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Abstract

Fluorescence anisotropy (FA) has been widely used for analyzing biomolecules due to
its high throughput, homogeneous detection, and strong resistance to photobleaching.
However, the traditional FA method suffers from low sensitivity when the target molecules
are small and rotate rapidly, often producing insignificant changes in the FA value. In this
study, by combining double signal amplification through the trans-cleavage of CRISPR-
Cas12a and DNA tetrahedron assemblies with a large molecular size, a new, fast, simple
and highly sensitive FA method was constructed to achieve the quantitative detection of
hepatitis B virus DNA (HBV-DNA). The experimental results showed that the linear range
of this method was 0.5–9 nmol/L, and the detection limit (LOD = 3σ/k) was 48 pmol/L. In
addition, the method demonstrated excellent selectivity and anti-interference, and it was
successfully applied to detect HBV-DNA in human serum, indicating that this method has
the potential for clinical diagnosis.

Keywords: Fluorescence anisotropy; hepatitis B virus; CRISPR; DNA tetrahedron

1. Introduction
Fluorescence anisotropy (FA), also referred as fluorescence polarization, describes

a phenomenon in which fluorescent molecules emit light with varying intensities along
different polarization axes [1,2]. The FA assay is a ratiometric technique. Compared with
traditional fluorescent methods, it has greater resistance to photobleaching and signal
fluctuations. Moreover, unlike the lateral flow chromatography method used for hetero-
geneous detection, FA is a homogeneous detection method that can be applied by mixing
the sample, fluorescently labeled probe, and analyte in a solution for direct measurements,
without the need for separation and washing steps. Therefore, it can be directly used to
analyze complex samples [3–9]. Based on these advantages, FA methods have been widely
used in protein detection, drug screening, food analysis, environmental monitoring and
biochemical research [10,11].

Nucleic acid probes are biorecognition tools constructed from nucleic acid sequences.
They have specific recognition capabilities and are constructed as single-stranded DNA
(ssDNA) or RNA, as well as aptamers [12–14]. Because of the high affinity and specificity of
recognition by nucleic acid probes, they are usually modified with fluorescent dyes when
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used as the recognition unit in an FA method. Biomolecules are detected by the change in
the anisotropy (r) generated before and after binding to the target [15]. Although nucleic
acid probe-based FA methods have become an important means of detecting biomolecules,
the small change in r of the nucleic acid probe after binding with a target molecule and
the high background r of the nucleic acid probe itself have led to the low sensitivity of the
FA method.

In recent years, clusters of regularly interspaced short palindromic repeats (CRISPR)
and CRISPR-associated protein (Cas) systems were discovered in bacteria and archaea
and have become widely used in bioanalysis and diagnostics [16,17]. By combining the
CRISPR/Cas system with nucleic acid amplification technology or nanomaterials, high-
sensitivity detection of specific viral nucleic acid sequences has been achieved, with the
signal output generated by fluorescence, lateral flow chromatography test strips, electro-
chemistry, or colorimetry [18–21]. Researchers are also committed to combining nucleic
acid-free extraction and amplification techniques with CRISPR/Cas systems to further
improve the sensitivity of detection [22,23]. Portable and automated detection is also
being achieved by simultaneously integrating microfluidic technology into detection sys-
tems [24,25]. In addition, research is focused on further enhancing the ability to detect
multiple molecules in one reaction system, making it possible to simultaneously detect
multiple pathogens [26–28]. Cas12a is a typical class 2 effector protein that binds to CRISPR
RNA (crRNA) and non-specifically cleaves (trans-cut) ssDNA into small fragments after
recognizing the DNA target [29–32]. As a result, a large number of DNA fragments with
a small mass (or volume) are generated. The CRISPR/Cas12a system is unique in that it
combines the benefits of a homogeneous reaction and the trans-cleavage activity provided
by the Cas12a enzyme [33–35]. Therefore, based on these advantages, the CRISPR/Cas12a
system can be used as an effective method to reduce the background FA to improve the
sensitivity of the FA method, which has been previously confirmed by our group [36,37].
However, the signal generated by the FA method depends on variations in r. Because the
method can only produce limited amplitude changes based on low background values, this
results in a relatively low overall signal-to-background ratio (SBR), rendering it difficult
to distinguish weak positive signals from background noise, thereby limiting the method
detection limits and sensitivity.

DNA tetrahedrons (TDFs) have a uniform, rigid, and massive structure. Its initial FA
background value is both high and extremely stable, with little environmental interference.
TDFs can produce statistically significant FA changes, improving detection, significantly
reducing the detection limit, and increasing detection sensitivity. Thus, in this study, to
further improve the sensitivity of the CRISPR/Cas12a-based FA method, the structure
formed by TDFs and a DNA cross scaffold with a large mass (or volume) was used to
enhance FA signals. The constructed FA method was applied to the sensitive detection of
hepatitis B virus DNA (HBV-DNA). When HBV-DNA was present, the CRISPR/Cas12a
system was activated to cleave the ssDNA on the fluorescent group-modified DNA cross
scaffold into small fragments, and r was reduced significantly. When the target HBV-DNA
was absent, the CRISPR/Cas12a system was not activated. Therefore, the DNA cross
scaffold maintained its intact structure and remained complexed with TDFs, and thus
maintained a greater mass (or volume) that produced a higher r. By clearly reducing r,
HBV-DNA was detected at concentrations of 0.5 nmol/L to 9 nmol/L, with a limit of
detection (LOD) as low as 48 pmol/L.
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2. Materials and Methods
2.1. Reagents and Apparatus

PBS buffer (1×; 136.7 mmol/L NaCl, 2.7 mmol/L KCl, 8.72 mmol/L Na2HPO4,
1.41 mmol/L KH2PO4), TBE buffer (1×; 89 mmol/L Tris-boric, 2 mmol/L EDTA; pH 8.2),
diethyl pyrocarbonate (DEPC) water, acrylamide/methylenedioxybisacrylamide 40% solu-
tion (29:1), and 4S Red Plus nucleic acid stain (10,000× aqueous solution) were purchased
from Sangon Biotech Company, Ltd. (Shanghai, China). crRNA and DNA oligonucleotides
were synthesized and purified by Sangon Biotech Company, Ltd. (Shanghai, China), with
the sequences listed in Table S1.

D-Phenylalanine (D-Phe), glutamic acid (Glu), glutathione (GSH), lysine (Lys), and
ATP were purchased from Shanghai Aladdin Biochemical Science and Technology Co.,
Ltd. (Shanghai, China). Bovine serum albumin (BSA) and trypsin were purchased from
Sigma Aldrich (Shanghai) Trading Co. Human serum albumin (HSA) was purchased from
Beijing Huameike Biotechnology Co. The chemical reagents used in the experiments were
of analytical grade, and the water used in the experiments was Milli-Q ultrapure water
(18.2 MΩ·cm) from Millipore Systems.

The concentrations of the oligonucleotide solutions were confirmed using a Nanodrop
2000 spectrophotometer (Thermo Fisher, Shanghai, China). The temperature was controlled
using a Thermomixer C (Eppendorf, Hamburg, Germany). The solutions were homoge-
neously mixed using an MX-E mixer (Haimen, Nantong, China). Fluorescence intensity
was measured using an F-2500 fluorescence spectrophotometer (Hitachi, Tokyo, Japan)
with a polarizing filter. The gels were electrophoresed in a DYCZ-24DN electro-phoresis
apparatus (Liuyi Instrument Co., Beijing, China) and photographed on a BG-gdsAUTO520
imager (Baygene Biotechnologies Co., Shanghai, China).

2.2. FA Analysis

The fluorescence intensities of the reacted solutions were measured on an F-2500
fluorescence spectrophotometer with a polarizing filter. The excitation wavelength was
550 nm and the fluorescence intensity was recorded in different directions at an emission
wavelength of 585 nm. The slit widths of the excitation and emission were 5 nm. The
voltage was 700 V and the scanning speed was 3000 nm/min. All the samples were
measured at room temperature. The r value was calculated using the following equations:

r =
IVV − G × IVH

IVV + 2G × IVH
(1)

and
G =

IHV
IHH

(2)

where IVV is the vertical polarization excitation and vertical polarization emission, and IVH

is the vertical polarization excitation and horizontal polarization emission. The instrumen-
tal correction factor G is the ratio of the sensitivity of the system to vertical polarization
and horizontal polarization, which is related to the emission wavelength.

2.3. Polyacrylamide Gel Electrophoresis (PAGE)

All the DNA nanostructures were analyzed by 12% or 10% denaturing PAGE. Then,
10 µL of each DNA species (1 µmol/L) was mixed with 2 µL of loading buffer and loaded
on the gel. All the gels were run at a constant voltage of 200 V for 30 min in 1× TBE buffer,
followed by staining with 50 mL of 10% ethidium bromide for 15 min.
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2.4. Synthesis of DNA Cross Scaffolds

The four DNA molecules (S1, S2, S3, and S4) required for synthesizing the DNA
cross scaffold were dissolved in 1× PBS buffer solution. The concentration was measured
with a Nanodrop 2000 spectrophotometer and the concentration of all the DNA solutions
was adjusted to 10 µmol/L. The four DNA strands were mixed in an equimolar ratio in
1× PBS buffer to a final concentration for each DNA species of 1 µmol/L, and then the
DNA solution was mixed thoroughly. Finally, the well-mixed solution was annealed by first
denaturing at 95 ◦C for 5 min. This step used high-temperature denaturation to separate
the DNA strands into a randomly coiled single stranded state, allowing the secondary
structure to open. The solution was then cooled to 25 ◦C within 30 min. This step used
rapid cooling to form the most stable complementary pairings of the single stranded DNA.
Finally, the solution was incubated at 25 ◦C for 1 h to stabilize the newly formed DNA
tetrahedral structure. The final annealed product was stored at 4 ◦C.

2.5. Steps for Testing HBV-DNA

First, hairpin 1 (H1) was annealed and stored in a refrigerator at 4 ◦C for later use. Then,
10 nmol/L Cas12a, 10 nmol/L crRNA, 50 nmol/L H1, 50 nmol/L DNA cross scaffolds, and
HBV-DNA were mixed and incubated at 37 ◦C for 1 h. Next, the mixture was incubated
at 70 ◦C for 20 min to inactivate Cas12a. Then, TDFs (50 nmol/L) were added, and the
final volume was adjusted to 200 µL by adding 1× PBS buffer. After reacting for 30 min at
room temperature, the fluorescence intensity of the solution was measured using an F-2500
fluorescence spectrophotometer with a polarizing filter and r was calculated.

2.6. Serum Sample Analysis

Human serum samples were acquired from Chongqing University Cancer Hospital,
and their use strictly adhered to the ethics standards of Ethics Committee of Chongqing
University Cancer Hospital (No. CZLS2023064-B). We obtained informed consent from
blood donor volunteers of this study. HBV-DNA was added to the serum to obtain serum
solutions with different concentrations of HBV-DNA. Finally, we used our method to detect
HBV-DNA in the serum solutions, and the recovery rate was calculated.

3. Results
3.1. Principles of HBV-DNA Detection

The detection principle is shown in Figure 1. First, TDF- and TAMRA-modified
DNA cross scaffolds were pre-synthesized. When the target HBV-DNA was present, the
hairpin H1 opened, and the exposed single-stranded portion of the scaffold activated
CRISPR/Cas12a trans-cutting. The CRISPR system sheared the single-stranded portion of
the DNA cross scaffold into small fragments with significantly smaller masses (or volume)
and faster rotational speeds in the solution, resulting in a noticeably reduced r of TAMRA.
In contrast, when the target HBV-DNA was absent, the CRISPR system was not activated
because H1 did not open. At this time, the DNA cross scaffold remained intact and bound
to the TDF as an assembly with a large mass (or volume) and slow rotation speed, and r of
TAMRA was enhanced greatly. Therefore, sensitive detection of HBV-DNA was realized by
a significant change in the r signal.

3.2. Characterization of DNA Nanostructures

We examined whether the DNA cross scaffolds and TDFs were successfully synthe-
sized using 12% PAGE. As shown in Figure 2A, when all four ssDNAs (S1, S2, S3, and
S4) that comprised the DNA cross scaffold were present, the migration rate of the corre-
sponding band was the slowest, indicating that the DNA cross scaffold was successfully
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formed. Similarly, as shown in Figure 2B, when all four ssDNAs (T1, T2, T3, and T4) that
comprised the TDFs were present, the corresponding band showed the slowest migration
rate, which also confirmed the successful synthesis of the TDFs. The atomic force micro-
scope (AFM) images further confirmed the successful formation of DNA cross scaffold and
TDFs nanochain structures (Figure S1A,B).

 

Figure 1. Illustration of the working principle of the FA method combining CRISPR/Cas12a with
DNA tetrahedron amplification to detect HBV-DNA. (a) The FA response mechanism in the pres-
ence of HBV-DNA. (b) The FA response mechanism in the absence of HBV-DNA. H1-HBV hybrid
represents the hybrid complex formed between hairpin DNA H1 and target HBV-DNA.

Figure 2. (A–C) PAGE analysis using a 12% gel. M is the marker. (D) Changes in r of the DNA cross
scaffolds before and after adding TDFs. Each measurement was performed in triplicate (error bars
indicate the standard deviation). Concentrations were as follows: HBV-DNA, 5 nmol/L; Cas12a,
10 nmol/L; crRNA, 10 nmol/L; TDFs, 50 nmol/L; and DNA cross scaffolds, 50 nmol/L.
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We then used 10% PAGE to examine whether the TDF and the DNA cross scaffold
assembled into a structure. As shown in Figure 2C, the reaction of TDFs with the DNA
cross scaffolds produced band 4 with a slower migration rate than that of the other bands,
confirming that TDFs and DNA cross scaffolds successfully complexed. The AFM im-
ages confirmed the successful formation of DNA cross scaffold and TDFs assembled
nanochain structures (Figure S1C,D). We also measured the r of the DNA cross scaffolds
after adding TDFs. As shown in Figure 2D, the r of the DNA cross scaffolds was signifi-
cantly enhanced after adding TDFs, which indicated that the TDFs and DNA cross scaffolds
successfully formed complexes, and demonstrated that the assembled complex was an
ideal FA-enhanced material. We also investigated the chemical stability of the assembly
of TDFs and DNA cross scaffolds. As shown in Figure S2, within the effective buffering
range of PBS buffer, the change in pH did not cause a significant change in the signal
value, indicating that the assembly structure of TDFs and DNA cross scaffolds has good
chemical stability.

3.3. CRISPR/Cas12a Response

To explore the shearing effect of the CRISPR/Cas12a system on the DNA cross scaffold,
12% PAGE analysis and the FA measurements were performed. As shown in Figure 3A,
when the target HBV-DNA bound to Cas12a-crRNA, the DNA cross scaffold band dis-
appeared and a new band with a faster migration rate was generated, indicating that
HBV-DNA stimulated the trans-cutting activity of the CRISPR/Cas12a system. We also
compared the changes in r of the DNA cross scaffold with the CRISPR/Cas12a system
in its active and inactive states. As shown in Figure 3B, r was only significantly reduced
in the presence of the activated Cas12a system, demonstrating that the reduction in the
background signal was contingent upon Cas12a activation.

 

Figure 3. (A) PAGE analysis using a 12% gel. M is the marker and T is HBV-DNA. (B) Changes in
r of the DNA cross scaffold before and after the addition of CRISPR/Cas12a. Each measurement
was performed in triplicate (error bars indicate the standard deviation). Concentrations were as
follows: HBV-DNA, 5 nmol/L; Cas12a, 10 nmol/L; crRNA, 10 nmol/L; TDFs, 50 nmol/L; DNA cross
scaffolds, 50 nmol/L; and H1, 50 nmol/L.

3.4. Feasibility Analysis

To investigate the feasibility of this method, we compared the response of r before and
after adding HBV-DNA. As shown in Figure 4, r decreased significantly after adding HBV-
DNA. This was because the addition of HBV-DNA activated CRISPR/Cas12a, which cut
the DNA cross scaffolds. In contrast, in the absence of HBV-DNA, the complete structure of
the DNA cross scaffold assembled into a larger structure with the TDF, producing a higher
r. Therefore, this method detected HBV-DNA through a significantly decreased r.
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Figure 4. The feasibility analysis of the method. Each measurement was obtained in triplicate
(error bars indicate the standard deviation). Concentrations were as follows: HBV-DNA, 5 nmol/L;
Cas12a, 10 nmol/L; crRNA, 10 nmol/L; DNA cross scaffolds, 50 nmol/L; TDFs, 50 nmol/L; and H1,
50 nmol/L.

3.5. Optimization of the Experimental Conditions

To optimize the experimental conditions, we first explored the effect of the Mg2+

concentration on the final signal. As shown in Figure 5A, ∆r/r0 (∆r = r0 − r, where r0

and r are the values before and after the addition of HBV-DNA) first increased and then
decreased as the concentration of Mg2+ increased. This was because when the concentration
of Mg2+ was low, the DNA cross scaffold and TDF assembled incompletely; when the ion
concentration was high, the shearing efficiency of the CRISPR system decreased, and the
DNA cross scaffold was not cut, resulting in a low ∆r/r0.

 

Figure 5. Optimization of the experimental conditions: (A) Mg2+ concentration; (B) Cas12a-crRNA
complex concentration; (C) Cas12a to crRNA ratio; and (D) CRISPR/Cas12a system incubation time.
Each measurement was obtained in triplicate (error bars indicate standard deviation). Concentrations
were as follows: HBV-DNA, 5 nmol/L; Cas12a, 10 nmol/L; crRNA, 10 nmol/L; H1, 50 nmol/L; DNA
cross scaffolds, 50 nmol/L; and TDFs, 50 nmol/L.
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Next, we investigated the effect of the concentration of the Cas12a-crRNA complex
on the final signal. As shown in Figure 5B, ∆r/r0 reached a maximum value when the
concentration of Cas12a-crRNA was 10 nmol/L. When the concentration of Cas12a-crRNA
was low, the DNA cross scaffold was not completely cleaved, and thus r was not sufficiently
reduced. However, when the concentration of Cas12a-crRNA was high, even if HBV-DNA
was not added to activate the activity of Cas12a, the DNA cross scaffold was still cleaved to
some degree, thus generating a background signal. Subsequently, we explored the effect of
the concentration ratio of Cas12a to crRNA. As the concentration ratio of Cas12a to crRNA
increased, ∆r/r0 tended to increase and then decrease. This suggested that when the ratio
of crRNA was high, Cas12a caused cleavage activity even without the addition of the target,
which eventually produced a higher background signal. As shown in Figure 5C, the optimal
ratio of Cas12a-crRNA was 1:1. In addition, the reaction time of the CRISPR/Cas12a system
was also an important influencing factor. When the reaction time was short, the DNA cross
scaffold was not completely sheared, while a reaction time that was long easily produced a
high background signal. As shown in Figure 5D, ∆r/r0 reached its maximum value when
the reaction time of the CRISPR/Cas12a system was 30 min.

3.6. Sensitivity and Selectivity of HBV-DNA Detection

After investigating the optimal experimental conditions, we explored the ∆r/r0 signal-
ing response using different concentrations of HBV-DNA. As shown in Figure 6A, ∆r/r0

was positively correlated with the HBV-DNA concentration in the range of 0.5–9 nmol/L
with a linear regression equation of ∆r/r0 = 0.039c + 0.29 (where c is the HBV-DNA concen-
tration, nmol/L) and correlation coefficient (R2) of 0.997. The LOD was calculated to be
48 pmol/L (3σ/k), which was much lower than that of several traditional detection methods
(Table 1).

Table 1. Comparison of the proposed method with other methods.

Method Linear Range LOD References

Electrochemistry 10 nmol/L–500 nmol/L 1 nmol/L [38]
Electrochemistry 0.1 nmol/L–1 µmol/L 0.1 nmol/L [39]

Fluorescence 4 nmol/L–625 nmol/L 0.97 nmol/L [40]
Fluorescence 0 nmol/L–500 nmol/L 4 nmol/L [41]

FA 0.5 nmol/L–9 nmol/L 48 pmol/L This work

Figure 6. (A) Linear relationship between ∆r/r0 and the concentration of HBV-DNA. (B) Selectivity of
the method. Concentrations were as follows: Cas12a, 10 nmol/L; crRNA, 10 nmol/L; H1, 50 nmol/L;
DNA cross scaffolds, 50 nmol/L; and TDFs, 50 nmol/L. The asterisk indicates significant differences
with **** p < 0.0001.



Biosensors 2025, 15, 700 9 of 13

Next, we examined the selectivity of this method. Under the same experimental
conditions, we investigated five different DNA species, including HBV-DNA, mis-1, mis-2,
mis-3, and a random sequence (rs). As shown in Figure 6B. the highest ∆r/r0 values were
obtained only when HBV-DNA was added, and the ∆r/r0 signals of all the mismatched
base sequences were much lower than that of HBV-DNA. Even with only a single base
mismatch, the observed ∆r/r0 value remained low. This suggested that theoretically, HBV-
DNA from different serotypes or isolates may also exhibit reduced ∆r/r0 values as a result
of variations in their DNA sequences, indicating that the method had good selectivity.

Apart from the remarkable sensitivity and selectivity showcased in this article, this
work also boasts several inherent advantages over other detection methods. Firstly, in
contrast to electrochemical-based detection, which typically necessitates intricate electrode
modifications and non-specific adsorption, our FA-based uniform detection is conducted
in solution, thereby obviating the need for cumbersome washing procedures and surface
engineering. Secondly, the FA signal is predicated on the rotational speed of molecules,
rendering it inherently less vulnerable to fluctuations in light source intensity or environ-
mental background fluorescence compared to intensity-based fluorescence detection. This
confers significant benefits in terms of the measurement’s robustness and reproducibility.

3.7. Interference During HBV-DNA Detection

We also explored the anti-interference ability of this method. We added various types
of interfering substances, including metal ions, amino acids, and proteins, to the HBV-DNA
solution, with a ratio of the concentration of the interfering substances to the target of
10:1. As shown in Figure 7, the addition of the interfering substances did not cause any
significant change in the signal value, indicating that our proposed method was not very
susceptible to interference.

Figure 7. Susceptibility of the method to interference. Concentrations: Cas12a, 10 nmol/L; crRNA,
10 nmol/L; H1, 50 nmol/L; DNA cross scaffolds, 50 nmol/L; TDFs, 50 nmol/L; and K+, Fe3+,
Ba2+, Ca2+, Mg2+, I−, Na+, BSA, trypsin, HSA, D-Phe, Lys, Glu, GSH, and ATP, 50 nmol/L. The
asterisk indicates significant differences with * p < 0.05, ** p < 0.01, and *** p < 0.001; ns indicates no
significant difference.

3.8. Detection of HBV-DNA in Human Serum

To investigate the accuracy of the method in real samples, we conducted a spiked
recovery experiment. First, different concentrations of HBV-DNA were added to serum
samples, and the proposed method was used to determine the concentration of HBV-
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DNA in the serum samples. Finally, the effectiveness of the method on real samples was
evaluated by calculating the recovery rate. As shown in Table 2, we found that the signal
was enhanced as the concentration of HBV-DNA in human serum increased. Moreover, the
calculated recoveries for its detection ranged from 97.6% to 104.1% (n = 3), indicating the
good performance of our method. Therefore, this method has the potential to be applied to
clinical blood samples for HBV-DNA detection.

Table 2. Recovery experiment analyzing HBV-DNA determination in human serum.

Sample Add (nmol/L) Found (nmol/L) Recovery (%) RSD (%)

Human serum
2 2.03 ± 0.08 97.6–104.1 4.8
5 5.05 ± 0.11 99.6–103.3 6.1
8 8.10 ± 0.15 98.9–103.2 9.9

4. Conclusions
In summary, a novel FA amplification method was developed for the highly sensitive

detection of HBV-DNA by leveraging the synergistic effects of CRISPR-Cas12a and a DNA
tetrahedron assembly. The CRISPR-Cas12a system provided exceptional specificity and
significantly reduced the background signal through its efficient collateral cleavage activity,
while the DNA tetrahedron nanostructure served as an ideal FA signal enhancer due to its
precisely controlled architecture and high loading capacity of fluorophores. The integration
of these two elements resulted in a remarkable improvement in the SBR, allowing for
the sensitive detection of HBV-DNA. Notably, this method demonstrated outstanding
sensitivity in an FA-based biosensing application. The established platform successfully
detected HBV-DNA in complex samples with high sensitivity and accuracy, showing great
potential for clinical diagnostic applications.
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Abbreviations
The following abbreviations are used in this manuscript:

FA fluorescence anisotropy
FP fluorescence polarization
ssDNA single-stranded deoxyribonucleic acid
RNA ribonucleic acid
CRISPR clusters of regularly interspaced short palindromic repeats
Cas correlated protein
SBR signal-to-background ratio
TDF tetrahedral DNA frameworks
HBV-DNA hepatitis B virus DNA
LOD limit of detection
DEPC diethyl pyrocarbonate
PBS phosphate-buffered saline
TBE tris-borate ethylene diamine tetraacetic acid
RSD relative standard deviation
D-Phe D-phenylalanine
Glu glutamic acid
GSH glutathione
Lys lysine
ATP adenosinetriphosphate
BSA bovine serum albumin
HSA human serum albumin
PAGE polyacrylamide gel electrophoresis
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