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Abstract

Studies on nucleic acid-based diagnostics technology have been widely applied to clinical disease diagnosis. In particular,
practical effective techniques for the isolation and purification of nucleic acids from pathogenic cells are crucial to ensure
the accuracy of analysis. However, numerous organic reagents from the current commercial nucleic acid extraction kits have
varied potential side effects in early and further specific diagnosis. Here, we present an easy-to-operate assay for nucleic
acid extraction through an outstanding two-dimensional material—black phosphorus (BP), which has attracted significant
interest in the diagnosis and treatment of diseases due to its high charge carrier mobility, strong optical absorption, and
excellent bioactivity. With the characterization of BP, we proposed an optimized nucleic acid extraction system. A portable-
safe single 808 nm near-infrared (NIR) laser was used for the BP thermal heating system for nucleic acid extraction without
any larger thermal instrument. We found that the purity and quantity of nucleic acid extracted in the BP-based system were
three times higher than in a commercial kit. We also modified the nanosized BP coated with homobifunctional imidoester
(HI) to enhance the biomolecule binding with both biocompatibility and surface-crosslinking abilities. We believe that the
BP-HI-laser system could be a good candidate for designing nucleic acid extraction for disease diagnosis systems.

Keywords Nucleic acid extraction - Black phosphorus - Homobifunctional imidoesters - Disease diagnosis system -
Molecular diagnostics

1 Introduction

Currently, medical and health services globally face major
challenges regarding pathogen infection [1-3]; their quick
and accurate detection remains a major topic of scientific
research [4, 5]. In particular, different approaches toward
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DNA extraction have rapidly developed in the last century
and have been applied in disease diagnosis [6, 7]. At pre-
sent, the main methods for DNA extraction are the concen-
trated salt method, anion decontamination method, water
extraction method, phenol extraction method, and enzy-
matic hydrolysis method [7, 8]. Moreover, methods of the
proteolysis cell membrane and DNA extraction have been
developed into commercial kits that are widely used [9],
such as QIAGEN, BLOG, and Tiangen kits. Today, DNA
extraction is considered a reasonably routine process [10];
however, these methods possess shortcoming depending
on the type of organism and tissue used. Considering the
QIAGEN kit as an example, which works on the principle
that the enzyme decomposes the cell membrane and associ-
ated proteins to release DNA, however, the enzyme simul-
taneously damages nucleic acids [11, 12]. Additionally, the
kit suffers from DNA content loss since it requires a lot of
liquid transfer and multiple elution processes. Since DNA
quality, integrity, and yield constantly affect the results of
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subsequent experiments, it is vital to choose reliable DNA
extraction techniques [13, 14].

The ability to amplify low-copy DNA simultaneously
makes in vitro PCR one of the most important techniques
in molecular biology [14-16]. However, PCR technology
has its own series of shortcomings, thus, its reliability is
occasionally questioned and debated [13]. First, sufficient
DNA content cannot be obtained in the subsequent PCR
cycle amplification process if the test sample has inadequate
DNA content, which affects the final test result. Second,
PCR inhibitors interact with nucleic acids and interfere
with DNA polymerase or other thermostable enzymes, thus,
directly influencing the reaction [17, 18]. This interaction
with nucleic acid binding may alter amplification and lead
to the co-purification of inhibitors and DNA. In addition,
DNA polymerases can be directly attacked by inhibitors to
block or change their enzymatic activity [19].

Initially, some researchers began to examine nanomate-
rial-assisted PCR (nanoPCR), and subsequently research
groups have investigated and understood mechanisms and
interactions between nanomaterials and biological sys-
tems. Among them, 2D layered materials, such as gra-
phene and boron/carbon nitride, have attracted enormous
interest due to their extraordinary physical and chemical
properties and have been developed in the fields of elec-
tronics, energy storage, optical modulators, and sensors
[20-22]. As a new star of the 2D materials family, black
phosphorus (BP) has attracted considerable attention since
its first mechanical exfoliation from bulk BP in 2014 [23,
24]. BP consists of corrugated planes of P atoms with
strong in-plane covalent bonding and weak interlayer van

Fig. 1 Flow chart of DNA
extraction by the designed black
phosphorus-near infrared-
homobifunctional imidoester
(BP-NIR-HI) system

Black phosphorus (BP)

Mix 3~5s

Escherichia coli

der Waals interactions, which benefit its bilayer structure
along the zigzag direction and puckered lattice configura-
tion along the armchair direction [25, 26]. Thereby, BP is
superior due to its much higher surface-to-volume ratios,
better molecular adsorption energy, and modified biocom-
patibility, having wide applications in biochips, drug treat-
ments, nano-bioprobes, and biological applications.

Here, we proposed the use of the photo-thermal prop-
erties of BP for the purpose of improving the enzymatic
digestion method of a spin-column kit to extract DNA
from the pathogen Escherichia coli (E. coli). As shown
in Fig. 1, the BP-near-infrared (NIR)-homobifunctional
imidoester (HI) system for DNA extraction was designed
based on our optimized nucleic acid protocol [27]. There-
after, the enriched nucleic acids were simply spun down
and eluted using our prepared elution buffer. Nucleic
acids released from BP nanosheets were collected, and
the quantity and purity of the extracted nucleic acids were
checked through RT-PCR and nanodrop to validate the
function of the BP-NIR-HI system. Meanwhile, we stud-
ied the possible mechanisms of the BP-NIR-HI system
through a variable control experiment. As a result, the
chemical characterizations (surface potential charge and
reactive oxygen species (ROS) release) supported our
hypothesis. Furthermore, we proposed a reasonable BP
thermal nucleic acid amplification system based on the
PCR system. Hopefully, this study on the bioapplication of
BP nanosheets will bring about more opportunities relat-
ing to the improvement of disease diagnostics for clinical
applications.
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2 Experiments
2.1 Chemicals and Reagents

All experimental reagents were analytically pure and used
without further purification. Dimethyl suberimidate dihy-
drochloride (DMS; Sigma, 179,523-5G), BP (6 Carbon
Technology, Shenzhen), a commercial QITAGEN amp DNA
Mini Kit (DNA Mini Kit: Cat No. 51304), Milli-Q water
with a resistance greater than 18 MQ, 99% ethyl alcohol,
and phosphate-buffered saline (10 X, pH 7.4) were used
in all experiments.

2.2 Biological Samples

Prokaryotic E. coli (ATCC25922) was inoculated into
the nutrient broth or LB (Luria Broth) medium and kept
overnight in a shaking incubator at 37 °C and 210 rpm.
Samples ranging from 10° to 10> CFU (Colony-Forming
Unit) were used for this study. The primer set was used for
enhancing both biocompatibility and surface-crosslinking
abilities.

2.3 Preparation of the Black Phosphorus
Nanoparticles

BP nanosheets were prepared by bath sonication. Then,
10 mg of the BP mass (multilayer) was dispersed in 10 mL
of ultrapure water and treated ultrasonically within an ice
bath for 4 h. After sonication, BP nanosheets were col-
lected through centrifugation and dried to a powder in a
56 °C oven for further use. Prepared BP nanosheets were
rinsed with alcohol to achieve HI functionalization and
enhance both biocompatibility and surface-crosslinking
abilities.

2.4 Characterization

An 808 nm laser was used to study the plasmonic thermal
effect of BP by irradiation (Beijing Leizhiwei Photoelec-
tric Technology Co., Ltd., China). An infrared imager
(E98, FLIR company, Germany) was used to detect the
temperature. The field emission scanning electron micro-
scope (FE-SEM) and JSM-7500F (JEOL) were used to
characterize the morphology of the BP materials (mass
and nanosheet). Energy dispersive x-ray (EDX) analy-
sis was used to analyze the elemental composition in the
composite material, and UV/visible spectroscopy was
used to determine the composite materials and check the
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concentration of the BP solution. The stability of materi-
als was tested through zeta potential (Malvern zetasizer).
Moreover, the released ROS was detected by a microplate
absorbance reader.

2.5 Referred DNA Extraction by QIAZEN kit

First, 200 uL of 1x 10 E. coli sample was mixed with 200 pL
of QIAZEN lysis buffer, and 2 pL of proteinase K was then
added. Thereafter, this solution was incubated at 55 °C for
10 min. Following this, 200 pL of 100% alcohol was added
to the solution, which was then transferred to a filter tube and
centrifuged at 8000 rpm for 1 min. After discarding the liquid,
500 pL of AW1 solution was added to the filtered tube, which
was then centrifuged at 8000 rpm for 1 min and the liquid
was discarded. Next, 500 pL of AW2 solution was added to
the filtered tube, centrifuged at 13,000 rpm for 3 min, and the
liquid was discarded. Finally, 100 pL of elution was added to
the tube. After standing for 1 min, this was then centrifuged
at 8000 rpm for 1 min. The resulting solution was the DNA-
containing solution.

2.6 Designed BP-NIR-HI System for DNA Extraction

As shown in Fig. 1, the BP-NIR-HI system for DNA extraction
was designed based on the optimized nucleic acid protocol.
Initially, 200 pL of E. coli (CFU: 1x10°) was tested using a
commercial kit. First, 200 pL. of BP nanosheet was added to
the tube and the sample was irradiated by an NIR laser. The
irradiation time and current of the laser were adjusted for dif-
ferent concentrations of BP nanosheet solutions to control the
thermal system. The goal was to increase the temperature of
the system to 55 °C and current to 3 A (ampere) for 2 min of
irradiation. The increased temperature of the solution could be
maintained for 5 min. To mix the solution well, the tube was
vortexed or the bottom of the tube was gently patted. Later,
HI (DMS, 50 pL. 100 mg/mL) was added to the test tube and
mixed for 1 min to help the BP nanosheets extract the nucleic
acid. Then, BP nanosheet-based precipitation was obtained by
quickly centrifuging at 13,000 rpm for 1 min and removing the
supernatant. Finally, 100 pL of elution buffer (pH~ 10.6) was
used to resolve the nucleic acid in the supernatant by pipet-
ting 3-5 times. This was then centrifuged at 13,000 rpm for
1 min to obtain the supernatant, which was the final extracted
nucleic acid solution.
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Fig.2 Characterization of black phosphorous (BP) multilayer
and nanosheets after fragmentation. A Scanning electron micro-
scope (SEM) image of commercial solid BP. B Energy-disper-
sive X-ray spectroscopy (EDX) spectra of the solid BP and the
inside molecular diagram of the BP multilayer. C SEM image of
BP nanosheets after 4 h in an ultrasonic water bath (size around

3 Results and Discussion

3.1 Characterization of the Black Phosphorous
Multilayer and Nanosheets

We proposed a new pathogen DNA extraction strategy
(Fig. 1) called the BP-NIR-HI system. First, we analyzed
the morphology of the BP materials through SEM. The
untreated BP mass showed multilayering with a size of
around 3-5 pm (Fig. 2A). According to the assisted EDX
spectrum of BP mass shown in Fig. 2B, the high content
ratio of P (86.96%) confirmed the properties and purity of
the commercial BP mass. Meanwhile, the exited O (13.04%)
indicated that the activated surface of BP would be oxidized
by the O quickly in the air. After protected sonication, the
fragmentation of BP showed dispersion sheets with sizes of
less than 100 nm (BP nanosheets, Fig. 2C).

Second, we studied the surface charge of our materials
through the zeta potential. We set two factors in one studied
group, BP multilayer vs. BP nanosheets, and the stability
after maintaining for 30 days (Fig. 2D). We found that the
real-time detection of the BP multilayer (surface charge:
|- 51) demonstrated the considerable activity of the BP mass
surface [28]. This result also echoes that of the O in the EDX
spectrum. Moreover, the surface charge of the BP nanosheets

Laser Time on BP (min)
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50-100 nm). D Stability of the BP multilayer and nanosheet through
testing the zeta potential value of instant and water-preserved sam-
ples. E Effect of laser irradiation on the stability of BP nanosheets.
Error bars indicate standard deviation from the mean based on at least
three independent experiments

showed that it had less activity than the BP multilayer. We
inferred that the oxygenation BP materials were related to
the quantity of P. In addition, the BP nanosheets showed
higher stability than BP mass in solution. In another studied
group, we detected the irradiation time effect on the stability
of the BP nanosheets solution. The results (Fig. 2E) showed
that the surface charge remained in the range of |+20~ +40,
thus, it was relatively stable.

Third, we studied the laser-plasmonic thermal perfor-
mances of the BP nanosheets and recorded these using a
thermographic imager (Fig. 3A). The current of the laser
was optimized through multipoint tests. The timeline of the
laser-plasmonic thermal performances of the BP nanosheets
(500 pL, within different concentrations, irradiation with
current — 2 A for 10 min) was studied using a simple ther-
mometer (Fig. 3B). The pure water was not affected by the
laser irradiation. Furthermore, we decreased the amount of
solution to 200 pL to obtain an appropriate amount for a
further nucleic acid extraction system, and 12 sets are shown
in Fig. 3C. The laser irradiation was paused at 10 min to
observe the temperature decrease rate. We found that the
temperature of the solution could be controlled by adjusting
different concentrations of BP nanosheets and different cur-
rents of the laser. In addition, the temperature decrease rate
after stopping laser irradiation was high-speed. For example,
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Fig.3 Laser (808 nm)-plasmonic thermal effect of black phospho-
rous (BP). A Scheme of the 808 nm laser irradiation on BP. Thermo-
graphic images of the laser current — 3A on 100 pg/mL BP nanosheet
samples at 36 s and 3 min 36 s. B Timeline of the laser-plasmonic

under the BP concentration of 1000 pg/mL, in 4A reaction
conditions, it could reach about 95 °C in 5 min, which was
the melting temperature of DNA in the DNA extraction sys-
tem. Meanwhile, it could reach 65 °C after 1 min after stop-
ping laser irradiation, which would fit the temperature of
DNA extraction. Hopefully, the controllable thermal system
could lay a foundation for the subsequent use of BP and laser
irradiation systems to enhance DNA extraction efficiency.

3.2 DNA extraction by the Optimized BP-NIR-HI
System

According to the thermal report shown in Fig. 3C, BP
nanosheets were added to the E. coli sample, and the mix-
ture was irradiated by the 808 nm laser within 3 A current
intensity. The irradiation remained for 5 min and the tem-
perature of the system was about 55-60 °C for 2—3 min. This
was followed by the nucleic acid extraction steps, resulting
in the relatively pure DNA solution finally being obtained.
To verify the DNA extraction efficiency of the method
for pathogenic bacteria, we used the same concentration of
E. coli samples (10° CFU) by using the BP-NIR-HI system
and QIAGEN kit method to detect the DNA content. First,
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thermal performances of BP nanosheets (500 pL, with different con-
centrations, irradiation with a current of — 2A for 10 min). C Irradia-
tion current effects on the laser-plasmonic thermal performances of
BP nanosheets (200 pL, within different concentrations)

different concentrations of BP (200 pg/mL; 500 pg/mL) and
HI (DMS, 20 pL, 50 pL, 10 mg/mL) were used as differ-
ent reaction conditions to detect the effect on DNA content
extraction, and the same concentration of E. coli samples
was used as that used for the QIAGEN kit method. After the
DNA sample obtained after extraction was amplified by real-
time PCR, the test results of the Ct (Cycle threshold) value
under different reaction conditions were obtained (Fig. 4A).
The results showed that the Ct values in the four experimen-
tal groups that used the BP-NIR-HI system for DNA extrac-
tion were all lower than those of the DW (negative control
group) and QIAGEN kit group. Meanwhile, the above-men-
tioned DNA samples were tested for the nanodrop nucleic
acid content (Fig. 4B), which confirmed that the experimen-
tal groups of BP-NIR-HI were higher than those of the DW
(Deionized Water) and QIAGEN kit groups. Moreover, the
nucleic acid content of the BP5S00-HI50 group was about
three times higher than that of the QIAGEN kit group, hence
proving the good DNA extraction efficiency of the method
due to BP-NIR-HI’s equivalence to the traditional commer-
cial QTAGEN kit. In addition, the BP-NIR-HI system did not
require the use of thermal incubators and heave centrifuges
in the process (summarized in the workflow).
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Fig.4 Optimization of the black phosphorus-near infrared-homobi-
functional imidoester (BP-NIR-HI) system. Comparison of real-time
PCR results and nanodrop data of the BP-NIR-HI DNA extraction
method. A Comparison of DNA amplification efficiencies with dif-
ferent ratios of BP and HI in the BP-NIR-HI system, experimental
groups BP: 200 and 500 pg/mL, and HI: 20 and 50 pL. B Nucleic
acid concentration of the extracted DNA through the BP-NIR-HI
system. C Comparison of laser power for DNA extraction by the BP-

Furthermore, to explore the effects of different concen-
trations of BP and different currents on DNA extraction in
the BP-NIR-HI system, the same concentration of E. coli
(10* CFU) used 3 A and 3.5 A current intensity, and 1000 and
500 pg/mL BP were added to 50 pL of 10 mg/mL DMS, and
DNA samples extracted from the DW group and QIAGEN kit
group were compared at the same time. DNA amplification
was also performed in the real-time PCR system (Fig. 4C).
Results showed that the DNA content of the four experimental
groups of BP-NIR-HI was higher than that of the QIAGEN kit
and DW groups. At the same time, the extracted DNA content
was under the influence of the 3.5 A current laser intensity, and
1000 pg/mL BP was the highest. On this basis, we carried out
single factor (BP alone, HI alone, and laser irradiation alone),
two-factor (BP-HI, BP-NIR laser, and HI-NIR laser), and
three-factor (BP-NIR-HI) exploration of DNA extraction effi-
ciency (Fig. 4D). Results demonstrated that DNA extraction
could only be completed when BP, NIR laser, and HI acted
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NIR-HI system, experimental groups [different concentrations of BP
(1000 and 500 pg/mL)] and different currents (3 and 3.5 A). D One-
step BP-NIR-HI system design through the Ct value comparison of
the BP-NIR-HI group with the single-factor group BP, HI, and laser
and the double-factor group BP-HI, BP-laser, Hl-laser, and control
group DW and QIAGEN kit group after DNA amplification by real-
time PCR

simultaneously, and the Ct values of single- and dual-factor
were all above 30, which proved that higher content of DNA
could not be obtained, and there was no practical experimental
significance. In summary, the concentration of BP, intensity of
the laser current, and concentration of HI (DMS) all affected
the extracted DNA content, because the current intensity and
concentration of BP influenced the rising temperature of the
reaction system. Moreover, HI affected the enrichment effi-
ciency of DNA. Eventually, this led to differences in DNA
content after extraction. DNA extraction can proceed normally
and achieve the best extraction efficiency when all these three
factors are involved.

3.3 Mechanism study of the BP-NIR-HI System
for Nucleic Acid Extraction

For the study of the mechanism of DNA extraction of the
BP-NIR-HI system, we explored the possible factors through
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Fig.5 Mechanism study of the
black phosphorus-near infrared-
homobifunctional imidoester A
(BP-NIR-HI) system. A Scheme
of the bio-performances of BP
under laser (NIR) plasmonic
irradiation. B Reactive oxygen
species (ROS) detection assay
of BP with E. coli, Dichloro-
dihydrofluorescein diacetate
(DCFAD) kit in 485/535 nm. C
Stability study of the possible
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the qualitative method. Except for the obvious (a) thermal
effect, which we have explained in the laser-plasmonic ther-
mal performances of BP nanosheets [29, 30], the related
chemical effects and the effective activity of BP nanosheets
by HI crosslinking have been provided (Fig. 5A). (b) Studies
have shown that BP causes an effective antioxidant to be pre-
sent in the solution [27, 31, 32]. Here, we tested the intensity
of the ROS of BP nanosheets by the dichlorodihydrofluores-
cein diacetate (DCFDA) ROS kit. We observed a sustaining
ROS release from the degradation of DCFDA. Moreover,
as we used longer irradiation, the amount of released ROS
increased, which is a good sign that it helped the nucleic acid
release in the system. We added 200 pL of BP nanosheets
(500 pg/mL) to 200 pL of E. coli in a sample tube and used
3 A laser irradiation for different lengths of time (1-5 min).
The OD (Optical Density) value of 560 nm was set for the
detection. The experimental results are shown in Fig. 5B.
With the gradual prolongation of irradiation time, the con-
tent of ROS production increased and reached about 192%
of the blank control group at 5 min. Obviously, the pro-
duction of a large amount of ROS is conducive to destroy-
ing the cell membrane, cytoplasm, and other components
of the bacteria, as well as to the release of more DNA. (¢)
The principle of how HI works on biomaterial crosslinking
has been studied for many applications [33, 34]. Here, we
added the HI to activate the BP nanosheets and facilitate
the linking of the nucleic acids to the surfaces of the BP
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Material Set for Mechanism Study

nanosheets. In particular, we designed a study based on the
processed composites during the extraction system where
we used commercial chains of DNA to test whether the HI
linked the BP and nucleic acids. The pure BP, BP-HI, and
BP-HI-DNA were prepared by two dissolution methods. We
found that the BP-HI composites showed some activity and
the BP-HI-DNA showed mild stability (Fig. 5C) even after
washing several times. We believe that this could be strong
evidence for the crosslinking principle.

4 Conclusion

Here, we reported a new DNA extraction technology named
the BP-NIR-HI system. The BP nanosheets have a series
reaction in solution with NIR laser irradiation. The laser-
plasmonic thermal performances of BP generated a high
temperature after laser irradiation, which might cause the
fragmentation of cell membranes and assist nucleic acid
release. According to our characterization, we tested dif-
ferent concentrations of BP nanosheets for use with chemi-
cal lysis buffer for their ability to assist with nucleic acid
release from cells. The current method of an NIR laser has
been optimized through multi-point tests. HI, as the biocom-
patible cross-linking reagent, was added to the reaction to
enrich and attract the nucleic acid to the BP nanosheets after
thermal lysis. Moreover, the applied HI helped the nucleic
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acid crosslink with BP nanosheets, and the eluted nucleic
acid could be applied for further diagnosis. Furthermore,
BP-NIR-HI system did not require the use of thermal incuba-
tors and heave centrifuges in the process Hopefully, studying
the bio-applications of BP nanosheets will bring us further
opportunities for clinical applications.
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