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A novel tri-mode detection platform
for ampicillin and drug resistance genes
by CRISPR-driven luminescent nanozymes
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Abstract

The antibiotic residues pose significant risks for bacterial resistance. To address the practical requirements for rapid,
accurate, and on-site detection of antibiotic residues and monitoring the abundance of associated resistance genes,
we report a smartphone-integrated multi-mode platform. The platform is aimed to simultaneous, accurate, and
visual quantitative detection of ampicillin (AMP) and -lactam antibiotic resistance genes (blaTEM). Specifically, we
developed a magnetically controlled fluorescence, colorimetric, and photothermal biosensor based on a magnetic
separation unit (aminated modified complementary DNA chain (NH,-cDNA) loading on the surface of Ferrosoferric
Oxide@polydopamine (Fe;O,@PDA, FP), FP@cDNA) and a signal unit (the aptamer nucleic acid chain modified by
phosphate group linked to Prussian blue@UiO-66@manganese dioxide (PB@UiO0-66@Mn0,, PUM) through Zr-

O-P bond, PUM@ADY), for the integrated detection of AMP and blaTEM. By utilizing complementary base pairing
between FP@cDNA and PUM@Apt, along with precise aptamer recognition the AMP, we achieved the fluorescence
quantitative detection of AMP by measuring the signal unit in the supernatant. Subsequently, the difference of
signal units in colorimetric process leads to a varying conversion rate of oxidized 3,35,5-Tetramethylbenzidine
(oxTMB), enabling the output of colorimetric and photothermal signals. The competitive binding of aptamers
permitting the determination of AMP in the range of 0-160 pM with a low detection limit (0.34 pM). Additionally,
in the presence of blaTEM, the activated CRISPR/Cas12a indiscriminately cleaves the single-stranded portion of
the FP@DNA@PUM complex obtained by magnetic separation. A PUM-based three-signal detection scheme was
established for the sensitive determination of blaTEM with the limit of detection (LOD) of 1.03 pM. The integration
of smartphone-assisted analysis broadens the potential of the platform for visual detection. Notably, the innovative
platform, with its excellent stability, exhibits great potential as a simple yet robust approach for the simultaneously
visually monitoring antibiotics and drug resistance genes, and holds promise in the field of kit development.
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Introduction

The remarkable antimicrobial effectiveness of penicil-
lin has driven the widespread application in aquaculture,
animal husbandry, clinical medicine, and other fields [1,
2]. However, the excessive application of antibiotics in
recent decades has resulted in significant pollution of
the water environment [3]. Chronic human exposure to
these residues via direct ingestion or environmental vec-
tors can lead to bioaccumulation, eliciting progressive
adverse health consequences [4]. Furthermore, while the
antibiotic resistance genes (ARGs) inherent in nature are

not directly related to human activities, the extensive use
of antibiotics creates a selective environment that favor-
ing bacteria with drug resistance traits, thereby increas-
ing resistance gene reservoirs in ecological systems [5].
Specialized environments, such as hospitals, exhibit high
levels of antibiotics and drug resistance genes. Conse-
quently, integrated detection strategies for simultane-
ous quantification of antibiotic and ARGs provide vital
insights for guiding clinical decision-making and predict-
ing the development trend of drug resistance. To achieve
the above purpose, developing a convenient, rapid, highly
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selective, and highly sensitive detection approach for
antibiotics and drug resistance genes is undoubtedly a
top priority.

AMP, a key member of the B-lactam antibiotics fam-
ily, plays a crucial role in managing of bacterial infections
[6]. As a semisynthetic penicillin derivative, it exerts
through p-lactam ring-mediated irreversible inhibition
of bacterial cell wall transpeptidases [7, 8]. However,
since the 1960s, the widespread clinical use has led to
serious consequences of bacterial resistance to p-lactam
antibiotics [9]. Among these, the emergence of TEM-
type P-lactamases (encoded by the blaTEM) presents
a major challenge in the field of p-lactam therapy [10].
The TEM-type P-lactamases are capable of hydrolysing
the B-lactam ring of AMP with remarkable catalytic effi-
ciency, thereby rendering the antibiotics ineffective [11].
Notably, blaTEM variants account for over 60% of bac-
terial AMP resistance in Enterobacteriaceae. Meanwhile,
blaTEM exacerbates the spread of resistance through
horizontal transfer between microbial communities via
plasmids and transposons, especially in agricultural and
aquatic environments where AMP residues persist. Con-
sequently, detecting AMP residues in ecological systems
and assessing the levels of the blaTEM are highly sig-
nificant. Currently, the conventional antibiotic detection
mainly relies on high-performance liquid chromatogra-
phy (HPLC) and Enzyme-Linked ImmunoSorbent Assay
(ELISA) [12, 13]. However, these methods tend to involve
bulky and sophisticated instrumentation, time-consum-
ing operations, and exhibit low sensitivity in the detection
process [14]. Simultaneously, conventional ARGs detec-
tion via real-time fluorescence quantitative Polymerase
Chain Reaction (RT-qPCR) and metagenomic sequenc-
ing suffers from high costs and prolonged turnaround
times, hindering environmental and clinical applications
[15, 16]. Aptamer, characterized by a distinct nucleotide
sequence, uses its unique three-dimensional conforma-
tion to bind with high specificity and affinity to its target,
facilitating effective detection [17]. By accurately identi-
fying the target, Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) technology activates the
trans-cleavage activity of the Cas protein, while the cleav-
age of single-stranded nucleic acids increases the signal
output, thereby improving detection sensitivity [18, 19].
Despite these advancements, the integration of aptamer-
mediated small-molecule detection with CRISPR-based
gene analysis for simultaneous antibiotic-ARGs quantifi-
cation remains unexplored in environmental biosensing.
The dual quantification of AMP residues and blaTEM
has significant implications: (1) Clinically: it enables real-
time drug resistance analysis to guide antibiotic manage-
ment; (2) Environmentally: it provides early warning of
pollution levels and the development of drug resistance
genes through long-term monitoring of sewage.

Page 3 of 15

In biosensor signal transduction systems, the colori-
metric detection has emerged as a preeminent modal-
ity due to its operational simplicity and rapid signal
interpretation [20]. However, the recognition of a single
colorimetric signal lacks precision due to its limited sen-
sitivity, vulnerability to external interference, and vari-
ous influencing factors [21, 22]. Moreover, compared
to natural enzymes that require stringent reaction con-
ditions, synthetic nanozymes are increasingly favored
as superior signal transducers owing to their abundant
sourcing, cost-effectiveness, tunable catalytic proper-
ties, and exceptional environmental resilience [23, 24].
The strategic integration of fluorescence, colorimetric,
and photothermal functionalities presents transforma-
tive opportunities for biosensing. The enhanced sensitiv-
ity of fluorescence, combined with the easy operation and
reading of photothermal signals, significantly comple-
ments the limitations of the single colorimetric method.
The interdependent correction mechanism between the
signals of the three different modes substantially boosts
the reliability of the sensor [25, 26]. Consequently, the
development of a rapid and convenient multi-signal inte-
grated sensor for the simultaneous detection of antibiot-
ics and drug resistance genes represents a highly effective
approach.

Considering the above requirements, we designed a
tri-mode sensing platform that integrates fluorescence,
colorimetric, and photothermal modalities, combining
aptamer recognition and CRISPR/Cas12a trans-cleavage
for the simultaneous visual detection of AMP and bla-
TEM (Scheme 1). Initially, FP magnetic nanoparticles
were functionalized with NH,-cDNA via Michael addi-
tion/Schiff base reactions, constructing the magnetic
separation unit (FP@cDNA). Subsequently, the lumines-
cent nanozyme (PUM), exhibiting excellent fluorescence
and peroxidase (POD) activity, was covalently conju-
gated to phosphoric group modified aptamer (P-Apt)
to develop PUM@Apt through the formation of Zr-O-P
bonds. Therefore, capitalizing on the specific recogni-
tion mechanism of the aptamer and the competitive
binding principle of aptamer and cDNA, the FP@cDNA
was employed to achieve superparamagnetic isolation of
residual PUM@Apt remaining in the supernatant after
AMP binding by base complementary pairing. The strat-
egy established a fluorescence-colorimetric dual-mode
quantitative detection system for AMP by detecting the
concentration of residual PUM@Apt in the supernatant.
Furthermore, tri-mode detection of AMP was accom-
plished by exploiting the temperature difference formed
by the difference of oxTMB, the chromogenic prod-
uct of colorimetric process, irradiated by 808 nm near-
infrared laser. Significantly, in the presence of blaTEM,
it specifically binds to CRISPR RNA (crRNA), activating
the single-stranded DNA cleavage activity of CRISPR/
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Scheme 1 (A) Schematic representation of the preparation of FP@cDNA. (B) Schematic representation of the preparateion of PUM@Apt. (C) Schematic

of tri-mode detection of AMP and blaTEM

Cas 12a. This enzymatic process unrestrictedly cuts the
single-stranded region of the FP@DNA@PUM complex
isolated from AMP detection. Subsequent secondary
magnetic separation enabled precise quantification of
PUM released in the supernatant, thereby establishing
an integrated fluorescence/colorimetric/photothermal
tri-mode detection platform for blaTEM. To meet the
actual requirements of rapid and on-site visual detection,
smartphones were further integrated into the program of
the composite sensing platform, enabling simultaneous,
accurate, and visual quantitative detection of AMP and
blaTEM. This strategy demonstrates significant poten-
tial in the field of monitoring the abundance of antibi-
otics and drug resistance genes. Moreover, the modular
design of platform permits rapid adaptation for detec-
tion of diverse antibiotics and associated resistance genes

through sequence-specific reprogramming recognition
elements of cDNA probes and aptamer.

Experimental section

Reagents and chemicals

N, N-dimethylformamide (DMEF), citric acid (CA), zir-
conium chloride (ZrCl,), 2-aminoterephthalic acid
(NH,-BDC), absolute alcohol (EtOH), acetic acid (HAc),
anhydrous sodium acetate (NaAc), trometamol (Tris),
trisodium citrate dihydrate, ethylene glycol, amoxicillin
(AMX), chlortetracycline (CTC), erythromycin (ERY),
kanamycin (KAN), sulfamethoxazole (SMX), sulfameth-
azine (SMZ), ampicillin (AMP), dopamine hydrochlo-
ride (DA-HCI), magnesium chloride (MgCl,), sodium
chloride (NaCl), EDTA disodium salt dihydrate (EDTA-
2Na), polysorbate 20 (Tween 20), nuclease-free water
and 6xloading buffer were purchased from Adamas-beta
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Reagent Co., Ltd. (Shanghai, China). Tetracycline (TC),
oxytetracycline (OTC), ferric chloride hexahydrate
(FeCl;-6H,0) and 3,3',5,5’-tetramethylbenzidine (TMB)
were purchased from Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Hydrochloric acid (HCI),
hydrogen peroxide (H,0O,, 30%) and potassium per-
manganate (KMnO,) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Tetrapo-
tassium hexacyanoferrate trihydrate (K,[Fe(CN)y]) was
purchased from TianJin Guangfu Technology Develop-
ment Co., Ltd. (Tianjin, China). Penicillin G (PG) was
purchased from Dingguo Changsheng Biotechnology
Co., Ltd. (Beijing, China). LbCas12a enzyme and 10xNEB
buffer were sourced from New England Biolabs (USA).
DNA markers (20-200 bp) were ordered from Takara
Biotech, Inc. (Dalian, China). Acrylamide/bis-acrylamide
30% solution (29:1) was purchased from Beijing Boao Sen
Biotechnology Co., Ltd. (Beijing, China). Super GelBlue
nucleic acid dye was acquired from UElandy Co., Ltd.
(Suzhou, China). DNA sequences were purchased from
Sangon Biotech Co., Ltd. (Shanghai, China). The crRNA
was synthesized by GenScript (Nanjing, China). The
sequences used in the experiment are provided in Table
S5. All reagents were of analytical grade, and deionized
water was used throughout the experiment.

Preparation of magnetic separation unit

Synthesis of the Fe;0,@PDA core-shell nanoparticles
Typically, FeCl;-6H,O (1.08 g, 4.0 mmol) and trisodium
citrate dihydrate (0.27 g, 0.68 mmol) were first dis-
solved in ethylene glycol (20 mL). Afterward, sodium
acetate (1.20 g) was added with stirring. The mixture
was stirred vigorously for 30 min and then sealed in a
poly(tetrafluoroethylene)-lined stainless-steel autoclave
(50 mL capacity). The autoclave was heated at 200 °C and
maintained for 10 h, after which it was allowed to cool to
room temperature. The black products were washed with
ethanol and deionized water for several times. To syn-
thesize Fe;0,@PDA, 20.0 mg of as-prepared Fe;O, NPs
were dispersed in 50.0 mL of 10.0 mM Tris-HCI buffer
containing 2.0 mg/mL DA-HCI (pH 8.5). The mixed solu-
tion was allowed to proceed for 40 min under ultrasound
(40 kHz) with binding force. Continuous mechanical stir-
ring was conducted for 12 h at room temperature. The
resulting product was collected and washed with deion-
ized water and dried under vacuum overnight.

Synthesis of FP@cDNA

NH,-cDNA molecules (5 nmol) were mixed with Fe;O,@
PDA (1 mg) in 1 mL of Tris-HCI buffer (10 mM, pH 8.5)
containing 150 mM NaCl and 20 mM MgCl,. The mix-
tures were reacted at room temperature for 10 h under
shaking. Covalent attachment of NH,-cDNA onto
Fe;O,@PDA was achieved via Michael addition/Schiff
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base reactions. The resulting FP@cDNA conjugates were
washed three times with a TE solution (10 mM Tris-HCI,
5 mM EDTA, pH 8.5) for 20 min each time to remove
unreacted NH,-cDNA. Subsequently, the FP@cDNA
conjugates were dispersed in 1 mL of Tris-HCI buffer and
stored at 4°C for future use.

Construction of signal unit

Synthesis of Prussian blue nanopatrticles (PB)

FeCl;-6H,0O (5.3 mg) and CA (107 mg) were added to 20
mL of deionized water. Then, 20 mL of deionized water
deionized water containing K,[Fe(CN)y] (8.4 mg) and
CA (107 mg) was added dropwise into the above solution
under vigorous stirring at 60 °C. A bright blue color rap-
idly appeared during the blending process. The reaction
was maintained for 5 min and cooled down to 20 °C for
another 30 min. The PB NPs precipitation was obtained
by centrifugation (12000 rpm, 30 min) three times with
ethanol after the reaction. Finally, the obtained pre-
cipitation was dried overnight under vacuum at room
temperature.

Synthesis of PB@UiO-66 (PU)

For the preparation of PB@UiO-66, 10 mg of PB NPs was
added to 10 mL of DMF and ultrasonicated for 30 min.
The resulting dispersion was added to 8 mL of DMF
which contained 37.5 mg of ZrCl,, and 31.6 mg of NH,-
BDC under the sonicated condition for 30 min. The mix-
ture was sealed in a Teflon-lined stainless-steel reactor
with a temperature of 120°C for 24 h. The resulting PB@
UiO-66 was washed three times with DMF and anhy-
drous ethanol, after which the solid was vacuum-dried at
60C overnight.

Synthesis of PB@UiO-66@MnO, (PUM)

Specifically, 10 mg of PB@UiO-66 was washed three
times with deionized water and subsequently resus-
pended in 2 mL of deionized water. An aqueous solution
of KMnO, (2 mL, 1 mg/mL) was then added to the PB@
UiO-66 aqueous suspension. The mixture was vigorously
stirred at room temperature for 30 min, followed by three
washes with deionized water and resuspension in 2 mL of
deionized water.

Construction of PUM@Apt

Briefly, 100 pL of P-Apt (10 pM) was added to 1 mL of
PUM (1 mg/mL), which was then incubated in a metal
bath at 37 °C, 1200 rpm for 1.5 h. After centrifugation at
8000 rpm for 10 min, the supernatant was discarded and
washed three times with ultrapure water to obtain the
PUM@Apt.



Zhang et al. Journal of Nanobiotechnology (2025) 23:346

Construction of FP@DNA@PUM probe

PUM@Apt was thoroughly mixed with 1 mL of Tris-HCl
coupling buffer (10 mM, pH 8.5) containing 1 mg of FP@
¢DNA, 150 mM NaCl, and 20 mM MgCl,. The mixture
was then subjected to continuous shaking for 2 h at room
temperature to facilitate the reaction. Upon completion
of the reaction, the resultant product, FP@DNA@PUM,
was isolated through magnetic separation. The isolated
product was subsequently washed multiple times with
Tris-HCI buffer to remove any unreacted components
or impurities. Finally, the purified FP@DNA@PUM was
resuspended in 1 mL of ultrapure water and stored at
4 °C for future use.

Sensing procedure

Fluorescence, colorimetric and photothermal detection of
AMP

FP@cDNA and PUM@Apt were used for AMP detection.
Specifically, a mixture of 300 pL of binding buffer (10
mM Tris-HCI, 1 M NaCl, 6 mM CacCl,, 0.02% Tween 20,
pH 7.0), 50 pL of PUM@Apt (300 ug/mL), and 75 pL of
varying concentrations of AMP was oscillated at a con-
stant temperature of 37°C for 10 min. Then, 75 pL of FP@
c¢DNA (1 mg/mL) was added, and the mixture was fur-
ther incubated for 40 min to capture uncombined PUM@
Apt. After magnetic separation, the supernatants were
collected for fluorescence measurements. The excitation
wavelength was 330 nm and fluorescence spectra were
collected from 380 to 600 nm. Subsequently, 500 uL of
acetate-sodium acetate buffer (HAC-NaAc, 10 mM, pH
4.0) containing 5 mM H,0, and 0.5 mM TMB was added.
After 10 min of incubation at room temperature, the
results were quantitatively analyzed using an Ultraviolet-
visible Spectrophotometer (UV-vis). For photothermal
analysis, the resulting solution (0.5 mL) was added to a
600 pL centrifuge tube, then irradiated with 808 nm laser
for 5 min. The temperatures were recorded and the pho-
tothermal signals of the solution were recorded with an
infrared thermal camera. In order to ensure reproducibil-
ity and reliability, all experiments were conducted with at
least three duplicates.

For fluorescence visual detection of AMP, the super-
natants were added to the 24-well plates, placed in a
302 nm ultraviolet light box, and images were captured
using a smartphone. The RGB (Red, Green, Blue) val-
ues were measured using mobile phone software (Color
Grab). A standard curve correlating chromatic values to
antibiotic concentration was established for the quantita-
tive detection of AMP. For the colorimetric visualization
detection of AMP, the supernatants were added to the
24-well plates with 500 pL of acetate-sodium acetate buf-
fer (HAC-NaAc, 10 mM, pH 4.0) containing 5 mM H,0,
and 0.5 mM TMB, images were captured using a smart-
phone, and the RGB values were identified by the mobile
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phone software (Color Grab). A standard curve was then
established to correlate chromatic values with AMP con-
centrations for quantitative detection. For photothermal
visual detection purposes, the oXTMB solution was irra-
diated with an 808 nm laser for 5 min. The resulting tem-
perature changes (AT) were monitored using an infrared
thermal imager, and a correlation between AT values and
AMP concentration could be established.

Fluorescence, colorimetric and photothermal detection of
BlaTEM

For the approach, the CRISPR/Casl2a system was com-
posed of 2 pL of Casl2a (1 uM), 2 pL of crRNA (1 uM),
2 pL of varying concentrations of blaTEM, 2 pL of reac-
tion buffer (10xNEB buffer r2.1), and 12 pL of nuclease-
free water. After incubated at 37°C for 10 min, 20 pL of
a 2 mg/mL FP@DNA@PUM signaling probe was added
to reaction system. The reaction proceeded at 37°C and
shaking speed of the oscillator was 1000 rpm for 2 h.
Following this, the supernatant was separated via mag-
netic separation. Then the supernatants were collected
for fluorescence measurements. Subsequently, 460 pL
of acetate-sodium acetate buffer (HAC-NaAc, 10 mM,
pH 4.0) containing 5 mM H,0O, and 0.5 mM TMB was
added. After 10 min of incubation at 37°C, the results
were quantitatively analyzed using a UV-vis. For pho-
tothermal analysis, the resulting solution was added to a
600 pL centrifuge tube, then irradiated with 808 nm laser
for 5 min. The temperatures were recorded and the pho-
tothermal signals of the solution were recorded with an
infrared thermal camera.

For fluorescence visual detection of blaTEM, the
supernatants were added to the 24-well plates. Placed
in a 302 nm ultraviolet light box, and images were cap-
tured using a smartphone. The RGB (Red, Green, Blue)
values were measured using mobile phone software
(Color Grab). For the colorimetric visualization detec-
tion of blaTEM, the supernatants were added to the
24-well plates with 460 pL of acetate-sodium acetate
buffer (HAC-NaAc, 10 mM, pH 4.0) containing 5 mM
H,0, and 0.5 mM TMB, images were captured using a
smartphone, and the RGB values were identified by the
mobile phone software (Color Grab). For photothermal
visual detection purposes, the oXTMB solution was irra-
diated with an 808 nm laser for 5 min. The resulting tem-
perature changes (AT) were monitored using an infrared
thermal imager, and a correlation between AT values and
blaTEM concentration could be established.

Selectivity studies

In accordance with the established experimental protocol
of the previously described sensing procedure, antibiot-
ics with a concentration of 1 nM were utilized as inter-
fering substances for selective test. Additionally, for the
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selective assessment of blaTEM, interference genes at
a concentration of 25 nM were employed. Meanwhile,
ampicillin at a concentration of 160 pM and antibiotics
at a concentration of 1 nM were introduced into the sens-
ing system as target analytes. The anti-interference capa-
bility of the sensor system towards these antibiotics was
evaluated by following the aforementioned experimental
procedures. Furthermore, to assess the anti-interference
capability specific to drug resistance genes, an interfer-
ence gene at a concentration of 25 nM and the blaTEM
at a concentration of 12.5 nM were utilized as the targets
for detection, in accordance with the analytical method-
ology outlined within the sensing program.

Real sample analysis

Environmental water samples were collected from
Xiangjiang River. For AMP analysis, water samples
spiked with AMP (10 pM, 80 pM, 150 pM), then the solu-
tion were filtered through a 0.22 um membrane filter. The
filtered solution was then analyzed using an aptamer-
based tri-mode biosensor for AMP. To conduct the bla-
TEM assay, Pseudomonas aeruginosa was selected as the
test object. The RNA of Pseudomonas aeruginosa was

O
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extracted and reverse transcribed using a kit. To assess
the recovery of target genes individually, blaTEM was
added to Pseudomonas aeruginosa samples. Samples
spiked with blaTEM (50 pM, 500 pM, 1000 pM) were
directly used for the subsequent CRISPR/Casl2a-based
fluorescent, colorimetric, and photothermal detection.

Results and discussion

Synthesis and characterizations of FP and PUM

Schemes 1 provide a detailed illustrate the fabrication
procedure of the magnetic separation unit and the signal
unit. The morphologies of Fe;O, and FP were observed
using transmission electron microscopy (TEM). Fig-
ure 1A reveals that Fe;O, exhibits a spherical morphol-
ogy with a size of about 155 nm. Subsequently, dopamine
self-polymerization generated a conformal polydopamine
(PDA) coating (~50 nm thickness) on Fe;O, surfaces,
forming FP (Fig. 1B). Furthermore, the Zeta potential
analysis revealed a significant charge shift from -13.28
mV for Fe;O, to -4.42 mV for FP (Fig. 1C), confirm-
ing successful surface functionalization. Currently, the
Vibrating sample magnetometry (VSM) indicates that the
Fe;O, exhibits significant magnetic properties [27], while
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the modified FP also demonstrate robust magnetism
(Fig. 1D). Magnetic separation demonstrated that Fe;O,
and FP could be efficiently separated within 30 s under
the influence of an external magnetic field (Figure S1).
Simultaneously, the structural evolution of Prussian blue
(PB) to PUM nanocomposites were investigated using
TEM. The structure of the PB exhibited a nanocube form
characterized by extremely small dimensions (Fig. 1E).
Following the in-situ synthesis of UiO-66 on the surface
of PB, the PU displayed a prominent UiO-66 layer and
underwent a substantial increase in size (Fig. 1F). After-
ward, the formation of manganese dioxide (MnO,) was
observed on the outer layer of PU. TEM illustrated that
flake MnO, was present on the surface of PUM (Fig. 1G).
Moreover, PUM showed a uniform distribution of Fe,
Zr, and Mn elements in the elemental mapping images
(Fig. 1H).

The composition and valence states of elements on
the surface of PUM were investigated using X-ray pho-
toelectron spectroscopy (XPS). The survey spectra for
PUM confirmed the presence of Fe, Zr, and Mn elements,
corresponding to Fe 2p, Zr 3d, and Mn 2p, respectively,
which is consistent with the elemental mapping images
obtained by TEM (Figure S2). The high-resolution spec-
trum of Fe 2p revealed distinct peaks at 710.68 eV and
724.08 eV, corresponding to the Fe 2p;, and Fe 2p,,,
states, respectively (Fig. 1I) [28]. Furthermore, the Fe 2p
spectrum was fitted into four peaks at 710.48, 713.58,
723.88 and 726.68 eV, respectively. Among them, the
peaks at 710.48 eV and 723.88 eV correspond to Fe",
while the peaks at 713.58 eV and 726.68 eV are associ-
ated with Fe®* [29]. The high-resolution spectra of Zr 3d
were deconvoluted into two major peaks at 182.7 eV and
185.1 eV, which are attributed to Zr 3d;,, and Zr 3d;,,
respectively (Fig. 1J) [30]. The XPS spectra of Mn 2p
(Fig. 1K) showed the coexistence of Mn 2p;;, (642.3 eV)
and Mn 2p,,, (653.7 eV) [31]. Meanwhile, the X-ray dif-
fraction patterns (XRD) show that the diffraction peaks
at 17.52°, 25.72°, 35.6°, 39.52°, 43.44°, 50.32°, 54.88°, 56.72°
and 70.96° are well matched with the (200), (220), (400),
(420), (422), (440), (600), (620) and (642) planes of PB lat-
tice (JCPDS No. 52-1907) [32]. In addition, the XRD pat-
tern exhibits diffraction peaks at angles of 7.4°, 8.5°, 14.8°,
17.1°, 22.3°, 25.7°, and 30.8°, which correspond to the
(111), (200), (222), (400), (511), (600), and (711) crystal
planes of UiO-66, respectively (Fig. 1L) [33]. Moreover,
the pattern illustrated four diffraction peaks at approxi-
mately 16.32°, 25.72°, 37.52°, and 66.12°, which were
indexed to the (002), (003), (100), and (110) planes of
MnO, naosheets [34]. The analysis reveals that the syn-
thesis process of PUM has no influence the lattice struc-
ture of PB, UiO-66, and MnO,, Finally, Fourier transform
infrared spectroscopy (FT-IR) was employed to record
the changes in functional groups on the surface of the

Page 8 of 15

material. The FT-IR results for PUM are shown in Fig-
ure S3. The absorption peaks at 510 cm™, 567 cm™, and
659 cm™ are attributed to the formation of Mn-O, Fe-O,
and Zr-O bonds, respectively [34, 35]. These results dem-
onstrate the successful construction of FP and PUM.

FP and PUM Preparation and tri-mode sensor feasibility
Utilizing the dual mechanisms of aptamer-substrate
specificity and base pairing, we established a simultane-
ous detection of AMP in the environment and the bla-
TEM in Pseudomonas aeruginosa. Initially, to confirm
the interaction between the aptamer and cDNA for
effective magnetic separation, the feasibility of the DNA
design was assessed using a 12% native polyacrylamide
gel electrophoresis (PAGE) gel. As shown in Fig. 2A,
the bands in lanes 2 and 3 correspond to the cDNA and
aptamer, respectively. However, the binding band has
obvious hysteresis in the presence of both (lane 4). More-
over, the combination of cDNA and aptamers under
AMP conditions produced not only binding bands but
also a population of free aptamers (lane 5) [36—38]. The
result demonstrates the feasibility of DNA design based
on competitive detection of AMP by cDNA and aptamer.
Furthermore, the NH,-cDNA was connected with the
dopamine layer containing catechol groups through the
Michael addition/Schiff base reaction to construct the
magnetic separation unit [39—41]. Fig. 2B illustrates that
the fluorescence intensity in the supernatant experienced
a notable reduction when FP@cDNA interacted with
the Fluorescein Amidite-modified aptamer (Apt-FAM),
while the fluorescence quenching effect of FP on FAM
was nearly negligible. However, electrostatic repulsion
between negatively charged DNA and the PDA layer lim-
ited surface conjugation efficiency [36]. To optimize the
detection performance, critical parameters (Mg”** con-
centration, NH,-cDNA concentration, coupling time,
pH) were systematically evaluated. The data presented
in Figure S4 indicate that the optimal conditions for con-
structing the magnetic separation unit were achieved
after 10 h of using a Tris-HCI buffer (pH 8.5), containing
20 mM Mg** and 5 mM NH,-cDNA. In addition, after
incubation with PUM, the UV-vis characteristic peak
of Apt at 260 nm decreased significantly (Fig. 2C) [42].
Meanwhile, the magnetic separation unit and the signal
unit exhibited a notably negative Zeta potential com-
pared to FP and PUM, thereby confirming the effective
attachment of cDNA and Apt to the surfaces of FP and
PUM, respectively (Fig. 2D). These results collectively
confirm the successful construction of the magnetic sep-
aration unit and signal unit.

The PUM nanozyme serves as a multifunctional sig-
nal molecule, exhibiting excellent fluorescence emission
characteristics (Ex/Em=330/450 nm) and exceptional
POD activity (Fig. 2E and 2F). Electron paramagnetic
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Fig. 2 (A) 12% native PAGE analysis. Lane M, marker; lane 1, cDNA; lane 2, aptamer; lane 3, cDNA +aptamer; lane 4, cDNA +aptamer+AMP. (B) Fluores-
cence spectra of Apt-FAM, Apt-FAM +FP and Apt-FAM after incubated with the FP-cDNA. (C) The change of UV-vis absorbance of P-Apt at 260 nm in the
supernatant before and after the interaction of P-Apt with PUM. (D) Zeta potential values of FP, FP@cDNA, PUM, PUM@Apt. (E) PUM fluorescence emission
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blaTEM photothermal detection

resonance (EPR) spectroscopy revealed that the cata-
lytic mechanism behind the coloration of PUM primar-
ily involves the generation of hydroxyl radicals, singlet
oxygen, and superoxide radicals, which are responsi-
ble for the oxidative coloration of TMB (Fig. 2G) [43].
Steady-state kinetic analysis revealed superior catalytic
efficiency, with apparent Michaelis-Menten constants
(K,) of 0.108 mM and 0.943 mM for H,0, and TMB
substrates, respectively (Figure S5). Compared with simi-
lar reports, the enzyme activity of PUM exhibited a sig-
nificant advantage (Table S1). The oxidation product of
TMB (oxTMB) exhibits remarkable photothermal char-
acteristics [44]. Based on the role of PUM in the detec-
tion process, the photothermal detection of the analyte

was realized by influencing the generation of different
oxTMB. Therefore, by adjusting the temperature and pH
for colorimetric detection, we were able to achieve opti-
mal performance for both colorimetric and photothermal
detection. The data revealed that optimal detection was
achieved at a pH of 4 and a temperature of 30°C (Fig-
ure S6). Concurrently, we investigated the temperature
changes of different concentrations of oxTMB under an
808 nm near-infrared laser. Figures S7 and 2H showed
that the oxTMB demonstrated concentration-depen-
dent photothermal responsivity under 808 nm irradia-
tion. Figure S8 showed that the laser power also had a
significant effect on the temperature change. Therefore,
the photothermal conversion rate of oxXTMB, obtained
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by irradiating a 40 pM oxTMB solution with a 0.9 W
near-infrared laser, was 42.6% (Figure S9). The findings
presented above demonstrate that PUM, with its fluores-
cence properties and POD activity, possesses the capabil-
ity to achieve tri-mode detection.

The AMP detection methodology, which integrates
a magnetic separation system with a signal unit, is fun-
damentally based on the principles of magnetic separa-
tion. As depicted in Fig. 2I, the FP@DNA@PUM system
achieved rapid magnetic separation within 30 s under
the influence of an external magnetic field. To systemati-
cally evaluate the magnetic separation performance, we
conducted fluorescence quantification experiments using
Fe;O,@PDA conjugated with the ¢cDNA chain labeled
with FAM fluorophores. As demonstrated in Figure S10,
temporal fluorescence intensity analysis revealed a pro-
gressive attenuation in the supernatant following mag-
netic separation. The system achieved equilibrium within
30 s of magnetic field application, with quantitative cal-
culations indicating a remarkable separation efficiency of
95.7%. This kinetic suggests rapid magnetic responsive-
ness and near-complete phase separation capability of the
nanocomposites. Therefore, the feasibility of AMP detec-
tion was verified by changes in fluorescence, colorimetry,
and photothermal properties. Figure S11 shows that the
influence of AMP on PUM fluorescence is nearly negli-
gible. As shown in Fig. 2], 2K and 2L, the fluorescence,
ultraviolet, and temperature changes in the supernatant
after magnetic separation were extremely significant
only in the presence of AMP. This provides evidence
that magnetic separation based on FP@DNA@PUM is
feasible for AMP detection. Furthermore, the cleavage
activity of Casl2a and the signal change based on FP@
DNA@PUM magnetic separation are two key com-
ponents for blaTEM detection. We initially employed
blaTEM as the target to verify the feasibility of this sen-
sor. As described in Figure S12, a fluorescence charac-
teristic peak was observed for the reporter, the reporter
gene (FAM-ssDNA-BHQ), blaTEM + Casl2a+reporter
gene, blaTEM + crRNA + reporter gene, and
Casl2a+crRNA +reporter gene, respectively. However,
the cleavage activity of Cas12a was activated by the addi-
tion of blaTEM in the presence of both crRNA and the
reporter, as reflected by the strong fluorescence charac-
teristic peak in the blaTEM + Cas12a+ crRNA + reporter
mixture solution. To verify the results obtained from
the fluorescence studies, PAGE gel was performed. Fig-
ure 2M illustrates that the presence of blaTEM, Cas12a,
and crRNA is essential for the cleavage of ssDNA into
shorter fragments. The result clearly indicates the poten-
tial of CRISPR/Cas12a for the quantification of blaTEM.
On this basis, FP@DNA@PUM was employed to achieve
magnetic separation and develop a sensing system (Fig-
ure S13). Concurrently, Fig. 2N, 20 and 2P illustrate that
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the activation of CRISPR/Cas12a can successfully induce
fluorescence, colorimetric, and photothermal changes,
demonstrating that FP@DNA@PUM can be employed
for tri-mode quantification of blaTEM.

Analytical performance for AMP

To assess the analytical capabilities of tri-mode sensing
(fluorescence, colorimetric, and photothermal) for AMP
detection, we systematically optimized the concentra-
tion of PUM@Apt, reaction time, and reaction tempera-
ture through fluorescence analysis. As depicted in Figure
S14, the system achieved optimal performance at 0.3 mg/
mL PUM@Apt concentration with 60 min incubation
at 37°C. Subsequently, we evaluated the fluorescence of
PUM@Apt in the supernatant after reacting with differ-
ent AMP concentrations, and conducted UV-vis moni-
toring of the PUM+TMB+H,0, mixture under the
optimized conditions. In fluorescence detection, there
was a gradual increase in the fluorescence intensity as the
concentration of AMP increased (Fig. 3A). The change in
fluorescence intensity (AF) at 425 nm exhibited a good
linear relationship with AMP concentrations ranging
from 0.5 to 160 pM, and the LOD was calculated to be
0.34 pM (S/N=3) (Fig. 3B). The color heatmap visual-
ization standardized fluorescence brightness under the
ultraviolet lamp for subsequent visual detection (Fig. 3C).
Concurrently, we employed a variety of antibiotics,
including sulfamerazine, sulfamethoxazole, chlortetracy-
cline, oxytetracycline, tetracycline, penicillin G, amoxicil-
lin, kanamycin sulfate, and erythromycin, to investigate
the selectivity of FP@DNA@PUM. Figure 3D illustrates
that only AMP induced notable alterations in fluores-
cence, demonstrating the remarkable specificity of the
sensing platform for detecting this antibiotic. Meanwhile,
with the increase in AMP concentration, the content of
PUM@Apt in the solution increased, leading to a gradual
increase in the absorbance of oxTMB at 652 nm (Fig. 3E).
In the range of 0.5-160 pM, the change in absorbance
(AA) at 652 nm showed a good linear relationship with
AMP concentration, and the LOD was calculated to be
0.42 pM (S/N=3) (Fig. 3F), with solution color transi-
tioning from colorless to blue (Fig. 3G). In photother-
mal detection, the highest temperature was achieved by
irradiating with an 808 nm near-infrared laser for 5 min
using 0.9 W (Figure S15). Therefore, under the irradia-
tion of an 808 nm laser (0.9 W), the temperature of the
reaction solution gradually increased with the increase
in AMP concentration (Fig. 3I). There was a strong lin-
ear relationship between AT and concentration (2—160
pM), and the LOD was calculated to be 1.32 pM (Fig. 3]).
At the same time, the temperature change in photo-
thermal detection was normalized using a heat map as
shown in Fig. 3K. On this basis, the data presented in
Fig. 3H and 3L demonstrate that the detection of AMP
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Fig. 3 (A-C) Fluorescence spectra, linear relationship, and color heatmap visualization standardized fluorescence brightness under the ultraviolet lamp
with increasing AMP. (D) Selectivity of AMP fluorescence detection. (E-G) UV-vis spectra, linear relationship, and corresponding color heatmap of colo-
rimetric with increasing AMP. (H) Selectivity of AMP colorimetric detection. (I-K) Photothermal curves, linear relationship, and corresponding color heat-
map of photothermal with increasing AMP. (L) Selectivity of AMP Photothermal detection

through colorimetric and photothermal methods exhibits
remarkable specificity. Simultaneously, Figures S16-S18
show that the FP@DNA@PUM-based fluorescence/colo-
rimetric/photothermal tri-mode detection of AMP has
excellent anti-interference capabilities, and the probe
(FP@cDNA, PUM@Apt) exhibited excellent storage sta-
bility within 30 days at 4°C. Compared with similar AMP
sensors, the tri-mode sensor based on FP@DNA@PUM
exhibited extremely high sensitivity (Table S2). The find-
ings validated that the proposed fluorescence, colorimet-
ric, and photothermal tri-mode sensor possessed high
sensitivity and specificity for AMP detection, thereby
establishing a foundation for subsequent high-precision
analyses using smartphones.

Analytical performance for blaTEM

Following AMP detection, FP@DNA@PUM was
obtained via magnetic separation and introduced into a
reaction system containing CRISPR/Casl2a, blaTEM,
and crRNA. The binding of blaTEM to crRNA triggers
the cleavage capacity of CRISPR/Casl2a to unrestricted
cleavage of the single-stranded DNA component in FP@
DNA@PUM, enabling the quantification of blaTEM.
To enhance the analytical performance of blaTEM, the
key detection factors (PUM concentration, FP@DNA@

PUM, Casl2a/crRNA ratio, and incubation shaking
speed, temperature, and time) were optimized through
the fluorescence signal of PUM. Figures S19A and S19B
indicate that the FP@DNA@PUM nanoprobe, utilizing a
PUM nanozyme concentration of 1.5 mg/mL, exhibited
optimal relative activity. Subsequently, we optimized the
concentration of the FP@DNA@PUM nanoprobe under
identical experimental conditions. The optimal reactiv-
ity was achieved at a concentration of 2 mg/mL, which
yielded the highest reactivity. The findings in Figure S19C
reveal that a 1:1 ratio of Cas12a to crRNA offers the high-
est reaction efficiency, which was subsequently selected
as the ideal reaction condition. Further investigations
on the cleavage activity during Casl12a-mediated colori-
metric detection indicated that the change in absorbance
could reach its peak at 37°C and 1000 rpm over a period
of 120 min (Figures SI9D-S19F).

We systematically investigated the correlations among
fluorescence responses, chromatic transitions, and ther-
mal variations with blaTEM concentrations under opti-
mized conditions to assess the potential for quantitative
analysis of blaTEM using the developed tri-mode detec-
tion method. Figure 4A shows that the fluorescence
intensity of the sensing system exhibited a concentration-
dependent enhancement proportional to blaTEM levels.
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Fig. 4 (A-C) Fluorescence spectra, linear relationship, and color heatmap visualization standardized fluorescence brightness under the ultraviolet lamp
with increasing blaTEM. (D) Selectivity of blaTEM fluorescence detection. (E-G) UV-vis spectra, linear relationship, and corresponding color heatmap of
colorimetric with increasing blaTEM. (H) Selectivity of blaTEM colorimetric detection. (I-K) Photothermal curves, linear relationship, and corresponding
color heatmap of photothermal with increasing blaTEM. (L) Selectivity of blaTEM photothermal detection

Quantitative analysis revealed a robust linear correlation
between the fluorescence intensity at 425 nm and the
blaTEM concentration (0.02-12.5 nM) (Fig. 4B). The
LOD, as per the regression equation AF=557942.1 1gC
-241159.5 (r=0.997), can reach a value as low as 1.03
pM (S/N=3). Fig. 4C displays the normalized fluores-
cence heatmap demonstrating a progressive chromatic
intensification corresponding to enhanced fluorescence
signal variation. To evaluate selectivity, we challenged
the blaTEM sensing platform with competing resistance
genes (tetA, sull, sul2, tetQ) as potential interferents.
As evidenced in Fig. 4D, exclusive recognition of bla-
TEM induced substantial signal modulation, confirming
exceptional target specificity. Similarly, concentration-
dependent responses were observed in both colorimetric
(652 nm absorbance) and photothermal detection modes
(Fig. 4E and 4I). Linear regression analysis established
significant correlations between optical density/tem-
perature variations and blaTEM concentration, yielding
respective LODs of 2.49 pM and 9.66 pM, respectively
(Fig. 4F and 4J). Furthermore, normalized heatmaps cor-
respondingly revealed intensified chromatic signatures
and thermal contrast under infrared imaging with esca-
lating analyte levels (Fig. 4G and 4K). Meanwhile, the
sensing platform represents the first time to realize the

sensing detection of blaTEM. Selectivity assessments
employing identical resistance gene panels as colorimet-
ric and photothermal experiments further verified the
superior specificity of the biosensor (Fig. 4H and 4L).
Similarly, Figures S19-S22 demonstrate that the CRISPR/
Casl2a sensing platform based on FP@DNA@PUM
exhibits excellent resistance to interference from bla-
TEM resistance genes and superior storage stability of
probes (FP@cDNA, PUM@Apt).

Smartphone-Assisted sensing platform for visual detection
of AMP and BIaTEM
Smartphone-assisted visual detection is an advanced and
promising diagnostic tool, facilitating rapid quantita-
tive analysis of target analytes and providing the capac-
ity for immediate, equipment-independent detection
on-site. Considering the exceptional stability, sensitivity,
specificity, and excellent reproducibility of FP@cDNA
and PUM@Apt, the development of a kit for the detec-
tion of AMP residues and the long-term monitoring of
drug resistance gene abundance presents a promising
prospect.

As schematically illustrated in Fig. 5A, the analyti-
cal workflow comprises two integrated phases. Phase
I involves sequential incubation of FP@cDNA and
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PUM@Apt with AMP solutions at varying concentra-
tions, followed by magnetic separation and subsequent
tri-modal signal acquisition (fluorescence/colorimet-
ric/ photothermal). Phase II entails mixing the isolated
FP@DNA@PUM complex with crRNA-Casl2a reac-
tion mixture containing blaTEM, conducting magnetic
separation after 120-minute incubation, and performing
smartphone-assisted tri-mode detection on the super-
natant. Quantitative relationships between RGB values/
thermal variations and analyte concentrations were sys-
tematically established through this integrated platform.
Figure 5B, 5C and 5D demonstrate smartphone-based
optical analysis of AMP concentrations (50-400 nM
range), revealing significant correlations between RGB
chromatic shifts/thermal responses and analyte levels,
achieving a detection limit of 11.3 nM. Correspondingly,
Figs. 5E-5G exhibit linear detection of blaTEM across

0.1-5 nM concentrations with a remarkable LOD of 64.3
pM through RGB/thermal signal quantification. Notably,
the platform not only realizes the integrated detection of
AMP and blaTEM, but also provides signal cross-valida-
tion through the triple signal reading, thereby ensuring
high-precision and reliable determination of AMP and
blaTEM.

Detection of AMP and BIaTEM in real samples

To validate the practical reliability and analytical accu-
racy of our integrated sensing platform, we conducted
recovery experiments using environmental water sam-
ples and bacterial resistance. As depicted in Table S3, the
recovery rates of AMP spiked in environmental water
samples ranged between 95.3-101.8%. The recovery rate
of blaTEM spiked detection of Pseudomonas aerugi-
nosa was between 98.6 and 101.8% (Table S4). Notably,
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all relative standard deviation (RSD) values in tri-mode
detection remained below 8.1%. Therefore, the proposed
AMP and blaTEM integrated sensing platform demon-
strates satisfactory recoveries and acceptable RSD values,
underscoring its significant potential in the field of simul-
taneous visual detection of actual samples.

Conclusions

To sum up, we employed a secondary programming
strategy of cDNA and Apt chains, innovatively incor-
porating CRISPR/Casl2a cleavage sites into the cDNA
strand while embedding substrate-specific recognition
regions into the Apt chain. This dual-functional engi-
neering was accomplished while preserving the structural
integrity of their complementary pairing regions, culmi-
nating in the construction of a magnetically controlled
tri-mode signal amplification platform. The integrated
system successfully demonstrated, for the first time, the
high-precision simultaneous detection and on-site visual
analysis of AMP and blaTEM. The magnetic separation
unit was created through the covalent coupling of FP and
NH,-cDNA, while the signal transduction unit was engi-
neered by linking P-Apt to PUM via a Zr-O-P bond. Both
functional modules exhibited exceptional stability dur-
ing a 30-day storage experiment. The results confirmed
that the sequence-specific recognition capability of the
CRISPR/Cas12a system, coupled with the target-binding
selectivity of the aptamer, ensures detection specificity.
Importantly, the PUM nanozyme, with POD activity and
fluorescence characteristics, significantly enhances the
accuracy and reliability of the sensing platform through
signal cross-validation. Furthermore, this modular plat-
form allows for easy adaptation to various antibiotic-
resistance gene pairs through sequence substitution
in the Apt recognition domains and CRISPR targeting
sequences, demonstrating the feasibility of constructing
a universal detection platform. This provides a technical
foundation for the development of portable detection
kits, meeting critical needs in monitoring antibiotic
contamination and drug resistance transmission in the
environment.
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