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Abstract

Ribonuclease A (RNase A) is a clinically relevant biomarker whose aberrant activity compromises
RNA stability and interferes with RNA-based therapeutics, highlighting the need for rapid and
ultrasensitive detection tools. In this work, we developed a CRISPR/Cas]12a-assisted biosensing
platform integrated with a substrate-bridged magnetic bead—gold nanoparticle assembly (SB-
MAC) for highly sensitive and selective RNase A detection. By optimizing AuNP loading density,

RNA substrate/barcode DNA molar ratio, and enzymatic incubation conditions, the prepared dual-

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

functionalized SB-MAC architecture enabled efficient substrate/RNase A cleavage interaction and

significant signal amplification, yielding a limit of detection (LOD) of 0.16 pg mL™! for RNase A.

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:30:06 AM.

The sensor exhibited excellent specificity against structurally and functionally related

biomolecules and demonstrated strong analytical performance when tested on serum and water

(cc)

samples with recoveries obtained ranging from 104 to 110%. Owing to its modular substrate design
and robust signal amplification, this DNA-assisted platform offers a versatile and clinically
relevant tool for monitoring RNase A activity and can be readily adapted for detecting other

nuclease-based biomarkers.
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Introduction

Ribonuclease A (RNase A) is a highly stable bovine pancreatic endoribonuclease that selectively
cleaves cytosine- and uracil-containing RNA in sSRNA, dsRNA, and RNA-DNA hybrids!2. Its
disulfide-stabilized structure confers exceptional resistance to thermal and chemical degradation,
making it a central model in enzymology and a widely used tool in molecular biology?. Beyond
RNA metabolism, RNase A is involved in immune regulation, cellular proliferation, and host
defense, and abnormal RNase A activity has been closely linked to pancreatic, ovarian, bladder,
and thyroid cancers*~’. Its intrinsic cytotoxic and antiviral properties further elevate its biomedical
relevance. Given these diverse functions, sensitive and accurate detection of RNase A activity is
essential for early cancer diagnosis, therapeutic evaluation, and mechanistic studies. Meanwhile,
the rapid expansion of RNA therapeutics, including mRNA vaccines and siRNA platforms®?,
demands stringent monitoring of RNase A contamination to preserve RNA integrity in research

and manufacturing.

Gelatin zymography'?, radioactive labeling'!, and methylene blue'? tests have long been the
standard methods for measuring RNase A activity. However, the various limitations of these
methods such as being time-consuming, expensive, not very sensitive, and suffering from
hazardous radiation have severely restricted their practical applications. To overcome the
constraints of classical RNase A activity assays, a number of new biosensing methodologies have
been developed, including electrochemical and fluorescence-based approaches!*!'# as well as EtBr-
mediated label-free platforms!s, which convert the biological event (enzymatic cleavage of the
substrate) into an electronic or optical signal. Although these methods offer more sensitive and
convenient analysis, they still frequently require complex sample-handling procedures or

sophisticated instrumentation.

Recently, the integration of various amplification techniques with highly specific biological
recognition elements has significantly improved the limits of detection in the field of diagnostics
and biosensing, enabling the analysis of biomarkers at ultra-low concentrations. Amplified

detection of enzymatic biomarkers commonly relies on signal-enhancing schemes such as
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nanoparticle-assisted probe release'®!?, catalytic hairpin assembly (CHA)'®, rolling circle
amplification (RCA)!*2!, and CRISPR—Cas—mediated collateral cleavage??>2*. These strategies
convert limited enzyme turnover into large, quantifiable outputs through catalytic recycling,
structural rearrangement, or nuclease-driven signal cascades. As a result, such amplification modes
substantially lower the detection limits and improve robustness in complex samples. Despite their
advantages, the current amplification techniques still face challenges. For example, CHA can
exhibit slow reaction kinetics and occasional background leakage, necessitating careful sequence
and buffer optimization, while RCA introduces additional operational steps due to its reliance on
ligation and polymerase activity and may be susceptible to nonspecific priming. CRISPR—Cas—
based amplification, although exceptionally sensitive, requires precise crRNA design and strict
reaction control to minimize background from collateral cleavage and to ensure enzyme stability
across different assay formats. Moreover, although CRISPR—-Cas systems offer exceptional
specificity, their collateral cleavage activity alone is not inherently sufficient for amplified
detection, as the enzyme still requires a well-defined and purified DNA activator to initiate trans-
cleavage. In complex biological samples, such target molecules may be scarce, masked by matrix
components, or difficult to liberate without upstream processing. As a result, CRISPR often

benefits from integration with complementary amplification modules such as nanoparticle-assisted

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

probe release, which generate abundant, clean activator strands in response to enzyme activity. By

coupling CRISPR with nanomaterial-enabled signal generation, the overall system could achieve

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:30:06 AM.

greatly enhanced sensitivity and reliability, transforming modest biochemical events into robust

(cc)

and quantifiable readouts.

Due to their tunable optical properties, versatile surface chemistry, and excellent biocompatibility,
gold nanoparticles (AuNPs) have been integrated into biological sensing platforms for detection
of various biomolecules, including nucleases and RNA-degrading enzymes 2°-3°. Many of these
assays rely on changes in particle aggregation, surface charge, or hydrodynamic behavior upon
substrate cleavage®'2. Although these approaches provide convenient readouts, their sensitivity is
often limited by the direct signal output generated from a single enzymatic cleavage event and the
intrinsic noise associated with nanomaterial aggregation phenomena. To overcome these

constraints, strategies coupling AuNP-assisted substrate presentation with downstream signal
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amplification have gained increasing attention®*33. In this work, we introduce a fundamentally
different and highly sensitive detection approach for RNase A activity measurement by exploiting
dual-functionalized AuNPs to increase substrate loading density and convert each RNase A-
mediated cleavage event into a large number of barcode DNA molecules. These DNA reporters
subsequently activate CRISPR-Cas12a, enabling robust fluorescence amplification far beyond that
achievable through traditional nanomaterial-based sensing. While CRISPR-Casl2a is widely
recognized for nucleic acid detection, recent studies have demonstrated its adaptability for
monitoring enzyme activities through rational substrate design, providing a powerful mechanism
for translating biochemical reactions into amplified nucleic acid signals. The sensing strategy
presented in this work establishes a generic framework for nuclease activity assays and offers
strong potential for applications in RNA therapeutic manufacturing, contamination monitoring,

and minimally invasive clinical diagnostics.

Materials and Methods
Materials

Streptavidin-coated magnetic beads (2.8 um diameter, 10 mg/mL) were obtained from Invitrogen
(Carlsbad, CA, USA), while 30 nm gold colloidal nanoparticles were purchased from Nanopartz
(Loveland, CO, USA). LbCas12a, crRNA, and all the other DNA/RNA oligonucleotides, including
the thiolated RNase A substrate, were synthesized by Integrated DNA Technologies (Coralville,
IA, USA). All the enzymes and proteins, including RNase A, RNase H, DNase I, trypsin, thrombin,
cathepsin-D, HIV protease, BSA, and HSA, were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All other chemicals and reagents were of analytical grade and used without further

purification.

Engineering AuNPs with RNA Substrate and Amplifier Strands

Dual-functionalized AuNPs were prepared through thiol-gold surface conjugation using a dithiol-
protected RNA substrate for RNase A (sequence: '“HS—-S—(CH;)¢—
rCrUrGrUrGrCrGrUrGrUrGrArCrArGrCrGrGrCrUrGrA-TEG-biotin—3’, where TEG is a 15
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atom tetraethylene glycol spacer) and a 20-mer dithiol-protected amplifier DNA strand (P1) with
the sequence of 5'~HS—S—(CH,)¢—TTTTTTTTTTTTTTTTTTTT-3'. Both the substrate and P1

were individually reduced to generate free thiol groups prior to AuNP functionalization. Briefly,
each  oligonucleotide solution was incubated separately with TCEP  (tris(2-
carboxyethyl)phosphine) for 1 h at ambient temperature to cleave the disulfide protection and
release reactive thiol moieties. These freshly reduced oligonucleotide stocks were then used to
prepare the functionalization premixes. To control surface loading composition, the substrate and
P1 were combined at molar ratios of 1:25, 1:50, 1:100, and 1:200. Each premix was prepared at a
total oligonucleotide concentration of 50 uM in a final volume of 50 pL, optimized for
modification of 100 uL of 35 nM citrate-stabilized AuNPs. For functionalization, 100 pL of
AuNPs was gently mixed with the corresponding 50 puL ligand premix and allowed to react for 1
h at room temperature with intermittent mixing to promote efficient Au—S binding. To enhance
ligand packing density, an aging—salting process®® was applied by gradually increasing the NaCl
concentration to 0.3 M using a 2 M NaCl stock, followed by overnight incubation. Functionalized
AuNPs were purified by centrifugation at 10,000g for 10 min, washed, and resuspended in PBS
containing 0.1% Tween-20. The total oligonucleotide loading for each substrate/P1 ratio was

quantified using UV—vis absorbance measurements. Specifically, oligonucleotide uptake was

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

determined by comparing the absorbance of a control solution containing the same concentration

and volume of free oligonucleotides (without AuNPs) with the absorbance of the supernatant

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:30:06 AM.

collected after centrifugation of the AuNP-oligonucleotide conjugates’’. The decrease in the

(cc)

absorbance of the supernatant relative to the control corresponded to the amount of oligonucleotide

immobilized on the AuNP surface (Supporting Information, Figure S1).

Preparation of streptavidin-coated MBs

Before conjugation, streptavidin-coated magnetic beads (MBs; Dynabeads™ M-280 Streptavidin,
10 mg mL™") were blocked with 0.1% bovine serum albumin (BSA) to reduce nonspecific
interactions. Briefly, 100 pL of the MB suspension was blocked with BSA, washed with
phosphate-buffered saline (PBS), and then diluted with PBS to a final volume of 1 mL. A fixed

amount of 10 uL was used for all the remaining experiments.
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Assembly of Substrate-Linked MB—-AuNP Constructs

For the assembly of the substrate-bridged magnetic bead—AuNP complex (SB-MAC), 10 uL of
streptavidin-coated magnetic beads (pretreated with 0.1% BSA) were washed and resuspended in
100 pL of PBS containing 0.1% Tween-20 (PBST). This suspension served as the binding buffer
for AuNP attachment. To construct each SB-MAC variant, 5 pL of dual-functionalized AuNPs,
which were prepared individually using one of the predefined RNA substrate/P1 molar ratios
(1:25, 1:50, 1:100, or 1:200), was added to the bead suspension. The mixture was briefly vortexed
and gently agitated for 30 min at room temperature to facilitate efficient biotin—streptavidin
coupling between the RNA substrate on the AuNPs and the surface of the magnetic beads. After
incubation, the AuNP-decorated beads were magnetically separated and washed three times with
PBST (PBS + 0.1% Tween-20) to remove unbound nanoparticles. The purified SB-MAC
constructs corresponding to each specific functionalization ratio were finally resuspended in PBS
and stored at 4 °C until use in RNase A digestion and subsequent CRISPR/Cas12a fluorescence

analysis.

Procedure for CRISPR-Assisted Detection of RNase A via SB-MAC Digestion

Following successful assembly, the SB-MAC complexes were resuspended in 1 mL of RNase A
reaction buffer (consisting of 0.1 M NaCl, 2.5 mM Mg?*, and 5 mM Tris, pH 7.5) and equilibrated
at 37 °C. RNase A at various concentrations ranging from 0.5 to 100 pg/mL was then introduced,
and the mixture was incubated at 37 °C for 30 min with gentle agitation to allow enzymatic
digestion of the RNA substrate and releasing DNA activators into solution. Next, the magnetic
beads were separated using a magnetic rack, and the bead-free supernatant was collected, 100 uL
of which was used for subsequent CRISPR/Casl2a analysis. In parallel, the Casl2a—crRNA
complex was prepared separately by incubating Casl2a (4 pL, 1 uM) with the corresponding
crRNA (sequence:
rUrArArUrUrUrCrUrArCrUrArArGrUrGrUrArGrArUrArArArArArArArArArArArArArArArA
rArArArATATTATT, 6 uL, 2 uM) in 1x NEBuffer 2.1 (20 pL) at room temperature for 30 min.
To initiate the CRISPR reaction, the collected 100 pL of bead-free supernatant, 10 pL of
FAM/quencher-labeled ssDNA reporter (sequence: FAM-TTATT-IABKFQ, 5 uM), and the

preformed Casl2a—crRNA complex were incubated at room temperature for 3 h, allowing

6
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collateral cleavage—driven fluorescence signal generation. Fluorescence measurements were then
recorded at an excitation/emission wavelength of approximately 490/521 nm using a fluorescence

spectrophotometer.

Results and Discussion
Working Mechanism of the RNase A Detection Platform

In this work, a highly specific and ultrasensitive RNase A detection platform was developed by
integrating dually functionalized AuNPs, streptavidin-coated magnetic beads (MBs), and
CRISPR—Cas12a signal amplification (Figure 1A and B). The design begins with the construction
of an RNase A—cleavable substrate engineered with a biotin group at one terminus and a thiol
group at the other. In parallel, a thiolated oligonucleotide activator (for downstream CRISPR
analysis) is employed as a secondary DNA component to provide strong amplification capability.
Initially, AuNPs are dually functionalized with the RNase A-specific substrate and the thiolated
activator sequence to generate a hybrid nano-construct capable of both target recognition and

signal amplification. These modified AuNPs are subsequently assembled onto streptavidin-

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

functionalized MBs through the biotinylated end of the RNase A substrate, forming a robust
reporter complex in which the substrate strand acts as a molecular “bridge” anchoring the AuNPs

to the MB surface. After successful assembly, the complexes are washed to remove unbound

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:30:06 AM.

materials and enriched to ensure high structural uniformity. Upon introduction of RNase A at

(cc)

varying concentrations, the enzyme selectively cleaves the substrate strand, disrupting the linkage
between the AuNPs and MBs. This cleavage event releases the AuNPs, which can then be
efficiently separated from the MBs using an external magnetic field. Notably, each released AuNP
carries hundreds of activator strands, enabling significant signal enhancement. The liberated
activator-rich AuNPs subsequently activate the CRISPR—Casl2a system programmed with a
complementary guide RNA. In the presence of target-derived activator, Cas12a is activated,thus
cleaving the fluorescent reporter DNA and generating a strong fluorescence signal. Samples
lacking RNase A retain the intact reporter complex, and hence no AuNPs would be released into
the solution, leading to background level fluorescence output. This modular workflow, which

combines selective enzymatic cleavage, magnetic separation, and CRISPR-driven amplification,
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provides a powerful and cost-effective strategy for sensitive and highly specific detection of RNase

A.
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Figure 1. Schematic illustration of the RNase A detection platform based on a substrate-bridged
MB-AuNP assembly and CRISPR—Casl2a signal amplification. (A) Preparation of the
functionalized MB reporter construct through biotin—streptavidin—-mediated assembly of dually
functionalized AuNPs carrying an RNase A—cleavable RNA substrate and DNA activator strands.
(B) Cleavage-triggered AuNP release and DNA-assisted CRISPR—Cas12a enhancement strategy
for RNase A detection, where RNase A—mediated substrate hydrolysis liberates activator-rich
AuNPs, leading to Cas12a trans-cleavage activation and amplified fluorescence signal generation

(not to scale).

Verification of RNase A — Substrate Cleavage Interaction by Nanopore Analysis

RNase A is a well-characterized endoribonuclease that catalyzes the cleavage of RNA at the 3'-
side of pyrimidine residues, most notably cytosine (C) and uracil (U), within single-stranded,

double-stranded, and RNA-DNA hybrid architectures. Inspired by this intrinsic substrate

8
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tolerance, we designed a 5'-thiol/3’-biotin—terminated RNA oligonucleotide (sequence: 5'-HS—
(CH»)e—r1CrUrGrUrGrCrGrUrGrUrGrArCrArGrCrGrGrCrUrGrA-TEG-biotin-3") as the RNase
A-responsive linker for our sensor assembly. This sequence incorporates multiple rC and rU
residues, ensuring sufficient recognition sites for RNase A-mediated hydrolysis. Given the
approximate molecular dimensions of RNase A (3.8 x 2.8 x 2.3 nm) and the estimated extended
contour length of the engineered RNA substrate (~16 nm), we hypothesized that the enzyme would
retain access to the cleavage motifs even when the substrate is immobilized between two nanoscale
surfaces (i.e., its 3’-biotin terminus bound to streptavidin-coated magnetic beads and its 5'-thiolated
end anchored onto the surface of AuNPs). Although steric crowding at solid interfaces can
compromise enzymatic turnover, it is expected that the substantial flexibility and length of the
RNA strand, coupled with the small size of RNase A, still enable the enzyme’s productive binding

and catalysis.

To validate the feasibility of using the designed RNA substrate for RNase A detection, single
molecule nanopore analysis of the cleavage interaction between the substrate and RNase A was

first carried out. By monitoring ionic current fluctuations as individual molecules translocate or

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

interact within the confined geometry of a nano-channel, nanopore technology has emerged as a

versatile label-free tool to investigate various applications, including DNA sequencing?,

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:30:06 AM.

biosensing?®4, investigating enzyme kinetics*'*#2, studying molecular interaction*>*4, and so on.

Owing to its high sensitivity and excellent resolution, nanopore technology is very useful to study

(cc)

short nucleic acid/peptide cleavage at low concentrations*'43. Our experimental results showed
that the substrate alone in the (M117F), a-hemolysin nanopore produced one major type of events
with ~90 % of full channel block and a large spread of residence time ranging from hundreds of
microseconds to hundreds of milliseconds. However, in the presence of RNase A, the frequency
of the long-lived events decreased significantly, and the majority of the events showed a residence
time between ~0.3 to 3 ms (Figure 2), confirming that the enzymatic reaction was occurring. It
should be noted that, in our sensor design, RNase A cleaves the RNA substrate, separating the

AuNPs from magnetic beads, while the barcoding DNA on the AuNPs (sequence:

ITTTTTTTTTTTTTTTTTTTT) activates the Casl2a by base pairing with the highlighted region
of the crRNA
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(rUrArArUrUrUrCrUrArCrUrArArGrUrGrUrArGrArUrArArArArArArArArArArArArArArAr
ArArArArATATTATT), thus cleaving the dye-labeled reporter DNA (FAM-TTATT-IABKFQ),

emitting fluorescence. The ability of Casl2a to cleave reporter DNA has been confirmed in our
previous studies*®. Since each RNase A-RNA cleavage event corresponds to multiple barcoding

DNA:s, a significant amplification in the analyte signal would be produced.
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Figure 2. Nanopore analysis of RNase A - RNA substrate cleavage interaction. (A) RNA
substrate alone and (B) RNA substrate + RNase A. (Leff) Representative single-channel recording
trace segments; (middle) the corresponding scatter plots of event amplitude versus residence time;
and (right) the event-list histograms. The experiments were carried out at + 120 mV using a
(M117F); a-hemolysin protein pore in an electrolyte solution containing 1 M NaCl and 10 mM
Tris (pH 7.5). Both the RNA substrate and the RNA—RNase A mixture were added to the cis
chamber compartment. In Fig. 2B, the RNA—RNase A mixture was incubated in 1M NaCl
electrolyte solution for 30 minutes before being analyzed by the nanopore. Scatter plots and event-
list histograms were obtained based on 10-min trace segments. The concentrations of RNA and

RNase A used were 0.5 uM and 2 ng/mL, respectively.

Material Characterization and Feasibility Analysis

10
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To demonstrate the feasibility of utilizing the sensing system for highly sensitive RNase A
detection, initial experiments were performed by incubating AuNPs of 30 nm size with the RNA
substrate / P1 mixture in a molar ratio of 1:50 to prepare dual functionalized AuNPs. Successful
uptake of P1 and RNA on AuNPs was confirmed using UV-vis spectroscopy. Specifically, the
characteristic absorbance of nucleic acids at 266 nm was monitored by comparing the spectrum of
a control solution containing free RNA substrate and P1 with that of the supernatant collected after
centrifugation of the functionalized AuNPs. A pronounced decrease in the absorbance of the
supernatant relative to the control indicated effective immobilization of both the RNA substrate
and P1 onto the AuNP surface with the loading density determined to be 821 nucleic acid
molecules per AuNP (Supporting Information, Figure S1), confirming successful dual
functionalization. Furthermore, the successful dual functionalization of AuNPs and retention of
colloidal stability were also studied and characterized by transmission electron microscopy (TEM),
zeta potential and dynamic light scattering (DLS) analysis. Briefly, as shown in Figures 3A and
B, the citrate-stabilized AuNPs exhibited uniform, well-dispersed spherical particles with smooth
edges and consistent size distribution. Following functionalization with the RNase A—cleavable
RNA substrate and the thiolated activator DNA, the TEM images revealed similarly well-dispersed

particles but with a noticeably (~1.3 nm) increased diameter, indicating the successful formation

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of a surface-bound biomolecular layer (Figures 3C and D). This size augmentation was further

corroborated by DLS, which showed an appreciable increase (from 36 nm to 53 nm) in the

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:30:06 AM.

hydrodynamic diameter after modification (Figure 3E). Surface charge analysis provided

(cc)

additional confirmation of successful functionalization. For example, citrate-capped AuNPs
initially displayed a strongly negative zeta potential (—46.2 mV), attributed to the deprotonated
citrate groups. Upon introduction of the thiolated DNA components, the zeta potential shifted to
—50.8 mV, reflecting the incorporation of negatively charged oligonucleotides on the AuNP
surface (Figure 3F). Taken together, the TEM, DLS, and zeta potential measurements collectively
verify the effective functionalization and colloidal stability of the engineered AuNP nano-
constructs. Following functionalization, the engineered AuNPs were immobilized onto
streptavidin-coated magnetic beads (MBs) via the strong biotin—streptavidin interaction to
generate the substrate-bridged MB—AuNP complex (SB-MAC), as illustrated in Figure 1. The
formation of SB-MAC was verified by zeta potential measurements. As shown in Figure S2

(Supporting Information), bare streptavidin-coated MBs exhibited a surface potential of —4.2 mV,
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consistent with their native surface chemistry. Upon conjugation with the negatively charged
DNA-functionalized AuNPs, the zeta potential shifted to —7.6 mV, supporting the successful
immobilization of AuNPs onto the MBs.
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Figure 3. 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 AuNPs functionalized with both the RNase A—cleavable substrate and T20 amplifier (P1). (E)
Dynamic light scattering (DLS) profiles of bare and functionalized AuNPs, showing an increase
in the hydrodynamic diameter after dual functionalization. (F) Zeta potential analysis of AuNPs
before and after functionalization, indicating enhanced negative surface charge, consistent with
successful DNA immobilization and preserved colloidal stability. TEM images were acquired

using a JEOL JEM-1400 instrument operated at 120 kV.

To evaluate the functional performance of the sensing platform, the prepared SB-MAC (10 pL)
was introduced into 1 mL of reaction buffer, followed by the addition of RNase A at a final

concentration of 50 pg mL™'. The mixture was then incubated for 30 min at 37 °C on a
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thermoshaker to allow RNase A—mediated cleavage of the RNA substrate. After incubation, the
MBs were isolated using a magnetic rack, and the supernatant, which contained the released
AuNPs upon substrate hydrolysis, was collected for downstream CRISPR analysis. For CRISPR
activation, Casl2a was complexed with a guide RNA complementary to the activator sequence
tethered on the AuNPs. A fluorogenic ssDNA reporter labeled with a FAM fluorophore and a
quencher separated by five nucleotides served as the trans-cleavage substrate. Upon addition of
the supernatant, samples containing RNase A exhibited a pronounced fluorescence enhancement,
consistent with the release of activator-loaded AuNPs and subsequent activation of Casl2a
(Figure 4A). To confirm the specificity of the fluorescence response, a series of control
experiments was systematically performed. These included SB-MAC samples incubated in the
absence of RNase A, which retained the AuNPs on the bead surface and hence failed to activate
Casl2a, and various CRISPR reaction mixtures. All control conditions resulted in much smaller
fluorescence signals than the RNase sample, demonstrating that Casl2a activation occurs only
when RNase A cleaves the RNA linker within SB-MAC and liberates the AuNP-bound activator
in solution (Figure 4B). Moreover, the supernatants of freshly prepared SB-MAC assemblies and
those stored at 4 °C for up to 7 days were analyzed using the CRISPR system. No significant

differences in fluorescence intensity were observed between these samples (Supporting

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Information, Figure S3), indicating that the SB-MAC assemblies remained highly stable during

storage, with no detectable dissociation of the functionalized AuNPs or barcode DNA. In addition,

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:30:06 AM.

the fluorescence signals obtained from these supernatant samples were significantly lower than

(cc)

that of the blank control (i.e., the sample without RNase A). These results suggest that the
detectable fluorescence observed in the absence of RNase A is likely attributed to weak
nonspecific interactions between DNA-functionalized AuNPs and the magnetic bead surface.
During incubation at elevated temperature and subsequent magnetic separation, a small fraction of
AuNPs may detach from the bead surface due to combined electrostatic repulsion, van der Waals
forces, and mechanical agitation, even in the absence of enzymatic cleavage*’. This nonspecific
release results in a modest background signal, which remains negligible compared to the
pronounced fluorescence enhancement induced by RNase A-mediated substrate cleavage.
Therefore, the results demonstrate that the designed platform exhibits excellent operational

fidelity: only the correct biochemical sequence—RNase A—dependent SB-MAC disassembly
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followed by Casl2a activation—generates a measurable signal. This stringent response behavior

validates the system as a highly selective and ultrasensitive sensor for RNase A detection.
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Figure 4. (A) Fluorescence spectra showing Cas12a activation in the presence of RNase A (50 pg
mL™), reflecting SB-MAC cleavage and releasing the activator-loaded AuNPs. (B) Fluorescence
comparison of the RNase A sample with multiple controls. R-DNA and g-RNA represented the
reporter ssDNA and guide RNA, respectively.

Optimization of the Experimental Conditions

To improve the sensor performance, we next conducted a systematic optimization of several key
experimental parameters. Briefly, to investigate the effect of the loading density of dual-
functionalized AuNPs on the surface of magnetic beads on RNase A detection, a series of SB-
MAC assemblies was prepared by incubating dual-functionalized AuNPs at different
concentrations ranging from 0.32 to 1.6 nM with a fixed concentration of MBs. The resulting
AuNP-decorated MB complexes were then used to detect 50 pg/mL of RNase A. We found that
increasing the concentration of used dual-functionalized AuNPs from 0.32 to 0.8 nM resulted in
only a marginal enhancement in the fluorescence signal-to-noise ratio (SNR). Further increasing
the AuNP concentration beyond 0.8 nM did not yield any significant improvement in SNR (Figure
5A). Thus, 0.8 nM was deemed as the optimum AuNP concentration for preparing the SB-MAC

assembly, and this concentration was used in the subsequent experiments.
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Another important parameter governing the sensitivity of the sensing system is the molar ratio of
the P1 strand to the RNA substrate immobilized on AuNPs. In principle, as the ratio increases, a
larger signal amplification per enzymatic cleavage event will be expected, leading to an increase
in the generated fluorescence intensity. To investigate the molar ratio effect, a series of dual
functionalized AuNPs was prepared by incubating AuNPs of 30-nm diameter with various
PI/RNase A substrate mixtures in molar ratios ranging from 25:1 to 200:1. These dual-
functionalized AuNPs were then coupled with MBs to form the SB-MAC assemblies. After
addition of 50 pg mL™' RNase A, the collected supernatants were subjected to CRISPR analysis.
The largest sensor sensitivity (in terms of SNR) was observed at an RNA substrate/P1 molar ratio
of 1:50, with both lower and higher P1 loadings leading to suboptimal responses (Figure SB). The
results are not unreasonable considering that a too low substrate density on AuNPs might lead to
a consequence that the crowdy P1 molecules would likely create a dense "corona" around the gold
nanoparticles, effectively shielding the too low density substrates from the target RNase A. This
would lead to a reduction in the desired enzymatic reaction, negatively impacting the sensor
sensitivity. Moreover, the effect of incubation time on RNase A-mediated substrate digestion was
also examined. 30 min was identified as the optimum incubation time and used in the subsequent

experiments, beyond which no further improvement in signal output was observed (Figure 5C).

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 5. Optimization of experimental conditions for RNase A detection. (A) Fluorescence
responses of SB-MAC assemblies prepared with 0.32, 0.8, and 1.6 nM AuNPs to RNase A,
showing signal saturation above 0.8 nM. Effects of (B) molar ratio of RNA substrate to P1 and
(C) incubation time on CRISPR analysis readout. The concentration of RNase A used in Fig. 5
was 50 pg mL™' each. Each data point represents the mean + standard deviation from three

independent replicates.
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Sensitivity and Selectivity Studies

With the key experimental parameters systematically optimized to ensure maximal assay
performance, we next evaluated the analytical capabilities of the developed biosensing platform.
To construct a dose-response curve, a series of RNase A solutions with concentrations ranging
from 0.5 to 100 pg mL™" was analyzed by using the DNA-assisted CRISPR-Casl2a sensing
platform. We found that an increase in the RNase A concentration led to an increase in the
fluorescence intensity (Figure 6A). A strong linear relationship (y = 110x + 6099, R? = 0.9682)
was observed between the fluorescence intensity at 521 nm against the RNase A concentration.
Reproducibility was evaluated using nine independent measurements, encompassing both batch-
to-batch and day-to-day variability. The corresponding reproducibility metrics and confidence
intervals of fits are summarized in Figures S4 and S5 in Supporting Information. Based on the 3o
criterion*®4%, the detection limit of the method was determined to be 0.16 pg mL™! (Figure 6B).
As far as we are aware, such a detection limit is notably lower than various highly sensitive RNase
A assays reported thus far (Supporting Information, Table S1). To assess the sensor selectivity,
the DNA-assisted platform was further used to analyze a panel of potentially interfering
biomolecules commonly present in biological matrices, including BSA, HSA, thrombin,
cathepsin-D, RNase H, DNase, HIV-1 protease (HIV-1 PR), and trypsin at concentrations tenfold
higher than the target RNase A. In all cases, much smaller fluorescence responses than RNase A
were observed, confirming that only RNase A-mediated substrate digestion triggers efficient
Casl2a activation (Figure 6C). Note that the high selectivity of the sensor is attributed to the

structural fidelity of the RNA substrate and the stringent recognition characteristics of Cas12a.
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Figure 6. (A) Fluorescence spectra of the SB-MAC system upon titration with varying
concentrations of RNase A (0.5-100 pg mL™); (B) dose—response curve, showing the effect of
RNase A concentration on the CRISPR-activated fluorescence signal; and (C) sensor selectivity.
The fluorescence response in figure A was recorded using an excitation wavelength of 490 nm and
an emission maximum at 521 nm, corresponding to the characteristic output of the
CRISPR/Cas12a trans-cleavage reporter. The fluorescence intensity values shown in figure B were
derived from the fluorescence spectra at 521 nm of figure A. In figure C, except RNase A (at 50
pg/mL), the concentrations of all the other enzymes or proteins used were 500 pg/mL each. Data

represent the mean + standard deviation from three independent replicates.

Serum and Water Sample Analysis

To further assess the practical applicability of our developed RNase A sensing platform in clinical
diagnosis and RNase contamination monitoring, serum and water samples were analyzed using the
optimized SB-MAC/CRISPR assay. The samples include serum from a health male and RNase-
free water (both obtained from Sigma-Aldrich, St. Louis, MO), tap water from our chemistry

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

building, and reaction buffer consisting of 10 mM Tris and 1 M NaCl (pH 7.5) commonly used in

our laboratory. Except for the serum sample, which was analyzed after a 50-fold dilution with PBS

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:30:06 AM.

buffer, all other samples were analyzed directly without any prior treatment. No appreciable

(cc)

fluorescence response beyond background levels was observed, indicating that these samples did
not contain RNase A. To evaluate matrix effects and the accuracy of the platform, spike-and-
recovery experiments were next performed, where defined concentrations of RNase A standards
(0.5-50 pg mL™) were spiked into the diluted (1:50) serum and water. The measured
concentrations and corresponding recoveries are summarized in Table 1. Clearly, the sensor
exhibited excellent quantitative performance for all the spiked samples, with recoveries obtained

ranging from 104% to 110%, indicating minimal interference from the matrix components.
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Table 1. Analysis of Serum and Water Samples with the Developed RNase A Assay

Sample Sample Content RNase A found® Recovery (%)
No. (pg/mL)
1 Serum only nd® —
2 RNase-free water only nd —
3 Tap water only nd —
4 Reaction buffer only nd —
5 Serum + 0.5 pg/mL RNase A 0.52+0.01 110+£2
6 Serum + 10 pg/mL RNase A 104+0.4 104 +£4
7 Serum + 25 pg/mL RNase A 26.1+0.5 104+2
8 Serum + 50 pg/mL RNase A 52.1+1.8 104 +3
9 Tap water + 50 pg/mL RNase A 53.0£2.6 106 + 5

aEach value represents the mean of three replicate analyses + one standard deviation.
bnd: not detected

Conclusion

In summary, we have constructed a highly sensitive and selective CRISPR-assisted biosensing
platform for RNase A detection by integrating a substrate-bridged magnetic bead—gold
nanoparticle complex (SB-MAC) with Cas12a-mediated signal amplification. Through systematic
optimization of AuNP loading, RNA substrate/barcoding DNA molar ratio, and enzymatic
incubation conditions, the sensor achieved a LOD of 0.16 pg mL™!, outperforming the existing
RNase A assays. The platform also exhibited excellent selectivity, showing negligible interference
from structurally and functionally related biomolecules, underscoring the inherent molecular
specificity of the engineered RNA substrate and the stringent recognition fidelity of Casl2a.
Moreover, simulated serum and water samples were successfully analyzed, with the recovery
obtained ranging from 104% to 110%. Beyond detecting RNase A, the modularity of the SB-MAC
architecture allows easy adaptation to other nucleases or protease biomarker species by rational
redesign of the substrate, thus offering a generic platform for developing next-generation

enzymatic activity sensors. Looking forward, the platform may be expanded to high-throughput or
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multiplexed formats using bead arrays or microplate-based assemblies, providing a powerful

analytical tool for disease diagnostics, therapeutic monitoring, and broader biochemical research.
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