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A B S T R A C T   

This study employed silver nanoparticles to remove DNA conveying antibiotic resistance genes 
from water. Three different molar concentrations of silver nanoparticles represented as BD1 (0.1 
M), BD2 (0.5 M), and BD3 (1.0 M) were synthesized as adsorbents and evaluated in a batch 
adsorption system for the removal of bacteria DNA conveying antibiotic resistance genes from 
simulated aqueous solution. The authenticity of the adsorbents was confirmed by characterization 
techniques using Fourier transformed infrared spectroscopy (FTIR), scanning electron microscopy 
(SEM) coupled with energy-dispersive x-ray spectroscopy (EDX), and x-ray diffraction spectros
copy (XRD) indicated the successful synthesis of these AgNPs. Adsorption studies involving the 
different operating conditions on the synthesized materials showed that pH affects the removal of 
DNA with increased removal efficiency observed at acidic pH (removal percentage ranging from 
50.26-87.61%, 65.80-87.79%, and 69.23-87.92% for BD1, BD2, and BD3 respectively). Maximum 
adsorption equilibrium was achieved after 180, 195, and 225 mins for BD1, BD2, and BD3. The 
isotherm study revealed that Langmuir model is the best fit compared to Freundlich model with 
highest correlation coefficient and reduced Chi-square (X2) of R2 = 0.97625 and X2 = 0.12142, 
R2 = 0.96049 and X2 = 0.24403, R2 = 0.85108 and reduced X2 = 1.00914 for BD1, BD2, and BD3 
respectively. The kinetic study for the adsorption process indicates that the adsorption of bacteria 
DNA onto AgNPs obeyed pseudo-second-order with the highest R2 values (ranging from 0.90 to 
0.98). Similarly, competing ions (cations and anions) influenced the adsorption capacity in this 
study. Therefore, this study concludes that AgNPs demonstrated effectiveness in removing bac
teria DNA-conveying ARGs from water and will serve as an excellent option to tackle the menace 
of ARGs in water.   

1.0. Introduction 

The interference of antibiotic resistome in wastewater treatment facilities (WWTFs) has become a global challenge of increasing 
environmental concern. It poses a considerable health risk to the public due to the release of untreated effluent from the hospital, 
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domestic, agricultural, and pharmaceutical industries into WWTFs [76]. Research cleaning up bacteria DNA contaminants from 
WWTFs has recently interested environmental researchers and wastewater treatment management. Bacteria is responsible for about 
91% of food-borne diseases, clinically treated with antibiotics [73]. The residues may be directly or indirectly discharged into WWTFs 
and other water matrices such as feces and urine from households and hospitals. Another way of transferring bacteria into WWTFs is 
the discharge of untreated effluents from agricultural farms and pharmaceutical industries into the water source. Consumption of 
bacteria-contaminated water causes diarrhea, vomiting, headaches, fever, fatigue, cramps, nausea, etc. These illnesses increase 
morbidity and mortality rate among humans and animals. The bacteria acquire antibiotic resistance when exposed to different an
tibiotics during treatment. Antibiotic resistance (A.R.) is carried by antibiotic-resistant bacteria (ARB) and conveyed as antibiotics 
resistance genes (ARGs) [14,83]. The bacteria acquire ARGs in their deoxyribonucleic acid (DNA) through promiscuous gene transfers 
such as a conjugative plasmid, transposable elements, and integron, including genes encoding antibiotic resistance from one bacterium 
to another [13]. ARB transfers ARGs vertically from one bacterium to another in the water environment, making ARGs exist 
permanently. In addition, ARGs disseminate in the water environment via horizontal gene transfer (HGT), with mobile genetic ele
ments which transfer ARGs through conjugation, transduction, and transformation medium [16]. HGT is the most effective medium for 
spreading ARGs from ARB to water environmental bacteria [2,11]. It transfers genetic material from one bacterium to another bacteria 
of the same and different species [20,72]. 

Bacteria DNA conveying ARGs have been reported to exist in the influent and effluent of WWTFs and natural waters. Excessive 
application of antibiotics promotes the accumulation of antibiotic-resistant bacteria (ARB) and antibiotics resistance genes (ARGs). 
Over 90% of antibiotics residues are discharged directly into WWTFs or other water matrices [42,59]. The exposure of these bacteria to 
different antibiotics synergistically promotes resistance mechanisms [67,77]. Therefore, adequate clean-up strategies are vital in 
preventing ARG diffusion in WWTFs and other water environments. 

DNA is a molecule made up of nucleotides. Each nucleotide comprises components: a phosphate group (phosphorous atom bonded 
to an oxygen atom), a sugar group, and a nitrogenous base [2,31]. It is a nucleic acid containing genetic instructions for all cellular life 
development and proper functioning. Untreated effluents from hospital, domestic and pharmaceutical industries are the carrier of 
bacteria DNA conveying ARGs because these sources extensively use large quantities of antibiotics [25,90]; it is feasible that ARGs 
originate from these sources. Their casualties are on the rise due to the design of WWTFs and the lack of treatment material that would 
halt the widespread of this toxic contaminant (ARGs). 

WWTFs are the facilities that allow the combination of treatment methods such as physical, chemical, and biological processes to 
purify or remove contaminants from wastewater [22,32]. WWTFs have been known as a "hotspot" for bacteria DNA conveying ARGs, 
especially those receiving effluents from hospital and pharmaceutical industries [39,61,63]. The effluents from these sources affect the 
water treatment process because the design of WWTFs cannot effectively eradicate pharmaceutical products. WWTFs across the globe 
have been reported to have high nutrient content, large microbial density, and subinhibitory concentration of antibiotics [10,48]. 
These features make it a comfortable environment for disseminating bacteria DNA conveying ARGs. A survey carried out between 
2015 to 2020 on ARG incidence across six continents (Africa, Asia, Australia, Europe, North America, and South America) confirmed 
the occurrence of high ARG concentrations [25]. Still, few studies have proposed methods of eradicating these toxic contaminants from 
WWTFs. However, this concern has led to finding efficient and adequate treatment materials and methods to eradicate bacteria DNA 
conveying ARGs from WWTFs effectively. Several treatment methods and materials could remove a large amount of antibiotic residue 
and ARB from wastewater, but they are ineffective in removing ARGs [21,27]. Conventional, advanced oxidation processes and 
biodegradation treatment materials and methods effectively eradicate a substantial amount of antibiotics and ARB but are ineffective 
in removing ARGs [30,93]. 

Nanomaterials’ adsorption treatment strategies could be one of the best physical treatment strategies for removing ARGs due to the 
high specific surface area possessed by the adsorbents [4,68]. The adsorption process design allows other intense wastewater treatment 
strategies to ensure more effective removal of contaminants from wastewater. Moreover is cost-effective, efficient, and the best 
physical method for removing antibiotics-related contaminants and other pharmaceuticals from wastewater [71]. Their unique fea
tures, such as size-dependent properties, large surface area, high degree of functionalization, and affinity to bind positive or negative 
contaminants, are responsible for their excellent removal of toxic contaminants from wastewater [19,85]. Also, they are known to 
contain a high capacity for contaminants removal and are very easy to recover after treatment. Several nanomaterials such as titanium 
[43], graphene oxides [12], silica [51], and cerium oxide (Anthony et al., 2020) have been employed to remove ARGs from waste
water. Among all, silver nanoparticles (AgNPs) seem to have unique potential for the inactivation of bacteria DNA and removal from 
wastewater through electrostatic interaction [25,70]. 

AgNPs are a material that is widely used for surface coating, reducing bacterial infection in food, dermal formulations, and water 
[65]. AgNPs are synthesized through ultrasound irradiation, chemical reduction, microwave dielectric heating, and electrochemical 
and green methods [46]. AgNPs possess unique properties such as optical, electrical, catalytic, and binding properties [7]. It can inhibit 
DNA replication through oxidative stress and prevent bacteria from producing resistance [75]. The particle size, morphology, 
structure, and size distribution can be controlled by the synthesis concentration of the precursor [37]. The large surface area of AgNPs 
increases high surface energy, which promotes surface reactivity and sorption in the adsorptive site. AgNPs formed particle size in the 
range of 1-100nm with an oxidation state of 0, +1, +2, and +3, which have an affinity to target negative contaminants in an aqueous 
solution [79]. AgNPs are easy to synthesize, cost-effective, eco-friendly, and exhibit strong antibacterial properties that could stop the 
proliferation of bacteria [63]. Due to these excellent properties and the fact that bacteria DNA are highly negative in their backbone 
[26], The authors hypothesized that removing bacteria DNA conveying ARGs could be significantly achieved using AgNPs (positively 
charged nanoparticles) as adsorbent. Therefore, we investigated the efficiency of different molar concentrations (0.1M, 0.5 M, and 1.0 
M) of silver nanoparticles (AgNPs) as adsorbents to remove DNA conveying ARGs from water. The kinetics and isotherm parameters for 
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the adsorption process were also investigated. This study will be the first to report on removing DNA conveying ARGs from water using 
AgNPs. 

2.0. Materials and methods 

2.1. Chemicals 

Silver nitrate (AgNO3), tri-sodium citrate (Na3C6H5O7.2H2O), glucose (C6H12O6), and sodium hydroxides (NaOH) were purchased 
from Sigma Aldrich. Nuclease-free water and DNA kit were purchased from Thermo Fischer. All the chemicals used in this study were 
of analytical grade and used as purchased. 

2.2. Synthesis and characterization of different molar concentrations of (AgNPs) 

The synthesis of silver nanoparticles (AgNPs) was performed through the chemical reduction method described by [88] with slight 
modifications. The molar concentration of silver nitrate (AgNO3) was varied to obtain different concentrations of AgNPs in ascending 
order of 0.1 M, 0.5 M, and 1.0 M. In contrast, the other precursors such as tri-sodium nitrate (Na3C6H5O7.2H2O), glucose (C6H12O6), 
and sodium hydroxide (NaOH) remain constant. The synthesis was performed in the following consequence. Solution A was prepared 
by dissolving 100 mM of AgNO3 into 20 mL of distilled water. Solution B contains an equal concentration (20 Mm) of tri-sodium nitrate 
(Na3C6H5O7.2H2O), glucose (C6H12O6), and sodium hydroxide (NaOH) dissolved in 60 mL of distilled water. NaOH was added to speed 
up the rate of reaction. Then, solution B was allowed to heat up to 60 ◦C under vigorous stirring for 2 h. Solution A (AgNO3) was added 
drop by drop and heated for 6 h at 65 ◦C, and stirring continued for 24 hrs. The reaction was performed in the dark. The nanoparticles 
were then separated by centrifugation at 4,400 rpm for 15 mins and washed several times to obtain pure AgNPs labeled BD1 (0.1 M), 
BD2 (0.5 M), and BD3 (1.0 M). The morphologies, functional group identification, and elemental compositions of AgNPs were 
determined using a scanning electron microscope (SEM) coupled with an energy dispersive x-ray spectroscope (EDX) (JOEL 
JSM-6390LVSEM) and Fourier transform infrared spectroscope (FTIR) (Perkin-Elmer Universal ATR 100) respectively. 
Ultraviolet-Visible Spectroscopy (UV-VIS) was used to analyze the concentration of synthesized samples. X-ray diffraction (XRD) 
(Bruker D8) determined the samples’ crystallinity and phase compositions. 

Table 1 

2.3. Extraction and molecular characterization of bacterial DNA 

The antibiotic-resistant Vibrio Parahaemolyticus bacteria used in this study was obtained from our laboratory archives isolated from 
a wastewater treatment plant University of Fort Hare, Alice. The bacteria isolate was subjected to an antibiotic susceptible test before 
the commencement of genomic DNA extraction. The test showed that Vibrio Parahaemolyticus bacteria were resistant to five (5) 
different antibiotic drugs. These are tetracycline, PB 300, meropenem, amikacin, and ciprofloxacin. Genomic DNA extraction was 
conducted using the boiling method [28] with slight modification. 12.5 g of Luria Bertani (L.B.) broth was dissolved in 500 mL of 
sterile distilled water and autoclaved at 121 ◦C for 15 mins. The solution was allowed to cool at room temperature. The bacteria 

Table 1 
Representation of isotherm and kinetic models, their equations, and parameters adopted in this study.  

Adsorption 
Modeling  

Equation Parameters Reference  

Isotherm 
Model  

Freundlich 
Langmuir    Logqe= logKf +

1
n

logCe 

qe =
KL qmCe
1 + KLCe  

qe (µg/mL): the amount of DNA adsorbed. 
Kf (µg/g): Freundlich adsorption constant. 
n = empirical constant showing that adsorption occurred on 
heterogeneous surfaces through a multilayer adsorption mechanism. 
Ce: equilibrium concentration of adsorbate. 
qe (µg/g): the amount of DNA adsorbed per unit mass of adsorbent at 
equilibrium. 
qm (µg/g): theoretical maximum adsorption capacity. 
K.L.: is a Langmuir isotherm constant related to the adsorption energy 
(mL/µg). 
Ce: equilibrium concentration   

[1] 

[92]   

Kinetic 
Model 

Natarajan and Khalaf First 
order equation log

( Ci
Ct

)

=

K1
2.303 t  

Ci and Ct (µg/mL) are the initial concentration of DNA and the final 
amount of DNA adsorbed at contact time t (mins), respectively. 
K1: Adsorption rate constant for first-order equation 
(min− 1) 

[41]        

Pseudo-second order 
(PSO) 

t
qt

=
1

K2qe2
+

1
qe

t  

K2 is the rate constant of Pseudo-second order adsorption (g/ (µg mins)). 
qe and qt represent the same as in the First order equation  [47]  
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isolates (Vibrio Parahaemolyticus) were suspended in the solution and incubated for 22 hours at 37 ◦C. After incubation, the solution 
was centrifuged at a speed of 5000 rpm for 10 mins, and the supernatant was decanted. The pellet obtained was suspended in 200 µL 
nuclease-free water, vortexed briefly, and boiled for 10 mins at 100 ◦C. The resulting solution was centrifuged at 13,400 rpm for 15 
mins to obtain the genomic DNA. The DNA stock was stored in a -20 ◦C refrigerator for future analysis. The concentration and purity of 
DNA were measured by finding the absorbance ratio at 260 nm, 280 nm, and 320 nm using Multiparameter HACH DR 6000 Ultraviolet 
Spectroscopy. The polymerase chain reaction (PCRs) assay was used to confirm Vibrio Parahaemolyticus isolates, and the presence of 
the resistance gene was also confirmed using the primer presented in table 2. The resulting PCR products were examined using a 
mixture of 2% agarose gel, stained with ethidium bromide [36], pictured using the Alliance BioDoc-It System. 

2.4. Batch adsorption experiment 

The bacterial DNA (2 mL) was used to contaminate nuclease-free water (NFW). 20 mg of adsorbents (AgNPs) of different molar 
concentrations represented as BD1, BD2, and BD3 were separately weighed and added to the prepared contaminated NFW for the batch 
adsorption study. The effects of pH (pH range from 2 to 9 by dropwise adding 0.1 mol/L NaOH or 0.1 mol/L HCl solutions), adsorbent 
dosage (10-30 mg), contact time (180, 195, and 225 mins), and competing ions (0.075, 0.3, 0.093 g for cations and 0.59, 0.73 and 0.61 
g for the anions) on the DNA removal from aqueous solution on each adsorbent were investigated. The experiments were conducted on 
a KS260 control orbital shaker at a speed of 300 rpm using 25 mL bottles with different DNA concentrations (obtained from the stock 
solution). After equilibration, the mixtures were subjected to centrifugal force to separate the adsorbents, and supernatants were 
decanted. The concentrations of DNA left in the supernatant solution were determined using a dsDNA assay kit (Q32850) Qubit 1.0 
Fluorometer (Thermofischer). The amount of DNA adsorbed per unit mass (qe) of AgNPs in all the samples was calculated according to 
Eq. (1) and (2), respectively [29]. 

qe =
( Ci − Cf )

m
× V (1)  

%R =
( Ci − Cf )

Ci
× 100 (2) 

Where qe = the adsorption capacity at equilibrium (µg/mL), V = volume of adsorbate solution (mL), m = equal to adsorbent mass 
(mg), Ci and Cf are the initial and final concentrations of DNA measured in µg/mL, and % R is the removal efficiency. 

2.4.1. Batch kinetic studies 
Kinetic experiments were performed using a similar procedure to the equilibrium experiment. The working concentrations ranging 

from 4.98, 9.92, and 14.98 µg/mL (obtained from DNA stock solution) were prepared, and a known adsorbents dose of 20 mg was 
added to each working solution. These working concentrations were decided because of the concentration of residual DNA obtained 
previously from municipal wastewater plants [53]. The pH 6.9 was maintained at different working concentrations. The solutions were 
agitated in a KS260 control orbital shaker at a speed of 300 rpm for a contact time varied from 0-to 360 minutes. The procedure was 
applied to all the adsorbents (BD1, BD2, and BD3) investigated at room temperature. The adsorbents from different working solutions 
(BD1, BD2, and BD2) were separated by centrifuging at various time intervals, and the supernatant decanted was analyzed by the same 
procedures as the batch adsorption experiment. The amount of residual DNA adsorbed at each time interval per unit mass of adsorbents 
was calculated using Eq. (1) [56] 

qt =
( Ci − Ct )

m
× V (3) 

Where qt is adsorption capacity per time, and Ct (µg/mL) is the final DNA concentration at contact time t. All the experiments were 
performed in triplicate to validate the experimental data obtained. Finally, the adsorption isotherm and kinetic models were evaluated 
using Freundlich, Langmuir, Natarajan, and Khalaf’s First order (NKFO) and Pseudo-second order (PSO) equations presented in 
Table 1. 

2.5. Data analysis 

The data obtained from this study were plotted and analyzed using OriginPro Graphing and Analysis 2021 (v.9.8.0 200), Microsoft 
Excel 2019, and Image J software. 

Table 2 
Representing the PCR primers, sequences, and protocols used in this study.  

Class of Antibiotic PCR 
primers 

Primer sequences Product size 
(bp) 

PCR protocols References  

Tetracyclines  tetA 
F: GCTACATCCTGCTTGCCTTC 
R: 
CATAGATCGCCGTGAAGAGG 

210 94◦C – 5 min; 35[94◦C – 1 min; 55◦C – 1 min; 72◦C 
1½ min]; 72◦C – 5 min. 

[82]  
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3.0. Results and discussion 

3.1. Isolate identification and molecular characterization of bacteria DNA 

The PCR product amplifications were visualized using gel electrophoresis showing the identification of Vibrio parahaemolyticus 
isolates of molecular weight of 503bp (Fig. 1a) and tetA resistance gene of molecular weight of 210bp (Fig. 1b). Table 2: shows the 
primers and PCR conditions of the targeted resistance gene. 

3.2. Characterization of adsorbents 

3.2.1. Point of zero charges of as-synthesized AgNPs samples (BD1, BD2, and BD3) 
The Point of zero charges (PZC) of all the AgNPs samples (BD1, BD2, and BD3) was investigated. Meanwhile, the PZC is generally 

described as the pH at which the net charge of the total particle surface is equal to zero or neutral [89]. Fig. 2 shows that the PZC result 
on all the as-synthesized samples of AgNPs is in the range of 8.6, and it is similar to an already published report on the synthesis of 
silver nanoparticles [17]. It implies that, below this value (pH < 8.6), the surface of adsorbents acquires a positive surface charge due 
to protonation from the nitrate group and dissociation of H+. [33]. Beyond 8.6 (pH > 8.6), it tends toward negative due to depro
tonation of the nitrate group [44,52]. 

3.2.2. SEM analysis 
The Scanning Electron Microscopy (SEM) analysis of as-synthesized AgNPs (BD1, BD2, and BD3) was captured at different mag

nifications as presented in Fig.s 3 A-B, C-D, E-F, respectively. The spherical and irregular multi-branched particles’ morphology 
signified the particles’ authenticity. The SEM micrograph revealed that adsorbents formed aggregation into clusters and bunches [8, 
87]. The presence of large and small spherical particles was present, resulting in the aggregation of the particles through weak force 
[54]. 

3.2.3. EDX analysis 
Energy-dispersive X-ray spectroscopy (EDX) determined the elemental composition of synthesized AgNPs represented as BD1, BD2, 

and BD3. Fig.s 4A (BD1), B (BD2), and C (BD3) showed the strongest signal from the Ag region and the weak signals from carbon (C) 
and oxygen (O). Observing optical peaks for Ag in BD1, BD2, and BD3 were observed approximately at 3 KeV, showing weight per
centages (%) of 87.98, 89.65, and 90.50 and atomic percentages (%) of 47.89, 50.54, and 54.86. The result is similar to previously 
reported studies [35,69]. The absence of other elements confirmed the pure crystalline nature of AgNPs. 

3.2.4. UV Visible Spectroscopy 
Ultraviolet-visible spectroscopy (UV-Vis) is an essential and reliable technique for the characterization of synthesized metallic 

nanoparticles. UV-Vis was used to determine the maximum absorption of all the as-synthesized AgNPs UV-Vis spectral (Fig. 5) showed 
an intense absorption peak around 420 nm and 550 nm at 0.6, 0.55, and 0.49 h of incubation for BD1, BD2, and BD3. The peaks 
confirmed the formation of the homogenous spherical and irregular shapes of AgNPs. The result of the present study corroborates with 
the report obtained from the synthesis of AgNPs from Aspergillus [49]. The report has shown that homogenous AgNPs can be produced 
at the surface of the plasmon resonance band at 420 nm. The position and shape of the plasmon absorption band at 420 nm that led to 
the formation of homogenous spherical silver nanoparticles depends on the particle size, shape, and dielectric constant [34]. 

3.2.5. XRD analysis 
X-ray diffraction (XRD) is an analytical instrument used to determine or measure a synthesized material’s degree of crystalline 

Fig. 1. (a) Gel electrophoresis of confirming Vibrio parahaemolyticus isolates using toxR gene; LMM: base pair gene marker; Lane 1: positive control; 
Lane 2: negative control; Lane 3-12: positive isolate. (b). Gel representing tetracycline resistance gene (tetA) amplified at 210 bp. 
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structures, size, and phase. Fig. 6 showed the XRD pattern of the molar concentrations of as-synthesized AgNPs (BD1, BD2, and BD3) 
with intense diffraction peaks of 38.07o {111}, 44.87o {200}, 67.75o {220} and 77.49o {311} which corresponds to JCPDS files 
number 00-004-0783 [3]. The average crystallinity size of all the adsorbents was determined using the Scherrer equation [58]: 

D =
Kλ

βcosθ
(4) 

Where D = Average crystallite size (nm) 
K = Scherrer constant of 0.94 for spherical crystallites with cubic symmetry 
⅄ = X-ray wavelength, CuKα = 1.5406 Ȧ 
β = line broadening at FWHM in radians 
θ = Bragg’s angle in degree, half of 2θ 
The average crystalline size of all the adsorbents is BD1=BD2=BD3= 30.27 nm. The appearance of significant intense peaks 

confirmed the pure crystalline nature of AgNPs. 

3.2.6. FTIR spectroscopy 
FTIR spectroscopy is a non-invasive technique used to confirm vibrational bands of the active functional group present in the 

material. [94]. FTIR measurement (Fig. 7) revealed the potential functional group in this study’s as-synthesized three adsorbents (BD1, 
BD2, and BD3). The FTIR profile exhibited nine (9) peaks having the following wavenumber 3320, 1622, 1550, 1450, 1388, 1296, 
1071, 841, and 606 cm 1. The absorbance band located at 3320 cm -1 is assigned to the stretching vibration of N-H of primary amine. 
The primary amine, i.e., stretching vibration of N-H, was reported at 3413 cm− 1 [17]. The absorbance band at 1622 cm− 1 corresponds 
to − O.H. (hydroxyl) stretching assigned to the hydroxyl group from glucose. Other peaks at 1550, 1450, 1388, 1296, 1071, 841, and 
606 correspond to the stretching vibration of N-O from a nitro compound, C-H bending from an alkane, C-N bending vibration of 
amine, C-N stretching from aromatic amine, C-O stretching vibration of alcohol, C=C bending of alkene and C-Cl from halo com
pounds. The result is similar to an already published report on the FTIR of pure crystalline AgNPs [24,74]. The functional group of NO3

−

is from the starting material, which is AgNO3. [49,80]. The Ag-O vibrational peak was observed around 410 cm− 1. All are the func
tional group covering AgNPs. 

3.3. Adsorption of bacterial DNA 

It is well-known that the adsorption of DNA onto synthesized nanoparticles in solution depends on factors such as the nature, size, 
charge, binding characteristic of the nanoparticles, and the buffering condition [66]. These factors are essential in solution chemistry 
and solid-phase extraction of certain metals like nanomaterials and polymeric species. Besides, adding acid and base solution to adjust 
the pH of a working solution plays a vital role in sorption processes, especially in adsorption capacity [29]. 

3.3.1. Effects of varying pH of DNA solution 
The effect of varying pH (pH 2 to 9) on the DNA adsorption onto as-synthesized samples represented as BD1, BD2, and BD3 was 

carried out at an initial DNA concentration of 9.92 µg/mL, adsorbent dose of 20 mg, equilibrium time of 360 mins and at room 
temperature. We observed that bacterial DNA could adsorb on the as-synthesized samples of AgNPs (BD1, BD2, and BD3) at a wide pH 
range. DNA percentage removal (%R) increases significantly from basic to acidic pH (50.26 - 87.61 %, 65.80 - 87.79 %, and 69.23 - 
87.92%) for BD1 BD2 BD3, respectively, and the result is shown in Fig. 8. This result is similar to data obtained on the adsorption of 
ARGs embedded in DNA onto graphene oxide nanosheets [91]. The removal efficiency can increase to 99% when the initial pH is 
strongly acidic (initial pH 1.0) and if there is a competing ion in the solution and surface modification of adsorbents. The adsorption of 
bacterial DNA onto the as-synthesized samples depends on the adsorbent’s surface charge, and the influence of pH solution since the 
adsorbate (DNA) has a high negative charge. From this study, removal efficiency from pH 2 to 6 was in the range (87.61-70.7%, 
87.79-77.20%, 87.92-78.36% for BD1, BD2, and BD3, respectively) and exhibited high % removal efficiencies. It is because adsorbent 
surface charge acquires more positive charge particles from the acidic pH solution increasing the electrostatic attraction between 

Fig. 2. PZC for the molar concentrations (0.1, 0.5 and 1.0 M) of as-synthesized AgNPs represented as BD1, BD2 and BD3.  
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adsorbate charge species (negative) and adsorbent charged particles (positive), thereby leading to high removal efficiencies in all the 
adsorbents by electrostatic interaction [5,95]. Also, it can be attributed to changes in the surface charge of the adsorbents in an 
aqueous solution and dissociation of the functional group on the adsorptive site [84]. At pH 7 (neutral), the removal efficiency is 70 %, 
similar to the result obtained at neutral pH during the adsorption of DNA onto graphene oxide under Fluorescently Labeled Oligo
nucleotide [91]. The removal efficiencies of pH 8-9 decreased to 55.8-50.26 %, 67.42-65.80 %, and 69.84-69.23 % for BD1, BD2 and 

Fig. 3. A, B, C, D, E, and F: SEM images of BD1, BD2, and BD3 at low (A, C, E) and higher (B, D, F) magnifications showing spherical and irregular 
multi-branched morphology of the particles. 
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Fig. 4. A, B, C: Energy-dispersive X-ray spectroscopy (EDX) of AgNPs represented as BD1 (0.1 M), BD2 (0.5 M), BD3 (1.0 M) showing the elemental 
composition of the nanoparticles. 

Fig. 5. UV-visible absorption spectra of different molar concentrations of the as-synthesized AgNPs.  

Fig. 6. XRD pattern for the as-synthesized AgNPs of different molar concentrations represented as BD1 (0.1 M), BD2 (0.5 M), and BD3 (1.0 M).  
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BD2 respectively. It is due to charge repulsion in the adsorptive site [45]. The DNA adsorption onto as-synthesized AgNPs samples is 
more favorable under acidic conditions than the neutral or alkaline conditions due to excess H+ ions, increasing the positive charge in 
the adsorbents. 

Interestingly, the final pH increases slightly from pH 2-6 (acidic condition) but decreases from pH 8-9 (alkaline condition), except 
for the initial pH of 6.9, whose final pH is 5.41, 5.61, and 5.60 for BD1, BD2, and BD3 (Table 1a, b, c). These slight increases and 
decreases in the final pH may be attributed to the addition of hydrogen (H+) and hydroxide (O.H.− ) ions released into the solution, 
leading to depurination and hydrolysis of the phosphate group and a nitrogenous base [9]. For the stability of the working DNA, pH 7 
(neutral) was chosen for further experiments. Because, at pH 2-6 and 8-9, the depurination of DNA may gradually occur, leading to 
DNA damage. But at neutral pH, all the four DNA bases (pH 7.0) are charged-neutral, and each phosphate group carries a negative 
charge (pKa < 2). 

3.3.2. Effects of contact time and initial DNA concentrations 
The effects of contact time on the adsorption capacity of DNA onto the samples of as-synthesized AgNPs at different initial DNA 

concentrations (4.98, 9.92, and 14.98 µg/mL) are shown in Fig. 9. The experiment was conducted at room temperature, with a fixed 
adsorbent dose of 20 mg and neutral pH. The data obtained for BD1, BD2, and BD3 at an initial DNA concentration of 4.98, 9.92, and 
14.98 µg/mL were instantaneous during the initial period and gradually slowed and stagnated with the increase in contact time. Based 
on the initial DNA concentrations of 4.98, 9.92, and 14.98 µg/mL, the optimum DNA removal duration was 180, 195, and 225 mins for 
BD1, BD2, and BD3, respectively. For the effects of initial DNA concentration, the adsorption capacities for BD2 and BD3 increased as 
the initial concentrations rose from 4.98 to 14.98 µg/mL but decreased in BD1. 

Furthermore, an increase in the initial concentration of DNA increased the adsorption capacity for all three adsorbents. This report 
confirmed that most adsorptive sites are available at the initial stage and the vacant site facilitates DNA binding onto the adsorbent 
through electrostatic interaction forces [62]. It was also observed that equilibrium adsorption capacities on BD1, BD2, and BD3 at 
different initial DNA concentrations show an increasing trend because of the driving force provided by DNA concentration [55], 
electrostatic screening effects, and generation of intermolecular hydrogen bond [51]. These reports confirmed that the success of any 
adsorption process depends highly on the initial concentration of DNA. It was noticed that adsorption of DNA onto samples of BD1, 

Fig. 7. FTIR spectra of the as-synthesized AgNPs represented as BD1, BD2, and BD3.  

Fig. 8. Effects of pH for removal of bacteria DNA harboring ARGs with as-synthesized samples of AgNPs (Concentration = 9.92 µg/mL; adsorbents 
dose = 20 mg, reaction time = 360 mins and at room temperature). 
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BD2, and BD3 reached equilibrium at different time intervals. It may be attributed to the different molar concentrations of the variables 
adopted during the synthesis of AgNPs. Also, the equilibrium time is dependent on the DNA solution’s initial concentration. Fixed 
adsorbate initial concentration of 9.92 µg/mL and contact time of 180, 195, and 225 mins for BD1, BD2, and BD3 respectively were 
maintained for the subsequent adsorption experiments. 

Fig. 9. a, b, c: Represents the effect of contact time for BD1, BD2 and BD3 respectively at different adsorbate (DNA) concentrations (4.98, 9.92 and 
14.98 µg/mL); reaction time of 180, 195, and 225 mins, speed = 300 rpm, and pH = 6.9 at room temperature. 

Fig. 10. Effect of adsorbent dose on the removal of DNA, adsorbate concentration = 9.92 µg/mL, reaction time = 225 mins; Speed = 300 rpm, pH =
6.9, and at room temperature. 
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3.3.3. Effects of adsorbents dosage 
The adsorbent dosage in working solutions plays a vital role in DNA uptake and the percentage removal efficiency of DNA. It is one 

of the best parameters for determining the optimum condition for the adsorption process. It influenced adsorption through adsorbent 
material capacity [18,78]. In this study, the adsorption of DNA onto BD1, BD2, and BD3 were investigated by varying the adsorbent 
quantity from 10 mg to 30 mg in solutions while maintaining a fixed DNA working concentration of 9.92 µg/mL, pH of 6.9, contact 
time of 180, 195, and 225 mins for BD1, BD2, and BD3 respectively, speed of 300 rpm at room temperature. Fig. 10 shows the per
centage (%) adsorption efficiency plot against adsorbent concentration (mg) of BD1, BD2, and BD3. Adsorption efficiency increases 
with adsorbent concentration [66]. Thus, the initial concentration of DNA decreased with an increase in the adsorbent dose from 10 to 
30 mg. The % removal efficiencies increases from 70.76 to 80.14%, 71.77 to 90.02%, and 76.81 to 92.43% for BD1, BD2, BD3 
respectively. This result may be attributed to two reasons: (1) the amount of adsorption efficiency per unit mass depends on the 
concentration gradient between adsorbate and the increase in adsorbent concentration [6,92]. (2) the abundance of the active sites on 
the adsorbent for adsorbate sorption increases as the adsorbent dose increases [1]. This result agrees with published reports on the 
effects of adsorbent dose on the adsorption process [64,81]. It suggests that a high adsorbent dose increases the adsorptive sites, 
increasing attraction between DNA molecules and AgNPs [50]. Therefore, the optimum dosage for DNA adsorption onto BD1, BD2, and 
BD3 is 30 mg, and economical dosage for removing DNA from water. 

Fig. 11. (a) Effects of competing ions (cations) on DNA adsorption onto BD1, BD2 and BD3 (pH = 6.9, adsorbent dose = 30 mg, DNA working 
concentration = 9.92 µg/mL, Contact time =BD1(180 mins), BD2 (195 mins) and, BD3 (225 mins) at room temperature. (b) Effects of competing 
ions (anions) on DNA adsorption onto BD1, BD2 and BD3 (pH = 6.9, adsorbent dose = 30 mg, DNA working concentration = 9.92 µg/mL, Contact 
time =BD1(180 mins), BD2 (195 mins) and, BD3 (225 mins) at room temperature. 
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3.3.4. Effects of competitive cations 
Several background ions are detected in the wastewater treatment plants, which may interfere with the adsorbent’s DNA uptake 

through competitive binding or complexation [38]. Batch equilibrium studies were investigated to ascertain the effect of cations (Na+, 
Ca2+, and Mg2+) and anions (Cl− , CO3

2− , and NO3
− ) onto DNA uptake by adsorbents (BD1, BD2, and BD3). The solutions containing 

0.075, 0.3, and 0.097 g (Na+, Ca2+, Mg2+) for cations and 0.59, 0.73, and 0.61 g for anions (CO3
2-, NO3

− , and Cl− ) with fixed adsorbents 
dose of 30 mg, pH of 6.9, DNA working concentration of 9.92 µg/mL, contact time of 180, 195, and 225 mins for BD1, BD2, and BD3 at 
room temperature were agitated separately. The results are shown in Fig. 11. Fig. 11a demonstrated that DNA adsorption onto all the 
adsorbents was optimum for Mg2+ and Ca2+ with removal efficiencies of 89.23 to 91.39%, 93.89 and 95.0, 97.10, and 99.94 % for BD1, 
BD2, and BD3 compared to Na+ (50.44, 56.99, and 58.66) in all the adsorbents. However, DNA adsorption efficiencies increase 
compared to the values obtained in the absences of cations, indicating competitive complexation with some other ions [66]. For the 
presence of anions shown in Fig. 11b, all the adsorbents’ DNA removal efficiencies drastically decreased from 11.08 to 17.94, 13.21 to 
18.75, and 14.01 to 19.05 % for BD1 BD2, and BD3, respectively. It was observed that the presence of CO3

2-, NO3
− , and Cl− shows no 

significant effect on DNA adsorption. 
This information is considerably helpful for the adsorption of DNA in natural water samples that contain a large amount of alkaline 

earth metal ions [86]. Thus, AgNPs have good adsorption efficiency and a high affinity for DNA in solution. Therefore, this study shows 
that different molar concentrations of as-synthesized AgNPs are potential adsorbents for DNA removal from an aqueous solution 
containing competing ions. 

3.4. Adsorption model 

Modeling the adsorption process is vital in removing targeted pollutants during water treatment. They predict or describe the 
comprehensive nature of adsorbate interaction with adsorbents, surface properties, and adsorption system design. In this study, 
mathematical equations of each model presented in table 1 were employed to improve the adsorption system design and ensure that 
different molar concentrations of synthesized AgNPs (BD1, BD2, and BD3) have good removal efficiency for bacteria DNA. Besides, 
they were used to establish the best reasonable correlation for equilibrium curves and characteristics. These models provided an 
insight into the adsorbent’s surface properties, such as maximum adsorbent capacity over adsorbate and its affinity [15]. 

Tables 3a, 3b and 3c 

3.4.1. Isotherm model 
This study used isotherm equations from Freundlich and Langmuir models to describe the equilibrium characteristics of adsorbate- 

adsorbents interaction. They helped in determining the maximum adsorption capacity at equilibrium. Their basic assumption differs in 
the adsorption process. The Freundlich isotherm assumed that cation and anions are adsorbed on a heterogeneous surface (multilayer 
adsorption), forming an attractive surface force [40]. Whereas the Langmuir model assumes monolayer adsorption at a homogenous 
site within the adsorbent surface i.e., no further adsorption occurs once the DNA molecules occupy the adsorptive site [15]. The result 
of the isotherm study on DNA adsorption onto different molar concentrations of as-synthesized AgNPs and the isotherm parameters are 
summarized in Table 4. The Chi-square (X2) was used to evaluate the experimental and calculated data difference. The model with a 
smaller X2 indicated the best fit for the study [60]. 

X2 =
∑ (qeexp − qecal)

2

qecal (4a) 

Among the two-isotherm models employed, experimental data of BD1 and BD2 were best described by the Langmuir model, with 
the highest coefficient parameter and a reduced Chi-square (X2) (R2 = 0.97625 and X2 = 0.12142 for BD1) (R2 = 0.96049 and X2 =

0.24403 for BD2). For BD3, Langmuir is fairly fitted with R2 = 0.850108 and reduced X2 = 1.00914 compared to Freundlich model (R2 

= 0.72646 and reduced X2 = 1.85363). The best fitting of the Langmuir model on BD1 and BD2 denoted that adsorption of bacteria 
DNA molecules occurred at specific homogenous sites within the adsorbent surfaces [29]. The maximum adsorption capacity (qmax), 
widely used to compare the efficiency of adsorbents, was obtained in Langmuir isotherm, and they are 0.06595 µg/mL, 0.0665 µg/mL, 
and 0.66094 µg/mL for BD1, BD2, and BD3. 

The separator factor (R.L.) relating to the Langmuir isotherm was employed in the study. It was used to evaluate the feasibility of 
adsorption onto the adsorbent [29] using the Equation below: 

RL = 1/1+Ci×KL (5) 

Ci (µg/mL) is the initial DNA concentration, and K.L. is the Langmuir constant. Note R.L. indicates the adsorption status, and when 
RL= 0, it is irreversible; when 0 ˂  R.L. ˂ 1, it is favorable; when R.L. = 1, it is linear, and when R.L. ˃ 1, it is unfavorable. From Langmuir’s 
study, the range of R.L. for BD1, BD2, and BD3 are 0.0706, 0.1958, and 0.0000365. This result confirmed that the adsorption of DNA 

Table 3a 
Represents the initial and final pH of BD1 before and after adsorption process.  

pH 2 3 4 5 6 7 8 9 
Initial pH 2.01 3.01 4.03 5.04 5.9 6.90 8.23 9.31 
Final pH 2.89 3.50 4.91 5.21 5.41 5.83 5.91 6.30  

A.S. Ezeuko et al.                                                                                                                                                                                                      



OpenNano 7 (2022) 100060

13

onto different as-synthesized AgNPs is favorable. 

3.4.2. kinetic model 
The adsorption kinetics is the utmost parameter considered during the adsorption process, and it determines the adsorption effi

ciency and rate of adsorbate uptake per contact time. To measure the adsorption equilibrium per contact time of different initial 
concentrations, the experimental data obtained in this study were fitted into two kinetic models, such as Natarajan and Khalaf first 
order and Pseudo-second-order kinetics (Table 2). The result shows that Pseudo second-order (PSO) kinetic is the best fit with the 
highest correlation value ranging from R2 = 0.90727 to 0.98797 compared to First-order (R2 = 0.88234 to 0.9567). The plot of t/qt 
versus t is a straight line, as shown in Fig. 12. 

The slope and intercepts of the plots were obtained from the values of K2 and qe, respectively. From the plots, the adsorption of 
bacteria DNA onto these adsorbents rose rapidly at the beginning and gradually slowed down over time. The adequate contact time was 
determined, and it is the time taken by these adsorbents (BD1, BD2, and BD3) to achieve between 70-90% DNA removal at equilibrium. 
From Fig. 12, the adequate contact time for DNA adsorption onto BD1, BD2, and BD3 were 140 mins, 150 mins, and 200 mins, and the 
equilibrium was achieved at 180 mins, 195 mins, and 225 mins, respectively. According to Pseudo-second-order kinetic, which was 
confirmed as the best fit for this study, the initial sorption rate or rate of adsorption (h) can be determined by using Eq. (6) [23]: 

h = K2 × qe2 (6) 

The value of h obtained from different initial concentrations using the three adsorbents increases in the same other as K2. This 
indicates that a high adsorption rate occurs when the initial DNA concentration increases. The experimental value (qeexp) and the 
calculated (qecal) of the three adsorbents in PSO show a good correlation with little consistency compared to First-order kinetic. We 
noticed that the pseudo-second-order constant (K2) reduces with the increased initial concentration of adsorbate (DNA). It could be 
attributed to increased bacteria DNA concentration, reducing the diffusion of DNA molecules from the adsorptive site. The high 
correlation coefficient ranging from R2 = 0.90727 to 0.98797 indicated that DNA adsorption by BD1, BD2, and BD3 was controlled by 
chemisorption [15]. It implies that during the adsorption process, the valency force exerted could be because of sharing or exchanging 
electrons between the synthesized AgNPs (BD1, BD2, and BD3) and the DNA molecule. The PSO kinetic parameters determined the 
equilibrium adsorption capacity, rate constant, initial sorption rate, and the percentage removal of DNA from these adsorbents. To 
compare the applicability and authenticity of each model fitted into the experimental data, the standard deviation (Δq) was calculated 
using Eq. (7) [57]: 

Δq (%) = 100 ×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
[(qeexp− qecal)]

qeexp

n − 1

√
√
√
√

(7) 

Other parameters such as correlation value (R2), h, K2, and Δq, including the qeexp and qecal, are summarized in Table 5. 

Table 3b 
Represents the initial and final pH of BD2 before and after adsorption process.  

pH 2 3 4 5 6 7 8 9 
Initial pH 2.01 3.03 4.24 5.32 5.91 6.85 8.11 9.21 
Final pH 2.91 3.69 5.11 5.75 5.61 6.01 6.11 6.71  

Table 3c 
Represents the initial and final pH of BD3 before and after adsorption process.  

pH 2 3 4 5 6 7 8 9 
Initial pH 2.03 3.16 4.13 5.34 6.39 6.83 8.30 9.2 
Final pH 2.88 3.70 5.41 5.41 5.63 5.72 6.18 6.87  

Table 4 
Representation of isotherm parameters for the bacteria DNA adsorption onto BD1, BD2 and BD3.  

Isotherm Parameter  BD1 BD2 BD3 
Langmuir qmax (µg/mL) 

K.L. (µg/g) 
R.L. 

X2 

R2   

0.06595 
0.01179 
0.07061 
0.12142 
0.97625  

0.06865 
0.82443 
0.19586 
0.24403 
0.96049 

0.660939 
0.53278 
0.0000365 
1.00914 
0.90108 

Freundlich Kf (µg/g) 
n 
X2 

R2   

3.38305 
2.89176 
0.51699 
0.89886 

4.05012 
3.15705 
0.82316 
0.86674 

4.83834 
4.49655 
1.85363 
0.72646  
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Fig. 12. Pseudo-Second-Order Kinetic plots for the adsorption of bacteria DNA onto BD1, BD2, and BD3 at different initial adsorbate concentrations 
(4.98, 9.92, and 14.98 µg/mL), pH = 6.9, and different time interval (180 mins, 195 mins and 225 mins for BD1, BD2, and BD3). 

Table 5 
Kinetic model parameters for bacteria DNA adsorption onto different molar concentrations of as-synthesized AgNPs represented as BD1, BD2, and 
BD3.  

Kinetic models and Parameters Adsorbent Ci (µg/mL) qeexp (µg/g) qecal (µg/g) Δq (%) K1 

(mins -1) 
h 
(µg/g) 

R2 

Natarajan and Khalaf First order equation  
BD1 
BD2 
BD3  

4.98 
9.92 
14.98 
4.98 
9.92 
14.98 
4.98 
9.92 
14.98 

2.24 
4.29 
4.21 
0.30 
0.81 
3.11 
0.15 
0.50 
2.30 

3.80 
3.85 
2.29 
3.79 
6.38 
6.15 
2.32 
2.78 
3.29 

49.24 
37.15 
32.25 
82.24 
21.87 
69.06 
102.2 
32.23 
30.49 

4.23×10− 5 

3.39×10− 5 

3.31×10− 5 

6.76×10− 5 

2.56×10− 5 

1.03×10− 5 

3.98×10− 5 

1.93×10− 5 

2.56×10− 5 

- 
- 
- 
- 
- 
- 
- 
- 
- 

0.88234 
0.91493 
0.89862 
0.95413 
0.91465 
0.92492 
0.93133 
0.91909 
0.95670 

Kinetic model parameters Adsorbent Ci qeexp (µg/g) qecal (µg/g) Δq K2 (mins 1) h (µg/g)  R2 

Pseudo-Second Order  
BD1 
BD2 
BD3  

4.98 
9.92 
14.98 
4.98 
9.92 
14.98 
4.98 
9.92 
14.98 

2.24 
4.29 
4.21 
0.30 
0.81 
3.11 
0.15 
0.50 
2.30 

2.16 
4.25 
4.19 
0.29 
0.76 
2.98 
0.18 
0.49 
2.27 

2.52 
2.08 
1.06 
2.34 
4.37 
2.94 
14.14 
1.41 
2.91 

1.10×104 

0.46×104 

0.41×104 

0.65×104 

0.46×104 

0.41×104 

0.64×104 

0.46×104 

0.39×104 

5.25 
8.77 
7.78 
0.06 
0.28 
3.71 
0.02 
0.11 
2.01  

0.95781 
0.92682 
0.90727 
0.98794 
0.94421 
0.90146 
0.98755 
0.96194 
0.90579   
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4. Conclusion 

We concluded that the three different molar concentrations of AgNPs (BD1, BD2, and BD3) were subjected to the same operating 
parameters (pH, time, DNA concentrations, adsorbent dose, cation, and anions), and BD3 recorded the highest DNA removal efficiency. 
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