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Abstract
DNA extraction is essential in fields like medicine, biotechnology, and environmental science. Traditional DNA-extraction 
methods often face challenges, especially with organisms like Aspergillus that have tough cell walls. We propose a novel 
method using black phosphorus nanosheets (BPNSs) in NMP(1-Methyl-2-pyrrolidinone)–NaOH solvent with dimethyl 
suberimidate (DMS) for efficient fungal DNA extraction. BP, with its unique layered structure and photothermal effects, 
combined with laser irradiation, eliminates thermal steps and hazardous chemicals, simplifying the process. Hence, BPNSs 
in NMP–NaOH solvent with DMS (BNNDs) are synthesized via a liquid-phase ultrasonic exfoliation method in NMP–NaOH 
solvent to produce monolayer BP, with the NMP–NaOH serving as the lysis buffer and DMS as the cross-linking agent. 
This approach significantly improves fungal spore lysis and DNA capture efficiency, achieving fungal DNA isolation in 
under 15 min with high sensitivity and specificity. Real-time qPCR analysis shows lower threshold cycle values and higher 
DNA yields compared to commercial kits. This technique is efficient, less labor-intensive, and avoids hazardous chemicals, 
unlike commercial kits. The assay has high sensitivity, detecting fungal DNA concentrations as low as 101 spores per mL. 
This BNND method offers a rapid, simple, and highly efficient solution for fungal DNA extraction, promising significant 
advancements in research and diagnostics across various fields.

Keywords  Aspergillus · Nucleic acid extraction · Black phosphorus nanosheets · Homobifunctional imidoesters · Molecular 
diagnostics

1  Introduction

Identification of pathogens is crucial in the field of medi-
cal diagnostics for accurate detection of infectious diseases 
and treatment selection [1, 2]. Particularly, fungal patho-
gens, estimated to comprise around 5 million species, are 
responsible for over 1.6 million deaths each year from fungal 
infections [3, 4]. Early diagnosis of these fungal diseases is 

significant to prevent progression to life-threatening stages 
of infection. However, the detection of fungal pathogens is 
challenging due to the difficulty of distinguishing molds 
from other types of invasive diseases, the non-specificity of 
early-stage symptoms, and the absence of a standard test for 
diagnosis [5, 6]. Common diagnostic tests include skin tests 
to observe immune responses, body-fluid tests that use tissue 
or blood for the histologic detection of fungi, and imaging 
tests, including chest X-rays [7–9]. These diagnostic meth-
ods, however, consume a lot of time and are inadequate for 
clinical use where rapid and accurate diagnosis of infection 
is crucial.

The polymerase chain reaction (PCR) emerged as a cor-
nerstone for fungal species detection, offering rapid and 
highly specific direct sample testing [10]. To optimize the 
efficiency of this PCR technique, it has become essential 
to extract fungal DNA as extensively as possible, facilitat-
ing detection even at minimal levels. However, the resist-
ance of fungal cell walls to traditional DNA-extraction 
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protocols posed a bottleneck, leading to inefficient isola-
tion of genomic DNA [11, 12]. Existing DNA-extraction 
methods using commercial kits often result in poor DNA 
quality and quantity, and choosing an appropriate proto-
col remains subjective and dependent on factors like cost 
and available equipment [13–15]. In addition, while many 
DNA-isolation protocols are organism-specific, few are 
optimized for fungal extraction, and commercial alterna-
tives often require multiple steps and specialized tools 
and reagents [16, 17]. Considering the critical impor-
tance of fungal DNA purity and integrity for PCR effi-
ciency, addressing these extraction challenges is crucial 
for advancing mycology and medical research.

The utilization of nanoparticle composites has emerged 
as a novel method for nucleic acid detection of viral infec-
tious diseases, showing various advantages in the diag-
nostics field [18–21]. Recently, we have reported findings 
where we utilized black phosphorus (BP) for DNA extrac-
tion from Escherichia coli [22]. BP is a two-dimensional 
material with a structure of nanosheets stacked over one 
another [23]. It possesses several advantages, including 
strong optical absorption, biocompatibility, and a large 
surface area, making it suitable for diverse biologic appli-
cations [24–26]. The study on DNA extraction from E. coli 
by combining BP with laser irradiation demonstrated the 
possibility of eliminating incubation steps, streamlining 
the process, and reducing reliance on hazardous chemi-
cals [22]. However, this approach faced limitations due 
to the instability and non-uniformity of black phosphorus 
nanosheets (BPNSs) synthesized in distilled water (DW), 
particularly in its applicability to organisms with complex 
cell structures, such as fungal species like Aspergillus. In 
addition, BP material is known to undergo degradation 
under the influence of oxygen and water, causing layers 
to aggregate and re-form into oxidized phosphorus com-
pounds [27–29].

To address the challenges of conventional DNA-extrac-
tion methods, we developed a BPNS in NMP–NaOH sol-
vent with DMS (BNND) method using stabilized BPNSs 
exfoliated in an organic solvent for efficient DNA extraction 
from fungal spores, including Aspergillus. By leveraging the 
unique properties of BP, we aimed to overcome existing lim-
itations and establish a rapid and reliable fungal DNA-iso-
lation method. BPNSs were synthesized in organic solvents 
to create stable and uniformly distributed nanosheets. The 
BNND-based fungal DNA-extraction method utilizes BPNS 
material synthesized through liquid-phase ultrasonic exfolia-
tion. This method employs ultrasonic waves to disrupt the 
weak van der Waals interactions between BP layers, using 
suitable solvents that prevent degradation. Four organic sol-
vents (NMP, NMP–NaOH, IPA, and DMSO) were tested, 
with DW included for comparison. These solvents provide 
stable dispersions of phosphorene, resulting in high BP-flake 

yields. We compared BPNSs synthesized in these solvents to 
select the most efficient material for fungal DNA isolation.

The BNND strategy enriches and extracts fungal DNA 
in under 15 min. BPNSs in NMP–NaOH solution (BNNs) 
serve as the lysis buffer, while DMS acts as the cross-linking 
agent. The technique involves spore lysis, DNA capture, and 
DNA elution, being efficient, non-labor-intensive, and free 
of hazardous chemicals compared to commercial kits. This 
optimized method demonstrates higher DNA-extraction effi-
ciency and effectiveness in detecting Aspergillus in spiked 
milk, suggesting broad applications in diagnostics and food 
safety. Overall, this BNND-based method offers a simple, 
rapid, and highly efficient solution for DNA extraction in 
research and diagnostics.

2 � Experiments

2.1 � Chemicals and Reagents

All reagents employed were of analytical purity and were 
utilized without additional purification. 1-Methyl-2-pyr-
rolidinone (NMP; C5H9NO, 99.5%), dimethyl sulfoxide 
(DMSO; C2H6OS, 99.5%), dimethyl suberimidate dihydro-
chloride (DMS; Sigma, 179523-5G), tris (2-carboxyethyl) 
phosphine hydrochloride solution (C9H15O6P · HCl, pH 
7.0), Tween 20 (P2287), sodium hydroxide solution (50% in 
H2O), and sodium hydroxide pellets (HNaO, 98%) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Isopro-
pyl alcohol (IPA; C3H8O, 99.9%) was obtained from Duksan 
General Science (Seoul, Republic of Korea). Sabouraud dex-
trose agar with chloramphenicol media (Cat. No. C6781; Lot 
No. 437412) was obtained from Hardy Laboratories (Santa 
Maria, CA, USA). 99% ethyl alcohol, DW (UltraPure™, Inv-
itrogen, USA), and phosphate-buffered saline (PBS, 10 × , 
pH 7.4, Thermo Fisher Scientific, Cas No. 12579099) were 
also used in the experiments.

2.2 � Instruments and Kit

A commercial DNA-isolation kit (QIAGEN QIAamp DNA 
Mini Kit, Cat No. 51304; Maryland, USA) was used for 
comparing Aspergillus DNA-extraction efficiency. A 130-W 
ultrasonic processor (20kHz, Model no. VCX 130PB, Sonics 
& Materials Inc., Newtown, CT, USA) was used for liquid 
exfoliation of BP powders and BNNs synthesis. An 808 nm 
laser (Beijing Leizhiwei Photoelectric Technology Co., 
Ltd., China) was irradiated on BNNs to utilize their photo-
thermal characteristics for DNA isolation. A CO2 incuba-
tor (BB 150, Themo Scientific™, 51023122) was used for 
Aspergillus fumigatus culture. Disposable hemocytometers 
(C-Chip) were purchased from Incyto (Cheonan, Republic of 
Korea). A vortex mixer (T5AL, Daihan Scientific Co., Ltd., 
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Wonju-Si, Republic of Korea) and a Magic Mixer (TMM-5, 
Topscien Instrument Co., Ltd., China) were used for thor-
ough mixing of solutions inside the tube. The CFX96 Touch 
Real-Time PCR Detection System, purchased from Bio-Rad 
(USA), was used to evaluate DNA-isolation efficiency.

2.3 � Biologic Samples

Aspergillus fumigatus (ATCC36607) was used in the present 
study. It was cultured in Sabouraud dextrose agar medium 
plates using the center culture method and incubated at 
25 °C for 5 days. A. fumigatus spores, generated during its 
growth phase, were harvested using 0.01% Tween 20 Buffer 
in DW. After thorough washing in PBS through centrifuga-
tion (1500 rpm; 3 min), which was repeated three times, the 
spores were stored in DW for future use in experiments and 
their concentrations were quantified using light microscopy 
at 200 × magnification in a hemocytometer chamber.

2.4 � Preparation of the Black Phosphorus 
Nanosheets (BPNS)

BP crystals with a purity of 99.999% were purchased from 
2D Semiconductors. BPNSs were synthesized using a liquid-
phase ultrasonic exfoliation method (Fig. 1a) [30, 31]. In this 
“top-down” approach for layered BP preparation, BP crys-
tals were initially ground into BP powders. Subsequently, 
10 mg of these powders were dispersed in 10 mL of vari-
ous liquid solvents. Five types of solvent—distilled water 
(DW), N-methyl-2-pyrrolidone (NMP), NaOH-saturated 

NMP (NMP–NaOH), isopropyl alcohol (IPA), and dimethyl 
sulfoxide (DMSO)—were used in the present study. These 
solvents were selected based on their common usage and 
high BP-exfoliation yield [32, 33].

The mixture was subsequently subjected to probe sonica-
tion at 20 kHz frequency and 130 W for 8 h. Following soni-
cation, the BP suspensions were centrifuged at 2000 rpm for 
10 min to eliminate the unexfoliated bulk material, and the 
supernatant solutions were further centrifuged at 14,000 rpm 
for 10 min. The resulting precipitate was then redispersed in 
DW for further experimental use.

2.5 � Characterization of BNNs

A handheld infrared thermal imager (A-20, Test Tools, 
China) was employed to investigate the photothermal char-
acteristics of BNNs. A field emission scanning electron 
microscope (FE-SEM; JSM-7500F JEOL) was utilized to 
characterize the surface morphologies and determine over-
all uniformity and size of the BP materials. The stability 
and size distribution of the materials were assessed through 
zeta potential and dynamic light scattering (DLS) using a 
Zetasizer NanoSP instrument (Malvern, United Kingdom). 
Energy dispersive X-Ray (EDX) analysis was used to deter-
mine the elemental composition of the BP material, and 
X-Ray diffraction (XRD; Ultima IV, Rigaku) analysis was 
used to analyze BNN crystalline structures. In addition, 
atomic force microscopy (AFM; NX-10, Park Systems) was 
conducted to obtain information on the topography of BNN 
materials and the mechanism behind spore lysis.

Fig. 1   Schematic Illustration of BNND-based fungal DNA extrac-
tion strategy. a The BNND-based DNA sample preparation strategy 
begins with the synthesis of monolayer BPNS materials through 
liquid-phase ultrasonic exfoliation and centrifugation. b The fungal 

DNA-isolation assay, utilizing stabilized BNNDs, consists of three 
stages: laser-irradiated BNNs functioning as the lysis buffer (spore 
lysis), DNA capture via the crosslinker DMS (DNA capture), and 
DNA elution as the final product (DNA elution)
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Confocal microscopy (LSM 900, Carl Zeiss) and Fourier 
transform infrared spectroscopic (FT/IR-6300, Jasco Inc.) 
analysis of samples were also carried out to determine the 
mechanism of BNND-based fungal DNA extraction. For 
the confocal microscopy, 100 μL of 1 μM PI was treated 
to the spore pellets (pure spore, treated by laser, treated by 
BNN, treated by BNN under laser) and incubated in 37 °C 
for 30 min. Spores were centrifuged for 2 min, and their 
supernatant was removed. PI-treated spores were washed 
and resuspended in 1-mL PBS. 10 μL of spore solution was 
aliquoted on the slide glass and covered with cover glass, for 
confocal microscopy image.

2.6 � Aspergillus Spore DNA Extraction Using BNNDs

Synthesized BNNs were used for the development and opti-
mization of a BNND-based fungal DNA-isolation method, 
referring to the steps and mechanism of BP-NIR-HI System 
designed in the previous report [22]. The overall scheme 
of Aspergillus spore DNA-extraction protocol used in this 
study is shown in Fig. 1b. First, 200 μL of Aspergillus spore 
sample and 200 μL of BNN solution were added to a 1.5-mL 
centrifugation tube. Next, an 808 nm laser with a voltage of 
4 A was applied to the solution from above for 5 min. Then, 
HI (DMS, 10 mg/mL) was added to the tube and thoroughly 
mixed for 1 min. After spinning down the tube for 1 min, 
the HI linkages between BNN and Aspergillus DNA cre-
ate BNND composite, sinking down as the pellet, and the 
supernatant was discarded. Subsequently, pH 10.6 Elution 
Buffer was added to break the linkage and then the tube was 
gently vortexed for mixing. Herein, pH 10.6 Elution Buffer 
was prepared by adding a few drops of NaOH solution to a 
20-mM Tris–HCl solution. Finally, Aspergillus spore DNA 
was eluted in the supernatant after spinning down for 1 min.

2.7 � Fungal DNA Extraction Using Commercial Kit

The commercial QIAGEN QIAamp DNA Mini Kit was 
used to compare the efficiency of Aspergillus spore DNA 
isolation, as it showed high efficiency compared to other 
commercial fungal kits (Supplementary Figure S1). In the 
first step, 200 μL of Aspergillus spore sample, 200 μL of 
QIAGEN lysis buffer, and 20 μL of proteinase K were added 
to a 1.5-mL microcentrifuge tube. These components were 
mixed well by pulse-vortexing, and the solution was then 
incubated at 56 °C for 10 min. After incubation, 200 μL of 
99% ethanol was added to the solution and gently mixed 
by pipetting. The mixture was then carefully transferred to 
the QIAamp Mini spin column and centrifuged at 8000 rpm 
for 1 min. Following this, the filtrate in the tube was dis-
carded, and 500 μL of AW1 Buffer solution was added for 
washing, which was then centrifuged at 8000 rpm for 1 min. 
The resulting filtrate was again discarded and 500 μL of 

AW2 Buffer solution was added. After centrifugation at 
13,500 rpm for 3 min, the tube containing the resulting fil-
trate was discarded. Finally, the spin column was placed in a 
clean 1.5 mL microcentrifuge tube and 200-μL elution buffer 
was added on the column. DNA was eluted by the centrifu-
gation at 8000 rpm for 1 min. The method introduced above 
is an in-house method, in which we modified the original 
protocol based on our available equipment and experimental 
purposes [34].

2.8 � Real‑time Quantitative Polymerase Chain 
Reaction (qPCR)

To evaluate the efficiency of fungal DNA isolation, real-time 
qPCR was conducted using the final isolated DNA. Quanti-
tative PCR was performed using AccuPower 2X GreenStar 
™ qPCR Master Mix and specific primers designed using 
Primer Blast. Following specific primer sequences were 
used: forward (5- CAA​CCT​CCC​ACC​CGT​GTC​T -3) and 
reverse (5- CGC​ATT​TCG​CTG​CGT​TCT​T -3). The PCR 
reaction was conducted under the following conditions: ini-
tial denaturation step at 95 °C for 15 min, followed by 40 
cycles of denaturation at 95 °C for 10 s, annealing at 60 °C 
for 20 s, and extension at 72 °C for 20 s, with a final elonga-
tion step at 95 °C for 10 s.

3 � Results and Discussion

3.1 � Principle of BNND‑based Fungal DNA Extraction 
Method

Figure 1 illustrates the overall scheme of BNND assay for 
fungal DNA-isolation strategy. This BNND assay can enrich 
and extract fungal DNA in less than 15 min, with BNNs 
acting as the lysis buffer to break down spores and DMS 
serving as the cross-linking agent between BNNs and the 
released DNA. The sample preparation process begins with 
the synthesis of BNNDs (Fig. 1a). To produce mono-layer 
BP, liquid-phase ultrasonication and two-step centrifuga-
tion are used to separate it from multi-layer BP crystals. 
Fungal DNA can then be isolated using the synthesized 
BNND material, with the extraction technique divided into 
three steps as shown in Fig. 1b: breaking down the spore 
membrane utilizing the photothermal characteristics of BNN 
(Spore Lysis), creating BNND composite through linkage 
between BNN and released DNA via DMS (DNA Capture), 
and cutting the linkage for DNA isolation (DNA Elution). 
Compared to commercial kits, this BNND assay is neither 
labor-intensive nor time-consuming and does not require 
hazardous chemical reagents or heavy instruments. The 
photothermal characteristics of BNNs eliminate the need 
for a heat incubator for spore lysis, shortening the sample 
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preparation steps and preserving DNA integrity. Further-
more, BNNs are precisely exfoliated in organic solvents, 
increasing the stability and surface area of the material for 
effective implementation in the mechanism.

3.2 � BPNSs Synthesized in Organic Solvents

The BNND method was developed using BPNS material 
synthesized through liquid-phase ultrasonic exfoliation. This 
method employs ultrasonic waves to disrupt the weak van 
der Waals interactions between layers of bulk BP, making 
the selection of a suitable solvent that does not impede this 
exfoliation process crucial [31]. Ideal solvents should be 
anhydrous and oxygen-free, as oxygenated water degrades 
BP, causing the layers to aggregate and reform into oxidized 
phosphorus compounds [27–29]. Therefore, in this study, 
four types of organic solvents (NMP, NaOH-saturated NMP 
(NMP–NaOH), IPA, and DMSO) were chosen for BPNS 
liquid exfoliation, with DW included for comparison. These 
solvents were selected based on their properties, which 

provide low degradation rates and stable dispersions of 
phosphorene, resulting in a high yield of BP flakes through 
exfoliation [32, 33]. We compared the characterization of 
BPNSs synthesized in these different solvents to select the 
most efficient BPNS material for fungal DNA isolation.

Scanning electron microscopy (SEM) images of BPNS 
were obtained to compare the surface morphology of the 
materials (Fig. 2a, Supplementary Figure S2). While BPNS 
in DW showed high dispersity and large plane sizes, approx-
imately ranging from 1 to 10 μm, BPNS synthesized in the 
four organic solvents exhibited a more uniform morphol-
ogy with an average size of less than 4 μm, indicating the 
effective dispersal function of organic solvents in BPNS 
exfoliation, leading to more uniform BPNS with smaller 
thickness. BPNS in NMP–NaOH solvent (BNN) especially 
presented tiny and regular starburst structures with thin 
tubes extending from the center, showing that the addition 
of NaOH significantly affected the shape of the final product. 
DLS analysis in Fig. 2b, measured after two washes of the 
final BPNS product, indicated that the lateral dimensions 

Fig. 2   Characterization of exfoliated BNND in organic solvents. a 
SEM image of BPNS synthesized in NMP–NaOH solvent (scale bars, 
1 and 10 μm). b DLS results showing size differences of exfoliated 
BPNS in five types of solvents (DW, BNN, NMP, IPA, and DMSO). 

c Temperature measurement during 5-min laser irradiation on exfo-
liated BPNS. d Zeta-potential values of exfoliated BPNS, meas-
ured under resting and photothermal conditions. Each test b–d was 
repeated three times
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of the BP flakes align with the morphologic characteristics 
shown in SEM images. For the BPNS in NMP, the average 
hydrodynamic size was 382.3 nm (Z-average), with BPNS in 
DW at 369.1 nm, while BNN had sizes as thin as 272.3 nm. 
Although BNN exhibited starburst morphology, the flakes 
were uniformly dispersed in the solution, having a 2D size 
of 200–300 nm, representing an ideal expression of photo-
thermal performance.

Furthermore, we investigated the photothermal charac-
teristics of BNN by recording the temperature increase of 
the material after laser irradiation (Fig. 2c). Similar tem-
perature growth trends were observed for BPNS in all sol-
vent species with the same concentration. Notably, BNN 
exhibited a temperature rise of around 80 °C in 1 min and 
up to approximately 90 °C after 5 min of irradiation, a suit-
able temperature high enough to lyse the spore membrane 
but not too high to degrade DNA. Finally, we compared the 
surface charge of exfoliated materials in organic solvents 
under resting and photothermal conditions. The results indi-
cated that light exposure did not affect the material’s sur-
face charge, but the increase in solution temperature due to 
photothermal effects moderately accelerated surface charge 

movement (Fig. 2d). A zeta potential ranging from -40 to 
-45 mV indicated uniform dispersion and relative stability 
of BNN. In addition, the modest increase in surface charge 
under photothermal conditions suggested that BNN were 
relatively stable and easy to store. Taken together, these find-
ings suggest that BNN holds promise for breakthroughs in 
material preservation and application.

3.3 � Characterization of BNN Material

Through the analysis of BPNS materials, we identified that 
BNN demonstrated superior efficiency in all aspects of 
characterization. To further explore the structural aspects 
of BNN-assisted ultrasonic exfoliation, we investigated the 
potential chemical mechanisms involved. Given that NMP 
tends to decompose under alkaline conditions (approxi-
mately 50–70% decomposition in 4% sodium hydroxide 
over 8 h), it undergoes ring-opening to form sodium methyl-
amino-butanoate [(CH3)NH-CH2-CH2-CH2-COONa]. 
This compound can polymerize, forming methyl-amino-
butanoate end groups on the generated BNN and poten-
tially acting as polymerization stoppers (Fig. 3a) [35]. This 

Fig. 3   Characterization of 
BNN. a Schematic representa-
tion of NMP-hydrolysis reaction 
and synthesis of BNN through 
sonication. b AFM image of 
BNN, showing starburst-like 
surface structures. c XRD pat-
tern of BNN for the analysis of 
crystal structures. d EDX results 
showing individual elemental 
maps (P, O, N, and C) of BNN
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process may explain the formation of the starburst-like 
structure of BNN, as shown in Fig. 3b, where the flakes 
have a relative thickness of about 2 μm and a lateral size 
of around 10 μm. Moreover, no structural deformations 
were observed in this mechanically exfoliated sample, as 
evidenced by the absence of noticeable bubbles at the cap-
tured site. XRD data, collected over the 2θ range of 10°–80°, 
were used to determine the crystal structure of BPNS mate-
rial. XRD measurements of BPNS in DW, NMP, IPA, and 
DMSO showed strong intensities at the (020), (040), and 
(060) peaks, lacking other diffraction peaks, consistent with 
previously reported BP crystal patterns [36–38] (Supple-
mentary Figure S3). However, the XRD pattern for BNN 
revealed additional diffraction peaks corresponding to the 
(110), (111), and (301) facets of exfoliated crystals, aligning 
with the starburst structure observed under electron micros-
copy AFM (Fig. 3c). Furthermore, the preferential growth of 
crystal facets and sharp diffraction peaks indicated a higher 
degree of crystallinity. We also verified and analyzed the 
elemental composition of the material using energy-disper-
sive X-ray spectroscopy (EDX) (Fig. 3d). EDX maps showed 
that, after ultrasonic exfoliation in the NMP–NaOH solvent, 
phosphorus (P) elements were uniformly distributed in the 
solution. The starburst-like structure was rich in carbon (C) 
and oxygen (O) elements, suggesting that hydrolyzed NMP 
had infiltrated and encapsulated the BPNS.

3.4 � Mechanism of BNND Assay for Fungal DNA 
Extraction

Fungal spores exhibit strong environmental resilience, 
particularly in non-ideal extracellular conditions, where 
spore cell walls and membranes rapidly thicken to protect 
their internal structures from adverse conditions [39, 40]. 
Therefore, achieving rapid spore lysis through composite 
materials and technologies holds significant research impor-
tance for the molecular detection of spore DNA. Observa-
tion of untreated spore morphology via SEM and atomic 
force microscopy (AFM) revealed surface roughness and 
folds indicative of spore development stages, with naturally 
dehydrated cytoplasm forming concave wrinkles (Fig. 4a, 
Supplementary Figure S4a). When these spores were sub-
jected to 808 nm laser irradiation, they exhibited a reduction 
in surface wrinkles and a transition to a thickened, rounded, 
and reinforced state (Fig. 4a), likely due to rapid immu-
nostimulatory responses of the spores to the sudden laser 
environment. This indicates that laser irradiation not only 
facilitates spore lysis but also thickens cell walls and mem-
branes, thereby complicating DNA release (Supplementary 
Figure S4a).

Treatment with BNN led to spore aggregation around 
BNN, possibly due to electrostatic attraction between BNN 
surface charges and spore surfaces, resulting in observed 

spore rupture. Spores treated with BNN and subjected to 
808-nm laser photothermal treatment demonstrated signifi-
cant morphologic disruption and widespread fragmenta-
tion, suggesting enhanced spore-lysis properties through 
the BNN-laser composite system.

Several factors might contribute to the mechanism of 
spore lysis. First, the high temperature generated by BP 
irradiation, reaching around 100 °C, denatures membrane 
proteins and releases intracellular organelles [41], leading 
to spore leakage. Second, reactive oxygen species (ROS) 
generated from BP nanosheets under heat stress induce 
spore lysis and cell apoptosis [22, 42, 43]. Furthermore, the 
starburst-like structures of BNN facilitate spore capture in 
the solution, aligning the photothermal effects of BNN and 
released ROS more closely with spores to achieve lysis (Sup-
plementary Figure S5). In addition, the alkaline condition of 
NMP–NaOH solvent contributes to this process, as NaOH 
can dissolve alkaline-soluble parts of the outer cell wall, 
exposing inner hydrophobic proteins [44] and causing fungal 
spores to aggregate. Spore-viability test via confocal micros-
copy confirmed the membrane damage and DNA release 
from Aspergillus spores after BNN irradiation, showing 
increased propidium iodide fluorescence and the number of 
spore spots (Supplementary Figure S4b). This demonstrated 
that BNN serves as an effective lysis buffer in BNND-based 
fungal DNA extraction, successfully releasing Aspergillus 
DNA from the spores.

After spore lysis, the next step of the assay is to capture 
the released DNA effectively. We designed a BNN pho-
tothermal composite DMS crosslinking DNA extraction 
experimental scheme (Fig. 4b). We used a water-soluble 
and membrane-permeable homobifunctional imidoester 
crosslinker, DMS, due to its minimal cross-reactivity with 
nucleophilic groups in proteins, as previously reported 
[45–47]. The positive amine groups of DMS form linkages 
with the negative phosphate groups of dispersed Aspergil-
lus DNA and the negatively charged carboxylate groups of 
BNN. This bridges the gap between BNN and freely dis-
persed DNA, aggregating the DNA on the BNN surface, 
which then sinks this BNND composite to the pellet after 
centrifugation. We conducted functional group detection 
on the DNA extraction using Fourier-transform infrared 
(FTIR) spectrum analysis to confirm that the linkage was 
well made. We observed characteristic functional groups 
of stable BNND obtained after hydrolysis and ultrasonic 
exfoliation of BNN, such as O–H at 3770 cm−1, C-H at 
2918 cm−1, R-COO at 1636 cm−1, N–H at 1051 cm−1, and 
P-P (815 ~ 600) cm-1 (Figure S5a). In the BNND solu-
tion (Supplementary Figure S6b), we detected C=N at 
2890 cm−1, N–O at 1380 cm−1, and N–C at 1200 cm−1, 
providing strong evidence of BNND. However, when 
the DNA solution was added to BNN separately, no new 
composite bonds were detected (Supplementary Figure 
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S6c). When BNND and DNA were combined, the high-
frequency appearance of peaks at 1380 cm−1, 1307 cm−1, 
and 1200 cm−1 indicated the formation of P-O bonds abun-
dant in DNA and BNND (Fig. 4c). FTIR data analysis 
confirmed the applicability of the BNND assay for DNA 
binding and enrichment, with no significant attachment 
of protein bonds, thus preparing for relatively pure DNA 
elution. Elemental content was also confirmed through 
EDX experimental detection (Fig. 4d). The EDX spectrum 
of the aggregated pellet of DNA on the BNND surface 
showed five elements: C, N, Cl, O, and P. C, N, O, and P 
were from the released DNA; C, Cl, N, and O from DMS; 
and P from BP, confirming that the linkage between DNA 
and BNN had been well established.

3.5 � Optimization and Applications of BNND‑based 
Fungal DNA Extraction

Based on the material characterization and mechanism 
analysis conducted above, several optimization tests were 
carried out to determine the ideal conditions for fungal spore 
DNA isolation. To evaluate DNA-extraction efficiency, we 
varied one factor while keeping other experimental condi-
tions constant as follows: 100 μL of Aspergillus spores of 
concentration 106 spores per mL, 100 μL of BNN, 50 μL of 
10 mg/mL DMS, 5-min irradiation with a 4A laser, and a 
pH 10.6 elution buffer. Real-time qPCR analysis of the final 
eluted DNA was performed, and Ct values were compared 
to assess the amount of DNA extracted under each specific 

Fig. 4   Mechanism of BNND-based fungal DNA-isolation assay. 
a SEM images of Aspergillus spores under four different condi-
tions (scale bar, 1  μm): untreated original spores, spores subjected 
to 808 nm laser irradiation for 5 min, spores mixed with BNN solu-
tion, and aggregated spores around BNND treated with 5-min laser 

irradiation. b Schematic explanation of DMS linkage between freely 
dispersed Aspergillus DNA and BNN. c FTIR results of the BNN, 
DMS, and Aspergillus DNA mixture. d EDX elemental spectrum of 
the BNN, DMS, and Aspergillus DNA mixture



619BioChip Journal (2024) 18:611–621	

1 3

condition. Potential PCR inhibitors, including the effects of 
BPNS and DMS, were also considered beforehand to ensure 
accurate results. Experimental data showed that the small 
amounts of BP or DMS added barely exhibit any inhibition 
in PCR (Supplementary Figure S7a, b). Each optimization 
condition was repeated at least three times for verification.

The key mechanism of this BNND assay is the DMS link-
age between BNN and freely dispersed DNA. Therefore, it 
is crucial to determine the appropriate ratio between these 
three materials. A too high concentration of either spores or 
BNN could hinder the linkage with DMS, whereas a con-
centration too low would reduce the likelihood of connec-
tion. Three candidate ratios between spores and BNN (1:1, 
1:2, and 2:1) were tested for optimization, with 1:1 and 1:2 
ratios showing the highest DNA elution (Fig. 5a). Five dif-
ferent concentrations of DMS were also tested, showing that 
concentrations as low as 5 mg/mL or as high as 100 mg/
mL were not suitable (Fig. 5b). Furthermore, additional 
steps of the extraction protocol were optimized, including 
the time and current of laser irradiation, and the pH of the 
elution buffer. Analyzing the Ct values of each optimization 
test, laser irradiation for 5 min under 4 A showed relatively 
good efficiency (Supplementary Figure S7c, S7d) and a pH 
10.5 elution buffer showed notable effectiveness in DNA 

extraction compared to other pH conditions (Supplemen-
tary Figure S7e), which could be due to the DMS linkage 
being disrupted at pH 10.6. Through these optimization 
tests, experimental protocol conditions were established for 
further experiments, identified as white in the figures.

Following the optimized protocol, Aspergillus DNA 
spores (106 spores/mL) were extracted using BPNS synthe-
sized in five different solvents (DW, NMP–NaOH, NMP, 
IPA, and DMSO) (Fig. 5c). Results demonstrated that Asper-
gillus DNA extraction using BPNSs displayed higher effi-
ciency than using a commercial kit, regardless of the solvent 
used for BPNS synthesis. Among the five, the BNND assay 
showed a notably high rate of eluted DNA concentration, 
displaying around 3–5 threshold cycle (Ct) values lower than 
others. A Limit of Detection (LOD) test was also conducted 
to evaluate the potential for identifying pathogens at low 
concentrations (Fig. 5d). The results showed the lowest Ct 
values for the assay using BNN for every concentration of 
Aspergillus spores, from 108 to 101 spores per mL, compared 
to extraction using a kit or BPNS in DW. In addition, the 
isolation technique using BNN captured spores at concentra-
tions as low as 101 spores in 1 mL, while the assay using the 
kit detected down to 103 spores per mL and BPNS in DW to 
102 spores per mL. Therefore, the detection technique using 

Fig. 5   Optimization and applications of BNND assay for fungal 
DNA extraction. a qPCR results of the optimization test on the ratio 
of Aspergillus spores to BNN volume. b qPCR results of the optimi-
zation test on DMS concentration (mg/mL). c qPCR results of DNA 
extraction from A. Fumigatus spores (106 per mL) using BPNSs exfo-
liated in five different solvents or a commercial kit. d Limit of Detec-

tion (LOD) test of Aspergillus DNA isolation from 108 to 101 spores 
per mL, using a commercial kit, BPNS in DW, and BNND. e Detec-
tion of Aspergillus in contaminated milk. Each test a–e was repeated 
three times. The statistical significance of the differences was evalu-
ated using Student’s t-test. The levels of significance used are as fol-
lows: *p < 0.05; **p < 0.01; ***p < 0.001 



620	 BioChip Journal (2024) 18:611–621

1 3

BNND demonstrated sensitivity in capturing low amounts 
of fungal DNA and efficiency in eluting the captured DNA, 
showing potential for clinical applications where early diag-
nosis of disease is crucial.

Another possible application of this BNND-based fungal 
DNA-extraction method is in the field of food chemistry. 
Aspergillus species are known to contaminate food or drink 
substrates, producing mycotoxins that are harmful to health 
when consumed [48]. Therefore, rapid and accurate detec-
tion of Aspergillus in spoiled food is a significant issue to 
address. The potential and efficiency of Aspergillus detection 
using our method were also investigated with milk contami-
nated with Aspergillus fumigatus (Fig. 5e). Repetition of 
experiments with Aspergillus concentrations of 106 and 104 
spores per mL in milk displayed more efficient results with 
our BNND-based isolation method compared to the protocol 
using a commercial kit. These findings open possibilities 
and prospects for our BNND-based fungal DNA-isolation 
method to be applied in diverse research fields, including 
medical diagnostics, food and environmental science.

4 � Conclusion

The present study developed and optimized a fungal DNA-
extraction technique utilizing stabilized BNNs. BPNSs 
synthesized in organic solvent, especially in NMP–NaOH, 
provided increased stability and better performance in 
DNA-isolation mechanism. By harnessing the photother-
mal effects of BNNs, we sought to achieve spore lysis up 
to cell wall, without the need of extra incubation steps nor 
harsh chemical agents, thereby preserving DNA purity and 
integrity. Linkage with DMS was also enhanced through 
increased surface area of BNNDs, improving the over-
all DNA-elution quantity and extraction efficiency. The 
novel BNND-based fungal DNA-isolation strategy, as 
illustrated in Fig. 1, can enrich and extract fungal DNA 
in under 15 min. BNNs serve as the lysis buffer to break 
down spores, while DMS acts as the cross-linking agent 
between BNNs and released DNA. The process begins 
with BNN synthesis using liquid-phase ultrasonication 
and two-step centrifugation to produce mono-layer BP. 
The isolation technique involves three steps: spore mem-
brane breakdown (Spore Lysis), DNA linkage creation 
(DNA Capture), and DNA isolation (DNA Elution). The 
findings propose a new DNA-extraction method, utiliz-
ing stabilized BNNDs, which can rapidly and effectively 
isolate fungal DNA with high sensitivity and specificity, 
demonstrating promising applications in diagnostics and 
beyond. Nevertheless, further study with more validation 
data on clinical samples and drink tests would be needed 
for real-life applications on fungal DNA extraction in med-
ical and environmental science fields. These results overall 

underscore the innovative potential of BNND method for 
DNA-extraction method across various areas. Overall, the 
BNND-based strategy provides simple and rapid protocol 
with increased efficiency in fungal DNA isolation, exhib-
iting potential across diverse fields, especially in clinical 
applications.
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