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ABSTRACT: Proteases play important roles in diverse physio-
logical processes, and their malfunction has been implicated in
various conditions and diseases. Therefore, development of
sensitive methods for protease detection in clinical samples is
highly desired for disease diagnosis. Herein, we report an
ultrasensitive and selective CRISPR-Casl2a based fluorescent
assay for trypsin activity measurement. By taking advantage of
the signal amplification brought by a unique magnetic bead-gold
nanoparticle assembly, which carries the peptide substrate and tens
to hundreds of DNA molecules per peptide molecule, trypsin can
be detected with a limit of detection reaching as low as 0.13 ng/
mL. Furthermore, the sensor selectivity study was performed by
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examining several biomolecules commonly present in biological samples, including bovine serum albumin (BSA), human serum
albumin (HSA), DNase, RNase, chymotrypsin, elastase, and thrombin. Moreover, trypsin inhibition and serum sample analysis were
successfully carried out. Given the ultrahigh sensitivity, the CRISPR-based trypsin activity assay developed in this work can be used
as a generic platform for developing sensors for other proteases, offering the potential as a noninvasive/minimally invasive tool for

clinical diagnosis.
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B INTRODUCTION

Proteases are essential regulators of diverse physiological
processes, and their malfunction has been implicated in various
conditions and diseases such as inflammation, viral infections,
cancer, and neurodegenerative diseases.'™ As one specific
example, trypsin is a pancreatic serine protease with a
molecular weight of 23.8 kDa that cleaves proteins and
peptides at the carboxyl side of lysine and arginine residues and
hence it is crucial for digestion.”® Apart from its digestive
function, trypsin plays a critical role in the regulation of the
activities of other proteins, and disturbed activity of trypsin is
strongly implicated in pancreatitis and pancreatic cancer.”® In
healthy individuals, normal urinary trypsin levels range
between 115 and 350 ng/mL, while the trypsin concentration
can go up to as high as 844 ug/mL in acute cases of
pancreatitis.”'® Therefore, trypsin is an important biomarker
for pancreatic health, and development of sensitive methods
for detection of trypsin in clinical samples is highly desired for
diagnosis of pancreatic and chronic systemic diseases. Thus,
far, many methods have been reported for trypsin detection,
including the mass spectrometry,11 enzyme-linked immuno-
sorbent assay (ELISA),'” gel electrophoresis,” electrochemical
analysis,"* ™" chemiluminescence spectrometry,'® nanopore
sensing,'” colorimetric spectrometry,” and fluorescence
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spectron1etry.21_24 Among them, fluorescence spectroscopy
has gained a lot of attention because of some of its unique
advantages such as low background noise, high sensitivity, and
easy operation. However, the current existing fluorescence-
based trypsin assays are still plagued with several problems,
such as the toxicity of quantum dots, the low sensitivity of
“turn-off” detection, and the requirement of numerous
reagents.

Gold nanoparticles (AuNPs) have been extensively used in
biological applications, owing to their size- and shape-
dependent optical and electronic properties.”> ' Various
AuNP-based trypsin assays have been reported, most of
which are based on the aggregation or deaggregation of
peptide-functionalized AuNPs to produce a colorimetric
signal.>>~*° In addition to these aggregation-based approaches,
growth-mediated AuNP sensors have also been developed. As
a noted example, Creyar et al. constructed a peptide-gold
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Scheme 1. Schematic Representation of the Key Procedure of Synthesizing the Magnetic Bead-Gold Nanoparticle Assembly
and the Principle of the CRISPR-Based Trypsin Activity Assay (Not to Scale)
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nanoparticle system that leveraged the differential adsorption
of a parent peptide and its cleaved counterpart to control the
growth of gold nanorods in response to trypsin exposure.’®
With the dithiol peptide GCKGCG, they showed that cleavage
of the peptide yielded a dispersion of high-aspect-ratio rods,
low-aspect-ratio rods, and faceted nanospheres. The subse-
quent particle morphology alterations were efficient in the
modulation of solution optical properties and were directly
proportional to enzyme activity. Despite the significant
advancements in nanotechnology, most of the nanomaterial-
based trypsin sensing methods suffer from poor limits of
detection and involve time-consuming AuNP-peptide substrate
preparation procedures. In this work, we are demonstrating a
fundamentally different new strategy for ultrasensitive trypsin
activity assay by taking advantage of dual-functionalized
AuNPs-assisted signal amplification, where each trypsin-
peptide substrate cleavage event is converted to numerous
barcode DNA molecules with predesigned sequences, followed
by CRISPR-Casl2a-based fluorescence analysis. While tradi-
tionally used for nucleic acid analysis, CRISPR-Cas12a systems
can also be adapted to detect various non-nucleic acids.””~*’
Our developed sensing strategy can be used as a generic
method for developing sensors for other proteases, thus
offering a potential use as a noninvasive/minimally invasive
tool in clinical diagnosis.

B EXPERIMENTAL SECTION

Materials and Reagents. Streptavidin-coated magnetic beads
(2.8 pum diameter, 10 mg/mL) were obtained from Invitrogen
(Carlsbad, CA, USA), while a 30 nm-diameter gold colloidal solution
was procured from Nanopartz (Loveland, CO, USA). LbCas12a and
all the DNA/RNA samples were ordered from Integrated DNA
Technologies (Coraville, 1A, USA). The peptide used in this work was
synthesized using the AAPPTEC 396 omega peptide synthesizer at
the Molecular Interactions Core of the University of Missouri
(Columbia, MO). All the other chemicals, including trypsin, RNase A,
DNase A, BSA, HSA, chymotrypsin, elastase, thrombin, and so on
were purchased from Sigma-Aldrich (St. Louis, MO).

Preparation of Dual Functionalized AuNPs. The dual
functionalized AuNPs were synthesized via a two-step process. First,
a biotinylated peptide (sequence: Biotin-Lys-Lys-Lys-Ly-Tyr-Lys-Lys-
Lys-Ly-Tyr-Lys-Lys-Lys-Ly-Tyr-Lys-Lys-Lys-Ly-Tyr-Cys) was conju-
gated to AuNPs of 30 nm diameter via the Au—S bond according to a
procedure as described in detail elsewhere.*' ™ Briefly, 100 uL of
colloidal AuNPs (3 M) was first combined with 5 uL of 2 M NaOH
with gentle mixing. Then, the biotinylated peptide solution (2.5 uL,
100 pg/mL) was added, and the mixture was gently mixed again and
vortexed at room temperature for 30 min, resulting in the formation
of peptide-modified AuNPs (Pep-AuNPs). During the second step,
ssDNA was immobilized to Pep-AuNPs. For this purpose, a 100 yL of
20-mer disulfide-terminated ssDNA (TD, sequence: S'—HS—S—
(CH,)¢~TTTTTTTTTTTTTTTTTTTT-3/, 1 mM) was first
incubated with TCEP (tris(2-carboxyethyl)phosphine) at ambient
temperature for 1 h, thereby reducing the disulfide linkage and
releasing free thiol groups. The thiol-terminated ssDNA (100 L) was
then combined with peptide-AuNPs and gently mixed for 1 h at room
temperature to facilitate DNA binding. After that, an “aging-salting”
step’” was carried out by gradually increasing the NaCl concentration
to 0.3 M using a 2 M NaCl solution, and the mixture was left
overnight to enhance DNA loading. Finally, the solution was
centrifuged at 10,000g for 10 min to remove any unbound moieties,
yielding purified, ssDNA-decorated nanoparticles (Pep-AuNPs-TD).

Formation of MB—AuNPs Assembly. Streptavidin-function-
alized magnetic beads (MBs) (10 uL) were washed three times with
500 uL of washing buffer, consisting of 10 mM PBS (pH 7.2) and
0.1% BSA. After the final wash, the beads were resuspended in 500 xL
of PBS (pH 7.2). Then, § uL of dual functionalized AuNPs (Pep-
AuNPs-TD) were introduced into the suspension, followed by
vortexing and stirring for approximately 30 min to facilitate binding.
After incubation, unbound nanoparticles were removed by washing
the functionalized magnetic beads three times with 10 mM PBS (pH
7.2) containing 0.1% Tween. The prepared MB-Pep-AuNPs-TD
complex served as a substrate for the trypsin cleavage.

Procedure for the CRISPR-Based Trypsin Assay. The prepared
MB-Pep-AuNPs-TD complex was resuspended in 1 mL of 10 mM
PBS (pH 7.2) with 0.1% Tween. Trypsin, at a concentration ranging
from 1 to 100 ng/mL, was added to the suspension, and the mixture
was vortexed and stirred at room temperature for 20 min. After the
reaction, the magnetic beads were separated, and the solution devoid
of magnetic beads was collected for CRISPR analysis using a protocol
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Figure 1. Nanopore analysis of trypsin-peptide substrate cleavage interaction. (Top Panel) Without and (Bottom Panel) with trypsin. (Left)
Typical single-channel current recording trace segments; (middle) the corresponding scatter plots of event amplitude versus residence time; and
(right) the event-list histograms. The experiment was carried out at +150 mV in an electrolyte solution containing 1 M NaCl and 10 mM Tris (pH
7.5) and in the presence of S uM of peptide. The (M117F), a-hemolysin protein was used as the nanopore sensing element, which was added to
the grounded cis chamber compartment. In the experiment showing in the bottom panel, nanopore single-channel recording was carried out after
incubating the peptide-trypsin mixture in the 1 M NaCl electrolyte solution for 6 min. The peptide or peptide-trypsin mixture was added to the
trans compartment. Scatter plots and event-list histograms were obtained based on 7 min trace segments. Trypsin concentration was 1000 ng/mL.

as described in a previous work.*' Briefly, a mixture containing 4 L
of Cas12a (1 uM), 6 uL of crRNA (sequence: rUrArArUrUrUrCrUr-
ArCrUrArArGrUrGrUrArGrArUrArArArArArArArArArArArArArAr-
ArArArArArA, 2 M), and 20 L of 1X NEB Buffer 3.1 was incubated
at room temperature for 30 min to facilitate Cas12a-crRNA complex
formation. Subsequently, the collected supernatant (1 mL) was
introduced into the preformed Casl2a-crRNA complex and allowed
to react for an additional 30 min at room temperature. Following this,
a dye-labeled single-stranded DNA (ssDNA, sequence: FAM-
TTATT-IABKFQ) reporter substrate (10 yL, S uM) was added to
the reaction mixture and incubated for 3 h. The fluorescence signal
was then measured at an excitation/emission wavelength of 492/528
nm at room temperature.

B RESULTS AND DISCUSSION

The Principle of the CRISPR-Based Trypsin Activity
Assay. Unlike the traditional protease activity assay, which is
carried out by directly monitoring the cleavage of a highly
selective dye-labeled peptide substrate by the target protease
via the change in the colorimetric or fluorescent signal, the
trypsin activity assay developed in this work takes advantage of
a unique magnetic bead-gold nanoparticle assembly (Scheme
1), which carries the peptide substrate and multiple (tens to
hundreds of) DNA molecules per peptide molecule. Upon
exposure to trypsin, it will cleave the peptide which connects
the gold nanoparticles (AuNPs) and streptavidin-function-
alized magnetic beads (MBs), thus liberating DNA-carrying
AuNPs into the solution. The DNA molecules immobilized on
the surface of AuNDPs then activate the CRISPR-Cas12a system
via specific recognition by the Casl2a-crRNA complex,
initiating its characteristic collateral cleavage activity, thus
breaking down the dye-labeled reporter ssDNA, producing
fluorescence. In contrast, if the sample does not contain
trypsin, the magnetic bead-gold nanoparticle assembly will be
intact, and no DNA-carrying AuNPs will be released, leading
to no fluorescence signal being detected. It is worth

mentioning that, in our design, since each peptide-trypsin
cleavage event yields numerous DNA molecules for down-
stream CRISPR analysis, our developed protease activity assay
platform offers an enhanced sensitivity than the traditional
protease assays.

Design of Peptide Substrate for Trypsin Cleavage.
Trypsin, a serine protease with 223 amino acid residues, is the
most important digestive enzyme produced in the pancreas,
which cleaves peptide bonds mainly at the carboxyl side of the
lysine or arginine amino acid residue. Since acute pancreatitis
patients have significantly elevated trypsin levels in their sera,
trypsin is a useful biomarker for pancreatitis. To develop a
highly sensitive assay for trypsin, we designed a 21-mer
biotinylated peptide mainly consisting of lysine amino acids
(sequence: Biotin-KKKKYKKKKYKKKKYKKKKYC). Note
that, trypsin has a dimension of 3.8 nm X 3.8 nm X 3.8
nm,** while the estimated length of the 21-mer peptide is ~8.4
nm (based on an average contour length per amino acid of 4.0
A). Therefore, we expect that trypsin can access and interact
with the cleavage site of the peptide substrate even after the
biotin moiety of the peptide is conjugated to the streptavidin-
modified MBs, while its C-terminal cysteine is coupled to the
surface of AuNPs. To verify the feasibility of using our
designed Dbiotinylated peptide as an effective substrate for
trypsin cleavage, the peptide-trypsin interaction was first
investigated using the (M117F), a-hemolysin nanopore
using a procedure described previously.*> Nanopore stochastic
sensing is an emerging single-molecule detection technique. By
monitoring ionic current modulations caused by passage of
molecular or ionic species through a single nanoscale-sized
pore in a high salt solution, it has been utilized as a versatile
tool to explore a wide variety of applications, including
investigation of enzyme kinetics and thermodynamics.**™>' We
found that, in the absence of trypsin, the peptide produced two
major types of events in the nanopore: one type having a mean

https://doi.org/10.1021/acsabm.5c00854
ACS Appl. Bio Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acsabm.5c00854?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c00854?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c00854?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c00854?fig=fig1&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.5c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

(A) (B)
2% - 201 d,yerage = 30.08  2.07
.

. . 516

1 c
< .o g12

. &
. ¥ " e 8
* 4

L]
100 nm P

.l
N
»

28 32 36
Particle size/nm

(E) (F)

30 daverage =33.07£1.90

n
H»

-
©

>
o
c
]
3
T
o
[

12

30 32 34 36

Particle size/nm

(C) (D)
20
daverage = 31.00  2.29
16
>
212
[
&
o 8
w
- 4
50 nm )
0
24 28 32 36
Particle size/nm
(G)
2 o3 |
@
8
& | ——auwes
£ | —— AuNPs + Biotinylated Peptide 103
£
2 | 1557
il
L 1584 425,
1705 1085
38 40

3000 2000 1000

Wavenumber (cm™)

Figure 2. Characterization of dual functionalized AuNPs. (A) Representative TEM image and (B) size distribution of citrate-capped AuNPs; (C)
representative TEM image and (D) size distribution of peptide-functionalized AuNPs (Pep-AuNPs); (E) representative TEM image and (F) size
distribution of peptide-functionalized AuNPs after further conjugation with ssDNA (Pep-AuNPs-TD); and (G) FT-IR spectrum of AuNPs and
Pep-AuNPs. TEM was performed using a JEOL JEM-1400 instrument at 120 kV, while IR spectra were acquired on an FTIR PerkinElmer

Spectrum Two: UATR Two spectrometer using 1 cm™ resolution.

residual current of 21.5 & 0.7 pA and a long-lived residence
time of 42.8 + 3.9 ms, while the other showing a residual
current of 51.0 + 0.1 pA and a smaller residence time of 6.20 +
0.87 ms. These events might be attributed to the different
orientations in which the peptide entered and passed through
the nanopore although we could not rule out the possibility
that they were due to the biomolecules’ translocation and
collision with the nanopore, as reported in the previous work.>>
In contrast, upon addition of trypsin to the peptide, the
frequency of these peptide current modulation events
decreased significantly (Figure 1), indicating the successful
cleavage of the peptide by trypsin. Therefore, the experimental
results confirmed that the peptide we designed was an
appropriate substrate for trypsin activity assay at the molecular
level.

Characterization of Dual Functionalized AuNPs. One
of the major components for our pioneered CRISPR-based
trypsin activity assay is the dual functionalized AuNPs. To
verify the successful synthesis of peptide/DNA-dual function-
alized AuNPs, UV—vis absorption spectroscopy, transmission
electron microscopy (TEM), and infrared (IR) spectroscopy
experiments were performed, with the results summarized in
Figure 2. Briefly, UV—vis experiments showed a significant red
shift of the surface plasmon resonance (SPR) peak from ~521
nm (pure AuNPs, red curve) to ~ 523 nm (peptide-
functionalized AuNPs, black curve), along with a decrease in
the absorption intensity (Supporting Information, Figure S1).
On the other hand, TEM characterization gave in-depth
understanding of morphological changes between the free and
functionalized AuNPs. For example, unmodified AuNPs
displayed mostly spherical shapes with even distribution
(Figure 2A), with a mean particle size of 30.08 + 2.07 nm
(Figure 2B). After immobilizing peptide molecules to AuNPs,
there was a detectable increase in the particle size by about 1

nm relative to the unmodified nanoparticles (Figure 2C,D).
Further coupling DNA to the peptide-modified AuNPs led to
another increase in the particle size (by 2 nm) to 33.07 nm
(Figure 2E,F). This size augmentation provides compelling
evidence of the successful and sequential functionalization of
AuNPs with both the peptide and DNA. In addition, the FT-
IR spectrum (Figure 2G) of the unmodified AuNPs exhibits a
distinct peak at 843 cm ™', corresponding to the metal—oxygen
stretching vibration, confirming the coordination of citrate ions
to the gold nanoparticle surface via RCOO™ — Au interaction.
Further confirmation of citrate capping on AuNPs was
provided by peaks at 1557 cm™' and 1103 cm™, assignable
to the R—CO, and C—O stretching vibrations, respectively. In
contrast, after attaching the peptide to AuNPs, the Pep-AuNPs
sample showed obvious spectral shifts (the peaks appearing at
1584 cm™ and 1085 cm™), which indicates the successful
coordination of the ligands onto the surface of nanoparticles.
Furthermore, the existence of an Amide I band close to 1705
cm™ (due to the C=O stretching of the peptide bonds)
provides another evidence for the conjugation of the peptide
molecules on AuNPs. Moreover, the peak at 1252 cm™, which
is attributed to C—N—C stretching of the peptide backbone,
further confirms the successful attachment of the peptide on
the surface of the nanoparticles. Taken together, the combined
UV—vis, TEM and IR experimental results confirm that the
AuNPs were indeed effectively modified with both the peptide
and DNA.

B OPTIMIZATION OF THE EXPERIMENTAL
CONDITIONS

It should be noted that, in our sensing design, the molar ratio of the
DNA to peptide molecules immobilized on the AuNPs surface is
critical to the sensor sensitivity since each peptide-trypsin cleavage
event yields multiple (tens to hundreds of) DNA molecules for
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downstream CRISPR analysis. In principle, a larger molar ratio of
DNA to peptide leads to a decrease in the limit of detection (LOD) of
the sensor, which has been demonstrated in our earlier studies,™
where antibody/DNA-dual functionalized AuNPs were used to detect
proteins. However, a too low peptide density on AuNPs might lead to
a consequence that the crowdy DNA molecules surrounding the

peptide substrate prevent it being accessible by the target trypsin, thus
having a negative impact on the sensor sensitivity. To achieve highly
sensitive detection of trypsin, a series of dual functionalized AuNPs
having varying peptide loading densities was prepared by incubation
of AuNPs (30 nm diameter, 3 yM) with biotinylated peptides at
different concentrations (ranging from 1 to S ug/mL in Figure 3) and
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a fixed concentration of DNA (10 uM). These functionalized AuNPs
with different peptide loading densities were then coupled to
streptavidin-functionalized MBs, followed by digestion by trypsin
(100 ng/mL) and CRISPR analysis. We found that the functionalized
AuNPs prepared with 2.5 ug/mL of peptide yielded the largest
fluorescent intensity, followed by AuNPs functionalized with S ug/mL
of peptide (Figure 3A). The AuNPs modified with 1 pg/mL of
peptide showed a very small signal-to-noise ratio (1.30), indicating
the strong steric hindrance effect of the surrounding DNA on
peptide/trypsin cleavage.

Using the MB—AuNPs assembly (i.e., the MB-Pep-AuNPs-TD
complex) prepared with 2.5 pig/mL of peptide, several parameters that
are key to the enzymatic reactions were then systematically
investigated, including incubation time and temperature as well as
solution pH. We found that, when the temperature increased from 27
to 37 °C, a slight (24.6%) increase in the fluorescence intensity was
observed (Figure 3B), suggesting that temperature was not a critical
factor in our sensor system. In contrast, with an increase in the
incubation time, the fluorescence signal increased significantly and
reached its maximum when the incubation time was 20 min (Figure
3C). Hence, 20 min was selected as the optimum incubation time and
used in the subsequent experiments. Moreover, the pH experiments
showed that the optimal pH for maximum trypsin activity was 7.5, and
a decease or an increase in the solution pH resulted in smaller
fluorescence signals (Figure 3D).

Performance of the Trypsin Sensor and Trypsin Inhibition
Investigation. Under the optimized dual functionalized AuNPs,
solution pH, and incubation time and temperature, as well as the
CRISPR analysis system containing Casl2a, crRNA and ssDNA
reporter in 1:3:12.5 molar ratio, the CRISPR-based trypsin activity
assay platform was used to analyze a series of trypsin solutions with
varying concentrations ranging from 1 to 100 ng/mL. The
experimental results revealed a consistent and noticeable increase in
the fluorescence intensity at 525 nm as the trypsin concentration
increased (Figure 4A). By plotting the fluorescence intensity at 525
nm against the trypsin concentration, a linear relationship with R* =
0.9987 was established within the concentration range of 1—100 ng/
mL (Figure 4B). The limit of detection (LOD) was determined to be
0.3 ng/mL using the formula of LOD = 36/S.5%%* To our best
knowledge, such a LOD is much better than other nanomaterial-based
detection methods developed thus far (Supporting Information, Table
S1). For example, the LODs for trypsin detection by using
aggregation—deaggregation-triggered fluorescent chemosensors range
from 6.41 to 37.1 ng/mL,m’z“35 while detection strategies based on
optical property changes (prompted by variations in the aggregation
or clustering of nanomaterials following trypsin treatment) usually
detect trypsin with LODs reaching 0.045 pg/mL to 2.96 mg/mL.20’56
Since the serum trypsin concentration in the healthy population
ranges from 115 to 350 ng/mL, our method is more than good
enough for clinical sample analysis. To determine the sensor
selectivity, several biomolecules commonly present in biological
samples were selected as potential interfering species, including BSA,
HSA, DNase, RNase, chymotrypsin, elastase, and thrombin. These
biomolecules were analyzed by our sensor with concentrations 10-fold
higher than that of trypsin. As illustrated in Figure 4C, the
fluorescence signals generated by these samples were ~2 to S times
smaller than the target analyte, demonstrating that the sensor was
highly selective to trypsin. It should be noted that, among all the
potential interfering species investigated, chymotrypsin produced the
largest fluorescence intensity. The results are not unreasonable
considering that chymotrypsin can also cleave this peptide substrate
which contained tyrosine residues. If reducing the signal generated by
chymotrypsin is desired, a new peptide sequence which does not
contain aromatic residues could be used. Moreover, in real-world
application, endogenous nucleic acids and DNases present in the
sample might potentially interfere with our developed trypsin sensor if
the nucleic acids contained the same sequence segment as our
designed barcode DNA or the DNase concentration was high (several
orders of magnitude larger than trypsin). In the former, the
endogenous nucleic acids would activate Casl2a, while in the latter,

DNases might degrade the barcode DNA and dye-labeled ssDNA
reporter. If that is the case, nucleic acids can be separated from the
clinical sample by extraction or be degraded by using nucleases such
as DNases, while DNases can be eliminated by using DNase removal
reagents.

It should be noted that proteases play key roles in diverse biological
processes. Accordingly, alterations in their structure and expression
patterns underlie many human pathological processes. Hence,
proteases are important targets for drug discovery, and numerous
protease inhibitors have been identified and widely used to treat
various human diseases by suppressing protease activity via the
formation of stable complexes through hydrogen bonding at the
enzyme’s active center, thus effectively blocking its functionality. To
show our developed trypsin sensing platform can be used as a
convenient tool to investigate protease inhibition, the inhibitory
efficacy of a commercially available trypsin inhibitor against trypsin
was investigated. We found that in the absence of the inhibitor, the
trypsin sample (100 ng/mL) yielded a high fluorescence signal
compared with the blank control. In contrast, when a preincubated
mixture of trypsin and its inhibitor was introduced to the sensing
system, a significant decrease in the fluorescence intensity was
observed (Figure 4D). Moreover, with an increase in the
concentration of added trypsin inhibitor, the trypsin-inhibitor mixture
sample showed a decreased fluorescence signal. Therefore, the results
unequivocally demonstrates that the trypsin inhibitor can indeed
effectively block the trypsin activity.

Improvising the Sensitivity of the Trypsin Assay. In our
trypsin sensor design outlined in Scheme 1, the CRISPR system was
utilized to directly analyze the target DNA immobilized on the surface
of AuNPs. It is likely that the steric hindrance of the crowded AuNPs
surface might affect the binding between the Casl2a-crRNA complex
and DNA, thus influencing the sensor sensitivity. To improve the
LOD of the trypsin sensor, we attempted a strategy to enhance the
accessibility of the target DNA by releasing it from the surface of
AuNPs by using dithiothreitol (DTT). DTT, a well-characterized
reducing agent, exhibits a strong affinity for the AuNPs surface due to
its thiol groups, which readily form thiol-gold bonds. When an excess
amount of DTT is added to DNA-functionalized AuNPs (via Au—S
bond formation), it would displace the target DNA from the AuNPs,
thus effectively transferring it into the solution, where it would be fully
accessible for the subsequent CRISPR assay. For this purpose, after
the trypsin digestion step, the product obtained was treated with 10
#L of 15 mM DTT for 10 min, followed by CRISPR analysis. The
experimental results showed that, using this strategy, the LOD of the
trypsin sensor could be improved to 0.2 ng/mL (Figures S and S2). It
should be noted that, an appropriate concentration of DTT used for
recovery of the target DNA was critical to the improvement in the
sensor LOD. In general, with an increase in the DTT concentration,
the background fluorescence intensity increased, leading to a decrease

No DTT DTT DTT + crRNA-A7

0.4

LOD (ng/mL)
o o
N w
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Figure S. Effect of DTT and guide RNA on the LOD of the trypsin
sensor. The experiments were performed by using a CRISPR system
containing Casl2a, crRNA and ssDNA reporter in 1:3:12.5 molar
ratio to analyze the digestion product of MB-Pep-AuNPs-TD by
trypsin without/with DTT treatment, and employing a CRISPR
system containing Cas12a, crRNA-A7 and ssDNA reporter in 1:3:12.5
molar ratio to analyze the digestion product of MB-Pep-AuNPs-TD
by trypsin coupled with DTT treatment, respectively.
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in the signal-to-noise ratio, and hence a poorer sensor performance
would occur.

Moreover, Casl2a crRNAs are typically 42 nucleotides (nt) long,
and can be divided into two regions: a 20 nt stem-loop region and a
20—24 nt target-specific region. Previous studies have reported that
engineered crRNAs with 3'- or 5’-end extensions of single-stranded
nucleic acid could significantly enhance the CRISPR-Cas12a activity
by increasing collateral cleavage efficiency.”’ Among them, a 7-mer
extension has been identified as a universal and spacer-independent
enhancer which can significantly improve both the sensitivity and
specificity of LbCas12a-based nucleic acid detection. Building on this
finding, a 7-mer extended guide RNA (crRNA-A7, sequence:
rUrArArUrUrUrCrUrArCrUrArArGrUrGrUrArGrArUrArArArArAr-
ArArArArArArArArArArArArArArATATTATT) was employed in-
stead of the crRNA having a regular length in the CRSPR analysis
system; furthermore, the collected product after trypsin digestion was
treated with DTT before CRISPR analysis. As anticipated, this
strategy could further improve the sensor sensitivity, with the LOD
reaching 0.13 ng/mL (Figures S and S3).

Serum Sample Analysis. To demonstrate the potential
application of our developed trypsin sensor for clinical sample
analysis, one human serum (from human male AB plasma, USA
origin, Sigma-Aldrich, St. Louis, MO) was examined. Briefly, the
serum sample (1:20 dilution in PBS) was analyzed by our constructed
sensor, and the trypsin concentration in the diluted sample was
determined to be 6.5 + 0.2 ng/mL, which is equivalent to ~130 ng/
mL in the original serum sample, and this value is within the serum
trypsin concentration range of healthy population (ranging from 115
to 350 ng/mL). To further evaluate the effect of the matrix
components on trypsin detection, three additional mock serum
samples were analyzed, and these samples were prepared by spiking
trypsin standard solutions with varying concentrations to the diluted
(1:20) human serum. The results were summarized in Table 1. From

Table 1. Serum Sample Analysis Using the Developed
CRISPR-Based Trypsin Activity Assay Platform

trypsin trypsin

sample  trypsin added found” recovered

number ryan/mL) (ng/mL) (ng/mL) recovery (%)
1 0 6.5+ 02 — —
2 10 194 £ 13 12.9 129.0 + 8.0
3 20 31.7 £ 1.0 252 126.0 + 3.7
4 S0 59.0 + 2.7 52.5 105.0 + 4.8

“Each value represents the mean of three replicate analyses + one
standard deviation.

the table, we could see that our developed CRISPR-based activity
assay possessed satisfactory sensing performance toward trypsin
detection, with recoveries obtained ranging from 105 to 129%. The
experimental results suggest that our developed trypsin activity assay
will not significantly be affected by the serum matrix, and offers a
potential use as a noninvasive/minimally invasive tool in clinical
diagnosis.

B CONCLUSION

In summary, by taking advantage of a magnetic bead-gold
nanoparticle assembly, which carries the peptide substrate and
tens to hundreds of DNA molecules per peptide molecule,
coupled with CRISPR analysis, a highly sensitive and selective
trypsin activity assay was developed. Although the entire
investigation focused on trypsin, it can be visualized that the
sensing strategy pioneered in this work may be utilized to
develop sensors for a wide variety of proteases and enzymes.
For this purpose, the magnetic beads-based sensing platform
constructed in this study can be easily expanded by using a 96-
well or 384-well streptavidin coated-polystyrene plate. By

immobilizing a series of AuNPs dual-functionalized with
barcode ssDNA and various selective peptide substrates for
various proteases to the plate, a large-scale multiplexing tool
for high-throughput detection of protease biomarkers could be
fabricated. Moreover, it should be noted that, the trypsin
sensor constructed in this work was not optimized. To further
improve the LOD of the sensor, several factors need to be
systematically investigated, including the peptide length,
substrate cleavage site design as well as the length and
sequence of the barcode DNA. Given the ultrahigh sensitivity,
the CRISPR-based protease activity assay platform developed
in this work offers the potential as a tool for disease diagnosis.
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