–1238. 



Molecules 2013, 18 6279 

 

15. Liu, H.; Wang, D.; Song, Z.; Shang, S. Preparation of silver nanoparticles on cellulose 

nanocrystals and the application in electrochemical detection of DNA hybridization. Cellulose 

2011, 18, 67–74. 

16. Dong, H.; Strawhecker, K.E.; Snyder, J.F.; Orlicki, J.A.; Reiner, R.S.; Rudie, A.W.; Cellulose 

nanocrystals as a reinforcing material for electrospun poly(methylmethacrylate) fibers: Formation, 

properties and nanomechanical characterization. Carbohydr. Polym. 2012, 87, 2488–2495. 

17. Drogat, N.; Granet, R.; Sol, V.; Memmi, A.; Saad, N.; Koerkamp, C.K.; Bressollier, P.; Krausz, P. 

Antimicrobial silver nanoparticles generated on cellulose nanocrystals. J. Nanopart. Res. 2011, 

13, 1557–1562. 

18. Tian, C.; KaiPan, W.; Zhang, Q.; Tian, G.; Zhou, W.; Fu, H. One pot synthesis of Ag nanoparticle 

modified ZnO microspheres in ethylene glycol medium and their enhanced photocatalytic 

performance. J. Solid State Chem. 2010, 183, 2720–2725. 

19. Dong, X.M.; Kimura, T.; Revol, J.-F.; Gray, D.G. Effects of ionic strength on the isotropic-chiral 

nematic phase transition of suspensions of cellulose crystallites. Langmuir 1996, 12, 2076–2082. 

20. Schur, M.; Bems, B.; Dassenoy, A.; Kassatkine, I.; Urban, J.; Wilmes, H.; Hinrichsen, O.; 

Muhler, M.; Schlögl, R. Continuous coprecipitation of catalysts in a micromixer: Nanostructured 

Cu/ZnO composite for the synthesis of methanol. Angew. Chem. Int. Ed. Engl. 2003, 42, 3815–3817. 

21. Shen, L.M.; Bao, N.Z.; and Yanagisawa, K. Direct synthesis of ZnO nanoparticles by a solution-

free mechanochemical reaction. Nanotechnology 2006, 17, 5117–5123. 

22. Lin, X.; Zhou, R.; Zhang, J.; Fei, S. A novel one-step electron beam irradiation method for 

synthesis of Ag/Cu2Onanocomposites. Appl. Surf. Sci. 2009, 256, 889–893. 

23. Yin, X.; Que, W.; Fei, D.; Shen, F.; Guo, Q. Ag nanoparticle/ZnO nanorods nanocomposites 

derived by a seed-mediated method and their photocatalytic properties. J. Alloys Compd. 2012, 

524, 13–21. 

24. Araki, J.; Wada, M.; Kuga, S.; Okano, T. Flow properties of microcrystalline cellulose suspension 

prepared by acid treatment of native cellulose. Colloids Surf. A Physicochem. Eng. Asp. 1998, 42, 

75–82. 

25. Dahiya, J.B.; Rana, S. Thermal degradation and morphological studies on cotton cellulose 

modified with various arylphosphorodichloridites. Polym. Int. 2004, 53, 995–1002. 

26. Wang, X.H.; Du, Y.M.; Liu, H. Preparation, characterization and antimicrobial activity of 

chitosan-Zn complex. Carbohydr. Polym. 2004, 56, 21–26. 

27. Qin, Y.M.; Zhu, C.J.; Chen, J.; Chen, Y.Z.; Zhang, C. The absorption and release of silver and 

zinc ions by chitosan fibers. J. Appl. Polym. Sci. 2006, 101, 766–771. 

28. Kikuchi, Y.; Sunada, K.; Iyoda, T.; Hashimoto, K.; Fujishima, A. Photocatalytic bactericidal 

effect of TiO2 thin films: Dynamic view of the active oxygen species responsible for the effect.  

J. Photochem. Photobiol. A Chem. 1997, 106, 51–56. 

29. Lu, W.; Liu, G.; Gao, S.; Xing, S.; Wang, J. Tyrosine-assisted preparation of Ag/ZnO 

nanocomposites with enhanced photocatalytic performance and synergistic antibacterial activities. 

Nanotechnology 2008, 19, 1–10. 

30. Yang, L.; Mao, J.; Zhang, X.; Xue, T.; Hou, T.; Wang, L.; Tu, M. Preparation and characteristics 

of Ag/nano-ZnO composite antimicrobial agent. Nanoscience 2006, 11, 44–48. 



Molecules 2013, 18 6280 

 

31. Fang, M.; Chen, J.H.; Xu, X.L.; Yang, P.H.; Hildebrand, H.F. Antibacterial activities of inorganic 

agents on six bacteria associated with oral infections by two susceptibility tests. Int. J. 

Antimicrob. Agents 2006, 27, 513–517. 

32. Beck-Candanedo, S.; Roman, M.; Gray, D.G. Effect of reaction conditions on the properties and 

behavior of wood cellulose nanocrystal suspensions. Biomacromolecules 2005, 6, 1048–1054. 

Sample Availability: Samples of ZnO-Ag/Cellulose nanocrystal powder with different contents of Ag 

(1, 3, 5, 7, 10%) are available from the authors. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 

 


