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Magnetic nanobead chain-assisted real-time
impedance monitoring using PCB interdigitated
electrode for Salmonella detection

Fan Jiang,1 Lei Wang,1,* Nana Jin,1 Jing Yuan,1 Yanbin Li,2 and Jianhan Lin1,3,*

SUMMARY

Pathogen testing is effective to prevent food poisoning. Here, an electrochemical biosensor was explored
for Salmonella detection by combining magnetic grid based bacterial separation with enzymatic catalysis
based signal amplification on a PCB interdigitated electrode in a microfluidic chip. First, immunemagnetic
nanobeads, target bacteria, and immune polystyrene microspheres decorated with glucose oxidase were
sufficiently mixed to form nanobead-bacteria-microsphere sandwich conjugates. Then, these conjugates
were injected into the chip to form conjugate chains right over the electrode under an iron grid enhanced
magnetic field. After non-conductive glucose was injected and catalyzed by glucose oxidase on the con-
jugate chains, conductive glucose acid and non-conductive hydrogen peroxide were continuously pro-
duced and rapidly diffused from the conjugate chains to the electrode. Finally, the impedance change
was real-timely monitored and used to determine the bacterial amount. This sensor enabled detection
of 50 CFU/mL Salmonella typhimurium in 1 h.

INTRODUCTION

Over the decade, food poisoning incidents frequently occurred and seriously threatened public health. World Health Organization reported

600 million illnesses and approximate 420,000 deaths each year due to pathogen infections.1 The Center for Disease Control estimated that

Salmonella annually caused around 1.35 million infections, 26,500 hospitalizations, and 420 deaths in the US,2 because Salmonella appeared

in any link of food supply chains.3 Testing of pathogenic bacteria is effective to prevent food poisoning.4 Among traditional bacterial detec-

tion measures, culture plating is accurate but time-consuming, while PCR and ELISA are rapid but either complex or not sensitive.5 Therefore,

there is an urgent demand for simple, fast, and sensitive detection measures.6

Various biosensors were reported with low cost, short time, and high selectivity for pathogen testing, including electrochemical,7 optical,8

surface-enhanced Raman spectroscopy,9 surface plasmon resonance,10 surface acoustic wave,11 and quartz crystal microbalance.12 As an

important kind of electrochemical biosensors, impedance biosensors, which generally rely upon the analysis of impedance change resulting

from target binding onto the surface of electrochemical transducer, have received wide attentions due to batch production, easy operation,

and small size.13 Interdigitated array electrodes (IAEs) are featured with high signal-to-noise ratio, low resistance and fast equilibration, and

frequently used as impedance transducer.14 For conventional impedance biosensors, biological recognition elements were often modified

onto the surface of IAEs through protein A, protein G, streptavidin, covalent binding, etc.15–18 However, the sensitivity of these impedance

biosensors is generally not high because of inefficient solid-liquid reaction between recognition elements and targets. To address this issue,

various enzymes or nanozymes, such as glucose oxidase (GOx),19 urease,20 alkaline phosphatase,21 horseradish peroxidase,22 and manga-

nese dioxide,23 were employed for impedance signal amplification by catalyzing non-conductive substrates into conductive products. In addi-

tion, some materials with high specific surface area, such as polystyrene microspheres (PSs),24 mesoporous silica nanospheres,25 flower-like

porous nanocomposites,26 andmetal-organic frameworks,27 were reported for effective loading of more signal probes to further improve the

sensitivity. After the products were obtained, they were often dropped onto the surface of an IAE for impedance measurement. Generally,

tens microliters of products were needed to cover effective surface of the IAE, and thus same or larger volume of substrates were used for

catalysis. However, only those substrates around the enzymes or nanozymes were catalyzed, i.e., most substrates did not participate in enzy-

matic catalysis but they did dilute the products, which greatly reduced the sensitivity. More importantly, the impedance of the IAE was domi-

nated by the solution ranging from its surface to the sum of finger width and spacing.28 The typical finger width and spacing were only several

to tens microns, i.e., the effective zone of the solution for impedance measurement was only at microliter level. Besides, microfluidics has

shown its great potential on precise manipulation of solutions and been widely applied for detection of foodborne pathogens.29 Therefore,

it might be effective to improve impedance biosensors by performing enzymatic catalysis at effective zone of the IAE.
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Due to low concentration of pathogenic bacteria and complex background of real foods, various immunomagnetic separation methods

using magnetic nanobeads have been reported for separating pathogenic bacteria from sample, such as conventional static magnetic sep-

aration (SMS) at centrifuge tube, injectionmagnetic separation (IMS) at high-gradient column, continuous-flowmagnetic separation (CMS) at

narrow tubing/channel, etc.30–33 Among them, CMS has attracted more attention because it could isolate targets from large volume by con-

structing a gradient magnetic field to form magnetic nanobeads into chains in the tubing/channel for capturing the flowthrough bacteria.34

The gradient magnetic field played an important role in CMS, which was often generated through soft magnetic materials (like iron gears,

sawteeth, and grids) to gather the magnetic field lines at the designated zones and result in the change of magnetic field distribution, which

might have the potential to precisely manipulate the conjugates with magnetic nanobeads at their designated place.

In this work, a novel electrochemical impedance biosensor was proposed for Salmonella detection through combining magnetic grid sep-

aration and biological signal amplification on a printed circuit board (PCB) interdigitated electrode in amicrofluidic chip. FromFigure 1, immune

magnetic nanobeads, target bacteria, and immune polystyrenemicrospheres with glucoseoxidasewere firstmixed and incubated to formnano-

bead-bacteria-microsphere sandwich conjugates. Then, these conjugates were injected into this microfluidic chip for forming conjugate chains

right over the electrode under the magnetic field with iron grid. After non-conductive glucose was injected to immerse the conjugate chains,

conductive gluconic acid and non-conductive hydrogen peroxide were continuously produced and rapidly diffused to the effective zone of

the electrode. Finally, the impedance change was real-timely monitored to calculate the target bacteria. The major innovation of this work

was elaborative forming of conjugate chains over the electrode for real-timely monitoring the impedance change due to enzymatic catalysis

of non-conductive substrates into conductive products. The products were not diluted and led to attenuation of impedance signal.

RESULTS AND DISCUSSION

Simulation of magnetic field distribution in microfluidic channel

The distribution of this magnetic field was crucial to this biosensor because it determined where the sandwich conjugates were captured and

whether these conjugates were formed into chains in the microfluidic channel. Thus, the magnetic field was simulated by finite element

method magnetics (FEMM). The results were shown in Figures 2A and 2B. Because magnetic field lines aggregated at these tips of iron

grid, wheremagnetic strength andgradient were both the strongest, the conjugates were captured against the tips when they flowed through

the channel. Besides, because the magnetic nanobeads tended to flow from the low-gradient zone to the high-gradient one, the nanobead-

bacteria-microsphere conjugates were aggregated one by one to form the conjugate chains. From Figure 2A, the magnetic field lines basi-

cally passed through the channel vertically, and the magnetic field strength changed from 0.42 T at the top to 0.38 T at the bottom (mean

gradient: 207 T/m).

The flow rate was important for stable forming of conjugate chains in the channel. The capture efficiency was defined as the ratio of

captured nanobeads/conjugates to initial ones and used to select the optimal flow rate. The immune magnetic nanobeads and target

bacteria (1.83 103 CFU/mL) were first mixed to form the magnetic bacteria. Then, they were pumped into the channel at different flow rates

(25–100 mL/min). Finally, the waste was collected for culture plating to calculate the amount of captured magnetic bacteria. From Figure 2C,

Figure 1. Principle of the electrochemical biosensor
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the capture efficiency of magnetic bacteria was more than 95% at the flow rate between 25 mL/min and 75 mL/min, while the capture efficiency

was less than 95%at the flow rate of 100 mL/min. This was because the faster flow rate resulted in partial loss of themagnetic bacteria. Thus, the

optimal flow rate was selected as 75 mL/min. To further verify the forming of conjugate chains at this flow rate under this magnetic field, a

photo was taken using a microscope (Zhiqi ZQ-603, Shanghai, China). From Figure 2D, it was observed that the magnetic nanobeads

were collected over the electrode and formed into chains with the largest height of�75 mm,whichwere right above the electrodewith a space

of �75 mm.

Diffusion of the conductive ions in the microfluidic channel

The ionic diffusion from conjugate chains to electrode surface is the basis of this biosensor. To understand the ionic diffusion of conductive

catalytic products, COMSOLMultiphysics software was used for simulation by selecting 2D space dimension, ionic diffusion, and time depen-

dence. The diffusion coefficient was established as 13 10�9m2/s. The initial concentration for all domains was set as 0mol/m3. The reactionwas

set at the top central arc region and the reaction rate was set as 9 3 10�8 mol/(m3$s). The free triangle mesh and time range of 0–1.5 s were

used. The simulation results at 0, 0.5, 1.0, and 1.5 s were shown in Figure 3. When the products were continuously produced, they rapidly

diffused toward all directions and the products were observed to reach the bottom (the electrode) in �1 s. In theory, the diffusion time

(t) could be obtained as t = L2/4D, where L was diffusion distance and D was diffusion coefficient. In general, it need take the ions �5.6 s to

diffuse from the top of the channel to the bottom (the height of the channel was 150 mm). However, because the conjugates with GOx

were formed into chains and this shortened the distance between the products and the electrode, the ionic diffusion from the conjugate chains

to the electrode surface only took�1.4 s, which was basically consistent with the simulation results. Moreover, according to Fick’s first law, the

diffusion velocity could be expressed by diffusion flux (J), which was related to concentration gradient and diffusion coefficient. When the rate

of the enzymatic reaction increased, the concentration gradient of products increased and this could lead to faster diffusion.

The impedance biosensing mechanism

To demonstrate this impedance biosensoring mechanism, the electrochemical impedance responses to gluconic acid at different concen-

trations were analyzed. Thus, 100 mL gluconic acid from low to high concentration was injected sequentially into this microfluidic channel at

25 mL/min. From Figure 4A, the Bode plots of gluconic acid with different concentrations were first measured, and 10 kHz was selected as

the characteristic frequency for impedance monitoring. Figure S1A showed the results for impedance monitoring of gluconic acid at

Figure 2. Simulation and evaluation of this magnetic field

(A) The FEMM simulation on this magnetic field.

(B) The magnetic strength in the channel.

(C) The capture efficiency of magnetic bacteria at different flow rates.

(D) The front and side views of magnetic nanobead chains in this microfluidic channel. Data were presented as meanG SD. One-way ANOVA with LSD: p < 0.05.

ll
OPEN ACCESS

iScience 26, 108245, November 17, 2023 3

iScience
Article



different concentrations (0.3125–80 mM), and the impedance for each concentration of gluconic acid basically did not change with time

after stopping the injection.When gluconic acid concentration increased, its impedance decreased, indicating that the impedance change

depended on the change of the ion concentration. In addition, to investigate the impact of immune magnetic nanobeads on the imped-

ance monitoring, 20 mg immunemagnetic nanobeads were formed into chains in the channel and different concentrations of gluconic acid

weremeasured in the sameway. From Figure S1B, the impedance for each concentration with themagnetic nanobeads was consistent with

that without the magnetic nanobeads, indicating the magnetic nanobeads did not have obvious influence on impedance change. From

Figure 4B, the relative standard deviation (RSD) of the impedance for different concentrations ranged from 1.31% to 4.92% without nano-

beads and from 1.41% to 4.59% with nanobeads, indicating that the magnetic nanobeads basically did not affect the precision of this pro-

posed assay. The impedance (Z) of gluconic acid was linear with its concentration (C), which was described as Z = �12764 *C + 143154

(R2 = 0.99).

Performance of impedance biosensor

To assess the performance of the biosensor, triple tests on pure Salmonella at 1.83 102 to 1.83 106 CFU/mL were performed. From Figure 5A,

the impedance decreased with the catalytic time, i.e., the impedance change increased with the catalytic time, because gluconic acids were

continuously produceddue to the catalysis of glucoseby theglucoseoxidase. Besides, the impedancemonitoring curve for higher concentration

had a larger slope. This was because more bacteria resulted in the forming of more conjugate chains, which led to the higher production rate of

gluconic acids and thus the faster diffusion to the electrode surface. FromFigure 5B, the impedance change for different amounts of bacteria had

shown a significant difference in amuch shorter catalytic time (�200 s), which often required 30min or longer time. A good linearmodel between

impedance change (DZ) and bacterial concentration (C) of 1.83 102-1.83 106 CFU/mL was acquired as DZ = 15796 * log (C) - 15075 (R2 = 0.98).

Furthermore, the detection limit was calculated as 50 CFU/mL using triple signal-to-noise ratio. Compared with some reported methods in

Table S1, this biosensor showed the superiority in either sensitivity or time. Its good performance was mostly owing to: (1) efficient separation

of target bacteria by the immunemagnetic nanobeads; (2) stable forming of conjugate chains over the PCB electrode; (3) effective amplification

of impedance signal by the immune polystyrene microspheres; (4) fast diffusion of catalytic products to the PCB electrode; (5) sensitive moni-

toring of catalytic products by the PCB electrode.

To assess the specificity of this biosensor, Salmonella typhimurium (St) at 1.8 3 105 CFU/mL as target bacteria, Listeria monocytogenes

(Lm), Vibrio parahaemolyticus (Vp), and E. coli O157:H7 (Ec) at 1.8 3 107 CFU/mL as non-target bacteria and their mixture were detected.

From Figure 5C, the impedance changes of target bacteria and their mixture were significantly higher than those of non-target bacteria, indi-

cating the sensor exhibited a satisfied specificity. Besides, from Figures 5D and 5E, transmission electron microscopy (TEM) validated the

forming of magnetic bacteria and sandwich conjugates.

Application of impedance biosensor

The practical application of the impedance biosensor for detecting target bacteria in real samples was verified by triplicate detection of

spiked chicken samples. The recovery was determined as the ratio of biosensor result to culture plating one. From Table 1, for bacterial con-

centration of 1.83 102 - 1.83 105 CFU/mL, the recoveries were 95.55%, 91.80%, 102.26%, and 97.01%, respectively. The difference between

the biosensor and culture plating may be owing to the non-specific adsorption caused by the complex food matrix. The relative standard

deviation ranged from 2.51% to 9.06%, showing that this impedance biosensor had good practicability in detecting bacteria.

Conclusion

A new impedance biosensor using a PCB interdigitated electrode to real-timely monitor the impedance change resulting from enzymatic

catalysis of non-conductive glucose into conductive gluconic acids by glucose oxide on the conjugate chains was successfully developed.

This biosensor was demonstrated with a linear detection range of 1.8 3 102-1.8 3 106 CFU/mL, a low detection limit of 50 CFU/mL, and a

total analysis time of 60 min for Salmonella typhimurium. Compared to our previous developed impedance biosensors using the same

Figure 3. The COMSOL simulation of ionic diffusion in the microfluidic channel at different time

(A) 0 s, (B) 0.5 s, (C) 1.0 s, and (D) 1.5 s.
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glucose-glucose oxidase systemor the different urea-urease andH2O2-MnO2 sytems,35–39 the forming of conjugate chains over the PCB elec-

trode was verified with efficient measurement of impedance change in a much shorter time (from previous �30 min to current �3 min). In

addition, the in situ impedancemeasurement using this PCB electrode tomonitor the iron diffusionwas demonstrated to prevent the catalytic

products from being diluted and thus resulting in attenuation of impedance signal.

Figure 4. Mechanism of this electrochemical biosensor

(A) The electrochemical impedance spectra of gluconic acid at 0.3125 mM–80 mM.

(B) The impedance of gluconic acid at 0.3125 mM–80 mM. Data were presented as mean G SD.

Figure 5. Performance of this impedance biosensor

(A) Real-time monitoring of impedance changes for Salmonella at 102-106 CFU/mL.

(B) Impedance changes for different amounts of bacteria with 200 s catalytic time and linear model of the biosensor.

(C) Specificity of the biosensor.

(D) TEM picture for nanobead-bacteria conjugates.

(E) TEM pictures at different magnifications for nanobead-bacteria-microsphere conjugates. Data were presented as mean G SD. One-way ANOVA with LSD:

p < 0.05.
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Limitations of the study

This biosensor might be further improved using other impedance signal amplification strategies, such as the urea-urease or H2O2-peroxidase

systems.
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Table 1. Detection of Salmonella in spiked chicken supernatants

Spiked (CFU/mL) Impedance change (kU) Detected (CFU/mL) Recovery (%) RSD (%)

180 20.24d 172 95.55 9.06

1800 35.76c 1652 91.80 3.42

18000 52.29b 18406 102.26 3.06

180000 67.73a 174616 97.01 2.51

One-way ANOVA with LSD: p < 0.05.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All these bacterial strains were stored in a broth medium containing 20% glycerol at -20�C and revived by shaking in sterile Luria-Bertani (LB)

medium (Aoboxing Biotech, Beijing, China) at 37�C for 16-24 h. The bacterial cultures were serial diluted 10 times with sterile PBS for bacterial

counting.

METHOD DETAILS

Materials

Polystyrene microspheres (300 nm, 100 mg/mL) from Bangs Laboratories (Fishers, IN), anti-Salmonella monoclonal antibodies (3.35 mg/mL)

from Meridian (Memphis, TN) and GOx (155,000 units/g solid) from Sigma Aldrich (St. Louis, MO) were used to prepare immune polystyrene

microspheres. Magnetic nanobeads (180 nm, 10 mg/mL) from Allrun (Shanghai) and anti-Salmonella polyclonal antibodies (2 mg/mL) from

Fitzgerald (Acton, MA) were used to prepare immune magnetic nanobeads. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride

(EDC) and N-Hydroxysulfosuccinimide sodium (NHSS) were bought from Aladdin (Shanghai). Glucose, sucrose, bovine serum albumin (BSA),

skimmilk powder, proclin were bought from Sigma Aldrich. D-gluconic acid solution (2.5 mM) and phosphate buffer (PBS) were from Solarbio

(Beijing). NaOH, HCl, anhydrous ethanol, Na2HPO4$12H2O and NaH2PO4$2H2O were bought from Sinopharm (Shanghai). Deionized water

was produced by Millipore Advantage A10 (Billerica, MA).

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Salmonella Meridian Cat#C86309M; RRID: AB_152809

Rabbit polyclonal anti-Salmonella Fitzgerald Cat#20C-CR7100RP; RRID: AB_1288673

Bacterial and virus strains

Salmonella typhimurium ATCC ATCC 14028

Listeria monocytogenes ATCC ATCC 13932

Vibrio parahaemolyticus ATCC ATCC 17802

Escherichia coli O157:H7 ATCC ATCC 43888

Software and algorithms

FEMM 4.2 David Meeker https://www.femm.info/wiki/Download

COMSOL Multiphysics 6.0 COMSOL AB https://cn.comsol.com/product-download/6.0

IBM SPSS Statistics 26 IBM https://www.ibm.com/support/pages/

downloading-ibm-spss-statistics-26
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Methodology

Construction of impedance biosensing platform

As shown in Figure 1, the impedance biosensing platform was consisted of three components: (1) a microfluidic chip for performing the enzy-

matic catalysis, (2) a gradient magnetic field for forming the conjugate chains, and (3) a PCB interdigitated electrode for monitoring the imped-

ance change. Themicrofluidic chip (size: 35mm3 20mm3 4mm)mainly contained a narrow straight channel (28mm long, 1-2mmwide, 150 mm

high) and a rectangular groove (size: 13mm3 14mm3 2.85mm) for housing themagnetic field.More information of thismicrofluidic chip could

be found in Figure S2. Themagnetic field was generated using two repulsive rectangular NdFeBmagnets (size: 10mm3 10mm3 5mm, grade:

N52) and an iron grid (10mm long, 10mmwide, 1 mm thick) in a 3D printed holder (size: 10mm3 11mm3 10mm, thickness: 1.5 mm). The PCB

electrode (size: 40mm3 20mm3 1mm) with 10 pairs of fingers (length: 6mm, width: 200 mm, spacing: 200 mm),20 which was shown in Figure S3,

was stuck to the microfluidic chip through an ultra-thin 3M double-sided adhesive, while the fingers (working area) of the electrode crossed this

channel of the chip. The iron grid was parallel with the channel and located at the center of the working area, allowing the forming of conjugate

chains right on the top of the fingers.

Synthesis of immune magnetic nanobeads and polystyrene microspheres

The preparation of immune magnetic nanobeads and polystyrene microspheres was on the basis of our reported work with some modifica-

tions.35 The EDC/NHSSmethodwas used to cross-linkmagnetic nanobeads and polyclonal antibodies. After 1mgmagnetic nanobeads were

washed 3 times and re-dissolved in 3 mL PB (10 mM, pH 6.0), 1 mg EDC and 1 mgNHSS were first added to react at 37�C for 60 min, followed

by washing. Then, 100 mg antibodies in PB (10 mM, pH 8.4) were added to incubate 2 h, and blocked with skim milk powder (10%, w/v) in PB

(10 mM, pH 7.4) for 2 h. Finally, immunomagnetic nanobeads were re-dissolved in 1 mL storage solution (containing 10 mg skimmilk powder,

250 mg sucrose and 7 mL proclin) after washing with PBS and stored at 4�C. To further characterize successful conjugation of the polyclonal

antibodies onto the magnetic nanobeads, the HRP-labeled colorimetric assay and the BCA-based colorimetric assay were conducted and

their results were shown in Figures S4 and S5 to verify the antibody conjugation.

The EDC method was used to prepare immune polystyrene microspheres. Prior to use, 10 mL glass bottle and 1 cm rotor were washed

overnight with 5 mL PB (10 mM, pH 6.0) through a magnetic stirrer. First, 200 mg microspheres were prepared by centrifugation

(12,000 rpm, 20 min) for removing background, followed by electrostatic adsorption with 100 mg monoclonal antibodies in 2.5 mL PB on

the magnetic stirrer for 1 h. Then, 100 mg GOx and 30 mg EDC were added to incubate 1 h, and 30 mg EDC was added twice hourly. Subse-

quently, 320 mL skim milk powder (10%, w/v) and 50 mg EDC were used for blocking (1 h). Finally, immune microspheres were obtained by

centrifugation (10,000 rpm, 20 min) and stored in 200 mL storage solution. To confirm the elements in the polystyrene microspheres and im-

mune polystyrene microspheres, the EDS mapping was conducted and the results were shown in Figures S6 and S7.

Detection of pure bacterial culture

Prior to use, the PCB electrodewas washed byNaOH (1M, 5min) and HCl (1M, 2min) respectively, and gently wiped by soft tissue paper with

anhydrous ethanol. Besides, the microfluidic chip was blocked with BSA for 1 h and washed with deionized water. To relate impedance

changewith bacterial amount, 20 mg immunemagnetic nanobeads, 500 mL bacterial sample (1.83 102-1.83 106 CFU/mL) were first incubated

with 10 mg immune polystyrene microspheres for 45 min to form the sandwich conjugates. Then, magnetic separation was conducted to

obtain these conjugates, followed by washing two times with 500 mL deionized water to remove residual conductive ions. After they were

re-suspended in 100 mL deionizedwater and injected into themicrofluidic chip at 75 mL/min through a precision syringe pump (Harvard Appa-

ratus, Holliston,MA), the conjugate chains were formed in the channel and hanged over the electrode. Finally, 100 mL non-conductive glucose

(50 mM) was injected at 25 mL/min, and conductive gluconic acid was continuously produced and rapidly diffused towards the electrode, fol-

lowed by real-time monitoring of impedance change using the PCB electrode.

The PCB electrode was applied with a sinusoidal AC voltage (amplitude: 5 mV, DC bias: 0 V, frequency: 10 kHz) on an electrochemical

workstation (Zahner IM6, Kronach, Germany). The impedance data was collected every 2 seconds. The impedance change (DZ) was defined

asDZ = Z0 – Zt, where Z0 and Zt were the impedances at initial moment and tmoment respectively, and used for analyzing the impedance data

to determine the bacterial amount.

Detection of spiked chicken samples

The spiked chicken supernatant containing different amounts of target bacteria were used for simulating real samples to evaluate the appli-

cability of this biosensor. According to the national food safety standard for Salmonella detection in China (GB 4789.4-2016), 25 g chicken

meat was blendedwith 225mL PBS at a clean homogenizing bag to obtain the supernatant after keeping static for 10min. The spiked chicken

samples at 1.83 102-1.83 105 CFU/mL were obtained by adding target bacteria into the supernatant, and tested by this biosensor and cul-

ture plating in parallel. The detailed procedure was shown in Figure S8.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were plotted by Microsoft excel and presented as meanG SD. One-way ANOVA (p<0.05) was used to assess the significance between

multiple groups by the SPSS software.
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