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The aggregation of nanoparticles has been shown to significantly reduce the activity of nanomaterials, 

resulting in inferior performance. As an alternative to the use of traditional capping agents, stabilization 

of unstable nanoparticles with water-dispersible and biocompatible nanopaticle is a promising strategy. A 

bioinspired coating strategy was developed and the hybrid nanoparticles displayed excellent colloidal 10 

stability that significantly improved antibacterial activity when silver nanoparticles (AgNPs) was used as 

model particles. Cellulose nanocrystals (CNC) were first modified with dopamine, followed by in-situ 

generation and anchoring of AgNPs on the surface of CNC through the reduction of silver ions by 

polydopamine coated CNC. The results indicated that the dispersion stability of AgNPs was significantly 

enhanced by CNC, which in turn resulted in more than fourfold increase in antibacterial activity based on 15 

antibacterial studies using Escherichia coli and Bacillus subtilis.

Introduction 

Various nanoparticles have been explored for many different 

applications due to their versatile benefits and virtues. For 

instance, silver nanoparticles (AgNPs) were used as antibacterial 20 

agents,1–4 conductive adhesives, high-intensity LEDs,5–7 metal-

enhanced fluorescence (MEF),8 surface-enhanced Raman 

scattering (SERS)9 and catalysts for dye degradation.10–12 They 

are ideal model nanoparticles to investigate stability and catalyst 

performance. Although the mechanisms of killing microbes by 25 

Ag ions and AgNPs are not fully understood, the remarkable 

antibacterial property of Ag has been known for centuries.13 

Some studies have demonstrated that it might result from a 

combined effect of cell wall collapse, disruption of respiratory 

functions, and further damage towards proteins and DNA.13, 14–16 30 

This combined mechanism prohibits microbes from mutating or 

developing antibiotic resistance to silver ions and AgNPs, which 

is a serious and growing concern for other chemical antimicrobial 

agents.17 With high activity against a wide range of bacteria, 

AgNPs have been widely used in water purification,18 food 35 

preservation,19 wound dressings,20 and cosmetics,21 having low 

toxicity to human cells, high thermal stability and low volatility.22 

 AgNPs are commonly fabricated through the reduction of 

silver nitrate and are stabilized by capping agents to minimize 

aggregation arising from the high surface areas of nanoparticles. 40 

Common capping agents used include citrates,23 oleic acids,24 

polysaccharides,25 sophorolipids,26 gum Arabic,27 surfactants, 

such as sodium dodecyl sulphate (SDS), 

cetyltrimethylammonium bromide (CTAB), and 

polyoxyethylenesorbitane monooleate,28, 29 and polymers 45 

including dextran, polyacrylamide, polyethyleneimine (PEI), 

poly(diallyldimethylammonium) chloride, poly(vinylalcohol), 

polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP).14, 30–

32 The mechanism of stabilization includes electrostatic repulsion 

(e.g. citrate-coated and PEI-coated AgNPs), and steric repulsion 50 

(e.g. PEG and PVP-coated AgNPs). 

 Most capping agents, however are non-biodegradable 

polymers or potentially toxic chemicals, with the exception of 

polysaccharides. To disperse and stabilize AgNPs in aqueous 

solution with a nontoxic stabilizer, another promising strategy is 55 

to immobilize them with a biodegradable nanoparticle that is 

readily dispersible in water, such as cellulose nanocrystal (CNC), 

a rod-like nanoparticle that possesses high mechanical strength, 

biodegradability and biocompatibility.33–35 CNC is produced from 

biomass via hydrolysis in strong acids, such as hydrochloric or 60 

sulfuric acids36 and has dimensions of 5-10 nm in diameter and 

200-400 nm in length.37 This material has demonstrated 

numerous applications as hydrogels,38–40 drug carriers,41–44 

reinforcing nanofillers45, 46 and sorbents47, 48. As one of the most 

promising applications based on their large surface area, ~500 65 

m2/g, 49 CNC is an ideal subsrate for catalyst immobilisation in 

aqueous media. 

 To immobilize and stabilize nanoparticles on CNC, the 

adhesive characteristic of CNC surface must be improved. A 

facile and effective approach is to use dopamine, an emerging 70 

mussel-inspired coating material for organic and inorganic 

surfaces. The surface modification of materials with 

polydopamine (PD) can introduce a versatile chemical coating, 

yielding a surface with strong adsorption for most metallic 
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nanoparticles.50 The resultant PD also possesses excellent 

reduction and chelation properties towards metal ions.50 Thus, 

nanoparticles can be generated and subsequently anchored by in-

situ reduction of corresponding metal salt on CNC surface.51 By 

combining the remarkable adhesability of PD and excellent 5 

dispersibility of CNC, a nanoparticle dispersion with high 

stability could be achieved. Therefore, the catalytic and 

antibacterial properties of nanoparticle could be enhanced due to 

the greatly improved stability.  

 Here, the AgNPs were employed as a model material to 10 

demonstrate this new strategy. The stability and antimicrobial 

properties of AgNP immobilized polydopamine coated CNC 

(AgNP-PD-CNC) were evaluated. The stability was estimated by 

comparing the settling behavior of AgNP and AgNP-PD-CNC 

systems. The antimicrobial ability was estimated using 15 

Escherichia coli (Gram-negative) and Bacillus subtilis (Gram-

positive) bacteria. The results revealed that the AgNP-PD-CNC 

remained stable in water for more than 3 months, while free 

AgNPs typically settled to the bottom within 24 hours. The 

antimicrobial activity of the resultant AgNP-PD-CNC was almost 20 

four times greater than AgNPs under the same experimental 

conditions. 

Experimental 

Materials and methods  

CNC was supplied by CelluForce Inc. and used as received. The 25 

approximate dimensions are 5-10 nm diameter and length of 200-

400 nm, with a specific surface area of approximately 500 m2/g. 

Dopamine hydrochloride, silver nitrate, ammonia hydroxide 

solution, and tris((hydroxymethyl)aminomethane) were 

purchased from Sigma-Aldrich Co. Nutrient broth powder 30 

(OptiGrow™ Preweighed LB Broth, Lennox) was purchased 

from Thermo Fisher Scientific Inc. Plate Count Agar (DifcoTM 

Ref. 247940) was purchased from Becton Dickinson and 

Company. HeLa cell line was obtained from the American Type 

Culture Collection (ATCC, MD, USA). The cell was cultured in 35 

DMEM/F12 media containing 10% FBS, 100 U/mL penicillin, 

100 µg/mL streptomycin at 37°C and, using humidified 5% CO2 

incubator. All the chemicals were used as received. E. coli and B. 

subtilis bacteria were purchased from Cedarlane Laboratories, in 

Burlington, Ontario. UV-Visible spectroscopy was performed 40 

using an Agilent 8453 UV-visible Spectroscopy system. 

Transmission electron microscopic (TEM) characterization was 

performed using a Philips CM10 electron microscope. The 

samples were prepared by spraying the aqueous solution (0.005 

wt% solid) onto a carbon coated copper grid, and air-dried 45 

overnight at room temperature. Zeta-potential and particle size 

was measured with a Zetasizer (Malvern, Nano ZS90). 

Thermogravimetric analysis (TGA) was performed using the 

TGA Q600 of TA Instruments (New Castle, Delaware). The 

experiments were carried out under dry nitrogen purge at a flow 50 

rate of 10 mL/min from room temperature to 800 ºC at 15 ºC 

/min. 

Preparation of polydopamine coated CNC (PD-CNC)  

The coating process was adopted using a previously reported 

protocol.51, 52 A typical procedure is described as follows: 1.0 g of 55 

CNC was dispersed in 500 mL deionized water using an IKA T25 

homogenizer, followed by the addition of 0.6 g of 

tris((hydroxymethyl)aminomethane) to adjust the pH to 8.0. 

Then, 1.0 g of dopamine hydrochloride was added. The reaction 

was performed at room temperature for 2 days. At the end of the 60 

reaction, the products were purified in an ultrafiltration cell 

equipped with a 0.1µm pore size filtration membrane and washed 

several times with 200 mL deionized water until the filtrate 

became clear. The morphology of the resultant PD-CNC was 

determined by TEM and an example is shown in Fig. 1. The 65 

surface charge was determined by zeta-potential analyser and the 

results are summarized in Table 1. 

 

 

Fig. 1 TEM images of CNC (a, e) and PD-CNC with different feed ratios of PD:CNC = 0.5:1 (b, f), 1:1 (c, g) and 2:1(d, h). All the scale bars are 100 nm. 70 

Note: All the TEM images from bottom row were taken by staining PD-CNC with FeCl3 to enhance the contrast.  

6 

17 

15 10 

a b c d 

e f g h 
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Table 1. Zeta-potential of CNC, PD-CNC and AgNP-PD-CNC at different pHs 

pH  3.50 4.52 5.55 6.86 9.81 10.81 

zeta-potential 

(mV) 

CNC      -36.8 

     ±4.09 

-39.3 

±3.9 

-42.9 

±5.05 

-43.3 

±4.8 

-39.1 

±4.85 

-39.1 

±4.62 

PD-CNC -8.3 

±1.66 

-12.1 

±1.4 

-18.6 

±1.91 

-31.6 

±2.46 

-32.6 

±2.25 

-32.7 

±2.16 

AgNP-PD-CNC  -22.5 

±2.75 

-31.4 

±3.9 

-37.7 

±7.2 

-37.4 

±5.3 

-36.2 

±6.4 

-35.5 

±5.4 

 

Growing AgNPs on the surface of PD-CNC  

The process was adopted from a modified version reported 

previously.50 A typical protocol for preparing AgNPs on the 5 

surface of PD-CNC is described here: 50.0 mg of silver nitrate 

was introduced into 20 mL deionized water, and a 3.0 wt% 

ammonia solution was slowly added to the solution until the 

solution became clear indicating that diamine silver (I) was 

formed. Then 0.5 g of PD-CNC solution (3.0 wt%) was added to 10 

the resultant solution and stirred at room temperature for 1 h 

followed by the addition of 4.0 mg of dopamine hydrochloride (in 

1.0 mL deionized water) that facilitated the reduction of silver 

ion. After 30 min, the product was purified by centrifugation at 

8000 rpm for 10 min, and then washed with deionized water 3 15 

times. The final product was characterized by TEM (Fig. 2), UV-

Visible Spectroscopy (Fig. 3) and TGA (Fig. 4). As a control, 

free AgNP was prepared under similar conditions without PD-

CNC, and they were characterized by DLS using the Zeta-sizer 

and TEM (Fig. 2). The dispersibility of AgNP-PD-CNC and 20 

AgNP was compared by dispersing them in water (32 µg/mL), 

and then photographs were taken after 24h and 3 months as 

shown in Fig. 5. 

 

Fig. 2 TEM images of AgNP-PD-CNC (a) and pure AgNP (b). The insert 25 

picture shows the size distribution of AgNP by DLS data. All the scale 

bars are 100 nm. 
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Fig. 3 UV spectra of PD-CNC and AgNP-PD-CNC. 
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Fig. 4 TGA curves of CNC, PD-CNC and AgNP-PD-CNC 

 

Fig. 5 Solutions of AgNPs and AgNP-PD-CNC immediately after 

preparation (a), and after one day and 3 months (b). 

Antibacterial evaluation 35 

The antibacterial activity of the resultant AgNPs and AgNP-PD-

CNC was evaluated by determining the minimum inhibitory 

concentration (MIC) for Gram-negative (E. coli) and Gram-

a 

b 

6.56±0.73nm 
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positive (B. subtilis) bacteria, respectively. The detailed protocol 

is described below: 

1) Agar plates and nutrient broth (2.0 g/L) preparation.  

 Agar powder (11.75 g) was dissolved in 500 mL deionized 

water, and 1.0 g nutrient broth was dissolved in 500 mL 5 

deionized water, and both were then sterilized in an autoclave for 

30 min. The agar plates were prepared with the hot agar solution 

in a sterile environment using sterilized Petri dishes that were 

stored at 4°C prior to use. 

2) Bacterial cultures.  10 

 First, the bacteria was cultured in LB nutrient broth at 35°C for 

12 h and then the bacterial solution was diluted with LB broth 

until the optical density was between 0.07-0.08 at 600 nm.  

3) Antibacterial solution preparation.  

 The AgNP-PD-CNC and free AgNPs solutions were prepared 15 

in concentrations ranging from 0.5 to 32 µg/mL, where all the 

concentrations were calculated based on the mass of AgNPs. The 

mass of PD-CNC was deducted from AgNP-PD-CNC, so that the 

AgNPs solution and AgNP-PD-CNC solution possessed the same 

weight concentration based on the mass of silver.   20 

4) Incubation.  

 LB nutrient broth (1.0 mL) was mixed with 1.0 mL AgNP-PD-

CNC solution and 10 µL of bacteria solution in a sterilized 15 mL 

plastic centrifuge tube. The control sample was prepared using 

the same protocol, but the AgNP-PD-CNC solution was replaced 25 

by deionized water. The solution was then placed onto a rotary 

shaker at 90 rpm and maintained at 37 oC for 4 hrs. 

5) Antibacterial property evaluation.  

 After incubation, 0.1 mL of the bacterial solution was 

transferred to the surface of an agar plate in a sterile environment, 30 

and the solution was spread with a sterile glass rod to 

homogeneously cover the surface. Then all the agar plates were 

placed in an incubator for colony growth at 35 oC overnight. 

 The minimum inhibitory concentration (MIC) was determined 

according to the lowest AgNPs and AgNP-PD-CNC 35 

concentrations that inhibited the visible growth of microbes after 

incubation overnight. Photographs of bacterial colony growth in 

different concentrations of antimicrobial agents are shown in Fig. 

6 and 7.  

 A preliminary study on the mechanism was performed by 40 

conducting TEM analysis of the bateria broth with the silver 

nanoparticles Only E. coli was studied as they could be easily 

imaged with the need for staining. The E. coli solution was first 

diluted with sterilized water until the optical density was between 

0.07-0.08 at 600 nm. Then 0.1 mL solution of synthesized 45 

nanoparticle (250 µg/mL) was introduced into 0.9 mL E. coli 

solution, and the concentration of nanoparticle in the final 

solution was 25 µg/mL. The mixture was mixed for a 

predetermined duration in a shaking bed at 25°C, and one drop of 

the solution was placed on a carbon coated copper-grid and air-50 

dried over night prior to the TEM analysis.  The resultant TEM 

images are shown in Fig. 8. 

Cytotoxicity evaluation 

The procedure for evaluating the cytotoxicity of the resultant 

nanoparticles was performed according to the literature.53 55 

Typically, HeLa cells were seeded in 96-well plates filled with 

5,000 cells per well in 100µL of cell medium, and incubated at 37

°C under 5% CO2 humidified atmosphere for 24 h. Then, the 

culture medium was replaced with 100µL of freshly prepared 

culture medium containing AgNP or AgNP-PD-CNC with 60 

different nanoparticle concentrations. Here, ten concentrations 

were investigated. They are 50, 25, 12.5, 6.25, 3.12, 1.56, 0.78, 

0.39, 0.19 and 0 µg/mL. The cells were further incubated for 72h, 

and then 25µL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) stock solution (5 mg/mL in PBS) 65 

was added to each well to achieve a final concentration of 1 

mg/mL, with the exception of the controlled "blank" wells, where 

25µL of PBS was added. After incubation for another 2 h, 100 µL 

of extraction buffer (20% SDS in 50% DMF, pH=4.7, prepared at 

37°C) was added to the wells and incubated for another 4 h at 37°70 

C. The absorbance was measured at 570 nm using a SpectraMax 

M3 microplate reader. Cell viability was normalized to that of 

HeLa cells cultured in the cell media. Three repetitions were 

conducted for each concentration, and the results of the cell 

viability are summarised in Fig. 9.  75 

 

Fig. 6 Antimicrobial activity of AgNP-PD-CNC and AgNPs evaluated with E. coli. The antimicrobial agent concentrations are shown on the top of each 

plate. The plates in the top row show the colony growth with AgNP-PD-CNC, while the plates in the bottom row show the colony growth under free 

AgNP. 

a 

0.5 ug/mL 2 ug/mL 4 ug/mL 8 ug/mL 16 ug/mL 

b c 
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Fig. 7 Antimicrobial activity of AgNP-PD-CNC and AgNPs evaluated with B. subtilis. The antimicrobial agent concentrations are shown on the top of 

each plate. The plates in the top row show the colony growth with AgNP-PD-CNC, while the plates in the bottom row show the colony growth with free 

AgNP. 

 5 

 
Fig. 8 TEM images of (a) E. coli.; (b) E. coli. mixed with AgNPs after 12h; (c) E. coli. mixed with AgNPs after 24h; (d) E. coli. mixed with AgNP-PD-

CNC after 12h; (e) E. coli. mixed with AgNP-PD-CNC after 24h; (f) AgNPs attached on the surface of E. coli. at high magnification.
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Fig. 9 Viability measured using MTT assay in the presence of free AgNP 

and AgNP-PD-CNC hybrid. 

Results and discussion 

Preparation of polydopamine coated CNC (PD-CNC) 5 

Recently, the polymerization mechanism and structure of 

polydopamine was investigated in detail by Bielawski and co-

workers using solid state spectroscopic and crystallographic 

techniques. The data analysis showed that polydopamine 

comprises of a supramolecular aggregate of monomers held 10 

together via charge transfer, π-stacking, and hydrogen bonding 

interactions.54 The present study aims to use the polydopamine 

synthetic protocol to prepare a robust coating on the surface of 

cellulose nanocrystals (CNCs). The feed ratios of CNC to 

dopamine (DP) were first evaluated. Various feed ratios of 15 

DP:CNC = 0.5:1, 1:1 and 2:1 by weight were examined. The 

morphologies of the prepared PD-CNC were characterized by 

TEM and are shown in Fig. 1. From Figs. 1a-d, the PD-CNC 

displayed a better dispersibility in dried state on the copper grids. 

The magnified image in Fig. 1e showed a bundle-like structure 20 

consisting of several pristine CNC nanorods. In contrast, the PD 

modified CNC consisted of predominantly individual nanorods at 

all feed ratios, as shown in Figs. 1f-h. 

 The TEM images revealed that the diameter of individual PD-

CNC was approximately 6 nm for pristine CNC, and 10, 15 and 25 

17 nm for PD-CNC at feed ratios of DP:CNC = 0.5:1, 1:1, 2:1, 

respectively. Based on the TEM image, the diameter increased by 

4 nm under the feed ratio of DP:CNC = 0.5:1, while it increased 

by 9 and 11 nm with the feed ratios of DP:CNC = 1:1 and 2:1, 

respectively. The diameter of PD-CNC did not increase any 30 

further even though the amount of DP was doubled. Hence, the 

feed ratio for preparation of PD-CNC was fixed at DP:CNC = 

1:1. 

 The zeta-potential analysis is summarized in Table 1, and we 

observed that the surface of CNC, PD-CNC and AgNP-PD-CNC 35 

was all negatively charged at all pH values. The zeta-potential 

(ZP) for CNC remained constant at around – 40 mV. The ZP of 

PD-CNC decreased gradually with increasing pH and approached 

a stable value at approximate -32mV at pH greater than 7. The 

negative charges are attributed to the phenol groups on the 40 

dopamine molecules since phenol is a weak acid.  

 

Preparation of AgNPs on the surface of PD-CNC  

The growth of AgNP could be achieved by in-situ reduction of 

silver nitrate with PD-CNC.55 The proposed mechanism for 45 

reduction of silver ion by dopamine is illustrated in Scheme 1 

according to a previous report.56 The morphology of the resultant 

AgNP-PD-CNC and pure AgNPs are shown in Fig. 2. It is clearly 

evident that all the AgNPs were deposited on the surface of PD-

CNC as shown in Fig. 2a, while in Fig. 2b, pure AgNPs generated 50 

by dopamine tended to form large clusters when dried on the 

copper grid, which is consistent with the inherent aggregation 

characteristics of AgNPs.57 The DLS data for AgNP shown in the 

inset in Fig. 2b indicated that the size of AgNPs in solution was 

around 6 nm, but they aggregated to form clusters of 55 

approximately 20-50 nm when dried.  

OH

OH

Ag+

CNC

-2H+

AgNP

O

O

CNC

 

Scheme 1 A proposed reaction mechanism for reduction of silver nitrate 

by dopamine56 

 The successful production of AgNP was further confirmed by 60 

UV-Vis spectroscopy as shown in Fig. 3. The peak located near 

420 nm in the spectrum is a typical peak for AgNPs.58 

Furthermore, the amounts of silver in AgNP-PD-CNC was 

determined by TGA and showed in Fig. 4. At 800°C, the residue 

was 20.0, 35.1 and 87.6% for pristine CNC, PD-CNC and AgNP-65 

PD-CNC. Thus, the content of AgNP in AgNP-PD-CNC was 

calculated to be 81% based on the following equations:  

CAg + CPD-CNC = 1 

CAg + 0.351CPD-CNC = 0.876 

where CAg is the content of silver in AgNP-PD-CNC and CPD-CNC 70 

is the amounts of PD-CNC in AgNP-PD-CNC system. 

 The dispersion stability of AgNP-PD-CNC and pure AgNPs is 

shown in Fig. 5. It is evident that for the solution of AgNP-PD-

CNC, no sediment was observed (Fig. 5b), while for pure AgNP, 

significant agglomeration and precipitation occurred after 1 week 75 

(Fig. 5b). The results from visual pictures were consistent with 
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that observed from TEM images. Thus, the present study 

demonstrated that the preparation of AgNP on stable CNC 

significantly improved the dispersibility of AgNP and minimized 

agglomeration. An important consequence of this is that the large 

surface area of AgNPs is preserved, and this will have a positive 5 

impact on the performance of the nanoparticles in various 

applications, such as their antimicrobial property. 

 The zeta-potential results of AgNP-PD-CNC system (Table 1) 

showed that it decreased gradually with increasing pH, 

approaching a stable value of approximately -35mV at pH greater 10 

than 5.5. This is more negative than the PD-CNC system, which 

could be due to the reducing reaction of silver ions, as shown in 

Scheme 1, where some of the phenol groups on dopamine 

became oxidized and surface charge become more negative than 

PD-CNC. 15 

Antibacterial Test 

 AgNPs, being very effective antimicrobial agents, are widely 

used in many products, although the mechanism of antimicrobial 

activity is not well understood.19–21 Despite a comprehensive 

understanding on its activity, one of the key characteristics that 20 

contributes to its excellent performance in solution is the 

dispersion stability. Here, we compared the impact of pure 

AgNPs and the AgNP-PD-CNC hybrid on the antibacterial 

activity against two bacteria, one Gram-negative (E. coli) and one 

Gram-positive (B. subtilis).  25 

 For the E. coli system, the impact of the two AgNP 

preparations on the growth of bacterial colonies is shown in Fig. 

6, where the density of colonies decreased with increasing AgNP 

concentration. The E. coli colonies were completely eliminated 

when the concentration of AgNP-PD-CNC was 4 µg/mL (Fig. 30 

6c), while for the pure AgNP solution the same effect required 

four times the concentration, i.e. 16 µg/mL (Fig. 6f). The MIC for 

pure AgNP was between 8-16 µg/mL compared to 2-4 µg/mL for 

AgNP-PD-CNC. Therefore the antibacterial activity of AgNP-

PD-CNC was approximately four times better than AgNP when 35 

the same mass of silver was used with E. coli. 

 The antibacterial MIC test results for B. subtilis are shown in 

Fig. 7. From the pictures, the density of bacterial colonies 

decreased gradually along with the increase of AgNP 

concentration. The colonies were completely eliminated when the 40 

concentration of AgNP-PD-CNC was 8 µg/mL (Fig. 7c). For pure 

AgNP samples, the colonies disappeared only when the 

concentration was 32 µg/mL (Fig. 7f). The MIC for pure AgNP 

was between 16-32 µg/mL, and it was 4-8 µg/mL for AgNP-PD-

CNC. Thus, the antibacterial activity of AgNP-PD-CNC was 45 

about four times better than that of AgNP for B. subtilis, similar 

to the results found for E. coli. 

 Comparison of the antibacterial property (i.e. MIC) with other 

systems performed under the same conditions is documented in 

Table 2.58 All AgNPs possessed a comparable primary particle 50 

size of approximately 7 nm. In the absence of surfactants, the 

AgNPs were agglomerated, while the AgNP-PD-CNC was stable 

due to the highly charged CNC. The results indicated that for E. 

coli, the AgNP-PD-CNC possessed a MIC value of 4 µg 

(Ag)/mL, which is approximately four times lower than that of 55 

the reference reported. As for the B. subtilis, the MIC of AgNP-

PD-CNC was 8 µg (Ag)/mL, again almost four times lower than 

previously reported. All the MIC values in the reference are 

similar to the results from pure AgNP prepared in our system.  

Table 2. Comparison of MIC for AgNP-PD-CNC and pure AgNP 60 

Bacterium 
MIC (µg(Ag)/mL) 

(reference 59) 

MIC (µg(Ag)/mL) 

(AgNP-PD-CNC) 

MIC (µg(Ag)/mL) 

(Free AgNP) 

E. coli 20 4 16 

B. subtilis 40 8 32 

Note: all AgNPs has an average particle size around 7 nm based on the 

reference description,59 TEM (Fig. 2a) and DLS (Fig.2b insert).  

 

 As shown in Table 2, the AgNP-PD-CNC system displayed 

antibacterial activity that was four times better than pure AgNPs 65 

on both the Gram-positive and Gram-negative bacteria. The 

improved antibacterial activity was attributed to the improved 

dispersion of AgNP when they were incorporated onto PD-CNC.  

 To understand the improved antimicrobial properties of AgNP-

PD-CNC system, a TEM study was conducted. Comparing the 70 

results from AgNP and AgNP-PD-CNC systems, shown in Fig. 8, 

we found that after 12h treatment, the morphology of AgNPs 

treated bacteria did not change significantly compared to the 

pristine bacteria (Fig. 8a vs. Fig. 8b) and AgNPs were not 

abservable from the TEM images (Fig.8b). The morphology of 75 

AgNP-PD-CNC hybrid nanoparticles treated bacteria was quite 

different. It was clearly visible that the dark region inside the cell 

became smaller, and a translucent shell was observed, suggesting 

cell death and the degradation of the biological matter that 

migrated to the inner core of the cell.  For example, the original 80 

cell possessed a uniform dark core, while the AgNP-PD-CNC 

hybrid treated cell (Fig. 8d) showed a shrunken rectangle-like 

dark core (Fig. 8a).  It is also evident that the AgNP-PD-CNC  

nanoparticles were adhering to the bacteria cell wall and released 

silver ions that readily diffused into the bacteria cell 85 

compartment. For the normal AgNP nanoparticles, we 

hypothesized that the nanoparticles might have entered the cell as 

they were not present outside the bacteria cell. By comparing the 

images after 24h treatment (Fig. 8c and Fig. 8e), small fragments 

probably due to disrupted bacteria cell walls were observed 90 

compared to the more defined bacteria cell structure in Fig.8e. 

Based on the TEM analyses and previous reported results,60-62 we 

propose the most probable mechanisms for the antimicorbial 

activity of the two different AgNP systems. For pure AgNP 

nanoparticles, the nanoparticles are internalized into the bacteria 95 

cell, and the combined effect of cell wall breakage and silver ions 

chelating with peptides that hinder the replication activity of the 

bacteria.60-62 In the case of AgNP-PD-CNC hybrid system, the 

large particle size and the adhesive property of PD caused the 

nanoparticle to adhere on the surface of bacteria, and high 100 

concentration of silver ions are then released from the localised 

AgNP-PD-CNC nanoparticles.  

Cytotoxicity evaluation 

 The cytotoxicity tests of the resultant nanoparticles were 

performed using HeLa cell. In Fig. 9, both AgNP and AgNP-PD-105 

CNC hybrid showed some toxicity to HeLa cells. For AgNP, 

beyond a concentration of 50µg/mL around 10% of cell death 

was observed, and no toxicity was observed at lower AgNP 

concentration. For the AgNP-PD-CNC hybrid, around 10% of 

cell death was observed when the concentration exceeded 110 

3µg/mL, while at 50 µg/mL, around 40% of the cells were not 

viable. Since the cell line used is that of cancer cell, AgNP-PD-
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CNC hybrid was shown to possess anti-cancer characteristics, 

which could be beneficial in some situation. The reasons why the 

AgNP-PD-CNC hybrid system displayed higher toxicity to HeLa 

cell since the AgNP-PD-CNC hybrid system is more stable and 

can adhere to the surface of the cell and release silver ions near 5 

the cell membrane. 

Conclusions 

The present study focuses on producing well-dispersed silver 

nanoparticles on the surface of CNC. A versatile mussel-inspired 

dopamine system was employed to functionalize water-10 

dispersible and biocompatible CNC in a facile and effective way 

to yield polydopamine coated CNC. Then, the polydopamine 

coated CNC could reduce silver ions to form AgNP on the 

surface of PD-CNC. The improved stability was demonstrated by 

comparing the AgNP-PD-CNC system and free AgNP. The high 15 

stability of AgNP-PD-CNC system displayed antimicrobial 

activity that is four times better than free AgNP system against 

both Gram-positive and Gram-negative bacteria. TEM analyses 

indicated that AgNP may enter the cell and disrupt the cell 

membrane, while the AgNP-PD-CNC hybrid only adheres on 20 

surface of cell due to the adhesive property of polydopamine. 

Further studies are on going to elucidate and clarify the 

antibacterial mechanism of these nanomaterials.  
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