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Abstract:

Black phosphorus (BP), also known as phosphorene (PP), is a fascinating
two-dimensional (2D) material with extraordinary anisotropic mechanical, electronic
and optoelectronic properties. However, PP is sensitive to oxygen and moisture and is
completely degenerated by oxygen and humid air within 12 hours, which limits its
applications. Here, we coat PP with hexamethylenediamine (HMA), which allows the
coated PP to maintain its original form in aqueous solution for over one month. The
stable PP is dotted with gold nanoparticles to facilitate binding to a
3,3’4,4’-polychlorinated biphenyl (PCB77) aptamer (ap) as a biosensor. The aptamer
biosensor based on gold nanoparticle-dotted PP nanocomposites (PP-AuNPs) exhibits
superior analytical performance, and its sensitivity (391.1 uA cm™) is approximately

three times higher than that of an AuNP-based sensor (AuNP-Ap/Au electrode, 147.2



nA cm™). This biosensor has a low detection limit (DL) of 33 pg L' toward PCB77
with a dynamic response range toward PCB77 from 100 pg L™ to 10 ug L. This
research opens up avenues for the use of PP to make multiplexed diagnosis platforms

in aqueous systems.
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Introduction:

Single-layer or few-layer black phosphorus (BP), also known as phosphorene (PP),
was successfully isolated in 2014 and has attracted high research interest due to its
extraordinary properties(Bui and Yarmohammadi 2018; Guo et al. 2018; Li et al.
2014a). Monolayer BP is a new two-dimensional (2D) material with high carrier
mobility (ca. 1000 cm?/Vs, along the armchair direction)(Li et al. 2014b; Qiao et al.
2014) in which each phosphorus atom is bonded with three adjacent phosphorus
atoms to form a puckered honeycomb lattice(Jiang and Park 2014a, b). However, PP
is highly sensitive to oxygen and humidity due to the two lone pairs of electrons in
each phosphorus atom (caused by sp’ hybridization) and its enormously high surface
to volume ratio(Mayorga-Martinez et al. 2015). This issue leads to significant
deterioration in device performance in humid conditions(Lee et al. 2017; Li et al.
2017; Miao et al. 2017).

Several approaches have already been applied to improve the stability of PP(Hu et
al. 2018; Zhang et al. 2018). The main strategies in passivation of PP are
encapsulating PP by oxidizing the top layer of phosphorene by oxygen plasma dry
etching(Wan et al. 2018), capping PP with 2D graphene(Xing et al. 2017), and
covalent functionalization and non-covalent functionalization. They are all recent
efforts to ameliorate its problematic air and moisture instability(Jeong et al. 2018;
Late 2016). However, plasma etching and covalent functionalization inevitably
introduce undesirable and irreversible detects to PP, and capping 2D graphene layer

against degradation introduce unwanted source of surface. Non-covalent



functionalization can keep the intrinsic property of PP and serve as a physical barrier
preventing oxygen from reaching the surface. Nowadays, the PP obtained by the
solvent exfoliation method is still sensitive to humid air(Late 2016). Here, we
passivate PP with self-assembled monolayers of hexamethylenediamine (HMA) in
chloroform to eliminate its instability under oxygen and humid conditions. The HMA
coating PP not only keep PP’s originally puckered honeycomb structure and thus
good conductivity, but also enhance PP’s stability and dispersion in aqueous solution.
The HMA coating on the surface of the PP enables the PP to maintain its original
form in aqueous solution over one month.

This stable PP with high electrical conductivity and a large surface area has
attracted increasing attention, and more researchers will use PP as a multiplexed
diagnosis platform in aqueous system. As is well known, the use of 2D materials has
been established in the sensitive detection of biomolecules and environmental
pollutants(Wu et al. 2012). Superior biosensing materials are the core technology for
improving the long-term stability of biosensors in vitro, their detection limit (DL) and
sensitivity, etc. Liu et al. have compounded PP with Co304 and TiO, to improve the
electrochemical performances(Liu et al. 2018; Luo et al. 2018; Tan et al. 2017). In
this work, PP has been dotted with gold nanoparticles (AuNPs) that function as
binding sites to anchor additional biomolecules on the underlying PP. The
combination of the aptamers with nanomaterials is promising in the development of
biosensing platform(Kumar et al. 2016; Zhao et al. 2018). Thiol-modified DNA

aptamers for 3,3°4,4’-polychlorinated biphenyl (PCB77) are isolated from a pool of



random-sequence oligonucleotides using the systematic evolution of ligands by
exponential enrichment (SELEX) method.(Xu et al. 2012) The aptamer is
immobilized on the stable PP-AuNPs via self-assembly interactions between the
AuNPs and aptamers. The prepared biosensor displays high sensitivity and specificity
for PCB77 and is a promising candidate for the rapid determining PCB77 on site.
2. Experimental Section

2.1 Materials and Solutions

3,3’4,4’-PCB (PCB77), 3,4,4’,5-PCB (PCBS81), 3,3°,4,4’,5-PCB (PCB126) and
2,3,3’4,4°5,5°-PCB (PCB189) are obtained from Dr. Ehrenstorfer (Germany). HMA,
chloroform, hexachlorobenzene (HCB), and other chemicals are purchased from
Sigma-Aldrich (USA). The aptamer sequence is
5’-SH-(CH)e-GGCGGGGCTACGAAGTAGTGATTTTTTCCGATGGCCCGTG-Fc
-3” which is synthesized through Takara Biotechnology Co. Ltd. (Dalian, China). The
aptamer is stored in 20 mmol L' pH 8.0 Tris-HCI.

2.2 Apparatus

Transmission electron microscopy (TEM) images are obtained by a JEM-2100
(Japan). Scan electron microscopy (SEM) images are obtained by a Zeiss Sigma 300
(Germany). Atomic force microscopy (AFM) is performed using peak force mode and
a silicon nitride cantilever tip (Bruker, USA). Raman samples are prepared by
dropping PP suspension on SiO; substrate and recorded using raman spectra (Thermo,
USA). X-ray Diffraction (XRD) patterns are recorded by an X-ray diffractometer

(Bruker, Germany). A CHI 660B Electrochemical Workstation (CHI Instruments Inc.)



works for cyclic voltammetry (CV) and differential pulse voltammetry (DPV). The
three-electrode system is an Au electrode as the working electrode, an Ag/AgCl
electrode as the reference electrode, and a platinum wire as the auxiliary electrode.

2.3 Preparation of PP and PP-AuNPs

The PP preparation process divides into two steps and performed in an acrylic glove
box to maintain specified levels of H,O and O,, which are necessary for the uniform
oxidation and hydroxylation of the PP surface layer. First, the BP materials are
exfoliated by ultrasonication in chloroform and DMF (1:1) with an argon supply to
remove dissolved oxygen molecules. The supernatant contains the PP and is collected
after centrifugation to remove the unexfoliated particles. The PP is transferred onto a
Si0,/Si wafer and immersed in a glass vial, which is capped and placed inside
silicone oil. The silicon oil is then heated to 130°C and maintained for 20 minutes.
After this step, the —OH groups form on the surface of the PP. Then, the PP is
transferred into chloroform with HMA at 100°C for 30 minutes to allow the HMA
molecules to link to the PP surface through proton transfer from -OH to -NH,, thus
forming ionic bonds. As a result, a more continuous and uniform protective
monolayer is formed on the surface of the PP.

Gold nanoparticle-dotted PP nanocomposites (PP-AuNP) are prepared by the
seed-induced growth method. First, 50 mL of 0.1 mg mL™" chloroauric acid and 50
mL of 0.25 mg mL™" PP solution are mixed together for 10 minutes, and then added

2.5 mL 4 mg mL" vitamin C in the above solution. Finally, 0.5 mL 10 mg mL"



sodium citrate is used for stopping the chemical reaction. After centrifugation at 1300
g for 5 minutes three times, the PP-AuNP nanocomposite is obtained.

2.4 The PP-AuNP-Ap/Au Electrode Constructed Process

To obtain a clean electrode, the Au electrode surface is cleaned by 0.05 um
diameter alumina powder and then ultrasonically washed with deionized water and
ethanol three times each. Subsequently, the Au electrode is electrochemically cleaned
by potential scanning in 1 mol L! H,SO4 from 0 to 1.7 V until reproducible CV are
obtained. The biosensor preparation process is shown in scheme 1: the solution of
PP-AuNPs (0.5 mg mL™") is shaken through ultrasound for 30 minutes. Subsequently,
the droplet containing materials is added to the surface of the electrode. And the
thiolated aptamer solution (8 pL, 1 pmol L") is added on the surface of
PP-AuNP-anchored Au electrode for 2 hours at 25 °C. Finally, the PP-AuNP-Ap/Au
biosensor is obtained.

Excess deionized water is used for washing all of the electrodes to remove weakly
adsorbed aptamers before electrochemical measurements. The preparation protocols
for the other electrodes are similar to that of the PP-AuNP-Ap/Au electrode. The
PP-AuNP-Ap/Au electrode and other electrodes are characterized by electrochemical

+3- solution.

scanning in 5 mmol L [Fe(CN)¢]
2.5 Detection of PCB77 by PP-AuNPs-Ap/Au Electrode
PCB77, a structurally coplanar compound and one of the most toxic PCB congeners,

causes cancer in animals and is a probable human carcinogen. PCB77 is selected as

the target compound, and 8 pL of PCB77 solution is added into the 5 mmol L'



[Fe(CN)6]4'/3' solution for 5 minutes to ensure sufficient PCB77 binding aptamer.
Subsequently, DPV is performed on the PP-AuNP-Ap/Au biosensor in 5 mmol L
[Fe(CN)6]4'/ 3 to detect the response signal of PCB77.

2.6 Safety Considerations

PCBs are carcinogenic agents. HMA has a strong amine odor and can cause serious
burns and severe irritation. The MSDS information of these chemicals should follow
the instruction, and precautions need to be taken for handling them (i.e., wearing
gloves, safety glasses and masks).
3. Results and Discussion

3.1 Physical Characterization of PP and PP-AuNPs

The morphology of the obtained PP are characterized by TEM. Figure 1 displays
representative TEM images of PP and PP-AuNPs. As shown in Figure 1a,
high-quality PP is prepared by the liquid exfoliation method. Figure 1b is a TEM
image of the PP-AuNP nanocomposites and clearly shows the modification of the PP
by the nanosized gold nanoparticles, which are dispersed on the PP surface. As shown
in Figure 1b and c, the gold nanoparticles cover 8% of the PP surface after the doping
of gold nanoparticles onto PP. The size of the gold nanoparticles is approximately
10-20 nm (Figure 1c, enlarged Figure 1b). The structures of PP and of the PP-AuNP
nanocomposites are also characterized by SEM. Figure 2a shows that high-quality PP
has been prepared and coated in some areas. As shown in Figure 2b, the gold
nanoparticles cover the PP surface. The SEM and TEM images prove that gold

nanoparticles have been dotted on the surface of PP. Figure S1 illustrates that the



elements gold and phosphorus appear in the energy-dispersive X-ray spectroscopy
(EDX) curve of the PP-AuNPs.

The stability of the modified PP is also characterized by AFM. As shown in Figure
S2A and B, without the HMA coating, the PP degenerates completely in aqueous
solution within 12 hours. This result is consistent with previous reports(Kwak et al.
2018). With the HMA coating on the surface, PP maintains its original form in
aqueous solution over one month (Figure S2C and D). The thickness of the HMA
coating on the PP is also characterized by AFM. As shown in Figure S3, the thickness
of the HMA coating is approximately 1.4 nm, and a uniform protection layer is
formed on the surface of the PP. The PP that can exist stably in aqueous solution could
be a promising platform for biosensors.

The structural information of the PP is also characterized by raman spectroscopy
and XRD. The raman spectroscopy can provide detailed vibrational and rotational
modes of the PP. Figure S4A shows the structural transformation of the PP and the
functionalization PP. The PP shows three peaks at 361 cm™ (the out-of-plane
vibrational mode A,'"), 435 cm™ (the in-plane vibrational mode Byg) and 463 cm™ (the
in-plane vibrational mode Agz). After coating HMA, these three distinct peaks still
exist, indicating that the functionalization PP maintain its original form. As shown in
Figure S4B, XRD pattern of the PP shows the orthorhombic crystal structure along
the (040) direction. After coating HMA, the XRD pattern does not change (data not
show in Figure S4B). This confirms that the functionalization PP keeps its original

form.



Based on these results, the PP-AuNPs nanocomposite preparation mechanism is
illustrated. A weak covalent bond is formed between the amine group and the surface
of the gold nanoparticles. The possible mechanism is the nitrogen atoms accepting
electrons from the Au and the formation of a weak covalent bond between the amine
group and the surface of the gold nanoparticles. This mechanism is consistent with the
conclusion from zhou’s group and toby’s group(Sainsbury et al. 2007; Zhou et al.
2010).

3.2 Monitoring the Immobilization of the PP-AuNPs-Ap/Au Biosensor

As is well known, the superb materials enhance the performances of the biosensors.
The stability of the immobilized material is a basic requirement for a biosensing
platform. Even though PP has excellent conductivity (1000 cm?/V-s), few studies use
PP as a biosensing platform due to its easy degradation in aqueous solvent. Now the
stable PP has been obtained in our work, the PP shows promise for application as a
biosensing platform. In this work, the modification process of the Au electrode is
monitored through CV in' 5 mmol L™ [Fe(CN)s]*" solution. Figure 3 displays the CV
curve of the bare Au electrode, PP-AuNP/Au electrode and PP-AuNP-Ap/Au

413 solution. The

electrode (curve a, curve b and curve c) in 5 mmol L™ [Fe(CN)g]
peak separation between the cathodic and anodic peaks is 65 mV. It indicates that the
electrode redox reaction is a reversible one-electron transfer process and the bare
electrode is very clean(Evans 2008; Grden 2017). The response signal of the

PP-AuNP/Au electrode (curve b) increases significantly in [Fe(CN)e]*"* solution. This

is mainly due to the PP-AuNP nanocomposites covering the Au electrode surface.



When the aptamer is anchored on the PP-AuNP/Au electrode, the response signal
decreases significantly. The reason is that most of the redox signal molecules
([Fe(CN)6]*"*) keep a longer distance from the PP-AuNP-Ap/Au electrode surface
than from the PP-AuNP/Au electrode surface, and the introducing aptamers have low
conductivity. It indicates that the thiol-aptamer is anchored on the PP-AuNP/Au
electrode.

3.3 The PP-AuNP-Ap/Au Electrode Detection of PCB77

PCB77, a structurally coplanar dioxin-like PCB, rendered as definite carcinogen in
human by the International Agency for Research on Cancer(Gunawickrama et al.
2008; Su et al. 2015). Due to its bioaccumulation and immunotoxic effects(de Roode
et al. 2002; Wang et al. 2010), PCB77 was added in the list of marine monitoring
programs in 2006(Danis et al. 2006). For these reasons, PCB77 is selected as the
monitoring chemical molecule. As one of the most sensitive methods, DPV is used for
detecting the PCB77 concentration by the PP-AuNP-Ap/Au biosensor. Redox-active
ferrocene molecules are used for electrochemical magnification of the response signal.
Figure 4 shows that the response signal of the biosensor is improved with the addition
of PCB77. With the addition of PCB77 (from 100 pg L™ to 10 pg L™), as shown in
Figure 4A, the response signal of the PP-AuNP-Ap/Au biosensor successively
increases. This biosensor has a low detection limit (DL) of 33 pg L™ toward PCB77
with a dynamic response range toward PCB77 from 100 pg L™ to 10 pg L™*. The DL
of this biosensor (33 pg L™) significantly surpasses the DLs obtained using previously

reported methods (Table S1)(Chen et al. 2016; Fu et al. 2015; Pilehvar et al. 2014).



The possible mechanism of the identification of PCB77 by the aptamer is shown in
scheme 1. Before the aptamer binds PCB77, no helix or hairpin structures are formed
by the aptamer. The random linear structure of the aptamer keeps the ferrocene (signal
molecules) a long distance from the electrode. As a result, there is no response signal
before the binding of PCB77. Upon binding PCB77, the aptamer forms a hairpin
structure(Xu et al. 2012), which allows the ferrocene to touch the electrode. Then,
there is an obvious response signal from the electrode.

Furthermore, the sensitivity and reliability of the Ap/Au biosensor, the
AUNP-Ap/Au biosensor and the PP-AuNP-Ap/Au biosensor are systematically tested.
Sensitivity is the slope of the calibration curve, i.e., (Rs-Rp)/C. Rss is the response
signal of the biosensor after the addition of standard solutions of the analyte, Ry, is the
response signal of the background, and c is the analyte concentration(Thevenot et al.
2001). The sensitivities of the Ap/Au biosensor, the AUNP-Ap/Au biosensor and the
PP-AuNP-Ap/Au biosensor are 116.6, 147.2 and 391.1 pA cm?, respectively. The
reliability of the biosensor for given samples depends on both selectivity and
reproducibility. The selectivity of the biosensor is the ratio of the signal output with
the analyte alone to that with the interfering substance alone. The selectivity of the
PP-AuNP-Ap/Au biosensor is tested against hexachlorobenzene (HCB) and other
coplanar PCBs. Figure 5 shows the DPV signals of the PP-AuNP-Ap/Au biosensor
against 5 types of target analytes (100 ng L™). Due to the excellent selectivity of the
aptamer, the signal of PCB77 shows the most significant change among the tested

chemicals. Benzene derivatives (i.e., chlorobenzene, p-cresol and phenol) always



coexist with PCB77 in the environment. They also have similar physicochemical
properties. These chemicals are also screened by the biosensor. There is no signal
changes for these benzene derivatives in this study, so these data are not shown in
Figure 5.

The reproducibility is a measure of the scatter of the drift in a series of results
obtained over a period of time. It is generally determined for the analyte
concentrations within the usable range(Thevenot et al. 2001). Figure S5 shows the
response signals for the determination of PCB77 at 100 ng L' by the
PP-AuNP-Ap/Au biosensor 8 times with a sample testing interval of an hour. The
relative standard deviation (RSD) of the 8 testing results by the PP-AuNP-Ap/Au
biosensor is under 5%, which indicates that the PP with the protective layer is stable
enough to serve as an immobilization platform for the biosensor. It does not
degenerate easily in aqueous solution with an output current, and it is not a single-use
biosensor. The storage stability is another important characteristic of the
PP-AuNP-Ap/Au biosensor. After refrigeration at 4°C for one week, this biosensor
retained over 90% of its initial response signal.

3.4 Monitoring of Tap Water Samples by the PP-AuNP-Ap/Au Electrode

In this work, the PP-AuNP-Ap/Au biosensor used for evaluating tap water samples
from different areas. The PP-AuNP-Ap/Au biosensor shows that four tap water
samples contain PCB77, and their response signals increase by 15%, 24%, 30% and
34%, respectively. As shown in Table S2, the differences in the concentrations

obtained by the biosensor and GC-MS are -29.4%, -6.7%, 13.6% and 10.0%,



respectively, which indicates that the biosensor detection results are in good
agreement with the GC-MS results. These results show that the developed biosensor
has potential as an efficient device for the selective detection of PCB77 from

environmental samples, although it might not be very precise.

Conclusions

The PP is far more air-sensitive and difficult to integrate on electrode. Thus, there
have been relatively few air-stability research. The current study develops a simple
method for stabilizing PP to overcome its air-sensitive property. After coating HMA,
the long-term stability of PP achieves one month, and the coating PP reserves intrinsic
properties. The stable PP is used as a biosensing platform, and this PP constructed
biosensor exhibits a concentration-dependent response to PCB77 with a low detection
limit and high selectivity. Coating PP provides an exciting opportunity to prepare
kinds of transistor or biosensor device under humidity. Looking forward to the future,
scalable and controllable synthesis method need to develop for commercial

application.
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Fig 2. SEM images of (a) PP and (b) the PP-AuNP nanocomposite.
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Fig 3. Cyclic voltammograms of the different Au electrodes in 5 mmol L™

[Fe(CN)e]*™. (a) Bare Au electrode (black line), (b) PP-AuNP/Au electrode (red line)

and (c) PP-AuNP-Ap/Au electrode (blue line).
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Fig 4. (A) Differential pulse voltammograms of the PP-AuNP-Ap/Au biosensor at
concentrations of PCB77 ranging from 100 pg L™ to 10 ug L. Pulse amplitude, 50

mV. (B) The increase in the peak current for different concentrations of PCB77. The

standard deviations are all less than 5%.
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Fig 5. Screening of four PCBs (3,3’,4,4’-PCB, PCB77; 3,4,4°,5-PCB, PCB81,;

3,3’,4,4’,5-PCB, PCBI126; 2,3,3’,4,4°,5,5°-PCB, PCB189) and hexachlorobenzene
(HCB) using the PP-AuNP-Ap/Au biosensor.





