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The unique properties of nanoparticles (NPs) and their interactions with biological
systems, especially in biochemical reactions, provide many potential applications in
molecular biology methods. Most of works have focusedon gold NPs only, and many
other kinds of NPs such as silver (Ag) and titanium dioxide (TiO,) NPs have been largely
neglected. Therefore, in this study, we evaluated the effect of Ag-NPs and TiO,-NPs on
the real-time PCR (RTi-PCR) detection of four Aspergillus spp., A. flavus, A. parasiticus,
A. ochraceus, and A. fumigatus, and four aflatoxin biosynthesis genes (tubl, aflR, aflD,
and aflM) in A. flavus. Several combinations of Ag-NPs and TiO,-NPs at 3 pL and 5 pL
were tested. The results showed that the Ag-NPs alone exhibited partial inhibition of RTi-
PCR at 3 pL. Combinations of Ag-NPs and TiO,-NPs (1:1, 2:1, 3:1) also partially
inhibited RTi-PCR, but TiO,-NPs alone and their combinations with Ag-NPs (2:1 and 3:1)
caused complete RTi-PCR inhibition. All combinations of Ag-NPs and TiO,-NPs at 5 puL.
resulted in complete inhibition of RTi-PCR, except for the 2:1 combination of Ag-NPs to
TiO,-NPs. The results indicate that effects on the assay detection system must be carefully
evaluated before Ag-NPs and TiO,-NPs are included in any RTi-PCR assay.
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1. Introduction

Nanotechnology, which is technology at the scale of one-billionth of a meter, is a rapidly
growing field crossing boundaries among physics, chemistry, and biology [1]. Biotechnology is
the combination of biology and technology that is developed to provide benefits and quality
improvement in all fields related to human welfare [2]. Conventional polymerase chain reaction
(PCR) and real-time (RTi)-PCR are integral components of biotechnology, and arguably represent
the most powerful laboratory techniques ever developed. PCR is a technique that allows for the
amplification of specific DNA segments in vitro [3] and is currently widely used in genetic
identification, clinical microbiology, drug development, and in the agricultural, environmental, and
forensic sciences [1,4] . Bionanotechnology is one of the most promising technologies of the 21st
century, which integrates biotechnology and nanotechnology. This integration has provided an
unprecedented opportunity to develop new tools for medical, industrial, agricultural, and
environmental applications [5]. Many researchers working on the interactions between
nanoparticles (NPs) and nucleic acids have begun to explore carbon [6], silica [7], gold (Au) [8],
silver (Ag) [9], and iron/magnetic [10] NPs, thereby promoting their applications in molecular
biology research. Bioconjugate-nano-PCR has been developed as a rapid and specific diagnosis
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method for the identification of Candida spp. AuNP- and AgNP-assisted PCR shows improved
sensitivities and specificities compared to conventional PCR assays with very low PCR cycle
numbers and amounts of concentrated of DNA required [11]. Titanium oxide (TiO,)-NPs showed
significant enhancement over the traditional PCR efficiency for various types of templates
(genomic DNA, plasmid DNA, and complementary DNA). In particular, the incorporation of
TiO,-NPs increased the amount of the PCR product by seven-fold and was less time consuming,
with a 50% reduction in the time required for the denaturation and annealing steps [12]. However,
[13] further evaluated the effects of Ag-NPs and TiO,-NPs in RTi-PCR, and found that the NPs
caused partial or complete PCR inhibition, with a stronger inhibitory effect observed for TiO,-
NPs.

Moreover, [8] used Au-NPs to optimize classic PCR and RTi-PCR assays by amplifying
DNA sequences from genetically modified canola. However, they could not provide conclusive
evidence on the effect of Au-NPs on the PCR performance and melt curve contrast reported in
previous studies, although the reactions appeared to show very good efficiency and high
specificity in the absence of Au-NPs. This study indicated that inclusion of Au-NPs in classic PCR
and RTi-PCR assays should be undertaken with caution, based on evaluations and validation of the
use of Au-NPs under specific conditions for any PCR technique.

To further explore the potential and use of NPs in RTi-PCR, the aim of the present study
was to evaluate the effect of Ag-NPs and TiO,-NPs on RTi-PCR for the detection of four
Aspergillus spp., A. flavus, A. parasiticus, A. ochraceus, A. fumigatus, and four aflatoxin
biosynthesis genes (tubl, aflR, aflD, and afIM) in A. flavus.

2. Materials and Methods

2.1 Isolation, cultivation, and identification of Aspergillus terreus strain SDP9.

The fungus was isolated from the soil of date palm in Riyadh, Saudi Arabia, and incubated
on potato dextrose agar at 28°C. Fungal isolates were molecularly identified on the basis of their
internal transcribed spacer regions (ITS1-5.8S-1TS2) [14]. The isolate was registered in GenBank
as Aspergillus terreus SDP9 (Accession Number: KC462061), which was also used for the
biosynthesis of Ag-NPs and TiO,-NPs.

2.2Biomass preparation of A. terreus KC462061 and biosynthesis of Ag-NPs and

TiO,-NPs

To prepare biomass for the biosynthesis of Ag-NPs and TiO,-NPs, A. terreus KC462061
was grown in liquid medium according to previously described methods [14].

Ag-NPs were synthesized using 50 mL of a 1 mM AgNO; solution following the method
described by [14]. The solution was left to calcify at 180°C for 5 h for crystallization of the Ag-
NPs. TiO,-NPs were synthesized using a 50-mL aqueous solution of 0.025 M TiO, (pH 3.5) that
was added to the mycelia mass (20 g wet weight) in a 250-mL Erlenmeyer flask, following the
method described by [16].

2.3Extraction of DNA for Aspergillus spp.

DNA was extracted from isolates of A. flavus, A. parasiticus, A. ochraceus, and A.
fumigatus (Table 1) following the method described by [16]. This same method was used to
extract DNA of the aflatoxin biosynthesis genes from the A. flavusisolate.

Table 1. Isolates of Aspergillus spp. used in this study.

No. Origin Source Species name
1 Saudi Arabia Wheat A. flavus

2 Saudi Arabia Corn A. parasiticus
3 Saudi Arabia Rice A. ochraceus
4 Saudi Arabia Wheat A. fumigatus
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2.4 RTi-PCR assays.

RTi-PCR amplifications were performed with a thermal cycler (LightCycler 2.0; Roche
Diagnostics GmbH, Germany) using specific primers for Aspergillus spp. detection (Table 2) and
detection of the aflatoxin biosynthesis genes of A. flavus (Table 3), as described in the references
given in the respective tables. In each run, we added different concentrations of Ag-NPs and/or
TiO,-NPs (Table 4) at amounts of 3 pL and 5 pL.

Table 2. Sequences of primers and T, for detection Aspergillus spp. by Rti-PCR assays

Aspergillus Sequence Meltlrlg Reference
spp temp. (°C)
A flavs FL1-F (5-ATTCATGGCCGCCGGGGGCTCTCA-3)) . 117
: FL1R (5-GATTGATTTGCGTTCGGCAAGC-3')
A fumigatus ITS (5-TATGCAGTCTGAGTTGATTATCG-3) 507 18]
: ITS (5-ACCTTAGAAAAATAAAGTTGGGTG-3)) '
— FLAVIQI (5-GTCGTCCCCTCTCCGG-3)
A. parasiticus PARQ2 (5-GAAAAAATGGTTGTTTTGCG-3) 89.3 [19]
A ochraceus OCAV(5-ATACCACCGGGTCTAATGCA-3)) . 120]
: OCAR (5-TGCCGACAGACCGAGTGGATT-3)

Table 3. Sequences of primers and T,, for aflatoxin biosynthesis genes by Rti-PCR assays

Gene Sequence i\:rilgt)l.n(%C) Reference
tubl (5'-GTCCGGTGCTGGTAACAACT-3")
(5'-GGAGGTGGAGTTTCCAATGA-3")
aflR (5'-CGCGCTCCCAGTCCCCTTCATT -3")
(5'-CTTGTTCCCCGAGATGACCA-3") 65 [21]
aflD (5'-ACCGCTACG CCG GCACTCTCGGCAC-3")
(5'-GTTGGCCGCCAGCTTCGACACTCCG-3")
aflM (5'- GCCGCACGCGGAGAAAGTGGT-3)
(5'- GGGGATATACTCCCGCGACACAGCC-3"

Table 4. Concentration of Ag-NPs and TiO,-NPs and different combinations
of Ag-NPs and TiO,-NPs with 3 pl and 5 pl

Code Specification

m Non Ag-NPs and TiO,-NPs

ml only Ag-NPs (100 pg/mL)
combinations of AgNPs and TiO2NPs

m2 2:1 (50 pg/mL and 25 pg/mL)

m3 3:1 (75 pg/mL and 25 pg/mL)

m4 1:1 (50 pg/mL and 50 pg/mL)

m5 only TiO,-NPs (100 pg/mL)

m6 1:2 (25 pg/mL and 50 pg/mL)

m7 1:3 (25 pg/mL and 75 pg/mL)

3. Results and discussion

Fig. 1 showed morphology and shape of Ag-NPs and TiO,-NPs by TEM. The present
experiments were performed to evaluate the individual and combined effects of Ag-NPs and TiO,-
NPs on the RTi-PCR efficiency, using different concentrations of the NPs.
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Fig. 1. TEM images of TiO,-NPs (a) and Ag-NPs (b)

The first experiment was conducted to detect four Aspergillus spp. (Fig. 2) using 3 uL
mixtures of NPs in different concentrations or combinations. The results for the detection of A.
flavus with and without NPs are shown in Figure 2a. The first curve appeared for mixture m
(reference sample without NPs), and then curves for the mixtures ml, m2, m3, and
m4,corresponding to Ag-NPs at concentrations of 25-100 pg/mL, appeared subsequently,
indicating partial RTi-PCR inhibition. However, the mixtures m5, m6, and m7, corresponding to
25-100 pg/mL TiO,-NPs, showed complete RTi-PCR inhibition. The amplification curves for the
RTi-PCR detection of A. parasiticus, A. ochraceus, and A. fumigatus are shown in Figure 2 b, c,
and d, respectively. Similar to the results for A. flavus, in all cases, the first curve appeared for
mixture m (reference, no NPs). Mixtures m1-m4 showed partial RTi-PCR inhibition, whereas

mixtures m5-m7 showed complete RTi-PCR inhibition.
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Fig. 2. Amplification curves of RTi-PCR for detection of a) A. flavus, b) A. parasiticus c)
A. ochraceus d) A. fumigatus with 3 uL of different combinations of Ag-NPs and TiO,-
NPs. (m) reference curve with no NPs, m1 with Ag-NPs at 100 pg/mL, m2 with Ag-NPs at
50 ug/mL and TiO»,-NPs at 25 ug/mL, m3 with Ag-NPs at 75 ug/mL and TiO,-NPs at 25
ug/mL, m4, with Ag-NPs at 50 ug/mL and TiO,-NPs at 50 ug/mL, m5 with TiO,-NPs at
100 ug/mL, m6 with TiO,-NPs at 50 ug/mL and Ag-NPs at 25 ug/mL, m7 with TiO,-NPs at
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75 ug/mL and Ag-NPs at 25 ug/mL.
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The second experiment was conducted to evaluate the effect of the 3-uL mixtures of the
NPs on the detection of four aflatoxin biosynthesis genes (tubl, afIR, aflD, and aflM) of A. flavus
Fig. 3. Fig. 3a shows the amplification curves for tubl, revealing that the four reactions (m1— m4)
with pure Ag-NPs and three combinations of Ag-NPs and TiO,-NPs (2:1, 3:1 and 1:1) exhibited
partial RTi-PCR inhibition. Pure TiO,-NPs andtwo combinations of TiO,-NPs and Ag-NPs (1:1,
1:2, and 1:3) indicated to complete RTi-PCR inhibition was observed for the mixtures m5-m7.
The same results were obtained for the detection of the aflR, aflD, and aflM genes, as shown in
Fig. 3b, ¢, and d, respectively.

— 1 6
,,,,,,,,,,,,,,,,,,,,, 1T 5 i
=
................... 4 3
7,
; /) /
i 7
Y/
V)7
VYA
/A
\.Q:_:f-s
0246 80RUBBALABBNRUF% B
Oy Oy
a) b)
§
6 n,
Zei)
5 n
/ =T
4
1
e
i3
i
2
1 27
) ———— | Ll
=
4
0246810RMUIBBALUBBNNUBRL
COyde Cyde

c) d)

Fig. 3. Amplification curves of the four genes, a) tubl, b) afIR, c¢) afID and d) aflM with 5
uL of different combinations of Ag-NPs and TiO,-NPs. (m) reference curve with no NPs,
m1l with Ag-NPs at 100 ug/mL, m2 with Ag-NPs at 50 ug/mL and TiO,-NPs at 25 ug/mL,
m3 with AQ-NPs at 75 ug/mL and TiO,-NPs at 25 ug/mL, m4, with Ag-NPs at 50 ug/mL
and TiO»-NPs at 50 ug/mL, m5 with Ag-NPs at 100 ug/mL, m6 with TiO,-NPs at 50 ug/mL
and Ag-NPs at 25 ug/mL, m7 with TiO,-NPs at 75 ug/mL and Ag-NPs at 25 ug/mL.

The same experiments were repeated using 5 pL of the added NPs rather than 3 uL, and
similar results were obtained. As shown in Figure 4, for the detection of all four Aspergillus
species (A. flavus, A. parasiticus, A. ochraceus, and A. fumigatus), the amplification curve of
mixture m (no NPs) appeared first, followed by those of m1 and m2, indicating partial inhibition.
However, mixtures m3-m7 all showed complete inhibition of RTi-PCR. The amplification curves
for tubl, aflrR, aflD, and aflM (Figure 5). Figure 5 a showed that the amplification curves for tubl
two reactions m1 and m2 for pure Ag-NPs and the combination of Ag-NPs and TiO,-NPs (2:1)
exhibited partial RTi-PCR inhibition, whereas complete RTi-PCR inhibition was observed for the
mixtures m3-m7. Figure 5b, ¢ and d showed amplification curves for aflIR, aflD and aflM genes
with the same results for tub1 gene.

We here demonstrate the inhibitory effects of Ag-NPs and TiO,-NPs in real-time PCR
detection. Ag-NPs and TiO2-NPs were added to the real-time PCR system at two amounts (3 pL, 5
ML) and at various concentrations, either alone or in combination at different ratios for the
detection of Aspergillus species and aflatoxin genes of Aspergillus flavus. We found that Ag-NPs
resulted in partial inhibition of the reaction alone or at higher ratios in combination with TiO2-
NPs. However, TiO2-NPs alone or at higher ratios in combination with Ag-NPs completely
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inhibited the reactions. The majority of combinations at the higher amount (5 pL) also resulted in
complete inhibition. However, the results of this study indicate that inclusion of Ag-NPsand TiO2-
NPsin real-time PCR should be undertaken with caution, and only after thorough evaluation and
validation of the impact of the Au-NPs on the assay under the specific conditions chosen for
analysis.
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Fig. 4. Amplification curves of RTi-PCR for detection of a) A. flavus, b) A. parasiticus c)

A. ochraceus d) A. fumigatus with 3 uL of different combinations of Ag-NPs and TiO,-

NPs. (m) reference curve with no NPs, m1 with Ag-NPs at 100 ug/mL, m2 with Ag-NPs at

50 ug/mL and TiO,-NPs at 25 ug/mL, m3 with Ag-NPs at 75 ug/mL and TiO,-NPs at 25

ug/mL, m4, with Ag-NPs at 50 ug/mL and TiO»-NPs at 50 ug/mL, m5 with TiO,-NPs at

100 ug/mL, m6 with TiO»-NPs at 50 ug/mL and Ag-NPs at 25 ug/mL, m7 with TiO,-NPs at
75 ug/mL and Ag-NPs at 25 ug/mL.

Several studies have shown that the combination of certain NPs can greatly improve the
amount and stability of PCR products, which has led to an explosion in research on nanomaterials-
based PCR for biological and biomedical applications [21] and [12] showed that the addition of
TiO,-NPs significantly enhanced the PCR efficiency for various types of DNA templates, with an
increase in the amount of PCR products and reduction in the reaction time when using the optimal
concentration of TiO,-NPs. This performance improvement was largely attributed to the fact that
TiO,-NPs show faster heat transfer and efficient denaturation cycles. It is possible that NPs
increase the speed of the denaturation process at the NP surface initially (perhaps by some
catalytic mechanism), which contributes to the time efficiency. However, [13] showed that Ag-
NPs and/or TiO,-NPs could cause partial or complete inhibition of real time PCR, with the latter
showing a stronger inhibitory effect. Thus, the complex interaction mechanism between Ag-NPs
and TiO,-NPs remains somewhat of a mystery, which warrants further exploration with more solid
experiments.
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Fig. 5. Amplification curves of the four genes, a) tubl, b) afIR, c¢) afID and d) aflM with 5
uL of different combinations of Ag-NPs and TiO,-NPs. (m) reference curve with no NPs,
ml with Ag-NPs at 100 ug/mL, m2 with Ag-NPs at 50 ug/mL and TiO,-NPs at 25 ug/mL,
m3 with Ag-NPs at 75 ug/mL and TiO,-NPs at 25 ug/mL, m4, with Ag-NPs at 50 ug/mL
and TiO,-NPs at 50 ug/mL, m5 with Ag-NPs at 100 ug/mL, m6 with TiO,-NPs at 50 ug/mL
and Ag-NPs at 25 ug/mL, m7 with TiO,-NPs at 75 ug/mL and Ag-NPs at 25 ug/mL.

Evaluation of ZnO-NPs (35 nm) and TiO,-NPs (100 nm) on the PCR-based detection of
the lacZ gene of Escherichia coli and the 16S rRNA gene of Pseudomonas aeruginosa. They
found that ZnO-NPs (0.4 mg/mL) highly enhanced the amount and purity of the PCR products for
both genes, with an approximate 50% reduction in the total reaction time achieved by using the
two types of NPs [23].

Evaluated the effects of the addition of Au-NPs with diameters ranging from 5 nm to 20
nm on RTi-PCR. Low concentrations of Au-NPs did not show any obvious effect on the reaction,
whereas reaction inhibition became more apparent as the NP concentration increased. It was
shown that the interaction and binding of Au-NPs to Taq polymerase reduced the concentration of
free polymerase and therefore contributed to the inhibition of the RTi-PCR [24,25].

Nevertheless, adding an optimal concentration of Au-NPs into the PCR reagent mixture
for RTi-PCR increased the PCR efficiency and shortened the reaction time, yielding greater
amounts of PCR products and increasing the heating/cooling rates. In particular, the addition of
AuU-NPs increased the sensitivity of PCR detection by at least 7-fold and 4-fold compared to
conventional PCR and RTi-PCR, respectively. The intrinsic thermal properties of NPs allows the
thermal conductivity to be increased by >20% when the NPs are suspended in water, so that the
heat flux is transported resulting in thermal equilibrium with the environment. These properties of
Au-NPs are very important factors for the performance of PCR machines [26].

4. Conclusions
We believe that our study makes a significant contribution to the literature because NPs

have been considered to improve the performance and efficiency of conventional and real-time
PCR owing to their intrinsic thermal properties; however, inhibition has also been detected, and
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the results are inconsistent. Our study stresses the importance of considering the optimal
concentration, type, and combination of NPs to be included in real-time PCR. In addition, most of
the work conducted to date on NPs in PCR has focused on gold NPs; therefore, our study
contributes to the general literature on the application of nanomaterials in biotechnology.
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