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ARTICLE INFO ABSTRACT

Handling Editor: Maria Teresa Moreira The adsorption of bacteria DNA onto mesoporous silica nanoparticles in their original state has been a great
challenge due to the high negative charge exhibited by both the DNA and silica surface. The aim of this study is to
mediate bacteria DNA onto synthesized mesoporous silica nanoparticles (E-MSN) in combination with different
chaotropic salts. E-MSN was synthesized via chemical etching techniques using sodium dodecyl sulfate (SDS) as
an etchant. SDS was used to remove unwanted layers and provides a convenient platform for underlining
mesopore with different chaotropic salts. Scanning electron microscopy (SEM) coupled with energy-dispersive x-
ray spectroscopy (EDX), Fourier-transformed infrared spectroscopy (FTIR), x-ray diffraction spectroscopy (XRD),
and point of zero charges (PZC) results showed that synthesized etched mesoporous silica nanoparticles have a
crystalline, non-spherical shape and elemental composition of silica at approximately 2 Kev, functional groups
that depict silica particles. Molecular characterization of extracted genes showed that Enterococcus faecium
harbors tetA, tetM, and ermB in 201bp, 158bp, and 320bp, with the DNA purity ranging from 1.7 to 1.9. DNA
adsorption was studied as a function of operating parameters in different solutions of chaotropic salts (sodium
chloride (NaCl), 2 M guanidine HCl (CHsN3.HCI), and urea ((NH3)2CO). Among the different chaotropic salts
used to compliment the silica nanoparticles, 2 M guanidine HCI exhibited the highest percentage (%) removal
efficiency (90%) compared to urea (75%) and sodium chloride (70%) in simulated water and hospital waste-
water. Experimental results revealed that the pseudo-second-order kinetic and Sips isotherm is the best fit for the
adsorption process. Therefore, mesoporous silica nanoparticles enhanced by different chaotropic salts in this
study showed that this material might be promising and economical for the uptake of bacteria DNA conveying
antibiotics resistance genes from hospital wastewater.

Keywords:

Mesoporous silica nanoparticles
Chaotropic salt

Enterococcus faecium
Adsorption

Heterogeneous

2M guanidine

1. Introduction water/wastewater. According to IUPAC, mesoporous is mesostructured
material with a pore diameter between 2 nm and 50 nm and can be

Recently, inorganic-based nanomaterials have gained much interest divided into silica-based material and non-silica-based material. The

in wastewater treatment applications due to their inherent functional-
ities, such as size/shape-dependent morphology, scalability, easy syn-
thesis, and stability (Kankala et al., 2020; Leonel et al, 2021;
Maduraiveeran et al., 2019). These attractive features are responsible
for their wide application in various fields such as engineering, agri-
culture, energy production, medicine, and wastewater treatment.
Among numerous inorganic-based nanomaterials, mesoporous silica
nanoparticles (MSN) have attracted the attention of researchers as
promising adsorbents for the removal of different contaminants from

several mesostructured properties include narrow pore size distribution,
controllable and uniform particle size, high specific surface area, large
pore volume, ease of surface functionalization or surface modification,
non-toxic nature, and colloidal stability, make it a suitable and efficient
adsorbent for wastewater treatment process (Kankala et al., 2020;
Panahi et al., 2019; Saman et al., 2020). MSN is thermally and chemi-
cally stable with controllable morphology and porosity in its original
state (Kankala et al., 2020; Kumar et al., 2017). Both interior and
exterior surfaces of MSN can undergo functionalization or modification
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approaches by attaching multiple organic or inorganic functional groups
via its Si-OH bond. Another intrinsic feature is that the silica interior
surface can be a reservoir for loading guest molecules (Jafari et al.,
2018). This feature could enhance the selective target of contaminants at
the adsorptive site. Their pore size distribution (2 nm-30 nm) is usually
narrow and can be controlled by changing the synthesis composition’s
mixture. The large surface area and pore size have been reported to have
good sorption capability (Kumar et al., 2017), allowing
well-controllable loading and release of DNA molecules (Li et al., 2012).
Its adsorption mechanism is achieved mainly by electrostatic attraction
and hydrogen bonding between positive contaminants and MSN.

Numerous synthesis route has been employed to achieve controllable
morphological and porous structure/materials: they are (a) template-
assisted techniques (Kumar et al., 2017), (b) sol-gel technique (Vaz-
quez et al., 2017), (c) microwave-assisted techniques (de Grenu et al.,
2020), and (d) chemical etching techniques (Salehtash et al., 2018). All
these procedures successfully achieved a controllable morphology and
particle size adequate for their diverse applications in science.

Studies have reported the effectiveness of MSN in the adsorption of
cationic contaminants from water/wastewater (Abbaraju et al., 2009;
Spoial et al., 2020). But few studies have reported the successful
adsorption of anionic contaminants onto the negative surface of MSN.
Numerous researchers have attempted to mediate duplex DNA onto
MSN. These attempts were unsuccessful due to the repulsive effect be-
tween the bare MSN and DNA molecule (Jiang et al., 2021; Li et al.,
2012). Besides, bacteria DNA is a bulky molecule with a high negative
charge in its backbone. Therefore, in an aqueous solution, mediating it
onto MSN mesopore with a negatively charged silica surface as an
adsorbent is difficult. But reports have shown that adsorption of DNA
onto MSN mesopore can be achieved when the silica surface undergoes
modification or adding carriers (chaotropic salts) that would assist DNA
adsorption onto MSN. For example, a study reported the successful
adsorption of DNA onto MSN in the presence of multivalent cations
(Solberg and Landry, 2006). Other studies functionalized the surface of
MSN with a cationic linker (Gao et al., 2009) and the addition of 2 M
Guanidine salt (chaotropic salt) at low pH in mediating DNA onto
magnetic mesoporous silica nanoparticle (M-MSN).

Consequently, this study utilized, for the very first time, different
chaotropic salts (sodium chloride, 2 M guanidine HCI and Urea) onto an
etched mesoporous silica nanoparticle (E-MSN) to adsorb bacteria DNA
harboring antibiotic resistance genes from wastewater at neutral pH,
compared their behaviors during an investigation at different operating
parameters. Meanwhile, the term chaotropic means chaos-forming in
which the entropic nature of the salt can disrupt the structure of mac-
romolecules such as protein in water, allowing the DNA in water to bind
to the silica-based substance (Vandeventer et al., 2012). These chaot-
ropic salts (sodium chloride, 2 M guanidine HCI and Urea) used in this
study can disrupt the hydrogen bonding that destabilizes DNA bases and
destabilizes and frees the DNA in water to facilitate binding to a silica
mesopore during the adsorption process (Chen et al., 2022). The ad-
vantages of these salts used in this study include cell disruption, binding
behavior to the silica surface, interfacial interactions, and can easily
dissolve in water during the adsorption process. Other examples of
chaotropic salts include phenol, lithium perchlorate, etc. During DNA
uptake from an aqueous solution, these salts disrupt the hydrogen
bonding strand of DNA and facilitate their binding onto the silica sur-
face. This study reports on the synthesis of a type of etched MSN
(E-MSN) through chemical etching techniques known as silica etched
chemistry to remove the unwanted layer from the silica surface. The
main reason for this procedure is to remove the hydroxyl group on the
silica surface, which tends to agglomerate causing the nanoparticles to
have a weak affinity (Qiao et al., 2016). Sodium dodecyl sulfate (SDS)
used as an etchant was due to its high oxidizing power. This procedure
was responsible for the etching of the amorphous silica framework by
breaking Si-O-Si bonds, removing the OH. group and the condensed
silica species and creating a new mesoporosity in the shell. It gradually
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etched out the negative charge electron that MSN possessed to gain
electrons from other sources. This study adopted this method of syn-
thesis in other to eliminate the negative silica surface and allows the
lining of the MSN surface with chaotropic salts, which would influence
the adsorption of bacteria DNA conveying ARGs onto the E-MSN
mesopore.

Bacteria DNA conveying antibiotic resistance genes (bDNA-ARGS) is
a public health problem of growing concern. Extensive consumption of
antibiotics by humans and animals has been considered the leading
cause of dissemination and proliferation of antibiotic-resistant bacteria
(ARB) and ARGs detected in different water environmental bodies (Shao
et al., 2018; Zainab et al., 2020). In recent decades, studies on the
consequences of consuming bDNA-ARGs contaminated water and the
lack of adequate treatment materials threaten public health, especially
among the populace living in water-scarce areas. A study reported that
ARGs enter and persist in the water environment through multiple
pathways, such as sewage, domestic, agricultural, and hospital disposal
(Ezeuko et al., 2021). They spread across the gut microbial communities
of livestock animals, humans, and crop soil, threatening human health
and ecological sustainability (Amarasiri et al., 2020; Kimbell et al.,
2020). ARGs are often located at mobile genetic elements (MGEs) and
spread through horizontal gene transfer (HGT) phages, plasmids, inte-
gron gene cassettes, or transposons. The release of untreated effluents
containing bDNA-ARGs may prompt the indigenous bacteria to acquire
ARGs through spontaneous mutation and HGT. Mutations are respon-
sible for the continuous evolution of ARGs, producing so many variants
that replicate in the water environment. The menace of bacteria DNA
conveying ARGs is on the rise, increasing mortality and morbidity rates
due to the lack of clean and safe water supply. Therefore, developing an
efficient, less toxic material may be an excellent option to tackle the
consequences of bacteria DNA conveying ARGs (bDNA-ARGs) in
wastewater.

Even though there are reports on the adsorption of DNA onto MSN
using multivalent cations, cationic linkers, and surface-modified MSN
with functional moieties (Gao et al., 2009; Solberg and Landry, 2006;
Zhang et al., 2012), to the best of our knowledge, no information on the
influence of different chaotropic salts on E-MSN for the removal of
bacteria DNA conveying ARGs have been published.

2. Materials and methods
2.1. Chemicals

Tetraethyl orthosilicate (TEOS), Nitric acid (HNO3), Urea, Guanidine
HCI, sodium chloride, and sodium dodecyl sulfate (SDS) were purchased
from Sigma Aldrich, South Africa. Nuclease-free water and a DNA kit
were purchased from Thermo Fischer. All the chemicals used in this
study were of analytical grade and used as purchased.

2.2. Extraction and molecular characterization of bacterial DNA

Antibiotic-resistant Enterococcus Faecium used in this study was ob-
tained from our laboratory archives isolated from the beach water in
East London, Eastern Cape Province, South Africa. Before the extraction
of genomic DNA, antibiotic susceptibility testing (AST) was conducted
on the bacteria isolate using the disk diffusion method, following the
procedure of Kirby-Bauer recommended by CLSI (Humphries et al.,
2021). The result of AST confirmed that Enterococcus Faecium was
resistant to four (5) different antibiotic drugs. They are linezolid,
erythromycin, ampicillin, tetracycline, and vancomycin. Genomic DNA
extraction was performed using the boiling method (Lee et al., 2020)
and stored at —20 °C as a stock solution. This DNA extraction method
was adopted to denature proteins, inactivate enzyme reaction inhibitors,
and extract quality DNA from spots (Barbosa et al., 2016). The con-
centration and purity of DNA were measured by finding the absorbance
ratio at 260 nm, 280 nm, and 320 nm using Multiparameter HACH DR
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Table 1
PCR primers, sequences, and protocols used in this study.
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PCR protocols References

Antibiotics PCR Primer sequences Product size
Class primers (bp)
Tetracyclines tetA F: GCTACATCCTGCTTGCCTTC 201

R: CATAGATCGCCGTGAAGAGG

tetM F: AGTGGAGCGATTACAGAA 158

R: CATATGTCCTGGCGTGTCTA
Macrolides ermB BNI1: 320

CGAGTGAAAAAGTACTCAACA

BN2:

CGGTGAATATCCAAGGTACG

94 °C-5 min; 35[94 °C-1 min; 55 °C-1 min; 72 °C
1:30 min]; 72 °C-5 min.

94 °C-5 min; 35[94 °C-1 min; 55 °C-1 min; 72 °C
1:30 min]; 72 °C-5 min.

94 °C-3 min; 35 [94 °C-1 min; 55 °C-1 min; 72 °C 1
min]; 72 °C-10min.

Titilawo et al. (2015)

(Adeniji et al., 2020; Osode and
Okoh, 2009)

6000 Ultraviolet Spectroscopy ranging between 1.7 and 1.9, indicating
that the interfering compounds were efficiently removed. A polymerase
chain reaction (PCR) assay confirming the presence of resistance genes
in the bacteria isolates was prepared using the primers presented in
Table 1. The amplicons were examined using 1.5% (w/v) agarose gel,
stained with 10 pL of ethidium bromide at a processing time of 45 min
(Han et al., 2015). Then, it was pictured using the Alliance BioDoc-It
system.

2.3. Synthesis and characterization of etched mesoporous silica
nanoparticles (E-MSN)

E-MSN was prepared according to Salehtash et al. [11] method with
slight modifications. A solution of tetraethyl orthosilicate (TEOS) in
deionized water was heated to 250 °C. Nitric acid (HNO3) was added
dropwise, and the mixture was stirred at 500 rpm for 2 h to obtain a
homogenous solution. Finally, urea was added slowly to the mixture.
After 1 h of heating, the mixture was allowed to stir for 24 h further.
Then, the mixture was calcined for 5 h at 550 °C. The calcined product
was subjected to a chemical etching technique using SDS as an etchant to
remove the unwanted layers and yield mesoporous materials on the
synthesized materials. 3 g of SDS was dissolved in deionized water. 10 g
of calcined products were added to the solution containing SDS and
allowed to stir for 24 h at 80 °C. After interacting with SDS, the resulting
suspension was washed several times with ethanol and water to remove
the unreacted SDS. It was subjected to oven-drying for 24 h to obtain a
mesoporous silica nanoparticle labeled E-MSN.

The point of zero charges (PZC) was used to determine the pH at
which the net charge of the total particle surface is equal to zero or
neutral. Functional groups identification, morphologies, elemental
composition, and crystallinity and phase composition were determined
using the Fourier transform infrared spectroscope (FTIR) (Perkin-Elmer
Universal ATR 100), Scanning electron microscope (SEM) coupled with
an energy dispersive x-ray spectroscope (EDX) (JOEL JSM-6390LVSEM),
and X-ray diffraction (XRD) (Bruker D8) respectively.

2.4. Batch adsorption study

A batch adsorption experiment was prepared in the following pro-
cedure: 25 mL Erlenmeyer flask containing 8 mL of nuclease-free water
(NSFW) was polluted with 2 mL of genomic DNA extracted from
antibiotic-resistant Enterococcus Faecium. Adsorbents were prepared by
adding 5 mg of each chaotropic salt, namely, sodium chloride (NaCl), 2
M guanidine HCl (CHsN3.HCl), and urea ((NH3)2CO) into 15 mg of
synthesized etched mesoporous silica nanoparticles (E-MSN) labeled as
E-MSN + S, E-MSN + U E-MSN + G. Then, 20 mg of each adsorbent
marked as E-MSN + S, E-MSN + U, and E-MSN + G were separately
weighed and added to the DNA-contaminated NFW for 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 HClI solutions) and adsorbent dosage (ranging
from 10 to 40 mg) on three adsorbents (E-MSN + S, E-MSN + U, and E-
MSN -+ G) for bacteria DNA removal were monitored at a fixed con-
centration of 3.66 pg/mL, pH 7.2, contact time of 360 min and at room

Table 2
Kinetic and isotherm equations adopted in this study.
Adsorption Equations Plots References
model
Kinetic Natarajan and Lo (Ci vs Time (mins) Ldris et al
model Khalaf first order s Ce s etak
Io (9 K1 Log (ge — qt) (2012)
ct) T 2303 vs Time (mins) (Karim et al.,
R t 2012; Simonin,
Pseudo-First order L s Time (mins) 20169
Log (qe — qt) = qt )
K1 qtvsIn(t) (Idris et al.,
logge — 2303t 2012; Largitte
Pseudo-second and Pasquier,
t 1 2016)
der — =
order & Kqe2 +
1
—t
qe
Elovich model ¢t =
1 1
—In(ap) + — In (¢
Vi (ap) Fi ®
Isotherm Freundlich gevs Ce (Uddin et al.,
model ge = KFCe'/™ 1 v 1 2017; Yusuff
Langmuir ge  Ce et al., 2019)
. KL gmCe gevs Ce (Ebadi and
9 =11 Kice Rafati, 2015;
Sips ge = Saman et al.,
gm(KLCe) 1/n 2020)

1+ (KLCe)l/n

qe = pg/mg; qm = pg/mL; K= pg/g; Ky = mL/pg; « =mg ™' min"'; p = pg/mg;
Ce = pg/mL; Ci and Ct = pg/mL, K; (1/min), K5 (g/pg min).

temperature. The experiments were conducted on a KS260 control
orbital shaker at a speed of 300 rpm using a 25 mL Erlenmeyer flask with
different DNA concentrations (obtained from the stock solution). After
equilibration, the mixtures were subjected to centrifugal force to sepa-
rate the adsorbents from the supernatant solutions. The concentrations
of DNA left in the supernatant solutions were determined using a dsSDNA
assay kit (Q32850) Qubit 1.0 Fluorometer (Thermofischer). The per-
centage removal efficiency (%R) and the amount of DNA adsorbed per
unit mass (qe) in all the solutions were calculated using Equations (1)
and (2) described by (Ghaemi and Absalan, 2014):

%R:wx

: 100 @

qe= M <V (2)
m

Where qge = the adsorption capacity at equilibrium (pg/mL), V = volume

of adsorbate solution (mL), m = equal to adsorbent mass (mg), C; and Cs

are the initial and final concentrations of DNA measured in pg/mL, and

% R is the removal efficiency.

2.5. Effect of contact time and adsorption kinetic

The effect of adsorption time was studied as follows: 25 mL of
Erlenmeyer flask containing initial working concentrations (1.83, 3.66,
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Table 3
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Calculated parameter values obtained from kinetic adsorption models; K; and K are the Natarajan and Khalaf first order, Pseudo first order, and Pseudo second-order

rate constant, ge () and ge ¢

are then calculated, and experimental sorption capacity, h, and R? are the initial sorption rate related to Pseudo second order and

correlation coefficient, o and p represent the initial adsorption rate and desorption constant.

Kinetic model Adsorbents Parameters Initial DNA concentration (ug/mL)
1.83 3.66 5.49 7.32
Natarajan and Khalaf First order E-MSN + S K1 (*/min) 0.0000134 0.0000122 0.0000124 0.0000103
E-MSN + U R? 0.73559 0.73455 0.77126 0.71712
E-MSN + G Kl(l/min) 0.0000311 0.0000301 0.0000248 0.0000199
R? 0.90299 0.86761 0.81683 0.80438
K;(*/min) 0.0000416 0.0000442 0.0000247 0.0000188
R? 0.92344 0.90119 0.80505 0.75812
Pseudo First Order E-MSN + S qe (“Y(pg/mg) 0.70 1.33 1.93 2.37
E-MSN + U K; (*/min) qe(*P)(pg/mg) 0.0000446 0.0000637 0.0000644 0.0000898
E-MSN + G R? 0.60 0.81 1.04 1.17
ge (“Y(pg/mg) 0.88591 0.88591 0.95622 0.95493
K; (*/min) qe(®*?)(ug/mg) 0.74 1.53 2.01 2.41
qe (“hR? 0.0000647 0.0000403 0.0000483 0.0000295
ge (““Y(ug/mg) 0.76 0.85 0.93 0.96
K1 (*/min) qe("®)(ug/mg) 0.9271 0.9388 0.96523 0.94332
R? 0.82 1.61 2.06 2.44
0.0000743 0.0000362 0.0000391 0.0000702
0.91 0.88 0.95 0.85
0.97504 0.93488 0.93883 0.92852
Pseudo Second Order E-MSN + S ge (‘) (ug/mg) 0.70 1.33 1.93 2.37
E-MSN + U K, (g/pig min) qe(®®)(pg/mg) 1.20606 0.87374 0.72433 0.64653
E-MSN + G h 0.89 1.48 2.15 2.45
R? 1.47036 0.76664 0.53474 0.43124
qe (“Y(ug/mg) 0.98648 0.98362 0.98824 0.99181
K; (g/pig min) qe(“**)(pg/mg) 0.74 1.53 2.01 2.41
h 1.17798 0.82072 0.71122 0.64547
R? 0.77 1.63 2.22 2.48
qe (“)(pg/mg) 1.39865 0.67916 0.51649 0.42991
K, (g/pig min) qe(®®)(pg/mg) 0.98362 0.98765 0.99093 0.98808
h 0.82 1.61 2.06 2.44
R? 1.12339 0.79202 0.70124 0.63911
0.95 1.77 2.31 2.56
1.26660 0.63421 0.502838 0.42196
0.97461 0.99566 0.99677 0.99170
Elovich model E-MSN + S (x(mg’lminl) 1.36136 2.13191 0.69745 0.94067
E-MSN + U B (ng/mg) 5.49388 2.65062 0.59199 0.53406
E-MSN + G R? 0.95251 0.95009 0.98972 0.99272
a(mg'min') 0.43821 1.51491 1.79431 2.39783
p (pg/mg) 2.80432 1.89631 1.34461 1.20166
R? 0.95203 0.9621 0.98365 0.96081
0.31115 1.51491 1.9668 3.19876
1.64509 1.89631 1.35864 1.33924
0.92575 0.96218 0.98939 0.97847

5.49, and 7.32 pg/mL obtained from stock DNA solution) at fixed pH 7.2
were in contact with 20 mg of each adsorbent labeled as E-MSN + S, E-
MSN + U, and E-MSN + G at room temperature. The mixture was vor-
texed for 2 min and agitated using a KS260 control orbital shaker at 300
rpm for 360 min. The DNA solutions containing each adsorbent were
collected at intervals ranging from 0 to 360 min. After the equilibration
time, which were recorded at different time interval (180, 195, and 210
min for E-MSN + S, E-MSN + U, and E-MSN + G), the mixtures were
centrifuged (PRISMER Centrifuge Labnet International) at 5000 rpm for
10 min. The final concentration of DNA residues on the supernatants was
quantified.

At equilibrium time, the rate of DNA uptakes on E-MSN + S, E-MSN
+ U, and E-MSN + G was fitted into three (3) kinetic equations in
Table 2.

2.6. Effect of initial DNA concentrations and isotherm study

Here, 20 mg of each of the three adsorbents labeled as E-MSN + S, E-
MSN + U, and E-MSN + G were added to 10 mL of different initial DNA
concentrations (1.83, 3.66, 5.49, and 7.32 pg/mL) at fixed pH of 7.2, and
the mixtures were allowed to agitate at 300 rpm (see Table 3). Samples
were collected and processed after 180, 195, and 210 min for E-MSN +
S, EEMSN + U, and E-MSN + G. The initial working concentrations

ranging from 1.83, 3.66, 5.49, and 7.32 pg/mL were decided using
previously reported concentrations of residual DNA conveying ARGs
obtained from hospital effluent (Rodriguez-Mozaz et al., 2015).

The experimental data obtained from the adsorption process
involving the effect of initial DNA concentrations were fitted into three
(3) isotherm models presented in Table 2.

2.7. DNA adsorption from hospital effluent using the synthesized material

The adsorption capacities of the three (3) adsorbents (E-MSN + S, E-
MSN + U, and E-MSN + G) were measured in real wastewater using
effluent collected from the hospital at Cofimvaba Han district munici-
pality Queenstown, Eastern Cape Province of South Africa. The sampling
was done in November 2021. The physicochemical parameters were
conducted using a Multiparameter device (HANNA H19829). The hos-
pital effluent was initially quantified to have bacteria DNA conveying
ARGs. The DNA solution was used to spike hospital effluent in the ratio
of 1:1, 1:2, and 1:3 to obtain 2.30, 4.13, and 5.96 pg/mL. An adsorbents
dosage of 45 mg was employed at a pH of 7.29 and contact time of 180,
195, and 210 min for E-MSN + S, E-MSN + U, and E-MSN + G,
respectively. All the experimental data were collected in triplicate, and
the average result was used for subsequent data analysis.
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Fig. 1. Gel electrophoresis representing resistance genes for erythromycin (ermB) amplified at 320 bp and tetracycline (tetA, tetM) amplified at 201 and 158bp.

—o—E-MSN

0 2 - 6

Initial pH

Fig. 2. Point of zero charges (PZC) of the synthesized etched mesoporous silica nanoparticles (E-MSN).

2.8. Data analysis

The data obtained from this study were plotted and analyzed using
OriginPro Graphing and Analysis 2021 (v.9.8.0200), Microsoft Excel
2019, and Image J software.

3. Results and discussion

3.1. Molecular characterization of bacteria DNA from Enterococcus
faecium

The amplicon or PCR product amplified at 320bp, 201bp, and 158bp
for ermB, tetA, and tetM genes are presented in Fig. 1. The gel image
shows that Enterococcus faecium harbors antibiotic-resistance genes at
different base pairs.

3.2. Characterization of adsorbent (E-MSN)

3.2.1. Point of zero charges of synthesized etched mesoporous silica
nanoparticles (E-MSN)

The understanding of how DNA is adsorbed onto the material surface
(E-MSN) and what may be the probable arrangement was confirmed by

the point of zero charges (PZC) of E-MSN. Meanwhile, PZC determines
the total concentration of positive and negative control results as the
surface charge equals zero. At pH > PZC, the surface charge becomes
negative, while at pH < PZC, the surface charge tends to be positive
(Dorigon et al., 2017). The PZC of a mesoporous silica surface is usually
between 2 and 3, indicating that the hydroxyl group is protonated at a
low pH value, resulting in a negative surface charge (Vila et al., 2019).
Interestingly, our result indicated the material’s abnormal surface
charge after silica underwent the chemical etching technique with SDS,
and the PZC found was 6.3 (Fig. 2). The PZC results from this study
indicated that the material’s surface possesses a weak negative charge
which may not be difficult for the material (E-MSN) to adsorb a large
quantity of DNA by electrostatic interaction with the addition of certain
salts or compounds acting as a mediator.

3.2.2. Fourier transform infrared spectroscope (FTIR) analysis

FTIR spectra presented in Fig. 3 confirmed that silica particles un-
derwent etching chemical techniques. Successful synthesis is the evi-
dence of IR absorption band at 462 cm™ Y, 800 em™ Y, 958 cm™ !, and
1069 cm™!. The band at 462 cm ™! indicated the Si-O bending mode at
805 cm ™' and 1069 cm™! confirmed the asymmetric and symmetric
stretching of the Si-O-Si bridge, and the obscure band at 997 cm™!
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Fig. 3. FTIR spectra of mesoporous silica nanoparticles synthesized by a chemical etching technique.
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WD: 22.79 mm

¢ PO T VO O O -

VEGAI TESCAN
Det: SE 50 um wi

SEM HV: 20.00 kv
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Fig. 4. A and B: SEM images of E-MSN at high (A = 50 ym) and low (B = 20 pm) magnifications showing non-spherical morphology and less agglomerated particles.

corresponded to the Si-OH group. The spectra obtained are similar to
MSN synthesized through the chemical etching technique (Jabir et al.,
2018; Salehtash et al., 2018). The FTIR result shows no SDS on the
E-MSN surface, showing that subsequent washing by ethanol and water
for SDS removal was effective.

3.2.3. Scanning electron microscope (SEM) analysis
SEM investigated the morphology of E-MSN. As indicated in Fig. 4a

and b, the E-MSN captured in different magnifications (20 pm and 50
pm) showed a non-spherical shape with nearly uniform size and for-
mation of agglomeration. The particles’ surface was rough, which may
be attributed to surface pore formation (Jia et al., 2013). Agglomeration
of E-MSN may be attributed to the chemical etching technique used
during the synthesis and may occur due to removing unwanted layers
from the material. The SEM image is similar to previously published
reports on the synthesis of MSN through chemical etching chemistry
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Fig. 6. Typical XRD pattern of synthesized silica etched mesoporous nanoparticle (E-MSN).

(Salehtash et al., 2018).

3.2.4. Energy dispersive x-ray spectroscope (EDX) analysis

EDX determined the elemental composition of E-MSN. Fig. 5 showed
a strong signal from the silica (Si) region at approximately 2 Kev with
31.12% weight. Other elements detected at weak signals are carbon (C),
oxygen (O), and nitrogen (N) at 17.44%, 46.75%, and 4.46%, respec-
tively. With their % compositions, these elements confirmed the mate-
rial (E-MSN) purity. The result is similar to previously reported studies
(Salehtash et al., 2018; Saman et al., 2020).

3.2.5. X-ray diffraction (XRD) analysis
The X-ray diffraction pattern determined the average crystalline
structure of the synthesized E-MSN. Fig. 6 shows the evidence that

particles are crystalline. The intense peak at 6 = 23.18° confirmed the
evidence of silica nanoparticles in the amorphous state. The intense peak
showed the high purity of the material (E-MSN). Due to more negligible
particle size effects, incomplete inner structure, and regular periodic
variation of electron density occur during the ordering of pores in
mesoporous silica nanoparticles (Sharmiladevi et al., 2016). Also, the
intense peak can be indexed to the hexagonal lattice structure related to
the mesoporous silica net (Soares et al., 2015).

3.3. Studies on the operating parameters for the adsorption process

3.3.1. pH effect on bacteria DNA adsorption
Varying the pH of the DNA solution plays a vital role in determining
adsorption capacity, the efficiency of the adsorbent’s surface charge,
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= 180, 195, and 210 min; Speed = 300 rpm, pH = 7.2, and at room temperature.

and the adsorbate molecules’ ionization state (Aarab et al., 2020). The
effects of pH on bacteria DNA removal by the three (3) adsorbents
labeled as E-MSN + S, E-MSN + U, and E-MSN + G were studied over a
wide range, pH values 2 to 9, with the initial concentration of 3.66
pg/mL, contact time of 0-360 min and at a fixed adsorbents dosage of
20 mg of each adsorbent. The experiment was conducted at room tem-
perature, with a speed of 300 rpm, and the results were captured in
Fig. 7. It was observed that, at acidic pH (2-6), the removal efficiencies

increased above 80% in all the adsorbents. This was due to the depro-
tonation of DNA molecules, and the protonation of functional groups
(guanidinium, amine, carbonyl, Na+, and Cl-) found in the adsorbents
promotes electrostatic attraction between the negative charge of DNA
and positively charged surface adsorbents (He et al., 2020). The
adsorption of bacteria DNA onto the adsorbents decreased drastically to
55-60% at basic pH (8-9). This may be attributed to the competition
between O.H.” ions and deprotonated DNA molecules in the adsorption
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reaction time of 180, 195, and 210 min, sorbent dose = 20 mg, speed = 300 rpm, and pH = 7.2 at room temperature.

site (El-Bindary et al., 2018). Meanwhile, at neutral pH (7.2), the
removal efficiencies for E-MSN + S, E-MSN + U, and E-MSN + G were
70%, 73%, and 76%. The optimum pH for DNA adsorption onto E-MSN
+ S, E-MSN + U, and E-MSN + G was pH 2.01. This study, pH 7.2 was
considered for further experimental analysis because DNA bases remain
intact at neutral pH without any interference from either acid-based
solution or external factors.

3.3.2. Sorbent effects on bacteria DNA adsorption

The sorbent dose is essential in determining an adsorbent’s sorption
capacity for a given initial concentration during the adsorption process
(Batool et al., 2018). In this study, the adsorbent mass on the DNA
adsorption was studied and illustrated in Fig. 8. The result obtained
complied with an already published article on DNA adsorption onto
ultrathin nanosheets (Wang et al., 2014). The etched MSN combined
with the chaotropic salts (adsorbents) was adequate compared to the
adsorption of bacterial DNA onto ordinary MSN. This is because syn-
thesizing the adsorbent (etched MSN) assisted in shredding the repulsion
effects that may occur between the negative silica surface and the
negative contaminant (since DNA is highly negative in its backbone). As
expected, the percentage removal of bacteria DNA rapidly increased
with an increase in sorbent mass from 10 to 40 mg. At 40 mg, the

optimum removal efficiencies reached 89%, 92%, and 94% for E-MSN +
S, E-MSN + U, and E-MSN + G, respectively. We observed that removal
efficiencies increased in the following order: E-MSN + G > E-MSN + U
> E-MSN + S by increasing the adsorbent dose to 40 mg. The high
removal efficiency of E-MSN + G is attributed to the protonation of
guanidine HCI, producing a more positive charge on the adsorbent’s
surface, thus increasing electrostatic interaction between the DNA and
the sorbent. More surface-active sites were available for the bacteria
DNA to penetrate easily into the sorption site (Bundjaja et al., 2021). To
obtain a constant value, the sorbent dose was increased to 50 mg at fixed
initial concentrations of 3.66 pg/mL of the DNA solution; the value
obtained showed no significant removal of DNA adsorbed onto the ad-
sorbents. Therefore, an adsorbent dose of 40 mg was chosen for further
studies.

3.4. Effect of contact time and kinetics study

This study studied the effect of contact time because it reflected the
adsorption kinetics of an adsorbent for a given concentration of DNA
solution. It determines the adsorbent’s efficiency in the adsorption of
pollutants from wastewater through rapid uptake of the adsorbate (Chen
et al., 2019). The effect of contact time on the adsorption of bacteria



A.S. Ezeuko et al.

300 5
4 E-MSN+S
250
2004 W 10ugni
= ® 36pgnl
-El A s9ugnl
) V 73pghl
g 150 + Fittine of "¢qt"
- -
= Fitting of "t'qt"
E) Fitting of "tqt"
- Fitting of "¢qt"
£ 100
S
50
0 -

T
120

0 20 40 60 80 100 140 160 180
Time (mins)
300
E-MSN+G
250 4
4 B 18ugnl
® 366ugml
200 A 549peml
- V¥ 732pgml
g) 1 Fitting of "tqt"
g Fitting of "tqt"
F 150 Fitting of "tqt"
E —Fitting of "tqt"
g
* 100
50
0 -

Journal of Cleaner Production 381 (2022) 135157

300 5
E-MSN+U
250
5 B 18pgnl
2001 | & agspenL
a A s9ugnl
g ¥V 7.3pgnl
= o et
= 150 Fitting of "tqt
- Fitting of "tqt"
g Fitting of "tqt"
S Fitting of "tqt"
-
g‘ 100
50
0 -

I ¥ 1 L 1 L I . 1
100
Time (mins)

100

Time (mins)

Fig. 9. BThe kinetic of the nonlinear plot of the pseudo-second-order model for DNA adsorption onto E-MSN + S, E-MSN + U, and E-MSN + G.

DNA onto the adsorbents (E-MSN + S, E-MSN + U, and E-MSN + G) at
different initial concentrations (1.83, 3.66, 5.49, and 7.32 pg/mL) are
shown in Fig. 9A. The result showed that the adsorption capacity of
bacteria DNA on the E-MSN + S, E-MSN + U, and E-MSN -+ G was rapid
between 5 and 15 min at different initial concentrations and gradually
stagnated with the increase in contact time. We noticed that equilibra-
tion time for DNA adsorption occurred at 180, 195, and 210 min for
E-MSN + S, E-MSN + U, and E-MSN + G, respectively. Adsorption ca-
pacity obtained at each adsorbent increased simultaneously in the order
of E-MSN + G >E-MSN + U > E-MSN + S. The increase in adsorption
capacity within 5-15 min is attributed to the availability of positively
surface-charged E-MSN enhanced by the chaotropic salt. At the same
time, the gradual process of reaching the equilibrium time could be slow
pore diffusion of DNA molecules into the bulk of the adsorbents. How-
ever, we observed that the adsorption capacity measured by the adsor-
bents reduces at an increase in concentrations of DNA solution. It is
because high adsorption capacity is highly dependent on the initial
concentrations of DNA.

To study the adsorption kinetics of the experimental data obtained
from E-MSN + S, E-MSN + U, and E-MSN + G, four (4) kinetic models,
namely, Natarajan and Khalaf first order (NKFO), Pseudo-First order

10

(PFO), Pseudo-second order (PSO), and Elovich model equations were
applied to the adsorption data. The results of kinetic parameters ob-
tained are shown in Table 2; where Ky (min™), K, (pg/mL mins), p (pg/
mg), and « (mg’1 min~!) are the equilibrium NKFO, PFO, PSO, and
Elovich model rate constants respectively. According to Table 2 and
Fig. 9B, pseudo-second-order exhibited the highest correlation coeffi-
cient (R? ranging from 0.97 to 0.99 for E-MSN + S, E-MSN + U, and E-
MSN + G) than other kinetic models investigated. The highest R? values
exhibited by PSO confirmed the kinetic mechanism of adsorption onto E-
MSN + S, E-MSN + U, and E-MSN + G was based on chemisorption,
which involved electron sharing between DNA molecules and the ad-
sorbent’s surface charge. Also, the calculated ge (qe cal) equilibrium
values were closely related to the gqe experimental (ge “*P). This
confirmed that PSO correlated with DNA adsorption onto surface-
enhanced mesoporous silica nanoparticles (E-MSN + S, E-MSN + U,
and E-MSN + G). To further confirm the authenticity of pseudo-second-
order as the best fit for this study, the initial sorption rate was calculated
using equation (3):
h=K2 x ge2 3)

The value of h obtained from initial DNA concentrations decreases in
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Table 4
Isotherm parameters for the adsorption of bacteria DNA (ARGs) onto E-MSN + S,
E-MSN + U, and E-MSN + G at room temperature.

Isotherm Parameter E-MSN + S E-MSN + U E-MSN + G

Langmuir qmax (pg/mL) 4.3792 3.4614 2.896
Ky (ug/g) 0.4532 0.9045 1.887
Ry 0.5466 0.3766 0.225
x? 0.0012 0.0024 0.0050
R? 0.9794 0.9865 0.9673

Freundlich Kr (pg/g) 1.3545 1.6068 1.8194

Sips n 1.6319 2.1071 2.8351

X2 0.0111 0.0567 0.0519
R? 0.9557 0.9263 0.9297
qmax 3.8281 2.8373 2.5775
Ks 0.7886 2.4059 4.4167
n 1.2265 1.0818 1.1281
b'e 0.002 0.018 0.028
R? 0.9998 0.9879 0.98971

the same order as Ky, indicating a low adsorption rate at the increase in
initial DNA concentration.

3.5. Effect of initial concentrations and isotherm study

The plots of E-MSN + S, E-MSN + U, and E-MSN + G percentage
removal efficiency against initial concentrations are presented in
Fig. 10A. In all three adsorbents, it was observed that the amount of DNA
adsorbed onto sorbent mass decreased with the increase in the initial
concentrations (1.83, 3.66, 5.49, and 7.32 pg/mL). At equilibrium, the
percentage (%) removal efficiencies obtained from each adsorbent are
70.04, 74.04, 70.12 and 64.61 (E-MSN + S); 80.87, 83.60, 73.22, and
65.71 (E-MSN + U); and 89.07, 87.70, 74.86, and 66.66 (E-MSN + G).
From the results, E-MSN + G exhibited the highest performance in
removing DNA conveying ARGs followed by E-MSN + U and E-MSN + S.
Generally, the decrease in removal efficiencies of E-MSN + S and E-MSN
+ U compared to the literature may be attributed to the adsorptive site
being saturated due to an increase in initial concentrations of DNA. Also,
the materials’ inability to produce a more positive charge would facili-
tate the adsorption of DNA onto the adsorbents at the increase in
adsorbate concentration. Therefore, to describe the transmission of DNA
from the solution phase to the adsorbent phase at equilibrium condi-
tions, adsorption isotherms such as Freundlich, Langmuir, and Sips
models were used to evaluate the experimental data. Generally, the
Freundlich model is best fitted when adsorption occurs on a heteroge-
neous surface, having unequal active sites and different energies of
adsorption (Al-Ghouti and Da’ana, 2020; Yang et al., 2021). The Lang-
muir model applies the adsorption at the specific homogenous sites
within the adsorbent, forming a single layer over the surface of the
adsorbent (Miyah et al., 2018; Panao et al., 2019). The Sips model, a
three-parameter isotherm, describes a combination of Freundlich and
Langmuir models. The model is suitable for adsorption on a heteroge-
neous surface, avoiding the limitations of increased adsorbate concen-
tration normally associated with the Freundlich model (Kumar et al.,
2019; Siqueira et al., 2020). Therefore, this model concluded that at a
low adsorbate concentration, Freundlich is predicted, but it depicts
Langmuir at a high adsorbate concentration (Ayawei et al., 2017). The
given equation for the three isotherm models (Table 1) was plotted
(Fig. 10B), and the values obtained were evaluated from the slope and
intercept of nonlinear plots (Table 4). The three-parameter adsorption
model (Sips) obtained from the experimental values reasonably agrees
with DNA adsorption onto E-MSN ~+ S, E-MSN + U, and E-MSN + G. The
adsorption data obtained from all the three adsorbents were best well
fitted into Sips model (R? = 0.99982, 0.98798, and 0.98971 for E-MSN
+ S, E-MSN + U and E-MSN + G) with reduced Chi-square (0.002, 0.01,
and 0.02) than Freundlich (R®> = 0.95571, 0.92632, and 0.92971) and
Langmuir (R? = 0.979418, 0.98645, and 0.96727). The highest R?
values obtained from the sips model indicated that DNA adsorption onto
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Table 5
Physicochemical parameters of hospital wastewater.

pH Temperature  Total Dissolved Turbidity  Initial DNA
dissolved oxygen concentration in
solids wastewater (ug/
mL)
7.79 13.35 30 7.29 15.9 0.474

E-MSN + S, E-MSN + U, and E-MSN + G was achieved via heterogeneous
surfaces.

Although the maximum % removal obtained from E-MSN + S (77.04)
and E-MSN + U (80.8) is lower than the value (89.5%) reported in the
literature for DNA adsorption onto magnetic silica surface (Li et al.,
2012); they are still advantageous because DNA can adsorbed onto the
mesopore of silica nanoparticles by addition of chaotropic salts along-
side the adsorbent without any costly modification. It can be quickly
recovered from the treated water. These characteristics make E-MSN +
S, E-MSN + U, and E-MSN + G an economical option that can tackle
bacteria DNA menace across the globe.

3.6. Proof of concept (removal of bacterial DNA from hospital
wastewater)

To ascertain the effectiveness of E-MSN + S, E-MSN -+ U, and E-MSN
+ G in a real-life scenario, real hospital wastewater was collected from
Cofimvaba Han district Queenstown, Eastern Cape province of South
Africa. The physicochemical parameters obtained before the
commencement of the study are presented in Table 5. The result of the
physicochemical analysis showed that hospital effluent is in a toxic
condition with moderate total dissolved solids. After spiking to obtain
different initial working concentrations, the concentration of bacteria
DNA was subjected to a batch adsorption study. At optimum conditions,
the maximum % adsorption efficiency obtained at different initial con-
centrations (2.3, 4.13, and 5.96 pg/mL) were in the range of 60-71%,
63-73%, and 76-94% for E-MSN + S, E-MSN + U and E-MSN + G
respectively (Fig. 11). It was observed that the % adsorption efficiency
obtained from real hospital wastewater is lower than the simulated
water. This may be attributed to other anionic interference present in
the real wastewater. The anionic interference may cause repulsion ef-
fects between DNA molecules and adsorbents at the adsorptive site. The
result indicated that E-MSN + G showed high removal efficiency of
bacteria DNA conveying ARGs from hospital wastewater.

4. Conclusion

The etched mesoporous silica nanoparticles were successfully syn-
thesized via chemical etching techniques. The synthesized material was
enhanced with different chaotropic salts to obtain E-MSN + S, E-MSN +
U, and E-MSN + G, and the applications were extended to hospital
wastewater to remove bacteria DNA conveying ARGs. The result showed
that DNA could bind onto the mesopore of silica nanoparticles with the
help of different chaotropic salts. E-MSN + G exhibited high removal
efficiency in adsorbing bacteria DNA conveying ARGs in simulated
water and hospital wastewater. Moreover, the adsorbents exhibited high
adsorption capacities and dispersibility and were easily recovered from
an aqueous solution. The study batch adsorption parameters (effects of
solution pH, contact time, adsorbent dosage, and initial concentrations)
contributed significantly to the uptake of DNA from water/wastewater.
The kinetics and isotherm studies of the experimental data fitted well
into pseudo-second-order and Sips models, respectively. The adsorption
isotherm model suggests heterogenous chemisorption for DNA uptake
onto E-MSN + S, E-MSN + U, and E-MSN + G. Therefore, synthesized
material aided by the different chaotropic salts (E-MSN + S, E-MSN + U,
and E-MSN + G) showed high performance and can be an effective
material for removing bacteria DNA from hospital wastewater.
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