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ABSTRACT: Rapid and accurate diagnosis is crucial for managing the global = R -
health threat posed by multidrug-resistant bacterial infections; however, current ? —
dCas9/sgRNA

methods have limitations in either being time-consuming, labor-intensive, or

requiring instruments with high costs. Addressing these challenges, we introduce a PD-Cu on Si wafer Amplified /}
wireless electrochemical sensor integrating the CRISPR/Cas system with electro- ta:;l:t ;; A lg
conductive polymer dot (PD) nanoparticles to rapidly detect bacterial pathogens

from human sputum. To enhance the electroconductive properties, we synthesized & Specific binding
copper-ion-immobilized PD (PD-Cu), followed by conjugation of the deactivated e
Cas9 protein (dCas9) onto PD-Cu-coated Si electrodes to generate the dCas9-PD- — &
Cu sensor. The dCas9-PD-Cu sensor integrated with isothermal amplification can El“tsre‘:lc:i‘:;“i“l

specifically detect target nucleic acids of multidrug-resistant bacteria, such as the
antibiotic resistance genes kpc-2 and mecA. The dCas9-PD-Cu sensor exhibits high
sensitivity, allowing for the detection of ~54 femtograms of target nucleic acids, based on measuring the changes in resistivity of the
Si electrodes through target capture by dCas9. Furthermore, a wireless sensing platform of the dCas9-PD-Cu sensor was established
using a Bluetooth module and a microcontroller unit for detection using a smartphone. We demonstrate the feasibility of the
platform in diagnosing multidrug-resistant bacterial pneumonia in patients’ sputum samples, achieving 92% accuracy. The current
study presents a versatile biosensor platform that can overcome the limitations of conventional diagnostics in the clinic.

KEYWORDS: CRISPR/Cas, polymer dot, electrochemical detection, wireless sensing, bacterial pneumonia, multidrug resistance

B INTRODUCTION Sensitivity Enzymatic Reporter UnLOCKING (SHER-
LOCK),””* that are based on the collateral cleavage by
Casl2a and Casl3a, respectively. Although these platforms
exhibit remarkable sensitivity, limitations remain due to the
chance of false-positives in optical detection methods.
Deactivated Cas9 (dCas9), which can bind to nucleic acid
targets with high selectivity without inducing cleava§e, lack the
sensitivity for applications in molecular diagnosis.”* >
Electrochemical sensors can provide a versatile diagnostic
platform for various disease targets due to the high sensitivity
and reliability.31 However, the previous methods have used
materials with poor water solubility and limited modification
capabilities.”> ™ Polymer dot nanoparticles (PDs) have been
developed as an alternative to semiconductor quantum dots
(SQDs) to overcome the toxicity associated with heavy
metals.”® PDs exhibit excellent water solubility and electro-
conductivity, rendering them great advantages as sensing

Bacterial infections have been a major threat to global health,
accounting for 13.6% of deaths worldwide.' 3 Particularly, the
emergence and spread of multidrug-resistant bacteria have
become a major problem” and are predicted to cause 10
million deaths annually by the year 2050.° To prevent the
spread of the disease, rapid and accurate diagnosis is crucial;
however, diagnosis in the clinic relies on microbial culture
which is time-consuming.® Molecular diagnostic techniques
based on immunoassays are rapid and affordable as point-of-
care tests but lack sensitivity and require the development of
specific antibodies. On the contrary, genetic detection can be
versatilely applied to various molecular targets and exhibits
high sensitivity. However, standard quantitative real-time PCR
(qPCR) involves complex sample processing requiring trained
personnel.7_10 Integrated systems such as the BioFire
FilmArray and GeneXpert have been developed but show
limited applicability due to the high instrumental cost.

The clustered regularly interspaced short palindromic
repeats (CRISPR) system, which can precisely correct the
genomes of cells, offers a promising approach for diagnosis due
to the high selectivity.'' ~*° Diagnostic platforms based on the
CRISPR system include the DNA Endonuclease-Targeted
CRISPR Trans Reporter (DETECTOR)*' and Specific High
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Figure 1. Schematic of the dCas9-PD-Cu sensor. (a) Fabrication of the sensor comprising hydrothermally synthesized PDs, immobilized with Cu**
and coated on the Si wafer followed by conjugation of dCas9. (b) Electrochemical detection of target DNA by dCas9-PD-Cu complexed with a
specific sgRNA, followed by sourcemeter measurement or wireless sensing.
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Figure 2. Preparation and characterization of the dCas9-PD-Cu sensor. (a) Static contact angle and (b,c) resistance measurements by (b)
sourcemeter and (c) wireless detection of bare, PD-coated and PD-Cu-coated Si wafer. (d) SEM-EDX analysis of PD-Cu-coated Si wafer. Scale bar
100 nm. (e-f) Resistance measurements of dCas9-conjugated PD-Cu-coated Si wafer at various concentrations of dCas9 (0—100 ug/mL), by (e)

sourcemeter and (f) wireless detection.

.1 39—41 i .
materials.””~*' Moreover, PDs can be endowed with diverse

functions via surface modification, such as stimuli responsive-
ness, adhesion to targets, or selective binding of analytes.”
Here, we introduce a robust and sensitive platform using the
CRISPR/Cas system functionalized onto PD electrochemical
sensors for the diagnosis of multidrug-resistant bacterial
pneumonia (Figure 1). We hypothesized that using the highly
specific CRISPR/Cas detection based on dCas9, and PD
which exhibits high electroconductivity, can provide a versatile
and rapid diagnostic platform with high sensitivity. A dCas9-
conjugated copper ion-immobilized PD sensor (dCas9-PD-
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Cu) is developed and demonstrated to rapidly detect bacterial
gene targets in the presence of a specific single-guide RNA,
such as the antibiotic resistance gene kpc-2 from carbapenem-
resistant Klebsiella pneumoniae (CRKP), and mecA from
methicillin-resistant Staphylococcus aureus (MRSA). Further-
more, we established a wireless sensing platform using the
dCas9-PD-Cu sensor integrated with isothermal amplification
to achieve high sensitivity and specificity. We validate the
clinical applicability of the sensor to diagnose multidrug-
resistant bacterial pneumonia in patients’ sputum samples. The
current platform can be potentially applied for rapid

https://doi.org/10.1021/acsami.3c17151
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Figure 3. Functional characterization of dCas9-PD-Cu with sgRNA. (a) Scheme of specific sgRNA sequences for mecA and kpc-2 aligned with the
target DNA sequences. (b) Specificity of sgRNAs targeting mecA and kpc-2 when complexed with Cas9, treated to the corresponding target DNAs,
and analyses of cleaved products. (c,d) Binding specificity of sgRNAs complexed with dCas9 toward each target DNA determined by gel
retardation for (c) mecA and (d) kpc-2 genes. (e) SEM-EDX and (f) XRD profiles of dCas9-PD-Cu complexed with sgRNA. Scale bar 100 nm.

diagnostics at the bedside by overcoming the limitations of
conventional methods used in the clinic.

B RESULTS AND DISCUSSION

Fabrication and Characterization of dCas9-PD-Cu.
Copper ion-immobilized PD (PD-Cu)-coated electrodes were
prepared as the substrate for modification with dCas9 and
electrochemical detection of target DNA. To specifically detect
the DNA of multidrug-resistant bacteria, the modified dCas9-
PD-Cu electrode was further functionalized with specific
sgRNA, such as mecA sgRNA (for targeting mecA) and kpc-2
sgRNA (for targeting kpc-2). During the process of detection,
the target DNA will bind with electrode surface due to high
affinity of sgRINA toward the target DNA. As the target DNA is
a nonconductive organic compound, its attachment will
significantly increase the resistivity of the electrode compared
to the initial resistivity before detection. Based on this
phenomenon, the change in electrode resistivity was used as
the indication of the presence of target DNA in the sample,
which could also be monitored via a wireless sensing device.
PDs are known for their high versatility for chemical
modification owing to the presence of various surface
functional groups. In this case, dopamine that was conjugated
on the PDs was utilized for immobilizing the Cu®* ion onto the
PD surface to enhance the electroconductivity and electron
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transfer, which is essential for electrochemical sensing. The
presence of dopamine also provides adhesive properties to the
PDs, allowing the nanoparticles to be easily coated on the
surface of the electrode. Initially, the PD was synthesized via
hydrothermal carbonization of alginate-dopa,® followed by
reaction with Cu®* to form PD-Cu. The optical properties of
the as-synthesized PD-Cu were observed by using a UV—vis
spectrometer and a photoluminescence (PL) spectrometer.
Figure Sla shows the absorbance spectra of PD and PD-Cu,
exhibiting absorbance peaks at 280 and 340 nm that are
characteristics of the z—7z* transition of dopamine. The PL
spectra further showed that Cu** was effectively immobilized
onto the PDs, reflected from the significant quenching of
fluorescence for PD-Cu compared to PD (Figure S1b). The
quenching of fluorescence for PD-Cu occurred by the
photoinduced electron transfer (PET) mechanism between
Cu** and PD.*” The successful immobilization of Cu?* could
also be observed by the increase in particle size for PD-Cu
(336 nm) compared to that for PD (233 nm) (Figure Slc).
For fabrication of the sensor, the synthesized PD-Cu was
coated on Si wafer using a dip-coating method. The formation
of the PD-Cu coating on the Si wafer was determined using
static contact angle measurements, using Bare Si and PD-
coated Si wafer as controls. Contact angle measurements
showed a decrease in the value from 32.9° (Bare Si) to 22.4°
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Figure 4. Electrochemical sensing of target DNA with dCas9-PD-Cu. (a—f) Detection of target DNAs at various concentrations (0—62.5 nM) by
(a,d) sourcemeter, (b,e) EIS, and (c,f) wireless sensing. Target DNAs were detected using the corresponding sgRNAs for target genes (a—c) mecA
and (d—f) kpc-2. (g—1) Determination of cross-reactivity of the sgRNAs with dCas9-PD-Cu by (g,j) sourcemeter, (h,k) EIS, and (i) wireless
sensing for target DNAs and the corresponding sgRNAs for (g—i) mecA and (j—1) kpc-2 genes (target DNA concentration: 62.5 nM).

after coating with PD, while coating with PD-Cu showed a
further decrease to 12.9° due to the increased hydrophilicity
(Figure 2a). When the contact angles of PD and PD-Cu-coated
Si wafers were compared, the results revealed that PD-Cu was
more hydrophilic than PD owing to the presence of the Cu**
ion. Furthermore, the measurement of resistance using a
sourcemeter showed a decrease in values from 9.1 MQ (Bare
Si) to 3.7 MQ after coating with PD and to 2.2 MQ after
coating with PD-Cu (Figure 2b). The decrease in resistance,
particularly for the PD-Cu-coated Si wafer, reveals that the
attachment of PD and Cu®* improved the conductivity of the
surface due to the presence of the 7—z* bond in PD and the
ionic conductivity of Cu®*. Wireless detection of the PD and
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PD-Cu-coated surfaces using a microcontroller (Arduino Uno)
and a Bluetooth module (AppGosu) showed similar changes in
resistance values, as shown in the sourcemeter measurements
(Figure 2c). The coatability of PD-Cu was also assessed on a
PET substrate, showing a similar pattern when compared to
coating on the Si wafer, with PD-Cu exhibiting the lowest
contact angle and resistance values compared to Bare PET and
PD-coated PET (Figure S2a,b). Scanning electron microscopy-
energy dispersive X-ray spectroscopy (SEM-EDX) further
confirmed the coating of PD-Cu nanoparticles on the Si wafer,
with the detection of C (52.67%), O (35.73%), and Cu
(11.60%) that corresponded to PD-Cu (Figure 2d). The
fabricated PD-Cu-coated Si wafer was then conjugated with
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FPLC-purified dCas9 (Figure S3) in various concentrations
(10, 30, 60, and 100 yg/mL) via the EDC-NHS reaction. The
gradual increase in resistance when conjugated at higher dCas9
concentrations was confirmed by sourcemeter measurements
(Figure 2e), as well as by wireless sensing (Figure 2f). The
results demonstrate the successful preparation of the dCas9-
PD-Cu sensor for wireless electrochemical detection.

sgRNA Design and Complexation with dCas9-PD-Cu.
sgRNAs were designed to include 20 nt sequences specific for
the mecA, kpc-2, NDM-1, and CIfA genes (Figure 3a and Table
S1). Target sequences were selected considering the
theoretical off-target number and synthesized by in vitro
transcription (Figure S4). sgRNAs were characterized by
measuring cleavage activity and gel retardation. Among the
designed sgRNAs, sgRNA S targeting mecA and sgRNA 3
targeting kpc-2 showed 96.8%, and 98.0% cleavage efficiencies,
respectively (Figures 3b and SS), while sgRNA S targeting
NDM-1, and sgRNA 3 targeting CIfA resulted in 96.4% and
94.5%, respectively (Figure S6). The selected sgRNAs were
able to efficiently bind to the target DNA in the presence of
dCas9 (Figures 3c,d, and S7). The selected sgRNAs were used
for further experiments.

Next, we allowed the sgRNAs to complex with dCas9-PD-
Cu by incubating with an excess amount of sgRNA. The SEM-
EDX data reveal that the dCas9/sgRNA ribonucleoprotein
complexes were efficiently conjugated onto the surface of the
PD-Cu-coated Si wafer, indicated by the presence of nitrogen
(N) on the surface at approximately 10.08% (Figure 3e).
These results reconfirm the successful conjugation of dCas9
and sgRNA onto the PD-Cu-coated Si wafer. XRD analysis
showed a broad diffraction peak at 8°—25° corresponding to
the graphitic carbon of PD, and diffraction peaks at 31°, 45°,
and 75° corresponding to the presence of Cu on the surface
(Figure 3f). By the electrochemical property of PD-Cu on the
Si wafer, resistance measurements with the sourcemeter
showed an increase from 6.31 to 8.61 M€ upon complexation
of dCas9 with mecA sgRNA, and to 8.42 MQ with kpc-2
sgRNA (Figure S8). The increase in resistance can be due to
the presence of an organic compound (sgRNA) on the surface
of the Si wafer. This confirmed the successful complexation of
sgRNA with dCas9 on the sensor that would endow specificity
of detection to each genetic target. Since dCas9 conjugation
also resulted in a significant increase in the resistance of PD-
Cu, setting the baseline for detection would be important for
sensitive detection of the target.

Electrochemical Sensing by dCas9-PD-Cu. We attemp-
ted to detect target DNA by specific binding with sgRNA
complexed with dCas9-PD-Cu by electrochemical sensing. We
added synthetic target DNA at various concentrations to
dCas9-PD-Cu/sgRNA to determine the sensitivity of the
method. To exclude interfering signals from residual salts, we
performed measurements for control samples without target
DNA (= 0 nM). As the concentration of mecA target DNA
added to the dCas9-PD-Cu with mecA sgRNA was increased
from 0 nM to 12.5, 37.5, and 62.5 nM, the resistance values
measured by the sourcemeter gradually increased from 8.61
MQ to 9.34, 11.95, and 15.09 MQ (Figure 4a). The increase in
the resistance at higher mecA DNA concentrations confirms
that the target DNA was captured on the surface of the dCas9-
PD-Cu sensor. Electrochemical impedance spectroscopy (EIS)
also revealed that the dCas9-PD-Cu sensor could detect mecA
target DNA, indicated by the increase in impedance depending
on the mecA concentration (Figure 4b). Moreover, wireless
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sensing also demonstrated the resistance changes according to
mecA concentrations, similar to the results obtained from the
sourcemeter and EIS (Figure 4c). We also evaluated the sensor
toward another type of target DNA (kpc-2) by modifying the
dCas9-PD-Cu sensor with sgRNA for kpc-2. A similar trend
was observed for detecting kpc-2 target DNA using dCas9-PD-
Cu by the sourcemeter, EIS, and wireless sensing measure-
ments, with resistance values changing from 8.42 MQ (0 nM)
to 9.31 MQ (12.5 nM), 11.77 MQ (37.5 nM), and 14.81 MQ
(62.5 nM) (Figure 4d—f). These results reveal that electro-
chemical sensing using dCas9-PD-Cu is feasible for target
DNA detection by employing a specific type of sgRNA,
exhibiting a concentration-dependent manner, and is able to
detect low concentrations of DNA. Furthermore, the signals by
wireless sensing also demonstrate that the dCas9-PD-Cu
sensor is highly robust, which is a critical requirement for
applications in diagnostics. The cross-reactivity between the
electrode and a nonspecific target was also examined by
treating the dCas9-PD-Cu/sgRNA (kpc-2) electrode with
mecA synthetic target DNA. The electrochemical measure-
ments (EIS, sourcemeter, and wireless sensor) shown in Figure
S9 revealed that the resistance value was unchanged toward the
nonspecific target, confirming that the dCas9-PD-Cu electrode
can only detect a specific target DNA depending on the type of
conjugated sgRNA on the electrode surface.

The specificity of the dCas9-PD-Cu sensor was further
assessed by examining cross-reactivity of the sgRNA probes
with nontarget DNA as the controls. For sensing using the
mecA sgRNA probe, the resistance value was 15.09 MQ when
the probe was added with mecA target DNA, which was
significantly higher than when the probe was added with kpc-2
target DNA (8.89 MQ) as the control (Figure 4g). These
results were also observed from the EIS measurements as well
as wireless sensing (Figure 4h,i). Sensing based on the kpc-2
sgRINA probe also gave rise to resistance changes when added
with kpc-2 target DNA (14.81 MQ) according to the
sourcemeter, EIS, and wireless sensing (Figure 4j—1). On the
contrary, the mecA target DNA did not result in significant
changes in resistance (8.68 MQ), resulting in values that were
almost the same as before binding with the kpc-2 sgRNA probe
(8.42 MQ). These results demonstrate the high specificity of
detecting target DNA when using the dCas9-PD-Cu sensor in
the presence of sgRNA.

Validation of dCas9-PD-Cu with Cultured Bacteria.
To demonstrate that the dCas9-PD-Cu sensor can be used for
the diagnosis of biological samples, we attempted the detection
of nucleic acids derived from cultured bacteria. The direct
detection of target RNA within a bulk solution of total RNA is
extremely challenging due to the small portion of target RNA
and the interference by nontarget RNAs."’ Therefore, we
integrated loop-mediated amplification (LAMP), which can
increase the copy number of target RNA in solution at
isothermal conditions, to make diagnosis feasible at the
bedside. A one-pot reaction of reverse transcription (RT)
and LAMP was performed prior to sensing with dCas9-PD-Cu.
We designed LAMP primers for three different target regions
for each target gene, to select the one with the highest
specificity against five bacterial strains (E. coli, Pseudomonas
aeruginosa, CRKP, MSSA, and MRSA). Characterization of the
LAMP products enabled the selection of primers with the
highest specificity for target genes mecA, kpc-2, NDM-1, and
CIfA (Figure S10). To establish the optimal conditions for
LAMP, we attempted the reaction for 5, 10, 30, and 60 min. A
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amount (kpc-2 target RNA; 0—8 ng), and (h) bacterial strains.

reaction time of 30 min resulted in the multiple bands like a
ladder, which are the general characteristic of LAMP products
upon gel electrophoresis.”* When the reaction time was
extended to 60 min, the multiple band patterns appeared as
well; however, nonspecific bands also appeared for the negative
control sample that did not include bacteria (Figure S11).
Therefore, a reaction time of 30 min was selected for
amplification in the following experiments.

We then carried out sensing of bacterial RNA samples using
dCas9-PD-Cu integrated with LAMP. We tried detecting the
amplified products derived from CRKP total RNA with dCas9-
PD-Cu complexed with kpc-2 sgRNA at various incubation
times. As the incubation time increased from 0 to 60 min, the
resistance values gradually increased from 825 to 15.7 MQ
(Figure Sa). Wireless sensing showed patterns similar to those
of the sourcemeter measurements, with proportional increases
in signals as the incubation time was increased (Figure Sb).
Significant changes in resistance values were observed from 20
min incubation, determining that 20 min was sufficient for
wireless detection. Since longer incubation times resulted in
higher signals, the conditions can be adjusted depending on
the sensitivity required for various targets.

We evaluated the sensitivity of dCas9-PD-Cu by performing
measurements with amplified products from various initial
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amounts of target RNA. We observed that increasing the target
RNA amounts derived from CRKP from 75 to 2440 fg resulted
in a gradual increase in resistance from 8.67 to 17.32 MQ for
the kpc-2 probe (Figure Sc). On the contrary, addition of
amplified products from CRKP RNA did not result in any
signal changes for the mecA sgRNA probe, demonstrating the
specificity of detection. The limit of detection (LOD) with the
PD-Cu-dCas9 sensor was estimated to be 54 fg of target RNA,
demonstrating that the sensitivity was 10-fold higher compared
to LAMP alone based on sourcemeter measurements (Figure
S12). Wireless sensing also showed the typical changes in
conductivity that could be visualized from target RNA amounts
of 75 fg, confirming the high sensitivity of the method (Figure
5d).

We next validated the specificity of dCas9-PD-Cu sensing by
testing with samples derived from various bacterial strains.
Sourcemeter measurements showed that only the target RNA
derived from MRSA, the strain that expresses mecA, resulted in
a significant increase in resistance for dCas9-PD-Cu complexed
with the mecA sgRNA, while the controls CRKP, E. coli, and P.
aeruginosa did not (Figure Se). Similarly, the kpc-2 sgRNA only
gave rise to significant changes for CRKP, while changes were
not observed for the nontarget controls. These results were
obviously shown from the wireless sensing results, as well
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(Figure Sf). To verify our results from dCas9-PD-Cu with a
gold standard method, qPCR was performed for the equivalent
RNA samples. Figure Sg shows that the concentration-
dependent increases in signals appeared, which was com-
parable to the dCas9-PD-Cu sensing results. The cross-
reactivity of the target RNAs derived from the different
bacterial strains also appeared low, according to the qPCR
results (Figures Sh and S13). One note is that a relatively low
signal was observed from qPCR for mecA for the MRSA
sample. Considering the substantial changes in resistance
values for dCas9-PD-Cu even at the level of tens of
femtograms, these results suggest the possible advantage of
the current technology in providing a more robust and
sensitive platform. dCas9-PD-Cu has an LOD value that is
approximately 180 times higher than that of the commercially
available BioFire FilmArray (LOD: 10** copies/mL) which is
based on multiplex PCR. However, the dCas9-PD-Cu (1 X 1,
L X W, cm) uses a smaller instrument, a sourcemeter (20 X 40
X 10, L X W X H, cm), compared to the BioFire FilmArray
(39.3 X 16.5 X 45.8, L X W X H, cm), and is also half the
price. Additionally, dCas9-PD-Cu can provide diagnostic
results within 1 h with reagents that cost less than $15 per
test. Therefore, we believe that the dCas9-PD-Cu sensor can
be a cost-effective diagnostic platform for rapid bedside
diagnosis compared with the previously commercialized
platforms.
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Diagnosis of Bacterial Pneumonia in Sputum. For
evaluation as a diagnostic platform in the clinic, dCas9-PD-Cu
was applied to sputum samples obtained from patients with
bacterial pneumonia. Sputum samples were collected from a
total of 28 patients and processed to obtain total RNA,
followed by RT and LAMP for detection with dCas9-PD-Cu
(Figure 6a). Microbial culture performed in the clinical
laboratory had identified the bacterial pathogen and the type
of resistance against antibiotics such as carbapenem (Figure
6b). Among the 28 sputum samples, resistance to either
imipenem or Meropenem was detected in 13 samples, and
among these, 11 samples were resistant to both carbapenems.
Bacterial pathogens included K. pneumoniae in 4 samples, P.
aeruginosa in S samples, and Acinetobacter species in S
samples. None of the samples were detected with Gram-
positive bacteria, nor showed oxacillin resistance that is a
characteristic of MRSA. Resistance measurements by the
sourcemeter and wireless sensing using dCas9-PD-Cu with the
mecA sgRNA showed only background levels, as can be
expected since none of the samples were detected with MRSA
(Figures 6¢c and S14). With the kpc-2 sgRNA, surges in
resistance values were shown for 12 of the samples, and could
be determined as “positive” by dCas9-PD-Cu sensing (Figure
6d,e). Eleven out of 12 samples that were detected positive for
kpc-2 by dCas9-PD-Cu were also diagnosed with carbapenem
resistance by microbial culture, resulting in a correlation of
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92%. However, 2 out of the 13 samples that were diagnosed
“positive” for a Gram-negative pathogen with resistance by
microbial culture were determined as “negative” by dCas9-PD-
Cu sensing, which can either be due to a culture-negative
pathogen or involve a different resistance gene. qPCR was
performed for the mecA and kpc-2 genes to compare with the
results by dCas9-PD-Cu sensing. According to the gPCR
results, a total of 17 samples were detected positive for kpc-2,
and this included all 13 samples that were diagnosed with
carbapenem resistance by a microbial culture (Figure S15).
This confirms that kpc-2 was the major gene related to
carbapenem resistance in pneumonia patients. The four
samples that were determined as positive by qPCR, but
negative by microbial culture can be due to the nonspecific
signals resulting in false-positives, or culture-negative bacteria.
When comparing the dCas9-PD-Cu sensing results with the
qPCR results, 11 out of 12 samples that were determined
positive from dCas9-PD-Cu sensing were also determined
positive by qPCR. In sum, these results demonstrate the high
correlation of dCas9-PD-Cu, microbial culture, and qPCR, and
dCas9-PD-Cu sensing can provide a robust diagnostic platform
that can be potentially applied at the bedside. However,
methods to verify the samples that did not show correlation
with either one of the methods should be further explored.

B CONCLUSION

A wireless sensing platform based on dCas9-PD-Cu was
developed and demonstrated its feasibility for diagnosis of
bacterial pneumonia. In the clinical laboratory, the diagnosis of
bacterial infections still relies on microbial culture, and qPCR
has not been generally applied. As a wireless sensing platform,
with the requirement of technical components that are
relatively simple (Bluetooth module, Arduino microcontroller,
and smartphone), the current platform can be usefully applied
as a bedside assay that allows clinical decision making for
treatment of the infection. With the sensitivity of down to tens
of femtograms of RNA, the dCas9-PD-Cu sensor presents a
major breakthrough from the previous electrochemical sensing
methods that can even replace the limitations of qPCR-based
diagnostics. The establishment of the method as an automated
platform for practical applications will require resolving the
engineering issues in providing a robust and user-friendly
platform. Improving the throughput and specification of the
technique should be achieved to enable the detection of a large
number of biomarkers as well as deliberate selection of the
markers for each syndrome.

B EXPERIMENTAL SECTION

Materials. Dopamine hydrochloride, alginic acid sodium salt
(MW: 155000 g/mol), N-hydroxysuccinimide (NHS), ethylcarbo-
diimide hydrochloride (EDC), and copper(II) chloride (CuCl,) were
purchased from Sigma-Aldrich. Phosphate-buffered saline (PBS; pH
7.4) was purchased from Bioneer Corp. Silicon (Si) wafer (P-type)
was obtained from Silicon Technology Corporation.

Preparation and Characterization of dCas9-PD-Cu Sensor.
PDs containing dopamine were synthesized via hydrothermal
carbonization of alginate-dopamine (180 °C, 8 h) according to a
previous report.’® The obtained PD was mixed with 10 wt % of CuCl,
in PBS pH 8.5 for 12 h at room temperature, continued by dialysis
(MWCO: 1 kDa) against DDW for 24 h and freeze-dried.*” The PD-
Cu sensor was then prepared using a dip-coating method. The sensor
substrate (Si wafer, 1 X 1 cm?®) was soaked in PD-Cu solution (2 mg/
mL in PBS pH 8.5) for 12 h at room temperature and washed with
water before dried in open air for further use. The surface of the PD-
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Cu-coated Si wafer was then activated using EDC (20 mg/mL) for 30
min, followed by NHS (30 mg/mL in PBS pH 7.4) for 2 h. After
washing the surface with PBS 7.4, the activated surface was soaked
again in dCas9 solution (10, 30, 60, and 100 g in 0.5 mL of PBS pH
7.4 solution) for 6 h at room temperature, washed with PBS pH 7.4,
and dried until further use. UV—vis spectra of PD-Cu were recorded
by using an Optizen 2020UV spectrophotometer (Mecasys Co.).
Particle size was measured by dynamic light scattering (DLS;
Zetasizer Nano; Malvern Panalytical). Photoluminescence (PL)
spectra were obtained using an LS550B luminescence spectrometer
(PerkinElmer). Water contact angles of the coated surface were
measured using a DO3210 instrument (KRUSS Ltd.). X-ray
diffraction (XRD) was measured using AXS ADVANCE D-8
(Bruker). Scanning electron microscopy-energy dispersive X-ray
(FE-SEM) profiles were observed by using a JSM-6700F SEM
(JEOL). Electrochemical analysis was performed using a sourcemeter
(Keithley 2450) and an electrochemical impedance spectrometer
(EIS; CS350; CorrTest Instruments). For wireless sensing, a
microcontroller (Arduino Uno; ATmega328P Processor), a Bluetooth
module (AppGosu), and a smartphone were used.

Purification of dCas9 Protein. Cas9 or dCas9 expression
plasmid (Figure S3a) was transformed to E. coli Rosetta (DE)3 cells
using the heat shock method. Luria—Bertani (LB, BD Difco) agar
plates, including 100 yg/mL ampicillin (Thermo Scientific) were used
to select transformed bacterial colonies. The transformed plasmid was
confirmed by colony PCR. For protein expression, transformed cells
were incubated in ampicillin containing (100 yg/mL) LB media until
ODgy is 0.8. 0.5 mM amount of isopropyl -D-1-thiogalactopyrano-
side (IPTG) was added for induction at 18 °C for 16 h with gentle
agitation. Cell pellets were collected and lysed in lysis buffer (50 mM
Na,PO,, 300 mM NaCl, 10 mM imidazole, 1% TritonX-100, 0.5 mM
PMSF, 1 mM DTT, 1 mg/mL lysozyme, 16.7 U/mL benzonase, and
pH 8.0). Sonicated lysates were cleared using centrifugation (13,000
g 30 min) and filtered using a 0.2 ym syringe filter. His-trapTM HP
(GE Healthcare) and HiLoad Superdex 200 26/600 (GE Healthcare)
chromatography were performed using AKTAprime Plus (GE
Healthcare). Protein was eluted with elution buffer (S0 mM
Na,PO,, 300 mM NaCl, 250 mM imidazole, 0.05% f-mercaptoetha-
nol, and pH 8.0) and dialyzed against storage buffer (50 mM Tris-Cl,
200 mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol (DTT), 0.5 mM
PMSF, 20% glycerol, and pH 8.0) using a Slide-A-Lyzer dialysis
device (MWCO: 20 kDa, Thermo Scientific).

sgRNA Design and Synthesis. crRNA sequences (20 bp) for
each gene were inserted behind the T7 promoter sequence (5'-
GAAATTAATACGACTCACTATAGGN20GTTTT AGAGCTA-
GAAATAGCAAGT TAAAATAAGGCTAGTCCG-3'). The reverse
template sequence (5'-AAAAAAGCACCGACTCGGTGC-
CACTTTTTCAAGTTGATAACGGAC TAGCCTTATTT-
TAACTTGC-3’) was used to synthesize the dsDNA template using
Power-Pfu (500 U/uL, NanoHelix) and dNTPs (10 mM, Thermo
Scientific). In vitro transcription was performed by mixing dsDNA
template, T7 RNA polymerase (50,000 units/mL, New England
Biolabs), 50 mM MgCl,, 0.1 M DTT, tfNTPs (100 mM, Jena
Bioscience), and RNase inhibitor murine (40,000 units/mL, New
England Biolabs) at 37 °C for 16 h. Then, the synthesized sgRNA was
precipitated with isopropanol (Sigma) and purified with a GeneAll
ExpinTM PCR SV kit (GeneAll Biotechnology). Purified sgRNA
concentration was measured using a NanoDrop 2000 (Thermo
Scientific). Purity of the fully synthesized sgRNA was checked by
running 1.0% denaturing formaldehyde gels with a MOPS buffer
(Biosolution).

Functional Analyses of dCas9/sgRNA Complexes. To
examine DNA cleavage, 1 ug of purified Cas9 protein and 750 ng
of sgRNA were mixed with 120 ng of amplified target DNA in
NEB3.1 buffer (25 mM Tris-HCl, S0 mM NaCl, S mM MgCl,, and 50
ug/mL BSA, New England Biolabs). The mixture was reacted at 37
°C for 90 min using SimpliAmp Thermal Cycler (Applied
Biosystems). After the reaction, cleaved DNA was purified with
GeneAll ExpinTM PCR SV kit (GeneAll Biotechnology) and
analyzed by 1.0% agarose gel electrophoresis. To determine target
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DNA binding, 100 ng of dCas9 protein, 100 ng of sgRNA, and 50 ng
of amplified target DNA were mixed in NEB 3.1 buffer. The mixture
was reacted at conditions used for the DNA cleavage assay and
analyzed by 8.0% polyacrylamide gel electrophoresis (PAGE).

Bacterial Culture. The bacterial strains E. coli (#1682), P.
aeruginosa (#2450), and S. aureus (#3881) were obtained from the
Korean Collection for Type Cultured (KCTC). Methicillin-resistant
S. aureus (MRSA, #3877) was obtained from the Culture Collection
of Antimicrobial Resistant Microbes (CCARM). Carbapenem-
resistant K. pneumoniae (CRKP) and NDM-1 (+) E. coli were isolated
from Asan Medical Center (Seoul, Korea). All bacteria were cultured
in LB medium until ODg,, = 0.8—1.0.

Amplification of Target Nucleic Acids. RT-LAMP was
performed by reaction of 10 ng of bacterial total RNA in 1X
isothermal amplification buffer (New England Biolabs), added with
Bst 2.0 WarmStart DNA Polymerase (8000 U/mL, New England
Biolabs), WarmStart RTx Reverse Transcriptase (15,000 U/mL, New
England Biolabs), and dNTPs (10 mM, Thermo Scientific), 1.6 uM
each of FIP and BIP, 0.2 uM each of F3 and B3 (Table S2). The
reaction was performed using SimpliAmp Thermal Cycler (Applied
Biosystems) with the following conditions: 65 °C for 30 min and 80
°C for 5 min. The amplified product was analyzed by 1.0% agarose gel
electrophoresis with a TBE buffer.

Electrochemical Sensing using Sourcemeter and EIS. To
determine the performance of electrochemical sensing, the dCas9-PD-
Cu-coated Si wafer was treated with 62.5 nM sgRNA(mecA) or
sgRNA (kpc-2) for 1 h at room temperature. After washing with PBS
pH 7.4 and drying, the dCas9-PD-Cu/sgRNA(mecA) or dCas9-PD-
Cu/sgRNA(kpc-2) electrode was used to detect mecA or kpc-2 target
DNA. The electrochemical sensing of target DNA was based on the
change in resistance of the electrodes by binding of the target DNA
with sgRNA on the electrode surface. The as-modified electrode was
incubated in mecA or kpc-2 target DNA solution for 1 h at room
temperature. After taking out from the solution, the electrode was
washed with PBS pH 7.4 and dried prior to the measurement. The
change in resistance of the electrode was measured by using a two-
electrode system of sourcemeter (DC resistance measurement) and
EIS (frequency range: 10*-10° Hz, —1.2 V vs OCP), with the
equivalent circuit (simple Randle circuit) illustrated in Figure S16.

Wireless Sensing. A wireless sensing platform was designed based
on the 2-electrode DC resistance measurement system that consisted
of a Bluetooth module (AppGosu), a microcontroller unit (Arduino
Uno), and a smartphone.** The wireless platform was calibrated using
1 to 20 MQ standard resistors based on the obtained sample
resistance (via sourcemeter). The coated surface was connected to a
microcontroller and a Bluetooth module using alligator clips. While
sensing, the measured resistance value was transmitted and displayed
to a smartphone as a resistance graph by activating the Bluetooth
connection.

Quantitative Real-Time PCR (gPCR). Bacterial total RNA was
extracted using TRIzol (Life Technologies) according to the
manufacturer’s protocol. RNA quality was confirmed by measuring
A260/A280 and A260/A230 ratios using a NanoDrop 2000
instrument (Thermo Scientific). cDNA synthesis was performed
with a PrimeScript RT reagent kit (Takara) using SimpliAmp
Thermal Cycler (Applied Biosystems). To generate a standard curve
for absolute quantification, DNA from each target gene was amplified
using primers (Table S3). Quantification of gene expression was
carried out with PowerUp SYBR Green Master Mix (Applied
Biosystems) and primers (Table S4) using QuantSudio 3 Real-
Time PCR system (Applied Biosystems) with conditions as follows: 1
cycle of 95 °C for 2 min, followed by 50 cycles of 95 °C for 15 s, 60
°C for 15 s, and 72 °C for 1 min. Melting curve analysis was
performed by increasing the reaction temperature from 60 to 95 °C at
a rate of 0.15 °C/s.

Diagnosis of Clinical Samples. Human sputum specimens were
randomly obtained from patients who were diagnosed with bacterial
pneumonia at Asan Medical Center (IRB no.: 2021-0298). The
sputum samples were diluted with PBS, and the dispersible phase was
centrifuged (8500g, 15 min), followed by total RNA extraction,
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reverse transcription, and amplification as described above. The
amplified samples were applied to the dCas9-PD-Cu sensor for
diagnosis. Microbial culture results were obtained from the clinical
microbiology laboratory at the Asan Medical Center.
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