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Abstract 

Averrhoa bilimbi fruit extract was utilized as a reducing and capping agent in the biosynthesis of zinc oxide nanoparticles, with an 
emphasis on the effects of in-situ deagglomeration on physical properties and antibiofilm activity against Escherichia coli. The study 
explored various biosynthesis parameters, namely deagglomeration method (physical vs chemical), temperature (30, 60 ℃), and zinc 
precursor-to-extract volumetric ratio (0.5 and 2). High purity crystalline ZnO nanoparticles were obtained by calcining biosynthesis 
precipitates at 375 ℃. The resulting particles consisted of the wurtzite ZnO phase, with diameters ranging from 18 to 30 nm. The 
hydrodynamic mean particle diameters were 1.0 to 3.5 µm, suggesting the formation of soft agglomerates. Physical deagglomeration 
was more effective at higher temperatures, while chemical deagglomeration was more efficient at lower temperatures, owing to the 
interaction between the deagglomeration method and biosynthesis temperature. The biosynthesized ZnO nanoparticles exhibited 
good antibiofilm activity, achieving a 61% reduction in biofilm population at 50 ppm ZnO, which increased to 78% at a dose of 200 
ppm. This activity was improved by lower biosynthesis temperature and precursor:extract ratio, likely due to the preservation of 
bioactive molecules. The results demonstrate the potential of biosynthesized ZnO nanoparticles as antibiofilm agent, offering 
enhanced effectiveness compared to commercial ZnO nanoparticles. 
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Introduction 

Nanoparticle is a general term for a vast array of solid particulate materials with nominal dimensions within the 1-100 
nm range. The dimensionality of nanoparticles includes 0D (‘dots’), 1D, 2D, and 3D particle geometries [1]. The 
extremely small particle dimension implies that surface-related forces are dominant. As such, physico-chemical 
properties – thermal, optical, electrical, magnetic, and catalytic properties – of nanoparticles are generally distinct from 
those associated with the same solid phases at microscopic and macroscopic dimensions.  

Biomedical application of nanomaterials has become a rapidly growing field of research in recent years. Classes of 
nanomaterials in biomedicine include metals (metallic, bimetallic, metal oxides, and magnetic nanoparticles), fullerenes, 
polymeric nanoparticles, and dendrimers. Their biomedical applications encompass precision drug delivery, 
hyperthermia therapy, photoablation therapy, bioimaging assistance and biosensors [2, 3]. Biocompatibility is a 
fundamental issue in the biomedical application of any nanomaterial. It is defined as the ability of nanomaterials to 
perform their intended medical therapeutic functions without eliciting unmanageable levels of undesirable local or 
systemic effects, while generating the most beneficial cellular or tissue response. Biocompatibility of nanoparticles is a 
complex, case-specific behavior influenced by particle geometry, surface charge, hydrophobicity, solubility, size 
distribution, agglomeration tendency, and other factors [2, 4].  

While various metal-based nanomaterials or nanoparticles have been developed, only a limited number of metal oxide 
nanoparticles (MONP) are deemed safe for biomedical applications for mammals, namely titanium dioxide (TiO2), zinc 
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oxide (ZnO), copper oxide (CuO2), ferric oxide (Fe2O3), and ferrous oxide (Fe3O4) [5]. Among these oxides, ZnO appears 
to exhibit relatively high biocompatibility. Contact of ZnO with aqueous environment typical of human and animal 
physiological systems causes the slow release of Zn2+ cations, which are naturally present in such systems. Additionally, 
ZnO in the form of both nanoparticles and bulk materials exhibits biodegradability [6]. As such, among MONPs, only 
ZnO and Fe2O3 are classified as GRAS (generally regarded as safe) by the United States FDA [7]. 

Zinc oxide (ZnO) as an oxide material in the nanoparticle form has found widespread application due to its advantageous 
engineering properties. ZnO exists in three crystalline polymorphic structures, namely wurtzite, zincblende, and 
rocksalt. Of these polymorphrs, wurtzite is in stable form at ambient conditions. ZnO exhibits semiconductivity with an 
energy band gap of 3.37 eV, providing it with a broad electromagnetic absorption band. Additionally, the non-
centrosymmetric wurtzite crystal structure produces pronounced piezoelectric effect [8]. In industrial chemical 
processes, ZnO is important due to its high chemical stability and photocatalytic activity [9].  

The generally good human biocompatibility of ZnO has spurred recent research efforts in its application in medicine and 
health. These include areas such as therapeutic carriers, biological sensing and labeling, gene transfer, nanomedicine 
discovery, implant coating, water treatment processes, and more [10]. Studies published in the literature have also 
identified the antimicrobial properties of ZnO nanoparticles, either applied singularly or in combination with other 
medicines (e.g. antibiotics). Overall, ZnO nanomaterials are regarded as a particularly useful class of nanomaterials in 
antimicrobial applications due to their ability to kill and to inhibit bacterial growth [11]. 

It is generally hypothesized that the antimicrobial activity of ZnO nanoparticles mainly stems from the generation of a 
variety of reactive oxygen species (ROS), which imposes oxidative stress upon microbial cells [12]. Additionally, Zn2+ 
cations are released by ZnO upon prolonged contact with aqueous environment bonds with proteins, carbohydrates, 
and other biocomponents associated with bacteria, which disrupt their cellular functions [13]. Zinc cations may also 
diffuse across the bacterial cell wall and interact with protein functional groups within the intracellular space, resulting 
in the disruption of enzymatic activities and cellular structural alterations [14]. Bacterial cell walls may also be damaged 
due to the abrasive nature of ZnO nanoparticles and by the neutralization of lipopolysaccharides electrostatic charge by 
Zn2+ cations in proximity of the cell wall [15]. In addition to these mechanisms, it has also been proposed that near-UV 
emission caused by sunlight radiation on ZnO nanoparticles may induce a non-contact lethal effectagainst bacteria. This 
last mechanism has been proposed for ZnO nanoparticles embedded in polymeric films [16]. Figure 1 presents a 
schematic description of these antibacterial mechanisms.     

 

 Representative schematic of antibacterial mechanisms of ZnO nanoparticles. 

ZnO nanoparticle production pathways can be categorized into physical, chemical, and biological processes. Among 
them, biological synthesis — also referred to as green synthesis or biosynthesis — is particularly interesting, since it 
does not employ hazardous chemicals or harsh processing conditions. Biosynthesis assisted by plant extracts basically 
involves the reduction and precipitation of metal ions from a precursor salt solution by biomolecules in the extracts of 
various parts of plants such as leaves, bark, fruits, seeds, roots, and tubers. These plant biomolecules also stabilize the 
formed nanoparticles by acting as capping agents. This plant-extract assisted biosynthesis method has been applied to 
various metal oxide nanoparticles, such as ZnO, TiO2, and CuO [17-19]. It has been hypothesized that plant 
phytochemicals may reduce metallic ions in the aquatic solution phase more rapidly than metabolites produced by 
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microbes, which represent a different class of nanoparticle biosynthesis aid agents. Furthermore, plants tend to be non-
pathogenic and contain more biomolecules per unit mass [20].  

A wide variety of plant extracts have been studied for the biosynthesis of ZnO nanoparticles, mostly focusing on 
antimicrobial applications. Several review papers have compiled numerous examples of plant extracts used in ZnO 
biosynthesis [20, 21]. Notably, extracts from plant families such as Myrtaceae, Lauraceae, Plantaginaceae, and 
Cucurbitaceae have produced nanoparticles with outstanding performance, characterized by low minimum inhibitory 
concentration (MIC) values and small particle sizes. In contrast, nanoparticles synthesized from extracts of the 
Apocynaceae and Asphodelaceae plant families tend to exhibit higher MIC values and larger particle sizes [20]. A 
previous work has identified that the use of bilimbi (Averrhoa bilimbi) fruit extract for zinc nanoparticle biosynthesis is 
technically feasible [18]. This tree plant species, which belongs to the Oxalidaceae family, is commonly found throughout 
the Southeast Asia region. The fruit has been reported as being rich in antioxidants that are useful in nanoparticle 
biosynthesis, including phenols, flavonoids, alkaloids, saponins, and tannins [22]. Compared to other fruit species in the 
region, such as Averrhoa carambola, Capsicum frutescens, Canarium sp., Malus domesticus, and others, total phenolics 
and the antioxidant content of A. bilimbi are moderate [23, 24]. However, this fruit is largely underutilized in the region 
due to its strongly sour taste [25], which makes its potential use in nanoparticle synthesis particularly interesting. 

The abovementioned work and other references have identified the relatively strong agglomeration tendency of 
biosynthesized zinc nanoparticles. A previous review emphasized the scarcity and controversy associated with 
agglomeration issue in biosynthesized nanoparticles [26]. Several references argued that certain biomolecules in plant 
extracts such as phenolic acids from rice husk and sodium lignosulfonate from wood act as dispersants during 
biosynthesis due to interparticle steric hindrance provided by these biomolecules [27, 28]. In contrast, others contend 
that the biomolecules actually act as agglomerants due to disruption of the oxide particles’ electrical double layer and 
reduction of system pH by the acidity of the extracts [29-31]. This agglomeration could potentially decrease the 
antimicrobial activity due to reduction of the available nanoparticle surface area and bacterial contact inhibition [18, 
32, 33]. This in turn reduces the amount of Zn2+ cations released into the cells to a level that is not sufficiently toxic for 
the bacteria. Furthermore, large agglomerates may undergo sedimentation, decreasing the concentration of 
nanoparticles available in the suspended state below the total dose administered to the bacterial system [34]. This 
shows the need for a deagglomeration strategy for biosynthesized antimicrobial nanoparticles. A physical 
deagglomeration approach using ultrasonication, which breaks apart agglomerates via induced mechanical vibration, 
has been argued to be the most effective [35]. Chemical deagglomeration typically involves the addition of dispersants, 
which increase interparticle repulsive forces and/or steric hindrance. For medicine-oriented antimicrobial applications, 
these dispersants should preferably be non-toxic [36]. Commonly studied dispersants for ZnO nanoparticles include 
polyvinyl alchohol (PVA), polyvinyl pyrrolidone (PVP), oleic acid (OA), glycidoxypropyltrimethoxysilane (GPTMS), and 
others. Overall, PVA tends to produce the highest stability of nanoparticle suspension in water among these chemicals 
[37, 38]. 

The current work compared the experimental results obtained using physical and chemical deagglomeration in ZnO 
nanoparticle biosynthesis aided by bilimbi fruit extract. Key response variables in this work included the nanoparticle 
size distribution, product phase and morphology, and antimicrobial activity. More specifically, the latter was studied in 
the context of inhibition of bacterial biofilm, a type of bacterial colony that is more difficult to eradicate.   

Materials and Methods  

Nanoparticle Biosynthesis 

Fresh bilimbi fruits were purchased from a local market in the Bandung municipality, washed by demineralized water 
and manually pulped using mortar and pestle. The thick pulp was diluted with demineralized water and fed to a three-
neck flask at a solid to water ratio of 1:10 (w/v). This mixture was refluxed at 70 ℃ for 90 minutes. Afterwards the 
refluxed mixture was collected in the flask, cooled down to room temperature, and filtered using filter paper. The 
obtained clear bilimbi fruit extract was kept refrigerated at 4 ℃ and used as stock for the entire experimental work.  

ZnO nanoparticle biosynthesis experimentation combined with deagglomeration was undertaken by the 23 two-level 
full factorial statistical experiment presented in Table 1. Each experimental run was conducted in triplicate. All statistical 
analysis of the full factorial experiment was performed using Minitab. For the precursor solution, analytical grade zinc 
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nitrate (ZnNO36H2O 98%, Sigma-Aldrich) was dissolved in demineralized water to a concentration of 0.05 M. In the 
physical deagglomeration pathway, the glass beaker containing the Zn precursor solution was immersed in an ultrasonic 
water bath and heated at the targeted reaction temperature. The bilimbi fruit extract was subsequently added in a 
dropwise manner according to the prescribed precursor-to-extract volume ratios. After the fruit extract addition was 
completed, the mixture was further agitated for 3 hours before letting it cool down. For chemical deagglomeration, the 
flask containing the reaction mixture was heated on a heating plate. Dropwise addition of bilimbi fruit extract was then 
done under constant agitation at 500 rpm. Five minutes after the fruit extract addition was completed, 1% PVA solution 
(prepared by dissolving analytical grade PVA (Merck) in demineralized water) was added at a PVA:Zn precursor solution 
volume ratio of 1:10. The mixture was then further agitated for 3 hours and cooled down to ambient temperature. The 

lower biosynthesis temperature in Table 1 represents ambient conditions, while 60 C is the temperature at which 
thermal degradation of polyphenols starts to accelerate [39]. The precursor-to-extract volumetric ratios in Table 1 are 
typical values reported in the literature [40, 41].  

Upon completion of the combined biosynthesis-deagglomeration step, the obtained reaction mixture suspension was 
aged at ambient temperature for 18 hours to increase the amount of precipitated nanoparticles. After aging, the 
suspension was separated by centrifugation at 10,000 rpm for 15 minutes, followed by washing by demineralized water 
and re-centrifugation. The supernatant was then carefully removed by pipetting and the precipitate was dried in an 
oven at 80 ℃ and calcined to remove residual organic matter and to ensure the formation of crystalline ZnO phase. To 
determine the appropriate calcination temperature, a precipitate specimen from a preliminary experiment was 
analyzed by a TGA-DSC apparatus (Linseis STA PT1600, Analytical Instrumentation Laboratory of the Chemical 
Engineering Department, Institut Teknologi Bandung). The calcined ZnO products were then manually ground and kept 
in airtight containers.  

Table 1 Notations and levels of ZnO biosynthesis experimental variables. 

Experimental factors Notation Factor type 
Values of levels 

(-1) or low (+1) or high 

Deagglomeration method X1 Qualitative Chemical Physical 

Synthesis temperature (C) X2 Quantitative 30 60 

Precursor:extract (v/v) X3 Quantitative 1:2 2:1 

 

Physical Characterization of Nanoparticles 

The key physical properties of the nanoparticles that were characterized included the identification of crystalline phases, 
particle size distribution, and particle morphology.  

A Bruker D8 X-ray diffraction (XRD) apparatus (Department of Chemical Engineering, Institut Teknologi Bandung) was 

used to confirm the formation of ZnO. The XRD instrument used a Cu-K radiation source, with the diffraction angle 2 

set at 10-80 range. The nanoparticle specimens selected for XRD were obtained at a zinc precursor:extract ratio of 1:2 
and a biosynthesis temperature of 60 ℃. The X-ray diffraction pattern of the specimens was compared with the JCPDS 
No. 00-036-1451 standard diffraction pattern for wurtzite ZnO as the typical dominant phase in ZnO nanoparticles [42]. 
Commercial ZnO nanoparticles (Sigma Aldrich) were also analyzed as comparison.  

Nanoparticle morphology was analyzed using a Hitachi HT-7700 transmission electron microscope (TEM) instrument 
(Nanoparticle and Nanotechnology Research Center at Institut Teknologi Bandung). The TEM images were also analyzed 
using ImageJ software to determine the particle size distribution. A Horiba SZ-100 dynamic laser scattering (DLS) 
instrument (Nanoparticle and Nanotechnology Research Center, Institut Teknologi Bandung) was used to measure the 
hydrodynamic size of particle. For this measurement, 0.001 g of the nanoparticle specimen was suspended in 10 mL 
demineralized water and sonicated for 15 minutes. Afterwards, the specimen suspension was analyzed at 633 nm laser 

wavelength and 173 scattering detector angle.  

Antimicrobial Activity Measurement 

The antibacterial properties of the biosynthesized ZnO nanoparticles were measured using the microtiter dish biofilm 
assay method [43, 44]. Escherischia coli ATCC 25922 was selected as the model microbe. The bacteria were grown on 
the surface of solid substrate in the form of biofilm, in which the bacteria are protected by an extracellular polymeric 
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substance (EPS) secreted by the bacterial colony. Thus, the antibacterial property may be more specifically defined in 
this case as antibiofilm activity. To prepare the bacterial inoculum, a single colony grown on nutrient agar (NA) medium 
was selected and added into 5 mL of Luria Bertani (LB) medium containing 10 g/L tryptone, 5 g/L yeast extract, and 10 
g/L NaCl and incubated overnight at a temperature of 30 ℃ and a rotational speed of 150 rpm in an incubator shaker 
apparatus.  

For the antibiofilm assay procedure, 1 mL of the overnight E. coli inoculum was mixed with 50 mL M9 minimal salt 
growth medium containing 48 mM Na2HPO4, 22 mM KH2PO4, 9 mM NaCl, 19 mM NH4Cl, 2 mM MgSO4.7H2O, 100 µM 
CaCl2 and 20 mM glucose. All chemicals were purchased from Merck and were of analytical grade. The low nutrient 
availability provided by the M9 medium simulates a nutritionally unfavorable environment for the bacterial colony, 
thereby inducing their attachment to solid surfaces and the formation of biofilm. A 24-well plate was used for the assay, 
in which 0.9 mL bacterial suspension aliquot was added to the each well on the plate. Then, 0.1 mL of ZnO nanoparticle 
suspension was added to each well. The concentration of ZnO in this suspension was varied to produce final ZnO 
concentrations of 50 and 200 ppm.  

The microwell plate was incubated for 4.5 hours at 37 ℃, 180 rpm. At the end of incubation, the supernatant in the 
wells was carefully removed. The biofilm remaining in the internal surfaces of the wells was washed with 1.75 mL 
phosphate buffered saline (PBS) solution. After the PBS solution was removed, the biofilm was stained by 1 mL of 0.1% 
crystal violet solution followed by 15 minutes incubation. Afterwards, the excess stain solution was washed off and the 
residual stain remaining in the biofilm was dissolved in 1.75 mL of analytical grade ethanol followed by analysis using 
an ultraviolet-visible light (UV-Vis) spectrophotometer. Absorbance or optical density at 570 nm light wavelength 
(denoted by the OD570 shorthand) was normalized against OD570 of positive control specimen, producing the residual 
E. coli population in the biofilm relative to the initial total bacterial population.  

Results  

Biosynthesis and Characterization of ZnO Nanoparticles 

A simultaneous TGA-DSC instrument was used to evaluate a precipitate specimen that was created in a preliminary 
experiment at a ratio of 2 and biosynthesis temperature of 60 ℃ to determine the suitable calcination temperature. 
The specimen was heated in flowing air to a maximum temperature of 600 °C at a constant rate of 10 °C/min. A strong 
endothermic thermal event occurred in the range of 370 to 405 °C (Figure 2), resulting in a mass loss of approximately 
50%. The burning of organic matter from the bilimbi extract, as well as the thermal decomposition of zinc hydroxide 
and zinc hydroxynitrate molecules into ZnO, were identified as the causes of this endothermic mass loss event [39, 45]. 
Based on these results, calcination of raw, dried biosynthesis precipitate was set at 375 ℃ for 1 hour.  

 

 

 Simultaneous DSC/TGA thermal analyses results of the biosynthesized precipitate specimen from the preliminary 

experiment heated non-isothermally in flowing air atmosphere at 10 C/min rate. 
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To confirm the formation of ZnO, selected specimens of the calcined nanoparticles (synthesized at 60 ℃, ratio 0.5, both 
for physical and chemical deagglomerated methods) were analyzed by XRD (Figure 3). All biosynthesized ZnO exhibited 
excellent crystallinity overall, with distinct and sharp diffraction peaks. The biosynthesized ZnO specimens exhibited 
even higher crystallinity than the commercial ZnO. The angles and relative intensities of the diffraction peaks matched 
the hexagonal wurtzite crystalline ZnO phase [42]. By comparing the results with the commercial ZnO nanoparticle 
specimen, the prevalence of wurtzite was also confirmed, while the presence of other crystalline phases was negligible. 
Crystallite sizes determined by the familiar Scherrer equation and degree of crystallinity are summarized in Table 2.  

Table 2 ZnO nanoparticle crystallite sizes and degree of crystallinity determined from X-ray diffractograms. 

Specimen Crystal mean diameter (nm) Degree of crystallinity (%) 

Chemical deagglomerated 21.09 82.5% 
Physical deagglomerated 17.60 85% 

Commercial 28.15 76.4% 

 

 Crystalline phase identification results by XRD of ZnO nanoparticles that was physically deagglomerated (blue 
lines) and chemically deagglomerated (red lines). XRD spectra of commercial ZnO is also shown. All ZnO specimen were 
synthesized at 60 ℃ with a ratio of 0.5.  

Transmission electron microscopy images of ZnO nanoparticle specimens and the respective size distribution for single 
particles are presented (Figure 4). The micrographs reveal well-defined ZnO nanoparticles, characterized by the 
hexagonal crystal habit typical of the wurtzite phase. Additionally, cuboidal and spherical geometries were observed 
among the particles. Size measurements indicated that most specimens had diameters ranging from 18 to 27 nm. Larger 
particles were particularly noticeable in samples synthesized at higher temperature of 60 ℃ with a ratio of 2, both for 
chemical (average particle size 28.83 nm) and physical deagglomeration (average particle size 30.74 nm). The average 
particle size obtained here aligns with previously reported sizes of ZnO nanoparticle biosynthesized using sorghum seed 
extract (approximately 20-30 nm) [41].  

Visual examination of the specimens indicated the absence of particle fusion in all samples, which suggested that only 
soft agglomerates were formed. The relatively low calcination temperatures used across all samples likely prevented 
the formation of hard agglomerates, which are typically marked by necking or interparticle bridging and are more 
common at higher calcination temperatures [46]. Given that only soft agglomerates were observed in all samples with 
similar nanoparticle sizes, the extent of agglomeration and the effectiveness of deagglomeration were further evaluated 
by hydrodynamic size distribution, as explained below.  
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 TEM images and corresponding particle size distribution histogram for ZnO specimens synthesized at different 

conditions: (a,b) chemical deagglomeration, 30 C, ratio 0.5; (c,d) physical deagglomeration, 30 C, ratio 0.5; (e,f) chemical 

deagglomeration, 60 C, ratio 0.5; (g,h) physical deagglomeration, 60 ℃, ratio 0.5; (i,j) chemical deagglomeration, 30 ℃, ratio 
2; (k,l) physical deagglomeration, 30 ℃, ratio 2; (m,n) chemical deagglomeration, 60 ℃, ratio 2; (o,p) physical 
deagglomeration, 60 ℃, ratio 2. 

Table 3 summarizes the results from the DLS measurements, namely particle mean hydrodynamic diameter and 

polydispersity index (PDI). The mean hydrodynamic diameters ranged from 1.0 to 3.5 m, while PDI values were 
calculated as 0.88 to 2.96. The smallest hydrodynamic diameter was obtained when the synthesis was performed at 30 
℃ with a ratio of 0.5 using chemical deagglomeration method. The results of the statistical analysis using ANOVA for a 
full factorial experiment with replicated runs, in which all main and interaction effects could be calculated and their 
statistical significances evaluated against a significance level of 0.05, are summarized in Table 4. The regression was 
limited to binary or two-way interactions, due to the generally unlikely significance of three-way interactions according 
to the commonly adopted statistical sparsity of effects principle. Both non-adjusted and adjusted coefficients of 
correlations of the particle hydrodynamic diameter ANOVA data treatment indicated an excellent fit between 
measurement and computed regression model. 

Table 3 Hydrodynamic particle size and PDI results of biosynthesized ZnO. 

Deagglomeration 
method (X1) 

 
Synthesis T, 
℃ (X2) 

Precursor:extract 
ratio (X3) 

Hydrodynamic mean 
diameter (nm) 

PDI 

Chemical  30 0.5 1169 2.96 

Physical  30 0.5 3337 1.79 

Chemical  60 0.5 2987 1.10 

Physical  60 0.5 1494 1.73 

Chemical  30 2.0 3093 1.01 

Physical  30 2.0 3534 1.12 

Chemical  60 2.0 3164 1.00 

Physical  60 2.0 3151 0.88 
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Table 4 ANOVA data for treatment results of biosynthesized ZnO hydrodynamic particle size. 

Source of variance 

Mean hydrodynamic diameter PDI 

Coefficient 
(coded 

variables) 
F0 

P-
value 

Coefficient 
(coded 

variables) 
F0 

P-
value 

X1 (Deag. Method) 138.0 20.41 
< 

0.000 
-0.071 1.39 0.255 

X2 (Synthesis T) -42.1 1.90 0.187 -0.272 20.76 
< 

0.000 
X3 

(Precursor/extract) 
494.4 262.15 

< 
0.000 

-0.447 56.11 
< 

0.000 

X1X2 -514.4 283.80 
< 

0.000 
0.196 10.83 0.005 

X1X3 -31.0 1.03 0.326 0.067 1.24 0.281 
X2X3 -35.7 1.37 0.259 0.207 12.00 0.003 

Coeff. of 
correlation 

      

R2 97.89 %   88.27 %   
Adjusted R2 96.97 %   83.14 %   

  

Antibiofilm Activity Measurements 

The antibiofilm activity of ZnO specimens were tested at final concentrations of 50 and 200 ppm against E. coli biofilm. 
The doses refer to the ZnO nanoparticle mass content within each well. This addition expanded the three-factor 
complete factorial experiment in Table 1 into a 24 full factorial design with ZnO dose as the fourth variable (X4). Table 5 
summarizes the antibiofilm activity experimental results. The antibiofilm activity was calculated from the ratio of the 
residual bacterial population against control (biofilm population without the addition of ZnO). Each antibiofilm activity 
value in Table 5 was an average of three run replicates.   

Table 5 Factorial experimental matrix and antibiofilm activity data of biosynthesized ZnO.  

Deagglo-
meration 
method 

(X1) 

Biosynthe

sis T, ℃ 
(X2) 

Precursor:
extract 

(v/v) 
(X3) 

ZnO 
dose, 
ppm 
(X4) 

Residual biofilm population, % 
Antibiofilm 
activity, % 

    Rep.1 Rep.2 Rep.3 Avg.  

Chemical 30 0.5 
50 16.53 18.60 8.69 14.6 85.4 

200 11.82 7.38 4.38 7.9 92.1 

Physical 30 0.5 
50 14.96 18.60 28.56 20.7 79.3 

200 5.10 5.79 4.18 5.0 95.0 

Chemical 60 0.5 
50 65.08 51.73 66.69 61.2 38.8 

200 2.01 29.52 35.16 22.2 77.8 

Physical 60 0.5 
50 53.75 27.71 61.06 47.5 52.5 

200 21.19 6.47 32.98 20.2 79.8 

Chemical 30 2 
50 47.18 42.62 29.69 39.8 60.2 

200 5.60 11.30 30.17 15.7 86.2 

Physical 30 2 
50 24.72 7.11 34.43 22.1 77.9 

200 34.67 18.05 33.71 28.8 71.2 

Chemical 60 2 
50 64.69 42.71 66.45 58.0 42.0 

200 42.32 28.21 32.94 34.5 65.5 

Physical 60 2 
50 62.82 41.43 45.37 49.9 50.1 

200 47.13 42.56 29.63 39.8 60.2 

The residual E. coli population values after 4.5 hours of incubation produced by the experimental design matrix in Table 
4 are presented in Figure 5. At a nanoparticle dose of 50 ppm, the between-run average antibactivity was 61%. As the 
dose was increased to 200 ppm, the average antibiofilm activity reached 78%. The highest activity measured in all runs 

was 95%, obtained by biosynthesized ZnO that was physically deagglomerated and synthesized at 30 C and ratio of 0.5. 
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Summary of the ANOVA treatment of the antibiofilm activity data is presented in Table 6. By invoking the sparsity of 
effect principle, the interaction effect of the highest order interaction (in this case the four-way interaction) was 
dropped from the analysis. At 95% confidence level, all three-way interactions were found to not be significant. Only 
one interaction was in fact significant, namely that between biosynthesis temperature and nanoparticle dose (X2X4). A 
series of model refinement was undertaken, resulting in the elimination of all three- and two-way interactions except 
X2X4. Table 7 presents the ANOVA results using the final model. All terms remaining after the model refinement were 
statistically significant at 95% confidence level.  

 

 Residual biofilm population of E. coli in systems containing biosynthesized ZnO nanoparticles at final 
concentrations of 50 and 200 ppm. The residual bacterial population denotes the OD570 of biofilm in each well normalized 
by the OD570 value of control (without ZnO addition). The error bar indicates the standard error between the triplicates. 

Table 6 ANOVA data treatment of the residual biofilm population after 4.5 hrs of contact with biosynthesized ZnO 
nanoparticles at 50 and 200 ppm doses. 

Source of variance Coefficient (coded variables) F0 P-value Standardized effect 

X1 (Deag. Method) -1.24 0.61 0.439 0.783 
X2 (Biosynth. T) 11.16 49.77 < 0.001 7.055 

X3 (Precursor:Extract) 5.57 12.41 0.001 3.523 
X4 (ZnO dose) -8.73 30.43 < 0.001 5.516 

X1X2 -1.07 0.46 0.504 0.676 
X1X3 0.31 0.04 0.845 0.197 
X1X4 2.93 3.44 0.073 1.854 
X2X3 -1.70 1.16 0.290 1.076 
X2X4 -3.75 5.61 0.024 2.368 
X3X4 2.36 2.22 0.146 1.489 

X1X2X3 1.30 0.67 0.418 0.820 
X1X2X4 0.19 0.01 0.904 0.122 
X1X3X4 2.59 2.69 0.111 1.640 
X2X3X4 1.73 1.19 0.283 1.092 

Coeff. of correlation     
R2 77.93 %    

R2
adj 67.58 %    

Table 7 ANOVA data treatment summary of residual biofilm population after model refinement.  

Source of variance Coefficient (coded variables) F0 P-value 

X2 (Biosynthesis T, C) 11.16 47.24 < 0.001 

X3 (Precursor:extract, v/v) 5.57 11.06 0.002 
X4 (Nanoparticle dose, ppm) -8.73 29.05 < 0.001 

X2*X4 -3.75 4.89 0.028 
R2 67.75 %   

R2
adj 64.75 %   
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The precursor:extract ratio (X3) exhibited a positive regression coefficient, implying that the E. coli antibiofilm activity 
was improved by adding more bilimbi extract (in this case by increasing the volumetric proportion of the bilimbi extract, 
at constant extract concentration) to the reacting system. A similar behavior was reported by Skandalis et al. [47], who 
argued that higher quantities of biomolecules present in the reacting system imply a higher availability of capping 
agents. This in turn limits the particle growth as the biosynthesis proceeds.   

The two-way interactions between biosynthesis and deagglomeration experimental variables are described by the 
interaction plot in Figure 6.  

 

 Interaction effects between ZnO biosynthesis variables on the antibiofilm activity. 

Numbers along the vertical axis represent the antibiofilm activity as percentage of the residual biofilm populations, 
averaged across the triplicate runs. Of the six two-way interactions, the one between biosynthesis temperature and 
nanoparticle dose (X2X4) exhibited the largest difference between the slope of the paired curves. The slopes of the X2X4 
interaction pair imply that higher activity (or lower residual E. coli population) may be achieved by combining lower 
biosynthesis temperature and higher nanoparticle dose. The presence of this two-way interaction suggested that the 
effect on antibiofilm activity should be larger than if either biosynthesis temperature or ZnO dose was varied 
individually. 

Discussion 

Biosynthesis and Characterization of ZnO Nanoparticles 

The ANOVA data treatment results for biosyntesized ZnO nanoparticles size in Table 4 indicate that not all effects 
significantly influenced the mean particle hydrodynamic diameter. The main effects of the deagglomeration method 
(X1) and ratio (X3) were highly significant (p-value < 0.000). The regression coefficient of X1 was positive, implying that a 
change from chemical to physical deagglomeration method increases the particle size. The coefficient of X3 was positive 
as well, indicating that shifting to a higher ratio in the reaction mixture increases the particle size. As a comparison, 
Skandalis et al. [47] observed a reduction in particle diameters from 50-60 nm to 40 nm when the volume of plant 
extract in the biosynthesis reaction mixture was doubled. At lower extract volume (or concentration), the reduction rate 
of Zn2+ was slower. This slower reduction rate allows more time for particle agglomerates to form and grow. The binary 
interaction between deagglomeration method and biosynthesis temperature (X1X2) was also found to be significant. 
Regression coefficient of X1X2 was negative, which suggests that a smaller particle size may be attained by the 
simultaneous selection of chemical deagglomeration (lower or ‘negative’ level of X1 in the design matrix) and lowering 
the biosynthesis temperature (also lower or ‘negative’ level of X2, thus producing a positive multiplication product of X1 
and X2).  
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When the focus was placed on physical deagglomeration by ultrasonication, the negative coefficient of X1X2 interaction 
implied that the effectiveness of ultrasonication in breaking the agglomerates was more pronounced at higher 

temperature. This was observed by the mean agglomerate hydrodynamic diameters of 2.5-4.5 m at 50 ℃, which was 

reduced to 1.5-3.0 m when the biosynthesis/deagglomeration temperature was raised to 70 C. This trend was likely 
due to the increase in nanoparticle salt precursor solubility with temperature, which shifted the reaction equilibrium 
away from the supersaturation of the salt. This shift then delayed the formation of agglomerates. In addition to the 
temperature effect, increasing the zinc precursor concentration in biosynthesis combined with concurrent 
ultrasonication could increase the diameter of the nanoparticle product [48]. 

An analogous interaction interpretation of chemical deagglomeration suggests that using PVA as deagglomerant was 
more effective at lower biosynthesis temperature. The acetate groups in PVA molecules tend to ionize at lower pH 
values. It has been reported that in systems containing oxide nanoparticles under acidic condition (pH = 3), the 
negatively charged acetate groups electrostatically bond with hydrolyzed metal cations on the nanoparticle surface. 
When pH is increased to nearly neutral (pH = 6), the degree of acetate group ionization is also decreased, resulting in a 
decrease of PVA molecule adsorption on the nanoparticle surface [49]. In this research, elevating the biosynthesis 
temperature in chemical deagglomeration increased the nanoparticle agglomerate size. This was likely due to the point 
of zero charge (PZC) of ZnO, which occurs in a pH range of 8.0-9.0, while the bilimbi extract used in the biosynthesis 
resulted in a much more acidic condition (pH ~2.5). The strong electrostatic attraction between the positively charged 
oxide nanoparticle surface and the negatively charged ionized acetate groups in the PVA is believed to cause the PVA 
molecules to curl. This curling reduces the layer of PVA adsorbed on the nanoparticle surface. A higher temperature 
promotes acetate ionization, further diminishing the PVA adsorption layer, which effectively reduces the interparticle 
steric hindrance necessary for deagglomeration [50, 51]. 

The effect of the deagglomeration and biosynthesis conditions was also assessed based on the ANOVA treatment of 
measured PDI values in Table 3. The literature suggest that a monodispersed or uniformly sized nanoparticle system 
should exhibit a PDI of 0.1 to 0.25. In contrast, a PDI above 0.7 generally suggests a polydispersed or non-uniformly sized 
system [52]. Based on these criteria, the specimens in this research exhibited agglomeration, which was consistent with 
visual observation by TEM and the micron-level mean particle hydrodynamic diameters measured by DLS. Statistical 
analysis identified synthesis temperature (X2) and precursor:extract ratio (X3) as significant variables, while 
deagglomeration method did not significantly alter the PDI. Regression coefficients of both X2 and X3 were negative, 
implying that narrower particle size distribution (indicated by decreased PDI) was achieved by individually selecting a 
higher synthesis temperature and a higher proportion of precursor quantity in the reacting system. However, since 
binary interactions X1X2 and X2X3 were also statistically significant, at a 95% confidence level, selection of all three 
biosynthesis variables cannot be undertaken individually.  

The positive X1X2 coefficient suggests that a narrower particle size distribution may be obtained by either selecting a 
combination of chemical deagglomeration and higher temperature, or physical deagglomeration at a lower 
temperature. Analogously, the positive X2X3 coefficient implies that lower PDI may be obtained by selecting a 
combination of a lower temperature and a higher precursor:extract ratio, or a higher temperature and a lower 
precursor:extract ratio. The coefficients of correlation for the ANOVA treatment of PDI data in Table 4 suggest a good 
fit of the measured data with the regression model. 

Antibiofilm Activity Measurement 

The antibiofilm activities in Table 5 are comparable to results reported in the literature that used a similar biofilm assay 
protocol. For instance, Husain et al. [53] reported a 65% reduction in E. coli biofilm formation using ZnO nanoparticles 
synthesized with Plumbago zeylanica root extract at a 100 ppm dosage. Similarly, Doğan and Kocabaş [54] observed a 
35% reduction in E. coli biofilm using 50 ppm of ZnO prepared from Veronica multifida leaf extract. Compared to the 
antibiofilm activity of commercially available ZnO nanoparticles reported in an earlier study [18], the biosynthesized 
ZnO nanoparticles in the present work demonstrated higher antibiofilm activity (61% vs. 32% reduction at 50 ppm ZnO, 
and 78% vs. 40% reduction at 200 ppm ZnO, respectively). This shows the enhanced antibiofilm efficacy of the 
biosynthesized ZnO nanoparticles over their commercial counterparts. As indicated by XRD analysis, the biosynthesized 
ZnO typically featured smaller nanoparticle diameters and higher crystallinity, which are factors known to significantly 
enhance the antibacterial and antibiofilm effectiveness of ZnO nanoparticles. Generally, smaller nanoparticles and 
higher crystallinity correlate with increased nanoparticle toxicity [13, 20]. 
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Table 7 provides some insight in the antibiofilm activity behavior of the biosynthesized ZnO, as influenced by the 
deagglomeration method applied during the synthesis process. Signs of the main effects suggest the direction by which 
the levels of each experimental variable should be set individually. In this context, the activity against E. coli biofilm may 
be increased at a lower biosynthesis temperature, a higher proportion of bilimbi extract relative to the Zn salt precursor 
solution, and a higher dose of biosynthesized nanoparticles in contact with the biofilm colony. Deagglomeration method 
selection was not identified as significant in and of itself in Table 6, although the ANOVA results of particle size 
distribution data in Table 4 indicate that this variable did significantly impact the agglomeration of biosynthesized ZnO.  

An increase in ZnO nanoparticle size with biosynthesis temperature has also been reported in the literature [55, 56]. 
Aside from increased Zn cation dissolution, smaller nanoparticles also offer a larger specific surface area to which the 
various moeites associated with biomolecules in the plant extract may attach themselves. These biomolecules 
themselves could exhibit antimicrobial properties, so their presence on the nanoparticle surface further enhances the 
antimicrobial activity of the nanoparticles [57]. A thorough investigation into the mechanism of action of biosynthesized 
ZnO and the role of biomolecules in their antimicrobial activity are key challenges that could be addressed in future 
research. 

Conclusions 

Zinc oxide nanoparticles in the hexagonal wurtzite structure with high phase purity was produced via a biosynthesis 
method using Averrhoa bilimbi fruit extract combined with physical or chemical deagglomeration techniques. Soft 
agglomerates were still observable after deagglomeration techniques were conducted. Laser scattering measured mean  

hydrodynamic diameters of the agglomerates in the 1.2-3.5 m range and PDI values between 0.88 and 2.96. By 
employing PVA and a lower precursor-to-extract ratio during chemical deagglomeration, a finer ZnO agglomerate was 
produced. Physical deagglomeration was more effective at higher temperatures, but chemical deagglomeration was 
more efficient at lower temperatures, according to a statistically significant interaction between the deagglomeration 
method and biosynthesis temperature. At 50 ppm dosage, the average activity of biosynthesized ZnO nanoparticle 
against E. coli biofilm was 61%; at a dosage of 200 ppm, this antibiofilm activity increased to 78%. The antibiofilm action 
was enhanced by increasing the amount of bilimbi extract during the biosynthesis to provide a higher availability of 
reducing and capping agents. A lower biosynthesis temperature was also indicated to increase antibiofilm activity 
related to the decreased biomolecular breakdown as the synthesis proceeded.  
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